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Abstract

The burden of Alzheimer’s disease (AD) is rapidly increasing due to an ageing population and
a lack of disease-modifying therapeutics. The symptoms of AD reflect irreversible neuronal
loss and treatments ideally need to be implemented during its presymptomatic stage. One major
paradigm for modelling the spread of AP plaques and tau-associated neurofibrillary
degeneration—the hallmark pathologies of AD—in post-mortem tissue is to determine the
prevalence of their deposition in different brain regions across the clinical spectrum of the
disease. This approach was used by diagnosticians in the early 1990s to predict the hierarchical
involvement of functionally connected brain regions through the natural course of the disease
and today forms the basis of the most up to date recommendations for the post-mortem
neuropathological diagnosis of AD, which predict heavy involvement of association cortices
and relative sparing of primary cortices. These hallmark pathologies coincide at sites termed
neuritic plaques and are associated with microgliosis. Microglia are further implicated in the

pathogenesis of AD in mouse models and genome-wide association studies.

Here it was of interest to determine the spatiotemporal relationships between AP, tau, and
microglial pathological changes in post-mortem human AD brains by comparing brain regions
that were expected to be differentially affected by the disease as set out by the established
diagnostic schema. Immunohistochemistry and immunofluorescence histochemistry targeting
AB, total tau, and the pan-microglia marker ionised calcium binding adaptor molecule 1 (Ibal)
was performed in three regions of decreasing pathological severity: inferior temporal cortex,
superior frontal cortex, and primary visual cortex of ten controls, five controls with Alzheimer
changes (CAc), and eight AD cases. Following a validated modified disector sampling
approach, using manual and corroborative automated methods, the results showed that
activated microglia predominated in the inferior temporal cortex of CAc. AD brains were
characterised by increased clustering of activated microglia in the primary visual cortex and a
loss of clustering and ramified healthy microglia in the inferior temporal cortex. Brain pH was
found to be an important effector of microglial dystrophy suggesting antemortem (agonal)
factors may confound post-mortem investigations of microglia morphology. Although the
inferior temporal cortex showed significant atrophy and loss of neurons, it did not differ in
hallmark pathological load to the primary visual and superior frontal cortices. Therefore, no

clear inferences as to the sequence of pathological changes could be made. To address this,



tissue from the primary motor cortex of the same cohort was sourced and examined. The
primary motor cortex showed no atrophy or neuronal loss, including no degeneration of
prominent layer Vb pyramidal Betz cells, and showed a significantly reduced A and tau load
compared to the inferior temporal cortex. Further, clustering of microglia was significantly
greater in the mildly affected primary motor cortex compared to the severely affected inferior
temporal cortex which showed a relatively impaired microglial clustering response. These
clusters coincided with the deposition of AP but before tau-positive neuritic dystrophy was
evident, suggesting that the activation of microglia is upstream of tau-associated neurofibrillary
degeneration. Nevertheless, the phagocytic potential of microglia in the context of AD was
confirmed by both conventional confocal microscopy in the primary motor cortex and super-
resolution ground-state depletion microscopy in available sections from the superior frontal

cortex.

The prominence of microglial clustering at AP plaques in the more mildly affected regions of
the AD brain and the widespread activation of microglia in CAc suggested that microglial
functional responses may differ with regard to the maturity of AP pathology. To investigate
this, a gene expression study of microglial functional changes in response to treatment with
different doses of synthetic Af monomers and mature fibrils was undertaken. Murine
organotypic brain slice cultures showed an upregulation of markers involved in microglia-
mediated phagocytosis and a major anti-inflammatory pathway in response to treatment with
AP monomers. Conversely, extended treatments with fibrillar species of AP induced gene
transcriptional changes similar to pro-inflammatory, phagocytically active neurotoxic
microglia described in some mouse studies. Overall, findings presented here suggest that the
activation of microglia in response to monomeric A} may be neuroprotective. This activation
is seen most prominently in CAc and mildly affected regions of the AD brain, with culture
models suggesting that A monomers may induce neuroprotective activation, whereas fibrillar
AB, in concert with neurofibrillary pathology and likely neurotoxic Af oligomers and fibrils,

induces a phagocytic, neurodegenerative phenotype.
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Chapter 1: Introduction

1.1  Epidemiology of dementia

1.1.1 Frequency

Alzheimer’s disease (AD) is the commonest cause of dementia, comprising 60—
80% of all cases (Alzheimer’s Association, 2020; Brookmeyer et al., 2011).
Currently, one in 10 Australians over the age of 65 and three in 10 over 85 are living
with dementia. The total estimated number of people with dementia in Australia is
459,000, but with an additional 250 diagnoses being made per day, which is
predicted to increase to 650 by 2056 (Brown et al., 2017), this is expected to more
than double to over one million by 2058 (Dementia Australia, 2018). Deaths due to
dementia numbered 13,963 in 2018, an increase of 68.6% since 2009, making it the
second leading cause of death in Australia after ischaemic heart disease (ABS,
2019).

Globally, the total number of people living with dementia increased by 20.2 million
in 1990 to 43.8 million in 2016 (Nichols et al., 2019). The increase in the number
of dementia sufferers by Global Burden of Disease (GBD) region is largely driven
by population growth, ageing populations, and longer survival with dementia
(Prince et al., 2016). Evidence on the trends of the age-standardised prevalence of
dementia over time is very mixed and varies by GBD region (Stephan et al., 2018).
For instance, Nichols et al. (2019) reported a minor increase of 1.7% in the global
prevalence of dementia from 1990 to 2016, whereas at least three other reviews
have indicated minor decreases over roughly the same time period, particularly in
high income countries with improved living conditions, education, and healthcare
(Prince et al., 2016; Roehr et al., 2018; Wu et al., 2017). More importantly,
however, Nichols et al. (2019) also identified that 6.4 million of the estimated 28.8
million disability-adjusted life years (DALY) due to dementia were attributable to
modifiable risk factors including obesogenic diets, sugar-sweetening, and smoking,
meaning that current trends in the overall burden of disease can be significantly

reduced even in the absence of any new disease-modifying therapeutics (DMTSs).



1.1.2 Societal impact

Economic cost

The total annual direct cost of dementia in Australia was AUD $8.8 billion in 2016
and $9.1 billion in 2017. These costs, which include medical expenses for
hospitalisations, general practitioner (GP) and specialist consultations, medications,
aged care, and transportation, are expected to rise to $24.1 billion by 2056. Indirect
costs due to dementia include the loss of productivity and income of patients and
carers and amounted to approximately $5.6 billion in 2017. Over the next 40 years
the total direct and indirect economic cost of dementia in Australia is projected to

be in excess of $1 trillion, in constant 2016 dollar terms (Brown et al., 2017).

The total estimated worldwide cost of dementia was USD $604 billion in 2010 and
$818 billion in 2015, accounting for ~1.09% of aggregate global gross domestic
product (GDP). Assuming current trends, the total cost of dementia will likely reach
$2 trillion by 2030 (Wimo et al., 2013; Wimo et al., 2017). It is important to
recognise that the advent of any new DMTs will not necessarily result in absolute
cost savings because of costs associated with treatment, care, and prolonged DALY .
Cost effectiveness with regard to societal ‘willingness to pay’ per gained quality-
adjusted life years (QALY) is therefore a more reasonable measure for
consideration when modelling the economic impact of newly developed DMTs
(Wimo et al., 2020).

Burden of disease and comorbidity

The age-standardised burden of disease measured in DALY due to dementia in
Australia jumped from 12™in 2003 to 5" in 2015 (due in part to changes in practices
of coding deaths) (AIHW, 2019a). Dementia disproportionately affects the elderly
and is one of the three biggest causes of disease burden in both men and women
over the age of 75 (AIHW, 2019a). People with dementia experience more
hospitalisations, including for non-neurological symptoms such as hip fractures
(Scandol et al., 2013) and unintentional poisoning (Mitchell et al., 2015), are more

likely to develop nosocomial complications such as pneumonia and ulcers (Bail et



al.,, 2015), and require a higher level of care than non-demented patients,
particularly as the disease progresses and its clinical complexity increases (AIHW,
2019b).

Dementia also indirectly contributes to the overall burden of disease through
associated psychiatric and non-psychiatric comorbidities. Psychiatric disorders
which include anxiety, depression, bipolar disorder, schizophrenia, and psychosis
are all well recognised comorbidities of dementia (Casanova et al., 2011; Garcez et
al.,, 2015; Muliyala & Varghese, 2010; Starkstein et al., 2008). Late-life
psychological distress also carries with it an increased risk of dementia-related
mortality (Rosness et al., 2016). Further, spousal or other caregivers of persons with
dementia are also at a higher relative risk of developing an anxiety or depressive
disorder (Cuijpers, 2005; Joling et al., 2015). Dementia is also associated with a
host of somatic (non-psychiatric) comorbidities (Bunn et al., 2014; Duthie et al.,
2011; Nelis et al., 2019) such as glaucoma (Mancino et al., 2018), bone fracture
(Harvey et al., 2017), osteoporosis (Downey et al., 2017), and sleep apnoea
(Emamian et al., 2016). Dementia, along with depression, has also been found to
be the commonest comorbidity of cerebrovascular disease, musculoskeletal disease,
diabetes, and other diseases of the nervous system in a review of the Australian

permanent aged care population (Hillen et al., 2017).

1.1.3 Risk factors

There are many known non-genetic risk factors for AD, the largest group of which
is cerebrovascular disease and its own antecedent risk factors. These include
cardiovascular disease, smoking, hypertension, type 2 diabetes mellitus, obesity—
although questionably (Qizilbash et al., 2015), and dyslipidaemia (Reitz & Mayeux,
2014). Among the proposed mechanisms by which some of these factors might lead
to dementia include post-stroke amnestic syndromes due to site-specific
parenchymal damage and the elevation of B-amyloid (AP) pathology by hypoxia-
induced overexpression of the cyclin-dependent kinase 5/activator protein 25
system which leads to increased P-secretase 1 (BACEL) levels and thus higher
amyloid precursor protein (APP) catabolism (Camins et al., 2006; Mayeux & Stern,

2012) or through impaired AP clearance due to hyperinsulinaemia in the case of



diabetes (Farris et al., 2003). Refer to section 1.3.1 for more information on APP

and A metabolic pathways.

Other independent factors which have been linked to an increased risk of
developing AD include depression (Ownby et al., 2006); midlife psychological
distress (Skogen et al., 2015); dysthyroidism (Tan & Vasan, 2009); frailty (Borges
et al., 2019); midlife insomnia and late-life prolonged sleep (Sindi et al., 2018);
traumatic head injury (Fleminger et al., 2003; Franz et al., 2003); excessive alcohol
consumption, and air pollution (Livingston et al., 2020). The 2020 report of the
Lancet Commission argues that by modifying 12 key dementia risk factors—
including tackling inequality—as much as 40% of future dementias can be delayed

or prevented (Livingston et al., 2020).

1.1.4 Protective factors

Epidemiological studies show that there are many non-genetic factors which protect
against AD or provide symptomatic relief. These include consumption of a
Mediterranean diet which is high in fruit, vegetables, cereals, nuts, legumes, seeds,
fish, and olive oil and low in red and processed meats and poultry (Cremonini et
al., 2019; Petersson & Philippou, 2016; Yusufov et al., 2017); high educational
attainment, particularly in developed countries (Sharp & Gatz, 2011); having a
strong social network (Fratiglioni et al., 2004); participation in cognitively
stimulating activities in old age (Wilson et al., 2010) and greater cognitive activity
during midlife, particularly in apolipoprotein E (APOE) &4 carriers (Carlson et al.,
2008); long-term physical exercise (Meng et al., 2020); and meditation (Russell-
Williams et al., 2018). It will be important to ensure that awareness and knowledge
of ways to prevent dementia continue to increase to reduce its future incidence
(Pickett et al., 2018).



1.2  Diagnostics of Alzheimer’s disease

1.2.1 Clinical diagnosis

All-cause dementia

The National Institute on Aging (NIA) and the Alzheimer’s Association (AA)
workgroup provides the most up to date criteria for the diagnosis of all-cause and
AD dementia (McKhann et al., 2011). The original criteria were set out by the
Neurological and Communicative Disorders and Stroke and the Alzheimer Disease
and Related Disorders Association (NINCDS-ADRDA) workgroup (McKhann et
al., 1984). These criteria proved reliable over time (Galasko et al., 1994; Lim et al.,
1999), but were updated to include advances in neuropsychological assessment,
brain imaging, neuropathology, and biomarker and genetic screening. The core
clinical criteria for all-cause dementia is the presence of cognitive or behavioural
symptoms that: (1) interfere with the ability to function at work or during other
daily activities; (2) represent a deterioration from a previous level of performance;
(3) are not caused by delirium or other psychiatric disease; (4) are detectable
through formal history-taking and cognitive testing; and (5) include at least two of
the following: (i) memory impairment, (ii) executive impairment—including poor
decision making and planning of complex activities, (iii) visuospatial impairment—
including the inability to operate simple tools, recognise faces or objects, or orient
clothing, (iv) language impairment—including simple grammatical errors, poor
recall of words, or hesitation in speech, or (v) altered personality—including mood

swings, apathy, or social withdrawal.

Alzheimer’s disease dementia

The NIA-AA workgroup proposed the following classifications for individuals with
AD dementia: (1) Probable AD dementia, (2) Possible AD dementia, and (3)
Probable or Possible AD dementia with evidence of the AD pathophysiological
process. The lattermost being reserved mainly for the purposes of research.

Probable AD dementia is diagnosed when the patient meets the criteria for all-cause



dementia and displays: (i) an onset of symptoms over months or years, (ii) a clear
and progressive deterioration in cognition by report or observation, and (iii) initially
and most prominently presents with either (a) amnesia and impairment of one other
domain of all-cause dementia outlined above, or (b) a non-amnestic condition
including deficits in either language, visuospatial ability, or executive function with
concurrent impairment in at least one other domain. The diagnosis of Probable AD
dementia cannot be made where there is substantial cerebrovascular disease or
extensive white matter rarefaction seen as hyperintensities on magnetic resonance
imaging (MRI), evidence for another neurological or non-neurological disease with
cognitive sequelae, or core features of another dementia such as Lewy Body
Dementia (LBD) or frontotemporal dementia (FTD), including its behavioural
variant (bvFTD), primary progressive aphasia (PPA), progressive non-fluent
aphasia (PNFA), or related tauopathies such as corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), Pick’s disease, argyrophilic grain disease
(AGD), multiple system tauopathy with dementia, neurofibrillary tangle dementia,
and amyotrophic lateral sclerosis (ALS) (Rabinovici & Miller, 2010). Further, a
diagnosis of Probable AD dementia with increased level of certainty can be made
where the cognitive decline has been documented in the context of either formal
clinical evaluations or standardised mental status examinations. Possible AD
dementia is diagnosed when the core clinical criteria for AD dementia are satisfied
but where the course of the dementing syndrome is atypical (such as rapid onset),
there is insufficient historical detail or documentation of cognitive decline, evidence
of mixed disease such as concomitant cerebrovascular disease or another dementing
condition, or evidence of any other comorbidity, medication, or substance that

might have a significant impact on cognition (McKhann et al., 2011).

The NIA-AA clinical diagnostic criteria provide two further categories to reflect
the full continuum of the AD pathophysiological process. Preclinical AD (PreAD),
also termed ‘asymptomatic at-risk state for AD’ and ‘presymptomatic AD’ (Dubois
et al., 2010), refers to individuals who exhibit AD-type biomarker changes in the
absence of any clinically detectable dementia syndrome (Sperling et al., 2011).
Although the presence of AD-type biomarkers confers increased longitudinal risk
of AD (Shim & Morris, 2011), this designation is mainly reserved for research

purposes and future drug testing as it rests on what is ultimately the hypothetical



progression of such people to AD dementia. Mild cognitive impairment (MCI) is
the final set of criteria to describe the complete clinical disorder that is AD. This
designation may be applicable where a patient displays a deterioration of cognition
which does not significantly impact their independence or functional ability.
Cognitive testing is the best means to determine the presence of MCI which
typically presents as 1 to 1.5 standard deviations below age and education-matched
peers (Albert et al., 2011).

Biomarkers of Alzheimer’s disease

In vivo biomarkers of the AD pathophysiological process include different imaging
modalities and fluid analytes. The five most widely used were formally
incorporated in the NIA-AA criteria and are only intended to complement the
clinical diagnostic criteria (Jack et al., 2011). The preferred biomarkers in the
criteria are those that are tied most closely to the pathological criteria for AD. As
such they are divided into two broad categories: (1) biomarkers of AP
accumulation—including decreased cerebrospinal fluid (CSF) ABa42 and increased
Pittsburgh compound B (PiB) binding to fibrillar AP deposits in the brain on
positron emission tomography (PET) imaging, and (2) biomarkers of neuronal
degeneration or injury—including elevated CSF tau (both total and phosphorylated
forms), decreased fluorodeoxyglucose (FDG) uptake on PET imaging in a specific
topographic pattern involving the temporoparietal cortex, and thirdly ventricular
enlargement and atrophy of medial, basal, and lateral temporal lobe areas and
medial and lateral parietal cortices on structural MRI. The onset and progression of
AD biomarkers likely follows an ordered temporal pattern beginning with changes
to AP markers followed by alterations to markers of neurodegeneration (Craig-
Schapiro et al., 2009; Fagan et al., 2009; Jack et al., 2010; Mattsson-Carlgren et al.,
2020; Perrin et al., 2009). Notwithstanding the apparent sequence of changes there
is insufficient data to establish a clear hierarchical system to arbitrate between the
presence and absence of different combinations of biomarkers in individual cases
(McKhann et al., 2011).



In addition to those outlined above, there are many other potential biomarkers for
AD. These include non-Ap and non-tau-based proteomics (Park et al., 2020);
guantitative-MRI techniques such as resting state functional network connectivity
MRI (Buckner et al., 2005), diffusion tensor imaging (Bozzali et al., 2016), and
proton-nuclear  magnetic  resonance  spectroscopy  (Kantarci, 2007);
electroencephalography (EEG) (Vecchio et al., 2018); and most recently a new
blood serum test for phosphorylated tau-threonine 217 (p-tauz17) (Barthélemy et al.,
2020b; Barthélemy et al., 2020a). Serum p-tauz17 distinguishes controls from AD
patients, in whom it is 5.7-8 times higher, with an accuracy of 90-99% in cases
positive for Ap on PET imaging. It can also distinguish AD dementia from non-AD
dementias, including primary tauopathies such as bvFTD, PPA, PNFA, PSP, and
CBD, with an accuracy of up to 96%; soundly outperforming the accuracy of other
commonly used biomarkers such as p-tauis: (Janelidze et al., 2020), neurofilament
light chain, and imaging markers (Palmaquvist et al., 2020). Serum p-tauzi7 also has
the potential to identify PreAD individuals as it has been shown to be elevated
roughly 20 years before the onset of symptoms in cases of dominantly inherited AD
(DIAD) sourced from the Dominantly Inherited Alzheimer Network (DIAN)
(Barthélemy et al., 2020c). This result was similarly demonstrated in a study of
individuals from the Colombian Autosomal-Dominant AD Registry, who carry the
presenilin-1 (PSEN1) E280A mutation (Paisa mutation), in which p-tauziz was
significantly higher by 25 years of age compared to non-carriers; again occurring
roughly 20 years before the average age of onset of dementia in Paisa mutation

carriers (Palmgvist et al., 2020).

1.2.2 Neuropathological diagnosis

The NIA-AA provides the most up to date recommendations (Hyman et al., 2012)
for the post-mortem neuropathological assessment of AD, which remains the gold-
standard for confirmatory diagnosis. AP plaques and neurofibrillary tangles (NFTs)
are the sine qua non of AD neuropathological changes. Immunohistochemistry
(IHC) targeting AP and tau, or p-tau, are the preferred methods for assessing diffuse
non-neuritic AP plaques and NFTs respectively. The preferred method for detecting
neuritic plaques (NPs), a subset of AP plaques that are associated with dystrophic

neurites (DNSs), is Thioflavin S or modified Bielschowsky silver staining. In



addition to these, other methods for visualising A deposits (although also non- Af
amyloids ; refer to Benson et al. (2018) for a definition of ‘amyloid’) have also been
described, including, Thioflavin T (Biancalana & Koide, 2010; Vassar & Culling,
1959), Congo red—which exhibits apple-green birefringence (Howie et al., 2008;
Yakupova et al., 2019), and many other silver impregnation techniques for NPs by
Bodian, Campbell-Switzer, Cross, Gallyas, Grocott-Gomori, and Naoumenko-
Feigin (Lamy et al., 1989; Uchihara, 2007). Other neuropathological features of AD
include the loss of synapses and neurons, atrophy, gliosis, cerebral amyloid
angiopathy (CAA), white matter degeneration, hippocampal granulovacuolar
degeneration and actin-immunoreactive Hirano bodies, transactive response DNA-
binding protein 43 (TDP43) inclusions, and Lewy bodies (LBs). It is also important
to recognise that all of the aforementioned neuropathological characteristics,
including plaques and tangles, are not exclusively seen in AD but are commonly
found in healthy aged brains (Berg et al., 1998; Davis et al., 1999; Guillozet et al.,
2003; Hof et al., 1996; Knopman et al., 2003; Price et al., 2009; Sengoku, 2020;
Xekardaki et al., 2015).

ABC score

The NIA-AA also provides practical guidelines for the neuropathological
assessment of AD (Montine etal., 2012). These guidelines set out an ‘ABC’ scoring
system of AD changes which combines scores from three previously described
schema: (1) AP plaque phases (Thal et al., 2002), (2) Braak staging of NFTs (Braak
& Braak, 1991), and (3) the Consortium to Establish a Registry for AD (CERAD)
protocol for NPs (Mirra et al., 1991). A stepwise approach to a set of minimum
recommended brain regions for the assessment of AP plaques is suggested,
beginning with the superior and middle temporal gyri, middle frontal gyrus, inferior
parietal lobule, and occipital cortex. It is also suggested that leptomeningeal and
parenchymal vessels are screened for CAA. If AP plaques are identified in these
primary cortical regions then it is recommended that secondary regions are
examined, including, the hippocampus, entorhinal cortex (EC), and basal ganglia
including the nucleus basalis of Meynert at the level of the anterior commissure are
screened next, followed by tertiary regions: cerebellar cortex, dentate nucleus, and

midbrain including the substantia nigra. The minimum recommended regions for



assessing the spread of NFTs and NPs include the primary regions stipulated above
for AP plaques, but critically with the inclusion of the hippocampus and EC. It is
also recommended that haematoxylin and eosin (H&E) stains are performed to
screen for hippocampal sclerosis (HS) and vascular brain injury in all of the
minimum recommended regions. Lastly, IHC or H&E for LBs might also be
performed following a similar stepwise approach beginning with the medulla, pons,
midbrain, and amygdala followed by at least one of the anterior cingulate, middle
frontal gyrus, superior and middle temporal gyri, inferior parietal lobule, or the
hippocampus and EC.

A — Ap plaque phases

Scores for each of the major pathognomonic entities are determined according to
their respective staging scheme and then adapted to a four-point scale as set out in
the NIA-AA 2012 criteria. The phases of AB plaque deposition used in the these
criteria were set out by Thal et al. (2002). In Phase 1, Ap deposits are found in the
frontal, parietal, temporal, or occipital cortices. In Phase 2, plaques appear in the
EC, Cornu Ammonis 1 (CA1) subfield of the hippocampus, insular cortex, and start
to appear in the cingulate gyrus, amygdala, presubiculum, and in the molecular
layer of the fascia dentata. Phase 3 is characterised predominantly by the occurrence
of AP deposits in subcortical structures such as the basal forebrain nuclei, caudate
nucleus, claustrum, hypothalamus, lateral habenular nucleus, putamen, substantia
innominata, thalamus, and white matter areas. In Phase 4, AP deposits are seen in
brainstem structures such as the inferior and superior colliculi, inferior olivary
nucleus, periaqueductal gray, red nucleus, reticular formation, and substantia nigra.
Finally, Phase 5 includes further involvement of brainstem structures such as the
locus coeruleus and raphe nuclei, and lastly the molecular layer of the cerebellum.
Each of these phases correspond to one of four A scores: Phases 1 and 2 to Al;
Phase 3 to A2; Phase 4 and 5 to A3. The absence of A plaques is scored A0.
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B — Braak stages of NFTs and NTs

For the staging of NFTs and neuropil threads (NTs), Braak and Braak (1991)
described three major stages—Ilabelled Transentorhinal, Limbic, and Isocortical—
which were each divided into two further substages based on the severity of
neurofibrillary changes seen in the regions defined by each major stage. The
Transentorhinal stages | and 1l are characterised by the mild involvement of Pre-a
neurons that follow an oblique course through the transitional cortical area between
the EC proper and the adjoining temporal cortex. Isolated NFTs may also occur in
CA1, basal forebrain, and anterodorsal nucleus of the thalamus. The Limbic stages
Il and IV are characterised by the continued involvement of Transentorhinal
stages, including the formation of ‘ghost tangles’ (extracellular NFTs which
represent corpses of dead neurons), and the development of NFTs in multipolar
neurons of sectors CA2 to CA4 of the hippocampus. Additionally, NFTs begin to
form in pyramidal cells in the subiculum and there may also be sparse involvement
of basal portions of frontal, temporal, and occipital association areas, magnocellular
forebrain nuclei, anterodorsal and reuniens nuclei of the thalamus, amygdala,
tuberomammillary nucleus of the hypothalamus, claustrum, putamen, and nucleus
accumbens. Finally, the Isocortical stages represent the first major involvement of
the cerebral cortex (also termed the isocortex, neocortex, or neopallium). All
association cortices are susceptible to NFTs, with primary cortices remaining
relatively spared except for a dense network of NTs in layer V of sensory core fields
which develops in Stage VI. However, the presence of globose NFTs in granule
cells of the fascia dentata in Stage VI most easily distinguishes it from Stage V.
Each of the major Braak stages correspond to one of four B scores in NIA-AA
criteria: Transentorhinal stages to B1; Limbic stages to B2; Isocortical stages to B3.
The absence of NFTs and NTs is scored BO.

C — CERAD protocol for NPs

The scoring system for NPs as set out by CERAD (Mirra et al., 1991) comprises
the final score in the NIA-AA ABC criteria. The CERAD protocol recommends the
use of either Thioflavin S or modified Bielschowsky silver staining in sections from

the superior and middle temporal gyri, middle frontal gyrus, and inferior parietal
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lobule to semiquantitatively assess the load of NPs in given individuals.
Consideration for testing the hippocampus, EC, and occipital cortex is also
suggested by the NIA-AA 2012 criteria. It is recommended that microscopic fields
are examined using a 100x objective where the density of NPs is maximal. A
CERAD score for NPs may be ‘none’, ‘sparse’, ‘moderate’, or ‘frequent’ and
assigned a C score of C0, C1, C2, or C3 respectively. Once a complete ABC score
has been generated, a designation of ‘Not’, ‘Low’, ‘Intermediate’, or ‘High’ AD
neuropathological change is assigned according to the rubric set out in the NIA-AA
2012 criteria.

Mixed pathology

Although AD neuropathological changes are commonest of any single disease at
post-mortem, it is rarely found in isolation (Boyle et al., 2018; Jellinger, 2020;
McAleese et al., 2020). Cerebrovascular lesions, which represent a heterogeneous
group of diseases underlined by cardiovascular disease risk factors, are the most
frequent coincidental finding in AD (DeTure & Dickson, 2019; Kalaria, 2016; Perl,
2010; Rodriguez Garcia & Rodriguez Garcia, 2015). As outlined by the NIA-AA
diagnostic recommendations, other common co-pathologies include LBs
(Hamilton, 2000), TDP43 (Josephs et al., 2015), and hippocampal sclerosis (Murray
et al., 2014). Other diseases that have been reported to overlap with AD include
Parkinson’s disease (PD) and the rarer Creutzfeldt-Jakob disease, Gerstmann-
Straussler-Scheinker syndrome, and Niemann-Pick disease (Armstrong et al.,
2005). A review of the prevalence of mixed pathology suggests that it represents
between 10 and 74% of aged brains investigated at post-mortem (Rahimi & Kovacs,
2014), with higher values represented by community-based, as opposed to more
biased clinic-based, cohorts (Schneider et al., 2007). Consideration for the high
prevalence of mixed pathology, particularly in the community setting, will be of
great importance in the management and treatment of AD as the dementing
syndrome will likely be caused by the cumulative effect of a number of coincident
pathologies (Kapasi et al., 2017; Thomas et al., 2020).
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Macroscopic features

Macroscopic features of neurodegenerative diseases (including AD) are not
necessarily diagnostic but are often readily appreciable (Jellinger, 2020; Perl, 2010;
Serrano-Pozo et al., 2011a). Such features include reduced brain weight and
hydrocephalus ex vacuo which is seen as an enlargement of the frontal and
especially temporal horns of the lateral ventricles secondary to symmetrical atrophy
predominantly affecting the medial temporal lobes (MTLs) with relative sparing of
the primary motor, somatosensory, and visual cortices. Microinfarcts in the cortex
and lacunar infarcts in the basal ganglia, pons, or white matter may be visible in the
presence of significant CAA. Usually there is no discolouration of the substantia

nigra unless there is a significant number of LBs present.

1.2.3 Clinicopathological correlations

The subject of clinicopathological correlations (CPC) in AD has been described as
‘critically important” but ‘sometimes-controversial’ (Nelson et al., 2012). The
general applicability and validity of CPCs identified in studies using post-mortem
human brain are limited based on numerous potential sources of data variability
which might weaken any identifiable correlation between cognitive status and
neuropathological load. These include, biased cohorts sourced from the clinic or
hospital settings—which have traditionally been over-representative of older
middle and upper income class people of West Eurasian ancestry; disease
heterogeneity associated with mixed pathologies and a non-uniform pattern of
molecular, anatomical, and clinical changes which are difficult to model
statistically, especially where data is not parametrically distributed and the sample
size is relatively low; an over-reliance on ordinal variables which may obscure more
nuanced clinicopathological relationships; variation in the elapsed time between
final clinical evaluation and death; and, variation and evolution of clinical and
autopsy practices—including the use of semi-quantitative measures, different brain
regions, and different laboratory techniques (Nelson et al., 2012). Indeed, some
argue that the neuropathological changes seen in AD are actually epiphenomena of

aging and therefore should not necessarily be used to define the disease (Castellani
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etal., 2008; Chen et al., 2011; Herrup, 2010; Lee et al., 2005; Maltsev et al., 2011,
Mondragon-Rodriguez et al., 2010; Whitehouse et al., 2011).

However, evidence from independent research institutes across the globe strongly
supports the existence of a specific neurodegenerative disease defined by the
presence of AP plaques and hyperphosphorylated tau (phosphotau)-associated
neurofibrillary degeneration (NFD)—including NFTs, NTs, and DNs (Nelson et al.,
2009a; Nelson et al., 2011). There is also strong evidence demonstrating the
potential neurotoxicity of both Ap (De Felice et al., 2008; Mattson, 2004; Selkoe &
Hardy, 2016; Shankar et al., 2008) and phosphotau (Delacourte, 2008; Igbal et al.,
2009; Johnson & Stoothoff, 2004; Pei et al., 2008; Pritchard et al., 2011;
Takashima, 2008). Both NPs and NFTs are known to correlate with the severity of
dementia (Bancher et al., 1996; Crystal et al., 1993; McKee et al., 1991; Nelson et
al., 2007; Tiraboschi et al., 2004). However, most CPC studies indicate that the
burden of NFTs better correlates with cognitive impairment than do NPs and diffuse
AP plaques; the lattermost generally having the weakest relationship of these
entities to cognitive status (Nelson et al., 2012; Qiu et al., 2018). This may be due
in part to the brain’s natural ability to reabsorb AP plaques throughout life (Bennett
etal., 1993; Holmes et al., 2008; QOide et al., 2006) and that the burden of AP plaques
plateaus earlier in the disease time course meaning any linear relationship to
dementia would fall away at later stages of the disease (Ingelsson et al., 2004;
Serrano-Pozo et al., 2011Db). The single best correlate and most likely physical basis
of cognitive impairment is the loss of synapses (DeKosky et al., 1996; Terry et al.,
1991). Synaptic loss is appreciable in the hippocampus early in the disease time
course, especially with electron microscopy (EM) but also synaptophysin IHC of
pre-synapses (Scheff et al., 2006). Despite this the hippocampus is often excluded
from CPC studies due to strong ‘floor and ceiling’ effects when quantifying the
relative load of pathologies (Nelson et al., 2012). Notwithstanding the essential
importance of synaptic loss in potentiating cognitive impairment (Scheff & Price,
2006), it cannot be described as a hallmark pathology as it does not represent a

feature of brain degeneration that is unique to AD (Scheff et al., 2014).
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1.3 Major proteinopathies of Alzheimer’s disease

1.3.1 p-amyloid

APP

AP is derived from the large type | transmembrane protein APP which has its amino
terminus extending into the extracellular space and its carboxyl terminus within the
cell (Dyrks et al., 1988; Kang et al., 1987). In non-polarised cells, APP undergoes
a constant cycle of trafficking through the cellular endomembrane system: it is first
routed from the endoplasmic reticulum to the plasma membrane, Golgi apparatus,
or trans-Golgi network; in transit nascent APP is post-translationally modified by
glycosylation, phosphorylation, and sulphation; the small proportion of APP that
reaches the plasma membrane is endocytosed within minutes and recycled or
degraded in lysosomes (Haass et al., 2012). In polarised cells such as neurons, as
for non-polarised cells, APP is transported from the endoplasmic reticulum to the
Golgi apparatus or trans-Golgi network, but is then packaged in post-Golgi
transport vesicles and conveyed by the microtubule motor protein kinesin-1 (Kins
et al., 2006) to dendrites and within axons, along the fast axonal transport system
(Goldsbury et al., 2006; Koo et al., 1990; Sisodia et al., 1993).

APP may be proteolytically cleaved by y-secretase and either a- or B-secretase (the
name ‘secretase’ refers to the secretion of cleaved substrates) (Haass et al., 2012).
[-secretase, a transmembrane enzyme with its active site in the extracellular space,
initiates the amyloidogenic pathway responsible for the generation of AP peptides.
B-secretase cleaves APP to form the secreted APP ectodomain (APPsP) and the
membrane-bound APP carboxyl-terminal fragment (BCTF) which is subsequently
cleaved by y-secretase within the plasma membrane or the endosomal/lysosomal
system (Haass, 2004). The cleavage of BCTF occurs within the hydrophobic domain
of the plasma membrane in a process termed ‘regulated intramembrane proteolysis’
(RIP) (Lichtenthaler et al., 2011). RIP by y-secretase can occur at several sites;
labelled the &-, (-, and y-site. These sites do not necessarily denote a single cleavage

location, rather sequential cleavage sites that are responsible for the production of
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AP peptides of varying lengths from APs7 to APag (Haass et al., 2012). This is of
relevance to AD as ABaar40 are the predominant composites of CAA (see also section
1.4.4) (Prelli et al., 1988; Suzuki et al., 1994) and the slightly longer APas243 are
more prone to aggregation and are thought to be the essential constituents of the
neurotoxic oligomers which cause AD (Haass & Selkoe, 2007; Saito et al., 2011,
Selkoe & Hardy, 2016).

It should be stressed that limiting investigations to the APao and A4z Species is a
simplification since peptides isolated from AD brains show significant
heterogeneity in their biochemistry due in part to differing lengths at both the amino
and carboxyl terminuses (Masters & Selkoe, 2012). Indeed, longer peptides with
cleavage sites up to residue 55 have also been reported; for instance in a presenilin-
1 mutant case report (Van Vickle et al., 2008). Further, AP is subject to a number
of different post-translational modifications (PMTs) including glycosylation,
isomerisation, N-homocysteinylation, nitration, oxidation, phosphorylation,
pyroglutamylation, and racemisation (Kummer & Heneka, 2014; Moro et al., 2018).
It is not known precisely how such PMTs affect the chemical dynamics of AP
aggregation nor its toxicity (Schaffert & Carter, 2020). Following y-secretase
activity AP is released into the extracellular space. A second by-product, the APP
intracellular domain (AICD), is released into the cellular cytosol where it may have
arole in nuclear signalling (von Rotz et al., 2004). The breakdown of APP can also
follow a similar step-wise proteolytic routine that does not produce pathological A
peptides—the non-amyloidogenic pathway. This pathway is initiated by o-
secretase, on the cell surface or within the trans-Golgi network, where it cleaves
APP at a locus close to the middle of its AP region (Esch et al., 1990; Sisodia et al.,
1990). The two resulting by-products are an extended secreted APP ectodomain
(APPsa) and a truncated carboxyl-terminal fragment (aCTF), the latter of which is
further cleaved into the AICD (as for the amyloidogenic pathway) and the non-

pathological p3 peptide (Haass et al., 1993).
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Biochemistry of Af

Glenner and Wong first isolated and sequenced AP from meningeal blood vessel
walls in Down’s syndrome (Glenner & Wong, 1984a) and AD (Glenner & Wong,
1984b). Efforts were then made to isolate and sequence AP in NP cores (Allsop et
al., 1983; Masters et al., 1985; Selkoe et al., 1986). These early biochemical studies
established that the subunit of fibrils isolated from the meningeal vasculature and
NP cores was a relatively small (~4 kDa) hydrophobic peptide with a high
propensity to self-aggregate into dimers, trimers, tetramers, higher oligomers, and
finally larger fibrils. AP plaques observed at post-mortem are composed of
extracellular fibrils with a high cross-p sheet content (Masters & Selkoe, 2012). The
conversion of a-helical conformers to 3-sheet rich structures in AD shares striking
similarity to protein misfolding in prion diseases and is a common motif in
degenerative diseases of the brain (Lauwers et al., 2020; Rasmussen et al., 2017;
Vaquer-Alicea & Diamond, 2019; Walker et al., 2016). Cryo-EM structures of AP
fibrils purified from the meninges of AD patients has allowed for their detailed
conformational modelling which shows marked differences to synthetic AP fibrils

formed in vitro (Kollmer et al., 2019).

AP monomers represent the basic building block of a short list of aggregates of
increasing size. These range from soluble low and high molecular weight oligomers
(LMWOQOs or HMWOs, respectively) and protofibrils (~4 nm in diameter) to the
classical fibrils seen at post-mortem (8-22 nm in diameter) (Close et al., 2018). A
in its monomeric form has been found to have neurotrophic effects on
undifferentiated and mature neurons in vitro (Giuffrida et al., 2009; Yankner et al.,
1990; Zou et al., 2002; Zou et al., 2003). LMWOs—including dimers, trimers
(Larson & Lesne, 2012), and tetramers—along with HMWOs (dodecamers or
larger) are stable substrates in sodium dodecyl sulphate (SDS)-urea solutions
(Lesné et al., 2006; McLean et al., 1999). They are thought to be the responsible
neurotoxic molecules in AD (De Felice et al., 2004; Ferreira & Klein, 2011; Jana et
al., 2016; Selkoe & Hardy, 2016). The level of dimers in blood and the frontal
cortex of AD cases has been shown to correlate with cognitive impairment (Mc
Donald et al., 2010; Villemagne et al., 2010). However, trimers and tetramers are

known to be the more potent oligomeric species (Harmeier et al., 2009; Ono et al.,
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2009; Townsend et al., 2006). Overall, there remains uncertainty as to the relative
pathogenicity of soluble AP as it is known that their concentrations are significantly
higher in young adults compared to the elderly (van Helmond et al., 2010). AP
protofibrils (100-150 kDa) are curvilinear intermediate aggregates comprised of
15-40 monomers. These structures have only been described in vitro (Harper et al.,
1999; Kayed et al., 2009; Kirkitadze et al., 2001). Thus their relevance to AD, and

even existence in the brain, are as yet unresolved questions.

Degradation of Af

AP is subject to degradation by a group of peptidases known as AB-degrading
proteases (ABDPs) (Saido & Leissring, 2012). Bateman et al. (2006) have shown
that the rates of AP production and clearance can be measured in the CSF and
subsequently demonstrated that reduced clearance, but not increased production,
characterised sporadic AD (Mawuenyega et al., 2010). However these results were
unable to distinguish cause from effect. One of the earliest studies that examined
AP degradation in living animal identified neutral endopeptidase (NEP; neprilysin)
as a key ABDP, which if inhibited resulted in increased AP42 pathology (Iwata et
al., 2000). Conversely, transgenic overexpression of NEP in an APP mouse model
significantly reduced AP levels and prevented the formation of plaques and
downstream cytopathology (Leissring et al., 2003). Further, the delivery of NEP to
presynaptic sites in the hippocampus of NEP-deficient APP mice has been shown
to abolish continued deposition of AP (Iwata et al., 2004). In this study, the
deposition of AP was also significantly attenuated in the contralateral hippocampal
formation of young APP mice. In addition to NEP there have been a large number
of APDPs identified to date. These can be classified according to their
enzymological type, including, aspartyl, cysteine, and serine proteases, and
metalloproteases (e.g. NEP); all of which can also be further subclassified by the
subcellular compartment they inhabit (Saido & Leissring, 2012). Finally, the
modulation of ABDPs, along with the upstream proteases responsible for the
generation of AP, represents an auspicious therapeutic target for preventing the

progression of preclinical AD.
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AP plaques

Filamentous aggregates of AP are observed as plaques at post-mortem
neuropathological investigation (historically the term ‘plaque’ was used to describe
flat disk- or patch-like objects) (Walker, 2020). The term ‘A plaque’ refers to a
multiplicity of brain lesions associated with deposits of AP. Several classification
schemes have been proposed for these (Armstrong, 1998; Dickson & Vickers, 2001,
Duyckaerts et al., 2009; Ikeda et al., 1989; Thal et al., 2000; Wisniewski et al.,
1989; Yamaguchi et al., 1988), but there is as yet no universally accepted system
for their categorisation (Walker, 2020). Morphological subtypes of AP plaques
include diffuse (also, ‘primitive’ or ‘immature”), fibrillar, dense-cored (also just
‘cored’, ‘classical’, or ‘mature’ plaques), and burned-out (also, ‘core-only’)
plaques. NPs are a minority subset of AB plaques that are most often associated
with phosphotau-positive dystrophic neurites (DNs). Phosphotau-positive DNs are
comprised of helical filaments identical to those in NFTs (Igbal et al., 2009). DNs
can also be tau-negative, in which case require detection by silver stains, thioflavin
S, or IHC targeting p62, ubiquitin, neurofilament proteins, or APP (Nelson et al.,
2012; Price et al., 2009; Thal et al., 2000; Thal et al., 2006). DNs are elongated or
globular in morphology and represent both degenerating axonal terminals
(Yasuhara et al., 1994) and dendrites (Shi et al., 2020). Fibrillar and dense-cored
plaques are more likely to be associated with DNs compared to diffuse plagques in
AD (Dickson & Vickers, 2001; Serrano-Pozo et al., 2011a). Notably, non-AD
tauopathies usually lack NPs, suggesting they are not an inevitability of tau
pathology (Nelson 2012). The recently described ‘coarse-grained’ plaques in early-
onset AD (EOAD), which are associated with ABao, APOE &4 homozygosity and
CAA, are also often accompanied by DNs (Boon et al., 2020).

Diffuse plaques can include small stellate or ball-shaped structures which are
homogeneously labelled and often profusely scattered throughout the parenchyma
(Dickson & Vickers, 2001; Walker, 2020). Other diffuse plaque subtypes include
subpial sheet-like bands (Thal et al., 2000), large ‘cotton-wool’ plaques which
feature most prominently in a presenilin-1 mutant of autosomal dominant AD
(Houlden et al., 2000), and large cribriform ‘lake-like’ patches in the subicular

complex (Wisniewski et al., 1998). Like dense-cored plaques, fibrillar plaques
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exhibit a central mass of AP but with ‘spoke-like’ extensions leading to the outer
rim of diffuse AP (Dickson & Vickers, 2001). Dense-cored plaques have a ‘core-
space-corona’ pattern of AP staining which produces the classical bulls-eye
appearance (Walker, 2020). Burned-out plaques are a small subset of plaques which
have the appearance of dense-cored plaques but lack the surrounding corona of Ap.
These plaques have previously been considered the end-stage of the natural

evolution of AP plaques through the disease process (Wisniewski et al., 1989).

AP plaques occur in the vast majority of the elderly but are not universal (Braak et
al., 2011; Davies et al., 1988; Jicha et al., 2012). AP plaques are not sufficient to
cause AD, however there is a strong association between their formation and the
development of AD. Genetic risk factors, including APOE (see section 1.5.2),
account for 50-58% of heritability, and up to 79% in a best-fitting model, of late-
onset AD (LOAD) (Bertram et al., 2010; Gatz et al., 2006). The combination of
genetic, biochemical, longitudinal biomarker, and histopathological investigations
have theoretically strong mechanistic implications for the role of AP as a prime
aetiological factor in AD. In spite of this there has been repeated failure of ApB-
related pharmacological agents to attenuate the progression of disease (Panza et al.,
2019). Therefore it will be important to continue to investigate other avenues of

potential treatment.

1.3.2 Tau

Structure of tau

The microtubule associated protein tau (MAPT), or simply ‘tau’, is the subunit
protein which when hyperphosphorylated polymerises to form NFTs, NTs, and tau-
positive DNs. Whilst extracellular AP was first identified by molecular cloning
(Kang et al., 1987), intracellular tau in the form of NFTs was first identified by
antibody reactivity (Brion et al., 1985; Grundke-Igbal et al., 1986; Kosik et al.,
1986; Wood et al., 1986). Tau is a member of the Type 2 microtubule associated
protein (MAP) family. It is a highly soluble protein which is unfolded in its native
state (Mandelkow et al., 2007; Schweers et al., 1994). It is expressed as six

alternatively spliced isoforms with 0, 1, or 2 amino (N)-terminal inserts of 29
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residues each (ON, 1N, or 2N; derived from exons 2 and 3) and 3 or 4 carboxyl (C)-
terminal repeats of 31-32 residues (3R or 4R; derived from exon 10) (Goedert et
al., 1988; Goedert et al., 1989). Thus the smallest and largest isoforms are ON3R
tau and 2N4R tau, respectively (Igbal et al., 2010). The full length protein can be
divided into an N-terminal ‘projection domain’, which projects away from the
microtubule surface, followed by a C-terminal ‘assembly domain’ which is further
subdivided into a proline-rich region, the microtubule-binding repeats, and a C-
terminal tail (Mandelkow & Mandelkow, 2012). Tau contains 85 potential serine,
threonine, and tyrosine phosphorylation sites, most of which reside in the proline-
rich region and the C-terminal tail (Noble et al., 2013). Tau exhibits many structural
conformations, biochemical modifications, and the ability to interact with a number
of different protein types, including cytoskeletal proteins, motors, kinases,
phosphatases, and chaperones (Mandelkow & Mandelkow, 2012). Unlike APP,
mutations in MAPT cause FTD, but not AD (Hutton et al., 1998).

Tau and microtubules

Microtubules are dynamic protein polymers with diverse tasks including
involvement in the assembly of the mitotic spindle, maintaining cell morphology,
and serve as intracellular highways for the transportation of cellular material by
motor proteins (Goodson & Jonasson, 2018). The repeat regions in tau’s assembly
domain are responsible for its binding to ap-heterodimers of tubulin, which has
been demonstrated in vitro, unfortunately without the ability to determine the exact
binding site (Gustke et al., 1994; Makrides et al., 2004). Binding of microtubules
to tau and other MAPSs improves their stability and promotes further self-assembly.
However MAPs, including tau, are not essential for the formation and structure of
microtubules (Mandelkow & Mandelkow, 2012). Indeed, the abundance of
intraneuronal tau (~1 pM) compared to tubulin (20—40 pM) appears substantially
substoichiometric (Cleveland et al., 1977; Hiller & Weber, 1978).

Tau’s role to promote the formation and stabilisation of microtubules is regulated
by the degree of its phosphorylation (Weingarten et al., 1975). AD brains do not
show increased normal tau protein or upregulation of tau messenger ribonucleic
acid (MRNA) (Mah et al., 1992). However diseased brains contain four to eightfold
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more phosphotau than do normal brains (Khatoon et al., 1992, 1994). This suggests
that the increase in total tau likely results from reduced turnover following
hyperphosphorylation (Poppek et al., 2006). Polymerised tau in the form of NFTs
and NTs does not appear to bind tubulin or promote the assembly and stabilisation
of microtubules (Alonso et al., 2006; Igbal et al., 1994).

Biochemistry of tau

The most likely cause of tau dysfunction and aggregation is its
hyperphosphorylation (Alonso et al., 1994; Grundke-Igbal et al., 1986). Other
disease related properties and biochemical changes include missorting to the
somatodendritic compartment, acetylation, glycation, glycosylation, methylation,
nitration, oxidation, ubiquitination, and truncation (Ittner & Ittner, 2018;
Mandelkow & Mandelkow, 2012). Aggregations of phosphotau likely occur first as
oligomers which further aggregate to form fibrils (Maeda et al., 2007). Soluble
oligomeric species of tau form early in the pathogenesis of AD and arguably
represent the neurotoxic substrate of tau, rather than the relatively inert and
insoluble tau fibrils (Lasagna-Reeves et al., 2012; Ward et al., 2012). Tau fibrils
occur as straight filaments (SFs) or paired helical filaments (PHFs) which are
ultrastructural polymorphs that contain all six isoforms of tau (Fitzpatrick et al.,
2017). SFs and PHFs serve as the structural subunits of NFTs, NTs, and tau-positive
DNs. At least one essential factor for tau’s fibrillisation is its tendency for 3-sheet
structure in its repeat subdomain (von Bergen et al., 2000). Disruption of these
repeats impairs tau’s propensity to aggregate in vitro and in cell and animal models.
Oppositely, the promotion of [3-sheet structure accelerates aggregation, as seen in
the dK280 ‘proaggregation’ mutant (Mocanu et al., 2008). Inducers of tau
fibrillisation within neurons are not known, however acidic cofactors are likely to
be involved (Mandelkow & Mandelkow, 2012).

Degradation of tau

Tau is susceptible to cleavage by a number of different proteases, including,
aminopeptidases, calpains, caspases, human high temperature requirement serine
protease A1 (HTRAL), and thrombin (reviewed by Chesser et al., 2013). However,
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bulk clearance of normal and pathological tau is through the ubiquitin—proteasomal
system for monomeric forms and autophagy—lysosomal degradative system for
larger aggregates (Lee etal., 2013; Tang et al., 2019). Importantly, fragments of tau
generated proteolytically by calpains, caspases, and thrombin are potentially
cytotoxic and exhibit a greater propensity to self-associate (Chesser et al., 2013).
Therefore, therapeutic strategies aimed at modulating the clearance of tau must
balance proteolytic processing with the proteosome and broad scale autophagy—
lysosomal degradation. Autophagy inducers, such as trehalose (Schaeffer et al.,
2012), methylene blue (Congdon et al., 2012), rapamycin (Majumder et al., 2011),
and lithium (Shimada et al., 2012), have all been used with positive effect to
facilitate the degradation of pathological tau and impair the formation of NFTs in

various models of tauopathy.

Neurofibrillary degeneration

NFD in AD is defined by three lesions—NFTs, NTs, and DNs—each associated
with insoluble tau fibrils. These histopathological entities likely represent end-
stage lesions which appear to be inert markers of earlier pathological changes to
soluble monomeric and oligomeric species of tau (Igbal et al., 2009; Lasagna-
Reeves et al., 2012; Ward et al., 2012). However, the density and anatomical spread
of NFD remain essential for diagnostic and staging purposes. NFTs and NTs have
also proved useful for describing the related sequence of cytoskeletal changes in
AD (Braak et al., 1994). Five groups of neuronal and extraneuronal structures are
described according to their AT8 immunoreactivity (which is commonly used to
label a pathogenic form of phosphotau; S199/S202/T205 epitopes) and sensitivity
to silver impregnation. Group 1 neurons show initial pre-argyrophilic changes
characterised by the complete labelling of axons, dendrites, and soma with AT8
immunoreactive granules without any morphological alterations. These granules
represent viscous ‘pretangle’ material that strongly tends to convert to silver stain-
positive fibrils (Braak & Del Tredici, 2015a). Group 2 neurons are characterised by
alterations to cellular processes. The terminal tuft of the apical dendrite may be
fragmented or replaced by tortuous fibres and coarse granules. Distal dendrites may
also be thickened and associated with appendages. Thickened dendrites and the

soma may harbour intense homogeneously labelled rod-like inclusions which may
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also be argyrophilic. Group 3 neurons show pronounced alterations to their distal
dendritic field and soma, whereas the intermediate field loses its ATS8
immunoreactivity. AT8 material in the distal field and soma show up as NTs and
classical NFTs, respectively, in silver stains. Group 4 structures are marked by the
further accumulation of coarse extracellular AT8 granules which represent early
ghost tangles. Lastly, group 5 structures represent late ‘tombstone’ ghost tangles in
the extracellular space which are sensitive to silver staining but not necessarily AT8

immunolabelling.

The morphology of NFTs is region specific and dependant on the affected type of
neuron; ranging from globose/compact in granule cells in the fascia dentata and
modified pyramidal cells in CA4 to large flame-like shapes in cortical pyramidal
cells and slender tangles with long extensions through the apical dendrites of
subicular neurons (Braak & Braak, 1991). The fibrillary material of ghost tangles
is occasionally less tightly packed than intracellular tangles; a tentative marker of
turnover (Nelson et al., 2012), possibly by astrocytic engulfment and degradation
(Braak & Braak, 1991). NTs are elongated in shape and frequently occur in
dendrites of tangle-bearing neurons and show a patchwork of deposition throughout
the neuropil, contributing considerably to the total load of NFD (Braak & Braak,
1988; Yamaguchi et al., 1990).

Tau dysfunction is sufficient to cause neurodegeneration, but which is not
necessarily representative of AD (Buée et al., 2000; Goedert, 2004). Indeed, in
many circumstances, such as prion disease, chronic traumatic encephalopathy
(CTE), certain brain tumours, and viral encephalitides, NFD is a secondary marker
of the primary insult (Nelson et al., 2012). Modest numbers of NFTs are universal
in the MTL of people over 70 years of age (Bouras et al., 1994) and they are also
near universal in certain brainstem nuclei. The occurrence of NFD in non-thalamic
subcortical nuclei may in fact represent the earliest neuropathological changes in
AD that can arise even before puberty (Braak & Del Tredici, 2011; Braak et al.,
2011; Braak & Del Tredici, 2015b; Grinberg et al., 2009; Igbal & Grundke-Igbal,
2005; Igbal et al., 2009; Simic et al., 2009). However, NFD limited to subcortical
structures is often asymptomatic and cognitive impairment only occurs where there

is substantial investment of the cerebral cortex (Nelson et al., 2012).
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1.4  Other neuropathological features

1.41 Atrophy

AD is characterised by atrophy of anatomically discrete brain regions (Halliday et
al., 2003). These can be broadly sorted by severity into two groups. The most
severely atrophic regions tend to occur where the load of NFTs is greatest, whereas
less atrophic regions tend to be those where NPs predominate. Examples of severely
atrophic regions include the fusiform gyrus, temporal pole, superior and middle
frontal gyri, hippocampus and entorhinal cortex, and the amygdala and inferior
temporal gyrus. Less atrophic regions, in descending order, include the middle
temporal gyrus, angular gyrus, superior temporal and posterior cingulate cortices,
anterior cingulate cortex, frontal pole, occipital lobe and supramarginal gyrus,
superior parietal lobule, and the insula. Regions unaffected by atrophy include the
orbital and inferior frontal gyri, post-central gyrus, and the posterior
parahippocampus. This pattern of grey matter atrophy is markedly different from
the loss of brain volume with age, which is by and large confined to the white matter
(Piguet et al., 2009).

1.4.2 Loss of neurons and synapses

Neuronal loss appears to be the main pathological substrate of atrophy. The regional
and laminar pattern of loss corresponds with, but importantly exceeds, the load of
NFTs (Gomez-Isla et al., 1996; Gomez-Isla et al., 1997). This suggests at least two
broad mechanistic categories of neuronal loss in AD involving non-tangle-bearing
and tangle-bearing neurons, which can house a tangle for up to two decades
(Bussiere et al., 2003; Hof et al., 2003). The loss of pre- and post-synapses also
contributes to atrophy, likely precedes neuronal loss, and is associated with a
compensatory enlargement of remaining boutons (Serrano-Pozo et al., 2011a). The
loss of synapses remains the strongest correlate of cognitive impairment in AD
(DeKosky & Scheff, 1990; DeKosky et al., 1996; Masliah et al., 1989, 1991, 2001;
Reddy et al., 2005; Scheff et al., 1990, 1993, 2001, 2006, 2007; Scheff & Price,
1993; Terry etal., 1991). This is also supported by gene expression studies showing
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involvement of trafficking and release of synaptic vesicles, post-synaptic density
scaffolding, and neuromodulatory systems, including neurotransmitter receptors
(Overk & Masliah, 2014). Notably, a meta-analysis of synaptic pathology
concluded pre-synapses are more affected than post-synapses in AD (de Wilde et
al., 2016). Synaptophysin—involved in soluble N-ethylmaleimide-sensitive factor
[NSF] attachment protein [SNAP] receptor (SNARE) assembly—is the most
abundant pre-synaptic vesicle protein (Clare et al., 2010) and the most affected in
AD, with synaptopodin representing the most affected post-synaptic marker (Reddy
et al., 2005).

1.4.3 Gliosis

The association of astrocytes and microglia at AP plaques in human tissue has been
referred to as the ‘reactive glial net” (Bouvier et al., 2016). Reactive gliosis in AD
has been intensively researched over many decades. A cursory search of PubMed
using the terms: ‘Alzheimer* Disease®* AND (Microglia* OR Astrocyt*)’; yielded
10,125 articles since 1960; almost two thirds of which were published in the last 10
years. Yet critical work remains in order to resolve the precise nature of the
astrocytic and microglial responses in AD and how best to modulate various aspects
of their respective capabilities as potential therapeutics (Bjorkqvist et al., 2009;
McGeer et al., 2016). Characterising certain aspects of the microglial response in
AD is the subject of this thesis. Refer to section 1.6 and 1.6.6 for further background

information on microglia and their involvement in AD, respectively.

1.4.4 Cerebral amyloid angiopathy

CAA involves the deposition of A in the interstices of the tunica media of blood
vessel walls, usually affecting capillaries, small arterioles, and intermediate arteries
of the brain and leptomeninges (Serrano-Pozo et al., 2011a). Factors that cause the
termination of AP at or before position 41 tend to favour vascular over parenchymal
deposition of AP, with the more soluble ABao being the major constituent of CAA
(Greenberg et al., 2020). CAA is present in 80% to over 90% of AD cases, with
higher severity in those with more severe AD neuropathological changes

(Arvanitakis et al., 2011; Brenowitz et al., 2015). Brain injuries secondary to CAA
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most likely arise from blood vessel dysfunction; either by haemorrhage or
ischaemia (Greenberg et al., 2014). ‘Definite CAA’ represents the highest level of
diagnostic certainty and is made on the basis of post-mortem neuropathology
demonstrating CAA with lobar, cortical, or cortical-subcortical haemorrhage in the

absence of other diagnostic lesions (Greenberg & Charidimou, 2018).

1.4.5 Granulovacuolar degeneration bodies

Granulovacuolar degeneration bodies (GVBs) were first described in the
hippocampus of AD brains over 100 years ago (Grzybowski et al., 2017;
Simchowicz, 1911). GVBs are clear membrane bound lysosomal structures which
measure 3—5 um in diameter and contain a dense core, or ‘granule’, which measures
0.5-1.5 pm in diameter (Wiersma et al., 2020). GVBs mainly occur in the soma and
can number from 1 to dozens in a single neuron. GVBs can be visualised in routine
H&E sections or silver stains (Tomlinson & Kitchener, 1972). Immunoreactivity of
GVB:s include neurofilament proteins, tau, and tubulin. The formation of GVBs is
thought to be an early response to tau aggregation and their presence constitutes the
neuropathological feature termed granulovacuolar degeneration—notwithstanding
the use of this terminology, it is unknown as to whether GVBs represent a protective

or degenerative cellular response (Wiersma et al., 2020).

1.4.6 Hirano bodies

Hirano bodies were first described in a post-mortem evaluation of ALS-
Parkinsonism/Dementia complex of Guam (Guam disease) over 50 years ago
(Hirano et al., 1966) and were subsequently found in normal brains (Ogata et al.,
1972) and other pathological conditions including AD (Hirano et al., 1968). Hirano
bodies are eosinophilic, haematoxylinophilic intraneuronal inclusions that
predominantly occur in CAL. They are spheroidal when cut transversely (up to 15
pm in diameter) and fusiform when cut longitudinally (up to 30 pum in length)
(Gibson & Tomlinson, 1977). Hirano bodies are primarily composed of actin
filaments, actin-associated proteins (Galloway et al., 1987b), and tau (Galloway et
al., 1987a), but also accumulate other molecules such as bromodomain plant

homeodomain [PHD] finger transcription factor (BPTF) (Jordan-Sciutto et al.,
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1998) and AICD (Ha et al., 2011)—through which they may modulate cell death
(Spears et al., 2014).

1.4.7 White matter hyperintensities

Severe disability in LOAD is associated with white matter hyperintensities (Ble et
al., 2006). Leukoaraiosis, seen in white matter rarefaction due to ischaemia or
haemorrhage, presents as hypodensities on computerised tomography (CT) and
hyperintensities on T2-weighted MRI. These hyperintensities are often the result of
cerebrovascular pathology caused by CAA or other common vascular comorbidities
of AD such as atherosclerosis (including thromboembolism) and small vessel
disease (including arteriosclerosis, arteriolosclerosis, and lipohyalinosis) which
often affect arteries in the basal ganglia and white matter (Grinberg & Thal, 2010).
CAA affects both leptomeningeal and intracerebral arteries and is a sufficient cause
of lacunar infarcts, microinfarcts, microhaemorrhage, and white matter lesions
more broadly (Kalaria, 2016).

1.5 Genetics of Alzheimer’s disease

1.5.1 Familial disease

Familial AD (fAD), or DIAD, accounts for ~1% of all cases (Bateman et al., 2012).
fAD can occur as either EOAD (before 65 years of age) or LOAD and is caused by
mutations in the APP, PSEN1, or PSEN2 genes. fAD accounts for 10-15% of
EOAD (Kamboh, 2018), which might be diagnosed where at least two first degree
relatives are also affected (Lanoiselée et al., 2017). The discovery of an APP
missense mutation segregated with fAD (Goate et al., 1991) lead to the amyloid
cascade hypothesis (ACH) which posits AP as the prime aetiological factor of AD,
including for the majority sporadic disease (Hardy & Higgins, 1992). The
subsequent discoveries of mutations in PSEN1 (Clark et al., 1995) and PSEN2
(Rogaev et al., 1995)—genes responsible for encoding y-secretase subunits—and a
protective APP ‘Icelandic’ variant associated with reduced A production (Jonsson
et al., 2012; Peacock et al., 1993) leant further credibility to the theory. However
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no AP-based experimental therapies have proved effective to date (Huang et al.,
2020). There are at least 68 known unique mutations of APP (Alzforum, a). APP is
a 20 exon gene located on chromosome 21 (21g21.3), which accounts for the gene-
dose dependent effect on brain AP levels observed in individuals with trisomy 21
(Gomez et al., 2020). Mutations are most common in PSEN1 (14924.2) with some
322 described (Alzforum, b) (Dai et al., 2018) while 64 have been described in
PSEN2 (14942.13) (Alzforum, c).

1.5.2 Sporadic disease

APOE

Sporadic AD comprises ~99% of all cases and like fAD can be divided into EOAD
and LOAD. EOAD accounts for 4-6% of all AD cases (Zhu et al., 2015). EOAD
differs from LOAD in numerous ways, including higher association with low
cardiovascular fitness and cognitive reserve, history of CTE, depression, a more
aggressive natural history, and a lower association with diabetes, obesity, and the
APOE ¢4 allele (Mendez, 2017). The APOE (19913.32) gene contains 6 exons and
has three known alleles: €2, €3, €4. APOE is a secreted glycoprotein which binds
cholesterol and phospholipids and has a central role in lipid metabolism (Huang &
Mahley, 2014). It is produced in the liver and brain—predominantly by astrocytes
under physiological conditions. Interestingly, APOE immunoreactivity at dense-
cored AP plaques is associated with pericytes (Blanchard et al., 2020) and reactive
microglia but not astrocytes (Uchihara et al., 1995), an observation supported by
single-nuclei RNA-sequencing (SNRNA-Seq) (Mathys et al., 2019). APOE is
broadly implicated in AD by its direct effects on AP, microglia, astrocytes, the
blood brain barrier (BBB), and indirect effects on tau. The &4 allele is the strongest
known genetic risk factor for sporadic LOAD, conferring 3.7% increased risk in
heterozygotes and 12x in homozygotes (Serrano-Pozo et al., 2021; Verghese et al.,
2011). The €2 allele represents the strongest protective genetic factor, associated
with an odds ratio of 0.39 in heterozygotes and 0.13 in homozygotes compared to
€3 homozygotes (Reiman et al., 2020)—associated with neutral risk for AD; except
for the rare ‘Christchurch’ polymorphism first identified in a fully penetrant though

cognitively intact Paisa mutation carrier (Arboleda-Velasquez et al., 2019).
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Christchurch homozygosity appeared to inhibit AR oligomerisation, binding of
APOE to low-density lipoprotein receptor, and APOE binding affinity to heparan
sulphate proteoglycans, which may exert a pathological effect through interactions
with AP (Lorente-Gea et al., 2017; Snow et al., 1994). Incidentally, homozygosity
of €2 and €2¢3 is associated with extreme longevity compared to neutral €3

homozygosity (Sebastiani et al., 2019).

Genome-wide association studies

The origins of sporadic LOAD is in an admixture of genetic and lifestyle factors,
with genetics accounting for a marginally greater proportion of total phenotypic
variance: 50-58% according to best estimates, but up to 79% in one study (Andrews
et al., 2020; Bertram et al., 2010; Gatz et al., 2006; Ridge et al., 2016). Genome-
wide association studies (GWAS) involving hundreds or thousands of participants
have so far identified 40 susceptibility loci in sporadic LOAD (Andrews et al.,
2020). GWAS have traditionally only captured common genetic risk variants, but
with the aid of imputation ably capture low allelic frequencies—down to 0.1%
(McCarthy et al., 2016). Functional genomic analyses have associated these
susceptibility loci with genes of interest; including: CR1, BIN1, INPP5D,
HLADRB1, TREM2, CD2AP, PILRA AGFG2, EPHAL, CLU PTK2B, PSMC3,
MS4A6A, PICALM, SORL1, STYX, SLC2A4A, ADAM10, IQCK, ABCA7, and
CASS4 (Jansen et al., 2019; Kunkle et al., 2019). Most of these have a relatively
high allelic frequency, but confer only very small risk of developing LOAD (Lane
et al., 2018). Consequently, a substantial proportion of the estimated heritability of
LOAD remains unaccounted for after the summation of their cumulative effect
(Bertram et al., 2010; Bertram & Tanzi, 2019). This ‘missing heritability’ is referred
to as the ‘dark matter’ of GWAS (Manolio et al., 2009). Notwithstanding the minor
effect of individual genes, a common polygenic risk score (plus age, sex, and APOE
status) predicts LOAD with an accuracy of 78.2% (Escott-Price et al., 2015).
Finally, pathway analyses of these genes implicates APP processing,
endolysosomal-vesicle recycling pathways, lipid metabolism, and immune
response pathways—particularly microglial phagocytosis (Podlesny-Drabiniok et
al., 2020)—in the pathogenesis of LOAD (Pimenova et al., 2018).
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1.6 Microglia

Microglia are a type of mononuclear phagocyte of mesodermal origin and as such
share many characteristics with other myeloid cells of the body. They are the major
innate immune sentinel of the central nervous system (CNS), but are also
responsible for maintaining homeostasis of key elements of neuronal and synaptic
activity. However, unlike other myeloid cells, such as macrophages, microglia
persist in situ without the need for replenishment from circulating monocytes (Prinz
et al., 2014). An extensive review of the physiology of microglia is provided by
Kettenmann et al. (2011). Microglia mobilise and react to brain injury by
upregulating activities such as cytokine production. These ‘activated” microglia
have been heavily implicated in a number of neurodegenerative (Hickman et al.,
2018) and psychiatric diseases (Tay et al., 2017a) including AD, PD, Huntington’s
disease, prion diseases, ALS, FTD, CTE, bipolar disorder, major depressive

disorder, and schizophrenia.

1.6.1 Historical perspectives

Descriptions of glia have their beginnings in 1856 when Rudolf Virchow described
the ‘nervenkitt’, or ‘nerve cement’, a type of brain connective tissue he termed
‘neuroglia’ (Kettenmann & Verkhratsky, 2008). Later W. Ford Robertson
introduced the term ‘mesoglia’ in reference to their derivation from mesodermal
elements. However these were eventually shown to be ‘macroglia’, namely
astrocytes and oligodendrocytes (Rezaie & Male, 2002). The first description of
microglia per se came from Franz Nissl in the late 19" century in his work on
‘stabchenzellen’, reactive rod cells with the ability to migrate, phagocytose, and
proliferate (Ginhoux et al., 2013). Santiago Ramon y Cajal coined the term ‘the
third element’ to distinguish these cells from neurons and neuroglia. Finally, Pio
del Rio Hortega introduced the term ‘microglial cell’ in his work to differentiate the
cells of the ‘third element’ based on functional and morphological differences (Rio
Hortega, 1919, 1939). Eventually research on microglia would enter a ‘dark age’—
wherein their existence was seriously questioned—at the outbreak of World War 2,

lasting until the 1960s when Blinzinger, Kreutzberg, and others revitalised interest
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in microglia as immune effector cells (Blinzinger & Kreutzberg, 1968; Rezaie &
Male, 2002; Svahn et al., 2014).

1.6.2 Ontogeny of microglia

The investigation of microglial ontogeny has been performed most extensively in
the mouse embryo. Reviews of embryonic haematopoiesis are provided by Cumano
and Godin (2007) and Orkin and Zon (2008). An in depth review of the
embryological origin of microglia is provided by Ginhoux and Prinz (2015).
‘Definitive haematopoiesis’ is characterised by the generation of haematopoietic
stem cells in the aorta—gonad-mesonephros region of the embryo at around E10.5.
These stem cells then migrate to the liver and bone marrow wherein they
differentiate into cells of the myeloid and lymphoid lineages. Before this, ‘primitive
haematopoiesis’ begins the transient production of primitive macrophages and
erythrocytes in blood islands (of mesodermal origin) of the yolk sac (of endodermal
origin) at E8.5. Microglia can be observed in the developing neuroepithelium as
early as E9.0 (Alliot et al., 1991; Alliot et al., 1999; Ashwell, 1990), strongly
suggesting their progenitors originate from the yolk sac after spreading through
blood circulation (Koushik et al., 2001)—itself under ongoing development from
around E8.5. This hypothesis was confirmed in a later fate mapping study (Ginhoux
et al., 2010) and others which also showed microglia are derived from c-kit*
erythromyeloid precursors via Pu.1l and Irf8 dependent pathways (Kierdorf et al.,
2013) without the need for the myeloblastosis (Myb) transcription factor, unlike
CD11b"9" monocytes and macrophages (Schulz et al., 2012). Finally, extravasation
of circulating monocytes may contribute to the microglial population in the adult
murine cerebrum with an intact BBB (Lawson et al., 1992)—though this remains a
topic of significant contention given the proliferative potential of the resident cells
(Réu et al., 2017), among other reasons (Ginhoux et al., 2013). In contrast, it is
generally accepted that the recruitment of non-local cells occurs during CNS
inflammation (Ladeby et al., 2005; Mildner et al., 2007; Valliéres & Sawchenko,
2003).
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1.6.3 Morphological study of microglia

Microglia constitute a highly dynamic and morphologically heterogeneous cell
population of the CNS (Hanisch & Kettenmann, 2007; Lawson et al., 1990).
Microglia are the most morphologically plastic cells of the brain (Hristovska &
Pascual, 2015) and it was through the study of morphology that they were originally
implicated in diseases of the CNS (Kettenmann et al., 2011; Streit et al., 2014). The
morphology of microglia is influenced by numerous factors, including diet and gut
flora (Cope et al., 2018; Graham et al., 2016); drug (Burkovetskaya et al., 2020)
and alcohol (Marshall et al., 2020) consumption; infection and traumatic injury
(Giordano et al., 2021); psychiatric disease (Kreisel et al., 2014; Wohleb et al.,
2014); sex and ageing (Brawek et al., 2021); sleep deprivation (Wadhwa et al.,
2017); sleep—wake cycles (Nakanishi et al., 2021); and systemic and autoimmune
diseases (Aw et al., 2020). Assessment of morphology can be made on the basis of
both manual (Lawson et al., 1990; Vela et al., 1995) and automated statistical
methods (Davis et al., 2017; Salamanca et al., 2019; Verdonk et al., 2016). There is
no universally accepted nomenclature for the morphological categorisation of
microglia. However, they may be grouped based on three broad categories of
morphology: ramified, activated, and dystrophic. Ramified microglia are highly
branched cells with a small spherical soma (Kettenmann & Verkhratsky, 2008;
Kettenmann et al., 2011). Activated (also ‘reactive’) microglia are hypertrophied
cells with either a loss or gain of branching complexity. Activated microglia present
with a range of morphologies, from bushy in appearance to rod-shaped or enlarged
and amoeboid (Streit et al., 1999). Dystrophic microglia show a loss of processes
with the remainder showing significant tortuosities, fragmentation, and the
formation of spheroids (Streit et al., 2004).

Interpretation of morphological changes

Microglia with a ramified morphology represent the healthy cell population
(Almolda et al., 2013; Boche et al., 2013; Cho & Choi, 2017; Lawson et al., 1990;
Ling & Wong, 1993; Perry, 2016; Prinz & Priller, 2014; Tremblay, 2011; Tremblay
et al., 2011). Ramified microglia have previously been termed ‘resting’ or

‘quiescent’ to contrast ‘activated’ or ‘reactive’ microglia. However, they are in fact
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highly motile, constantly retracting and extending their processes in order to
monitor their surrounding environment (Nimmerjahn et al., 2005). Ramified
microglia are characterised by long, thin, highly branched cellular processes with
relatively equal distribution around a small, spherical soma. Ramified microglia
tend to be evenly distributed throughout the grey matter, where they are more
numerous than in the white matter and form an extensive tile-like pattern of cells
which are subject to a tightly regulated process of turnover (Askew et al., 2017; Tay
etal., 2017b).

The activation of microglia is associated with hypertrophy of the soma and cellular
processes, with either deramification or hyperramification (Streit et al., 1999).
Microglia which demonstrate these morphological changes might be referred to as
‘deramified’, ‘hyperramified’, or ‘bushy’. Deramified microglia have been
described in the inferior temporal cortex and anterior cingulate cortex of AD and
aged brains (Davies et al., 2017). These microglia showed reduced branch length,
number of branches and junctions, and coverage of the neuropil. Deramified
microglia have also been described in mouse models: APP/PSEN1 [PS1]
(Holloway et al., 2020), anorexia (Reyes-Ortega et al., 2020), sphingosine 1-
phosphate dependent activation (Karunakaran et al., 2019), repetitive TBI (Rowe et
al., 2019), the resolution phase of activation following systemic challenge with
lipopolysaccharides (LPS) (Norden et al., 2016), depression following TBI (Fenn
et al., 2014), focal cerebral ischaemia (Morrison & Filosa, 2013), and repeated
social defeat (Wohleb etal., 2011); in rats: early postpartum period (Eid et al., 2019)
and following cerebral injection of neuraminidase wherein the extent of
deramification correlated with the expression of IL1B (Fernandez-Arjona et al.,
2019); and in manganese neurotoxicity in vitro (Kirkley et al.,, 2017).
Hyperramified microglia have been described in post-mortem AD (Bachstetter et
al., 2015), aged human brains (Streit & Sparks, 1997), and neurocognitive controls
(Torres-Platas et al., 2014), but are more commonly described in mice. For instance,
hyperramified murine microglia have been associated with wakefulness (Nakanishi
et al., 2021); chronic stress (Tynan et al., 2010); acute challenge with p-
chloramphetamine (Wilson & Molliver, 1994); early life stress (Rowson et al.,
2016; Zetter et al., 2021); chronic depression (Hellwig et al., 2016); premature
ageing (Hui et al., 2018); food restriction (Ganguly et al., 2018); and diffuse TBI
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(Ziebell et al., 2017). Hyperramified microglia are morphologically similar to
ramified microglia but have an enlarged soma and thickened processes. This
category of cells has been proposed as an intermediate level of activation between
ramified and deramified microglia (Streit et al., 1999). As such, they have also been
termed ‘primed’ microglia (Torres-Platas et al., 2014). Bushy microglia have been
described mainly in rat models of cerebral trauma (Soltys et al., 2001), focal
ischaemia (Zhan et al., 2008), and sleep deprivation (Hsu et al., 2003) and in mice
following neuronal ablation with trimethyltin (Kraft et al., 2016), hypoglossal
axotomy (Yamada & Jinno, 2013), and in a model of ALS (Ohgomori et al., 2016).
Bushy microglia display numerous short, poorly ramified processes of differing
diameter which form bundles around an enlarged soma. Importantly, ‘activated’
(also, ‘hypertrophic’) microglia of at least these three morphological kinds—
deramified, hyperramified, and bushy—have been proposed as neuroprotective and

proregenerative following mouse facial nerve axotomy (Streit, 2002, 2005).

Rod-shaped or bipolar microglia are another morphological subcategory of
activated cells which have been described in normal white matter and in the grey
matter of a number of pathological conditions (Giordano et al., 2021; Graeber,
2010; Tam & Ma, 2014). Rod-shaped microglia have been identified clinically in
AD, DLB, HS, normal ageing (Bachstetter et al., 2015, 2017) and various
encephalopathies: neurosyphilis, subacute sclerosing panencephalitis, viral
encephalitides, and Rasmussen’s encephalitis (Au & Ma, 2017; Holloway et al.,
2019; Wirenfeldt et al., 2009). They have also been described in experimental
models of diffuse TBI (Bachstetter et al., 2013; Cao etal., 2012; Taylor etal., 2014;
Ziebell et al., 2012). Microglia that have reached an advanced stage of activation
appear macrophage-like and amoeboid in morphology (Hendrickx et al., 2017; Li
et al., 2019; Satoh et al., 2016). Amoeboid microglia have been described in AD
and PD patients (Doorn et al., 2014; Sheng et al., 1997), but occur much more
prominently in AD where there is concomitant HS (Bachstetter et al., 2015).
Amoeboid microglia have also been described in mice. For instance, they appear
epileptogenic with phagocytic and proliferative capability and express lysosomal
genes before significant induction of proinflammatory pathways (Zhao etal., 2018).
They have also been described as proinflammatory in a somatic mutation causing

neurodegeneration (Mass et al., 2017); prominent in the developing brain,
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particularly in the white matter (Kaur et al., 2017); associated with TBI (Caplan et
al.,, 2020); and associated with myelinogenesis and the maintenance of
oligodendrocyte progenitors (Hagemeyer et al., 2017). Amoeboid microglia show
an enlarged soma with no or very few processes and display enhanced phagocytosis

in vitro compared to ramified cells (Levtova et al., 2017).

All of the aforementioned morphologies—deramified, hyperramified, bushy,
amoeboid, and rod-shaped (in most circumstances)—can be grouped under the
umbrella term ‘activated microglia’ (Streit et al., 1999, 2014). Clusters of activated
microglia are associated with NPs in AD (Serrano-Pozo et al., 2013; Walker et al.,
2020a). The number of microglia that cluster at an Ap plaque appears to increase
linearly throughout the disease time course, even though the total number of plaques
plateaus relatively early (Serrano-Pozo et al., 2011b). Interestingly, clusters are a
very prominent feature in the brain of mouse models of AD but are much less
common in human tissue (Sanchez-Mejias et al., 2016). The activation and
clustering of microglia does not necessarily equate to ‘diseased’ microglia which
implies a degree of incapacitation or aberrant functionality (Streit et al., 2014). In
fact, clusters of activated microglia may have a neuroprotective effect by promoting

the formation of dense-cored plaques (Huang et al., 2021).

Dystrophic microglia represent the diseased cell population which likely have
impaired homeostatic function due to severe morphological disruption (Streit et al.,
2004, 2014; Streit, 2006). Dystrophic microglia may be induced by soluble
phosphotau (Sanchez-Mejias et al., 2016) and have been closely associated with
NFD in post-mortem tissue (Streit et al., 2009). Thus, the concept of microglial
incapacitation over the course of AD has come under increasing focus (Navarro et
al., 2018; Streit et al., 2020). Dystrophic microglia may represent cells undergoing
pyroptosis, which would be consistent with reports of ‘neuroinflammation’ in the
context of AD (Gomez-Nicola & Boche, 2015; Hanslik & Ulland, 2020; Heneka &
O'Banion, 2007; Heneka et al., 2013, 2014, 2015a, 2015b). Dystrophic microglia
are characterised by processes which are asymmetrically distributed, fewer in
number, tortuous, and often beaded or discontinuous in single label immunostains
(Davies et al., 2017). The apparent fragmentation of cell processes likely represents

the redistribution of the selected marker as they remain contiguous when viewed
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with multiple markers using EM (Tischer et al., 2016). Therefore, the beaded or
discontinuous immunostaining of processes in the context of single

immunolabelling would be more aptly referred to as ‘pseudo-fragmentation’.

Ultrastructural morphology

In addition to the morphologies described above from studies using diffraction-
limited light microscopy, EM studies have also investigated microglia at the
ultrastructural level (Savage et al., 2019). Microglia can be distinguished from other
cells of the CNS using EM without antibody-based techniques (Savage et al., 2018).
Typically, they display a small soma, a bean-shaped nucleus with a distinct
heterochromatin pattern, long stretches of endoplasmic reticulum, mitochondria,
Golgi saccules, and lysosomes. Gitter cell-like microglia are filled with cellular
debris and are described in the contexts of Werner syndrome mouse models (Hui et
al., 2018); loss of sensory function with age in mice (Tremblay et al., 2012);
cerebellum of young rats (Das, 1976); and in white matter of cats (Innocenti et al.,
1983). Dark microglia are the most recently described cell type using EM whose
name is derived from their electron-dense cytoplasm and nucleoplasm making them
as dark as mitochondria. This sign of oxidative stress is also accompanied by the
remodelling of nuclear chromatin. Dark microglia appear much more active than
normal microglia and are rarely present under homeostatic conditions, but are
abundant during chronic stress, ageing, and in CXs3C chemokine receptor 1
(CX3CR1) knock-out (KO) and APP-PS1 mice (Bisht et al., 2016). Finally, the
investigation of the ultrastructural features of microglial morphology is also
possible using single-molecule localisation microscopy (SMLM). SMLM achieves
sub-diffraction-limited light microscopy by reducing the total number of
fluorescent emitters in a single timeframe and then super-localising active emitters
by taking advantage of their point spread function (PSF) (Galbraith & Galbraith,
2011). Nanoscale resolution using SMLM has been successfully applied to
eukaryotic cells (Lalkens et al., 2012) and bacteria (Coltharp & Xiao, 2012).
However there remains a paucity of studies demonstrating its use in biological
tissues (Badawi & Nishimune, 2020; Dani et al., 2010; Sigrist & Sabatini, 2012;
Vaziri et al., 2008) and in archival human brain samples, in particular.
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1.6.4 Molecular characteristics

Delineation of myeloid cells

Due to their mesodermal origin, microglia express a number of markers in common
with macrophages and other myeloid cells, including F4/80, Fc receptors, and
cluster of differentiation (CD)11b in human brain (Akiyama & McGeer, 1990). The
ionised calcium-binding adaptor molecule 1 (Ibal) is a common macrophage
marker but also a very effective pan-microglial marker (Ito et al., 1998). Ibal-
labelled microglia are readily distinguished from perivascular or meningeal cells of
myeloid lineage based on morphology and microanatomical separation (Ito et al.,
2001; Kettenmann et al., 2011). Other common myeloid markers which are used to
detect microglia in routine neuropathology include, CD169 (sialoadhesin, siglec-
1), CD204 (MSR), B-glucan receptor dectin-1, CD206 (mannose receptor), and
CD16 (Kettenmann et al., 2011). Activated microglia have been detected in AD
brains using immunohistochemistry targeting the pan-microglia marker Ibal (lto et
al., 1998, 2001); P2RY 12—traditionally considered a marker of resting microglia
(Walker et al., 2020a); major histocompatibility complex (MHC)I/Il proteins,
human leucocyte antigen (HLA)-A/B/C and HLA-DR and the lysosomal membrane
protein CD68 (macrosialin) (Hendrickx et al., 2017; Tooyama et al., 1990); CD11a,
CD11b, CD11c, CD18 (Akiyama & McGeer, 1990); CD33 (Walker et al., 2015);
CD163 (scavenger receptor M130, ED2) (Pey et al., 2014); immunoglobulin Fc
receptors, e.g. CD32 (Swanson et al., 2020) and CD64 (Minett et al., 2016); colony
stimulating factor 1 receptor (CSF1R) (Akiyama et al., 1994); toll-like receptor
(TLR)-2/3/4 (Walker et al., 2018); ferritin (Grundke-Igbal et al., 1990);
transmembrane protein 119 (TMEM119)—another marker traditionally used for
homeostatic microglia (Walker, 2020b); and TREM2—involved in microglia-
mediated phagocytosis and implicated in LOAD (Lue et al., 2015). Other
inflammatory markers that may be upregulated in activated microglia include
cyclooxygenase (COX) 2, monocyte chemoattractant protein 1, tumour necrosis
factor (TNF) a, interleukin (IL) 1pB, and IL16 (Akiyama et al., 2000; Glass et al.,
2010).
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Murine microglia also express common macrophage markers, including Csflr,
inhibitory immune receptor Cd200r, tyrosine-protein phosphatase non-receptor
type substrate 1 (also, Cd172a), and the fractalkine receptor Cxscrl (Prinz &
Mildner, 2011). Resident microglia are distinguishable from infiltrating monocytes
and perivascular macrophages in the murine CNS using Cd39 (Butovsky et al.,
2012), Tmem119 (Bohnert et al., 2020), P2ry12 (Walker et al., 2020a), Fcrls,
OIfml3, Hexb, Tgfbrl, Gpr34, Salll (Butovsky et al., 2014) and lower expression
of the pan-haematopoietic marker Cd45 (Gautier et al., 2012) and haemoglobin
scavenger receptor Cd163 (Serrats et al., 2010). A number of these are also
demonstrated in human microglia (Bennett et al., 2016). Other transcriptomic
analyses have also proved useful for the discrimination of microglial patterns of
gene expression from other myeloid cells (Chiu et al., 2013; Hickman et al., 2013).
Whilst all important, the utility of each of these markers may change in different

disease settings and across different species (Masuda et al., 2019).

Mass cytometry and transcriptomics

The understanding of the molecular signatures of microglia has been expanded
considerably over the last decade (Prinz et al., 2019). The transcriptome and
epigenome of microglia have been described in the adult mouse brain (Gosselin et
al., 2014; Lavin et al., 2014) as well as at different stages of development
(Matcovitch-Natan et al., 2016; Varol et al., 2017). These were followed by single-
cell mass cytometry (Ajami et al., 2018; Mrdjen et al., 2018) and single-cell RNA-
Seq (scCRNA-Seq) (Mathys et al., 2017) of murine microglia in health and disease.
Further, scRNA-Seq of mouse models was used to identify neuroprotective disease-
associated microglia (DAM) (Keren-Shaul et al., 2017), the microglial
neurodegenerative phenotype (MGnD) (Krasemann et al., 2017), and the
differential effect of immune training (exacerbator) and immune tolerance
(attenuator) on cerebral AP deposition (Wendeln et al., 2018). The transcriptome
and epigenome of human microglia (Gosselin et al., 2017) have also been described.
Most recently, mass cytometry (Bottcher et al., 2019) and scRNA-Seq (Masuda et
al., 2019) have also been used to describe the signature of microglia in post-mortem

human brain or from surgical resections for the treatment of epilepsy.
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Membrane channels

The following information organised under the subheadings membrane channels,
membrane transporters, and receptor systems is in large part a summary of the
extensive review by Kettenmann et al. (2011). Microglia are electrically non-
excitable cells, though they are certainly not precluded from expressing a full
complement of plasmalemmal ion channels, including those that are voltage gated.
These include calcium (Ca?*), sodium (Na*), and potassium (K*) ions, anions, and
protons. Ca?* signalling mechanisms are present in most living cells and are
controlled by phylogenetically ancient molecular cascades for its transportation
across lipid membranes and intracellular storage and buffering (Case et al., 2007;
Petersen et al., 2005). Ca?* ions are heavily involved in physiological signalling
pathways and act as important triggers of apoptosis and necrosis (Nagano et al.,
2006; Nicotera et al., 2007). The presence of Na* ion channels is disputed. Black et
al. (2009) demonstrated that the inhibition of Na* channels in LPS-activated
microglia by phenytoin or tetrodotoxin (TTX) decreased phagocytosis, secretion of
IL1a, IL1B, and TNFa, and impaired adenosine triphosphate (ATP)-induced
cellular motility in vitro. However, other labs have been unable to replicate Na* ion
currents in a variety of microglial preparations (Bordey & Spencer, 2003; Boucsein
et al., 2000; McLarnon et al., 1997) and treatment with TTX does not affect the
motility of microglial processes in vivo (Nimmerjahn et al., 2005). The other
aforementioned ion channels have also been closely studied in various preparations,
each subserving particular functions in microglia (Kettenmann et al., 2011): K* ion
channels are a marker for mobile microglia and are downregulated in stationery
cells; CI- ion channels regulate intracellular water volume; and voltage-gated H*
channels reduce extracellular pH—important following rapid extracellular alkalosis

caused by neuronal activity.

Aquaporins and connexons are two other plasma membrane channels that have been
identified in microglia (Kettenmann et al., 2011). There are 11 types of aquaporins
in mammals which are responsible for maintaining water balance and play a role in
the regulation of cell migration (Verkman, 2009). In the brain, aquaporins are
mainly expressed by astrocytes, but can be induced in microglia by LPS injection

(Tomas-Camardiel et al., 2004). Connexons are comprised of six connexin subunits
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and form gap junctions which allow for intercellular coupling. For instance, gap
junctions are critical in the formation of astrocytic syncytia (Ma et al., 2016). The
subtype connexin 36 is expressed in murine neurons and microglia (lacobas et al.,
2007). Studies of gap junctions by the injection of dye into resting or activated
microglia showed no intracellular coupling in vivo (Wasseff & Scherer, 2014) or
only low levels in vitro (Eugenin et al., 2001). Lastly, gap junctions may form
during CNS inflammation and under other pathological circumstances such as AD
(Kielian, 2008).

Membrane transporters

Microglia express a number of different plasmalemmal transporters (Kettenmann
et al.,, 2011). These include ion pumps, the ATP-binding cassette (ABC)
transporters, and transporters for glucose, monocarboxylate, and glutamate. The
glutamate—cystine antiporter Xc is almost exclusively responsible for the exchange
of extracellular cystine with substantial quantities of intracellular glutamate
following the activation of microglia by fibrillar AB4o (Qin et al., 2006), APPso/f
(Barger & Basile, 2001), or LPS (Barger et al., 2007)—potentially contributing to
cerebral excitotoxicity. However, microglial involvement in overall glutamate
homeostasis accounts for <10% of astrocytic function under physiological
conditions (Persson et al., 2006). Microglia express the glucose transporter 5
(GLUTYS) for the exchange of fructose, rather than glucose as for other GLUTS
(Payne et al., 1997). Monocarboxylate transporters are expressed by endothelial
cells, neurons, and astrocytes under normal conditions (Pierre & Pellerin, 2005).
These transporters are proton dependent and allow for the transportation of energy
substrates, such as lactate and ketone bodies. They may also be significantly
upregulated in microglia following compression induced ischaemia in rats (Moreira
et al., 2009). ABC transporters comprise seven subtypes (labelled ‘A’ through ‘G’;
associated with further numerical subdivisions) (Jones & George, 2004). High
expression of ABCG4—involved in cholesterol transport and lipid metabolism—
was found in microglia associated with NPs in human AD tissue (Uehara et al.,
2008). Lastly, microglia also express transporters for inorganic ions, including Cl-
(Zierler et al., 2008), bicarbonate (Faff et al., 1996), and the H*/K* pump (Shirihai

et al., 1998). Interestingly, proton pump inhibition in combination with a non-
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steroidal anti-inflammatory drug (NSAID) has been proposed as a treatment for
broad spectrum neurodegeneration associated with microglial activation (Hashioka
etal., 2009).

Receptor systems

The activation of microglia is triggered by ‘On’ and ‘Off’ receptor mediated
signalling (Biber et al., 2007; Block et al., 2007; Hanisch & Kettenmann, 2007,
Kettenmann et al., 2011). On signals are defined by those molecules which induce
alterations to the functions of microglia upon receptor binding. Off signals are
constitutively active systems which induce the activation of microglia only upon
the interruption of their supply. Off signals differ from active suppressors (e.g.
IL10) of microglia in that they do not necessarily inhibit the homeostatic activity of
microglia. In this way microglia have the potential to react to local insults without
the need of a recognisable danger signal (Kettenmann et al., 2011). On and off
molecular signals come in the form of cytokines, alarmins, pathogen-associated
molecular patterns (PAMPS), inorganic ions, neurotransmitters, neuromodulators,
and neurohormones. Examples of On signals include cytokines, PAMPs, and
alarmins; examples of Off signals include ligand—receptor pairs such as CD200—
CD200R (Barclay et al., 2002), CXsC ligand 1 (L1)-R1 (Cardona et al., 2006), and
CD1720-CDA47 (Brooke et al., 2004).

Neurotransmitter receptors expressed by microglia include purinoceptors and
adrenergic, cholinergic, dopaminergic, y aminobutyric acid (GABA)-ergic, and
glutamatergic receptors (Kettenmann et al., 2011). Purines and pyrimidines are
ubiquitous extracellular signalling molecules. ATP and its derivatives are the
nervous system’s principal purinergic signalling molecule (Abbracchio et al.,
2009). ATP is released in large quantities in response to cellular damage, due to its
particularly high cytosolic concentration. Microglia express ionotropic and
metabotropic purinoceptors (Farber & Kettenmann, 2006) whose concentrations
are dependent on the cellular activation status (Moller et al., 2000a). Binding of
ATP to microglial purinoceptors has the potential to trigger a rapid response
characterised by membrane ruffling, outgrowth of processes and convergence on a

site of injury, and the release of proinflammatory cytokines. Microglia express aua,
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azA, 1, and Pz adrenoreceptors which show anti- and proinflammatory effects under
different circumstances (Kettenmann et al., 2011). Adrenoreceptors may be
important in regulating the motility and phagocytic potential of microglia, which
may be impaired in AD due to the early degeneration of the locus coeruleus, the
brain’s major production centre of noradrenaline (Heneka et al., 2010). Cholinergic
pathways acting on the a7 nicotinic acetylcholine receptor (a7nAChRs) exert
global anti-inflammatory effects in the brain (Wang et al., 2003). Loss of
cholinergic systems in AD may be responsible for the disinhibition of inflammatory
pathways in microglia (Carnevale et al., 2007; Shytle et al., 2004). Dopaminergic
receptors enhance the migratory capability of microglia and reduce the secretion of
nitric oxide (NO) following LPS stimulation (Férber et al., 2005). GABA is the
brain’s main inhibitory neurotransmitter and has known neuroprotective effects
(Fernetal., 1995). Stimulation of GABAB receptors causes K*and Ca?* ion currents
and the reduced secretion of ILs from LPS stimulated microglia (Kuhn et al., 2004).
Activation  of  microglial  ionotropic  a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) glutamatergic receptors leads to the rapid and
substantial reorganisation of the cytoskeleton (Christensen et al., 2006). The
stimulation of metabotropic glutamatergic receptors induces a neurotoxic
phenotype characterised by the activation of nuclear factor «p (NF-xB) and the
release of TNFa (Kaushal & Schlichter, 2008).

Microglia are sensitive to a number of neurohormones and neuromodulators (refer
to Hoyle (1985) for general definitions). These include angiotensin I, bradykinin,
cannabinoids, corticosteroids, endothelin, histamine, neurokinin (substance P),
neurotrophins, opioids, platelet-activating factor (PAF), somatostatin, and
vasoactive intestinal polypeptide (VIP) (Kettenmann et al., 2011). Angiotensin Il
receptors type 1 and 2 are expressed by microglia. The inhibition of type 1 receptors
impairs morphological changes associated with activation and reduces the
production of NF-«kf, IL1B, and NO (Miyoshi et al., 2008). Bradykinin acts as a
microglial chemokine and the stimulation of bradykinin receptors B1 and B2 have
neuroprotective effects by attenuating the release of cytokines (Noda et al., 2007).
Cannabinoid receptors enhance proliferation (Carrier et al., 2004) and reduce the
neurotoxicity of microglia (Stella, 2009). The activation of microglia is also

associated with the upregulation of cannabinoid receptors (Stella, 2010), the
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stimulation of which reduces the production of NO and cytokines (Cabral &
Marciano-Cabral, 2005). Corticosteroid receptors, including glucocorticoid and
mineralocorticoid receptors are expressed by microglia. Activation of
glucocorticoid receptors impairs proliferation and enhances the formation of
lysosomes (Tanaka et al., 1997). Neurokinin receptors stimulated by substance P
may trigger the activation of NF-«xp (Rasley et al., 2002), increase IL1 production
(Martin et al., 1993), and enhance inflammatory responses in the context of
bacterial infection (Rasley et al., 2004). Neurotrophins—nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin 3 and 4 (NT3;
NT4) exert their effects through tropomyosin receptor kinase (Trk) tyrosine kinase
receptors and the p75 neurotrophin receptor (Kaplan & Miller, 2000; Patapoutian
& Reichardt, 2001). A subclass of Trk receptors, the truncated tropomyosin-related
kinase receptor are expressed by microglia and their activation by BDNF results in
increased Ca?* ion currents and decreased release of NO from activated microglia
(Mizoguchi et al., 2009). Stimulation of k-opioid receptors triggers morphological
activation (Dobrenis et al., 1995), migration (Horvath & DeLeo, 2009), and
promotes NO release from invertebrate microglia (Liu et al., 1996). These receptors
appear important in regulating the immune response in human immunodeficiency
virus 1 (HIV1) encephalopathy and dementia (Chao et al., 1996). Neuronal PAF
binds microglial G protein and mitogen-activated protein kinase (MAPK)-coupled
PAF receptors to produce a potent chemotaxic response (Aihara et al., 2000). The
activation of somatostatin receptors induces protein phosphorylation and impairs
proliferation (Feindt et al., 1998). Finally, the activation of VIP/pituitary adenylate
cyclase-activating peptide receptors 1 and 2 (VPACu12) is known to be anti-
inflammatory and immunosuppressive (Arranz et al., 2008; Leceta et al., 2007).
Activation of VPAC: by VIP strongly inhibits the production of TNFa via cyclic
adenosine monophosphate (CAMP) (Kim et al., 2000); reduces COX2 and
prostaglandin Ez via downregulation of NF-kf (Gonzalez-Rey & Delgado, 2008);
and reduces secretion of IL1p, IL6, and NO (Delgado et al., 2003).

Microglial activities are heavily influenced by the receptor binding of cytokines
(Kettenmann et al., 2011). These receptors include TNFa receptors; IL receptors;
and chemokine receptors: CCR, CXCR, and CX3CR. Stimulation of TNFa receptor

types 1 and 2 is a potent effector of microglial activation (Bruce et al., 1996;
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MacEwan, 2002); increases TNFa secretion—setting up a positive feedback loop
(Kuno et al., 2005); and enhances phagocytic capability (von Zahn et al., 1997).
Microglia express many types of IL receptors, e.g. types 1-RI/RII, 5, 6, 8, 9, 10, 12,
13, and 15 (Lee et al., 2002). ILs may exert trophic (Monif et al., 2016),
inflammatory (Pinteaux et al., 2002; Sawada et al., 1995), or inhibitory effects—as
seen with 1L10 (Sawada et al., 1999)—on microglia. Chemokines such as CCL2,
CCL21, and CX3CL1 are released by neurons to signal neighbouring microglia of
local endangerment or injury (Biber et al., 2008). The intracellular effects of these
molecules are mediated by G protein coupled receptors linked to several enzymatic
cascade systems, including adenylate cyclase, phospholipases, guanosine
triphosphatases (GTPases), MAPK, and phosphatidylinositol 3-kinase (Baggiolini
et al., 1997). Chemokines exert migratory effects and alter sensitivity to anti- or
pro-inflammatory signals (Cardona et al., 2006; Prinz & Priller, 2010). There is also
some evidence that AD involves aberrant chemokine signalling (Gebicke-Haerter
etal., 2001).

Microglia express pattern recognition receptors (PRRs) for the detection of
bacterial and viral infection and to assist with control of adaptive immunity
(Padovan et al., 2007; Palm & Medzhitov, 2009). PRRs include the DNA-sensing
absent in melanoma 2 (AIM2)-like receptor (ALR) (Keating et al., 2011); C-type
lectin receptors (CLRs), e.g. dectin-1 (also, CLEC7A) and mannose receptors
(Chiffoleau, 2018; Geijtenbeek & Gringhuis, 2009); nucleotide binding and
oligomerisation domain (NOD)-like receptors (NLRs) (Fritz et al., 2006); retinoic
acid-inducible gene | (RIG-I)-like receptors (RLRs) (Rehwinkel & Gack, 2020);
and TLRs (Kawasaki & Kawai, 2014). TLRs are essential for the successful
mobilisation of the body’s innate immune system and exert their effects through
complex signalling pathways that end at either, or both of, the activator protein 1
(AP1) or NF-x transcription factors (Hansson & Edfeldt, 2005; Jin & Lee, 2008).
Pharmacological modulation of certain TLR mediated processes presents a
potential avenue of neuroprotection in the context of trauma, infection, and non-
infectious diseases of the CNS, including AD (Hanisch et al., 2008). PRRs are
instrumental for the detection of PAMPs during invasion of the CNS by exogenous
pathogens and a subset, namely the TLRs, are also capable of detecting endogenous

molecules produced during tissue injury. These molecules are referred to as
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alarmins, which together with PAMPs form the larger family of damage- or danger-
associated molecular patterns (DAMPS) (Bianchi, 2007). The detection of DAMPs
by microglia informs on homeostatic perturbations or overt tissue injury by
infectious agents, trauma, radiation, chemical insult, hypoxia, or the accumulation

of neuropathological peptides (Kono & Rock, 2008; Matzinger, 2007).

Microglia also express a range of other receptor systems in addition to the
aforementioned. These include calcium receptors—for Ca?* homeostasis (Brown &
MacLeod, 2001); leukotriene receptors—Ilinked to the secretion of ATP (Ballerini
et al., 2005); notch-1 receptors—regulators of the production of cytokines and NO
(Grandbarbe et al., 2007); complement receptors—implicated in the control of
microglial motility impaired phagocytosis in AD (Crehan et al., 2012); thrombin
receptors—Ilinked to the secretion of NO, chemokines, TNFa, and ILs (Moller et
al., 2000b); macrophage colony-stimulating factor receptors—promotes
phagocytosis and secretion of NO and cytokines (Mitrasinovic & Murphy, 2003);
epidermal growth factor receptors—Ilinked to motility (Nolte et al., 1997);
CD200R—an important Off signal receptor as mentioned earlier (Wang et al., 2007;
Wright et al., 2003); lysophosphatidic acid receptors—Ilinked to membrane ruffling
and upregulation of BDNF (Fujita et al., 2008); formyl peptide receptors—able to
bind non-fibrillar A4z, causing chemotaxis and the production of reactive oxygen
species (ROS) (Tiffany et al., 2001); and finally, sigma receptors—suppressors of

microglial inflammation and migration (Hall et al., 2009).

1.6.5 Physiology

Motility

In vivo two-photon microscopy of microglia in mice has demonstrated a constant
‘baseline’ or ‘surveillance’ motility (Nimmerjahn et al., 2005). Although only 5%
of microglia showed migration of their soma at a velocity of 1-2 um per hour, their
cellular processes showed a continual cycle of extension and retraction at averages
of 1.47 £ 0.1 um per minute and 1.47 = 0.08 um per minute, respectively. The
estimated fraction of total brain volume sampled each hour by moving processes

was 14.4 + 1.6%. Given that the extracellular space accounts for ~20% of cortical
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volume (Lehmenkihler et al., 1993), the authors suggested that the total volume of
extracellular space is sampled by microglia every few hours. Further, the sampling
fraction could be augmented by the application of the GABA receptor blocker
bicuculline. Microglial processes were shown to directly contact astrocytes, blood
vessels, and neuronal somata. Disruption of the BBB around capillaries by highly
localised laser lesions induced an immediate response by mostly adjacent microglia,
characterised by a switch from random to targeted movement of processes towards
the site of injury. This form of motility contrasts with the stochasticity of baseline
motility and is often referred to as ‘directed’ or ‘chemotactic’ motility. As outlined
earlier, chemotactic motility can be induced in microglia by a number of
chemokines (Biber et al., 2008) and ATP (Davalos et al., 2005).

Membrane ruffling and cellular migration is underpinned by the rearrangement of
cytoskeletal proteins (Ramaekers & Bosman, 2004). Microglia display a single
layered lining of actin microfilaments beneath the cell membrane termed the ‘cell
cortex’. Rearrangement of the cell cortex to form lamellipodia, filopodia, and
uropods controls motility and migration (Franco-Bocanegra et al., 2019).
Lamellipodia are thin membrane enclosed sheets filled with a dense network of
actin filaments at the leading edge of the direction of movement. Filopodia are the
foremost protrusions of a ruffling lamellipodium, whilst the uropod represents the
contractile trailing end of the migrating cell (Blanchoin et al., 2014; Hind et al.,
2016). Nucleation of globular actin monomers into oligomers and their subsequent
polymerisation into larger filaments are the first steps in the formation of
microfilaments. This is followed by branching (controlled by the actin related
protein [Arp]2/3 complex) and crosslinking with other actin filaments. The most
notable crosslinking protein of actin filaments in microglia is Ibal (Sasaki et al.,
2001). Ibal is essential for actin bundling—the parallel alignment of actin
filaments—which is necessary for membrane ruffling, cellular migration, and
phagocytosis (Bartles, 2000; Ohsawa et al., 2000; Ohsawa et al., 2004).

Summary of physiological functions

Microglial dynamics are conferred by their expression of membrane channels,

transporters, receptor systems, and signalling molecules (Madry & Attwell, 2015).
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Their key functions can be categorised into three broad domains: contributions
during brain development, maintenance of CNS homeostasis, and innate immunity
(Kierdorf & Prinz, 2017; Prinz et al., 2019; Shemer et al., 2015; Tremblay et al.,
2011). Microglia display an amoeboid morphology in the developing mouse
embryo (Perry et al., 1985) and are actively involved in phagocytosis and tissue
remodelling (Matcovitch-Natan et al., 2016). In fact, in the absence of other glial
cells during prenatal development, microglia appear critical for the control of
neuronal progenitor numbers (Frost & Schafer, 2016), the establishment of
neuronal architecture (Zhan et al., 2014), and synaptic pruning (Paolicelli et al.,
2011). Further, they have also been shown to contact neuronal somata resulting in
reduced spontaneous activity in zebrafish larvae (Li et al., 2012). Microglia also
control neovascularisation in the mouse retina and zebrafish (Fantin et al., 2010).
They also support other cells, including oligodendrocytes and their precursors
during myelogenesis of the mouse CNS (WIlodarczyk et al., 2017). Microglia are
also essential for the masculinisation of the developing neonatal rat brain through
oestradiol-induced upregulation of prostaglandin E2 (Lenz et al., 2013). Many of
these functions also persist into adulthood. Microglia continue to modulate neuronal
activity (Tremblay et al., 2011), reorganise neuronal circuits (Tremblay, 2011),
perform efferocytosis (Sierra et al.,, 2010), and remain important for the
maintenance of oligodendrocyte progenitors and myelogenesis (Hagemeyer et al.,
2017). Finally, microglia represent the major innate immunocompetent cells of the
CNS (see reviews: Aloisi, 2001; Jin & Yamashita, 2016; Kaur et al., 2010;
Lehnardt, 2010; Lenz & Nelson, 2018; Rivest, 2009; Yang et al., 2010). Microglia
are active sensors of infection, mechanical trauma, ischaemia, and
neuropathological lesions. Microglia initiate innate responses following the
activation of cytokine, chemokine, growth factor, and other receptors or PRRs, e.g.
NLRs and TLRs. The effects of immune activation in the brain may include
increased antigen-presenting capacity; further expression of proinflammatory
mediators; opsonic mediators and phagocytosis; permeability of the BBB; plasma
leakage into the cerebral interstices—associated with risk of cerebral oedema;
margination and extravasation of peripheral leucocytes; and the initiation of

adaptive immune responses and tissue repair.
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1.6.6 Involvement in Alzheimer’s disease

The involvement of the innate immune system in AD has been known since at least
the 1980s (Dickson et al., 1988; Eikelenboom & Stam, 1982; Eikelenboom et al.,
1989; Itagaki et al., 1989; McGeer et al., 1989). These studies were followed by
additional descriptions of clusters of activated microglia associated with AP plaques
(Perlmutter et al., 1990; Sanchez-Mejias et al., 2016; Sasaki et al., 1997; Serrano-
Pozo et al., 2011b; Serrano-Pozo et al., 2013; Walker et al., 2020a) and the
correlation of inflammatory markers with the loss of synapses (Lue et al., 1996). In
vivo imaging of GFP-labelled microglia in APP/PS1 mice has demonstrated their
ability to migrate at an average of 5-9 mm/month and are thus capable of reaching
a developing plague in 1-2 days (Bolmont et al., 2008). As mentioned earlier,
dystrophic microglia have also been closely associated with NFD in AD (Streit et
al., 2009). It appears that the binding of AP to PRRs, including NLRs (Halle et al.,
2008), the receptor for advanced glycation end-products (RAGE), scavenger
receptors, formyl peptide receptors, and TLRs (Salminen et al., 2009)—among
other mechanisms—is sufficient to cause neurotoxic activation of microglia in
various disease models (Heneka et al., 2015b, 2015b). A number of mechanisms by
which neurotoxic microglia exert their effects have been proposed, including the
release of proinflammatory cytokines such as TNFo and ILs associated with
suppression of long-term potentiation (LTP) (Kummer et al., 2011); reduced trophic
factors, e.g. transforming growth factor g (TGFB) and BDNF (Heneka et al., 2015b;
Parkhurst et al., 2013; Tarkowski et al., 2003); inhibition of mitochondrial
respiration (Heneka et al., 2015a); phagoptosis—the direct phagocytosis of
phosphatidylserine-presenting neurons by microglia (Neniskyte et al., 2011); and
exacerbation of existing neuropathological lesions, resulting in a chronic feedback
loop (Heneka et al., 2015b; Heneka et al., 2015a).

More recently the field of genetics has strongly implicated microglia in the
pathogenesis of LOAD (Jones et al., 2015). A number of GWAS of AD have been
performed (Harold et al., 2009; Hollingworth et al., 2011; Lambert et al., 2009; Naj
et al., 2011)—mostly in European populations—with subsequent meta-analyses
(Jun et al., 2010; Lambert et al., 2013). Many of the genes of putative significance

are expressed by myeloid cells and microglia in particular, including, CR1 (cl),
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TREM2 (c6), TREML2 (c6), PILRB (c7), MS4A4A (c11), MS4A6A (c11), SPI1
(c11), PLCG2 (c16), ABI3 (c17), and CD33 (c19) (Pimenova et al., 2018). A few
of these are described in brief here. For instance, SPI1 is a myeloid enhancer,
encoding the transcription factor PU.1 which has a major role in the development
and cell type-specific gene expression of myeloid cells. Reduced SPI1 expression
has been associated with delayed onset of AD (Huang et al., 2017). Genes involved
in microglial phagocytosis represent an emerging theme in AD GWAS (Podle$ny-
Drabiniok et al., 2020). These include CD33, TREM2, MS4A and CR1, among
others (Sierra et al., 2013). CD33 is also expressed by myeloid cells and is involved
in anti-inflammatory immune responses. It has been associated with AD through a
polymorphism in its promoter region. Cd33 has been shown to inhibit APa42 uptake
in mouse primary microglia culture and its ablation in APP/PS1 mice was
associated with reduced plaque pathology (Griciuc et al., 2013). Further, ex vivo
monocytes from CD33 risk allele carriers showed increased CD33 expression
which was associated with reduced AP internalisation and increased plaque load
(Bradshaw et al., 2013). The R47H TREM2 (Triggering receptor expressed on
myeloid cells 2) variant more than doubles the risk of AD (Guerreiro et al., 2013;
Jonsson et al., 2013), making it the strongest genetic risk factor for LOAD after
APOE. Variants of TREM2 reduce the expression of the full-length protein resulting
in reduced apolipoprotein binding and uptake by microglia, thereby also reducing
the uptake of AB (Yeh et al., 2016). Of note too is that the MS4A gene family risk
alleles—4A and 6A—are key regulators of cellular activation (Eon Kuek et al.,
2016) and levels of soluble TREM2 (Deming et al., 2019). CR1 (complement
receptor 1) is a phagocytic receptor, recognising complement proteins C1q, C3b,
C4b, and C3b/4b and C3b/C3b complexes. Reduced expression of CR1 results in
reduced clearance of AP and confers significant risk of AD in individuals who
express a copy-number variant that increases the number of C3b/C4b binding sites
(Brouwers et al., 2012; Villegas-Llerena et al., 2016)—corresponding to the CR1-

S isoform.

In addition to GWAS, gene network analysis and proteomics also suggest microglia
and myeloid cells play a causal role in AD. Gene-regulatory networks of brain tissue
from LOAD patients and nondemented controls have demonstrated the differential

regulation of immune-related genes governed by TYROBP, which is expressed by
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microglia and associated with, though not critically to, TREMZ2 signalling pathways
(Audrain et al., 2021; Zhang et al., 2013). Finally, a study of protein networks in
cortical AD tissue also supports the role of microglia in AD (Seyfried et al., 2017).
In this study the enrichment of microglial and astrocytic markers occurred in
symptomatic AD cases, suggesting these cells are also important effectors of

cognitive decline during the end-phase of the disease.

1.7  Hypotheses of Alzheimer’s disease pathophysiology

A very brief overview of a number of different hypotheses for the pathophysiology
of AD are provided here. Among them include the ACH, tau propagation,
neurotransmitter, inflammation, neurovascular disruption, and mitochondrial
cascade hypotheses. These hypotheses vary widely in their origin and evolution
over time but are not necessarily independent of each other. Brief mention will also
be made in section 1.7.1 on the progress of clinical trials to date—which have been
overwhelmingly unconvincing in support of the popular ACH. So long as this is
true, the exact nature of AD remains obscure. Liu et al. (2019a) have provided a

good summary of the current hypotheses and related clinical trials in the field.

1.7.1 Amyloid cascade hypothesis

The ACH remains the predominant hypothesis in the field. It originated in the early
1990s with the discovery of a missense mutation in APP (Goate et al., 1991; Hardy
& Allsop, 1991; Hardy & Higgins, 1992; Selkoe, 1991) and has been adapted over
time (Hardy & Selkoe, 2002; Selkoe & Hardy, 2016). The essential formulation is
as follows: generation of AP (soluble or fibrillar) - NFD — neuronal loss. The
ACH is based on sound biochemical, biomarker, genetic, and neuropathological
evidence (Selkoe, 2019). However, the vast majority of AB-based therapies have
failed in clinical trials (Cummings et al., 2014, 2019; Forester et al., 2020; Huang
et al., 2020; Hyman & Sorger, 2014; Karran & Hardy, 2014; Panza et al., 2019). In
very recent news, the monoclonal antibody aducanumab which targets neurotoxic
oligomeric species of AP (Arndt et al., 2018) received approval for use in the United

States. The United States Food and Drug Administration (FDA) approved its use
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for the treatment of AD under an ‘accelerated approval pathway, which provides
patients suffering from a serious disease earlier access to drugs when there is an
expectation of clinical benefit despite some uncertainty,” (FDA, 2021, Jun 7). This
news came in spite of their Peripheral and Central Nervous System Drugs Advisory
Committee voting overwhelmingly against regulatory approval last year (FDA,
2020, Nov 6). There also remains significant debate as to whether or not the 0.39
point difference between the treatment group and controls on the clinical dementia
rating—sum of boxes (CDR-SB) test reaches a minimum clinically important
difference (MCID) (Alexander et al., 2021; Cummings et al., 2021; ICER, 2021,
May 5; Knopman et al., 2021)—especially considering this effect only reached
statistical significance in a post-hoc analysis of the EMERGE trial but not in the
concurrent and identically designed ENGAGE companion trial (Kuller & Lopez,
2021; Liu et al., 2021). It is interesting to note that given the weight of numbers, a
chance positive result from ACH-based trials would be increasingly likely over time
as predicted by Castellani and Smith (2011). Thus, there still remain many
unanswered and very significant questions as to the validity of the ACH (Morris et
al., 2018).

1.7.2 Tau propagation hypothesis

The tau propagation hypothesis (also, signal transduction hypothesis—?SiTH) was
proposed over a decade after the ACH (Frost et al., 2009; Igbal & Grundke-Igbal,
2005) and recently updated (Arnsten et al., 2021). It posits a more multifactorial
concept of AD pathophysiology, starting with an admixture of environmental
exposures; metabolic abnormalities—which may involve glucose, cholesterol, or
ROS; age-related impairments of plasma membrane fluidity or glial support; and
genetic factors, including mutations in transmembrane proteins such as APP,
PSEN1, and PSEN2 which set up two parallel running pathological processes
defined by the accumulation of phosphotau in the one and A in the other (Small &
Duff, 2008). Given the complexity of the disease it is not unreasonable to expect
that a combination of therapies targeting several lines of pathological processes will

be necessary for its successful management (Salloway et al., 2020).
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1.7.3 Inflammation hypothesis

As described earlier, the involvement of the immune system in AD has been known
for decades. The inflammation hypothesis is generally posited as a downstream
process of AP and tau pathological changes (Calsolaro & Edison, 2016; Hashioka
et al., 2020; Heneka et al., 2015b). The binding of misfolded AB or phosphotau to
PRRs expressed by microglia and astrocytes initiates a sustained, self-propagating
neurotoxic process of cellular activation, release of proinflammatory mediators, the
potential recruitment of blood-borne leucocytes, aberrant phagocytosis, and the
induction of apoptosis in neurons. Factors that modulate this process of sterile
inflammation include systemic inflammation, obesity, TBI, and the degeneration of
the locus coeruleus and cholinergic system which exert potently anti-inflammatory
effects throughout the brain. Notwithstanding, clinical trials involving
immunotherapy or anti-inflammatory therapy have broadly failed to prevent the
progression of MCI to AD (Heneka et al., 2015b)—however may require initiation
earlier in the disease time course as has been argued for anti-Af immunotherapies,

albeit with no record of success.

1.7.4 Neurotransmitter hypotheses

The cholinergic hypothesis is one of the oldest in the field (Davies & Maloney,
1976). In the original study of Davies and Maloney, the concentration of ACh at
synapses was reduced in AD due to the reduced activity of choline
acetyltransferase—an enzyme required for its synthesis—in the amygdala,
hippocampus, mid-brain, pons, and sensory, parietal, and frontal cortices of AD
brains. Acetylcholinesterase inhibitors prevent the breakdown of ACh and are able
to modestly, but not indefinitely, alleviate the symptoms of AD (Knight et al.,
2018). Other neurotransmitters of interest are glutamate and 5-hydroxytryptamine
(5-HT). Glutamate is the major excitatory neurotransmitter of the brain and appears
responsible for mediating excitotoxicity in AD via extrasynaptic N-methyl-D-
aspartate (NMDA) receptors (Liu et al., 2019b; Wang & Reddy, 2017). Memantine
is a non-competitive antagonist of glutamatergic NMDA receptors (Johnson &
Kotermanski, 2006). Blockade of these receptors reduces the risk of pathological

Ca?* currents responsible for excitotoxicity. Memantine also appears to disinhibit
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the activity of a-secretase which results in reduced production of AB. It is also an
antagonist of NAChRs (n.b. it is not an acetylcholinesterase inhibitor) and 5-HTs
receptors. The role of 5-HT in depression, ageing, and AD has been under
investigation for some time (Meltzer et al., 1998) such that selective serotonin (5-
HT) reuptake inhibitors, e.g. fluoxetine, have been proposed as treatments for AD
(Liu et al., 2019a).

1.7.5 Other hypotheses

There are also a number of other hypotheses in the field each of which are under
active investigation in clinical trials (Liu et al., 2019a). The neurovascular
disruption hypothesis is based on the observation that vascular dysfunction can
lead to brain dysfunction (de la Torre, 2018; ladecola, 2004; Scheffer et al., 2021;
Zlokovic, 2005) and that the cerebral microvasculature is damaged in AD (Buée et
al., 1994) before the onset of symptoms (Knopman & Roberts, 2010). The
mitochondrial cascade hypothesis was contributed by Swerdlow and Khan (2004).
The central contention of this hypothesis is that the accumulation of ROS in
mitochondria leads to damage of associated DNA, RNA, lipids, and proteins.
Oxidative damage may also induce soluble proteins to adopt insoluble B-pleated
sheet structure, giving rise to fibrillar Ap and tau. The diabetes hypothesis centres
on insulin-resistance and deficiency not as a risk factor or secondary to either type
1 or 2 diabetes mellitus, but as a distinct pathological entity within the brain which
causes AD—hence the coinage of ‘type 3 diabetes’ as a synonym of AD (Arnold et
al., 2018; de la Monte, 2019; Mittal et al., 2016). Other hypotheses include the
exercise and inactivity hypothesis (De la Rosa et al., 2020); infection hypotheses—
which are also amongst the oldest hypotheses, having started with Sjogren et al.
(1952) with updates until the present time (Seaks & Wilcock, 2020; Sochocka et
al., 2017); metal ion hypotheses—which started with Bush et al. (1994) and are
often closely related to the ACH (Spinello et al., 2016; Yang et al., 2019); calcium
dysregulation hypotheses—also very old (Khachaturian, 1994) and often presented
in association with other hypotheses, e.g. ACH, SiTH, or neurotransmitter
hypotheses (Cascella & Cecchi, 2021); and meningeal lymphatic (Da Mesquita et
al., 2018) and glymphatic (Mentis et al., 2021; Reeves et al., 2020) system
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impairment hypotheses which revolve around the impaired clearance of AP from

the brain.

1.8  Experimental paradigms

The work presented in this thesis falls within two broad paradigms of
neuroscientific research. The first is experimental neuropathology which entails the
use of post-mortem human brain tissue sections to characterise and make inferences
about pathophysiological processes and their sequence of events during life—in
addition to performing regular diagnostic procedures. The second is the use of
organotypic brain slice cultures as a 3D culture model of the brain with which to
perform prospective molecular studies of health, disease, and treatment. The
following two sections will summarise the key concepts of each and provide
examples of their application to answering important questions in the field of AD
research. This will be of relevance to understanding the hypotheses and

experimental aims presented in section 1.9.

1.8.1 Experimental neuropathology

One of the key concepts of experimental neuropathology is in making inferences
about the pattern of spread of pathology through the brain based on its presence
across a series of brain regions in a given cohort. This conceptual framework was
employed by Braak and Braak (1991) for the staging of NFD and Thal et al. (2002)
for the staging of AP plaques. The hierarchical sequence of neuropathological
changes across brain regions rests on the argument that regions involved early in
the disease time course by and large retain the build-up of pathological changes
during life until post-mortem investigation. Importantly, this does not necessarily
make assumptions about the pattern of accumulation of neuropathological lesions—
whether linear, exponential, logarithmic, or other—over the natural history of the
disease. Indeed, it is the extent of spread and not the load of pathology per se which
is stressed in the staging schema. Thus, regions showing the most extensive
pathological changes in the sample population represent the earliest affected areas

in the disease time course and regions showing the least pathology represent more
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belatedly affected areas. Reassuringly, longitudinal PET imaging studies of NFD
(Scholl et al., 2016; Schwarz et al., 2016) and AP (Jelistratova et al., 2020)—though
with less certainty (Fantoni et al., 2020)—have broadly recapitulated the patterns

of spread as hypothesised according to the respective autopsy series.

Extending this concept, it is therefore theoretically possible to select regions based
on the staging schema to represent earlier and later stages of the disease process
with the aim of inferring the relative timing of other pathological events in relation
to the deposition patterns of NFD and Af. In this way the natural history of certain
aspects of the disease can be recapitulated within individual brains by comparing
differentially affected brain regions. The regions of interest selected for
investigation in the work presented here are based on the AD staging schema (Braak
& Braak, 1991; Mirra et al., 1991; Thal et al., 2002) and a volumetric study
(Halliday et al., 2003). These include the inferior temporal cortex (ITC)—an earlier
and severely affected brain region, representative of end-stage AD at post-mortem;
and the superior frontal cortex (SFC) and precuneus (PreC)—two intermediately
affected brain regions; and the primary visual cortex (PVC) and primary motor
cortex (PMC)—two belatedly and lesser affected brain regions, representative of
earlier phases of AD at post-mortem. Furthermore, and based on the linear
progression proposed by the ACH, the belatedly affected regions of the neocortex
will have AP pathology, some NFD pathology but little or no neuronal loss.
Theoretically they represent sites for observing early neuronal dysfunction and

targets for treatment prior to irreversible neuronal loss (Sutherland et al., 2011).

1.8.2 Organotypic slice culture

Organotypic brain slice cultures (BSCs) have been in widespread use in
neuroscientific research for over 50 years (Humpel, 2015) and have found good
utility in the research of neurodegeneration in particular. The major advantages of
using BSCs is that they retain a 3D structure with the same mix of cells found in
vivo and eliminate the requirement for living animals to experience severe
morbidity. Further, these ex vivo cells remain representative of their in vivo
counterparts (Beach et al., 1982; Croft et al., 2019b; Daria et al., 2017; del Rio et
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al., 1991; Hailer et al., 1996; Hutter-Schmid et al., 2015; Staal et al., 2011). BSCs
have been successfully applied to studying AP and tau molecular pathology as well
as microglia-mediated clearance of A and synaptic loss (Croft et al., 2019a); the
lattermost being inconsistently observed in transgenic models of AD (Wirths &
Bayer, 2010). BSCs were used here to investigate how monomeric and fibrillar

species of ABa2 impact the expression of a number of candidate genes.

1.9  Thesis overview

This thesis includes a three-part neuropathological study—each published
separately—of microglial morphological changes and phagocytic activity in
cortical regions of non-demented controls with minimal AD-type pathology; non-
demented controls with a high level of AD-type pathology—termed controls with
Alzheimer changes (CAc), which are representative of PreAD; and AD brains
differentially affected by the load of AP, tau, and neuronal loss. It also includes
gene amplification studies in mouse BSCs and published results from human
tissues. The principal aim of this thesis is to argue that early microglial changes
represent a neuroprotective response to the development of AD neuropathological

insults.

1.9.1 Hypotheses

I. Microglia react to the deposition of fibrillar species of AP and tau during
the preclinical phase of AD by exhibiting morphological features consistent
with activation at earlier stages and dystrophic changes only during the
symptomatic end-stage of disease.

ii. Microglial activation follows the deposition of AP but precedes NFD in
cortical regions of PreAD and AD brains.

iii. Aberrant phagocytosis of presynaptic elements by microglia is upregulated
during the symptomatic end-stage of AD but not during PreAD.

iv. Microglia in mouse BSCs treated with synthetic preparations of AP

monomers will upregulate activation markers while treatment with fibrils
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1.9.2

will upregulate phagocytic markers. Here monomers and fibrils represent
earlier and later phases of Ap-dependent AD pathophysiology, respectively.
Markers of immune activation and phagocytosis will be upregulated in the
minimally-affected PVC and moderately-affected PreC which represent

early phases of AD.

Experimental aims

To use Ibal IHC of tissue sections from the ITC, SFC, and PVC of control,
PreAD, and AD brains to enumerate total microglia and morphological
subtypes both manually and with automated morphometric image analysis.
Immunofluorescence (IF) histochemistry to quantify the load Ap and TTau
pathology. Cresyl violet stains to enumerate total neurons and measure
cortical thinning.

To use Ibal, AB, and TTau double IF-labelling of tissue sections from the
ITC and PMC of control, PreAD, and AD brains to determine the relative
sequence of microglial, AB, and TTau pathological changes.

To use SMLM of Ibal and synaptophysin (Syp) double IF-labelled sections
from the SFC of control, PreAD, and AD brains to investigate the potential
internalisation (phagocytosis) of presynaptic elements by microglia.

To use ddPCR to quantify myeloid/microglial constitutive (Aifl, ltgam,
Ptprc) and phagocytic (Cd68, Trem2) markers, and the expression of a
major anti-inflammatory markers (Chrna7) from mouse BSCs treated with
two and 10 uM synthetic AR monomer and fibril solutions for eight and 72
hours.

To wuse droplet digital polymerase chain reaction (ddPCR) gene
amplification to quantify microglial CXCR4, MS4A6A, SLC7A2 and TREM2
and other AD-related genes (SST, IGF1R, and INSR) in the PreC and PVC

of control and AD brains.
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1.9.3 Further details

Chapter 1 of this thesis presented a general introduction to microglia and AD and a
basis for the hypotheses explored here. Chapters 2-5 present the four Methods and
Results sections. The first three Results chapters are all first-author publications in
peer-reviewed scientific journals: Brain Pathology (Paasila et al., 2019), Free
Neuropathology (Paasila et al., 2020), and Journal of Neuroscience Research
(Paasila et al., 2021). Chapter 2 addresses the first hypothesis and aim; Chapter 3
addresses the second; Chapter 4 addresses the third; Chapter 5 is presented as a
traditional thesis chapter and addresses the fourth and fifth listed hypotheses and
aims. The ddPCR assays of candidate gene amplification studies in the PreC and
PVC of human tissues presented in Chapter 5 were performed by the candidate and
have also been published in the journal Scientific Reports (Guennewig et al., 2021).
Each of the Results chapters is presented with a preamble, an authorship attribution
statement and attestation, the published manuscript, and any published
supplementary material. Chapter 2 also concludes with the successful application
submitted to the Discipline of Anatomy and Histology, School of Medical Sciences,
The University of Sydney, for the Professor John Irvine Hunter Prize for Research
in the School of Medical Sciences for the most influential paper by a HDR student.
Chapter 6 is a general discussion of all findings presented here. References cited in
the published works are presented at the end of each manuscript. References cited

in Chapters 1, 5, and 6 are listed at the end of this thesis.
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Chapter 2: The relationship between the morphological subtypes of

microglia and Alzheimer’s disease neuropathology

2.1  Preamble

This chapter presents a manuscript published by Brain Pathology, the official
journal of the International Society of Neuropathology. Here it was of interest to
investigate the spatiotemporal relationships between microglia and their
morphological changes in relation to the evolution of AD neuropathology through
differentially affected regions of the brain. This was particularly relevant given
conflicting reports from post-mortem human studies which showed significant
heterogeneity in microglial phenotypes in AD. Further, the results from human
pathological studies reflect markedly different microglial responses from those seen
in mouse models which show widespread activation. It was hypothesised that the
activation of microglia would be associated with the appearance of AP plaques in
mildly affected brain regions, whilst microglia in severely affected brain regions
would exhibit features of cellular dystrophy—as suggested by a past qualitative
neuropathological study of limited sample size. The aim of this investigation was
to undertake a much larger sampling of total microglia through different cortical
regions of the AD brain—including the ITC, SFC, and PVC—and to then correlate
these findings with quantitative data on neuronal numbers, cortical atrophy, and AP
and NFD pathological changes. These procedures were performed both manually
and also validated by automated image analysis with the potential for significant
upscaling in future work. The brain regions were selected based on the semi-
guantitative AD staging schema and a previous volumetric study undertaken by one
of the co-authors—JJK. All AD cases presented in this thesis were diagnosed and
rated by CDR during life and then neuropathologically confirmed at post-mortem.
This work was done in collaboration with Dr. Claire S. Goldsbury and Danielle S.
Davies at the Brain and Mind Centre, The University of Sydney.
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2.2 Authorship attribution statement

Chapter 2 of this thesis is published as ‘The relationship between the morphological
subtypes of microglia and Alzheimer’s disease neuropathology’ (Paasila et al.,
2019). The manuscript was authored by Patrick J. Paasila, Danielle S. Davies,
Jillian J. Kril, Claire S. Goldsbury, and Greg T. Sutherland (corresponding author).
PJP co-designed the study, collected all the data except the tau data, analysed all
the data, and wrote the manuscript. DSD collected and helped analyse the tau data.
JIK and CSG co-designed the study. GTS designed the study and analysed the data.

All authors contributed to editing the manuscript.

Attestation

In addition to the statement above, permission to include the published material has

been granted by the corresponding author.

Patrick J. Paasila
Candidate

T A

Greg T. Sutherland
Corresponding author
June 2021

2.3 Published manuscript

The published manuscript begins on the next page.
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INTRODUCTION

The clinical diagnosis of Alzheimer’s disease (AD) is proba-
bilistic and typically supported by an abbreviated form of
a neuropsychological evaluation such as the Clinical Dementia
Rating (CDR) (36). Confirmation of AD can only be made
at autopsy where the most comprehensive diagnostic schema
is provided by the National Institute of Aging-Alzheimer’s
Association work-group (35). This diagnostic schema incor-
porates previously described semi-quantitative criteria for
(A) B-amyloid (Ap) immunostaining (60), (B) Braak staging
of neurofibrillary tangles (NFTs) (6) and (C) CERAD
neuritic plaque score (33) to generate an “ABC” score. An
intermediate or high “ABC” score being considered sufficient
to confirm AD in a demented individual. Yet, this patho-
logical diagnosis is also probabilistic caused by the common
finding of AD-type pathology, albeit at lower levels, in
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Abstract

Microglial associations with both the major Alzheimer’s disease (AD) pathognomonic
entities, f-amyloid-positive plaques and tau-positive neurofibrillary tangles, have been
noted in previous investigations of both human tissue and mouse models. However,
the precise nature of their role in the pathogenesis of AD is debated; the major
working hypothesis is that pro-inflammatory activities of activated microglia con-
tribute to disease progression. In contrast, others have proposed that microglial
dystrophy with a loss of physiological and neuroprotective activities promotes neu-
rodegeneration. This immunohistochemical study sought to gain clarity in this area
by quantifying the morphological subtypes of microglia in the mildly-affected primary
visual cortex (PVC), the moderately affected superior frontal cortex (SFC) and the
severely affected inferior temporal cortex (ITC) of 8 AD cases and 15 age and
gender-matched, non-demented controls with ranging AD-type pathology. AD cases
had increased p-amyloid and tau levels compared to controls in all regions. Neuronal
loss was observed in the SFC and ITC, and was associated with atrophy in the
latter. A major feature of the ITC in AD was a decrease in ramified (healthy)
microglia with image analysis confirming reductions in arborized area and skeletal
complexity. Activated microglia were not associated with AD but were increased
in non-demented controls with greater AD-type pathology. Microglial clusters were
occasionally associated with B-amyloid- and tau-positive plaques but represented
less than 2% of the total microglial population. Dystrophic microglia were not
associated with AD, but were inversely correlated with brain pH suggesting that
agonal events were responsible for this morphological subtype. Overall these novel
findings suggest that there is an early microglial reaction to AD-type pathology but
a loss of healthy microglia is the prominent feature in severely affected regions of
the AD brain.

similarly aged but non-demented individuals (4). Ap pathol-
ogy appears first in the cortex before spreading more ven-
trally; whereas neurofibrillary pathology, including NFTs,
begins in the medial temporal lobe, then spreads more
dorsally and laterally throughout the limbic system and
cortex with relative sparing of primary cortices (6).
Along with AP plaques and NFTs, the pathology of
AD is characterized by neuronal loss and gliosis (59).
Microglial activation has been considered a key patho-
mechanism in AD, with activated microglia associating
with neuritic plaques and subsequently producing a neu-
rotoxic milieu that contributes to neuronal degeneration
(30, 41, 46). Single-nucleotide polymorphisms in genes
exclusively or largely expressed in microglia are associated
with increased AD risk including TREM?2, CD33, CRI,
ABCA7 and SHIPI (31). Microglial activation in AD
appears to be Af-dependent; with Af binding to NLR
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Family Pyrin Domain Containing 3 (16), and pattern rec-
ognition receptors such as RAGE, scavenger receptors (44)
and toll-like receptors (TLR2, TLR4 and TLR6) (8) being
sufficient to cause microglial activation in mouse models
of AD.

In the past, microglia were regarded as quiescent cells
that only responded to brain injury. It is now known that
microglia are physiologically active, surveying their terri-
tory by continually extending and retracting their processes
(38). Extensive in vitro and animal studies of microglia
demonstrate their ability to sample their surrounding
microenvironment and are particularly involved in synaptic
homeostasis (26) throughout life by pruning of synapses
in the developing CNS (47) and mediating remodeling in
the adult brain (40). Microglia are functionally dynamic
cells as evidenced by the wide range of morphologies
observed in the brain under normal and pathological states
(11). There have been a number of attempts to categorize
microglia into distinct subtypes but there is little consensus
on what constitutes each subtype or the nomenclature used
to describe them.

Briefly, in studies using human post-mortem brain tis-
sue, ramified (healthy) microglia (previously called “resting”
or “quiescent” microglia) are characterized by equally
distributed, long, thin, ramified processes attached to a
small, spherical soma (5). The terms “activated,” “reac-
tive,” “bushy” and “hypertrophic” have been used to
describe microglia that are responding to injury or poten-
tially injurious events. Activated microglia display signifi-
cantly hypertrophic soma and processes with some degree
of deramification (hence the use of the term “deramified”
by some authors) (3, 45). Fully activated microglia, with
enlarged soma and lacking processes entirely, are termed
“amoeboid” and have enhanced phagocytic capabilities
(52). “Dystrophic” microglia are characterized by highly
tortuous, asymmetrical and truncated processes and may
demonstrate discontinuous or beaded immunostaining. Such
dystrophic microglia may also be termed “pseudo-frag-
mented” as electron microscopy studies have revealed that
apparent discontinuities in their cellular processes represent
a redistribution of the selected marker, with the processes
remaining contiguous when visualized using multiple mark-
ers (61). Other features of dystrophic microglia that occur
variably include the formation of spheroids and condensa-
tion within the nucleus, possibly indicative of pyknosis
(56). Streit and colleagues found that dystrophic microglia
preceded neurofibrillary pathology in AD (54) raising the
possibility that a loss of microglial function may be as,
or more, important than a gain of toxic function in AD
pathophysiology.

In this immunohistochemical investigation, microglia
were identified by their expression of ionized calcium
binding adaptor molecule 1 (IBA1), which is known to
be an effective pan-microglial marker that is independent
of “activation” states compared to other commonly used
markers (23, 54). In our previous work, we had demon-
strated greater densities of dystrophic microglia in severely
affected cortical areas of the AD brain, namely the
inferior temporal cortex (ITC) and the anterior cingulate
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cortex (9). Here, this work has been extended by quan-
tifying the morphological subtypes of microglia by manual
and automated methods in AD cases and controls with
variable amounts of AD-type pathology in three neo-
cortical areas — the primary visual cortex (PVC), superior
frontal cortex (SFC) and ITC. AD pathology and par-
ticularly tau pathology are known to spread in a ste-
reotypical fashion through the cortex (2, 6, 13, 60).
Furthermore, the density of NFTs is inversely correlated
with surviving neurons in the AD cortex (14). These
three regions were chosen to reflect the reported spread
of tau pathology, with the PVC being one of the last
regions to be affected (6). This is also reflected by a
volumetric study where the severely affected ITC under-
goes ~35% atrophy and the PVC ~ 15% in AD cases
compared to gender-matched controls (17), a scenario
that potentially allows regional comparisons to model
disease progression within cases (58). The aim here was
to gain a greater understanding of spatiotemporal rela-
tionships between the morphological subtypes of microglia
and AD progression.

METHODS

This immunohistochemical study of microglial subtypes
using human post-mortem brain tissue from AD patients
and non-demented controls was approved by the University
of Sydney’s Human Research Ethics Committee (HREC
#2015/477). All tissue samples for this study along with
demographics, clinical and pathological diagnosis were
supplied by the New South Wales Brain Tissue Resource
Centre (NSW BTRC) and the Sydney Brain Brank (SBB),
collectively referred to as NSW Brain Banks (NSWBB)
following clearance from their Scientific Advisory
Committee. APOE €4 genotyping was also carried out as
previously described (32). NSWBB measure brain pH on
a frozen (-80°C) segment of the lateral cerebellar hemi-
sphere which has previously been shown to be representa-
tive of the whole brain pH (51) and may be used as a
marker of the length and severity of events in the pre-
mortem period (12, 34). The demographic and clinicopatho-
logical characteristics of the cohort are listed in Table 1.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on free-
floating 45-um fixed sections from the PVC, SFC and ITC
of cognitively normal individuals with variable AD-type
pathology (CDR = 0-0.5; n = 15) and AD patients (CDR
2-3; n = 8) to quantify the morphological subtypes of
microglia. Heat-induced epitope retrieval was performed
by baking sections in a 60°C oven overnight using a 0.95
mmolL! sodium citrate (pH 8.5) buffer. Sections were
washed with 50% ethanol followed by endogenous peroxi-
dase block using 0.9% H,0, (50% ethanol diluent). Standard
blocking was performed for 30 minutes in 10% normal
goat serum (NGS; Gibco, Life Technologies Australia
Pty Ltd., Mulgrave, Australia) diluted using a 0.05 molL"!
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tris-buffered saline (1 X TBS; pH 7.4) wash buffer solution
with additional Triton-X,,, detergent (0.1%). Sections under-
went primary antibody (IBAI1; 1:1000, rabbit monoclonal;
019-1974, Wako Pure Chemical Industries, Japan) incuba-
tion at 4°C overnight. All incubations were followed by
three washes with gentle agitation for five minutes using
1 x TBS. Negative control sections incubated without
primary antibodies were run concomitantly during each
staining procedure. Secondary antibody incubation (bioti-
nylated anti-rabbit IgG (H+L), 1:200; BA-1000, Vector
Laboratories, Burlingame, CA, USA) was performed at
room temperature (RT) for one hour followed by an hour
in avidin-biotin-peroxidase complex solution (1:100;
Vectastain Elite ABC, Universal). DAB (0.7 mg/mL;
SigmaFast™ 3, 3’-diaminobenzidine tablets, Merck &
Company, Inc., Kenilworth, NJ, USA) in an aqueous solu-
tion containing urea hydrogen peroxide tablet (0.67 mg/
mL; H,0, equivalence, 0.24 mg/mL) was applied for 15 sec-
onds. Regressive counterstaining involving sequential
immersion into hematoxylin (28), followed by acid alcohol
(two second immersion) and Scott’s blueing solution (45 sec-
onds) was performed prior to cover slipping using DPX
mounting media (06522-Sigma Pharmaceuticals, Rowville,
VIC, Australia).

Quantification of microglia

Microglia were quantified from images acquired by an
Olympus VS-120 slide scanner following an adapted ste-
reological approach (27). Briefly, images of three 500-um
wide strips of the full cortical thickness were acquired
from areas where the gray matter was at its thinnest
and strictly parallel to the gray matter-white matter
boundary. An eyepiece graticule at 200 X magnification
(0.25 mm?) with defined inclusion and exclusion lines
was used as an unbiased counting frame. IBA1 + cells
were counted if a nucleus and surrounding soma could
be identified. Inter-rater reliability was established between
two experienced raters on 10% of sections with >95%
concordance for both microglial and neuronal counts.
All counts were expressed as densities and adjusted to
account for cortical atrophy in AD by multiplying raw
densities by the fraction of the mean cortical width of
each case by the mean cortical width of all controls for
each region. Total microglia were enumerated and micro-
glia also subdivided into one of three subtypes based
on their morphology: ramified, activated or dystrophic.
Ramified cells were defined on the basis of their thin,
highly branched processes and spherical soma. Activated
microglia were defined by somal enlargement with either
hyper-ramification or a reduced number of thickened
processes. Microglia that were ameboid in shape, large
and lacking processes were counted as activated cells as
they occurred infrequently. Dystrophic cells were identi-
fied by spheroidal swellings, fragmentation of cellular
processes and reduced ramification (57). In addition,
microglial clusters were also counted; arbitrarily defined
as three or more cell bodies that could fit within a 50 um?
graticule sub-region.
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Immunofluorescence

Immunofluorescent (IF) double labeling was performed to
investigate relationships between microglia and Af- and
tau-positive pathology. Antigen retrieval was as described
above, followed by a 12-minute formic acid (90%) incuba-
tion at RT to optimize AP immunoreactivity. All incuba-
tions were followed by three washes for five minutes with
gentle agitation using 0.0lmolL' PBS (pH 7.4). Sections
were co-incubated in antibodies for IBA1 (1:1000) and Ap
(1:500; mouse monoclonal; M0872, Dako, Santa Clara, CA,
USA) at 4°C overnight. Sections were co-incubated in sec-
ondary antibodies (1:200; AlexaFluor 488, goat anti-mouse
IgG (H+L); A11001, Invitrogen, Waltham, MA, USA); (1:200;
AlexaFluor 568, goat anti-rabbit IgG (H+L); Al1011,
Invitrogen) for 72 hours with gentle agitation at 4°C in
the dark and wrapped in aluminum foil. Autofluorescence
caused by lipofuscin and aldehydes was minimized by wash-
ing sections for 10 minutes in 0.1% Sudan Black B (B.D.H
Laboratory Chemicals Group) (70% ethanol diluent).
Sections were mounted with DAPI Fluoroshield™ medium
(F6057; Merck & Company, Inc., Kenilworth, NJ, USA)
before coverslipping. Tau immunolabeling was performed
as previously described (9). Briefly, Heat-induced epitope
retrieval was performed with sodium citrate (pH 6.0), before
permeabilizing, blocking with BSA and overnight incuba-
tion in primary antibodies: total tau (1:500; Dako, K9JA)
and IBAl (1:50; Millipore, MABN92). Sections were
co-incubated in secondary antibodies (1:200; AlexaFluor
555 and 647, anti-mouse and anti-rabbit IgG (H+L), respec-
tively; A21424 and A21244, respectively, Invitrogen). The
total tau antibody has been previously shown to immu-
nostain NFTs, neuritic plaques and neuropil threads and
is comparable to phospho-tau (Ser262; 12E8) immunoreac-
tivity (42). Hoechst 33342 was added to label nuclei and
sections were mounted in Prolong Gold (Invitrogen).

Ap and tau imaging

Researchers were blind to section status throughout the
staining and imaging process. A IF slides were imaged
using a Zeiss LSM 510 Meta confocal microscope at the
Advanced Microscopy Facility (AMF), Bosch Institute,
The University of Sydney. AP was quantified in three
cortical strips using a 20%/0.8 objective. These regions of
interest (ROIs) were located at random while visualizing
DAPI staining. Cortical strips were constructed of serial
images (450 um?) from the surface to the gray-white bound-
ary; moving inward sequentially. Individual images were
maximum intensity projections (MIPs) of three z-slices
(z-step = 5 um) centered at the area with the most intense
level of staining and were thresholded manually. Widefield
images of total tau IF slides were captured using an
Olympus VS-120 slide scanner. Whole section overviews
using DIC and fluorescence were taken with the 10 X objec-
tive to clearly identify gray matter and overall level of
staining. Four ROIs of 500 um? (totaling 1 mm? per sec-
tion) were systematically mapped out within mid-cortical
layers (II-V) distributed throughout the entire section. A
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6-um deep z-stack comprised of seven z-slices of each
ROI was obtained using a 40%/0.95 objective. ROIs chosen
were representative of the overall level of tau staining
throughout the gray matter, allowing for an accurate assess-
ment of tau pathology within the cortex. All slide scanner
image files (.vsi) were opened in Fiji using the BioFormats
Importer. A MIP was produced and saved as a .tif file
for subsequent thresholding and positive pixel analysis.
Tau-positive plaques and tangles within all ROIs of each
case were manually counted.

Neuronal staining and quantification

Neurons were quantified on 10-um formalin-fixed paraffin-
embedded (FFPE) sections stained with 0.1% cresyl violet
acetate. Sections were dewaxed in xylene and hydrated
through a series of graded ethanol solutions. Cresyl violet
solution was applied for eight minutes followed by a deion-
ized water rinse. Differentiation was achieved by briefly
washing sections in absolute ethanol. The appropriate level
of staining was confirmed by light microscopy before sec-
tions were cleared in xylene for nine minutes and mounted
with DPX for cover slipping. Neuronal counts were per-
formed wusing an Olympus BX50 microscope at
200 X magnification.

Image analysis

Image analysis was performed using Fiji (NIH, Bethesda,
MD, USA). AP and tau areal fraction, a more accurate
indicator of pathology load than quantifying individual
entities because of size variation, was determined by
expressing a positive pixel count as a percentage of total
pixels (Supplementary Figure S1). However, to enumerate
the percentage of Ap-immunopositive plaques (A plaques)
that were associated with a microglial cluster, the density
of AP plaques was also calculated for each region. Given
the subjective nature of microglial subtype classification,
automated morphometric image analyses were also per-
formed to complement traditional, qualitative cell counts.
Cortical strip images of IBAl-stained IHC sections were
used and underwent color deconvolution and manual
thresholding where two primary parameters were meas-
ured: (i) “arborised area” which was determined by sum-
ming the area of all convex hull polygons overlaying
each cell mask and (ii) “structural complexity” which
was assessed using the Skeletonize 2D/3D Imagel plugin
(1) which provided total branch length, total number of
branches and total number of junctions (Supplementary
Figure S2).

Statistical analyses

The normality of all data was tested using the Shapiro-
Wilk test. Group differences were determined using either
a Welch’s T test or a Mann-Whitney U test where data
were not normally distributed, or chi-squared test. Regional
differences were compared using either one-way analysis
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of variance (ANOVA) with Games-Howell test for pairwise
comparisons or Kruskal-Wallis test with Dunn’s test for
pairwise comparisons using SPSS statistics 24 (SPSS Inc.,
Chicago, IL, USA). P-values < 0.05 were considered sta-
tistically significant. Potential confounders including brain
pH, APOE genotype, post-mortem interval (PMI) and
fixation period along with age and sex were investigated
by univariate analysis. Factors that were significantly asso-
ciated with microglial subtypes, arborized area or skeletal
analysis parameters were included in multivariate models
along with case-control status using JMP 10 (SAS Institute
Inc., Cary, NC, USA). Microglial parameters that survived
multivariate testing were further investigated by calculating
Pearson’s r or Spearman’s p for relationships with tau or
Ap. All graphs presented here show significant findings
following multivariate testing and were produced using
GraphPad Prism 7.00 (GraphPad Software Inc., La Jolla,
CA, USA).

RESULTS

Clinicodemographic characteristics

Pathologically confirmed AD cases and non-demented con-
trols were matched for age and sex. The AD cases were
more likely to carry the APOE &4 allele (P = 0.04), had
greater AD-type pathology according to the ABC scoring
system (35) and Braak staging (7) and had lower brain
pH (P = 0.03) and brain weight (P = 0.04) (Table 2).

Neuropathology

Cortical  thickness differed between AD  cases
(2.1 £ 0.3 mm) and controls (2.6 £ 0.5 mm, P = 0.01) in
the ITC, whereas cortical thinning was not observed in
the PVC (2.2 = 0.2) or SFC (2.8 = 0.4) of AD cases com-
pared to controls (PVC = 22 £ 02, P = 0.

Table 2. Demographic, clinical and pathological characteristics of
cohort.?

Control (n=15) AD (n=8) P-value
Sex (male/female) 4,11 2,6 0.9
Age (years) 83.9 +8.1 83.3+6.8 0.9
Disease duration - 8.3+30 -
(years)
ABC score 10, 5,0 0,1,7 <0.0001
(Low, intermediate,
high)
Braak stages 11,4,0 0,26 0.0002
O/1/1, /I, VIVI)
Brain pH 6.4 +0.27 6.2 +0.24 0.03
PMI (hours) 16.2 +11.1 145+115 0.8
Fixation (months) 52.9 + 29.7 37.56+239 0.2
Brain weight (g) 1241 +150.7 1086 + 163 0.04
APOE &4 (no/yes) 10, 4° 2,6 0.04

aMean =+ standard deviation throughout.
PAPOE genotype of one control case missing (M21).
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SFC = + 04, P = 0.8). Neuronal loss was observed
in the SFC (145.8 = 63.5 cells) and ITC (132.9 £ 29.6) of
AD cases compared to controls (SFC = 207.2 * 35.1;
ITC = 220.7 = 69.2) (Figure 1A). Ap areal fraction in the
PVC (1.2 + 0.5%), SFC (1.6 £ 1.5%) and ITC (1.8 % 0.6%)
of AD cases was greater compared to controls
(PVC = 0.3 = 0.5%, P = 0.0004; SFC = 0.5 £ 0.6%,
P = 0.02; ITC = 0.6 + 0.8%, P = 0.002) (Figure 1B).
Similarly, the density of Ap plaques in the PVC (22.2 £ 17.8
plaques/mm?), SFC (37.1 = 28.6) and ITC (40.6 * 19) of
AD cases was higher compared to controls
(PVC = 6.6 £ 12.8, P = 0.003; SFC = 11.5 £ 15.8, P = 0.01;
ITC = 144 + 209, P = 0.008) (Figure 1C). Tau areal
staining in the mid-cortical layers was significantly greater
in AD cases (PVC = 14 * 0.6%; SFC = 19 + 0.8%;
ITC = 18 * 0.6%) compared to controls
(PVC = 0.01 £ 0.03%, P < 0.0001; SFC = 0.07 = 0.2%,
P < 0.0001; ITC = 0.1 £ 0.2%, P < 0.0001) across all
three regions (Figure 1D). The density of cortical tau-
positive neuritic plaques was significantly higher in the
PVC (18.8 + 12.5 plaques/mm?), SFC (8.4 * 6.0) and ITC
(74 £ 94) of AD cases compared to controls
(PVC =0.2 £ 0.8, P < 0.0001; SFC = 0.4 + 1.4, P = 0.0001,
ITC = 04 * 0.8, P = 0.002) (Figure 1E). Cortical NFT
density was significantly greater in AD cases
(PVC = 94 * 87 NFTs/mm? SFC = 254 £ 139
ITC = 21.9 £ 20.4) compared to controls (PVC = 0.2 + 0.6,

Morphological Subtypes of Microglia in AD

P < 0.0001; SFC = 0.8 + 3.1, P < 0.0001; ITC = 0.7 £ 1.9,
P < 0.0001) in all regions (Figure 1F). Pathological load
did not differ significantly between any of the three regions
in AD or control cases.

Loss of healthy microglia in the ITC of AD
brains

Total IBAl-immunopositive microglia and commonly
defined morphological subtypes: ramified (Figure 2A), acti-
vated and dystrophic were quantified in the three cortical
regions of AD cases and controls. A range of phenotypes
within the activated (Figure 2B,C) and dystrophic (Figure
2D,E) subtypes were seen within all individuals as well
as clusters made up of activated microglia in those indi-
viduals with AD pathology (Figure 2F). Total microglia
were lower in the ITC of AD cases compared to controls.
This was exclusively caused by a reduction in the number
of ramified microglia in the ITC of AD cases (Table 3).
In contrast, neither activated nor dystrophic microglia dif-
fered in total number, or as a percentage of total microglia,
between AD cases and controls in any of the three regions.
Microglial clusters were relatively rare in all regions but
were seen more frequently in the PVC of AD cases com-
pared to controls. There was no difference in the density
of clusters in the SFC or ITC between AD cases and
controls.
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Figure 2. Microglial morphologies. Representative photomicrographs
from the ITC show exemplars of microglial subtypes quantified here. A.
Ramified microglia seen in a control case (M20) have small, spherical
soma and symmetrically distributed, thin, highly branched processes. B.
Activated microglia in an AD case (M09) that are hypertrophied and have
reduced branching compared to ramified microglia. Arrows indicate
ramified microglia for comparison. C. Activated microglia that are

Table 3. Quantification of the morphological subtypes of microglia.

ameboid in morphology (arrows) are seen among other activated cells
(arrow heads) in another AD case (M11). D. Dystrophic microglia that
are pseudo-fragmented with discontinuous IBA1 staining of processes
in the same AD case (M11). E. A dystrophic microglia that is deramified
and has spheroidal swellings at the end of its processes (arrows) from
an AD case (M13). F. Clusters of activated microglia seen in an AD case
(MO09). Nuclei counterstained with hematoxylin. Scale bar = 50 um.

Control (cells/mmz2) % AD % P-value
PVC
Total Microglia 140.7 £ 45.2 139.6 + 43.1 0.95
Ramified microglia 55.3 + 34 39.3 39.5 + 25 28.3 0.26
Activated microglia 55 +29.3 39.1 64 +27.4 45.8 0.48
Dystrophic microglia 30.4+17.3 21.6 36 +19.9 25.8 0.48
Microglial clusters 07+1.9 28+23 0.03
SFC
Total Microglia 188.4 + 59.6 187.1 = 62 0.96
Ramified microglia 70.8 + 36.9 37.6 49.1 £ 23.8 26.2 0.15
Activated microglia 81.6 + 47 43.3 90.4 +42.9 48.3 0.67
Dystrophic microglia 36 +23.4 19.1 47.6 +24.3 254 0.28
Microglial clusters 08+ 1.1 32+3 0.05
ITC
Total Microglia 205 + 66 128 +52.2 0.01
Ramified microglia 77.3+47.2 37.7 13.8+89 10.8 0.001
Activated microglia 86.6 +42.4 42.2 70.6 + 60.4 55.2 0.46
Dystrophic microglia 41.1 £23.3 20.0 43.7 £ 30.5 34.1 0.82
Microglial clusters 1.1+£1.3 19+21 0.28
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Non-demented, higher pathology-controls have
increased activated microglia

The control cases were sub-divided into five “high-pathology
control cases” (HPCs), whose levels of AD-type pathology
were similar to the AD cases and 10 “low-pathology con-
trol cases” (LPCs) with low or no AD pathology (Table
2). ITC gray matter of HPCs was thicker compared to
LPCs (P = 0.01; Figure 3A). Ap positive immunostaining
(P = 0.02; Figure 3B) and cortical tau immunostaining
(P = 0.01; Figure 3C) was also increased compared to
LPCs. This also coincided with more total (P = 0.02) and
activated microglia (P = 0.01) in HPCs compared to LPCs
(Figure 3D). Group differences presented here survived
multivariate testing (see Supplementary tables ST1 and
ST2 for univariate and multivariate tests that included
data for control cases only).

Reduced microglial arborized area and
structural complexity in AD

A reduction in the arborized area was observed in the
SFC and ITC of AD cases compared to controls, but not
in the PVC (Figure 4A; Table 4). Similarly, a standard
positive pixel analysis showed these same effects (Figure
4B). A skeletal analysis showed that the total branch length,
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Figure 3. Comparisons between low pathology controls (LPCs) and
high-pathology controls (HPCs). A. HPCs had thicker cortices, elevated
AB (B) and tau areal staining (C) compared to LPCs in the ITC. D. Total
and activated microglia were also higher in HPCs compared to LPCs.
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the total number of branches and the total number of
junctions were significantly reduced in AD cases compared
to controls in the ITC (Table 4). Total junctions were also
significantly reduced in the SFC of AD cases compared
to controls, but there were no changes in any of these
parameters in the PVC.

Microglial clustering was not a major feature of
the AD cortex

Clusters of microglia (three or more cell bodies within a
50-um? graticule field) were occasionally found near cored
and diffuse AP plaques and tau-positive plaques in both
the control (Figure SA-F) and AD groups (Figure 5G-0).
These microglia were predominantly activated or, less com-
monly, dystrophic in morphology (Figure 5G-I). There
was no difference between the percentage of AP plaques
associated with a microglial cluster between the AD and

control groups in any of the three regions: PVC
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Figured4. Microglial arborized area. Box and whisker plots demonstrating
the area of tissue covered by microglial processes as determined using
the convex hull analysis (A) and IBA1 positive pixel analysis (B) in the
PVC, SFC and ITC of AD cases and controls.
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Table 4. Microglial structural complexity.

Control AD P-value
Arborized area (%)
PVC 29.3 +16.7 19.7+9.4 0.09
SFC 39.6 + 18.5 248 +94 0.02
ITC 358+ 134 17.5 £ 8.1 0.0006
Positive pixels (%)
PVC 122 +£5.7 9.2+36 0.2
SFC 15.8 +6.2 11.3+3.3 0.03
ITC 148+ 4.4 8.8 £3.1 0.001
Summary of skeletal PVC
analyses (mm?)
Total branch length 47.2 + 33.8 329 +293 0.06
(mm)
Total #branches 3873 + 1406 3042 + 805 0.14
Total #junctions 1114 £ 5242  756.1 £ 312.1 0.09
SFC
Total branch length 78.6 + 68.6 44.6 + 36 0.1
(mm)
Total #branches 5385 + 1873 3949 + 1139 0.06
Total #junctions 1762 + 8545 1031 + 426.2 0.03
ITC
Total branch length 65.7 £ 50.9 21.9+88 0.0002
(mm)
Total #branches 5480 + 2091 2665 + 1110 0.002
Total #junctions 1685 + 7567.6 625.2 + 386.6 0.001

(AD = 16.8 + 14.4%, control = 12.2 * 234; P = 0.15),
SFC (AD = 12.4 + 127, control = 5.8 = 5.5; P = 0.28)
and ITC (AD = 5.4 £ 6.5, control = 17.2 £ 19.9; P = 0.25)
(Figure 5J-L) or tau-positive plaques (Figure SM-O) in
either the AD cases or controls.

Morphological changes of microglia correlate
with tau pathology

Potential confounders of microglial parameters including
brain pH, PMI and fixation time were investigated by
univariate analyses (Supplementary table ST3) and those
that were or approached significance were included in
multivariate analyses with case status for the three regions.
Neuronal loss in the SFC and ITC, and reduced arborized
area, IBA1 positive pixels, total branch length, total number
of branches and number of ramified microglia in the ITC,
as well as increased density of microglial clusters in the
PVC remained significantly different following multivariate
testing (Table 5; refer to Supplementary table ST4 for all
multivariate statistics).

Those microglial parameters associated with AD status
were further investigated for associations with either tau
or AP pathology (Table 6). In the ITC, neurons, arborized
area, IBA1 positive pixels and ramified microglia were all
inversely correlated with the level of tau staining. There
was also an inverse correlation between total branch length
and AP in the ITC. Microglial clusters were positively
correlated with both Ap and tau staining in the SFC, and
only tau staining in the PVC.
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Brain pH is an important effector of microglial
dystrophy

Among the potential confounders, brain pH was inversely
correlated with a number of different microglial param-
eters; most notably the presence of dystrophic microglia
(Table 7). The exception was ramified microglia in the
SFC where a positive correlation was observed. A com-
bined analysis of cases and controls showed that dystrophic
microglia were inversely correlated with brain pH in all
three regions (Figure 0).

DISCUSSION

This study undertook to provide clarity on how microglia
relate temporally to the progression of Alzheimer’s disease
by comparing morphological subtypes in differentially
affected areas of post-mortem brain tissue. Unlike previ-
ous studies, our findings showed that activated microglia
were only increased in high-pathology controls while clus-
tering of microglia with Ap plaques was uncommon and
highest in the mildly affected PVC (~17%), suggesting that
there is an early microglial reaction to AP but this is
prior to the onset of dementia. Whereas only 12% and
5% of AP plaques were associated with a microglial cluster
in the SFC and ITC, respectively. Second, the severely
affected ITC, was characterized by a reduced number of
ramified (healthy) microglia. Third, dystrophic microglia
were not associated with AD status or pathology, but
rather brain pH.

As expected, AD cases had greater quantities of A and
tau-positive plaques and neurofibrillary pathology compared
to non-demented controls. The ITC showed a reduction in
the number of neurons and AD-related cortical thinning,
consistent with a more advanced stage of AD than the
SFC, which had reduced neurons but no cortical atrophy
and the PVC in which neither of these measures was affected.
Therefore, changes seen in the PVC can be viewed as rep-
resentative of earlier disease mechanisms; with previous
pathological and molecular studies also suggesting that the
amount of tau pathology in the PVC has minimal effects
on the neurons in this region (22, 28). Intra-regional dif-
ferences in cortical pathology was not as extensive as pre-
dicted here from staging schema and volumetric studies.
The commonly used ABC staging criteria for AD is semi-
quantitative in nature, stressing the spread of pathology
rather than the quantity of pathology, specifically as it
pertains to each defined phase or stage of the criteria (21).
Indeed, it is quite rare to find studies that have systemati-
cally quantified AD pathology across cortical regions, with
those that have, describing significant heterogeneity in the
accumulation of plaques and NFTs within regions and
limited regional differences (37, 64).

The working hypothesis for how microglia contributes
to AD pathogenesis has been that activated cells associate
with plaques and produce a neurotoxic milieu that cul-
minates in neuronal degeneration (30, 41, 46). Others have
suggested that astrocytes may be equally or more prominent
in this area (48, 49, 63), while Liddelow and colleagues
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Figure 5. Associations between microglia and AD plaques. Microglia
were found to only occasionally cluster around tau-positive plaques and
Ap-immunopositive diffuse and cored plaques in both AD and control
cases. Photomicrographs of immunofluorescent labeling for A (A),
IBA1 (B) and the merged image (C) from a control case with elevated
AD-type pathology (M23) demonstrates a cluster of ameboid microglia
associated with a cored AB plague. D-F. Ramified microglia and no
microglial activation associated with a cored plaque of another control
case (M19). Similarly, for AD cases, microglia were found to only

Jarmo Paasila et al

occasionally cluster around Ap plaques; as seen in the photomicrographs
from an AD case (M09) demonstrating both significant clustering around
diffuse and cored AB plaques (G-l), and an absence of microglial
clustering (J-L). M-O. Tau-positive plaques from the same AD case
demonstrating an absence of microglial clustering. All photomicrographs
were acquired using a Zeiss LSM 800 confocal microscope (40x/1.3
Oil). Scale bars =50 um.

Table 5. Summary of multivariate analyses (case-control differences).

pPVvC SFC ITC

R?  Pvalue R? P-value R? P-value
Neurons 0.26 0.01 0.36  0.003
Arborized area 0.36  0.003
IBAT positive 0.35 0.004
pixels
Total branch 0.22 0.03
length
Total 0.12 0.04
#branches
Ramified 0.39 0.002
microglia
Microglial 0.2 0.04
clusters
Table 6. Neuropathological correlations.?

PVC SFC ITC
P- P- P-

Pathology ~AR? value R? value R? value
Neurons TauP 0.27 0.01
Arborized Tau 0.2 0.03
area
IBA1 Tau 0.18 0.04
positive
pixels
Total ApP 02 0.3
branch
length
Ramified Tau 0.27 0.01
microglia
Microglial ApP 0.4  0.001
clusters

TauP 0.27 0.01 0.12 0.04

3All correlations presented in this table include variables that are signifi-
cantly different between groups and remained so following multivariate
analysis (excluding microglial clusters in the SFC, where P = 0.05).

bIndicates most significant correlation determined by multivariate anal-
ysis that included both AB and tau areal fractions (following univariate
analyses demonstrating correlations with both pathologies).

recently showed that the interplay between microglia and
astrocytes is critical by demonstrating that microglia-
derived cytokines induce a neurotoxic phenotype in astro-
cytes (29). In contrast, work begun by Streit, Graeber and
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Kreutzberg (55) and continued by Stevens, Barres and
colleagues opined that a loss of microglial function and
particularly a deficit in their role in synaptic maintenance
may be more important in AD pathogenesis (18). Streit
and colleagues suggested that dystrophic microglia were
an early and prominent feature of AD (54), an idea which
may also be relevant to other neurodegenerative diseases
such as Dementia with Lewy bodies (3).

Yet, rather than confirming the predominance of either
activated or dystrophic microglia in the AD cortex, the
major finding here was a reduction in ramified microglia
in the ITC only, and that this loss occurred in the absence
of a commensurate increase in either the activated or
dystrophic subtypes. In contrast, activated microglia were
significantly greater in controls with sufficient AD pathol-
ogy (35) to be pathologically diagnosed with AD. If these
“high pathology” controls are representative of the proposed
preclinical AD phenotype (53) then microglial activation
may be an early driver of the disease. However, the fact
remains that microglial reactivity seen in this group was
not associated with dementia and so could alternatively
be considered a protective mechanism against the neuro-
toxic effects of relatively high AD-type pathology, an idea
consistent with transition events of protective disease-
associated microglia (DAM) occurring at early stages of
the disease process (25). Furthermore, as DAM are known
to localize closely around plaques, the possibility that this
activation is associated with neuroprotective mechanisms
is further strengthened by the observation of increased
microglial clustering in PVC, an area that may be con-
sidered representative of earlier stages in the disease process
caused by the milder effects of AD observed here.

Given the turnover of microglia in the adult human
brain (43), the loss of microglia could represent a decrease
in proliferation or increase in cell death. Alternatively, it
may represent a loss of IBA1 immunoreactivity caused by
the downregulation of this calcium binding protein. The
latter has important implications for microglial functional-
ity as reduced IBA1l would result in impaired mobility
and phagocytosis (24). Additional pan-microglial markers
are required to differentiate between these two scenarios.
Indeed, previous investigations have observed significant
increases in other markers, such as MHC II, with at least
one identifying an IBA1/MHC II* subpopulation (48).
However, this phenotypic subpopulation represented a
minority of cells in that study. Alternatively, this question
could be approached with proliferative and apoptotic mark-
ers but our experience with the proliferative marker Ki-67
(10) and the apoptotic marker, cleaved caspase 3
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Table 7. Brain pH effects on microglial morphology.

Morphological Subtypes of Microglia in AD

PVC SFC ITC
R? P-value R? P-value R? P-value
Arborised area 0.24 0.02 0.37 0.003
IBA1 positive pixels 0.22 0.03 0.4 0.002
Total #branches 0.44 0.0008
Total #junctions 0.4 0.002 0.45 0.0006
Ramified microglia 0.64 <0.0001
Dystrophic microglia -0.56° <0.0001 -0.552 0.008 -0.56° 0.006
aSpearman’s p.
A subtypes in AD pathogenesis was sought by determining
80+ ) the relative associations with A or tau load. Microglial
® R"=0.56 clusters were correlated with both AP and tau pathology
60+ o ¢ p < 0.0001 in the PVC and SFC (univariate testing), representing early
O microglial reactivity that may be associated with neuro-
E 404 protective processes and potentially corresponding with
DAM that have been investigated elsewhere (25). Microglial
20+ arborized area, IBA1 positive pixels and the number of
ramified microglia were inversely correlated with the level
0 1 of tau in the ITC, which is indicative of the neurodegen-
5.5 1.5 erative stage of the disease and is consistent previous
B reports of microglial degeneration following phagocytosis
& 100 5 of AT8 and/or AT100-postive phospho-tau species (45).
E ®e R=0.24 The other major finding here was an inverse correlation
g 801 e o6 p=10.02 between brain pH and dystrophic microglia in all three
S O 601 regions. A low brain pH is often indicative of a severe
8 =9 and prolonged agonal period (12, 34), common in patients
'_g 9404 with neurodegenerative diseases. The antemortem factors
g 20- and events that comprise a patient’s agonal period impact
2 a patient’s brain pH. These factors include: duration of
A 0 T T T 1 hospitalization, coma, respiratory illness and need for
55 60 65 70 75 ventilation, systemic inflammation and duration of terminal
C phase. Unlike the work of Streit and colleagues, there
150+ ) were no differences in the number of dystrophic microglia,
R"=10.23 including in a sub-cohort excluding samples with pH < 6.0.
° p=0.02 It is unclear whether previous studies proposing a link
O 1004 between microglial dystrophy and progression of AD con-
e ‘e sidered differences in brain pH (54); however, the loss of
— 50 N o ° healthy microglia in the ITC here still supports a loss of
‘.. function hypothesis for the role of microglia in AD. More
"g widely the prominence of immune signaling pathways in
0 T T T 1 omic studies using post-mortem brain tissue could similarly
55 60 65 70 75 represent the influence of brain pH rather than a general
Brain pH inflammatory mechanism in brain disease (15, 50, 62, 65).

Figure 6. Dystrophic microglia and brain pH. Scatter plots and
regression lines show the inverse relationships between dystrophic
microglia and brain pH in the PVC (A), SFC (B) and ITC (C).

(unpublished data) are that these are rare events in the
adult brain and a single “point in time” assay may not
be informative for a chronic disease such as AD.

As AP is widely regarded as a precursor to tau pathol-
ogy, further temporal information on the role of microglial
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This investigation had three important limitations.
Namely, the subjective categorization of the morphological
subtypes of microglia, the use of a single microglial marker,
IBA1 and the small cohort size. Microglial activation does
not follow a monophasic (“all-or-nothing”) process, rather
these cells respond to changes in their surroundings in a
calibrated manner, thereby allowing for a wide range of
morphological presentations that can be difficult to catego-
rize. Microglia are rapidly responsive cells operating in
time scales of hours and days unlike AD, the archetypal
chronic brain disease. This response time may well account
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for the relationship between dystrophic microglia and brain
pH, a proxy for agonal period. Although IBA1 is recog-
nized as an effective pan-microglial marker (23), more
subtle changes in activation including phagocytic status
may have been missed. For example, other human post-
mortem studies have demonstrated upregulation of major
histocompatibility complex class II (MHC II) and cluster
of differentiation 68 (CD68), markers of activation and
phagocytosis, respectively; see review (19).

Study strengths include the use of well-characterized tis-
sue and a previously verified stereological approach that
ensured a quantitative exploration across the entire cortical
strip for pathology, residual neurons and microglia (27).
This stereological approach ensured that the sampling area
is sufficient to generate data that is representative of the
tissue section under investigation and by selecting cortical
strips at areas where the cortical thickness is at its thinnest,
oblique cuts made during tissue sectioning do not inflate
thickness measurements. Furthermore, the largely subjective
morphological characterization of microglia was corrobo-
rated by automated “skeletal” analysis which validated our
previous observations of reductions in structural complexity
and arborized area in the more severely affected ITC (9).
A validated approach for normalization of cortical atrophy
(39) was also employed, although this may still have under-
estimated the true loss of cells in the ITC of AD patients
as atrophy in the rostrocaudal dimension is not taken into
consideration. Reassuringly, a previous study has indicated
that shrinkage in this dimension is minimal (20).

Overall, the novel findings here suggest that ramified
microglia are lost in more advanced stages of AD. The
loss of the surveillance and support of microglia may cause
neurons to be more susceptible to tau-related degeneration.
While activation, as seen in higher pathology controls and
as an increase in the clustering of microglia in the PVC
of AD cases, may be seen as key processes in preventing
conversion to dementia. Future studies on morphological
changes in microglia in human AD brain tissue must account
for the patient’s brain pH as a potential confounder for
dystrophic microglia. Further immunohistochemical studies
with functional markers will be required to determine the
more nuanced aspects of microglia dysfunction in AD, but
the current findings suggest that strategies aiming to aug-
ment microglial function are likely to be more effective as
a treatment than those attenuating their pro-inflammatory
activities, particularly in earlier phases of the disease.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1. Quantification of Af and tau areal fraction. A.
Confocal photomicrograph showing A positive immuno-
fluorescent plaques in the ITG of an AD case (M09). B. The
corresponding digitally generated mark up used to calculate
areal fraction with an ImagelJ positive pixel algorithm. Scale
bars = 50 pm.

Figure S2. Quantification and analysis of microglial territo-
riality and skeletal structure. A. Photomicrograph demon-
strating a single field of view with IBA1 + microglia and
hematoxylin counterstained nuclei from an AD case (M09).
ImagelJ color deconvolution plugin was used to separate DAB
(B) and hematoxylin (C) stains; with the third component (D)
representing the remainder of the subtractive mixing algo-
rithm. The image of the isolated DAB staining was manually
thresholded, with the digitally generated mark up (E) allow-
ing for the convex hull area to be calculated by summing all
polygons bounded in green (F) and the production of tagged
skeletal frames of each cell mask (G) that could be used to
calculate total branch length, total number of branches and
total number of junctions. Scale bar = 100 pm.
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Figure S1. Quantification of Ap and TTau areal fraction.
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Figure S2. Quantification and analysis of microglial territoriality and skeletal structure.



ST1. Univariate analyses (control cases):

ITC
AB R? P-value
Case v control 6 0.02
Age 0.45 0.09
Sex 19 0.72
APOE genotype 16.5 0.63
Fixation time 0.03 0.93
Brain pH -0.03 0.92
PMI -0.17 0.55
Tau
Case v control 5 0.01
Age 0.21 0.44
Sex 18 0.66
APOE genotype 11 0.24
Fixation time 0.24 0.42
Brain pH -0.35 0.22
PMI -0.2 0.46
Cortical thickness
Case v control 0.38 0.01
Age 0.02 0.65
Sex 0.17 0.14
APOE genotype 0.0009 0.93
Fixation time 0.18 0.13
Brain pH 0.27 0.1
PMI 0.26 0.05
AB 0.07 0.35
Tau 0.09 0.28
Total microglia
Case v control 0.51 0.003
Age 0.25 0.06
Sex 0.0001 0.98
APOE genotype 0.16 0.27




Fixation time 0.04 0.47
Brain pH 0.03 0.59
PMI 0.34 0.02
Ap 0.12 0.2
Tau 0.05 0.45
Activated microglia

Case v control 0.62 0.001
Age 0.33 0.02
Sex 0.15 0.33
APOE genotype 0.17 04
Fixation time 0.06 0.38
Brain pH 0.16 0.16
PMI 0.32 0.03
AP 0.1 0.25
Tau 0.01 0.68

ST2. Multivariate analyses (control cases):

ITC

Rank | R2? P-value
Cortical thickness
LPC v HPC 1 0.38 0.01*
PMI 2 0.07 0.22
Total microglia
LPC v HPC 1 0.52 | 0.002**
PMI 2 0.08 0.15
Age 3 0.02 0.47
Activated microglia
LPC v HPC 1 0.39 0.01*
PMI 2 0.12 0.12




ST3. Univariate analyses:

PVC SFC ITC
AB (areal) Spearman’s p P-value | Spearman’sp | P-value Spearman’s p P-value
Case v control 10° 0.0004 24P 0.02 15° 0.002
Age 0.03 0.88 0.13 0.56 0.14 0.54
Sex 49P 0.91 49° 0.9 49P 0.9
APOE genotype 31° 0.05 38° 0.15 30.5° 0.05
Fixation time -0.15 0.5 0.03 0.9 -0.05 0.83
Brain pH -0.55 0.009 -0.24 0.29 -0.36 0.1
PMI -0.15 0.49 0.02 0.93 -0.16 0.47
AP plaques Spearman’s p P-value | Spearman’sp | P-value Spearman’s p P-value
Case v control 16° 0.003 23P 0.01 20° 0.008
Age 0.05 0.84 0.13 0.55 0.05 0.81
Sex 44b 0.64 50P 0.96 44b 0.64
APOE genotype 34P 0.08 35P 0.1 29P 0.04
Fixation time -0.28 0.2 -0.02 0.92 -0.19 0.4
Brain pH -0.52 0.01 -0.19 041 -0.38 0.09
PMI -0.17 0.45 -0.02 0.91 -0.15 0.51
Tau (areal) Spearman’s p Spearman’s p Spearman’s p
Case v control b <0.0001 1° <0.0001 0° <0.0001
Age 0.14 0.51 0.01 0.95 -0.04 0.86
Sex 38P 0.39 39P 0.43 47° 0.81
APOE genotype 41° 0.13 36° 0.07 25° 0.01
Fixation time -0.11 0.62 -0.06 0.78 -0.16 0.49
Brain pH -0.45 0.04 -0.3 0.16 -0.49 0.02
PMI -0.36 0.09 -0.11 0.62 -0.04 0.85
Tau +ve plaques Spearman’s p Spearman’s p Spearman’s p
Case v control 1P <0.0001 10.5° 0.0001 16.5° 0.002
Age -0.06 0.79 -0.27 0.22 -0.11 0.61
Sex 43° 0.54 45.5° 0.68 390 0.39
APOE genotype 340 0.05 340 0.02 42° 0.22
Fixation time -0.23 0.3 -0.03 0.9 -0.09 0.7
Brain pH -0.54 0.01 -0.47 0.03 -0.37 0.09




PMI -0.11 0.63 -0.17 0.43 -0.04 0.87
Tau +ve tangles Spearman’s p Spearman’s p Spearman’s p

Case v control 9o <0.0001 1P <0.0001 1° <0.0001
Age 0.3 0.17 -0.29 0.18 -0.2 0.35
Sex 390 0.38 425 0.52 42° 0.54
APOE genotype 40P 0.13 31b 0.01 25° 0.01
Fixation time -0.1 0.65 -0.17 0.45 -0.17 0.45
Brain pH -0.47 0.03 -0.3 0.17 -0.3 0.17
PMI -0.12 0.58 0.06 0.79 0.15 0.5
Neurons R? R? R?

Case v control 0.09¢ 0.23 0.41° 0.03 0.47¢ 0.0004
Age 0.0005 0.92 0.06 0.25 0.002 0.84
Sex 0.03¢ 0.43 0.04¢ 0.36 0.1¢ 0.16
APOE genotype 0.02¢ 0.58 0.22¢ 0.03 0.04¢ 0.36
Fixation time 0.06 0.29 0.001 0.88 0.18 0.05
Brain pH 0.004 0.78 0.0001 0.96 0.003 0.82
PMI 0.13 0.09 0.0002 0.95 0.03 0.42
AB 0.05 0.3 0.009 0.66 0.19 0.04
Tau 0.14 0.1 0.38 0.002 0.25 0.02
Arborised area Spearman’s p R? R?

Case v control 0.13¢ 0.09 0.17¢ 0.02 0.37¢ 0.0006
Age 0.35 0.11 0.18 0.04 0.07 0.23
Sex 43° 0.61 0.002° 0.85 0.02¢ 0.54
APOE genotype 0.21° 0.03 0.27¢ 0.01 0.18° 0.05
Fixation time -0.06 0.81 0.01 0.65 0.0004 0.93
Brain pH 0.42 0.05 0.37 0.003 0.24 0.02
PMI -0.09 0.68 0.0001 0.96 0.01 0.64
Ap -0.32 0.13 0.08 0.17 0.04 0.38
Tau 0.1 0.66 0.18 0.04 0.2 0.03
IBAL +ve pixels R? R? R?

Case v control 0.08° 0.2 0.2° 0.03 0.44°¢ 0.001
Age 0.09 0.17 0.16 0.06 0.05 0.31
Sex 0.0003¢ 0.94 0.002¢ 0.82 0.02¢ 0.48




APOE genotype 0.2¢ 0.04 0.26¢ 0.02 0.16° 0.07
Fixation time 0.005 0.76 0.007 0.7 0.00007 0.97
Brain pH 0.22 0.03 04 0.002 0.23 0.02
PMI 0.03 0.42 0.001 0.88 0.007 0.7
AR 0.09 0.17 0.04 0.35 0.08 0.18
Tau 0.07 0.21 0.15 0.07 0.18 0.04
Total branch length Spearman’s p Spearman’s p Spearman’s p

Case v control 31° 0.06 34P 0.1 7™ 0.0002
Age 0.26 0.23 0.53 0.01 0.2 0.37
Sex 46° 0.76 41b 0.52 51° >0.99
APOE genotype 0.35¢ 0.02 25b 0.02 26° 0.02
Fixation time 0.23 0.3 -0.1 0.66 0.14 0.53
Brain pH 0.31 0.16 0.35 0.11 0.43 0.04
PMI 0.04 0.85 0.18 0.41 0.26 0.22
AR -0.53 0.01 -0.03 0.89 -0.45 0.03
Tau -0.28 0.19 -0.24 0.27 -0.62 0.002
Total #branches R? R? R?

Case v control 0.1° 0.14 0.16° 0.06 0.37¢ 0.002
Age -0.12 0.65 0.07 0.23 0.002 0.77
Sex 0.0001°¢ 0.96 0.1° 0.14 0.02¢ 0.52
APOE genotype 0.09¢ 0.18 0.17¢ 0.05 0.17¢ 0.06
Fixation time 0.172 0.45 0.003 0.83 0.001 0.87
Brain pH 0.492 0.02 0.42 0.001 0.44 0.0008
PMI -0.22 0.37 0.0002 0.95 0.0007 0.9
AR -0.482 0.02 0.001 0.86 0.19 0.04
Tau -0.122 0.6 0.11 0.13 0.25 0.01
Total #junctions R? R? R?

Case v control 0.13¢ 0.09 0.2¢ 0.03 0.39¢ 0.001
Age 0.01 0.59 0.13 0.09 0.02 0.51
Sex 0.004¢ 0.78 0.03¢ 04 0.01° 0.59
APOE genotype 0.18¢ 0.05 0.21° 0.03 0.22¢ 0.03
Fixation time 0.02 0.52 0.008 0.69 0.002 0.83
Brain pH 0.26 0.01 0.4 0.002 0.45 0.0006




PMI 0.05 0.31 0.0006 0.91 0.001 0.89
AR 0.17 0.05 0.008 0.68 0.18 0.04
Tau 0.09 0.17 0.17 0.05 0.28 0.009
Total microglia R? R? R?

Case v control 0.0002°¢ 0.95 0.0001°¢ 0.96 0.28°¢ 0.01
Age 0.03 0.44 0.13 0.08 0.07 0.23
Sex 0.02¢ 0.48 0.08¢ 0.19 0.001° 0.87
APOE genotype 0.0001° 0.96 0.06¢ 0.29 0.11¢ 0.14
Fixation time 0.000002 0.99 0.03 0.46 0.0004 0.93
Brain pH 0.005 0.76 0.03 0.43 0.06 0.27
PMI 0.06 0.27 0.006 0.73 0.05 0.3
AR 0.02 0.54 0.03 04 0.01 0.6
Tau 0.002 0.85 0.01 0.6 0.12 0.1
Ramified microglia R? R? R?

Case v control 0.06° 0.26 0.1° 0.15 0.4° 0.001
Age 0.03 0.45 0.03 0.47 0.003 0.8
Sex 0.03¢ 0.44 0.2¢ 0.03 0.07¢ 0.23
APOE genotype 0.004° 0.79 0.02° 0.58 0.12° 0.11
Fixation time 0.05 0.3 0.02 0.54 0.05 0.33
Brain pH 0.34 0.004 0.64 <0.0001 0.34 0.004
PMI 0.01 0.64 0.007 0.7 0.01 0.64
AR 0.1 0.13 0.26 0.06 0.13 0.09
Tau 0.07 0.21 0.07 0.23 0.27 0.01
Activated microglia R? R? R?

Case v control 0.02° 0.48 0.009° 0.7 0.03¢ 0.46
Age 0.02 0.53 0.21 0.03 0.05 0.32
Sex 0.09¢ 0.17 0.01° 0.64 0.09¢ 0.19
APOE genotype 0.0005°¢ 0.92 0.04¢ 0.39 0.01° 0.61
Fixation time 0.06 0.28 0.01 0.67 0.05 0.31
Brain pH 0.003 0.82 0.01 0.61 0.0003 0.94
PMI 0.008 0.69 0.003 0.81 0.04 0.38
AR 0.13 0.09 0.11 0.12 0.01 0.59
Tau 0.006 0.73 0.001 0.9 0.0003 0.93




Dystrophic microglia

RZ

Spearman’s p

Spearman’s p

Case v control 0.02¢ 0.48 34P 0.1 57° 0.87
Age 0.24 0.02 0.38 0.07 0.51 0.01
Sex 0.09¢ 0.4 37° 0.35 36° 0.32
APOE genotype 0.01° 0.63 0.003¢ 0.81 0.0003¢ 0.95
Fixation time 0.0003 0.94 -0.002 0.99 -0.04 0.87
Brain pH 0.56 <0.0001 -0.55 0.008 -0.56 0.006
PMI 0.07 0.22 -0.09 0.69 -0.39 0.06
AB 0.03 0.47 0.21 0.33 0.08 0.72
Tau 0.06 0.24 0.24 0.27 0.1 0.63
Microglial clusters Spearman’s p Spearman’s p Spearman’s p

Case v control 14° 0.001 30° 0.05 44b 0.32
Age -0.23 0.29 -0.01 0.96 -0.03 0.9

Sex 45P 0.7 45° 0.71 50P 0.97
APOE genotype 26° 0.02 320 0.07 0.15¢ 0.17
Fixation time -0.23 0.29 -0.2 0.38 -0.06 0.78
Brain pH -0.21 0.35 -0.14 0.54 0.34 0.12
PMI -0.05 0.81 0.07 0.74 -0.16 0.47
AB 0.62 0.002 0.57 0.005 0.4 0.06
Tau 0.61 0.002 0.44 0.03 0.36 0.09

aSpearman’s p
®Mann-Whitney U

Cia2

n




ST4. Multivariate analyses:

PVC SFC ITC

Rank R? P-value Rank R? P-value Rank R? P-value
AP (areal)
Case v control 1 0.62 <0.0001**** 1 0.46 0.0005***
APOE genotype 2 0.02 0.36 2 0.02 0.39
AP plaques
Case v control 1 0.36 0.003** 1 0.42 0.001**
APOE genotype 2 0.03 0.27
Brain pH 2 0.01 0.46
Tau (areal)
Case v control 1 0.8 <0.0001**** 1 0.82 <0.0001****
APOE genotype 2 0.007 0.36
Brain pH 2 0.02 0.17 3 0.003 0.52
Tau +ve plaques
Case v control 1 0.62 <0.0001*** 1 0.53 0.0001***
Brain pH 2 0.06 0.08 2 0.03 0.25
Tau +ve tangles
Case v control 1 0.46 0.0005*** 1 0.67 <0.0001*** 1 0.44 0.0008***
APOE genotype 2 0.002 0.83 2 0.06 0.06 2 0.02 0.42
Arborised area
Case v control 4 0.0001 0.92 1 0.36 0.003**
Age 2 0.33 0.0002***
APOE genotype 2 0.16 0.04* 3 0.01 0.35
Brain pH 1 0.24 0.02* 1 0.37 0.003** 2 0.06 0.18
Neurons
Case v control 1 0.26 0.01* 1 0.36 0.003**
APOE genotype 2 0.02 0.47 2 0.005 0.71
IBAL +ve pixels
Case v control 3 0.01 0.51 1 0.35 0.004**
APOE genotype 2 0.15 0.05 2 0.18 0.009**
Brain pH 1 0.22 0.03 1 0.4 0.002** 2 0.05 0.21
Total branch length
Case v control 1 0.22 0.03
APOE genotype 1 0.21 0.03* 3 0.07 0.16




Brain pH 0.08 0.16
Age 0.01 0.62

Total #branches

Case v control 0.12 0.04*
Brain pH 0.44 0.0008***
Total #junctions

Case v control 0.0003 0.92 0.45 0.16
APOE genotype 0.14 0.03 0.15 0.02
Brain pH 0.4 0.002 0.04 0.0006
Ramified microglia

Case v control 0.39 0.002**
Sex 0.05 0.11

Brain pH 0.64 <0.0001**** 0.12 0.048*
Dystrophic microglia

Case v control

Age 0.11 0.02* 0.11 0.09
Brain pH 0.56 0.0001*** 0.23 0.02*
Microglial clusters

Case v control 0.2 0.04*

APOE genotype 0.07 0.18




2.5 Application for the Professor John Irvine Hunter Prize for

Research in Anatomical Sciences

The manuscript presented in Chapter 2 was submitted in a successful application to
the Discipline of Anatomy and Histology, Faculty of Medicine and Health, The
University of Sydney for the Professor John Irvine Hunter Prize for Research in
Anatomical Sciences (2019). A presentation of the work to the Discipline was also
done as part of the assessment process. The application, which also contains
relevant information on the conceptual underpinnings of the research presented in

this chapter, begins on the next page.
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Application for the Professor John Irvine Hunter Research Prize (2019).

Applicant: Patrick Jarmo Paasila.

Position: PhD student (full-time); Discipline of Pathology.
SID: 430162637.

Supervisor: Greg Sutherland.

Article Title: The relationship between the morphological subtypes of microglia and Alzheimer’s
disease neuropathology.
DOI: 10.1111/bpa.12717

Authors: Patrick Jarmo Paasilal; Danielle Suzanne Daviesz; Jillian June Krill; Claire Goldsburyz;
Greg Trevor Sutherland!.

1Discipline of Pathology, Faculty of Medicine and Health, The University of Sydney.

2Discipline of Anatomy and Histology, Faculty of Medicine and Health, The University of Sydney.

Overview:
i. Significance of the research in the context of the Discipline of Anatomy and
Histology;
ii. Outline of the impact and contribution of the research in the field;
iii. Outline of the contribution of each author;
iv. Manuscript (including supplementary figures and tables); and

V. Comments from referees and responses from authors prior to publication.



i. Significance of the research in the context of the Discipline of Anatomy and Histology.

The research that I present in this application was done in collaboration with Dr Claire
Goldsbury and Ms Danielle Davies of the Discipline of Anatomy and Histology and is a
histological investigation using post-mortem human brain tissue that examines the spatiotemporal
associations of microglial morphological changes with the development of Alzheimer’s
disease (AD) neuropathology. Three differentially affected cortical regions of the AD brain — the
inferior temporal, superior frontal and primary visual cortices — were selected based on established
diagnostic criteria and a previous volumetric study!. It is my view that the research presented here
strongly aligns with the major themes of the Discipline of Anatomy and Histology. The discipline
is of course widely recognised for its focus on the structure and development of the human body
in both normal and pathological contexts. Research carried out in the discipline is done so
through a number of laboratories that focus on the use of immunohistochemistry and
immunofluorescence, advanced microscopy, and computing for image analysis to generate both
qualitative and quantitative data in order that the microscopic and macroscopic organisation of human
body structures might be better understood. Importantly for this application, each of these areas of
interest within the discipline are also relevant in the research presented here, which has been
published in Brain Pathology, the medical journal of the International Society of Neuropathology.
Following a previously validated stereological approach? which involves sufficient sampling of cell
numbers across all six cortical laminae of the human neocortex, we have thus been able to
characterise the cortical thickness, density of total neurons, density of total microglia and the
associated morphological subtypes, and the load of AD-type pathology in three cortical regions of
the normally aged brain and clinicopathologically confirmed AD cases.

Briefly, immunohistochemistry utilising the pan-microglia marker IBA1 was performed on 45
um thick post-mortem human brain tissue sections in order to enumerate total microglia and for the
characterisation of microglial morphological subtypes in age and gender matched controls and AD
cases. Double-labelled immunofluorescence stains using markers for f-amyloid/IBA1 and Total Tau/
IBA1 were also performed in order to examine the potential associations between IBA1+ microglia
and the major pathognomonic entities of AD. Nissl staining using cresyl violet acetate of 10 um thick
sections was also performed in order quantify the cortical thickness of each region and for the
enumeration of total neurons. Sections were analysed by brightfield (Stereo Investigator) and confocal
microscopy (Zeiss LSM 510) at the Bosch Institute’s Advanced Microscopy Facility. The data
collected included both manual counts for neurons and microglia, which were also supplemented by
automated morphometric analyses, including quantification of microglial branch length, number of
branches, number of branch junctions and total arborised area as a measure of microglial territorial
coverage. Additionally, quantitative data on the load of AD-type neuropathology in normal ageing
and AD was also generated from automated image analyses but also included manual counts to
determine the density of neurofibrillary tangles.

1 Halliday, G. M., Double, K. L., Macdonald, V., & Kril, J. J. (2003). Identifying severely atrophic cortical subregions in Alzheimer's disease.
Neurobiol Aging, 24(6), 797-806. doi: 10.1016/s0197-4580(02)00227-0

2 Kril, J. J., Halliday, G. M., Svoboda, M. D., & Cartwright, H. (1997). The cerebral cortex is damaged in chronic alcoholics. Neuroscience,
79(4), 983-998. doi: 10.1016/s0306-4522(97)00083-3



ii. Outline of the impact and contribution of the research in the field.

The research presented here has addressed a number of important technical and conceptual
issues relating to the involvement of microglia in AD and to the development of both B-amyloid and
tau pathology. The inclusion of non-demented control cases with a sufficiently high AD-type
pathological load to satisfy the neuropathological diagnosis of AD (‘high pathology controls’) as well
as the use of differentially affected neocortical regions have allowed for the temporal modelling of the
disease in human post-mortem tissue. Additionally, the use of a more thorough, previously validated
stereological sampling protocol has ensured the reliability of the quantitative neuronal, microglial and
neuropathological data generated by this investigation.

This investigation sought to model the AD time course using post-mortem tissue through the
inclusion of high pathology controls and differentially affected neocortical regions. High pathology
controls demonstrated an elevation in the density of activated microglia in the inferior temporal cortex
compared to low pathology controls and confirmed AD cases. Suggesting that microglial activation,
in contrast to the animal models, occurs early in the disease time course and is not associated with
cognitive impairment. This finding was also recapitulated in regional comparisons within the AD
group, where the primary visual cortex — a belatedly affected region of the AD brain that may be
hypothetically used as a marker of earlier AD-related pathophysiological processes — demonstrated a
higher density of microglial clustering around B-amyloid plaques compared to the severely affected
inferior temporal cortex, which may be thought of as representing end-stage AD, which was
characterised by an impaired microglial clustering response and a loss of IBA1+ microglia.

The generation of quantitative neuronal, microglial, and neuropathological data for
comparisons across multiple cortical regions is also an important contribution to the field of AD
research. Our findings demonstrate a great heterogeneity in the accumulation of AP and tau
throughout the neocortex, which contrasts with the suggestion made from semi-quantitative staging
schema, that are used in the routine neuropathological diagnosis of AD, that the spread of AD-type
pathology occurs in a stereotypical fashion. Furthermore, correlations between microglial
morphological subtypes and the level of AD-type pathology were also possible. For instance, the
number of clusters of activated microglia was shown to be correlated with the level of tau pathology
in the primary visual cortex, suggesting that microglia actively respond to the deposition of pathology
in AD, but only during earlier stages of the disease. Interestingly, we have also shown that 15/15 of
the controls investigated here had some level of tau pathology, 11/15 showed clustering of activated
microglia and only 9/15 show any deposition of AB. This differential in the prevalence of each of
these pathological changes might suggest that the deposition of tau is an earlier event in AD, followed
by clustering of activated microglia and finally the accumulation of insoluble AP plaques.

Here we also used a previously validated stereological approach that ensured equal
representation of all cortical laminae and required that a higher number of total cells were counted in
order to ensure the accuracy of the estimates generated. Previously, stereological investigations
would assess the reliability of estimates by examining the ratio between the mean of the squared
coefficients of error and the squared coefficient of variation, with the suggestion that if the ratio is
less than .5, which can be achieved by counting between 50 and 100 objects per individual®, as is
commonly done, then the estimate of the mean can be considered reliable. However subsequent
investigations using computer simulations have demonstrated that this method of reliability testing is
unsound and that much higher counts, e.g. 700-1000 objects per individual, are required for reliable
estimates®. Here the average number of counted objects (e.g. neuronal and microglial cells) was
between this range, giving us greater confidence in the estimates of cell numbers generated in this
study.

3 Gundersen, H. J. G. (1986). Stereology of arbitrary particles*. Journal of Microscopy, 143(1), 3-45. doi: 10.1111/j.1365-
2818.1986.tb02764.x

4 Schmitz, C., & Hof, P. R. (2000). Recommendations for straightforward and rigorous methods of counting neurons based on a com puter
simulation approach. J Chem Neuroanat, 20(1), 93-114. doi: 10.1016/S0891-0618(00)00066-1



iii. Outline of the contribution of each author.

PJP carried out all experiments and microscopy relating to the quantification of AP, microglia and
neurons, performed all computational morphometric analyses and statistical analyses, co-designed
the study, and prepared the draft manuscript. DSD assisted with experiments and microscopy relating
to the quantification of tau. JJK advised on the stereological techniques and brain region selection.
CG advised on microglial morphometry and interpretation of results. GTS co-designed the study and
supervised the analysis and interpretation of results. All authors contributed to the final manuscript.

iv. Manuscript:

- Starting on the next page.
- Supplementary figures and tables appended at the end.

- Note (June 2021): These have been omitted for the
purposes of presentation in this thesis.—PJP



Comments from referees and responses from authors prior to
publication.

- Starting on the next page.
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Point-by-point rebuttal of Reviewers comments (in bold):
Reviewer 1:

1. The manuscript reports microglial morphological subtypes in relation to
brain area in Alzheimer’s disease, but does not add any new findings on
the role of microglia in Alzheimer’s disease.

We agree with Reviewer 1 that some of our findings are consistent with those
in the previous literature. However, we would also like to respectfully point
out what we consider are novel findings although some of these may been
understated in our original manuscript. As such we have added the following
as the first paragraph in the revised ‘Discussion’ (Page 21):

= ‘This study undertook to provide clarity on how microglia relate
temporally to the progression of Alzheimer’s disease by comparing
morphological subtypes in differentially affected areas of post-mortem
brain tissue. Unlike previous studies, our findings showed that activated
microglia were only increased in high-pathology controls while clustering
of microglia with Af plaques was uncommon and highest in the mildly
affected PVC (~17%), suggesting that there is an early microglial reaction
to A but this is prior to the onset of dementia. Whereas only 12% and 5%
of Ag plaques were associated with a microglial cluster in the SFC and
ITC respectively. Second, the severely affected ITC, was characterised by
a reduced number of ramified (healthy) microglia. Third, dystrophic
microglia were not associated with AD status or pathology, but rather
brain pH.’

Introduction

2. The introduction is unclear as whether the information provided are
sourced from in vitro, animal or human studies. This is an important
point as some information from experimental studies might not be
relevant to the human disease.



We agree with Reviewer 1 that information on sources would make the report
clearer. In the revised manuscript we have made the followings changes:

Vi.

Page 3; paragraph 2; final line: ‘...in mouse models of AD.’

Page 3; paragraph 3; line 3: ‘Extensive in vitro and animal studies of

microglia demonstrate their ability to...’

Page 4; paragraph 1; line 3: ‘There have been a number of attempts to

categorise microglia into distinct subtypes but there is little consensus

on what constitutes each subtype or the nomenclature used to describe
them.’

Page 4; paragraph 2; line 1: ‘Briefly in studies using human post-

mortem brain tissue, ramified (healthy)...’

- Page 4; paragraph 2 — all citations are now from human tissue
studies and one review (that examined human tissue where
applicable; Ref. 6)

Page 4; paragraph 2; line 6: °...processes with either some degree of

deramification (hence the use of the term deramified by some authors)

or hyper-ramification (3, 47).

Other minor changes in the ‘Introduction’:

a. Page 3; paragraph 2; line 8: ...and...such as RAGE, scavenger
receptors...’

b. Page 3; paragraph 3; line 1: moved ‘only’ to precede ‘responded’

c. Page 4; paragraph 1; line 1: ‘phenotypic’ changed to
‘morphologies’

d. Page 4; paragraph 2; line 2: removal of ‘...represent healthy cells
and...’

e. Page 4; paragraph 2; line 4: ... ‘bushy’...” (moved from line 8)

f. Page 4; paragraph 2; line 6: ‘hypertrophied’ changed to

‘hypertrophic’

Page 4; paragraph 2; line 17: added ‘found’

Page 5; paragraph 1; line 17: moved ‘within cases’ to the end of

the sentence.

s Q@

3. All acronyms should be explained once in the main text e.g. ITC, PVC,
SFC, PMI



As suggested, the revised manuscript has been updated to include the
expanded terms for the above acronyms at their first use in the main text (as
opposed to the Abstract):

I. Page 5; paragraph 1; line 6: “...inferior temporal cortex (ITC)..."

ii. Page 5; paragraph 1; line 9: “...primary visual cortex (PVC), superior
frontal cortex (SFC)...°

iii. Page 13; paragraph 1; line 7: “...post-mortem index (PMI)...’

Iv. Other:

a. Abbreviation ‘4f° removed from ‘Abstract’ and replaced with
‘beta-amyloid’; the first instance of the use ‘A4S’ now occurs in the
‘Introduction’ (Page 2; line 6)

b. Acronym ‘HIER’ removed from Pages 8 (line 4) and 10 (lines 2
and 15)

Methods

. The presentation of the methodology should be clearer with additional
subheadings e.g. quantification, NeuN detection.

The additional subheadings have been added to the ‘Methods’ in the revised
manuscript:

I. Page 9: ‘Quantification of microglia’
ii. Page 11: ‘Ap and tau imaging’
iii. Page 12: ‘Neuronal staining and quantification’
iv. Other minor changes in the ‘Methods’:
a. Page 6; line 1: changed ‘utilising’ to ‘using’
b. Page 6; line 3: changed ‘specimens’ to ‘samples’
c. Page 6; line 7: added ‘genotyping’
d. Page 6; line 9: removed ‘(3g) taken at autopsy and’ and replaced
with ‘which has previously been shown...whole brain pH’



5. The brain area investigated should be justified with regards to the
CERAD or ABC scoring system.

We agree with Reviewer 1 that these staging schemes are important for
benchmarking our findings. The brain areas chosen for investigation were
done so on the basis of a previous volumetric study from our laboratory that
demonstrated incremental atrophy in the three areas chosen (PMID: 2927762)
and also incrementally increased tau load as described by the original AD
staging paper by Braak and Braak (PMID: 1759558) and for Ap, this same
paper and a follow-up study by Thal and colleagues (PMID: 12084879). We
have now amended the ‘Introduction’ in the revised manuscript to more
clearly define our choice of regions:

= Page 5; line 10: ‘[Starting] AD pathology and particularly tau pathology...
[Ending] compared to gender-matched controls (19)...°

However, as we discuss in our paper the AD staging schemes are not without
their issues. Both the CERAD and (combinatorial) ABC scoring systems are
based on a semi-quantitative appraisal across very few cortical areas, basal
ganglia and midbrain for A immunostaining (‘A’), entorhinal cortex,
hippocampus and inferior temporal cortex for neurofibrillary tangles (‘B”) and
the inferior temporal gyrus alone to derive an age-related neuritic plaque score
(‘C’). In contrast, the few studies that have quantitatively compared cortical
areas in the AD brain (e.g. PMID: 19010392), along with our current study,
give evidence that conflicts with the relative pathological load predicted by
the staging schema, and tau load in particular.

6. The cohort summary should be attached to the case description rather as
a result.

We agree and have moved Table 2 from the ‘Results’ to the ‘Methods’ section
(Page 7) and renumbered and renamed it ‘Table 1. Cohort details’ and added
the following sentence:


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=12927762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=1759558
https://www.ncbi.nlm.nih.gov/pubmed/19010392

7.

10.

= Page 6; final line: ‘The demographic and clinicopathological
characteristics of the cohort are listed in Table 1.

Dementia duration should be added as an important parameter,
especially with regards to the view that PVC could be used as
representative of earlier disease mechanisms.

Disease duration been added to the Table 1 (Page 7) and Table 2 (Page 14) in
the revised manuscript.

What is the justification of performing Ibal quantification on DAB
staining and then double staining for microglia with Ap or Tau to
guantify the neuropathology?

DAB staining and light microscopy was preferred for microglial quantification
as the fine processes of the microglia were more readily visualised on DAB
sections compared with IF sections. Double labelling for IBA1 with A or tau
was necessary to investigate relative localisation with microglia.

The calculation of the Ibal+ cell density is unclear. Do the author mean
number of cells per field or percent?

Cell density is expressed in terms of cells/mmz (please refer to Table 3; Page
17) and Figure 3D. Table 3 also includes columns marked with ‘%’ to indicate
the proportion of the total microglial population that is comprised of a
particular morphological subtype. Where findings are expressed as
percentages e.g. AB-, tau- and IBA1-positive pixels, then we have included
‘%’ to indicate this.

A neuron-specific marker such as NeuN or Hu should be used to quantify
the neurons instead of a cresyl violet.

Thank you for this suggestion. In our experience NeuN does not stain all
cortical neurons, e.g. Cajal-Retzius cells (PMID: 9545178). Therefore, in our
opinion, cresyl violet is a better pan-neuronal marker.



11.

12.

Results

Overall, the quantification data (Figures 1, 3 and 4) should be presented
as scattered plot to reflect the human variability.

We agree with Reviewer 1; the histograms presented in Figures 1, 3 and 4
have been changed to box-and-whisker plots accordingly in the revised
manuscript (see attached files for updated figures).

Figure 2 is confusing and not consistent with the definition of the
different subtypes described in the introduction. In Figures 2B, 2D and
2F, the microglia do not appear “deramified” as ramifications are
present.

As described in the ‘Introduction’ (Page 4, paragraphs 1 & 2) the
nomenclature describing the microglial morphological subtypes vary
considerably in the literature. Nevertheless, we agree with Reviewer 1 that the
definition of the ‘activated’” morphological subtype could still be clearer and
we have added the following to the ‘Introduction’ of the revised manuscript:

= Page 4; paragraph 2; line 6: ... hypertrophic soma and processes with
some degree of deramification (hence the use of the term ‘deramified’ by
some authors) (3, 47).’

All the microglia seen in Figures 2B and 2F are considered activated (except
those indicated by arrows) as they are hypertrophic and have reduced, though
not an absence of, branching compared to ramified microglia. Microglia in
Figure 2D represent dystrophic microglia due to the discontinuities seen in the
IBAL staining. Figure 2 legend (i) and the associated main text (ii) have been
updated to improve clarity:

I. Page 32; ‘Figure Legends’; ‘Fig. 2 Microglial morphologies’: ‘Fig. 2
Microglial morphologies. Representative photomicrographs from the
ITC show exemplars of microglial subtypes quantified here. A.



13.

14.

Ramified microglia seen in a control case (M20) have small, spherical
soma and symmetrically distributed, thin, highly branched processes.
B. Activated microglia in an AD case (M09) that are hypertrophied
and have reduced branching compared to ramified microglia. Arrows
indicate ramified microglia for comparison. C. Activated microglia
that are amoeboid in morphology (arrows) are seen among other
activated cells (arrow heads) in another AD case (M11). D.
Dystrophic microglia that are pseudo-fragmented with discontinuous
IBA1 staining of processes in the same AD case (M11). E. A
dystrophic microglia that is deramified and has spheroidal swellings
at the end of its processes (arrows) from an AD case (M13). F.
Clusters of activated microglia seen in an AD case (M09). Nuclei
counterstained with haematoxylin. Scale bar = 50 um’
Minor changes:
a. Page 4; paragraph 2; line 12: parentheses around the clause
beginning with ‘Such dystrophic microglia...” have been removed.
b. Page 9; Quantification of microglia subsection; line 17: sentence
revised by the removal of ‘cytorrhexis’ and replacement of
‘deramification’ with ‘reduced ramification’.

Figure 2C does not represent dystrophic microglia as described by Streit,
but rather illustrate reactive microglia.

Thank you for pointing out this error. These cells are ‘activated’ and the figure
legend (Page 32; Fig. 2) has been updated in the revised manuscript
accordingly (see Point 12 (i) for updated Figure 2 legend).

Dystrophic microglia are present in figures 2D and 2E. Additionally,
Figure 2D and 2E could be part of the same process.

As suggested by Reviewer 1 the microglia in both Figures 2D and 2E are
dystrophic. The word ‘dystrophic’ has been added to part D of the of Figure 2
legend to clarify that both images represent the morphological characteristics
of microglia that are considered, and were counted as, dystrophic.



15.

16.

We do not know yet whether these different morphologies reflect
different states or function of microglia. The authors should clarify
whether the images were taken from an AD or control case and how often
these features were observed between the 2 groups.

We agree with Reviewer 1 that there remains a knowledge gap in
understanding the functional consequences of the various subtypes, and indeed
within subtypes. As suggested we have clarified which individual and their
case status pertains to each image in the figure legend for Figure 2 (see Point
12 (i) for updated Figure 2 legend). We have also made this clearer in the
main text with the following:

=  Page 16; line 2: “...(Fig. 24)...[line 3] A range of phenotypes within the
activated (Fig. 2B, C) and dystrophic (Fig. 2D, E) subtypes were seen
within all individuals as well as clusters made up of activated microglia in
those individuals with AD pathology (Fig. 2F).’

Microglial clusters in AD usually relate to neuritic plaques. The authors
did not observe any microglial clusters in the SFC and ITC area in the
AD cases which is quite unusual (observation on the DAB or
immunofluorescent slides?). Would this reflect an absence of neuritic
plaques in these area or a technical problem due to the length of the
fixative that can affect the quality of the microglial staining or the double
staining?

Thank you for this comment. Microglial clusters were observed in all three
regions on both the DAB and IF sections with the latter showing co-
localisation with AP and tau pathologies when they were present. These
findings are presented in Table 3, but to make this point clearer to readers we
have made the following to the ‘Results’ sub-section entitled ‘Loss of healthy
microglia in the ITC of AD brain’ in the revised manuscript:

I. Page 16; line 4: removed °...however no differences were seen in the
PVC or SFC (Table 3).”
ii. Page 16; line 7: added ‘(Table 3).”



17.

18.

19.

20.

iii. Page 16; final line: added °...of AD cases compared to controls. There
was no difference in the density of clusters in the SFC or ITC between
AD cases and controls.’

In addition, neuritic plaques (tau-positive) were found in all regions and the

fixation period did not adversely affect the quality or amount of staining (see

univariate analyses in Supplementary Table ST3.)

Page 12 line 10, “Neuronal loss was observed in the SFC”.

Corrected. (Page 15; line 4)

Figure 3 should have the word “controls” in the title.

Corrected. (Page 33; Figure 3 Title)

Figure 6 should contain the R2 and P value.

Corrected.

Discussion

The authors state that they are using the model of tau spreading to make

inferences about microglial function over time. This first paragraph

would be more suitable for the introduction.

As suggested by Reviewer 1 the first paragraph of the ‘Discussion’ has been

removed and largely incorporated into the ‘Introduction’ of the revised

manuscript:

I. Page 5; line 10: ‘[Starting] AD pathology...[Ending] gender-matched
controls (19)...°

ii. Other minor changes to the ‘Discussion’ of the revised manuscript:
a. Page 22; paragraph 2; line 1: added ‘Af and tau-positive’



b. Page 22; paragraph 2; line 5: sentence now ends ‘in which neither
of these measures was affected’

21. To consider PVC as a representative of an earlier disease mechanisms
might be an overinterpretation. Is there a justification for this?

Thank you for this question. These references (PMID: 18520776; PMID:
18270320) show relatively less pathology and/or mild effects on the neurons
in the PVVC, providing support for our hypothesis. Thus the following clause
has been added to the second paragraph of the ‘Discussion’ in the revised
manuscript:

= Page 22; paragraph 2; line 6: ‘...with previous pathological and molecular
studies also suggesting that the amount of tau pathology in the PVC has
minimal effects on the neurons in this region (24, 30).’

Reviewer 2:

In this new paper, the authors use the same technical approach to further
investigate the microglia phenotype in AD. This time they chose to study
again inferior temporal cortex, and in addition, primary visual cortex and
superior frontal cortex. The choice is clever in that these 3 regions are known
to show different degrees of AD pathology, which the authors confirm. This
allow the authors to make additional novel observations. However, some of
their conclusions doesn’t seem to go in line with their previous publication
and would need clarification.

1. It would be best if the title and abstract clearly state that the studied
microglia subtypes correspond to ‘microglia morphology’ subtypes.

The ‘Title’, ‘Abstract’, ‘Introduction’ and ‘Discussion’ of the paper have been
updated to include the word ‘morphological’:



I.  ‘Title’ now reads: ‘The relationship between the morphological subtypes
of microglia and Alzheimer’s disease neuropathology.’
- The phrase ‘microglial morphological subtypes’ has been changed to ‘the
morphological subtypes of microglia’ throughout the revised manuscript:
ii.  ‘Abstract’; Page 1; line 8
iii.  Pageb; lines 7 and 18
iv.  Page 8; line 3
v. Page 17; Table 3 Title
vi.  Page 19; Morphological changes of microglia correlate with tau
pathology subsection
vii.  Page 25; paragraph 2; line 2

2. Please reconsider to call ‘ramified’ microglia as ‘healthy’ microglia. A
more objective and appropriate term, if necessary, would be non-disease
associated microglia, or more specifically here, non-AD microglia.

‘Ramified microglia’ is the term commonly used in the literature to refer to
normally functioning microglia. For consistency with the literature we would
like to retain the word ‘ramified’. Please note that term ‘Ramified (healthy)’ is
present in the ‘Abstract’ (Page 2; line 4) and now in the ‘Introduction’ (Page
4, paragraph 2, line 1) and ‘Discussion’ (Page 22; paragraph 1; line 2) of the
revised manuscript.

3. Please explain why you find less total microglia density in the ITC now,
and not in your previous paper. What changed?

In our previous paper (PMID: 27862631) we noted a trend towards a
reduction in microglial density in AD cases compared to controls in the ITC.
We consider that the inclusion of 10 additional cases was the major reason
that a significant reduction was demonstrated in the current study.

4. Same as point 3, regarding no differences in the density of dystrophic
microglia in the ITC now, while you reported an increase of them in the
previous paper.



As correctly observed by Reviewer 2, our previous study reported increased
dystrophic microglia in AD cases. We consider that the inclusion of brain pH
in multivariate analyses as the major factor for the lack of difference in the
current study. Brain pH, a known confounder of molecular studies utilising
post-mortem human brain tissue, is highly correlated with the length and
severity of the agonal period; which could conceivably affect microglial
morphology as they react to their immediate environment, as shown in this
study. Importantly, other parameters such as deramification and a reduction in
the arborised area were similarly correlated with AD in both studies.

You say that the majority of microglia clusters were not associated with
Abeta plaques in AD or controls. Could you provide quantification to
support this claim? And, what is the percentage of plaques that are
associated with microglia clusters?

We agree with Reviewer 2 that quantification of Ap plaques, as opposed to
just areal fraction, would provide more clarity on the degree to which
microglia associate with plaques. As such we have now quantified AB-
immunopositive plaques and added the following to the revised manuscript:

‘Methods’, Image analysis subsection:

I. Page 12; paragraph 2; line 2: “...a more accurate indicator of
pathology load than quantifying individual entities because of size
variation...’

ii. Page 12; paragraph 2; line 4: ‘However, to enumerate the percentage
of Ap-immunopositive plaques (Af plaques) that were associated with
a microglial cluster the density of Af plaques was also calculated for
each region.’

‘Results’, Neuropathology subsection:
I. Page 15; line 2: “...p = 0.01 [typo in original manuscript, changed

from 0.02 to 0.01]) in the ITC whereas cortical thinning was not
observed in the PVC (2.2 £ 0.2) or SFC (2.8 £ 0.4) of AD cases



iv.

compared to controls (PVC =2.2+0.2,p=0.6; SFC=27+£04,p=

0.8).

Page 15; line 8: ‘Similarly, the density of Af plaques in the PVC (22.2

+ 17.8 plagues/mmz), SFC (37.1 £ 28.6) and ITC (40.6 + 19) of AD

cases was higher compared to controls (PVC = 6.6 £ 12.8, p = 0.003;

SFC=115+15.8,p=0.01; ITC =14.4 £ 20.9, p = 0.008) (Fig.

1C).’

Removed Figure 1A (cortical thickness ratio).

- Figures 1B (Page 15; line 5) and 1C (Page 15; line 8) renumbered
1A and 1B respectively.

Added new Figure 1C (AP plaques; see updated figures).

‘Results’, Microglial clustering was not a major feature of the AD cortex
subsection:

Page 19; line 4: ‘There was no difference between the percentage of Af
plaques associated with a microglial cluster between the AD and
control groups in any of the three regions: PVC (AD = 16.8 + 14.4%,
control =12.2 £ 23.4; p = 0.15), SFC (AD = 12.4 + 12.7, control =
58+5.5;p=0.28)and ITC (AD =5.4 £ 6.5, control =17.2 £ 19.9; p
= 0.25) (Fig. 5J-L) or tau-positive plaques (Fig. 5M-O) or tau-positive
plaques (Fig. 5SM-O) in either the AD cases or controls.’
Error correction: Page 19; paragraph 1; line 1: ‘two’ changed to ‘three’
(criteria for a cluster is also included in the ‘Methods’ section; Page 9;
Quantification of microglia subsection; last sentence).
- Additionally; ‘subregion’ changed to ‘field” (Page 19; paragraph 1;
line 1).

Figure 1 legend:

iii.
iv.

Page 32; removed: ‘...the ratio of AD cortical thickness to mean
control thickness (A).’

Added: ‘... 4p plaque density (C)..."

Figures 1B and 1C renumbered 1A and 1B respectively.

Minor changes to Figure 5 legend (Page 33:



a. Line 2: added ‘immunopositive’
b. Line 2: replaced ‘neuritic’ with ‘cored’
c. Line 5: added ‘45’



Chapter 3: Clustering of activated microglia occurs before the
formation of dystrophic neurites in the evolution of AP plaques in

Alzheimer’s disease

3.1 Preamble

This chapter presents a manuscript published by Free Neuropathology, a non-
commercial journal operated and peer-reviewed by neuropathologists. Although the
regions presented in Chapter 1 were differentially affected by neurodegenerative
changes—including neuronal loss and atrophy—they did not show the expected
differences in neuropathological load, with the PVVC exhibiting similar levels of AD
pathology as the ITC. Therefore another primary cortical area, the PMC, was
selected based on the suggestion in the staging schema that it also appears to be an
area minimally affected by AD pathology. The objective here was to find an area
with significantly reduced levels of pathology compared to the most severely
affected area previously investigated, namely the ITC, with aim of determining the
relative sequence of neuropathological and microglial changes in the evolution of
AD pathology in the cerebral cortex. Given the results presented in Chapter 1
showed that morphological markers of activation were more associated with the
deposition of AP and that microglial dystrophy and loss of cell number coincided
with advanced NFD, it was hypothesised that the activation of microglia follows
the deposition of AP but occurs before NFD. This work was also done in

collaboration with Dr. Claire S. Goldsbury and Danielle S. Davies.
Corrigendum (Aug 2021): Figure 3a in the published manuscript is missing a

figure legend. The figure legend which should appear is the same one

presented with Figure la—c.
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3.2 Authorship attribution statement

Chapter 3 of this thesis is published as ‘Clustering of activated microglia occurs

before the formation of dystrophic neurites in the evolution of AP plaques in

Alzheimer’s disease’ (Paasila et al., 2020). The manuscript was authored by Patrick

J. Paasila, Danielle S. Davies, Greg T. Sutherland, and Claire S. Goldsbury

(corresponding author). PJP co-designed the study, collected all the data except the

tau data, analysed all the data, and wrote the manuscript. DSD collected and helped

analyse the tau data. GTS and CSG co-designed the study and analysed the data.

All authors contributed to editing the manuscript.
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In addition to the statement above, permission to include the published material has

been granted by the corresponding author.

Patrick J. Paasila
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June 2021
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3.3  Published manuscript

The published manuscript begins on the next page.
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Abstract

Alzheimer’s disease (AD) is a late-onset disease that has proved difficult to model. Microglia are implicated in
AD, but reports vary on precisely when and how in the sequence of pathological changes they become in-
volved. Here, post-mortem human tissue from two differentially affected regions of the AD brain and from
non-demented individuals with a high load of AD-type pathology (high pathology controls) was used to model
the disease time course in order to determine how microglial activation relates temporally to the deposition of
hallmark amyloid-B (AB) and hyperphosphorylated microtubule associated protein tau pathology. Immunofluo-
rescence against the pan-microglial marker, ionised calcium-binding adapter molecule 1 (IBA1), AB and tau,
was performed in the primary motor cortex (PMC), a region relatively spared of AD pathological changes, and
compared to the severely affected inferior temporal cortex (ITC) in the same cases. Unlike the ITC, the PMC in
the AD cases was spared of any degenerative changes in cortical thickness and the density of Betz cells and
total neurons. The clustering of activated microglia was greatest in the PMC of AD cases and high pathology
controls compared to the ITC. This suggests microglial activation is most prominent in the early phases of AD
pathophysiology. Nascent tau inclusions were found in neuritic plaques in the PMC but were more numerous in
the ITC of the same case. This shows that tau positive neuritic plaques begin early in AD which is likely of path-
ogenic importance, however major tau deposition follows the accumulation of AB and clustering of activated
microglia. Importantly, findings presented here demonstrate that different states of microglial activation, cor-
responding to regional accumulations of AB and tau, are present simultaneously in the same individual; an im-
portant factor for consideration if targeting these cells for therapeutic intervention.

Keywords: Alzheimer’s disease, Inferior temporal cortex, Microglia, Post-mortem human brain tissue, Primary motor cortex
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Introduction

Alzheimer’s disease (AD) is neuropathological-
ly characterised by inclusions of microtubule-
associated protein tau (tau) and extracellular de-
posits of B-amyloid (AB). Intraneuronal tau pathol-
ogy includes neurofibrillary tangles (NFTs) in the
cell soma and neuropil threads (NTs), which occur
mostly in the dendritic compartment, but also in
the axonal domain though to a lesser extent (1, 2).
NFTs and NTs are both comprised of paired helical
filaments and straight filaments of polymerised
hyperphosphorylated tau protein (3, 4). The extent
of tau pathology follows a predictable spatiotem-
poral progression through functionally integrated
brain regions (5, 6) and there is an extensive body
of literature that demonstrates an inverse correla-
tion between the accumulation of NFTs and cogni-
tive status (7) such that the spread and regional
level of NFTs reflects the severity of dementia with
time (8).

Contrastingly, AB plaques follow a seemingly
more haphazard regional pattern of accumulation
throughout the neocortex, indeed plateauing rela-
tively early in the disease time course (9, 10), and
therefore correlate poorly with disease status until
substantial argyrophilic neuritic tau pathology is
also present (5, 7, 11). Whilst AB load may be an
unreliable indicator of disease severity, it is gener-
ally accepted that the extent of its spread, in com-
bination with tau pathology, is useful for staging
purposes (9). AR plaques can be classified with
immunostaining into at least three morphologically
distinct categories: diffuse, fibrillar, or dense-cored.
Diffuse plaques have long been proposed to be a
structural precursor of other plaque forms, but
whether these categories represent separate enti-
ties with independent mechanisms of development
or are temporally linked is still unclear. Neuritic
plaques (NPs) are those AB plaques that also fea-
ture dystrophic neurites (DNs) with silver staining.
DNs can occur in all these morphological subtypes
of AB plaques, though more commonly in dense-
cored and fibrillar plaques than morphologically
diffuse plaques (12). Most DNs are tau-positive and
morphologically similar to NTs which are elongated
in shape, but may also be globular, and possibly
represent swollen presynaptic (axonal) terminals
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(13). NPs that retain sparse DNs but show minimal
AB staining have previously been described and
were termed ‘remnant plaques’ which were pro-
posed to result from glial phagocytosis of insoluble
AB (14).

There remains significant debate as to the se-
qguence of the neuropathological changes that pre-
cede the onset of AD symptomatology. The amyloid
cascade hypothesis posits AB, and in particular the
soluble, oligomeric, non-fibrillar fraction, as the
initiating factor (15-20). A competing view is of-
fered by others who contend that the sequence of
pathological events begins with neurofibrillary pa-
thology (21, 22) which precedes the formation of
insoluble AP pathology (23). Indeed, there is evi-
dence that tau pathology occurs prior to AR pa-
thology as it is more common in the brains of non-
demented individuals (21) but this might represent
a non-AD scenario described as primary age-related
tauopathy (PART) (24). Notwithstanding the order
of events, both hypotheses suggest that an activat-
ed glial response is an integral component of the
pathogenesis of AD.

The study of microglia morphology in post-
mortem human brain tissue presents a simple
method with which to gauge the involvement of
microglia in instances of changed physiological
conditions or to the development of a disease. Mi-
croglia with a ramified morphology, characterised
by thin, evenly distributed, highly branched pro-
cesses with a small, spherical soma, represent the
healthy cell population (25-27). Activated microglia
are characterised by reduced morphological com-
plexity including hypertrophy of the soma and pro-
cesses and may also display the formation of distal
phagosomes (23, 25, 28). Dystrophic microglia dis-
play features consistent with cellular senescence
(29), including a loss of processes, tortuosity of
remaining processes, and discontinuous IBA1-
immunolabelling (30-32). Lastly, clusters of activat-
ed microglia in AD have been noted previously in
post-mortem human brain tissue and represent the
direct interaction between microglia and AB and
tau pathology (10, 32, 33).

By investigating brain regions differentially af-
fected by AD-type pathology in non-demented and
demented individuals it may be possible to model
the sequence of pathological changes in the dis-
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ease, in particular the activated microglial re-
sponse. Previously we demonstrated an increased
density of activated microglia in the inferior tem-
poral cortex (ITC) of non-demented controls with
similar levels of AD-type pathology (‘high pathology
controls’ — HPCs) as clinically and neuropathologi-
cally-confirmed AD cases (26). This suggested that
the microglial response occurs in the preclinical
phases of AD but we wished to confirm this finding
in a belatedly affected region of the AD brain, the
primary motor cortex (PMC), compared to an earli-
er and more severely affected region, the ITC, of
the same cases. Further, we wished to determine
the sequence of AB, tau, and microglia pathological
changes that occur in the cortex. The findings here

Table 1. Cohort characteristics.
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demonstrate that nascent NTs and DNs in the PMC
begin early in the pathogenesis of AD, but follow
the clustering of activated microglia. By contrast,
looking at the severely affected ITC in the same
cases, findings suggest that microglial clustering at
plaques dissipates once tau and AP pathology is
long established and there is also a substantial loss
of IBAl-immunoreactivity (26, 34). Although an
early toxic microglial gain of function cannot be
ruled out, these findings appear most consistent
with a scenario where microglial activation is neu-
roprotective early in the pathogenesis of AD. We
suggest that this is followed by a gradual exhaus-
tion of microglial function that contributes to cog-
nitive deterioration in the AD brain.

Case ID Age Sex Status Cause of death AD duration (years) CDR ABCscore  AD likelihood
M03 76 Female AD Cardiorespiratory failure 11 3 A3B2C3 Intermediate
Mo4 77 Male AD Aspiration pneumonia 9 2 A3 B3 C2 High
M09 80 Female AD Alzheimer's disease 10 3 A3 B3C3 High
M11 83 Male AD Cerebrovascular 5 3 A3 B3C3 High
M12 83 Female AD Uraemia 7 3 A3 B3 C2 High
M13 84 Female AD Aspiration pneumonia 13 3 A3 B3C3 High
M17 85 Female AD Cardiorespiratory failure 5 3 A3 B3C3 High
M22 98 Female AD Cerebrovascular 6 3 A3 B3 C2 High
M14 85 Male HPC Cancer - - A2B2C3 Intermediate
M18 87 Female HPC Cancer - - A2 B2CO Intermediate
M19 92 Female HPC Pancytopenia - 0 A2 B2C2 Intermediate
M21 87 Female HPC Acute peritonitis - 0 A3 B2C1 Intermediate
M23 102 Female HPC Acute renal failure - 0 A2 B2C2 Intermediate
MO01 69 Male Control Cardiac failure - - A3B1C3 Low
Mo02 74 Female Control Cancer - - A3 B1C3 Low
MO05 78 Female  Control Respiratory failure - - A0 BO CO Not
MO06 78 Female Control Toxicity - - A0 B1CO Not
MO07 81 Male Control Cardiac failure - - A0 B2 CO Not
M08 80 Male Control Respiratory failure - - AO BO CO Not
M10 82 Female Control Respiratory failure - - A3 B1C2 Low
M15 85 Female Control Respiratory failure - - A2 B1CO Low
M16 85 Female  Control Pneumonia - 0 A2 BOC1 Low
M20 93 Female  Control Cardiac failure - 0.5 A1 B0 CO Low
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Methods

This study was approved by the University of
Sydney’s Human Research Ethics Committee
(HREC#2015/477). All tissue samples for this study,
as well as demographic and clinical information,
were supplied by the New South Wales Brain Tissue
Resource Centre (NSWBTRC) and the Sydney Brain
Bank (SBB), collectively the New South Wales Brain
Banks (NSWBB), following approval from their Sci-
entific Advisory Committee. Methods for case as-
certainment and tissue preparation by NSWBB
have been previously published (35). The demo-
graphic and clinicopathological characteristics of
the cohort (Table 1) and data from the ITC have
been previously published (26).

Immunofluorescence

Immunofluorescence  staining  procedures
were performed on free-floating 45 um fixed sec-
tions derived from the caudal aspect of the super-
omedial area of the PMC of controls (n = 10), HPCs
(n = 5), and pathologically confirmed AD cases (n =
8) as previously described (26). Double-labelled
sections using antibodies against AP, total tau
(TTau), and the pan-microglial marker ionised calci-
um-binding adapter molecule 1 (IBA1), were used
for the quantification of AR and tau loads and mi-
croglial morphological subtypes.

For AB and IBA1 quantification, heat-induced
epitope retrieval was performed using a sodium
citrate solution (pH 8.5) at 60°C overnight, followed
by a 12-minute formic acid (90%) incubation at
room temperature. Blocking was performed in 10%
normal goat serum (Gibco #16210072), and prima-
ry (mouse AP, 1:1000, BioLegend 803002; rabbit
IBA1, 1:1000, Wako 019-19741) and secondary
(1:200; Thermo Scientific: Alexa Fluor (AF) 488 goat
anti-mouse, #A11001; AF 568 goat anti-rabbit,
#A11011) antibody incubations were performed at
4°C with gentle agitation. Nuclear counterstaining
was performed in the last 40 minutes of the sec-
ondary antibody incubation by the addition of
Hoechst 33342 dye (1 pg/mL; Thermo Scientific
62249). Sections were mounted using Prolong Dia-
mond Antifade (Invitrogen P36961). Double-
immunolabelling of TTau (rabbit; 1:500; Dako
K9JA/A0024) and IBA1l (mouse; 1:50; Millipore
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MABN92) was carried out as previously described
(34). TTau immunostaining of NFTs, NTs, and DNs
has previously been demonstrated to give compa-
rable immunostaining to standard phosphotau
antibodies (12E8 and AT8) (36). Briefly, heat-
retrieval was performed with sodium citrate (pH
6.0) for 10 minutes at 100°C, before permeabilising,
blocking with BSA, and incubating in primary anti-
bodies for three hours at room temperature or
overnight at 4°C, and finally incubating in second-
ary antibodies (1:200; Invitrogen: AF555 goat anti-
mouse, A214424; AF647 goat anti-rabbit, A21244).
Hoechst 33342 was added to counterstain nuclei
and sections were mounted in ProLong Gold Anti-
fade.

Image acquisition and analysis

AB and IBA1 double-labelled sections were
imaged using a Zeiss LSM 800 confocal microscope
using the ‘tile scan’ function at the Advanced Mi-
croscopy Facility, Bosch Institute, The University of
Sydney. A previously validated modified disector
sampling approach that utilises one section per
individual was used here for the analysis of the AB
and IBA1 immunostained sections (37). Briefly, a
total of three cortical strips per section from areas
where the pial surface and the grey-white bounda-
ry were strictly in parallel were acquired for the
quantification of microglia, AR plaques and A-
positive pixels. These cortical strips were con-
structed of serial images 500 pum in width, 6 um in
z-depth with three z-slices (z-step = 3 um), span-
ning all of the cortical laminae of the PMC using a
20x%/0.8 numerical aperture (NA) objective. Clusters
of microglia and individual microglia, which were
categorised as having either a ramified, activated,
or dystrophic morphology as previously described
(26), were enumerated in image analysis software
(Fiji; NIH). The terminology used to describe the
different populations of morphologically diverse
populations of microglia was informed by previous
investigations (25, 28, 30). Microglia with thin,
highly branched processes, and a spherical nucleus
were categorised as ‘Ramified’. ‘Activated’ micro-
glia (previously termed ‘deramified’ (34)) included
those cells that displayed hypertrophy of the soma
or processes with retraction of secondary or ter-
tiary processes. ‘Dystrophic microglia’ were identi-
fied on the basis of a loss of processes with the
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remaining processes displaying significant tortuosi-
ties or discontinuous IBAl-immunolabelling with or
without blebbing or punctate IBAl-labelling (previ-
ously dystrophic microglia were subcategorised as
either ‘punctate’ or ‘discontinuous’ to reflect these
observations (34)). A ‘Cluster of microglia’ was
counted if three or more soma occurred within, or
were touching the margins of, a 20 um? virtual grat-
icule subregion. Larger clusters were counted as
one cluster if the graticule subregion could be
moved and still incorporate at least three somata.
Clusters were counted whilst visualising only the
568 nm (IBAl1-positive) channel to distinguish these
from individual microglia and to minimise potential
false-positive counts in the presence of either Ap-
or TTau-immunostaining. The total number of mi-
croglia counted per section averaged 519 with a
coefficient of error (CE) of <0.2 for all counts of
morphological subtypes, with the exception of mi-
croglial clusters (CE <0.3) which were relatively rare
and displayed significant variance between cases.

Quantification of TTau was carried out using
an Olympus VS120 slide scanner at the Sydney Mi-
croscopy and Microanalysis, Brain and Mind Cen-
tre, The University of Sydney. Whole section DIC
and fluorescence overviews of a single section from
each case were generated using a 10x objective
and were used to systematically map out four rep-
resentative 500 umz regions of interest (= 1mm?
per section) within the mid-cortical laminae (ll1I-V)
for manual counts of NFTs and for the quantifica-
tion of TTau-positive pixels. Individual images were
captured using a 40x/0.9 NA objective and were
comprised of seven z-slices with a depth of 6 um (z-
step = 1 um). Image analysis was performed in Fiji
using manually thresholded images. Positive pixel
counts were generated for AP and TTau staining
and expressed as a percentage of total pixels (% AB
and % TTau respectively). High resolution imaging
of all immunolabelled sections were carried out
using a Nikon A1R or Zeiss LSM 710 confocal micro-
scope (Sydney Microscopy and Microanalysis,
Charles Perkins Centre and Brain and Mind Centre,
The University of Sydney). Features were imaged
with either a 40x/0.95 NA or 100x/1.4 NA objective
and shown as maximum intensity projections.

Nissl staining

Nissl stains of free-floating 45 um thick forma-
lin-fixed sections were performed for the meas-
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urement of cortical thickness and neuronal counts.
Sections were incubated in 0.1% cresyl violet ace-
tate (0.02% glacial acetic acid; added immediately
before use) for 15 minutes at 60°C. Differentiation
was achieved by sequentially washing sections for
three minutes in 70% and 95% ethanol. The final
level of staining was adjusted by briefly dipping
sections in 100% ethanol and confirmed by light
microscopy before clearing in xylene for ten
minutes and mounting in DPX. Cortical thickness
measurements and neuronal counts were per-
formed on three cortical strips from one section
per individual using an eyepiece graticule on an
Olympus BX50 microscope using a 20x/0.75 NA
objective. A height measure of 45 um was used in
determining density estimates to eliminate artefac-
tual tissue shrinkage during staining; with the mi-
crotome accuracy to cut precise sections having
been previously validated (37). CEs using the modi-
fied disector technique outlined above were <0.1
for cortical thickness and <0.15 for the density of
Betz cells and total neurons.

Statistical analyses

The normality of data was tested using the
Shapiro-Wilk test. Equality of variances was tested
using Brown-Forsythe test. Group differences were
investigated by either Welch’s analysis of variance
or Kruskal-Wallis test for non-Gaussian distribu-
tions, with either Games-Howell or Dunn’s test,
respectively, for pairwise comparisons. Regional
differences to the previously reported ITC (26)
were investigated by either Welch’s T test or Wil-
coxon rank-sum test for non-Gaussian distributions.
The Pearson correlation coefficient (r) and coeffi-
cient of determination (r?), or Spearman rho (p) for
non-Gaussian distributions, were calculated for
univariate correlations to investigate relationships
between AD-type pathology, microglial morpholo-
gies, and APOE €4 status. Stepwise regression
models which included age, sex, brain pH, post-
mortem interval, and fixation period were per-
formed to exclude effects of potential confounders.
A p-value <0.05 was considered statistically signifi-
cant. All statistical analyses were performed using
JMP Pro 14 (SAS Institute Inc). Graphs were pro-
duced using Microsoft Excel.
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Results

The Alzheimer’s disease primary motor cortex
exhibits mild tau and B-amyloid deposition but
no evidence of neurodegeneration

This study involved 23 autopsy cases that had
previously been clinicopathologically characterised
as ‘probable AD’ or controls based on ABC score
and clinical dementia rating (Table 1) (39). AD cases
(n=8) included individuals with an intermediate—
high likelihood of AD dementia following routine
neuropathological diagnostic testing (38) and who
presented with typical AD dementia prior to death.
‘High pathology controls’ (HPC) (n=5) were grouped
as such on the basis of no cognitive impairment but
satisfied a diagnosis of intermediate AD likelihood
on post-mortem examination. Controls (n=10) in-
cluded individuals with a range of ABC scores (AO—
3; B0-2; C0-3), though only satisfying a ‘Not’ or
‘Low’ outcome after diagnostic testing.

There was no cortical atrophy (Fig. 1a) or neu-
ronal loss (Fig. 1b), including the prominent layer
Vb Betz cells (Fig. 1c), in the PMC of AD cases or
HPCs compared with controls. Following a positive
pixel analysis, grey matter AB areal fraction (% AB)
was higher in the PMC of AD cases compared to
controls (p = 0.0005), but not HPCs (p = 0.07). The
density of total AP plaques, fibrillar, and dense-
cored plaques was also significantly higher in AD
cases compared to controls (*®'p = 0.003; *™"p =
0.002; Pe™e "4y = 0.004) but not HPCs (™%p = 0.1;
Fibrilary = 0.06; Pe"e <y = 0.2). Total tau areal frac-
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tion (% TTau) and the density of NFTs was higher in
the PMC of AD cases compared to controls *p =
0.001; ™p = 0.001) and HPCs *™p = 0.007; p =

0.01) (Table 2).

Amongst the AD cases, the PMC had signifi-
cantly reduced % AR (p = 0.006), total AB plaques
(0.001), and fibrillar plaques (p = 0.0002), but not
dense-cored plaques (p = 0.2) compared to the ITC.
The % TTau (p = 0.02) and the density of NFTs (p =
0.02) were also significantly reduced in the PMC
compared to the ITC of AD cases. Amongst controls
the % TTau was significantly reduced in the PMC
compared to the ITC (p = 0.04). There were no oth-
er regional differences in terms of pathological load
in controls, including amongst HPCs (Table 3).

In the ITC, all of the control, HPC, and AD cas-
es had neuritic tau pathology at varied levels. AB
pathology in the ITC occurred in 4/10 controls, and
all HPCs and AD cases. The clustering of activated
microglia in the ITC was apparent in 6/10 controls
(including three with only tau pathology), and all of
the HPCs and AD cases except one (M12) (ITC case
data is shown in Fig. 1d). In the PMC, neuritic tau
pathology was present in 7/10 controls, 4/5 HPCs,
and all AD cases, while AB deposition in the PMC
occurred in 6/10 controls, 4/5 HPCs, and all AD
cases. Microglial clustering in the PMC was ob-
served in 5/10 controls, and all of the HPCs and AD
cases, with the exception of one case (M12) (PMC
case data is shown in Fig. 1e). In controls, the %
TTau correlated with age in the PMC (r* = 0.44, p =
0.04) but not in the ITC, which was near significant
(r*=0.39, p = 0.05).

Table 2. Summary of neuronal and neuropathological data of the primary motor cortex®

Control HPC AD P-value”
Cortical thickness (mm) 2.7+04 3+0.5 3+04 0.3
Total neurons (‘O[I'O/mms‘)c 248+59 35.6+12.1 33.1+8 0.05
Betz cells (/l'r'lma)d 726.8 +372.5 943.7 £148.8 636.8 + 265.7 0.2
% AR 0.1+£0.1 0303 0.7+0.2 0.0009
Total AB plaques (/mm’) 3.1+438 46136 13.7+4.7 0.003
Fibrillar (/mm?) 1.6+2.2 22424 7.7+43 0.001
Dense-cored (/mm?°) 1.5+3.2 22122 6+2.8 0.006
% TTau 0.003 £0.003 0.002 £ 0.003 0906 0.004
NFTs (mm3) 00 00 11.8 £10.2 0.0004
®Mean # standard deviation.
PANOVA results; see text for p-values of pairwise comparisons.
“Inclusive of Betz cells.
dDensity of Betz cells in layer V.
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Figure 1 Characteristics of the PMC and regional neuropathological comparisons. a—c The PMC is spared of AD-related neurodegenera-
tive changes as measured by cortical thickness (a), total neuronal density (b), and the density of layer Vb Betz cells (inset demonstrates
a pyramidal Betz cell with multiple asymmetrically distributed perisomatic neurites, a prominent nucleolus, and a dark dense deposit of
cytoplasmic lipofuscin) (c). d—e A cohort wide comparison of the percentage of AR and TTau immunolabelling and microglial clustering
in the ITC (d) and PMC (e) demonstrates age-related tau build-up in a majority of control brains in both regions and an early build-up of
AB in HPCs (that were scored as A2-3, B2, CO-3 on diagnostic slides) with a concomitant microglial clustering response that is more
prevalent in the PMC compared to the ITC and which appears to dissipate with severe AD pathology in the ITC. Scale bar = 50 um (c)
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Table 3. Regional neuropathological comparisons®.

Patrick Jarmo Paasila et al
page 8 of 18

Tau Control
PMC ITC P-value
% TTau 0.003 £0.003 0.1+0.2 0.04
Tangles (/mm?) 00 09+2.2 0.5
HPC
% TTau 0.002 £ 0.003 0.1+0.1 0.06
Tangles (/mm?) 0+0 0.4+0.5 0.5
AD
% TTau 0.9+£0.6 1.8+0.6 0.02
Tangles (/mm?) 11.8+10.2 | 21.9+19.1 0.02
AB Control
% AB 0.1+0.1 03x04 0.8
Total AP plaques (/mmz) 3.1+438 7.2+13.4 0.9
Fibrillar 16+£2.2 57+£11.3 0.9
Dense-cored 1.5+£3.2 1.5+24 >0.9
HPC
% AR 0303 1.2+0.38 0.2
Total AB plaques (/mm°) 46+36 29+23.3 0.08
Fibrillar 22124 2251219 0.1
Dense-cored 224122 6.514.9 0.2
AD
% AB 0.7+0.2 1.8+0.5 0.006
Total AB plaques (/mmz) 13.7+4.7 40.6 £17.7 0.001
Fibrillar 7.7t43 355+17.8 0.0002
Dense-cored 6+2.8 51+£3.2 0.2

®Mean * standard deviation.

Clusters of activated microglia are more com-
monly found in the PMC than the ITC of HPCs
and AD cases

The density of individual activated (Fig. 2a—e),
ramified (Fig. 2f), dystrophic (Fig. 2g—h), or total
microglia did not differ between any of the three
groups in the PMC (Table 4). Microglial clusters
(Fig. 2i—j), although a small proportion of total mi-
croglia, were significantly more common in HPCs
(Fig. 2k) and AD (Fig. 2l) cases compared to controls
in the PMC ("*“p = 0.01; *°p = 0.04).

Clusters in the PMC were also higher than in
the ITC of HPCs (p = 0.02) and AD cases (p = 0.03)
(Fig. 3a), whilst the density of total (p = 0.04) and

ramified microglia (p = 0.002) were reduced in the
ITC compared to the PMC of AD cases. Immunoflu-
orescent double-labelling for AB and IBAl in the
PMC showed that the clusters of activated micro-
glia, occurred preferentially within the boundaries
of fibrillar AB plaques, with a significant correlation
in a combined analysis of control and AD brains
(Spearman p = 0.54, p = 0.006; Fig. 3a). The per-
centage of AP plaques associated with a cluster of
activated microglia in the PMC ranged from a mean
of 41% in controls and 43% in AD cases to 60% in
HPCs, with one control (M15), two HPCs (M14 and
M18), and one AD case (M13) having a higher den-
sity of microglial clusters than AB plaques.
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Figure 2 Response of microglia to AD pathology. a—e A spectrum of microglial activation can be identified by a series of morphological
changes including an enrichment of IBA1 labelling of the soma and primary processes (a), hypertrophy of the primary processes (b),
retraction of tertiary processes + the formation of morphological features consistent with phagosomes (arrow heads) (c), further retrac-
tion of secondary processes (d), until amoeboid in shape (e). f-h Healthy ramified microglia have a small, spherical soma and thin, even-
ly distributed processes (f), contrasting with dystrophic microglia that have either deramified and tortuous processes (g) or pseudo-
fragmentation of processes when marked with IBA1 (h). i—j Microglia that form a cluster within the boundary of an AB plaque may be
either dystrophic or have reached a phase of early (i) or late/amoeboid (j) activation. k—I Mosaics of IBA1 staining demonstrating the
size and distribution of microglial clusters (arrows), defined as three or more somata occurring within, or touch the boundaries of, a 20
um2 virtual graticule subregion, in the PMC of an HPC (k; M23) and AD case (I; M13). Scale bar in j = 40 pm (a—j); in | = 100 um (k-I)

a * b
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Figure 3 Characteristics of microglial clustering in the PMC. a The density of microglial clusters was significantly greater in the PMC of
HPCs and AD cases compared to controls. b Microglial clusters were more frequently associated with fibrillar neuritic plagques in a com-

bined group analysis; Spearman p = 0.54, p = 0.006. *Significantly reduced compared to PMC of HPCs; ¢Significantly reduced compared
to PMC of AD cases. Tip<0.05.
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Table 4. Quantification of the morphological subtypes of microglia in the primary motor cortex®

Control HPC AD P-value”
Total microglia 177.4+44.9 2248 +67.1 195.1+60.1 0.3
Ramified microglia 77.4+47.3 78.3£43.2 59.1+27.8 0.6
Activated microglia 57 +31.5 96.4 £ 35.9 76.9 +40.9 0.1
Dystrophic microglia 43+27.1 50.1+26.9 59.2 +14.9 0.2
Microglial clusters 0.5+0.5 35+14 8.2+6.7 0.01

2 .
Cells/mm®; mean * standard deviation.

®ANOVA results; see text for p-values of pairwise comparisons of microglial clusters.

A graded extent of neuritic tau pathology and
clustering of microglia occurs within nascent A
plaques, with the persistence of dystrophic neu-
rites and the loss of IBA1-immunoreactivity and
AB-immunoreactivity occurring in established
neuritic plaques

All of the AB plaques examined in the ITC, and
a majority in the PMC, contained DNs. However,
the extent of the accumulated neuritic tau patholo-
gy within each plaque was lower in the PMC (Fig.
4a) than the ITC of the same case (Fig. 4b). Both AB
deposits and globular DNs were seen perivascularly
(Fig. 4c), consistent with previous observations
(39). The density of DNs was greatest in the ITC of
AD cases (Fig. 4c), which also had the highest densi-
ty of remnant plaques characterised by accumula-
tions of DNs associated with weak or absent AB-
immunoreactivity (Fig. 4d). In the ITC a diffuse lat-
tice of elongated NTs occurred throughout the neu-
ropil and independently of AR plaques (Fig. 4e).
DNs appeared radially projecting from AP plaques
(Fig. 4e) and showed either elongated or globular
morphology (Fig. 5a). Hoechst dye marked cell nu-
clei around the periphery of AB plaques and also
partly stained the fibrillar deposits of AB (Fig. 5a).
Hoechst has previously been reported to stain AB
plagues in transgenic mice (40). Immunofluores-
cent double-labelling showed no colocalisation of
AB and TTau (Fig. 5b).

Microglia cell processes exhibiting evidence of
phagocytic activity are interspersed around the
periphery and core of AP plaques

Microglia that occurred in proximity to diffuse,
fibrillar, and cored plaques commonly displayed
structures morphologically consistent with phago-
somes on distal processes with enriched IBA1 im-

munolabelling that closely associated with the AB
element in the periphery and core of plaques (Fig.
6a; Fig. 7a). As previously reported for the ITC, su-
perior frontal gyrus, and primary visual cortex, the
overall density of dystrophic microglia was inverse-
ly correlated with brain pH in the PMC (r* = 0.3, p =
0.01) (26). However, it was also noted that individ-
ual plagues with dense DNs, that were associated
with weak or absent AP staining which were more
abundant in the ITC, were associated with dys-
trophic microglia (Fig. 6b) rather than a cluster of
activated microglia which more commonly oc-
curred where the extent of DNs was not yet fully
developed (Fig. 6¢c—d). Confocal views showed co-
localisation of microglial cell processes with AR in
AD (Fig. 7a—b), but no co-localisation with tau pa-
thology (Fig. 7c—d).

Discussion

AD is a uniquely human disease with a long
prodrome and has proved difficult to model. The
combination of using different regions of post-
mortem brain tissue from individuals with or with-
out dementia and with variable amounts of AD-
type pathology may allow the pathological se-
quence of events to be elucidated. For example,
the level of disease severity could be ordered from
lowest to highest as follows: PMC-controls < ITC-
controls < PMC-HPC < ITC-HPC < PMC-AD < ITC-AD.
In particular, regions such as the ITC in HPCs and
the PMC in AD cases could harbour the pre-
symptomatic targets required to therapeutically
delay or prevent AD. Prior to using this model to
understand the role of microglia in AD, a quantita-
tive neuropathological analysis of the PMC was
carried out to ensure that it met expectations for
being a relatively unaffected region of the AD brain.
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Figure 4 Immunofluorescent double-labelling for AB and TTau. a—c The majority of AB plaques examined here were associated tau-
positive dystrophic neurites, with a clear gradation visible between the PMC (a) and ITC (b) in controls (MO01 pictured in a and b) and AD
cases (ITC of M09 pictured in c). AD cases had the most extensive build-up of DNs in fibrillar and dense-cored plaques, as well as peri-
vascular (capillary) AB deposits (c). d Remnant plaques (arrows) are characterised by absent or weak AB staining and dense accumula-
tions of tau pathology and were much more common in the ITC than the PMC (also seen in b). e Severely affected regions of the AD
brain, such as the ITC, showed a diffuse network of elongated NTs throughout the parenchyma as well radially projecting DNs. Scale bar
=20 um (a—c), 60 um (d), 40 um (e)
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Figure 5 High power image of an AB plaque in AD. a Image panel showing a fibrillar neuritic plaque in an AD case (M03) with globular
and threadlike DNs distributed throughout the plaque, which is also surrounded by a network of NTs (dotted box in merged image
demonstrates ROI shown in b). Hoechst staining labelled cell nuclei around the periphery of the plaque as well as the fibrillar AB com-
ponent inside the plaque. b Colocalisation study showed no coincidence AB and TTau staining in any of the sections examined here
(dotted line represents a 6.5 um length along which pixel intensities have been compared in this exemplar ROI). Scale bar = 20 um (a)

free org


https://doi.org/10.17879/freeneuropathology-2020-2845

Free Neuropathology 1:20 (2020) Patrick Jarmo Paasila et al
doi: https: i . r page 13 of 18

Figure 6 Responses of microglia to AD neuropathology. a The ITC of a control case (M01) demonstrating activated microglia with mor-
phological features consistent with the formation of phagosomes (arrows) responding to peripheral and core elements of an AB plaque.
b In the ITC of AD cases (M17 pictured), dystrophic microglia were more commonly associated with plaques that contained dense accu-
mulations of dystrophic neurites, however the overall density of dystrophic microglia was inversely correlated with brain pH and not
with AD. c—d Conversely, plaques with a lower density of dystrophic neurites were more commonly associated with a cluster of activat-
ed microglia (MO01 pictured) in both the PMC (c) and ITC (d). Scale bar = 20 um (a—d)
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Figure 7 Exemplars from an investigation into the potential internalisation of A and tau pathology by microglia. a Activated microglia in
an AB plaque in the ITC of a control case with morphological features consistent with the formation of phagosomes (arrows) (M01;
dotted box represents region of interest in b). b Coincidence of AB and IBA1 pixel intensities along a 7.8 um length (dotted line) suggests
potential internalisation of AR by microglia. ¢ Activated microglia in close proximity to tau-positive DNs in the ITC of an AD case (M17;
dotted box represents region of interest in d). d There was no evidence of the internalisation of tau pathology by microglia in any of the
sections investigated here; exemplar shows AB and TTau staining intensities over a 7.2 um length (dotted line). Scale bar 20 um (a, c)
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As expected, the PMC of AD cases had a signif-
icantly higher % AB, AB plaque count, % TTau, and
NFT density compared controls. There were no
NFTs observed in the PMC of controls and HPCs,
which also had very similar levels of % TTau (which
correlated with increasing age), but differed in their
level of % AB. HPCs were defined according to
standard neuropathological diagnostic criteria —
having an intermediate ABC score (38). Incidentally,
HPCs and AD cases (intermediate—high ABC scores)
were similar in their AB load but differed in their
tau levels in both regions. In contrast to the prima-
ry visual cortex previously investigated (26), the
PMC in AD did have significantly reduced levels of
AB and overall tau pathology, including NFTs as
well evidenced elsewhere (41-46), compared to the
ITC of the same cases. Overall there was no evi-
dence of neurodegeneration in the PMC of AD cas-
es, unlike the ITC, with cortical thickness, number
of total neurons, and giant layer Vb pyramidal Betz
cells remaining unchanged as expected (47, 48).

Examination of the microglial morphologies in
the PMC using the previously validated modified
disector sampling approach across all cortical lami-
nae vyielded no significant differences between
controls, HPCs, and AD cases. However, group dif-
ferences could be seen locally around AD-type pa-
thology within the cortex with an increase in clus-
tering of activated microglia in the PMC of HPCs
compared to controls, and in the PMC compared to
the ITC of AD cases. Moreover, a higher percentage
of plaques contained clusters of microglia in HPCs
than in AD cases and also a portion of microglia
clusters that were not spatially associated with ApB.
The presence of a strong microglial clustering re-
sponse in the PMC of AD cases and in the HPCs
aligns with PET imaging studies demonstrating ear-
ly activation of microglia in preclinical AD cases
(49). Although the presence of clusters unrelated to
AB pathology may be a non-specific observation, it
is interesting to note that a previous animal study
using a 5xFAD model also reported the presence of
microgliosis prior to the formation of insoluble AB
plaques (50), with another mouse model also indi-
cating microglial activation in relation to synaptic
dysfunction prior to AB deposition (51).

Here it is suggested that clusters of activated
microglia in the PMC represent a neuroprotective

Patrick Jarmo Paasila et al
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response correlating with the deposition of AB. We
have demonstrated clusters of activated microglia
that display phagocytic capabilities in the mildly
affected PMC before the development of extensive
tau pathology. It is conceivable that once the phag-
ocytic potential of microglia is overwhelmed, a
transition to a more neurotoxic proinflammatory
phenotype occurs and that this represents a pivotal
moment preceding tau-related neurofibrillary de-
generation. Studies in mouse models of AR overex-
pression suggest proinflammatory microglia, which
may be induced by the binding of oligomeric and
fibrillar AR species to NLR Family Pyrin Domain
Containing 3, Receptor for Advanced Glycation
Endproducts, Scavenger receptors, and Toll-like
receptors, among others (52-58), are associated
with poorer cognitive and survival outcomes, have
impaired phagocytic capabilities (59), and are ca-
pable of secreting an expansive complement of
neurotoxic compounds including reactive oxygen
species, nitric oxide, peroxynitrite, tumour necrosis
factor a, interleukin 1 3, and prostaglandin-E2 (60).
However AB-independent mechanisms of microglia
activation or exhaustion in human AD cannot be
excluded and require further research considering
the so far limited efficacy of the pharmacological
clearance of AB in clinical trials (61, 62).

Activated microglia tended to be associated
with fibrillar NPs, and higher resolution confocal
photomicrographs showed evidence of AB internal-
isation by microglia in both regions. The latter may
explain the remnant plaques observed here (that
contain weak or absent AB-immunolabelling; in
which higher levels of AP were associated with
activated microglia, but dystrophic microglia where
AB-immunoreactivity was very minimal or absent,
particularly where dystrophic neurites were exten-
sive) and described elsewhere (14) and is potential-
ly relevant to the proposed dynamic equilibrium
between soluble AB oligomers and insoluble fibrils
(63). However, it will be important to confirm the
internalisation of AR by microglia with super reso-
lution techniques such as direct stochastic optical
reconstruction microscopy (dSTORM). In contrast,
microglia did not specifically cluster around any of
the three forms of tau pathology, NFTs, NTs and
DNs, nor did they appear to internalise tau in co-
localisation studies, although processes of microglia
were coincidentally found adjacent to DNs. The
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microglial clustering response dissipated over the
modelled disease course with advanced stages,
represented by the ITC of AD cases, being charac-
terised by reduced IBA1 immunoreactivity, as re-
ported elsewhere (31, 64). This suggests a process
of microglial incapacitation in the context of in-
creased tau load, a concept which is supported by a
growing body of literature (65, 66). From these
results it is hypothesised that the activation of mi-
croglia coincides with cortical AR deposition. Neu-
ritic inclusions of tau in the cortex are evident early
in the disease process, represented here by the
PMC of AD cases, but mainly develop after the
deposition AB and the activation of microglia.

This sequence of pathological changes is os-
tensibly consistent with the amyloid cascade hy-
pothesis for AD pathogenesis (19) given the pres-
ence of elevated AB in the PMC of HPCs, however it
should be stressed that the levels of AB and tau
pathology were present at similar levels in the PMC
of confirmed AD cases. Therefore it could be ar-
gued that insoluble AB and tau deposits begin
forming concurrently in the cerebral cortex of AD
brains. This would be consistent with those arguing
in favour of the pathogenetic importance of tau
deposition (22, 23, 67, 68) and the possibility that it
in fact acts as a causative factor behind AD-related
microglial activation (69). Certainly, animal models
suggest that microglial activation augments tau
pathology and specifically tau phosphorylation (70).
This scenario would then be consistent with our
observation that microglial activation wanes with
increased tau deposition and with the idea that
ageing impairs the housekeeping functions of mi-
croglia (71). Finally, even in the presence of exten-
sive tau pathology, the increased presence of rem-
nant plaques in the ITC suggests that microglia re-
tain the ability to clear AP peptides.

Understanding the functional significance of
these dynamic spatiotemporal changes in microgli-
al activity along the time course of AD pathophysi-
ology will be critical before new treatments target-
ing these cells can be imagined. Given that micro-
glia of different brain regions display different acti-
vation states simultaneously depending on the
graded extent of AD-type pathology present, the
implementation of either anti- or pro-inflammatory
microglia-based therapies would presumably be
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beneficial in one brain region but detrimental in
another. In future work the genetic characterisa-
tion of subjects investigated here may also provide
further insight into how genotype affects individual
susceptibility to differential microglial function,
represented by the highly variable clustering re-
sponse of microglia in HPCs and AD cases in par-
ticular. Overall, findings from the post-mortem
model used here suggest that the clustering of acti-
vated microglia occurs concomitantly with the for-
mation of AP plaques, and that tau-related neuritic
degeneration follows these changes along with a
loss of clustering.
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Chapter 4: Ground state depletion microscopy as a tool for

studying microglia-synapse interactions

41 Preamble

This chapter presents a manuscript published by the Journal of Neuroscience
Research. Chapters 2 demonstrated increased activation of microglia in PreAD and
greater clustering of activated microglia in more mildly affected brain regions.
Chapter 3 demonstrated that the activation of phagocytically active microglia
occurs after the deposition of AP but before the formation of DNs in A plaques.
Here it was of interest to determine if phagocytic microglia internalise synapses in
the context of PreAD and AD. It was hypothesised that microglia display increased
phagocytosis of synapses during the symptomatic end-stage of the disease but not
in PreAD—despite the latter having increased activated microglia. This was based
on past pathological studies showing strong correlations between synaptic density
and severity of symptoms. This was investigated using Ibal/Syp double IF-labelling
and SMLM which allows for the super-resolution of individual fluorescent emitters.
Syp-immunolabelling of pre-synapses was performed as optimisation trials
suggested it was the most amenable of a number of different pre- and post-synaptic
markers for use in archival brain tissue with extended fixation periods.
Additionally, a previous meta-analysis also concluded that pre-synapses are more

affected in AD than post-synapses as described earlier.
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1 | INTRODUCTION

Advances in microscopy research have facilitated the development of
various techniques of super-resolution microscopy which overcome

the diffraction limits of light that constrain confocal and two-photon

Abstract

Ground state depletion followed by individual molecule return microscopy (GSDIM)
has been used in the past to study the nanoscale distribution of protein co-localization
in living cells. We now demonstrate the successful application of GSDIM to archi-
val human brain tissue sections including from Alzheimer's disease cases as well as
experimental tissue samples from mouse and zebrafish larvae. Presynaptic termi-
nals and microglia and their cell processes were visualized at a resolution beyond
diffraction-limited light microscopy, allowing clearer insights into their interactions
in situ. The procedure described here offers time and cost savings compared to elec-
tron microscopy and opens the spectrum of molecular imaging using antibodies and
super-resolution microscopy to the analysis of routine formalin-fixed paraffin sec-
tions of archival human brain. The investigation of microglia-synapse interactions in

dementia will be of special interest in this context.

KEYWORDS

Alzheimer disease, ground state depletion followed by individual molecule return microscopy,
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microscopy (Galbraith & Galbraith, 2011). Single molecule localiza-
tion microscopy (SMLM) techniques perform two basic operations
for image reconstruction: (a) the super-localization of single emitters
within the nanometer range and (b) the active control of emitters to

reduce the concentration of fluorescing molecules at any one time
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thus ensuring minimal overlap across a sequence of imaging frames.
Single-molecule active control microscopy (SMACM) is a term applied
to the various techniques whereby the active control of fluorescent
molecules is achieved for the generation of pointillist images (Folling
et al., 2008; Schermelleh et al., 2010; Thompson et al., 2012).

Ground state depletion followed by individual molecule return
microscopy (GSDIM) represents one such method of active control
and is capable of achieving resolutions down to 20 nm in the lateral
dimension (Bretschneider et al., 2007; Hell, 2007; Moerner, 2012).
This translates into an approximately 10-fold improvement over the
power of resolution of conventional confocal methods. In conven-
tional confocal microscopy, molecules are driven from the ground
state into a singlet excited state followed by a dark triplet state that
lasts on the order of milliseconds, a period which is too short to en-
sure a low enough density of active emitters required for SMACM
(Thompson et al., 2012). In GSDIM, sufficiently high power is applied
to molecules cycling through the standard energy levels in order to
drive them into a longer-lived dark state which lasts on the order
of seconds, thereby reducing the number of molecules returning
to the ground state from which they can be activated once more
(hence “ground state depletion”) and thus satisfying the conditions
required for SMACM. The “blinking” events of single molecules that
cycle through energy levels and stochastically return to their ground
state with the emission of fluorescent light are recorded over time
for image reconstruction (Félling et al., 2008; Watanabe et al., 2014).

SMACM has been successfully used to study the nanoscale dis-
tribution of proteins and their co-localization, revealing molecular
interactions that form part of biological processes in eukaryotic cells
(Lalkens et al., 2012) and bacteria (Coltharp & Xiao, 2012). However,
to date few studies have been performed on multicellular biological
samples (Dani et al., 2010; Sigrist & Sabatini, 2012; Vaziri et al., 2008).
In this study we present the results of the successful application of
GSDIM to tissue from different species: frozen and formalin-fixed
paraffin-embedded sections (mouse; human), as well as whole mounts
of zebrafish larvae. Our focus is on human brain tissue and specifically
the interaction of microglia and synapses in dementia.

Microglia originate from the yolk sac during early embryonic devel-
opment (Ginhoux et al., 2013), although a small portion, derived from
bone marrow precursors, enter the central nervous system (CNS) post-
natally (Chen et al., 2010). Microglia in their normal state exhibit a ram-
ified morphology with a territorial coverage of 30%-40% on average in
the human cortical parenchyma (Paasila et al., 2019). Microglia are not
part of the glial syncytium—they lack gap junctions and thus electrophys-
iological coupling between individual cells (Eugenin et al., 2001; Wasseff
& Scherer, 2014). Microglia are the resident tissue macrophages of the
CNS and act as sensors of pathology (Kreutzberg, 1996). However, this
is not their most important function because they do not display a mac-
rophage phenotype in healthy normal brain (diseases are exceptional
states and not the norm). Maintenance of synaptic integrity appears to
be their normal function (Graeber, 2010). Microglia are dynamic cells
whose processes are continuously in motion, monitoring their local mi-
croenvironment (Nimmerjahn et al., 2005), and intermittently contact

neighboring synapses (Nimmerjahn et al., 2005; Schafer et al., 2013;

Significance

We present the use of super-resolution microscopy to de-
tect the internalization of presynaptic material by microglia
in the brain of different species in situ. Here we demonstrate
that the methodology can be applied to routine formalin-
fixed paraffin-embedded archival sections of human brain
allowing for the study of synapses at high resolution with-
out the need for electron microscopy. Brain tissue from
Alzheimer's disease cases and non-demented controls with
or without Alzheimer's disease-type pathology are employed
to demonstrate this powerful approach. The best studied
model of post-traumatic synaptic plasticity, the rodent fa-
cial nucleus paradigm, is used for comparison and processes
of mouse microglia surrounding axotomized motor neurons
are shown to contain focal synaptophysin immunoreactiv-
ity. In addition, we illustrate that whole mounts of zebrafish
larvae are amenable to the application of this technique.
Importantly, we also show enhanced co-localization at a res-
olution of 20 nm/pixel demonstrating increased intracellular
uptake of presynaptic material into microglia cell processes

in Alzheimer's disease.

Wake et al., 2009). They respond rapidly to changes in their local en-
vironment and may also migrate to sites of tissue injury where they are
capable of clearing cellular debris. Thus, microglia have a key role in CNS
tissue maintenance and repair as well as in defense mechanisms and no-
tably in inflammatory responses. Importantly, however, microglial activa-
tion is not synonymous with neuroinflammation (Svahn et al., 2014). The
latter term is highly ambiguous (Graeber, 2014) and thus best avoided, a
view also supported by the finding that microglial activation is indepen-
dent of TSPO, the 18-kDa translocator protein situated on the outer mi-
tochondrial membrane (Banati et al., 2014). In contrast, the normal role
of microglia in the development of synaptic connections (synaptic prun-
ing) (Paolicelli et al., 2011) and in the maintenance of synaptic integrity,
their apparent normal function (Graeber, 2010) is increasingly appreci-
ated (Ji et al., 2013; Lim et al., 2013; Miyamoto et al., 2013; Parkhurst
et al., 2013; Tremblay et al., 2010; Wu et al., 2015; Zhan et al., 2014).
Here we have used GSDIM to visualize interactions between microglia

and synapses in physiological and pathological conditions.

2 | METHODS

2.1 | Sample preparation
2.1.1 | Human tissue sections
Immunofluorescence staining

Following ethics approval from University of Sydney Human
Research Ethics Committee (HREC #2019/531), seven micrometer
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thick formalin-fixed paraffin-embedded sections of the superior
frontal gyrus from four Alzheimer's disease cases (AD), four non-AD
control brains, and three non-demented controls with Alzheimer's
changes (CAc) that satisfied a Braak stage Ill or IV were obtained
from the NSW Brain Tissue Resource Centre and mounted on glass
coverslips (Table 1). One additional non-AD case where the tissue
block was exposed to just 24 hr (hrs) fixation (non-AD PC 1) was
supplied and is included here as a positive control for comparison
to other archival sections examined here with variable fixation peri-
ods (Table 1). Blind ID numbers which were written on 6-well plates
for free-floating sections were assigned to each section by the ex-
perimenter who remained blind to cases and controls until after
completing image analysis. Preparation of human brain tissue was
performed as previously published (Sutherland et al., 2016). Sections
were dewaxed in three, 5-min washes in xylene, and rehydrated by
washing for 5 minin 100%, 95%, 70%, and 50% ethanol. Sections un-
derwent heat-induced epitope retrieval in 10 mM Tris/1 mM EDTA
(pH 8.5) at 110°C for 30 min in a decloaking chamber (DC2002,
BioCare medical, Concord, United States). Aldehyde-related fluo-
rescence was quenched by washing sections twice for 5 min on
ice in freshly prepared, effervescent 0.1% sodium borohydride di-
luted in 0.01 M (1x) PBS. Sections were subsequently washed five
times for 5 min in 1x PBS containing 0.3% tween-20 (PBST; pH 7.4).
Blocking was performed in 10% NGS (Cat# 16210-072, Thermo
Fisher Scientific, Waltham, Massachusetts, United States) diluted
in 1x PBST followed by primary antibody incubation (anti-ionized
calcium-binding adaptor molecule 1 (lbal), 1:1,000, Cat# 019-
19471, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan,
RRID:AB_839504; anti-synaptophysin (Syp), 1:200, Cat# MO0776,

TABLE 1 Basic clinical data of human cases used in this study

hJ_3

Dako, Denmark, RRID:AB_2199013), and secondary antibody incu-
bation (1:500; Alexa Fluor (AF) 532 goat anti-rabbit, Cat# A32728,
RRID:AB_2534076; Alexa Fluor 647 goat anti-mouse, Cat# A11009,
RRID:AB_2633277; ThermoFisher Scientific), both in 1% NGS at

4°C overnight with gentle agitation. Sections were then washed five
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times for 5 min in 1x PBS. Previously, sections for GSDIM (imaged
according to old gold-standard acquisition settings) were stained as
described here but incubated in AF 647 (1:200, donkey anti-rabbit,
Cat# A-31573, ThermoFisher Scientific, RRID:AB_2536183) and AF
568 (1:200; goat anti-mouse, Cat# A11004, ThermoFisher Scientific,
RRID:AB_2534072) and quenched using 0.1% Sudan Black B (BDH
Laboratory Chemical Group, United Kingdom) in 70% ethanol for
4 min, then stored in 1x PBS at 4°C until imaging. Further meth-
odological information can be found in the Supporting Information
Methods. Table 2 lists all antibodies used here.

2.1.2 | Brain tissue from mice

Mice were held in a secure licensed facility at the Australian Nuclear
Science and Technology Organisation (ANSTO, Kirrawee DC NSW
2232, Australia; Licensing body, NSW Department of Primary
Industries) in accordance with regulations set out by the Animal Care
and Ethics Committee (ACEC). Mice were housed in a temperature-
controlled room which was maintained under a 12-hr light/dark
cycle. The housing density of mice was 1-5 per cage, depending on
behavior. Food and water were made available to the mice ad libi-
tum as well as appropriate bedding and environmental enrichment

(Supplier, Gordon's Specialty Stockfeed).

Post-mortem Fixation time Brain
Case Age Sex Cause of death ABC score® Interval (hrs) (wks) pH
AD 1 83 F Uremia A3 B3 C2 3 265 59
AD 2 77 M Aspiration pneumonia A3 B3 C2 26 52 6.3
AD 3 85 F Cardiorespiratory failure A3 B3C3 10 60 5.9
AD 4° 78 F Cardiac failure A‘B3C? 6 3 6.6
Non-AD Control 59 M Pulmonary emboli AO BO CO 29 17 6.6
1c
Non-AD Control 2 69 M Atherosclerotic cardiac disease A3 B1C3 16 421 6.6
Non-AD Control 3 78 F Pulmonary fibrosis A0 BO CO 11 339 6.3
Non-AD Control 4 74 F Breast and liver cancer with A3 B1C3 20 83 6.6
bone metastases
CAc1 85 M Colorectal cancer and severe A2B2C3 9 265 6.6
cachexia
CAc 2 87 F Metastatic breast cancer A2 B2 CO 5 148 6.4
CAc 3 102 F Acute renal failure A2B2C2 5 152 5.9
Non-AD PC 1 94 F Cardiorespiratory arrest g 43 24 (hr) d

2According to the National Institute on Aging-Alzheimer's Association guidelines (Hyman et al., 2012; Montine et al., 2012).

PExcluded from the Ibal/Syp co-localization study due to missing data and tissue availability.

‘Excluded from the Ibal/Syp co-localization study due to tissue availability.

dData unavailable.
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TABLE 2 List of antibodies

Name Immunogen

Anti-lonized calcium binding  Synthetic peptide corresponding to the C-terminus of Ibal
adaptor molecule 1 (Ibal)

Anti-Synaptophysin (Syp) A recombinant protein fragment corresponding to the C-
terminal cytoplasmic domain of human Syp

Anti-Syp Synaptophysin presynaptic vesicles

Anti-Cluster of T cell enriched splenocytes from B10 mice
differentiation 11b (Cd11b)

Alexa Fluor 532 Structure: Whole antibody; gamma immunoglobins Heavy
and Light chains

Alexa Fluor 647 Structure: Whole antibody; gamma immunoglobins Heavy
and Light chains

Origin

Manufacturer: Wako
Catalogue: 019-19471
RRID:AB_839504

Host species: Rabbit
Target: Human Ibal
Type: Primary, polyclonal

Manufacturer: Dako (now
Agilent)

Catalogue: M0776
RRID:AB_2199013
Host species: Mouse
Target: Human Syp

Type: Primary, monoclonal
(SY38)

Manufacturer: AbD Serotec (now
Bio-Rad)

Catalogue: 8479-0004
RRID:AB_2286948
Host species: Rabbit
Target: Mouse Syp

Type: Primary, monoclonal
(SY38)

Manufacturer: AbD Serotec (now
Bio-Rad)

Catalogue: MCA74GA
RRID:AB_324660

Host species: Rat

Target: Mouse Cd11b

Type: Primary, monoclonal (5C6)

Manufacturer: ThermoFisher
Scientific

Catalogue: A-11009
RRID:AB_2534076

Host species: Goat

Target: Anti-rabbit IgG
Type: Secondary, polyclonal

Manufacturer: ThermoFisher
Scientific

Catalogue: A32728
RRID:AB_2633277

Host species: Goat

Target: Anti-mouse IgG
Type: Secondary, polyclonal

Concentration

1:1,000

1:200

1:100

1:100

1:500

1:500

(Continues)
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TABLE 2 (Continued)

Name Immunogen

Alexa Fluor 568
and Light chains

Alexa Fluor 633
and Light chains

Alexa Fluor 647
and Light chains

Alexa Fluor 568
and Light chains

Facial nerve axotomy was carried out in accordance with a sur-
gical protocol approved by the University of Sydney Animal Ethics
Committee (AEC 2013/5856). In brief, mice were anaesthetized
using isoflurane and the right facial nerve transected at its exit from
the stylomastoid foramen (for review see [Moran & Graeber, 2004]).
After different survival times (Sajjan et al., 2014), the brain stem
was removed, embedded in Tissue-Tek® O.C.T compound (Cat#
IA018, ProSciTech, Kirwan, Queensland, Australia) and stored at
-70°C until further processing. Sixteen micrometer thick coronal
sections were cut on a Leica cryostat and collected on coverslips
(ProSciTech). Coverslips were immersed in 3.7% methanol-stabilized
formaldehyde in 1 x PBS followed by 2-min long incubations in cold
acetone (50%, 100%, and 50%). For the reproduction experiment
(Graeber et al., 1988) shown in Figure 1, a 1-year-old male mouse was
sacrificed 3 days after the operation (Banati et al., 2014). Sections
were incubated in a mixture of anti-CD11b (1:100, Cat# MCA74GA,
AbD Serotec, Oxford, United Kingdom, RRID:AB_324660) and

Structure: Whole antibody; gamma immunoglobins Heavy

Structure: Whole antibody; gamma immunoglobins Heavy

Structure: Whole antibody; gamma immunoglobins Heavy

Structure: Whole antibody; gamma immunoglobins Heavy

hJ_s
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Origin Concentration

Manufacturer: Molecular Probes, 1:200

Invitrogen; now ThermoFisher
Scientific
Catalogue: A-11077
RRID:AB_141874
Host species: Goat
Target: Anti-rat IgG
Type: Secondary, polyclonal

Manufacturer: Molecular Probes, 1:200

Invitrogen; now ThermoFisher
Scientific
Catalogue: A-21070
RRID:AB_2535731
Host species: Goat
Target: Anti-rabbit IgG
Type: Secondary, polyclonal

Manufacturer: Molecular Probes, 1:200

Invitrogen; now ThermoFisher
Scientific
Catalogue: A-31573
RRID:AB_2536183
Host species: Donkey
Target: Anti-rabbit IgG
Type: Secondary, polyclonal

Manufacturer: ThermoFisher 1:200

Scientific
Catalogue: A-11004
RRID:AB_2534072
Host species: Goat
Target: Anti-mouse I1gG
Type: Secondary, polyclonal

anti-Syp antibodies (1:100, Cat# 8479-0004, AbD Serotec,
RRID:AB_2286948) for 2 hr in a humidified chamber at room tem-
perature. Sections were then rinsed twice in 1x PBS and a second-
ary antibody mixture (AF 568, Cat# A-11077, RRID:AB_141874; AF
633, Cat# A-11031, RRID:AB_2535731; Molecular Probes, Oregon,
United States) was applied for 1 hr at room temperature. Finally, sec-
tions were rinsed twice in 1x PBS and stored at 4°C until imaged.

2.1.3 | Whole mounts of zebrafish larvae

Zebrafish larvae were maintained under optimal conditions
(Westerfield, 2000) and in accordance with experimental protocols
approved by the University of Sydney Animal Ethics Committee
(AEC 2013/5591). Adult fish were housed in 4 L tanks maintained
at 28.5°C on a 14/10 hr light/dark cycle with twice daily feeding

of artemia and protein pellets. Larvae were obtained from natural
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FIGURE 1

(a-c) Widefield epifluorescence images of (a) Syp-immunostaining of presynaptic boutons, (b) Ibal-immunostaining of a

microglia profile, and (c) the composite image (case AD 1). Widefield images are shown as maximum intensity projections of 35 z-slices
with a depth of 6.65 um; insets outline the fields of view corresponding to GSDIM reconstructions in the following row (d-f). (d-f)
GSDIM reconstruction demonstrating the ability of the technique to display very high resolution images of (d) Syp-immunostaining, (e)
Ibal-immunostaining, and (f) the composite image. The numbered spots in (f) highlight overlapping signal (white), that is, Syp-positive
presynaptic material inside Ibal-positive microglial cell processes. Scale bar in ¢ = 10 um (a-c), in f = 5 um (d-f)

crossing and eggs were maintained at 28.5°C in E3 medium on a
14/10 hr light/dark cycle. 0.005% 1-Phenyl-2-thiourea (PTU) was
added to the E3 medium at 24 hr post-fertilization (pf) to prevent
pigmentation. From 5 days pf larvae were fed with paramecia from
a culture raised in the facility. Zebrafish sex is indeterminate at em-
bryonic and early larval stages and therefore was not considered as
a biological variable here.

For confocal studies, transgenic zebrafish lines expressing
mpegl:mCherry-CAAX were crossed with HCRT:Syp-eGFP result-
ing in larvae expressing both mpegl:mCherry-CAAX and HCRT:Syp-
eGFP. Larvae expressing both mCherry and eGFP were selected
at 3 days pf. For GSDIM studies, transgenic zebrafish expressing

mpegl:eGFP were used 6 days pf. Larvae were euthanized and fixed

with 4% paraformaldehyde (pH 7.2) in 1x PBS at room temperature
for 2.5 hr and rinsed/stored in 1x PBS at 4°C until use. A total of
six larvae were included for GSDIM. Of these, photoswitching was

successfully replicated in three.

2.2 | Imaging

2.2.1 | Confocal microscopy

Whole zebrafish larvae were embedded in 1% low melting point aga-

rose. Confocal imaging was performed on a Zeiss LSM 710 confocal
microscope using a W Plan-Apochromatic 20x/1.0 NA DIC objective
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with 1 airy unit (AU). mCherry was excited with a 568 nm laser line
and emission captured on a spectral detector from 570 to 700 nm.

2.2.2 | Ground state depletion followed by
individual molecule return microscopy

Mouse and human sections collected onto coverslips were immu-
nolabeled as described above and stored in 1x PBS until imaging.
Prior to imaging, sections were first mounted onto “ultracleaned”
glass coverslips (Cat# 0107032; 1.5H 18 mm x 18 mm high preci-
sion, £5 pm tolerance; Marienfeld Superior, Lauda-Kénigshofen,
Germany; refer to the Supporting Information Methods for cov-
erslip preparation for GSDIM), and allowed to dry for 10 min be-
fore being mounted on depression slides (Cat# 1-6293, neolab,
Heidelberg, Germany) in 100 mM B-mercaptoethylamine (MEA;
Sigma, Cat# 30070-10G; dissolved in 36 mM HCI, pH adjusted
8.5; aliquoted and stored at -80°C until imaging), and sealed with
silicon glue, Twinsil® (Cat# 13001000, Picodent, Wipperfirth,
Germany) or with Bondic® (preferred method; Bondic, Niagara
Falls, New York, United States). GSDIM imaging was performed
on a Leica SR 3D Ground State Depletion microscope with a
Leica HCX PL APO 160x/1.43 NA CORR GSD obijective (Leica
Microsystems, Wetzlar, Germany). Drift and chromatic aberration
are regularly checked on the GSDIM system used here (Sydney
Microscopy and Microanalysis, The University of Sydney), and
were also checked before and after experiments using 100 nm
TetraSpeck™ microspheres (Cat# T7279, ThermoFisher Scientific)
imaged using the 488, 532, and 642 nm laser lines. An additional
test for drift was also performed using 40 nm FIuoSpheresTM
(Cat# F8789, ThermoFisher Scientific) and the 642 nm laser line
(Supporting Information Methods).

Human brain

Image acquisition parameters were further optimized for imaging
human AD archival tissue. For optimal results, the GSDIM system
was turned on at least 1 hr before imaging. At least three regions
of interest per case, selected at random within the cortical gray
matter, were acquired using widefield epifluorescence and GSDIM.
Widefield z-stacks (up to 7 pm z-depth) were acquired using the
160 x GSD objective described above and visualized as maximum
intensity projections (z-step = 0.19 pm). For GSDIM, an exposure
of 11.7 ms, EM gain of 200, and low laser power (2%, 532 nm chan-
nel; 4%, 647 nm channel) as for typical super-resolution imaging
was used. No pumping or back-pumping was required. Images were
acquired over 1 to 3 min, depending on the photo-switching char-
acteristics observed during imaging; with the first 10-30 s being
omitted in post-processing using LAS X to eliminate background au-
tofluorescence. A detection threshold of 30 photons/pixel was used
for visualization of all GSDIM reconstructions. 3D GSDIM images
(0.77 pm z-depth) were also acquired using a cylindrical astigma-
tism lens and following calibration of the Leica GSD system using

80 nm gold beads using the LAS X software wizard. The Z-position

hJ_7

of single emitters was determined by taking advantage of the mor-
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phology of their astigmatic point spread function by comparing to
known morphologies obtained using the gold beads. Internalization
of Syp-positive presynaptic material by Ibal-immunolabeled mi-
croglia was confirmed by visualizing image reconstructions with
orthogonal views for the XZ and YZ dimensions. Negative-primary
antibody sections were prepared and viewed concomitantly. Refer
to the Supporting Information Methods for further methodological

information.

Co-localization study

Here a study was undertaken to investigate the co-localization of
Syp- and Ibal-immunolabeling. Eight regions of interest sampled at
random between cortical layers Ill and V from the available three
AD cases (AD 1-3 in Table 1), three CAc (CAc 1-3), and three con-
trols (Non-AD Controls 2-4) were acquired from each individual.
GSDIM reconstructions were exported as.tif files with a dynamic
range set to 0-10 gray values. The 532 and 647 nm channels were
then separated and converted to a binary image. Corresponding
color channels were then multiplied and filtered to remove “salt
and pepper” noise using the “despeckle” algorithm in Fiji in order
to find all co-localized positive pixels. Results were displayed as
the average percentage of co-localized positive pixels of eight 18
pmz regions of interest per case. Image analysis was performed
blinded using batch-processing in Fiji (National Institutes of
Health, Bethesda, Maryland, United States, RRID:SCR_002285).
LAS X was used to export all event lists (in.ascii format) to de-
termine the full width at half maximum (FWHM) of structures of
interest, photon counts, localization precision, and for co-cluster

analysis.

Mouse and zebrafish

The focus drive on the Leica GSD system is limited to 200 pm.
Therefore, in order to prepare whole mounts of zebrafish larvae
for GSDIM imaging, a thin layer of head tissue was sliced off with
a razor blade under a dissection microscope as the region of inter-
est was slightly deeper than the focus depth of the objective; this
also facilitated the diffusion of the MEA buffer into the tissue.
The fish larva was then embedded in a drop of 1% low melting
point agarose on a depression slide. Once the agarose had set,
100 mM MEA, pH 7.4 was added followed by cover slipping and
sealing the sample with Twinsil®. eGFP was excited using a488 nm
laser (excitation bandpass filter 488/10, dichroic longpass mirror
496, and emission bandpass filter 555/100). AF 532 was excited
using a 532 laser (excitation bandpass filter 532/10, dichroic long-
pass mirror 541, and emission bandpass filter 600/100). AF Fluor
647 was excited using a 642 nm laser (excitation bandpass filter
642/10, dichroic longpass mirror 649, and emission bandpass fil-
ter 710/100). For GSDIM acquisition, the respective area of inter-
est was “pumped” in epifluorescence mode until molecules began
blinking. Acquisition of photons representing molecules returning
from the long-lived dark state was carried out in epifluorescence

mode and reconstruction of the final GSDIM image was completed
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using the Leica Application Suite X (LAS X; Leica Microsystems,
RRID:SCR_013673).

2.3 | Statistics

For the aforementioned co-localization study, three AD cases,
three CAc, and three controls were included as per tissue avail-
ability. Blinding was established by assigning each individual
with a random alphanumeric identifier. Blinding was maintained
until after statistical analyses had been completed. For the co-
localization study, the data were expressed as the mean percent-
age (of eight regions of interest) of co-localized pixels per standard
18 um? (900 pixels?) field of view per individual. Quantile-quantile
(Q-Q) plots of each group were visualized and the normality
was tested using the Shapiro-Wilk test. Equality of variances
was tested using the Brown-Forsythe test. Group differences
were tested by Welch's analysis of variance (ANOVA) (W) with
Dunnett's T3 test for multiple comparisons. The mean and stand-
ard deviation (SD) were determined for each group and a post
hoc power analysis to determine effect size (f) was performed
using G*Power (F test, post hoc ANOVA: fixed effects, omnibus,
one-way; RRID:SCR_013726). Groups were controlled for age,
sex (which was not disaggregated due to the small group sizes),
fixation time, post-mortem index, and brain pH. Spearman p was
calculated to identify potential correlations between the per-
centage of co-localized Ibal/Syp pixels and the aforementioned
factors. A p value < 0.05 was considered statistically significant.
Statistical analyses and scatterplots were performed in GraphPad
Prism (GraphPad Software; San Diego, California, United States,
RRID:SCR_002798). Event lists (exported from LAS X as.ascii files)
were handled using MATLAB (MathWorks, Natick, Massachusetts,
United States, RRID:SCR_001622), which was also used to pro-
duce the line graphs of photon counts. Table 3 lists all software

tools used here.

3 | RESULTS

3.1 | GSDIM as a tool to study the localization of
synapses in archival sections of human cerebral cortex

Widefield epifluorescence images (Figure la-c) are presented
alongside their respective super-resolved pointillist reconstructions

TABLE 3 List of software tools

Software RRID

MATLAB RRID: SCR_001622
Fiji RRID: SCR_002285
RRID: SCR_013726
RRID: SCR_002798
RRID: SCR_013673

G*Power
GraphPad Prism
Leica Application Suite X

(Figure 1d-f), demonstrating the suitability of GSDIM as a tool for
studying synapses at high resolution. FWHM of a representative
structure of interest in widefield and GSDIM micrographs dem-
onstrates the ability of the GSDIM system used here to achieve
super-resolved images (Figure 2a-c). GSDIM reconstructions had
a horizontal resolution of 20 nm/pixel and an axial resolution of
50 nm/pixel. Internalization of Syp-immunoreactive presynaptic
material by Ibal-positive microglia was demonstrated in AD cortical
samples using 3D GSDIM (Figure 3) (Supporting Information Movie
1 and 2 show the 3D GSDIM projection and the corresponding wide-
field fluorescence image, respectively, of this region of interest).
Images showing spurious co-localization in widefield and more cer-
tain co-localization in a GSDIM reconstruction of cortical tissue from
a control case have also been provided for comparison (Figure 4).
Additional images, including a positive-control section from tissue
fixed for 24 hr (sample, Non-AD PC 1, Table 1) and TetraSpeckTM
microsphere controls are provided in the Supporting Information
(Figures S1-S4).

3.2 | Study of Ibal/Syp co-localization

Previously we have shown morphological changes in cortical micro-
glia in AD and CAc post-mortem brain tissue (Paasila et al., 2019,
2020). Here it was of interest to investigate the potential of microglia
to internalize pre-synaptic material in AD and CAc cases. AD cases
(n = 3, mean percentage of co-localized pixels = 0.04% + 0.006 SD)
showed a higher level of Ibal/Syp signal co-localization compared
to CAc (n = 3, mean = 0.006 + 0.0008 SD, p = 0.02) and controls
(h = 3, mean = 0.006 + 0.005, p = 0.006; Welch's ANOVA: n = 9,
W (2.0, 2.8) = 36.1, p = 0.01; effect size (f) = 0.8) (Figure 5). Groups
did not differ by the percentage of area stained for Ibal (n = 9, W
(2.0,2.8)=8.2,p=0.1) or Syp (h =9, W (2.0, 3.4) = 4.5, p = 0.1).
Plots of the number of localizations and photons for both the 532
and 647 nm channels in AD cases, CAc, controls, and background
fluorescence can be found in Figure 6éa,b. The summary statistics
are also presented in Table 4. The frame correlation rate during
image acquisition was between 0.25 and 0.5. Exclusion of the first
10-30 s of imaging for GSDIM reconstructions significantly reduced
the level of background fluorescence. To further test the quality of
reconstructions, a filtration step to exclude all localizations in 10 or
more and 2 or more consecutive frames was applied. This resulted in
aloss of ~11.1% and ~17.6% of localizations compared to the original
reconstruction (which was generated without filtration of localiza-
tions occurring in consecutive frames), respectively. Importantly, the
overall effect this had on the test reconstructions was minimal com-
pared to the original reconstruction (Figure 7a-e).

The impact of blood vessel in co-localization analyses was neg-
ligible as they were not present in the 647 nm channel reconstruc-
tions (Figure S5; see also Figure 7 and Figure S4). Autofluorescence
due to lipofuscin deposits displayed variable photoswitching char-
acteristics depending on its signal intensity, with only low intensity

deposits impacting reconstructions of both channels. Therefore, all


info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_013673
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_013726
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_002798
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_001622
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: S
info:x-wiley/rrid/CR_001622
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: S
info:x-wiley/rrid/CR_002285
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: S
info:x-wiley/rrid/CR_013726
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: S
info:x-wiley/rrid/CR_002798
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: S
info:x-wiley/rrid/CR_013673

PAASILAET AL.

JOURNAL OF

Neuroscience Researc

hﬁ
(a) (c) i

1.007 FWHM = 943 nm
0.75-
0.50-
2  0.25-
8
£
®  0.00-
N
. i i
g 1.00 FWHMWz 20 nm
z° FWHMf“ =61 nm
0.75 v FWHM"Y = 20 nm
0.50-
0.25- N
IIN
0.00 — T T T T T T T
O & & & & & & & & &
PR S S E S

nm

FIGURE 2 (a-b) Arepresentative Ibal-positive (magenta) microglial cell with a typical perpendicularly branching cell process imaged

in (a) widefield and (b) GSDIM mode, respectively. (c) Normalized pixel intensity values are plotted against the diameter of the cell process
measured in nanometers as marked by the corresponding green line of interest in (a) and (b), respectively. Full width at half maximum
(FWHM) of the single peak in the upper chart (marked “i”) corresponds to ~943 nm for the widefield image. FWHM of the first (“ii"), second

Wreen

iii”), and third (“iv") peak corresponding to the GSDIM reconstruction in (b) is ~20, 61, and 20 nm, respectively. Scale bar = 2.5 pm (a,b)

regions of interest imaged here were selected to exclude the pres- insets). The frequency of this observation was in keeping with pub-

ence of lipofuscin. Sudan Black B staining to block lipofuscin auto- lished EM results indicating that uptake of presynaptic material by
fluorescence was not included here as it was found to significantly microglial cells during synaptic stripping is not a readily discernible
impair photoswitching of fluorophores which resulted in non-cycling phenomenon.
noise during imaging and greater “smearing” in GSDIM reconstruc-
tions (Figure Sé6).
3.4 | Whole mounts of zebrafish larvae are
amenable to GSDIM

3.3 | Post-traumatic synaptic stripping in the rodent

facial nucleus at super-resolution

GSDIM is less time consuming than conventional transmission
electron microscopy (EM). Here GSDIM was employed to examine
the mouse facial nucleus 3 days following axotomy to determine
whether the technique is suitable for visualizing the involvement of
microglial cells in synaptic stripping (Blinzinger & Kreutzberg, 1968).
GSDIM revealed occasional microglia containing presynaptic mate-

rial predominantly within their perineuronal cell processes (Figure 8,

We further tested whether it was possible to perform GSDIM
on whole mounts of transgenic zebrafish larvae. A zebrafish
larva expressing mpegl:eGFP in microglia was subjected to high
laser power to induce the long-lived triple dark state and emitter
blinking in MEA buffer. We observed that longer pumping times
at lower laser intensity were more effective; it took on average
20 min for eGFP to start blinking. Figure 9a represents a GSDIM
image reconstruction of a tectal microglia cell. The inset seen in

Figure 9a shows an mpegl-expressing microglial cell at confocal
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FIGURE 3 A 3D GSDIM reconstruction of part of a microglial cell from case AD 2 with a z-depth of 0.77 pm shown as a maximum
intensity projection, with orthogonal views of the XZ and YZ dimensions on the bottom and left of the image, respectively. The
orthogonal views have been magnified by 1.99x and cropped for better visualization (each view represents a space that is 0.77 um in
the Z-direction x 5.17 um in the X- and Y-direction, respectively). Scale bar = 2.5 um (XY image only)

FIGURE 4 A widefield (left) and corresponding GSDIM reconstruction (right) demonstrating Ibal- (magenta) and Syp- (green)
immunoreactivity in the dorsolateral prefrontal cortex of control human brain tissue (Non-AD Control 2). The areas marked by the asterisk
(*) and within the white box in the widefield image indicate instances of potential co-localization of signals (white, merge color). The GSDIM
reconstruction of the corresponding area (white box, right) better able resolves the Ibal- and Syp-positive signals, illustrating the need for
GSDIM resolution. The area marked by the asterisk (*) in the GSDIM reconstruction represents an instance of true signal overlap (Syp inside
a microglial process; white, merge color). Examples of overlap regions (white) in the GSDIM reconstruction are indicative of Ibal and Syp
molecules that are closer than 20 nm. Scale bar = 2.5 um
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resolution for comparison. Figure 9b-e illustrates selected areas
at higher magnification of images captured with GSDIM compared
to widefield fluorescence.

4 | DISCUSSION

The technical ability to visualize the spatial relationships of multiple

proteins in tissues at super-resolution represents a major capability
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region of interest in AD compared to CAc and controls. *p < 0.05;
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in the field of microscopy. Applications for studying biological struc-
ture with super-resolution microscopy have grown considerably in
the last few years (Birk, 2019; Fang et al., 2018; Garcia et al., 2017;
Mockl et al., 2014; Schermelleh et al., 2019; Sieben et al., 2018;
Sreedharan et al., 2017; Stracy & Kapanidis, 2017; Xu & Liu, 2019)
and new advances in the field are predicted to improve our under-
standing as the potential of the technology is further realized. In the
past, studies of microglia in brain tissue were typically conducted
using immunocytochemistry in combination with brightfield, epif-
luorescence widefield, or confocal microscopy (Sarmiento, 2013).
However, if more detailed information on cell-cell interactions was
required, such as the precise spatial relationships between microglial
processes and synaptic boutons, then tissue samples had to be pro-
cessed for EM. With the invention of super-resolution microscopy,
the diffraction limit imposed by conventional light microscopy no
longer applies and biological structures can be viewed at a resolu-
tion closer to that offered by EM with essentially the same effort
that is required for conventional confocal microscopy. Here we have
demonstrated the use of GSDIM to show increased co-localization
of Ibal-positive microglia and Syp-positive presynaptic material in
AD compared to CAc and normal controls.

4.1 | Super-resolution imaging of formalin-fixed
paraffin-embedded sections of human cerebral cortex

EM is the traditional method for obtaining ultrastructural information
on brain tissue, but samples have to be perfusion-fixed ideally and
dissected into small pieces measuring only 1-2 mm?®. As a result, im-
ages may not be representative due to their small size, necessitating
additional experiments. Post-fixation, embedding into plastic, ultrathin
sectioning, and contrasting are all labor intensive, costly, and time con-
suming. Furthermore, while mouse and zebrafish tissue can be easily

procured and processed for EM, fresh human tissue samples are much
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summary statistics
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FIGURE 7 A testof the quality of GSDIM reconstructions from unfiltered data was performed in order to determine the impact of
localizations that occurred through consecutive imaging frames. (a) “Blinking” events over several thousand frames in unfiltered data

(black) and filtered data excluding localizations that occurred in 10 or more (green) and 2 or more (magenta) consecutive frames (the
colored markers on the y axis show the shift in the average number of localizations in the first 2 x 10° frames for each filter group). (b)

The total number of localizations in the unfiltered data set was 55,006 (black), 48,913 after removing localizations occurring in 10 or more
consecutive frames (green), and 45,347 after removing localizations in 2 or more consecutive frames (magenta). c-e GSDIM reconstructions
of the respective event lists for (c) unfiltered data (white), and thresholds at (d) 10 (green) and (e) 2 (magenta) consecutive frames were not
substantially different (arrow heads indicate Ibal-positive staining in a likely blood vessel—shown in each image). Scale bar = 5 pm (c-€)

harder to obtain. However, archives of human brain tissue exist world-
wide in neuropathology departments and brain banks in the form of
collections of brain tissue retained in fixative and paraffin blocks left
over from routine diagnostic procedures. This is of relevance as ex-
tended storage in aldehyde fixatives reduces the suitability of CNS tis-
sue for EM (Liu & Schumann, 2014). Therefore, being able to perform
GSDIM on routine human paraffin sections opens up new avenues
for research. In particular, the approach described in this paper ena-
bles the spectrum of molecular imaging methods using antibodies and
super-resolution microscopy to be used for high-throughput analyses
of common brain diseases and at cheaper cost compared to EM even if
tissue has been stored for several years.
Microglia-synapticinteractions in physiological and diseased states
are increasingly appreciated. A preprint of one study using confocal

microscopy demonstrated increased co-localization of the endosomal/

lysosomal marker CDé68, expressed by myeloid cells including microg-
lia, and the presynaptic marker synapsin-I in post-mortem human tis-
sue (Tzioras et al., 2019). Here we have used GSDIM to demonstrate
increased co-localization of presynaptic material by microglia in post-
mortem human AD tissue compared to healthy controls and other non-
demented controls with high levels of AD-type pathology. It has long
been known that neuronal loss exceeds the burden of neurofibrillary
tangles in AD (Gomez-Isla et al., 1997), that microglia neuronal tox-
icity can be elicited in cell culture (Giulian et al., 1996), and that the
loss of synapses best correlates with the severity of dementia (Terry
et al., 1991), but there remains a paucity of evidence linking these ob-
servations in human studies. Here we show the direct involvement of
microglia in synaptic loss in AD. Discontinuities in the Ibal-positive
cellular processes, particularly in AD cases seen here (termed “pseudo-
fragmentation”), has been previously noted (Paasila et al., 2019, 2020;
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FIGURE 8 GSDIM demonstrates Syp-immunoreactive presynaptic material (green) inside perineuronal microglial processes (Mac-
1, magenta) in the axotomized mouse facial nucleus 3 days following axotomy. Examples of stripped synapses (white, merge color) are
magnified in the insets. Numbered regions represent the magnified areas in the insets. N marks a cross-sectioned motor neuron. Scale

bar = 2.5 um

TABLE 4 Photon counts and total number of localizations

AD (AF AD (AF CAc (AF Control (AF Control (AF Background Background
532) 647) CAc (AF532) 647) 532) 647) (AF 532) (AF 647)
Mean (n 432.6940 777.1586 500.1218 566.3529 531.1901 635.8538 394.1738 491.7849
photons)
Median (n 388.1000 569.5000 428.5000 480.2000 433.0000 478.3000 372.2000 449.6000
photons)
Minimum (n 13.8000 18.5000 53.2000 58.9000 23.9000 32.9000 136.5000 190.7000
photons)
Maximum (n 5,222.6000 8,065.3000 12,822.0000 15,146.6000 16,630.6000 14,520.4000 1,393.0000 1,610.9000
photons)
SD (n photons) 218.6298 616.6569 341.7096 332.1231 393.3020 675.1907 156.7882 153.1452
SEM 0.1465 0.2407 0.2856 0.1998 0.3478 0.4360 1.0304 0.4703
n localizations 2,226,894 6,562,200 1,431,497 2,762,082 1,278,972 2,398,669 23,153 106,033
n ROIs 24 24 24 24 24 24 5 5

Abbreviations: n, number of; ROIs, regions of interest; SEM, standard error of the mean.

Streit et al., 2009). In fact, such processes remain intact when visual-
izing cells with an additional marker as has been demonstrated in an
EM investigation performed elsewhere (Tischer et al., 2016). Given a
recent two-photon imaging study in mice showed that microglia work
in concert with astrocytes to phagocytose neuronal apoptotic debris

(Damisah et al., 2020) it will also be interesting to see in a larger cohort

of AD cases if a similar cooperative underpins physiological synaptic
pruning and how this might also interact with a human life-span syn-
aptome architecture (LSA) as described in mouse (Cizeron et al., 2020).

Co-localization studies are commonly employed in biology in
order to study spatial relationships between structures or mol-

ecules of interest. In broad terms, co-localization of signals can
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FIGURE 9 (a) GSDIM reveals the intracellular distribution of mpeg1:eGFP (magenta) in microglia in the optic tectum of a zebrafish larva.
Inset in a shows an mpeg1:eGFP expressing microglial cell captured with confocal microscopy for comparison. (b,d) Magnified areas from a
showing the intracellular distribution of eGFP with their widefield fluorescence images in (c) and (e), respectively. Scale bar = 5 um (a)

be investigated by pixel-based or object-based methods (Bolte &
Cordelieres, 2006). Pixel-based methods rely on finding correla-
tions between signal intensities whereas object-based methods first
segment images and then apply an overlap procedure. Here a sim-
ple object-based strategy was pursued to quantify the relative oc-
currence of Ibal/Syp co-localization (at a resolution of 20 nm/pixel)
in AD, CAc, and normal aged brain. However, it is important to note
that other advanced spatial interaction analyses for investigating co-
localization also exist. Such strategies robustly account for accidental
overlap, post-processing errors, and offer additional statistics-based
inferences about spatial relationships between objects of interest
(Helmuth et al., 2010). Software packages for these types of clus-
ter analyses, such as Mosaic segmentation and Dual parameter
Optimization in Histograms (QUASIMoDOH) (Paparelli et al., 2016)
and MosaiclA (Shivanandan et al., 2013), are freely available for use
in image analysis software such as Fiji, but were outside the scope of
this investigation. A recent review also covers many other plugins for
processing and analyzing image data acquired from various imaging
modalities for use in Fiji (Linde, 2019).

4.2 | GSDIM enables studies of pathological
synaptic turnover

Peripheral axotomy of the rodent facial nerve leads to well-
characterized changes in its central nucleus of origin. The extrinsic
facial motor neurons respond to the loss of their distal axon by ac-
tivating a cellular regeneration program (Moran & Graeber, 2004).
Surrounding facial nucleus glial cells also become involved. Microglia

respond by expressing the CR3 complement receptor within hours

of the axotomy (Graeber et al., 1988) and undergo mitotic cell divi-
sion (Yamamoto et al., 2010) after a few days. Astrocytes upregu-
late their expression of the glial fibrillary acidic protein (GFAP) and
reshape their cell processes. Accompanying the axonal reaction,
microglial cells engage in a process known as “synaptic stripping”
(Blinzinger & Kreutzberg, 1968; Graeber, 2010). This process has
two components, an initial detachment of afferent axonal endings
from the neuronal somatic membrane and dendrites, followed by the
displacement of the detached terminals by microglial cells. It is the
latter process followed by astroglial insulation of neurons (Graeber &
Kreutzberg, 1988) that appears to be responsible for the long-lasting
functional deficit observed in patients with Bell's palsy (Graeber
et al., 1993). In functional terms, a facial nerve transection results in
what equates to a structural and functional split of the face from the
brain. Importantly, the fate of the large number of “stripped” axon
terminals is not known in detail. Typical phagocytic macrophages are
absent during the entire regeneration period although synaptic bou-
tons have been seen being displaced and even engulfed by micro-
glial processes at the EM level. However, systematic EM studies are
costly and very time consuming and therefore specific EM studies
to elucidate the fate of the stripped axon terminals have so far not
been performed. It is assumed that retraction of afferent neurites
plays a major role in the disappearance of free-lying axon boutons
during post-traumatic synaptic plasticity in the axotomized rodent
facial nucleus. This view is supported by the results of the present
study, as the rather limited uptake of synaptic material by microglia
in GSDIM is incompatible with large-scale phagocytosis.

A number of studies implicate microglia in synaptic remodeling,
internalization, and plasticity in healthy and pathological conditions
(Graeber, 2010; Hong et al., 2016; Ji et al., 2013; Lim et al., 2013;
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Miyamoto et al., 2013; Paolicelli et al., 2011; Parkhurst et al., 2013;
Schafer et al., 2012; Svahn et al., 2014; Tremblay et al., 2010; Tzioras
et al., 2019; Vasek et al., 2016; Wake et al., 2009; Wang et al., 2020;
Weinhard et al., 2018; Zhan et al., 2014). The majority of studies
monitoring microglial interactions with synapses have been con-
ducted using confocal and two-photon microscopy. The advantages
of using confocal and two-photon microscopy are that the cellular
components in microglia can also be directly labeled and observed,
and microglial interactions can even be studied in vivo. However,
resolution of these microscopic techniques is limited by the diffrac-
tion limit of light (Schermelleh et al., 2010). To further elucidate their
physiological roles, EM studies of microglia combined with serial
sectioning had to be employed, providing new insights into the in-
teraction of microglia and excitatory synapses. For instance, it was
discovered that microglia are involved in synaptic plasticity following

mere alterations in sensory experience (Tremblay et al., 2010).

4.3 | Super-resolution imaging of transgenic
zebrafish larvae

Super-resolution microscopy may be utilized for cultured cells or tis-
sue sections ranging from nanometers to micrometers in thickness
by direct or indirect labeling with fluorescent dyes. Fluorophore se-
lection will depend on compatibility with the embedding media used.
As demonstrated in this paper, active control of fluorescent probes
labeling tissue sections that are several micrometers in thickness
can be successfully performed (Galbraith & Galbraith, 2011). Here
we demonstrate that molecules expressed in situ in whole mount
preparations of transgenic zebrafish larvae can be imaged as well.
However, it is worth noting that fluorophores linked to antibodies
are clearly preferred for the visualization of expressed gene prod-
ucts because endogenously expressed fluorescent proteins yield a
much lower intensity in GSDIM (Ries et al., 2012).

In this example, eGFP expressed in microglia was used as the
in situ expression of fluorophores as it is suitably bright and photo-
stable (Fernandez-Suarez & Ting, 2008). GFP is known for its “blink-
ing properties” (Dickson et al., 1997) and a sizeable population of
expressing microglia are consistently present in the tectal region
(Svahn et al., 2013). Having an easy to define and comparatively
bright cell population minimizes the influence of background fluo-
rescence and out of focus light from neighboring tissue areas which
allows for the relatively straightforward reconstruction of super-
resolved mpegl:eGFP microglia. Importantly, this study along with
others demonstrates that eGFP, a widely used fluorescent marker,

can also be used in super-resolution microscopy (Rankin et al., 2011).

5 | CONCLUSIONS

In this study, we have demonstrated that GSDIM can be used to
investigate microglia-synapse interactions in conventional, read-

ily prepared cryostat sections of mouse brain, in whole mount

h 15

transgenic zebrafish larvae and, most importantly, in 7 pm post-

Neuroscience Researc

mortem formalin-fixed paraffin-embedded human brain tissue. We
have also shown that the uptake of synaptic material is elevated in
AD. Continued use of GSDIM will benefit from addressing certain
limitations encountered here: reducing background fluorescence,
for example, by using thinner tissue sections or by the deactivation
of out-of-focus fluorophores as has been demonstrated elsewhere
(Dani et al., 2010); by taking greater advantage of the total internal
reflection fluorescence (TIRF) capability of the system used here to
limit the focal depth of the lasers; by fitting the microscope with a
motorized stage and expanding the available software features to
include a tilescan and quick spiral functionalities to enable larger
previews and automated sampling methodologies as the manual
stage operation of the system used here would make it difficult to
undertake a larger sampling regime; and increasing sample size with
additional consideration for the impact of biological variables such
as sex. Lastly, the methods presented here allowed for imaging of
human brain samples even with extended storage and the unequivo-
cal identification of Syp/Ibal co-localized puncta as evidence of con-
tact between synapses and microglia processes.
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Supplementary Figure 1 Examples of widefield (left) and corresponding GSDIM
reconstruction (right) composites of Ibal- (magenta) and Syp- (green) immunoreactivity in the
superior frontal gyrus of a control case (Non-AD PC 1) fixed for 24 hrs only. Scale bar = 2.5

pum

Supplementary Figure 2 Examples of widefield (left) and GSDIM reconstruction (right)
composites of Ibal- (magenta) and Syp- (green) immunoreactivity in a human brain (Non-AD
Control 2) fixed for 421 weeks. A few small white spots indicate signal co-localization in the

GSDIM reconstructions. Scale bar = 2.5 ym

Supplementary Figure 3 Widefield (left) and GSDIM reconstruction (right) composites of
Ibal- (magenta) and Syp- (green) immunoreactivity in AD brain tissue (case AD 4) fixed for 3
weeks. White spots reveal areas of signal co-localization. The two asterisks (*) indicate partial
profiles of blood vessel walls that can have perivascular microglia and/or perivascular cells
(Ibal-immunoreactive macrophages) attached and which occasionally appeared in GSDIM

reconstructions of the 532 nm channel. Scale bar = 2.5 pm

Supplementary Figure 4 Chromatic aberration was negligible. Tests were performed before
and after GSDIM experiments using TetraSpeck™ microspheres imaged using the 488 (green),

532 (red), and 642 (blue) nm laser lines. Scale bar = 10 um

Supplementary Figure 5 Occasional profiles of Ibal-immunoreactive cells around blood
vessels (including perivascular cells/macrophages) were useful as internal controls (arrows in
a). These profiles did not affect the results of the Ibal/Syp co-localization study. a—b Widefield
images of (a) Ibal (magenta) and (b) Syp (green) immunolabelling are displayed as composites
with their respective GSDIM reconstructions overlayed (red glow). The arrows in a indicate
partial profiles of Ibal-immunoreactive cells around blood vessels, which are absent in the
Syp-labelled channel. ¢ Composite image of the GSDIM reconstructions of the Ibal (magenta)
and Syp (green) channels shown in red glow in a and b, respectively. Scale bar in ¢ = 5 um
(c), 10 um (a, b)

Supplementary Figure 6 Widefield (left) and GSDIM reconstruction (right) composites of
Ibal (magenta) and Syp (green) immunostaining of control tissue (Non-AD Control 1). Brain

sections shown were treated with Sudan Black B to quench autofluorescence caused by



lipofuscin deposits. However. Sudan Black B significantly impaired photo-switching of
fluorophores, particularly of AF 532. The latter reduced the localization precision of the LAS
X software, leading to ‘smearing’ in GSDIM reconstructions. Therefore Sudan Black B was

excluded from further use in experiments. Scale bar =2.5 um

Supplementary Movie 1 Merged 3D GSDIM projections of the region of interest seen in
Figure 3 demonstrating co-localization of Ibal-immunolabelling (magenta) and Syp-
immunolabelling (green). Arrow indicates the area of co-localization highlighted in Figure 3.
Scale bar = 5 um (first and last frame only). Available at
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fjnr.24819&file
=jnr24819-sup-0007-VideoS1.mp4

Supplementary Movie 2 Corresponding 3D widefield fluorescence projection of the
microglial cell shown in Figure 3 and Supplementary Movie 1. Arrow indicates the area of co-
localization confirmed using GSDIM shown in Figure 3 and Supplementary Movie 1. Scale
bar = 10 pum (First and last frame only). Available at
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fjnr.24819&file
=jnr24819-sup-0008-VideoS2.mp4
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Step-by-step protocol for using GSDIM on archival paraffin-embedded human brain

sections:

1 Materials and equipment required

1.1. Human brain tissue
preparation

1.2. Immunofluorescence
histochemistry

1.3. Preparation for GSDIM

Neutral-buffered Formalin (15%) (POCD,
LabTech Service & Supplies, 15NBF5L).

Agar (Grade J3, Gelita Australia).

Paraffin (Paraplast Plus, Leica, 39602004).
Uncoated glass coverslips (24 x 40 mm) (Grale
Scientific, 471112440).

Dewaxing and rehydration:

Xylene.
Ethanol (EtOH) (100%, 95%, 70%, 50%).

Buffers

10 mM Tris/I mM EDTA (TE; pH 8.5).
10 mM PBST (0.3% Tween-20; pH 7.4).
Fresh sodium borohydride (0.1% wi/v).

Tissue staining

Primary antibodies (anti-lbal; anti-Syp).
Secondary antibodies (AF 647; AF 532).

10% animal serum (preferably sourced
from the host animal of secondary
antibodies).

Equipment

Decloaking chamber (BioCare, DC2002).
6-well plates.

Fine tip paint brush.

Fridge (4°C for sample storage).

100 mM B-mercaptoethylamine (MEA; pH 8.5)
Bondic® (or Twinsil®).

Equipment:
‘Ultracleaned’ high precision glass
coverslips (#0107032, Marienfeld

Superior).

Depression slides (neoLab, 1-6293).



1.4. ‘Ultracleaning’ coverslips

1.5. Microscope setup

Filter paper.

Fine point forceps.

Fine tip paint brush.

N2 outlet with pipe and nozzle.

High precision glass coverslips.

MilliQ water.

Acetone.

100% EtOH.

Nitric acid (note: appropriate PPE and chemical
hood).

N2 outlet with pipe and nozzle.

The GSDIM setup at Sydney Microscopy and
microanalysis (SMM) is built on an inverted Leica
DMI6000B microscope equipped a 30 mW 405 nm
diode laser (Coherent Scientific, USA) and the
following continuous wave lasers (MPBC Inc.,
Canada): 500 mW 642 nm, 500 mW 532 nm, and
300 mW 488; for epifluorescence (EPI), Total
Internal Reflection Fluorescence (TIRF) and
GSDIM.

Filters:
Excitation | Dichroic | Emission
642 642/10; 649 710/100;
405/10 450/50
532 532/10; 541 600/100;
405/10 450/50
488 488/10; 496 555/100;
405/10 450/50

For drift prevention the system uses the SUMO
(Supress Motion) stage, which couples the
objective to the sample holder. Additionally, the
base of the microscope rests on a dynamic anti-
vibration system (The Table Stable Ltd., TS-140-
LP, Switzerland) on top of an isolation table
(#11522154, Accurion, Germany).

For EPI- and TIRF-GSDIM, a LeicaHCX PL APO
160x/1.43 NA CORR GSD oil-immersion
objective is used. Images are acquired using an
Andor iXon Ultra 897 EMCCD camera (Oxford
Instruments Plc, UK). The microscope is also
equipped with a HC PLAPO 10x/0.4 objective and
aHCX PL FLUOTAR L 40x/0.6 objective for EPI
imaging.

2 Methods



2.1. Human brain tissue
preparation

2.2. Immunofluorescence

The preparation of human brain tissue by the
NSWBTRC has been previously published (1).
Briefly, brains are hemisected, with one half fixed
in formalin for three weeks, before being
embedded in agar and sliced at 3 mm intervals. A
series of tissue blocks are cut for paraffin
embedding. Importantly, the remainder of the
fixed slices remain stored in formalin indefinitely,
and further blocks may be cut as required.

Extended periods of fixation may adversely affect
antigen detection. However, we have been able to
demonstrate the successful application of GSDIM
across a range of fixation periods (see Table 1 in
the main text) and from archived paraffin-
embedded tissue sections.

Here, 7 pm thick formalin-fixed paraffin-
embedded sections from the superior frontal gyrus
were prepared and mounted onto uncoated glass
coverslips (24 x 40 mm).

Immunofluorescence immunohistochemistry was
carried out as described in the main text. A step-
by-step procedure is also provided here:

I. Dewax sections in xylene; 3x5 mins.
il Rehydrate sections in graded ethanol
solutions:

a. 100% EtOH; 3x5 mins.

b. 95% EtOH; 3 mins.

c. 70% EtOH; 3 mins.

d. 50% EtOH; 3 mins.

e. ddHz0; hold.

iii. Perform antigen retrieval: 1x TE; 110°C,

30 mins (decloaking chamber).

- Equilibrate to room temperature (RT).

- Sections will either detach from the
uncoated glass coverslips or can be
easily removed in a PBST bath using a
fine-tip paint brush.

- Transfer sections to PBST in a 6-well
plate; sections are then treated free-
floating.

- A new 6-well plate is used for each
wash to maximise the effectiveness of
washing procedures; sections are
transferred using a fine-tip paint brush.

iv. Rinse in PBS.



2.3. Sample preparation

vi.
Vil.

viii.

Xi.

Xii.

Quench in sodium borohydride; 2x 5 mins.

Wash; 5% 5 mins (PBST).

Block: 10% normal goat serum in PBST; 1

hr.

Incubate in 1° antibody solution: anti-l1bal

(1:500; rabbit), anti-Syp (1:200; mouse);

20 hrs, 4°C.

- Dilute antibodies in 1% blocking
solution.

- Apply gentle agitation using an orbital
shaker.

- See main text for antibody
manufacturers and catalogues.

Wash; 5% 5 mins (PBST).

Incubate in 2° antibodies: AlexaFluor 647

(anti-mouse), AlexaFluor 532 (anti-rabbit);

1:200; 20 hrs, 4°C, gentle agitation.

- See main text for antibody
manufacturers and catalogue numbers.

Wash; 5% 5 mins (PBS).

- Wrap 6-well plate in aluminium foil;
hold sections in PBS (4°C) until ready
to image.

Image same day.

For imaging of human brain sections:

vi.

Mount section (in a 6-well plate or larger
receptacle if needed) onto an ‘ultracleaned’
glass coverslip (18 x 18 mm; see section
2.4. for coverslip cleaning method) using
fine tip forceps and paint brush.

Allow section to dry for ~ 10 mins (N2 gas

can be used to aid with drying).

Apply 80-100 uLL MEA to depression

slide.

Mount section onto depression slide using

fine tip forceps.

Remove excess MEA using filter paper

- Bring the edge of the paper as close as
possible to the space between the
depression slide and coverslip.

- Ensure no bubbles are present as these
will oxidise the MEA and impair
photoswitching.

- Continue to apply filter paper until no
more MEA is absorbed to ensure
flatness of the section and coverslip.

Seal using Bondic® for best results (allows

for storage overnight at 4°C with minimal



2.4. ‘Ultracleaning’ coverslips

2.5. Imaging protocol

2.6. Acquisition settings

impact on photoswitching; Twinsil® is
suitable for imaging < 2 hrs).

The following is a step-by-step procedure used for
the preparation of glass coverslips for GSDIM:

i.
ii.
iii.
iv.
V.

vi.
Vil.
viii.

Sonicate in MilliQ water; 30 mins, RT.
Sonicate in acetone; 30 mins, RT.
Sonicate in 100% EtOH; 30 mins, RT.
3x rinse with MilliQ water.

Boil in nitric acid (85°C); 5 mins (wear
appropriate PPE; perform under
chemical hood); leave under hood
overnight.

Decant nitric acid.

4x rinse with MilliQ water.

Dry with compressed N2 gas (do not
autoclave).

Store coverslips in a sealed container to
prevent contamination by moisture or
airborne particles.

Sections were screened using the 10x/0.4 objective
and mercury-halide light source. Regions of
interest between cortical layers 11-V were selected
at random whilst visualising with the 532 channel
using the 160x/1.43 objective. At least three
regions of interest were imaged per case.

EPI imaging for reference images (51 um % 51
um or 18 um %X 18 pm; z-depth up to 7 um):

532 channel:

a. Laser line: 532 nm.

b. Laser power: 0.5%.

c. Camera exposure: 50 ms.
d. Camera EM Gain: 100.
647 channel:

Laser line: 642 nm.

Laser power: 2.0%.
Camera exposure: 200 ms.
Camera EM Gain: 100.

oo

2D GSDIM:

EPI mode

532 channel (imaged first):
a. Laser line: 532 nm.
b. Laser power: 2.0%.



2.7. Post-processing

Camera exposure: 11.7 ms.
Camera EM Gain: 200.
Detection threshold: 20
photons/pixel.

Pixel size: 20 nm (X, Y).

. Acquisition time: 3 mins.
47 nm channel (imaged second):
Laser line: 642 nm.

Laser power: 4.0%.
Camera exposure: 11.7 ms.
Camera EM Gain: 200.
Detection threshold: 20
photons/pixel.

Pixel size: 20 nm (X, Y).
g. Acquisition time: 3 mins.

® o0

®o0 o oah

—h

TIRF mode

- Same settings as above.
- Penetration depth: 100 nm — 140 nm.
- Evanescent field direction: 0 or 90.

3D GSDIM:

- Uses the cylindrical astigmatism lens
approach: 3D calibration files were
generated using 80 nm gold
nanoparticles following the LAS X
wizard.

- Pixel size: 20 nm (X, Y), 50 nm (Z).

- Z-depth: 800 nm.

- Same acquisition settings as 2D
GSDIM.

- No pumping or ‘back pumping’ with
the 405 nm laser line was used in this
study.

Perform all post-processing using the LAS X
software suite for Windows operating systems.
Remove the first 30 seconds of data for GSDIM
reconstructions. Ensure the detection threshold is
consistent between GSDIM reconstructions (here a
threshold of 20-30 events/pixel was used). Also
ensure that GSDIM reconstructions are visualised
using a consistent dynamic range setting; here a
range of 0-10 was used. Merged mark-ups of
sequential GSDIM reconstructions of the 532 nm
and 647 nm channels were visualised by applying
false colour; here the 532 nm channel was assigned



magenta and the 647 nm channel was assigned
green.

3 Notes

3.1. Optimisation

- Increasing washes decreased non-specific
secondary antibody staining; here 5x 5 min
washes were performed compared to more
commonly employed 3x 5 min washes for
confocal imaging.

- Aldehyde-related background fluorescence
was reduced using freshly prepared NaBHa,
although this is more suited to glutaraldehyde-
based fixation (2) and does not reduce
lipofuscin autofluorescence. Sudan Black B
(0.1%) treatment which removes lipofuscin
autofluorescence was tested, but this
significantly impaired photoswitching of both
fluorophores used here.

- Adjustment of MEA pH 7.4 to pH 8.5 using
HCI improved photoswitching of both the 647
and 532 fluorophores. MEA viability was
maintained for much longer when sealing was
done using Bondic®, instead of Twinsil®which
allowed for imaging of only up to two hours
before the photoswitching of fluorophores was
impaired. Bondic® also allowed for overnight
storage at 4°C with minimal impact on
photoswitching of both fluorophores.

- Lower laser power (2% for the 532 nm channel
and 4% for the 647 nm channel) compared to
traditional super-resolution acquisition settings
significantly improved signal-to-noise ratio.
Importantly, sufficient power was still
achieved to satisfy the conditions for SMACM.
The majority of background fluorescence seen
during these experiments was collected within
the first 30 seconds of imaging and could be
omitted from the GSDIM reconstruction in
post-processing.

- The TIRF capability significantly reduced
background fluorescence by limiting the
penetration depth of the excitation wavelength
to 100-140 nm.

- Antibody titrations were performed to find
optimal concentrations. As for confocal
microscopy, an Ibal concentration of 1:1000
was suitable for GSDIM. GSDIM imaging of
Syp-immunostaining was significantly
improved at a higher antibody concentration



3.2. Further considerations

(1:200) compared to the optimal concentration
for confocal microscopy (1:500). Interestingly,
reduced secondary antibody concentrations
(1:500) compared to standard confocal
imaging  (1:200) significantly  reduced
background  fluorescence generated by
GSDIM.

Corrections for drift and chromatic aberration
may be necessary when performing super-
resolution microscopy (3). Potential chromatic
aberration occurs when performing multi-
channel imaging of spectrally distant
fluorophores and may require data
transformation determined using multi-colour
fluorescent beads. Here, chromatic aberration
and drift was tested before and after GSDIM
experiments using 100 nm TetraSpeck™
microspheres (T7279, ThermoFisher
Scientific) which demonstrated negligible
issues (Supplementary Figures) when imaged
using the 488 nm, 532 nm, and 642 nm laser
lines, and the same acquisition settings
described for EPI imaging (see part 2.6.). An
additional test for drift was also performed
using 40 nm  FluoSpheres™  (F8789,
ThermoFisher Scientific) and the 642 nm laser
line over ~6 mins and was found to be absent.
Here, 7 um paraffin sections were imaged.
Tests were also performed on 4 pum thick
sections, but there was no significant
improvement to background fluorescence.
Notwithstanding this, further reduction of
section thickness may improve signal-noise
ratio. However handling of the sections during
the labelling procedure may be more difficult.
Other buffer systems may be considered in
order to increase the brightness and number of
localised events for fluorophores of choice. For
instance, BME is an alternative to MEA for AF
647 in particular (4).

GSDIM is compatible with many standard
fluorophores. A study examining the
photoswitching properties of fluorophores
provides  further information on the
photoswitching characteristics of 26 different
organic dyes (5).
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Chapter 5: Gene amplification studies

5.1 Preamble

The first three Results chapters presented in this thesis were histopathological
studies performed in post-mortem human brain tissues. Post-mortem investigations
are retrospective studies which may be unable to distinguish cause and effect.
Therefore, it was of interest to perform a prospective molecular study in order to
gain greater clarity into gene expression responses to A over time. AP was selected
for investigation since the earlier post-mortem human studies suggested it
represents the earliest pathological change in AD cortical tissue and showed better
correlation to morphological markers of activation; contrasting with tau pathology
which correlated better with degenerative changes. The molecular work was
performed in mouse BSCs treated for eight or 72 hours with two or 10 uM of
synthetic preparations of monomeric or fibrillar species of AB. Published results
from a gene amplification study in two regions of post-mortem human brain are
also included (Guennewig et al., 2021). The overarching intention of this chapter
was to characterise some of the changes to gene expression profiles at different
timepoints in various models of disease. This work was done in collaboration with
Dr Giuseppe D. Ciccotosto at The University of Melbourne, Dr Markus J. Hofer,
and Barney Viengkhou both at The University of Sydney. GDC advised on handling

of the AP peptides as well as dosage and culture durations.
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5.3 Introduction

The cellular and molecular complexity of the brain brings with it significant
challenges to understanding chronic multifactorial diseases like AD. Organotypic
BSCs have been increasingly used to better understand molecular mechanisms of
health and disease of the CNS (Croft et al., 2019a; Humpel, 2015), especially given
the distinct phenotypes displayed by microglia in vivo versus primary cell culture
(Butovsky et al., 2014). A past study of hippocampal slice cultures used exogenous
APz2s, 25-35, 40 species to examine effects on neuronal health; where only Afao
appeared to produce neurodegenerative changes (Malouf, 1992). A later
investigation was able to induce Thioflavin S-positive A plaques in hippocampal
slice cultures following seeding with brain extract from APP transgenic mice and
continual supplementation with synthetic Ap species (Novotny et al., 2016). Other
BSC models using single APP mutants (Harwell & Coleman, 2016), transgenic
mice with two fAD mutations (APP and PSEN1) and one MAPT mutation (3xTg
mice) (Croft et al., 2017), or 5xTg mice (carrying a total of five mutations in APP
and PSEN1) (Hellwig et al., 2016) have demonstrated small diffuse deposits of Af,
but with tau abnormalities and gliosis which poorly mimic the human disease. The
role of microglia in the clearance of Ap plaques has also been studied using BSCs
from rats (Fan & Tenner, 2004). Rat hippocampal BSCs treated with synthetic
soluble or fibrillar ABs2 showed uptake of the peptides by pyramidal neurons to
cause an upregulation of C1lg—which is associated with thioflavin-positive plaques
and activated microglia in AD brains (Afagh et al., 1996). TREMZ2 deficiency has
also been investigated in BSCs, in which microglia displayed an impaired migratory

capacity in response to neuronal injury (Mazaheri et al., 2017).

The role of microglia in the pathogenesis of AD is increasingly appreciated due to
findings from GWAS of AD which have demonstrated the enrichment of myeloid
cell genes—particularly microglial—amongst common risk variants (Jones et al.,
2015; Pimenova et al., 2018; Podlesny-Drabiniok et al., 2020). These genes include
Trem2 (Keren-Shaul et al., 2017; Krasemann et al., 2017) and Cd68 (Castanho et
al., 2020; Grubman et al., 2021), both involved in microglia-mediated phagocytosis

and associated with AP plaques in AD mouse models. Interestingly, Trem2 has been
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implicated in the development of both neuroprotective DAM (Keren-Shaul et al.,
2017) and neurodegenerative pro-inflammatory MGnD (Krasemann et al., 2017).
As such, there remains critical work to be done to resolve the causes and effects of

pro- or anti-inflammatory responses of microglia in AD.

In the work presented here, coronal BSCs of mouse cerebral hemispheres were used
to characterise gene expression responses following treatment with different
preparations of synthetic APs2. Genes of interest included those involved in
phagocytosis such as Trem2 and Cd68 and those highly expressed by microglia
such as Itgam, Ptprc, and Aifl—the lattermost also as a follow up from the Ibal
IHC studies in post-mortem human tissue. The suitability of BSCs for examining
microglial responses were tested using IFNa and several IFN-stimulated genes,
including Eif2ak2 (Schoggins, 2019), Isg15 (Zhang & Zhang, 2011), and Oasl2
(Leisching et al., 2017). This also provided an opportunity to compare gene
expression responses to AP with a broadly pro-inflammatory mediator. Chrna7 was
also selected for investigation as it encodes the a7nAChR—an important anti-
inflammatory mediator associated with protective polymorphisms among non-
carriers of APOE &4 (Weng et al., 2016)—and a (potential) receptor for AB binding
(Dineley, 2007). Finally this chapter sought to link the animal work here to
subsequent findings of an RNA-Seq study of the PreC and PVC from AD and

control brains (Guennewig et al., 2021).

5.4  Methods

5.4.1 Animal handling

All animal work carried out here was approved by the Animal Ethics Committee
(AEC, #2017/1216), Research Integrity and Ethics Administration, The University
of Sydney. Animal experiments complied with the Animal Research Act of NSW
(1985) and the Australian code for the care and use of animals for scientific
purposes (2013), National Health and Medical Research Council (NHMRC) of
Australia. Mice were held in a secure licenced facility at the Molecular Bioscience
Building (G08), The University of Sydney, Darlington NSW 2008. Three sets of
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one male to three female mice were housed in a temperature-controlled room
maintained on a 12-hour light-dark cycle. Food and water were made available to
mice ad libitum as well as bedding and environmental enrichment. For BSCs, 24
three-day old neonates were required for two groups of eight experimental groups,

each performed in triplicate.

5.4.2 Preparation of AP solutions

Monomerisation of peptides

Synthetic APa42 peptides were purchased from The ERI Amyloid Laboratory
(Oxford, Connecticut, United States). All handling procedures for AB peptides were
performed as previously published by a collaborator (Jana et al., 2016), but with
minor modifications. Given their natural propensity to aggregate, monomerisation
of the peptides was performed for two hours at RT with 1 mg/mL 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP; >99%) (catalogue #105228, Sigma-Aldrich, Merck
Group). Complete monomerisation of pre-aggregated AP can be visualised when
the peptide-HFIP solution changes from cloudy to transparent. Monomerised
solutions were aliquoted evenly into new tubes (~1 mg/tube) with screw-top lids
fitted with rubber rings and placed open into a Genevac centrifugal solvent
evaporator (EZ-2 series; SP Scientific, Harbour Group, Warminster, Pennsylvania,
United States) for 30 minutes set to the ‘low boiling point’ programme for
chemicals with a boiling point between 40-90°C (58.2°C, HFIP), where risk of
bumping during evaporation is low. The tubes containing the dried Af monomers

were closed, sealed with parafilm, and stored at —80°C until required.

Resuspension of peptides

Fresh solubilised AP solutions were prepared on ice before the experiment.
Monomers were first dissolved in 130 pL of sodium hydroxide (NaOH; 60 mM).
The peptide-NaOH solutions were vortexed for 10 seconds, ultrasonicated in an
iced water bath for 15 minutes, and then diluted with 455 pL of water and 65 uL of
10x phosphate buffered saline (PBS; pH 7.4) (final ratio of 2:1:7). The total volume

of solvent for 1 mg peptide/tube was 650 pL, yielding a theoretical concentration
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of ~340.8 uM AP42 per tube (the average molecular weight of the peptide as
reported by the supplier was 4514.1043 g-mol?). To accurately determine the
concentration of monomers, the optical density (OD) at 214 nm (Figure 1a) of a
1/100 dilution of the peptide solution was measured in a 100 pL freshly cleaned
(using 2% Hellmanex 11 detergent, water, then ethanol rinse) quartz cuvette using a
DU® 800 UV/Visible Spectrophotometer (Beckman Coulter, Danaher Corporation,
Washington D. C., United States). The sample concentration was calculated using
a pathlength of 1 cm and a molar extinction coefficient of 75,887 L-mol-*cm™?
(Ciccotosto et al., 2004; Jana et al., 2016).

SDS-PAGE electrophoresis

Samples were mixed with 4x Laemmli buffer (catalogue #1610747; Bio-Rad
Laboratories, Hercules, California, United States) and heated at 95°C for 5 minutes
followed by centrifugation for 10 seconds at 16,000g. A protein standard (catalogue
#L.C5925; Thermo Fisher Scientific) and samples were equilibrated to RT and then
loaded into a 7.5% TGX Stain-Free™ FastCast™ gel (catalogue #1610181; Bio-
Rad Laboratories). Gels were run at 200 V for 45 minutes in running buffer
containing tris (25 mM), glycine (192 mM), and SDS (3.5 mM) and were then
transferred to a PVDF membrane (catalogue #1704272; Bio-Rad Laboratories) pre-
soaked in methanol (100%) and transfer buffer containing tris (25 mM), glycine
(192 mM), and methanol (20%). Transfer was performed over 30 minutes with a
Trans-Blot Turbo Transfer System (catalogue #1704150; Bio-Rad Laboratories).

Western blot

PVDF membranes were rinsed in water and washed with 1x tris buffered saline
with 0.01% polysorbate 20 (TBST). Membranes were incubated in blocking buffer
containing 5% skim milk diluted in 1x TBST for one hour at RT. Membranes were
incubated in primary antibodies (either 6E10 monoclonal antibody, catalogue
#803001, BioLegend, San Diego, California, United States; or an in-house W02
monoclonal antibody supplied by a collaborator, GDC) diluted in blocking buffer
for 14 hours at 4°C. Membranes were rinsed once and then washed three times for

five minutes in 1x TBST. Secondary incubation was performed with horseradish
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Figure 1. Preparations of A4, peptides. a Absorbance over 200-300 nm of a 1 in 100 dilution
of APB42 monomers and vehicle control (VC) fitted with a local regression line. OD214 in the given
exemplar corresponds to ~0.275 AU, equating to ~362.4 uM. b ThT aggregation assay showing
relative fluorescence of APa. fibrillisation during incubation at 37°C for 20 hours. Western blots
of A4z aggregates were visualised using a 6E10 monoclonal antibody (left) and an in-house W02
monoclonal antibody (right). A prominent band at ~4.5 kDa is visible and represents APa.
monomers. Local regression curves are also provided for VC (magenta), ThT-only solution

(green), and blank (blue).

peroxidase (HRP)-conjugated anti-mouse IgG antibodies (catalogue #7076; Cell
Signaling Technology, Danvers, Massachusetts, United States) diluted 1:5000 in
blocking buffer for two hours at RT followed by a rinse and three five-minute
washes with 1x TBST. All incubations were performed with gentle agitation,
ensuring complete submersion. Membranes were developed using Clarity Western
enhanced chemiluminescence (ECL) Substrate (catalogue #1705060; Bio-Rad
Laboratories) for five minutes. Imaging was performed using a ChemiDoc™ XRS+
System (catalogue #1708265; Bio-Rad Laboratories) with an exposure time of one

second.
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Apa2fibrillisation and Thioflavin T (ThT) aggregation assay

APz fibrils were generated by incubating resuspend monomers for 20 hours at 37°C
with gentle agitation (Jana, 2016). Fibrillisation kinetics were determined by
quantification of Thioflavin (ThT) fluorescence (Biancalana & Koide, 2010;
Younan & Viles, 2015) (catalogue #T3516; Sigma-Aldrich, Merck Group). ThT
assays were performed with 100 pL solutions containing 20 uM monomers and 50
uM ThT (diluted with water) in a clear flat-bottom 96-well polystyrene plate
(catalogue #655161; Greiner Bio-One, Frickenhausen, Baden-Wirttemberg,
Germany) sealed with cling wrap. Fluorescence was measured every 15 minutes
immediately after five seconds of orbital agitation using an Infinite® M1000 Pro
Plate Reader (catalogue #106061; Tecan Group, Mannedorf, Kanton Zirich,
Switzerland). An excitation wavelength of 450 nm and an emission filter set to 490
nm (5 nm bandwidth) were used during the assay. ThT-ABa2 solutions were initially
yellow in colour but changed to transparent after 20 hours of cycling. A vehicle-

only, ThT only, and blank were included as controls (Figure 1b).

5.4.3 Isolation of brain slices

Isolation and culture of mouse brain slices were performed according to previously
published work by a collaborator (Friedl et al., 2004) but with minor modifications.
Neonates were decapitated as per recommendation and the brain removed (Figure
2). The brainstem and cerebellum were removed immediately, and the remaining
tissue was placed in cold dissection media (~4°C) containing 48.75% Minimum
Essential Medium o (catalogue #32561037; Thermo Fisher Scientific, Waltham,
Massachusetts, United States); 48.75% Hanks' Balanced Salt Solution (catalogue
#H6648; Sigma-Aldrich, Merck Group, Darmstadt, Hesse, Germany); and 2.5%
HEPES (1M) (catalogue #15630106; Thermo Fisher Scientific). The cerebral
hemispheres were separated and most of the meninges removed. Hemispheres were
transferred onto a Teflon disc mounted on a tissue chopper in a rostrocaudal
orientation (Mcllwain Model TC752; Campden Instruments Limited,
Loughborough, Leicestershire, United Kingdom). Between 14-16 coronal slices of
375 um thickness were isolated per hemisphere. All of the slices isolated from one

hemisphere were placed onto one slice culture insert (Millicell® cell culture insert,
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4 7
Figure 2. Isolation of neonatal mouse brain slice cultures. a-b The brain is removed from the

caput (a) and the brainstem and cerebellum separated from the cerebrum and midbrain (b). ¢ The
brain is placed into cold dissection media and the hemispheres are separated. d The cerebral
hemispheres are placed one at a time onto a Teflon disc mounted on a tissue chopper with an
automatic chopping arm fixed with a blade. e The hemisphere is carefully collected with a spatula
and transferred back to the dissection media and the slices are separated from each other. f The
slices are then transferred to a 6-well plate containing culture inserts on 1.2 mL of incubation

media.

catalogue #PICMO03050 or equivalent #PICMORG50; Millipore, Merck Group)
over 1.2 mL incubation media containing 37.5% Minimum Essential Medium o;
35% Hanks' Balanced Salt Solution; 25% heat inactivated horse serum (catalogue
#H1138; Sigma-Aldrich, Merck Group); and 2.5% HEPES (1M).

5.4.4 Culture procedures
In total, 48 hemispheres from 24 neonates were divided into two groups of eight
experimental groups, each in triplicate. Slices were cultured for 48 hours before

experimentation, with one change of media at 24 hours. Group 1 were cultured for

eight hours and Group 2 were cultured for 72 hours, without any further media
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changes. The groups included: media control, vehicle control, Ap monomers at 2
uM and 10 pM, fibrils at 2 uM and 10 pM, murine recombinant IFNaA (1 U/uL;
catalogue #18782; Sigma-Aldrich, Merck Group) positive control, and H202 (0.1%)
negative control. AP, IFNaA, and H202 solutions were all prepared with incubation
media. Peptide concentrations and treatment lengths were based on previous work
published by a collaborator, GDC, in which supraphysiological concentrations of
APsa2 (15 pM) produced neurotoxic effects after 72 hours while lower

concentrations (5 uM) were well tolerated by cultured neurons (Jana et al., 2016).

5.4.5 ddPCR of mouse samples

RNA isolation and cDNA synthesis

RNA was extracted from each cultured hemisphere using TRIzol reagent (catalogue
#T9424; Sigma-Aldrich, Merck Group) and the ISOLATE Il RNA Mini Kit
(catalogue #B10-52072; Bioline, Meridian Bioscience, Cincinnati, Ohio, United
States). DNase | treatment was also performed on columns for 15 minutes at RT.
RNA was eluted with 40 uL. RNase free water and stored at —30°C until cDNA
synthesis using the SensiFAST™ cDNA Synthesis Kit (catalogue #B10-65053;
Bioline, Meridian Bioscience). cDNA synthesis was performed using 500 ng of
RNA. RNA concentration and RNA Integrity Number (RIN) was measured using
a2100 Bioanalyzer Instrument (catalogue #G2939BA,; Agilent Technologies, Santa
Clara, California, United States), nanochip, reagents (catalogue #5067-1511;
Agilent Technologies), and ladder (catalogue #5067-1529; Agilent Technologies).

Conventional PCR (cPCR)

Primers for genes of interest (Table 1) were tested by cPCR before proceeding to
ddPCR (Figure 3). cPCR was performed using the MyTaq™ DNA Polymerase Kit
(catalogue #B10-21105; Bioline, Meridian Bioscience). Reaction mixes (10 pL,
total) included 50 ng template (cDNA quantities listed in Table 1 pertain only to
ddPCR assays), 1x reaction mix (including DNA polymerase), and 100 nM forward

and reverse primers. Reaction mixes were cycled with the following conditions:
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Figure 3. cPCR of genes of interest. Bands for each gene of interest occur at the expected level;
a—ladder; b—no reverse transcriptase control; c—Actb; d-Aifl; e-Cd68; f—Chrna7; g—Gapdh; h—
Hprt; i—Itgam; j—Ptprc; k-Tbp; I-Trem2; m-Eif2ak2; n-Isgl5; o-Mx1 (failed; excluded from
further analysis); p—Oasl2; the remaining wells show negative results for the no template controls

(NTC), which appear in the same order.

95°C (1 minute) — 35x[95°C (15 seconds) — 60°C (15 seconds) — 72°C (10
seconds)] — 4°C (hold). Samples were mixed with 2.5 pL of loading buffer and
transferred to the gel with the HyperLadder™ 50bp molecular marker (catalogue
#B10-33054; Bioline, Meridian Bioscience). Electrophoresis using 2% agarose gels
was performed at 100 V for one hour in 1xTBE running buffer. The agarose gel
(100 mL) was pre-stained with Invitrogen™ SYBR™ Safe DNA Gel Stain
(catalogue #S33102; Thermo Fisher Scientific) at a concentration of 1/10000. Gels
were imaged using a ChemiDoc™ System (Bio-Rad Laboratories) with 2s

exposure.

Table 1. Murine genes of interest.
Gene name Primer sequences Amplicon | cDNA
(bp) (ng)

Actin beta Forward 5’-GGCTGTATTCCCCTCCATCG-3’ 154 6.25
Reverse 5’-CCAGTTGGTAACAATGCCATGT-3’

Allograft Forward 5’-CAGACTGCCAGCCTAAGACA-3’ 132 25

inflammatory Reverse 5>-AGGAATTGCTTGTTGATCCC-3’

factor 1

Cd68 molecule Forward 5>-ACTTCGGGCCATGTTTCTCT-3’ 138 25
Reverse 5°-GCTGGTAGGTTGATTGTCGT-3’

Cholinergic Forward 5’-CCGTGTACTTCTCCCTGAGC-3’ 211 50

receptor nicotinic | Reverse 5’>-AAGCGTTCATCTGCACTGTTA-3’

alpha 7 subunit
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Glyceraldehyde- Forward 5’-TGCGACTTCAACAGCAACTC-3’ 199 6.25
3-phosphate Reverse 5>-CTTGCTCAGTGTCCTTGCTG-3’

dehydrogenase

Hypoxanthine Forward 5’-AGTCCCAGCGTCGTGATTAG-3’ 87 50
guanine Reverse 5>-TTCCAAATCCTCGGCATAATGA-3’

phosphoribosyl

transferase

Integrin subunit Forward 5’-CCATGACCTTCCAAGAGAATGC-3’ 147 50
alpha M Reverse 5’-ACCGGCTTGTGCTGTAGTC-3’

Protein tyrosine Forward 5’-GTTTTCGCTACATGACTGCACA-3’ 195 50
phosphatase Reverse 5’-AGGTTGTCCAACTGACATCTTTC-3’

receptor type C

TATA-box Forward 5’-CCTTGTACCCTTCACCAATGAC-3’ 119 125
binding protein Reverse 5>-ACAGCCAAGATTCACGGTAGA-3’

Triggering Forward 5’-CTGGAACCGTCACCATCACTC-3’ 183 125
receptor Reverse 5’-CGAAACTCGATGACTCCTCGG-3’

expressed on

myeloid cells 2

Eukaryotic Forward 5’-GTTGTTGGGAGGGAGTTGAC-3’ 75 50
translation Reverse 5°-AGAGGCACCGGGTTTTGTAT-3’

initiation factor 2

alpha kinase 2

Interferon- Forward 5’-GAGCTAGAGCCTGCAGCAAT-3’ 122 50
stimulated gene Reverse 5’-TTCTGGGCAATCTGCTTCTT-3”

15

2'-5' Forward 5’-GGATGCCTGGGAGAGAATCG-3’ 194 50
oligoadenylate Reverse 5’-TCGCCTGCTCTTCGAAAC-3’

synthetase-like 2

ddPCR assays

Reaction mixtures were made up to 20 pL with final concentrations of 1x EvaGreen
Supermix (catalogue # 1864034; Bio-Rad Laboratories), 100 nM of forward and
reverse primers, and cDNA concentrations given in Table 1. Reaction mixtures
were divided into droplets using the QX200 Droplet Generator (catalogue
#1864002; Bio-Rad Laboratories) and cycled in a C1000 Touch™ Thermal Cycler
(catalogue #1851197; Bio-Rad Laboratories) using the following conditions: 95°C

(5 minutes) — 40x[95°C (30 seconds) — 60°C (1 minute)] — 4°C (5 minutes) —
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90°C (5 minutes) — 4°C (hold); sample volume of 40 pL (which includes an
additional 20 pL of oil from droplet generation); lid temperature of 105°C; and
ramp rate of 2°C/second. Transcript abundance was measured using the FAM and
HEX/VIC channels of the QX200 Droplet Reader (catalogue #1864003; Bio-Rad
Laboratories). All primers were optimised before the main experiment to ensure
clear separation of positive and negative droplet fractions (Figure 4). Primers were
either retrieved from PrimerBank (Wang et al., 2012)
(https://pga.mgh.harvard.edu/primerbank/) or designed using PrimerBlast (Ye et
al., 2012) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and  were
manufactured by Integrated DNA Technologies Australia Pty Ltd. The ddPCR
system provides absolute quantification of transcripts based on a Poisson
distribution of positive and negative EvaGreen fluorescence of droplets. Raw
concentrations of transcripts were normalised as the quotient of genes of interest
over Thp. Thp was selected empirically from three other potential reference genes,
including Actb, Gapdh, and Hprt, as it showed greatest stability across treatment

groups.

5.4.6 Human cohort

Results from the ddPCR assays of human genes of interest (Table 2) have been
published previously (Guennewig et al., 2021). Use of human tissue was carried out
in accordance with the Declaration of Helsinki and following ethics approval from
Human Research Ethics Committee, The University of Sydney (HREC #2012/161).
Deidentified samples were supplied by the New South Wales Brain Banks
(NSWBB) which include the Sydney Brain Bank (SBB) at Neuroscience Research
Australia (NeuRA) and the NSW Brain Tissue Resource Centre (NSWBTRC) at
The University of Sydney following approval from their Scientific Advisory
Committee. NSWBB provided information on age, sex, dementia status, CDR,
neuropathological diagnostics (ABC score), cause of death, post-mortem interval
(PMI), and brain pH. Formalin-fixed paraffin embedded (FFPE) sections (10 um)
and 100 mg frozen tissue from the contralateral hemisphere of the PreC and PVC
were obtained from 26 Braak stage VI AD cases and 22 controls matched for age,
sex, and APOE status.
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Figure 4. ddPCR assay output. An exemplar showing the clear separation of positive (coloured)
and negative (dark grey) droplets in both the FAM (blue) and HEX/VIC (green) channels using
EvaGreen Supermix and the QX200 ddPCR system (sample results are for Aifl).

5.4.7 ddPCR of human samples

RNA isolation and cDNA synthesis

RNA was isolated from 30 mg of brain tissue using TRIzol reagent and the
Invitrogen™ PureLink™ RNA Mini Kit (catalogue #12183025; Life Technologies,
Thermo Fisher Scientific). DNase | treatment was performed on columns for 15
minutes at RT. RNA was eluted with RNase free water and stored at —80°C until
cDNA synthesis using the SensiFAST™ cDNA Synthesis Kit (catalogue #BIO-
65053; Bioline, Meridian Bioscience). cDNA synthesis was performed using 1000
ng of RNA. RIN was measured using a 2100 Bioanalyzer Instrument, nanochip,

reagents, and ladder (Agilent Technologies).

ddPCR assays

Reaction mixtures were made up to 20 uL. with final concentrations of 1x EvaGreen
Supermix, 50 nM of forward and reverse primers, and 100 ng cDNA. Reaction
mixtures were processed in the QX200 Droplet Generator and cycled in the C1000
Touch™ Thermal Cycler using the conditions described earlier. Transcript
abundance was measured using the QX200 Droplet Reader. All primers were

optimised before the main experiment to ensure clear separation of positive and
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negative droplet fractions. Primers for the genes of interest (listed in Table 2) were
selected based on the most significant differentially expressed genes (DEGS) in the
RNA-Seq analysis of human PreC and PVVC (Guennewig et al., 2021). Primers were
designed using PrimerBlast (Ye et al., 2012) and were manufactured by Integrated
DNA Technologies Australia Pty Ltd. GAPDH was empirically selected as a
reference gene out of three others: HMBS, HPRT1, and GFAP. Positive correlations
between GAPDH and the genes of interest with RIN were similar, thereby
controlling for the effects of antemortem (agonal) factors, as previously described
(Mills et al., 2014). As previously discussed by Mills et al. (2014) this approach
attempts to deal with both the effects of varying RNA quality and agonal period-
related gene expression. Raw concentrations of transcripts were normalised as the

quotient of genes of interest over GAPDH.

Table 2. Human genes of interest.

Gene name Primer sequence Amplicon (bp)

C-X-C motif Forward 5’-GAGTGCTCCAGTAGCCACC-3’ 94

chemokine receptor | Reverse 5’-GCCCATTTCCTCGGTGTAGT-3’

4

Glyceraldehyde 3- | Forward 5’-AAATCAAGTGGGGCGATGCT-3’ 86

phosphate Reverse 5’-CAAATGAGCCCCAGCCTTCT-3’

dehydrogenase

Insulin receptor Forward 5’-GGACCAGGCATCCTGTGAAA-3’ 143
Reverse 5’-GGGCCTCTTTGTAGAACAGCA-3’

Insulin-like growth | Forward 5’-AGGAATGAAGTCTGGCTCCG-3’ 105

factor 1 receptor Reverse 5’- CCGCAGATTTCTCCACTCGT -3’

Membrane Forward 5°-GCTGATTTGCACTCTGCTGG-3’ 101

spanning 4- Reverse 5’-GCAGGAAAAGTACACTCCCAGG-3’

domains A6A

Parvin gamma Forward 5’-AAATGCTGCACAACGTCACC-3’ 200
Reverse 5’-AGGCAGTGAGGGTCAATTCG-3’

Solute carrier Forward 5’>-CCATTTTCCCAATGCCTCGTG-3’ 144

family 7 member 2 | Reverse 5’-GAAAGGCCATCAAAGCTGCC-3’

Somatostatin Forward 5’-ACCCCAGACTCCGTCAGTTT-3” 71
Reverse 5°- AGTACTTGGCCAGTTCCTGCT-3’

Triggering receptor | Forward 5’-TGCTGGCAGACCCCCTG-3’ 147

expressed on Reverse 5’-GAAGGATGGAAGTGGGTGGG-3’

myeloid cells 2
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5.4.8 Statistics

Normal distribution was tested by Shapiro-Wilk test. For mouse BSCs, differences
of means were tested using Welch’s ANOVA with Brown-Forsythe test and
Dunnett’s T3 test for multiple comparisons. For human samples, differences of
means were tested using Welch’s T test for parametric data with F test of equality
of variances or Mann-Whitney U test for non-parametric data. Spearman p was
calculated for correlations with RIN, brain pH, and age. All statistical analyses and
graphing were performed in GraphPad Prism (GraphPad Software; San Diego,
California, United States).

55 Results

5.5.1 ddPCR of mouse BSCs

Reference genes

Tbp showed the greatest stability amongst the tested reference genes across the
treatment groups (Figure 5). Actb and Gapdh showed reduced expression
particularly in BSCs treated with monomeric A (mAf; 2 & 10 uM) for 72 hours
(hrs). Hprt showed increased expression following treatment with mAp (2 uM, 8
hrs) and fibrillar AR (fAB; 10 uM, 72 hrs). Therefore, Thp was used for the
normalisation of the genes of interest. The mean RIN value for all BSC samples
was 9.2 + 0.5 (standard deviation; SD).

Genes of interest

The genes of interest included three myeloid markers expressed by microglia, genes
involved in microglia-mediated phagocytosis, and three IFN stimulated genes
(Figure 6). Aifl showed relatively stable expression, though was non-significantly
reduced following 8 hrs treatment with mAp (10 uM) and fAB (2 uM). ltgam also
showed relative stability, though trended lower with IFNo over 72 hrs. Ptprc

showed increased expression in BSCs treated with 2 uM fAp for 72 hrs compared
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Figure 5. References genes for mouse BSCs. Number of copies per puL for media controls (MC),
vehicle controls (VC), monomeric AB (mAp), fibrillar Ap (fAp), and interferon o (IFNa) solutions
over 8 and 72 hours (hrs). Error bars indicate mean and standard deviation of triplicates. a—b Both
Actb (a) and Gapdh (b) showed some variability between treatments within each time group. ¢
Hprt was significantly upregulated in response to 2 uM mAf for 8 hrs and 10 uM fAP for 72 hrs.
d Thp was selected as the reference gene for the normalisation of the genes of interest due to its relative
stability within both time groups compared to Acth, Gapdh, and Hprt. Statistical comparisons: a Actb;
p < 0.05 compared to mAB (10 pM, 72 hrs); fmAp (10 uM, 8 hrs) and mAB (2 & 10 uM, 72 hrs);
YmAB (10 uM, 8 hrs), mAB (2 & 10 uM, 72 hrs), and fAB (2uM, 72 hrs); b Gapdh; p < 0.05
compared to MAP (2 & 10 uM, 72 hrs); *mAB (2 & 10 uM, 72 hrs); ¢ THprt; p < 0.001 compared
to all other treatment groups (8 hrs); *p < 0.05 compared to all other treatment groups (8 and 72 hrs),
except fAB (2 pM, 72 hrs) and IFNo. (72 hrs); d Thp; *p < 0.05 compared to IFNa (8 hrs); ¥p < 0.05
compared to mAP (2 & 10 uM, 8 hrs) and IFNa (8 hrs).

to 8 hrs. Cd68 and Trem2 showed similar expression patterns across treatment
groups. Both showed control-level expression with fAB (2 or 10 uM) compared to
decreased expression with mApa42 for 72 hrs. However, the strongest response for
Cd68 and Trem2 expression was with 2 uM mA for 8 hrs, which was also seen for

185



Aifl Itgam Ptprc

6 8 . 3 .
+
o] = = v
: ! !
£ 4 1 £ a1g S
3 3 ! . 3 : {
3 3 1
LRI YOO IR BN LA Dot L
2o dails :? o Liilrey SR
e a L
O T T T T T T T T T T T [V e e s s s s s s O——TTT T T T T T T T T TT
CENINR DO S C LI CC\\\\o (CRCAR KRN H ECHERCA SN S KW
X S\ﬁ\\b %@4 @\‘@@@ @ﬁ\;\@\@@ \\Q@s:g\@@ @A@\\\u\%?\i\?@@%\%%%&e
&%\ R &v\&\m& &&k&% ﬂ& \§2§; @@2&3\&\ & SR
8 hrs 72 hrs 8 hrs 72 hrs 8hrs 72 hrs
d e f
Cd6s Cha? Trem2
80 ¥ 0.4 30
W ) 2 i
—% 60 } 03 2
£ £ i Lo 2
8 40 ¢ g 02 3
4 4 8 +
=g ; | T 10 * v
E 2 ? . E o }5* 5 %» 0.%
2 ae @ EP X 2 %' - “ ® .3
» ? a® a %4 ae a3 Tl
Gr!r!l\l!!lllTl 00;|\1|\|\|\||\x T T T T T T T T T T T
CaOD SRR NNONONEN ClDRDD O & Qg\\\\ocp NN
@4\\?3;\@\4\%‘@4 @v\y\v\é @4 @@@@%@4 @@\;&@\Qe‘ X\ f§\®®e \\3\\3\}@&
S wx%% *‘@i‘&& \%&‘@ ﬁ:& X RN
8 hrs 72 hrs 8hrs 72hrs 8 hrs 72hrs
g : h i
Eif2ak2 Isgl5
15 120 4
- -
: § i
a 10 s 80 A
8 ; S + S
B 7 + 7
L] + ]
2 s : T 2 K E
se?l o as%dae
e o o R T e o ) i i 0
Q(, DKM ECHCRER MKMW COPNONO D, DO CLONNDG LU/
X\ @\w\@“u R ‘nggsw\ o \‘f;\‘t\ o @E\\Q\i\gv‘QQA R
&%\&% &m\» & SR SN SN wa &
8 hrs 72 hrs 8 hrs 72hrs 8 hrs 72 hrs

Chrna7 and Hprt. The IFN stimulated genes—Eif2ak2, 1sg15, and Oasl2—showed
an expected upregulation following treatment with IFNa for 8 and 72 hrs. No RNA
was extracted from the H202 (0.1%) treated BSCs. A summary of the key findings

is also provided in Table 3.

5.5.2 ddPCR of human samples

The results from the ddPCR assays of post-mortem cortical homogenates from the
PreC and PVC have been published previously Guennewig et al. (2021). The box
plots are reproduced here (Figure 7) with permission, but with minor changes to
formatting. The PreC showed increased expression of INSR, IGF1R, CXCR4,
MS4A6A, PARVG, SLC7A2, and TREM2 and decreased expression of SST in AD
cases compared to controls. The PVC showed increased expression of INSR,
IGF1R, CXCR4, TREM2, and PARVG and decreased expression of SST in AD cases
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compared to controls. The mean PMI of human brain samples was 17.2 hrs £ 13.6

(SD); mean RIN values appear in Table 8 of the appended manuscript.
5.6  Discussion
The hypotheses under investigation in this Chapter were (1) that myeloid/microglial

constitutive markers would be upregulated in a dose and time dependent manner in

murine BSCs following treatment with mAP42 and (2) that phagocytic markers

<Figure 6. Genes of interest for mouse BSCs. Number of copies per puL of the genes of interest
were expressed as the quotient of raw counts over Tbp counts. Error bars indicate mean and
standard deviation of triplicates. a—c The top panel shows markers of myeloid cells expressed by
microglia. a-b Aifl (a) and Itgam (b) showed relatively stable expression across treatment groups
over 8 and 72 hrs. ¢ Pipre showed significantly reduced expression in BSCs treated with 2 uM fAp for
8 hrs compared to 72 hrs. d—f The middle panel shows additional genes of interest, including two
phagocytic markers—Cd68 and Trem2—highly expressed by microglia. d Cd68 expression was
significantly increased in mAP (2 uM, 8 hrs) compared to all other groups and was also increased
in fAB (10 uM, 72 hrs). e Chrna7 expression was significantly increased in mAp (2 uM, 8 hrs), fAp
(2 uM, 8 hrs), MC samples incubated for 72 hrs. f Trem2 expression was significantly increased in mAp
(2 uM, 8 hrs) compared to all other groups and showed restored expression in BSCs treated with 2 &
10 uM fAP compared to those treated with mAP for 72 hrs. g—i The bottom panel shows IFN
stimulated genes which were used as a positive control for cellular reactivity and BSC viability. g
Eif2ak2 showed increased expression in IFNo. (8 hrs) compared to all other groups and in IFN, (72
hrs) compared most other groups. h—i Expression of Isg/5 (h) and Oasi2 (i) was increased in IFNa
treated BSCs compared to all other groups. Statistical comparisons: a 4if7; fp < 0.05 compared to mAf
(10 uM, 8 hrs) and fAPB (2 pM, 8 hrs). b Jtgam; Tp < 0.05 compared to MC (72 hrs) and fAB (10 pM,
72 hrs); ¥p < 0.05 compared to MC (72 hrs) and fAB (2 uM, 72 hrs); Yp < 0.05 compared to VC (8 hrs),
mAB (10 pM, 8 hrs), fAB (2 uM, 8 hrs), IFNa (8 hrs), and fAB (10 uM, 72 hrs). ¢ Pipre; 'p < 0.05
compared to mAPB (10 uM, 8 hrs) and fAB (2 pM, 8 hrs); ip <0.001 compared to fAB (2 & 10 uM, 72
hrs); Yp < 0.05 compared to VC (8 hrs), mA (2 & 10 uM, 8 hrs), fAB (2 uM, 8 hrs), MC (72 hrs), and
fAB (2 uM, 72 hrs); ®p < 0.05 compared to mMAB (2 & 10 uM, 8 hrs), fAB (2 & 10 uM, 8 hrs), MC
(72 hrs), mAB (2 uM, 72 hrs), and fAB (2 pM, 72 hrs). d Cd68; Tp < 0.05 all other groups; *p < 0.05
compared to fAB (2 & 10 puM, 8 hrs), mAB (2 & 10 uM, 72 hrs), and IFNa. (72 hrs). e Chrna7; Tp
< 0.05 compared to MC (8 hrs), VC (8 hrs), mAB (10 uM, 8 hrs), fAB (10 uM, 8 hrs), and mAP 2 &
10 uM, 72 hrs); ¥p < 0.05 compared to MC (8 hrs) and fAB (10 pM, 8 hrs); Yp < 0.05 compared to MC
and VC (8 hrs). f Trem2; "p < 0.05 compared to all other groups; ¥p < 0.05 compared to mAB (10 uM,
8 hrs), fAB (2 uM, 8 hrs), and mAP (2 & 10 uM, 72 hrs); Yp < 0.01 compared to fAB (2 pM, 8 hrs) and
mAB (10 pM, 72 hrs). g Eif2ak2; 'p < 0.05 compared to all other groups; *p < 0.05 compared to all
other groups except mAP (2 uM, 8 hrs) and mAB (10 puM, 72 hrs). h=i Isgl5 (h) and Oasi2 (i); Tp <
0.05 compared to all other groups.
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Figure 7. Gene amplification studies in the PreC and PVC of AD and control brains. Box
plots showing the mean and standard deviation of the number of copies per pL of the genes of
interest expressed as the quotient of raw counts over GAPDH counts. Genes under investigation
included SST (a-b), INSR (c-d), IGF1R (e-f), CXCR4 (g-h), MS4A6A (i—j), TREM2 (k-I),
SLC7A2 (m-n), and PARVG (0—p). Statistical comparisons: *p < 0.05; **p < 0.01; ***p < 0.001;
**xxn < 0.0001.

would be upregulated in a dose and time dependent manner in response to treatment
with fAB42. In human tissue, it was hypothesised that markers of immune activation
and phagocytosis such as TREM2, CXCR4, and MS4A6A would be elevated in
mild—moderately affected areas of the AD brain. The primary experimental aims of

this Chapter were to quantify candidate gene expression changes in BSCs treated
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with synthetic APa2 and differentially affected areas of post-mortem AD brains. In
BSCs, the major outcome was a uniform upregulation of Cd68, Chrna7, and Trem2
in response to 2 pM mA 42 treatment for eight hrs without changes to other myeloid
markers such as Aifl, Itgam, or Ptprc. In the post-mortem human brain studies, the
major outcome was the validation of an RNA-Seq analysis which demonstrated a

strong association between immune pathways and mild AD.

Table 3. Summary of key findings from ddPCR studies of mouse BSCs.

Reference genes

Actb Upregulated in response to fAB (2 & 10 uM, 72 hrs).

Gapdh Downregulated to mAp (2 & 10 uM, 72 hrs).

Hprt Upregulated to mAP (2 uM, 8 hrs) and fAB (10 uM, 72 hrs).

Tbp No changes across treatments within the 8 & 72 hr groups.

Markers of microglial activation

Aifl Non-significant downregulation to mAf (10 uM, 8 hrs), fAB (2 uM, 8 hrs),
upregulation to [FNa (72 hrs).

Itgam Downregulation to IFNa (72 hrs).

Ptprc Downregulation to fAB (2 uM, 8 hrs) and upregulation to fAB (10 uM, 72 hrs).

Genes of interest

Cd68 Upregulation to mAp (2 puM, 8 hrs).

Chrna7 Upregulation to mAp (2 puM, 8 hrs).

Trem2 Upregulation to mAB (2 uM, 8 hrs).

Interferon regulated genes

Eif2ak2 Upregulation to IFNo. (8 & 72 hrs).

Isg1l5 Upregulation to IFNo. (8 & 72 hrs).

Oasl2 Upregulation to IFNo. (8 & 72 hrs).

The treatment of murine BSCs with synthetic preparations of AP yielded
unexpected results. Evidence of microglial activation in PreAD in response to AP
plaques presented in Chapters 2 and 3 lead to the hypothesis that the most basic
form of AP, i.e. monomers, could cause increased expression of constitutive
markers such as Aifl, Itgam, and Ptprc—particularly given their physiological
(Puzzo et al., 2015), anti-microbial (Moir et al., 2018), and even protective effects
during trophic deprivation through PI3K activation shown elsewhere (Giuffrida et
al., 2009). However, this was not observed in BSCs treated with two or 10 uM
mA42 over eight or 72 hrs. Unexpectedly, Aifl and Itgam exhibited relatively
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stable expression across all treatment groups—with Itgam only trending towards
reduced expression at 72 hrs compared to just eight hrs, but significantly reduced
expression following exposure to IFNa over 72 hrs. Ptprc showed significantly
reduced expression over eight hrs’ treatment with 2 uM fAf, but which markedly
reversed after 72 hrs. Evidence of microglial phagocytic activity presented in
Chapters 3 and 4 lead to the hypothesis that there would be an upregulation of
phagocytic markers in response to fibrillar AB42. Interestingly, this was only seen
as restored expression in BSCs treated with two or 10 uM fA P42 for 72 hrs compared
to the relatively reduced levels seen following treatment with mApa42 for 72 hrs.
More notable however, was the increased expression of phagocytic markers—Cd68
(an endolysosomal marker) and Trem2 (a receptor involved in cellular activation
and microglia-mediated phagocytosis)—in response to treatment with 2 uM mA P42
for eight hrs. Additionally, Chrna7 and even Hprt—one of the candidate reference
genes—also showed significantly elevated expression after treatment with 2 uM
mAaz for eight hrs. IFNa was used here as a positive control of transcriptional
upregulation. Reassuringly, the expression of Eif2ak2, 1sg15, and Oasl2 increased
substantially in BSCs treated with IFNa over eight and 72 hrs. Unfortunately, no
RNA was salvaged from BSCs treated with H202 (0.1%) which was the designated
negative control. Future work would ideally include a milder form cellular insult so
as to ensure the collection of high enough quality RNA to serve as a negative

control.

Two of the key findings from the murine BSC experiments were the upregulation
of Cd68 and Trem2 in response to treatment with 2 pM mA pa2 for eight hrs. Cd68
is a type | transmembrane glycoprotein (Holness & Simmons, 1993; Holness et al.,
1993) mainly occurring in late endosomes, suggesting a role in antigen processing
and peptide transportation (Barois et al., 2002). It is a scavenger receptor which is
upregulated in myeloid cells responding to inflammatory stimuli and is capable of
binding apoptotic cells, low-density lipoproteins, and phosphatidylserine
(Chistiakov et al., 2017). It is commonly used as a marker of phagocytically active
microglia (Walker & Lue, 2015) and appears to be increased in post-mortem AD
brains (Hopperton et al., 2018) and decreased in APa2 immunised brains (Zotova et
al., 2013). Further, co-culturing BSCs from aged APP/PS1 mice with those from

young WT mice restored AP plaque clearance and was associated with boosted
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levels of Cd68 (Daria et al., 2017). Here Cd68 expression was not impacted by
treatment with IFNa, whereas at least one study found that increased peripheral
IFNa caused downregulation of Cd68 in mice (Aw et al., 2020). Trem2 is a myeloid
cell surface transmembrane glycoprotein with a V-set IgG extracellular domain and
a cytoplasmic tail (Bouchon et al., 2000). TREM2 is upregulated in human post-
mortem AD hippocampus (Celarain et al., 2016) and cortex (Lue et al., 2015; Perez
et al.,, 2017). It exerts its effects through intracellular TYROBP, including the
recruitment of Syk kinase which activates the phosphoinositide 3-kinase
(P13K)/protein kinase B (Akt) system and MAPKSs to increase intracellular Ca?*
(Chenetal., 2020a; Gratuze et al., 2018) and clearance of apoptotic neurons without
necessarily triggering inflammatory pathways (Takahashi et al., 2005). Trem2 is
also upregulated in AP plaque associated microglia of aged APP mice (Frank et al.,
2008) and attenuates inflammation (Jiang et al., 2018) and neuropathology (Jiang
et al., 2014) in APP/PS1 mice. Thus the upregulation of these phagocytic markers
in response to low-level Ap monomers may represent a normal physiological

pathway for the control of synaptic pruning.

The upregulation of Chrna7 was another significant finding made here. Chrna7
encodes the a7 subunit of the nAChR, itself a pentameric receptor comprised of
either a, B, v, 8, or € subunits (Fujii et al., 2017). nAChRs occur in the peripheral
nervous system at neuromuscular junctions and nerve ganglia and in the central
nervous system, where they are expressed by neuronal and non-neuronal cells
(Kalamida et al., 2007). The homomeric a7nAChR shows particularly high Ca?*
permeability (even compared to glutamatergic NMDA receptors) on activation
(Séguéla et al., 1993). Its activation produces potent anti-inflammatory effects in
immune cells—particularly macrophages (Wang et al., 2003)—through both
ionotropic and metabotropic pathways (Fujii et al., 2017). The ionotropic pathway
involves a phosphorylation cascade governed by protein kinase C (PKC) which
culminates in the activation of p38 MAPK signalling, PI3K/Akt pathway,
translocation of nuclear factor erythroid 2-related factor 2 (Nrf2), and
overexpression of haem oxygenase 1 (Corradi & Bouzat, 2016; de Jonge & Ulloa,
2007). Physiological concentrations (pico/nanomolar) of oligomeric species of

APa42 have also been shown to activate a7nAChRs in a lipid raft-dependent manner
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in presynaptic terminals, resulting in increased intracellular Ca?* (Khan et al.,
2010).

Two DEGs identified in the BSC experiment included Ptprc and Hprt. Here Ptprc
expression dropped in response to 2 uM fAPs2 over eight hrs, but increased
following 10 uM fAPa42 over 72 hrs. It also increased in response to IFNo over 8
hrs, as has been observed in another study (Aw et al., 2020). PTPRC is a cell surface
antigen expressed by most haematopoietic cells and is involved in cell division and
differentiation. It is expressed by homeostatic and activated human microglia ex
vivo (Becher & Antel, 1996). Post-mortem investigation have identified increased
PTPRC-positive cells in different cortical regions and the hippocampus of AD
cases, but with mixed results for overall expression levels (Hopperton et al., 2018).
Interestingly, Ptprc-KO APP/PS1 mice show worsened soluble oligomeric and
insoluble fibrillar AP pathology, increased microglial neurotoxic cytokines, and
greater neuronal loss compared to non-KO APP/PS1 mice (Zhu et al., 2011). The
upregulation of Hprt in BSCs treated with 2 pM mAQPa42 for eight hrs was
unexpected. Hprt is involved in the salvage of purines, which may be overproduced
in Hprt deficiency as seen in Lesch Nyhan syndrome (Nyhan, 2012) and gouty
arthritis (Zoref-Shani et al., 2000). It is estimated that 90% of free purines are
recycled through the HPRT-governed salvage pathway in humans (Stout & Caskey,
1985). It has historically been used as a reporter gene for evaluating mutational
frequency in the development of cancer—in which it has an emerging role
(Townsend et al., 2018). Epistasis of mutated Hprt and App has previously been
reported (Nguyen, 2019), however the upregulation of Hprt in response to mA a2
here is of unknown significance; potentially representing a feedback mechanism in
the context of increased DNA degradation or elevated hypoxia inducible factor 1a
(HIFla) in response to increased energy demands or oxygen deprivation, a scenario

which has been demonstrated in a model of cardiac ischaemia (Wu et al., 2015).

The amplification studies of candidate genes performed in the PreC and PVC of
post-mortem AD brains broadly validated the findings made in the published RNA-
Seq analysis (Guennewig et al., 2021) and supported the hypothesis that immune
activation coincides with early phases of AD. Markers of immune activation which
were elevated in both the PreC and PVC included CXCR4 and TREM2. MS4A6A
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was another upregulated immune-related gene, but only in the PreC. These three
genes were amongst the most significantly upregulated DEGs in the RNA-Seq
analysis of the PreC. Other DEGs in the PreC and PVC identified by the RNA-Seq
analysis which were also validated by the ddPCR assays included the upregulation
of INSR, IGF1R, and PARVG. SLC7A2 showed upregulation in the PreC but not the
PVC and SST showed downregulation in both regions of AD cases. Overall, the
PreC showed significant differences between AD cases and controls for all of the
genes of interest whereas the PVC showed differences for all genes except
MS4ABA and SLC7AZ2.

The upregulation of immune-related genes such as CXCR4, MS4A6A, and TREM2
in the RNA-Seq analysis and ddPCR validation study are consistent with previous
bulk tissue RNA-Seq (Mostafavi et al., 2018), snRNA-Seq (Gerrits et al., 2021) and
ScCRNA-Seq (Sobue et al., 2021), GWAS of AD (Efthymiou & Goate, 2017) and a
later meta-analysis (Jansen et al., 2019). CXCR4 and functionally related genes
expressed by microglia, such as CXCL12, TLR2, RALB, and CCR5, are
dysregulated in a number of neurodegenerative diseases, including AD (Bonham et
al., 2018). CXCR4 is a G protein-coupled chemokine receptor with wide ranging
functions in brain development and immunity (Li & Wang, 2017). It has previously
been shown to be elevated in AD (though decreased in a mouse model; Parachikova
& Cotman, 2007) and associated with increased activation of PKC (Weeraratna et
al., 2007). As previously discussed, TREMZ2 is increased in AD—in which its loss
of function is associated with increased risk (Guerreiro et al., 2013). MS4A family
consists of 12 related genes in humans that function as accessory proteins to
membrane receptors and channels through which they effect immune cell activation
and support survival (Liang et al., 2001). These genes are highly expressed by
myeloid cells—particularly M2 macrophages (Sanyal et al., 2017)—and are key
regulators of soluble TREM2 which is associated with AD pathological processes

following AP deposition (Deming et al., 2019).

Other DEGs of interest included INSR, IGF1R, PARVG, SLC7A2, and SST.
Diabetes mellitus is associated with increased risk of AD, but the precise
mechanisms underlying this association remain unexplained. Potential explanations

include the possibility that central insulin resistance leads to increased activity of
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GSK3p, a major tau kinase (Steen et al., 2005). Increased INSR and IGF1R may
represent a compensatory feedback loop associated with increased PI3K/Akt
signalling—which is increased in AD (Chami et al., 2016)—aimed at preserving
insulin and IGF1 signalling in areas yet to sustain neuronal loss. The
downregulation of SST in the PreC and PVVC was of interest given early pathological
studies showing somatostatin immunoreactive NPs (Morrison et al., 1985), NFTs
in somatostatinergic neurons (Roberts et al., 1985), and reduced levels in AD brains
(Davies et al., 1980) and a recent meta-analysis of microarray data (Bai et al., 2016).
Somatostatinergic interneurons with long range connections modulate neuronal
excitation through G protein-coupled receptors and are involved in motor and
sensory activity, sleep, and cognition (Martel et al., 2012). Somatostatin
dysfunction is also linked to GABAergic dysfunction which underlies widespread
neuronal network and glial dysfunction in AD (Ambrad Giovannetti & Fuhrmann,
2019). The significance of PARVG and SLC7A2 elevation in the context of AD is
unknown. PARVG is relatively expressed by microglia and encodes y-parvin which
is @ member of the parvin family of actin-binding focal adhesion proteins
(Korenbaum et al., 2001). SLC7A2 encodes the cationic amino acid transporter 2
which is an important modulator of T-cell mediated immunity (Thompson et al.,
2008) and when deficient has been associated with spontaneous inflammation in

the lungs of mice (Rothenberg et al., 2006).

BSCs represent a useful tool for studying complex cellular activities and
interactions in a 3D setting. They are also cheaper and more readily available than
other 3D models of biological tissues such as brain organoids grown from induced
pluripotent stem cell, which hold promise but face many cost and technical hurdles
(Arber et al., 2017; Ooi et al., 2020). Here BSCs treated with synthetic preparations
of APa42 peptides demonstrated boosted phagocytic and anti-inflammatory markers
in response to lower doses of monomeric peptides. Longer treatment times with
fibrillar A a2 species showed restored levels of phagocytic markers compared to the
relatively reduced levels observed following extended treatment with mAa42. This
occurred in the absence of an upregulation of the Chrna7-dependent anti-
inflammatory pathway. Ultimately, this may reflect a situation in which microglia
display heightened phagocytic potential and anti-inflammatory characteristics early

in the disease time course, but later exhibit a sustained phagocytic capability in the
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absence of a critical anti-inflammatory pathway. Aifl remained relatively stable
across the treatment groups which was surprising given that the results from

Chapter 1 indicate marked reductions in Ibal in severe AD.

The work presented in this chapter on BSCs confirmed the hypothesis that
microglia upregulate phagocytic markers, but not just in response to fibrillar AP,
but also to the monomeric peptide. Future work might aim to include markers of
viability, e.g. fluorescent dyes such as propidiumiodine, ethidiumbromide, Hoechst,
DAPI, or annexin V, among others (Lossi et al., 2009). Further, the transcriptomes
of human AD and mouse model brain tissues diverge in a number of key gene co-
expression networks despite broad preservation of genetic make-up between the
two species (Miller et al., 2010). Incidentally, Miller et al. (2010) demonstrated that
the greatest differences occurred in the microglial gene modules. Therefore usual
caution should be used when considering results from animal studies, especially
given the poor record of translation of findings to viable therapeutics for AD (Vitek
et al., 2021). For instance, human microglia show differential expression profiles
for immune-related genes during ageing such as sialic acid binding
immunoglobulin type lectins (SIGLECs) and MHCs (Galatro et al., 2017) which
are important inducers of immune tolerance (Jurewicz & Stern, 2019; Libbers et
al., 2018)—a feature of immunity which has been associated with reduced AP
pathology (Wendeln et al., 2018) and healthy ageing, c.f., chronic inflammation
(Rogovskii, 2020). More broadly these differences may represent key factors which
have facilitated the relative longevity and low-turnover of microglia in humans
(Réu et al., 2017). Another shortcoming of the present study was that monomeric
peptides likely underwent fibrillisation over the 72 hrs incubation period. Future
work might be improved by replacing incubation media every eighth hour—which
reflects the amount of time that lapsed before the ThT aggregation assay showed
significantly increased fluorescence (Figure 1). Finally, the gene amplification
assays performed in the PreC and PVC of AD cases validated findings from an
RNA-Seq analysis of these regions and confirmed the hypothesis that markers of
immune activation are upregulated during early phases of AD. Genes of interest in
the human study were based on an RNA-Seq analysis subsequent to the mouse
BSCs. Harmonisation of genes of interest between the mouse and human work

presented here might also be an aim of future work.
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Chapter 6: Discussion

The major theme of the research presented here was to characterise the phenotypic
changes in microglial populations in differentially affected areas of the PreAD and
AD brain. Concurrently a quantitative analysis of AD neuropathological changes
was carried out in order to better relate patterns of accumulation in different
association and primary cortices of PreAD and AD cases to the microglial
population. This also allowed for the determination as to which of A or tau
deposition was the more potent driver at relative ‘timepoints’ in the disease. The
histopathological work finished on an examination of the emerging concept of
aberrant microglia-mediated phagocytosis in AD using relatively recent advances
in IF microscopy which have allowed for sub-diffraction limited light microscopy
as a more rigorous method of assessing colocalisation of fluorescent signals. These
studies were complemented by gene amplification studies in human AD brain and
mouse BSCs treated with monomeric and fibrillar species of synthetic ABa42 in order
to characterise aspects of the molecular changes in microglia at different timepoints

in the natural history of AD.

6.1 Summary of key findings

The key hypotheses under investigation here included: (1) microglial activation
occurs in PreAD, whereas microglial degeneration coincides with symptomatic
disease (dementia); (2) the activation of cortical microglia in PreAD follows the
deposition of AP but precedes NFD; (3) there is increased phagocytosis of (pre-
)synapses by microglia in AD; (4) microglia react to A monomers by upregulating
phagocytic genes and a major anti-inflammatory pathway; and (5) markers of

immune activation and phagocytosis are upregulated in mild AD.
6.1.1 Activation of microglia in PreAD and loss of healthy microglia in AD
The first hypothesis—that the activation of microglia occurs in PreAD but

degeneration occurs in symptomatic AD—was confirmed (Paasila et al., 2019).

This study showed that in the earlier and severely affected ITC the activation of
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microglia is most prominent in PreAD, whereas there is a loss of total microglia,
made up almost entirely by the loss of ramified cells, in advanced disease. These
findings were also corroborated by automated morphometric analyses performed in
silico, which included determination of total branch length, number of junctions,
number of branches, and territorial coverage by positive pixel fraction and convex
hull analysis. Interestingly the study also highlighted that the clustering of microglia
at sites of AP or TTau deposition incorporates only a small fraction of the total
microglial population in both PreAD and AD. Interestingly, the belatedly and
mildly affected P\VC—which was spared of any neuronal loss or cortical atrophy—
had the highest proportion of plaques with an associated cluster of microglia,
followed by the intermediately affected SFC, and finally the severely affected ITC.
Features of activation, such as clustering and shortening of processes tended to
correlate with A, but the loss of ramified microglia correlated with TTau. Finally,
dystrophic microglia were most often associated with NPs with very dense
collections of DNs compared to plaques with sparser DNs. However, dystrophic

microglia correlated best with low brain pH rather than disease status.

6.1.2 Activation of microglia precedes NFD

The second hypothesis—that the activation of cortical microglia occurs after the
deposition of AP but before NFD—was also confirmed (Paasila et al., 2020). This
study compared AP, TTau, and microglial pathological changes in the PMC to the
previously examined ITC. The PMC was unaffected by any neurodegenerative
changes and showed an even sparser quantity of A and TTau than the PVC. All
individual control and CAc brains showed a very low level of TTau pathology in
both regions which was not associated histopathologically with either AP or
microglial clustering but correlated with age. In the belatedly affected PMC,
controls and CAc differed only by the level of AP and clustering, indicative of a
microglial reaction in response to AP in the absence of tau pathology. There was
also evidence of the internalisation of AB by microglia. Overall, clustering of
activated microglia was significantly higher in the PMC compared to the severely
affected ITC of both CAc and AD brains. Therefore, it was concluded that the
sequence of pathological events in the cortex of AD brains begins with AP,

followed by clustering of activated microglia, and finally NFD.
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6.1.3 Increased phagocytosis of (pre-)synapses in AD

The third hypothesis—that there is increased phagocytosis of presynapses in AD
but not control or CAc—was confirmed (Paasila et al., 2021). This study used 3D
GSDIM—a form of super-resolution light microscopy—to demonstrate
internalisation of Syp-immunoreactive presynaptic elements by microglia in AD.
Colocalisation of Ibal and Syp signals were shown at a horizontal resolution of 20
nm/pixel and an axial resolution of 50 nm/pixel. Increased colocalisation was

observed in AD cortex, but not CAc or control tissues.

6.1.4 Microglia react more potently to monomers than fibrils of Af

Part one of the fourth hypothesis—that BSCs treated with synthetic Ap monomers
would upregulate constitutive myeloid/microglial markers—was disconfirmed.
Myeloid markers expressed by microglia, such as Aifl, Itgam, and Ptprc, all
displayed relatively stable expression across treatment groups. Part two of the
fourth hypothesis—that BSCs treated fAp would upregulate phagocytic markers—
was confirmed, but with important caveats; that a relatively shorter period of
treatment with AB monomers had a far more potent effect on the expression of
phagocytic markers and that fAB only restored phagocytic potential following
extended treatment with mA. Notably, the increased expression of phagocytic
markers in response to short treatment time with mAf was also accompanied by
significantly increased expression of the Chrna7 anti-inflammatory marker and the
candidate reference gene Hprt which is involved in the salvage of purines for DNA
and RNA synthesis.

6.1.5 Immune activation and phagocytosis coincides with mild AD

The fifth hypothesis—that markers of immune activation and phagocytosis would
be upregulated in early phases of AD—was confirmed. The genes of interest here
were selected based on an RNA-Seq analysis which found them to be amongst the
highest DEGs in the PreC and PVC of post-mortem AD cases. The PreC showed
increased expression of phagocytic and immune markers, including, CXCR4,
MS4ABA, SLC7A2, and TREM2. The PVC was also showed increased CXCR4 and
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TREM2. Other DEGs identified in both regions included the upregulation of INSR,
IGF1R, and PARVG and the downregulation of SST.

6.2  Contextualisation of findings

6.2.1 Neuropathology

AP plaques and tau pathology do not follow the same spatiotemporal pattern of
accumulation (Arriagada et al., 1992; Braak & Braak, 1991; Mirraetal., 1991; Ohm
et al., 1995; Thal et al., 2002). Unexpectedly, the regions first investigated in
Chapter 2—including the ITC, SFC, and PVC—were found to have similar levels
of AD neuropathological changes. AP deposition shows a relatively haphazard
pattern of accumulation throughout the cerebral cortex and plateaus early during
the disease course (Serrano-Pozo et al., 2011b), whereas NFD—including NPs—
accrues in a more linear fashion, correlating with progressive cognitive impairment
in AD (Nelson et al., 2012) across a number of allocortical and neocortical areas
(Nelson et al., 2007). However, there have been several quantitative reports of
striking inter-individual variability in the density of NFD across different regions
of the brain (Berg et al., 1998; Bouras et al., 1994; Giannakopoulos et al., 1995;
Nelson et al., 2009b; Vermersch et al., 1992)—with primary cortices generally
carrying fewer NFTs. This supports the need for greater sampling of patient

populations and brain regions when quantifying pathological changes in AD.

The similarities between the PVC and ITC prompted the inclusion of the PMC in
the subsequent investigation. Reassuringly the PMC showed significantly reduced
levels of AP and tau pathology than the ITC, as corroborated by several other
studies (Arendt et al., 1998; Geula et al., 1998; Golaz et al., 1992; Murray et al.,
2011; Petersen et al., 2019; Suva et al., 1999)—again however, there was a wide
range of estimates for NFTs in these studies; from <5 to >60 tangles per mm?. This
to some extent is owed to differences in sampling methodologies, such as targeting
the most susceptible cortical laminae (Il & V) versus unbiased anatomical
protocols. Like the PVC, the PMC showed no evidence of neurodegenerative

changes despite carrying a higher than anticipated load of AD pathology. There
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were no changes to cortical thickness, total neurons, or density of Betz cells. A
comparison of the neuronal density estimates generated in control cases with two
previously published reports suggests a potential underestimation of total neurons
in the PMC by approximately 18% (Gredal et al., 2000) to 22% (Mochizuki et al.,
2011). The presence of the large pyramidal upper motor neurons known as Betz
cells which cluster in layer Vb and an attenuated granular layer IV are two
characteristics of the PMC. Histologically, Betz cells may be identified by their
large size, a conspicuous nucleolus, prominent somal lipofuscin deposits, and
multiple dendritic shafts projecting asymmetrically from the entire circumference
of the cell body. The size of Betz cells decreases gradually along a mediolateral
gradient, with the largest cells occurring in the medial somatotopic zones
subserving the hands and feet. The sections analysed here were derived from the
superomedial area of the caudal aspect of the PMC which accounted for the slightly
more prominent granular layer 1V and the clusters of Betz cells that were triangular
and round in shape, which contrasts with the more obscured granular layer and

fusiform-shaped Betz cells in the rostral portions of the PMC (Rivara et al., 2003).

6.2.2 Relationships between microglia and AD neuropathology

Morphological changes

Here microglia which showed features of activation, including hypertrophy of the
soma and primary processes (if present), either hyper-ramification (bushy) or de-
ramification (amoeboid), with or without the presence of spheroidal swellings of
cellular processes, were found to occur most prominently in the ITC of PreAD. In
AD cases, these cells occurred more frequently in clusters around AB plaques,
especially in more mildly affected regions such as the PVC and SFC. NPs with
dense accumulations of DNs were associated with microglia displaying features of
dystrophy, including the shortening of processes with significant tortuosities,
blebbing, or fragmentation. These microglia also correlated significantly with lower
brain pH. Future work might seek to determine if this represents a disease-
associated effect or secondary to agonal events immediately preceding death. The
concept of protective microglial activation early in the disease time course followed

by degeneration associated with a loss of homeostatic function during end-stage
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disease is increasingly appreciated (Chatila & Bradshaw, 2021; Navarro et al.,
2018; Schwabe et al., 2020; Streit et al., 2009, 2020).

Microglia exhibit highly dynamic context-dependent responses to pathological
stimuli (Prokop et al., 2013; Raivich et al., 1999). Direct correlations between
morphological features of microglia with precise physiological or diseased states
are not known (Dubbelaar et al., 2018). Gene inductions in culture can occur in the
absence of obvious morphological transitions (Eskes et al., 2003) and certain
morphologies can be experimentally induced in vitro even under conditions that
would not ordinarily support these morphological features (llschner et al., 1996;
Suzumura et al., 1991). Consequently, morphology is not necessarily a reliable
reflection of functional orientation (Kettenmann et al., 2011; Richter et al., 2014).
However, work that has come out from peripheral and central nerve axotomy
tentatively suggests that the aforementioned morphological markers of activation
represent neuroprotective or ‘proregenerative’ microglia (Streit, 2002, 2005).
Overall, it appears that only a very small proportion of total microglia are actively
involved in clustering at sites of AD pathological aggregates early in the disease
and that this clustering response dissipates with the progression of disease. Further,
the results presented here show no global differences in the morphological states of
the microglial population when conducting a complete examination of all cortical
laminae across different brain regions. Indeed, all morphologies can be found
inhabiting the same cortical regions of healthy and AD cortex, as has previously
been reported (Bachstetter et al., 2015; Torres-Platas et al., 2014). Next generation
single-cell, single-nuclear sequencing, and spatial transcriptomics (Chen et al.,
2020b) have an important role to more fully elucidate the molecular dynamics of
microglial activity in AD (Hammond et al., 2019; Keren-Shaul et al., 2017;
Krasemann et al., 2017; Masuda et al., 2019; Mathys et al., 2019; Sala Frigerio et
al., 2019; Sankowski et al., 2019; Sousa et al., 2018; Tay et al., 2018; Thrupp et al.,
2020).

Sequence of pathological changes

Inferring sequences of pathological changes from hierarchical involvement of

differentially affected brain regions is an objective of experimental neuropathology.
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Results presented in Chapter 3 suggest that the relative sequence of microglial and
AD pathological changes in PreAD begins with the deposition of fibrillar AP,
followed by the clustering of activated microglia, then by the formation of fibrillar
tau pathology. This finding conflicts with a previous report which placed tau
pathology first, followed by AP, then microglial activation (Streit et al., 2018).
Notwithstanding this difference, both scenarios are compatible with the possibility
that soluble phosphotau drives the degeneration of microglia (Sanchez-Mejias et
al., 2016). It then appears that microglia are susceptible to an impaired clustering
response with degenerative changes over the disease time course. Finally, a subset
of viable cells display a re-emergent, but destructive phagocytosis (characterised
by the targeting of synapses) which coincides with significant tau pathology as
demonstrated in Chapter 4 by the increased internalisation of pre-synaptic elements
by microglia observed in symptomatic cases only. This concept of biphasic
activation is also supported by PET imaging studies (Fan et al., 2017; Ismail et al.,
2020; Nordengen et al., 2019).

6.2.3 Immune activation and phagocytosis in mild AD

Murine BSCs

Cd68 and Trem2 were two key genes involved in phagocytic pathways that were
upregulated in BSCs treated with mAp for eight hours. These changes were also
associated with a pronounced upregulation of Chrna7, a potent anti-inflammatory
mediator. Trem2 is also capable of exerting anti-inflammatory effects through the
inhibition of NF-«p at a point downstream of PKC (Yao et al., 2019), whereas Cd68
does not appear to be involved in potentiating any major effects on a cell’s
inflammatory profile—as demonstrated in a KO mouse model (Song et al., 2011).
Interestingly, extended treatment with fAP restored expression levels which were
relatively depressed in BSCs treated with mABa42 (72 hours), but in the absence of
Chrna7 upregulation. This appears to be in general agreement with a biphasic
pattern of microglial activation wherein the first peak is associated with a
phagocytic, anti-inflammatory phenotype, but the second is characterised by
destructive phagocytic activity on synapses (as shown by increased internalisation

of Syp-positive synapses by microglia in AD) without inhibition of inflammatory
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pathways likely characterised by NF-kf3 activation (Ju Hwang et al., 2019). Future
work might aim to increase the culture duration by another 24 hours to see if the
expression levels continue to climb to significantly greater than those seen in the
72-hour media controls and monitor the inflammatory profile of cultures

throughout.

Post-mortem cortical homogenates

The gene amplification studies performed in the PreC and PVC of AD cases
demonstrated the coincidence of immune activation and phagocytosis with mild
AD. These two regions were selected based on the staging schema, the previous
IHC studies presented here (which included unpublished data on the PreC generated
during the work done for Chapter 2), and volumetrics studies which suggested mild
to intermediate involvement at relatively later stages of AD—thus representative of
mild AD. Upregulated immune genes included CXCR4—a chemokine receptor
associated with PKC activity; MS4A6A—a regulator of soluble TREMZ2; and
TREM2. An important caveat with regard to early and late stage phagocytosis is
that the former appears to be associated with microglial activation in the absence of
inflammation (Graeber et al., 2011; Graeber, 2014) and the preservation of synaptic
architecture whilst the latter is likely associated with impairment of the CHRNA7-
related anti-inflammatory pathway and active targeting of synapses for
phagocytosis (Hong et al., 2016). Further, the upregulation of metabolic regulators
including INSR and IGF1R may even exert some level of anti-inflammatory activity
as they are directly involved in PI3K/Akt signalling. The convergence of many of
the aforementioned genes in the mouse and human studies on PI13K/Akt signalling
may serve to potentiate immune activation and phagocytosis, but also cause the
generation of phosphotau as a by-product of increased GSK3p activity downstream
of Akt.
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6.3  Strengths and weaknesses

6.3.1 Post-mortem human brain tissue

The use of post-mortem human brain tissue presents with a number of benefits and
drawbacks. The major importance of using human AD tissue is that it provides the
essential definition of the disease. All the major working hypotheses and disease
models in the field are secondary to the primary analysis of human tissues.
Therefore, the observations made here are highly relevant in their description of
AD pathophysiological processes. The major drawback is that the use of post-
mortem tissue is inherently retrospective, which obscures cause and effect—
conceptually like Heisenberg’s uncertainty principle. Further, human tissue is often
subject to extended PMI which can adversely affect RIN values with potentially
adverse, but not necessarily disqualifying, impacts on gene amplification studies
(White et al., 2018). The effects of antemortem factors and PMI on RIN has been
previously examined and at least partly resolved by normalising gene counts by a
reference gene which shows a similar pattern of residual effects to potential
confounders such as PMI (Mills et al., 2014). Extended fixation of post-mortem
tissue also impacted the antigenicity of proteins targeted for IHC, IF, and GSDIM
studies. Longer fixation times inversely correlated with the overall level of staining
that was achievable, particularly for synaptic markers and the transmembrane
glycoprotein CD68—which would have provided a more ideal marker for
demonstrating the internalisation of synaptophysin by microglia given its position
in the lysosomal/endosomal membrane in contrast to Ibal which is an intracellular
marker. Another drawback is the relative rarity of human brain tissue, which has a
limiting effect on obtainable sample sizes. Future work would benefit greatly from

larger sample sizes.
6.3.2 Quantitative neuropathology
One of the other major strengths of the IHC/IF investigations presented here were

the automated and highly scalable quantitative analyses. This brings with it the

prospect of rigorous statistical assessment and the possibility of making accurate
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CPCs with which to inform future avenues of study. For instance, the inverse
correlation between brain pH and dystrophic microglia was an unexpected finding
which provokes further consideration as to whether this is simply an artefact of
agonal effects or representative of a bona fide disease-related process. The use of
automated procedures in future work could open the possibility of much larger
sampling protocols of individual brains using whole slide scanning for high-
throughput analyses. Lastly, machine or even deep learning for automated
morphological subtyping would also be made possible provided large enough
sample sizes are achieved—though may require cross-institutional collaborations.;

with early attempts already having been made (Vizcarra et al., 2020).

6.3.3 Gene amplification studies

The study of genes highly expressed by microglia (though not all genes, e.g.,
CHRNA7, SST, INSR, and IGF1R) provided some insight into the molecular
characteristics of their activation in AD. The use of BSCs as a 3D biological setting
with a comparable mix of cells seen in vivo allowed for mechanistic insight as to
how microglia respond to challenge with AP42. BSCs were prepared according to a
previously published protocol (Friedl et al., 2004), however there are several
limitations which bear consideration (Croft & Noble, 2018; Humpel, 2015),
including being subject to acute axotomy and loss of target innervation—this might
be ameliorated by supplementing the culture medium with nerve growth factors and
including a resting period of up to two weeks to allow for the acute effects of
axotomy to resolve; the absence of a functional vascular system (however BSCs
still have advantages over isolated primary cell cultures in this respect); the
development of a layer of reactive astrocytes on the outer surface of the slice zone
which requires time in culture to resolve (Benediktsson et al., 2005); and the
flattening of cultured slices over time which causes minor alterations to anatomical
structure—this can be partially reduced by using a high concentration of horse
serum in the culture medium. One significant drawback of using murine BSCs is
that mouse and human tissues are known to behave in disparate ways (Masuda et
al., 2019; Schwabe et al., 2020). Additionally, synthetic AP fibrils have also been

shown to assume a different conformation compared to those isolated from AD
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patients (Kollmer et al., 2019) which might affect receptor affinities. To overcome
these, future work might aim to derive pathological seeds from human patients and
apply them to human BSCs (Andersson et al., 2016; Eugéne et al., 2014; Lyman et
al., 1991; Schwarz et al., 2019; Verwer et al., 2003)—although these would also be

limited by PMI, tissue availability, and ethical considerations.

6.4 Conclusions

Here the observation of microglial activation in PreAD and mild AD were
interpreted as neuroprotective processes as the activated cells shared features seen
in proregenerative microglia in mouse axotomy models. Importantly, these
activated cells were not implicated in the phagocytosis of pre-synaptic material in
PreAD unlike end-stage disease. Further, gene amplification studies in mouse
demonstrated enhancement of phagocytosis and anti-inflammatory pathways in
response to mA P42 but restored phagocytosis without a similarly elevated level of a
major anti-inflammatory pathway. This concept of immune activation in early or
mild AD was also corroborated by gene studies performed in post-mortem AD
cortical tissue. The findings here suggest that augmenting microglial function early
in the disease may be key to prolonging cognitive function as opposed to the long

held view that the correct therapeutic avenue lies in attenuating microgliosis.
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Appendix

Appended here with permission is the manuscript by Guennewig et al. (2021) in
which elements of Chapter 5 of this thesis are published. The manuscript begins on

the next page.
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Defining early changes

in Alzheimer’s disease from RNA
sequencing of brain regions
differentially affected by pathology
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Tau pathology in Alzheimer’s disease (AD) spreads in a predictable pattern that corresponds with
disease symptoms and severity. At post-mortem there are cortical regions that range from mildly

to severely affected by tau pathology and neuronal loss. A comparison of the molecular signatures

of these differentially affected areas within cases and between cases and controls may allow the
temporal modelling of disease progression. Here we used RNA sequencing to explore differential
gene expression in the mildly affected primary visual cortex and moderately affected precuneus

of ten age-, gender- and RNA quality-matched post-mortem brains from AD patients and healthy
controls. The two regions in AD cases had similar transcriptomic signatures but there were broader
abnormalities in the precuneus consistent with the greater tau load. Both regions were characterised
by upregulation of immune-related genes such as those encoding triggering receptor expressed on
myeloid cells 2 and membrane spanning 4-domains A6A and milder changes in insulin/IGF1 signalling.
The precuneus in AD was also characterised by changes in vesicle secretion and downregulation

of the interneuronal subtype marker, somatostatin. The ‘early’ AD transcriptome is characterised

by perturbations in synaptic vesicle secretion on a background of neuroimmune dysfunction. In
particular, the synaptic deficits that characterise AD may begin with the somatostatin division of
inhibitory neurotransmission.

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and is predicted to become the
most impactful health issue for Western countries by 2050 due to an ageing population and the lack of disease-
modifying treatments'. AD commonly manifests clinically in the eighth decade of life but imaging studies
suggest that the disease develops at least 20 years before symptoms are detected” The neuropathology of AD is
characterised by widescale atrophy, regional neuronal loss, gliosis and two pathognomonic entities; extracellular
plaques, made up primarily of peptides called beta-amyloid (AB) and neurofibrillary tangles (NFT) made up
chiefly of filaments of hyperphosphorylated microtubule-associated protein tau (tau). A pathological diagnosis
is based on a qualitative assessment of NFTs, diffuse and neuritic plaques that prioritises the spread of these
entities rather than the degree of pathology in any particular region. As both tau and Ap pathology commonly
occur in aged non-demented individuals® a diagnosis of AD is probabilistic with no clear threshold of pathology
that, above which, dementia is conferred.

Given that neuronal loss is synonymous with symptoms in AD and irreversible, any disease-modifying drug
needs to be implemented before such loss occurs. The popular amyloid (cascade) hypothesis (ACH) states that
the pathogenesis of common forms of AD is precipitated by accumulation of neurotoxic and soluble A oligomers
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in the brain parenchyma®. It further proposes a linear process where A oligomers cause neuronal dysfunction
that ultimately results in NFT formation, neuron dysfunction and death. ACH is based on the phenotypic simi-
larities between rare familial and sporadic forms of AD and supported by positive emission tomography (PET)
studies that show AP load in presymptomatic individuals®. In particular, PET imaging of asymptomatic mutation
carriers suggests that the Ap accumulation in the precuneus region is a key early event in disease progression®.
It is unclear how amyloid and tau are in this cascade but one hypothesis is that Ap attenuates central insulin
signalling and AD has been called “Type 3 Diabetes”®. The subsequent downregulation of the associated PI3K/
AKT pathway is proposed to lead to excessive activity by major tau kinases, primarily glycogen synthase Kinase
3B (GSK3p) that is normally inhibited by insulin to enable glycogen synthase activity in cells’.

The findings from pathological studies in AD do not entirely support the linear process proposed by the ACH.
AR pathology begins widely in the neocortex, particularly the ventral neocortex, before spreading to subcortical
regions, the brainstem and cerebellum'®. AB pathology shows more variation between cases than tau pathol-
ogy and it plateaus in many regions early in the disease''. Staging studies suggest that tau pathology has a more
predictable pattern, beginning in the transentorhinal cortex before spreading through the limbic system and
into the neocortex with relative sparing of the primary cortices such as the primary visual cortex!?. There are
various forms of tau or neurofibrillary pathology such as dystrophic neurites'®, neuritic threads and astroglial
pathology' but staging schema concentrate on neurofibrillary tangles (NFTs). AD symptoms are correlated
with irreversible neuronal loss and this in turn is correlated to the spread of NFTs rather than AP pathology'>"°.

There are also a number of challenges in understanding the course of events within the ACH. Firstly, the long
prodrome and disease duration would be consistent with a subtle pathogenic mechanism'¢. Second, mechanistic
studies are best performed in animal models, but the human brain is more complex than any other organ relative
to that found in lower mammals. In particular, the human brain transcriptome correlates closely with advanced
human cognition'’. As expected, there is little concordance between brain transcriptomic data from human AD
brain and AD animal models'®".

Post-mortem tissue, the only consistently available source of human brain tissue, appears unsuitable for
mechanistic studies. In neurodegenerative diseases, the most severely affected regions of the brain display con-
siderable neuronal loss?’, making it challenging to interpret how case-control differences in gene expression
from these areas relate to the disease process. A possible compromise is to utilise regions that are affected by
the disease, with plaques and, or NFTs, but yet to experience neuronal loss at post-mortem. A putative scenario
would see ‘sick’ neurons contributing maximally to the bulk tissue AD transcriptome. In reality, this model is
likely to focus on tau-related pathomechanisms given its more predictable spread across the neocortex. By com-
paring areas mildly and moderately affected by tau pathology within the same AD brains, as well as traditional
case—control comparisons, the natural history of the disease might be modelled*..

The development of new pre-symptomatic diagnostics and therapeutics in AD is hindered by our lack of
understanding of the events promoting and connecting the various stages of the ACH*. We hypothesize that early
pathogenic changes can be determined from observing gene expression profiles in less severely affected cortical
regions of the AD brain at post-mortem. Here we report the pathomechanisms related to early tau deposition
from comparing the moderately affected precuneus (PREC) to the mildly affected primary visual cortex (VIC).

Methods

Tissue. Thisstudywas carried out following ethical approval from The University of Sydney’s Human Research
Ethics Committee (HREC#2012/161) with all experiments with human tissue performed in accordance with the
Declaration of Helsinki. De-identified tissue was supplied by New South Wales Brain Banks (NSWBB) includ-
ing the Sydney Brain Bank at Neuroscience Research Australia and the New South Wales Brain Tissue Resource
Centre (NSWBTRC) at The University of Sydney following approval from their Scientific Advisory Committee.
Informed consent was previously obtained from the participants (or next-of-kin at time of death) by NSWBB,
who also provided information on age, gender, dementia status (yes/no) clinical dementia rating (CDR; non-
demented =0: MCI=0.5; demented >0.5), AD pathological diagnosis according to latest ABC’ criteria’, cause
of death, post-mortem interval (PMI), and brain pH (Supplementary Table 1 for details with RNA sequencing
samples in bold type). 10 um formalin-fixed paraffin-embedded (FFPE) sections and 100 mg frozen tissue from
the contralateral hemisphere of the VIC and PREC were obtained from 26 cases and 22 age-, gender- and APOE
e4-matched neurologically normal controls.

RNA-Seq. Our overall aim was to explore the plausibility of using differentially affected areas of the post-
mortem AD brain to model disease progression. As a ‘proof of concept’ study five cases and five controls were
selected for RNA sequencing (RNA-Seq) following matching for age, gender, APOE &4 genotype and RNA qual-
ity (RNA integrity number; RIN). RINs had been derived from the superior temporal gyrus (STG) of all donors
for a previous study?. All cases had been designated with high likelihood of AD (ABC’ score) according to the
latest pathological diagnostic criteria and all were Braak stage VI® (Supplementary Table 1 for full clinical and
pathological data). RNA was extracted from 30 mg frozen tissue from the PREC and VIC using TRIzol (Life
Technologies, Thermo Fisher Scientific, Carlsbad, CA 92008, USA) including an on-column DNase I treatment.
500 ng of RNase H ribodepleted total RNA was used for library preparation with the TruSeq Stranded Total RNA
Sample Prep Kit (Illumina, USA). Mixes of External RNA Controls Consortium (ERCC) Spike-Ins (Thermo
Fisher Scientific) with different molar ratios were added to control (Mix 1) and AD samples (Mix 2). The libraries
were sequenced using the Illumina HiSeq2500 at the Kinghorn Centre for Clinical Genomics, Garvan Institute
of Medical Research, Sydney, Australia.
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Gene name Primer sequences Primer concentration (nM)
Somatostatin Forward 5-ACCCCAGACTCCGTAGTTT-3' 125
Reverse 5-AGTACTTGGCCAGTTCCTGCT-3'
Insulin receptor Forward 5-GGACCAGGCATCCTGTGAAA-3’ 125
P Reverse 5-GGGCCTCTTTGTAGAACAGCA-3'
_— Forward 5-AGGAATGAAGTCTGGCTCCG-3'
Insulin-like growth factor 1 receptor Reverse 5-CCGCAGATTTCTCCACTCGT.3" 125
Forward 5-AAATCAAGTGGGGCGATGCT-3'
Glyceraldehyde 3-phosphate dehydrogenase Reverse 5-CAAATGAGCCCCAGCCTTCT-3' 50
C-X-C motif chemokine receptor 4 Forward 5-GAGTGCTCCAGTAGCCACC-3 50

Reverse 5-GCCCATTTCCTCGGTGTAGT-3'

Membrane spanning 4-domains A6A

Forward 5-GCTGATTTGCACTCTGCTGG Reverse 5'-GCAGGAAAAGTACACTCCCAGG-3' | 50

Forward 5-TGCTGGCAGACCCCCTG-3'

Triggering receptor expressed on myeloid cells 2 Reverse 5-GAAGGATGGAAGTGGGTGGG-3' 50

Parvin gamma Forward 5-AAATGCTGCACAACGTCACC-3' 50
8 Reverse 5-AGGCAGTGAGGGTCAATTCG-3'

Solute carrier family 7 member 2 Forward 5'-CCATTTTCCCAATGCCTCGTG-3' 50

Reverse 5'-GAAAGGCCATCAAAGCTGCC-3'

Table 1. Droplet digital PCR primer details.

RNA-Seq data analysis. All data analyses were carried out within the R project environment as previously
described®*. Reads were mapped to GRCh38.p5 reference genome using STAR (version 2.5.1a)%. Known GEN-
CODE genes (version 24) were quantified by RSEM (version 1.3.0)%. The complete code and supplementary
quality metrics can be found at: https://github.com/gboris/ AD_RNA-Seq. Trimmed mean of M values (TMM)
normalization and filtering according to abundance of reads in the either case or control, were carried out in
edgeR”. An exploratory ANOVA of all RNA-Seq data (both regions), based on all filtered normalised gene
counts, was used to identify potential covariates for inclusion in the subsequent differential gene expression
analysis for each region (Additional Fig. 1). Status, region, age, gender, post-mortem interval (PMI), brain pH
(occipital lobe), and STG-RIN® were included as covariates in the model to derive differentially expressed genes
(DEG) with ‘edgeR’?. Significance was set at a false discovery rate (FDR)-adjusted p value <0.05. Gene enrich-
ment analysis was performed using various databases including: Gene Ontology (GO) sets of molecular func-
tions (MF), biological processes (BP), and cellular components (CC). General concordance between gene asso-
ciations in the two regions was explored by correlation analysis fold-changes.

Quantitative neuropathology. The VIC and PREC of all 26 cases and 22 controls were quantified for
tau (AT8-tau) -immunopositive neurons [AT8-tau monoclonal antibody (1:500, #MN1020, Thermo Fisher Sci-
entific, Rockford, IL 61105, USA); Phospho-Tau (Ser202, Thr205)], the areal fraction of AP immunopositivity
[Beta Amyloid, 1-16 (6E10) monoclonal antibody (1:500, #SIG-39320-200, BioLegend, San Diego, CA 92121,
USA)] and the total number of cortical neurons. Briefly, immunopositive neurons or all cortical neurons were
counted manually in three cortical strips (cortical surface to grey matter/white matter boundary) from a 10 pm
section of either PREC or VIC with an eyepiece graticule. AT8-tau immunopositive (+ve) and cortical neuron
counts were converted into cells per mm? value by dividing total neurons by the number of graticules across
the three strips, while Ap immunopositivity was calculated as an areal fraction. The mean density/areal fraction
for each individual region was calculated and normalised for potential atrophy by multiplying by a correction
factor (mean cortical width/mean cortical width of gender-matched controls) (Supplementary Table 1 for full
quantitative neuropathology data).

RNA-Seq validation—droplet digital PCR. RNA was further isolated from 30 mg human brain tis-
sue of all 26 cases and 22 controls including additional tissue from those individuals previously sampled for
RNA-Seq. Here RNA was extracted using TRIzol reagent in combination with the PureLink RNA Isolation Kit
(Life Technologies, Thermo Fisher Scientific) including an on-column DNase I treatment. RNA was eluted with
RNase free water and stored at — 80 °C until use. cDNA was synthesised using the sensiFAST cDNA kit (Bioline,
Sydney, NSW 2015, Australia) and diluted to 100 ng prior to amplification by droplet digital polymerase chain
reaction (ddPCR). Transcript abundance was measured using the Bio-Rad QX200 Droplet Digital PCR System
(Bio-Rad Life Science, Hercules, California 94547, USA) at the Molecular Biology Facility, Bosch Institute, The
University of Sydney. Primers for genes of interest (GOI) were designed using PrimerBlast (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/) and manufactured by Integrated DNA Technologies Australia Pty Ltd (Table 1
for sequence information). A preliminary experiment in the five RNA-Seq controls only was carried out with
SST and four potential housekeeping genes: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hydroxy-
methylbilane synthase (HMBS), hypoxanthine phosphoribosyltransferase 1 (HPRT1) and glial fibrillary acidic
protein (GFAP) as previously described”. All assays were optimised such that there was a clear differentiation
of positive and negative droplets as per manufacturer’s instructions. GAPDH was selected as the reference genes
based on a similar positive correlation with RIN in the controls to SST, to minimise potential premortem effects
on disease-specific differential expression as previously described®’. ddPCR was then extended to the full cohort
with cDNA at 100 ng except for GAPDH (12.5 ng) with data normalised as GOI/GAPDH. An ANOVA was
used to determine group differences for both regions. As GOIs, other than SST, did not necessary correlate with
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Mean (S.D.) AD (n=5) | Control (n=5) | pvalue
Age (years) 76 (14) 78 (9) 0.8
Post-mortem interval (hours) 11 (12) 18 (18) 0.3
Brain pH (occipital lobe) 6.5(0.2) 6.6 (0.2) 0.1
RIN (STG for matching) 6.9 (0.3) 6.9 (0.4) 0.9
RIN (PREC) 5.2(0.3) 5.5(0.3) 0.5
RIN (VIC) 53(0.2) 5.3 (0.2) 1

Table 2. Demographics and clinicopathological information.

RIN in the controls similarly to GAPDH, F ratios were also adjusted for age-, gender- and region-specific RIN
by logistic regression. Correlations between normalised GOI expression and neuropathology (AT8-tau positive
neurons, areal AP fraction and residual neurons) were also explored in the cases only and adjusted as above. All
statistical analyses were carried out in JMP10.0.0 (SAS Institute Inc., Cary, North Carolina, USA).

RNA-Seq validation—ROSMAP study data. Permission was obtained to access the Religious Orders
Study and Memory and Aging Project (ROSMAP) study data from the Rush Alzheimer’s Disease Center and
hosted by Sage Bionetworks—Synapse system (https://www.synapse.org/#!Synapse:syn3219045). RNA-Seq data
was from the dorsal lateral prefrontal cortex of participants who had undergone comprehensive neuropsycho-
logical assessment to assign cognitive status as previously described”. ROSMAP participants were classified as
cognitively normal, having mild cognitive impairment or demented. The ROSMAP study is unique in that quan-
titative neuropathological examination has been performed across multiple brain regions® in combination with
the semi-quantitative and probabilistic standard AD diagnostic criteria which classifies individuals with low,
intermediate or high likelihood that their dementia is primarily due to AD*'. A whole genome co-expression
network analysis of the RNA-seq data on 478 individuals has been previously reported®” but was re-analysed
here by comparing the most disparate groups—non-demented controls with no or low AD pathology (n=117)
versus demented individuals with intermediate or high AD pathology (n=195)—using the same differential
expression method described above.

Comparison with GWAS data. Seyfried and colleagues previously described a strategy for determining if
protein products of GWAS targets are enriched in gene expression data®. Using data from International Genom-
ics of Alzheimer’s Project™ they used the gene set analysis program called MAGMA™ to derive 1234 GWAS (AD
risk) genes. A Chi-square test was used to determine if the DEGs in the AD-PREC or AD-VIC were significantly
over-represented among their AD risk genes.

Ethics approval and consent to participate. Ethics approval for the use of de-identified post-mortem
human tissue has been described in the Methods section, Paragraph 1.

Results

RNA sequencing (RNA-Seq) was carried out on samples from the PREC and VIC brain regions of five AD cases
and five controls matched for age, gender, APOE genotype and RIN and selected from a previously described
cohort? (Table 2 and Supplementary Table 1 for full data).

All AD cases had been previously classified as Braak stage VI according to current diagnostic criteria®
although one case (IS18), a 100 old female, had a relatively low tau load in her PREC (7.1 immunopositive cells/
mm?) (Supplementary Table 1 for all details). The regional pathology in the AD cases was consistent with the
expected pattern of tau pathology across the neocortex with relative sparing of VIC and generalised Ap depo-
sition across the entire neocortex (including VIC and PREC) early in the disease course!>!>. Neither region
showed any difference in neuronal density between cases and controls, but both were characterised by higher
AP areal fractions in the cases (Table 3). In contrast, only the PREC of AD cases (AD-PREC) had more AT8-
tau + ve neurons compared to controls. Among the cases, AP areal fractions were similar in both regions (p=0.5)
but AT8-tau + ve neurons trended towards being higher in the PREC (p=0.08) (Supplementary Table 1 for all
quantitative neuropathology data; RNA-Seq samples in bold type).

RNA sequencing. RNA sequencing was carried using 125 bp paired-end approach at an average sequencing
depth of 25 million reads per sample. Transcripts that had less than five reads in two or less samples were filtered
out prior to differential expression analysis. In order of magnitude data variance was due to: RIN, age, brain
region, pH, gender and then disease status (Additional Fig. 1). Excluding region, all these factors were included
in linear regression models to generate the DEGs for the VIC and PREC. Hierarchical clustering of the DEGs
from both regions demonstrated that control and case samples largely segregated with each other (Fig. 1). Two
controls, IS43 and 1S44, segregated with the cases and this could not be explained by a common APOE genotype
(e3/e4 and €3e3 respectively) or other available clinical data ( Supplementary Table 1 for full details).

Precuneus (PREC). The AD-PREC was characterised by 559 DEGs (462 protein -oding) (FDR<0.05; Sup-
plementary Table 2). The ERCC subgroup A transcripts that had been spiked-in to the AD samples at a fourfold

Scientific Reports |

(2021) 11:4865 | https://doi.org/10.1038/s41598-021-83872-z nature portfolio


https://www.synapse.org/#!Synapse:syn3219045

www.nature.com/scientificreports/

Mean (S.D.) AD (n=5) | Control (n=5) | p value
PREC—AT8-tau + ve neuron density (mm?) 29 (13) 0 0.001
PREC—Areal AP fraction 0.09 (0.05) |0 0.006
PREC—Neuronal density (mm?) 303 (31) 269 (64) 0.31
VIC—AT8-tau + ve neuron density 13 (13) 0 0.06
VIC—areal A fraction 0.07 (0.05) |0 0.01
VIC—neuronal density 306 (35) 262 (74) 0.26
PREC VIC p value
Inter-regional comparisons (cases only)
Areal A fraction 0.09 (0.05) |0.07 (0.05) 0.5
AT8-tau + ve neuron density 29 (13) 13 (13) 0.08

Table 3. Quantification of AD neuropathology in the RNA-Seq cohort.
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Figure 1. Hierarchical clustering of samples. A heatmap shows the clustering of the 20 Alzheimer’s disease
(AD) and neurologically normal control (control) brain tissue samples based on their differential gene
(transcript) expression (z-values). Samples are from the primary visual cortex (VIC) and precuneus (PREC);
regions that are mildly- and moderately affected by tau pathology respectively in the AD brain at post-mortem.
The colour scale shows transcripts that are upregulated (red) or downregulated (blue) relative to mean
expression of all samples. Four control samples (PREC and VIC regions from 1S43 and IS44) cluster with the
cases.
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chr 3

Rank | GENCODE # Gene symbol | Gene name Log FC | p value (FDR adjusted)

1 ENSG00000185710 | Non-coding SMG1P4; SMGI pseudogene 4 —-6.4 1.29E-19

2 ENSG00000226259 | Non-coding ;}]'SI‘FZHZB; General transcription factor ITH subunit 46 L17E-12

3 ENSG00000275954 | TBCID3F TBC1 domain family member 3F -10.5 2.13E-09

4 ENSG00000003989 | SLC7A2 Solute carrier family 7, member 2 1.8 2.86E-09

5 ENSG00000138964 | PARVG Parvin gamma 1.4 3.93E-07

6 ENSG00000110077 | MS4A6A Membrane-spanning 4-domains, subfamily A, 14 1.27E-06
member 6A

7 ENSG00000275830 | Non-coding AL355974.2 2.1 1.43E-06

8 ENSG00000211592 | IGKC Immunoglobulin kappa constant 3.9 1.43E-06

9 ENSG00000235833 | Non-coding AC017099.1 -4.1 1.89E-06

10 ENSG00000152049 | KCNE4 Potassium yoltage—gated channel subfamily E regula- 16 2.2443E-06
tory subunit 4

Table 4. Top 10 most differentially expressed genes in the AD-PREC.
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Figure 2. Downregulation of somatostatin gene expression in the precuneus of Alzheimer’s disease brains. An
Integrative Genomics Viewer (IGV)-derived image shows the comparative levels of reads from the two-exon
somatostatin (SST)-encoding gene within the precuneus region of post-mortem brains from four Alzheimer’s
disease (AD) cases (upper tracks) and four controls (Con; lower tracks). (IGV ver. 2.3.91; Broad Institute).

molar ratio were prominent among the top DEGs and removed from further analysis. The top ten most signifi-
cant DEGs in the AD-PREC included protein-coding transcripts: immunoglobulin kappa constant (IGKC), the
cationic amino acid transporter (SLC7A2), parvin gamma (PARVG) and membrane-spanning 4-domains, sub-
family A, member 6A (MS4A6A), a probable chemosensor expressed by microglia® (Table 4). SST, encoding the
interneuron subtype marker somatostatin, was also downregulated in AD-PREC (ranked 14th, log FC=-2.2,
FDR adjusted p value=6.9 x 10~ (Fig. 2) consistent with immunohistochemical deficits in the AD brain®".

Up- and down-regulated genes were combined for gene ontology (GO) analyses and this revealed two major
themes among the enriched Biological Pathways (GO-BP): exocytosis and immune function (Table 5; Supple-
mentary Table 3 for full list). Genes involved in exocytosis included STXBP2, encoding syntaxin binding protein
2 (log FC=1.0, adj. p value =0.02) and NSE encoding protein N-ethylmaleimide-sensitive factor (log FC=-1.1,
adj. p value=0.006) that are involved in SNARE complex assembly and disassembly respectively.

Primary visual cortex (VIC). There were 71 total and 44 protein-coding DEGs in the AD-VIC (adjusted
p value<0.05 Table 6; Supplementary Table 4 for full list). 40/71 DEGs in the AD-VIC brain region were dif-
ferentially expressed in the same direction as in the AD-PREC suggesting similar responses to the presence of
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GO term Biological pathway p value

GO:0006887 | exocytosis 1.6E-12
GO:0032940 | secretion by cell 6.2E-12
GO0:0045055 | regulated exocytosis 4.3E-11
GO:0046903 | secretion 6.4E-11
GO:0042119 | neutrophil activation 5.8E-09
GO0:0002274 | myeloid leukocyte activation 6.2E-09
GO0:0036230 | granulocyte activation 7.5E-09
GO:0043312 | neutrophil degranulation 1.1E-08
GO0:0002283 | neutrophil activation involved in immune response | 1.2E-08
GO:0006810 | transport 2.1E-08

Table 5. Overrepresented gene ontology biological pathways in the AD-PREC.

Rank | GENCODE # Gene symbol | Gene name Log FC | p value (FDR adjusted)
1 ENSG00000185710 | Non-coding SMG1 pseudogene 4 -6.3 4.3E-18%
2 ENSG00000275954 | TBCID3F TBC1 domain family member 3F -13.3 3.1E-15*
3 ENSG00000205632 | Non-coding LINCO01310 -2.0 2.6E-07
4 ENSG00000197728 | RPS26 ribosomal protein S26 -12 3.5E-07
5 ENSG00000226259 | Non-coding g’;;ee;:; transcription factor ITH subunit 2B (pseu- 35 3.5E-07°
6 ENSG00000275830 | Non-coding AL355974.2 21 7.8E-06
7 ENSG00000116031 | CD207 CD207 molecule, langerin -58 1.4E-04
8 ENSG00000250770 | Non-coding AC005865.2 -15 1.5E-04
9 ENSG00000254269 | Non-coding CTD-2281E23.2 -1.9 1.5E-04
10 ENSG00000134201 | GSTMS5 Glutathione S-transferase mu 5 -14 1.6 E-04

Table 6. Top 10 most differentially expressed genes in the AD-VIC. *DEG in AD-PREC.

AD pathology. Overall, there was a high correlation between the direction of associations of all genes in the
AD-PREC versus the AD-VIC (r*=0.35) (Fig. 3). 27/462 protein coding genes were in common between the
two regions including TBC1D3F, encoding TBC1 domain family member 3F, RPS26 and CD207. There is little
known about the putative oncogene TBC1D3E while CD207, a receptor on antigen-presenting Langerhans cells
in the skin, has very low expression in the brain. Other DEGs here included the microglial PARVG and MS4A6A
ranked 5th and 6th among the PREC DEGs respectively.

Four immune-related GO-BPs in the AD-PREC were similarly among the top ten overrepresented pathways
seen in the AD-VIC (Table 7; Supplementary Table 5 for full list).

With a 2.5-fold greater tau load compared to the AD-VIC, it was hypothesized that AD-PREC DEGs would
include upregulated tau kinases and downregulated tau phosphatases®. In particular, AD as a putative form
of “Type 3 diabetes”” would be consistent with impaired central insulin (PIK3-AKT) signalling and increased
glycogen synthase kinase 3beta (GSK3p) levels®. Contrary to these hypotheses, CDK5R2, encoding a neuron-
specific activator of the tau kinase cyclin dependent kinase 5, was downregulated, while the genes, phosphoi-
nositide-3-kinase adaptor protein 1 (PIK3API) and phosphoinositide-3-kinase regulatory subunit 5 (PIK3R5),
whose products promote PI3K activity, were both upregulated. Similarly, INSR, encoding the insulin receptor,
and IGFIR, encoding the major IGF1 receptor, approached higher expression in the AD-PREC (unadjusted p
values =0.06 and 0.01 respectively).

Non-coding RNAs.  97/559 DEGs in the AD-PREC and 27/71 in AD-VIC were long non-coding transcripts
included two of most significant DEGs in both regions: SMG1 pseudogene 4 (SMGIP4; ENSG00000185710;
logFC=-6.4; FDR=1.3x10""?) and general transcription factor ITH subunit 2B (GTF2H2B; pseudogene;
ENSG00000226259; logFC=6.4; FDR=1.2x10712).

ddPCR replication in a larger cohort.  We selected eight protein-coding DEGs from the RNA-Seq study
for validation in the full cohort of 26 AD cases and 22 controls: SST, SLC7A2, TREM?2, CXCR4 and MS4A6A and
PARVG, INSR and IGFIR. As for the RNA-Seq cohort there was no difference in neuronal density between cases
and controls for either region. However, both regions were characterised by higher Ap areal fractions and more
AT8-tau + ve neurons in the cases (Table 8). Among the cases, AP areal fractions were similar for both regions
(p=0.5) but AT8-tau + ve neurons were higher in the PREC (p=0.0009) (Supplementary Table 1 for all quantita-
tive neuropathology data; RNA-Seq samples in bold type).
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Figure 3. Correlation between Alzheimer’s disease-associated genes in the precuneus versus the primary
visual cortex. A scatter plot displays the positive correlation between differential expression of all transcripts in
Alzheimer’s disease and control post-mortem brains for the primary visual cortex (y-axis) versus the precuneus
(x-axis). Each data point is a gene. The x-axis is the relative log2 fold-change in mean expression between AD
and control samples for the precuneus region. The y-axis is the relative log2 fold-change in mean expression
between AD and control samples for the primary visual cortex region. A gene with a positive fold-change

has higher expression in AD samples. Genes in the upper-right and bottom-left quadrants of the plot have
concordant changes in expression between AD and controls. The correlation between the fold-changes in both
regions is r*=0.35.

GO term Biological Pathway p value
GO0:0002252 | Immune effector process 1E-06
GO:0006952 Defense response 4E-06
GO0:0050727 | Regulation of inflammatory response 2E-05
GO:0006955 | Immune response 6E-05
GO:0043312 | Neutrophil degranulation 1E-04
GO0:0002283 | Neutrophil activation involved in immune response | 1E-04
GO0:0070613 | Regulation of protein processing 1E-04
GO:0042119 | Neutrophil activation 1E-04
GO:0002446 | Neutrophil mediated immunity 1E-04
GO:1903317 | Regulation of protein maturation 1E-04

Table 7. Top 10 overrepresented gene ontology biological pathways in AD_VIC.

Unlike the RNA sequencing samples, the mean RIN was significantly lower in the cases in both the PREC
(mean RIN 4.1+0.9v.5.2+1.0, p=0.0001) and the VIC (AD mean RIN 4.2 +0.9 v controls mean RIN=5.1+1.21;
p=0.003) and required normalisation using the reference gene GAPDH and further adjustment for regional RIN
using logistic regression. SST was significantly lower in the AD-PREC (p <0.0001) while TREM2 (p <0.0001),
MS4A6A (p=0.0004) and CXCR4 (p=0.003) were higher in AD cases consistent with the RNA-Seq results
(Fig. 4). Similar to RNA-Seq data, SST was lower in the AD-VIC (p=0.0001), but neither MS4A6A nor PARVG
were upregulated in the full cohort although MS4A6A was highly correlated with age (p=0.001). In contrast to
RNA-Seq results, both INSR (p=0.001 and p=0.0001) and IGFIR (p=0.0002 and p=0.01) were higher in the
AD-PREC and AD-VIC respectively (Fig. 4) (Fig. 4). In the AD-VIC, IGFIR (r*=0.35, p=0.002), SST (r*=0.21,
p=0.02) expression was correlated with tau-positive neurons; PARVG (r?=0.25, p=0.02) were correlated with
residual neurons and CXCR4 (r*=0.28, p=0.007) was correlated with Ap areal fraction. There were no correla-
tions between AD pathology and GOIs in the AD-PREC.

RNA-Seq validation—ROSMAP study data. The DEGs from the AD-PREC were compared with a
recently published dataset from the Religious Orders Study and Memory and Aging Project (ROSMAP) study.
The ROSMAP RNA-Seq data was from the dorsolateral prefrontal cortex from 478 individuals of varying cog-
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Mean (S.D.) AD (n=26) | Control (n=22) | pvalue
PREC—AT8-tau + ve neuron density (mm?) 20 (14) 0 <0.0001
PREC—areal AP fraction 0.07 (0.05) 0.008 (0.008) <0.0001
PREC—neuronal density (mm?) 276 (56) 283 (63) 0.7
VIC—ATS8-tau + ve neuron density (mm?) 8(9) 0 0.0003
VIC—areal A fraction 0.07 (0.05) 0.002 (0.007) <0.0001
VIC—neuronal density (mm?) 309 (41) 278 (62) 0.06
PREC—RIN 4.1(0.9) 5.2 (1.0) 0.0001
VIC—RIN 4.2 (0.9) 5.1(1.2) 0.003
PREC VIC p value
Inter-regional comparisons (cases only)
Areal AP fraction 0.07 (0.05) 0.07 (0.05) 0.8
AT8-tau + ve neuron density 20 (14) 8(9) 0.0009

Table 8. Quantification of AD neuropathology in the RNA-Seq cohort.

nitive function and pathological diagnoses including probable AD were originally analysed by a co-expression
network technique®. Here we restricted the re-analysis to their two most disparate groups: Non-demented con-
trols with no or low AD-type pathology (n=117) versus demented individuals with intermediate or high AD
pathology (n=195). This revealed 3904 DEGs (3132 protein-coding) of which 203 were among the 462 protein-
coding DEGs seen in the AD-PREC here. SST was downregulated and INSR, CXCR4, SLC7A2 and NFKBIA were
upregulated, respectively but IGFIR, TREM2 and MS4A6A was not significantly different. The most prominent
GO-BPs included ‘positive regulation of nucleic acid-templated transcription’ and ‘neurogenesis’ but there were
no immune-related pathways affected.

Overlap with AD risk genes. Seyfried and colleagues previously described a strategy for determining
if protein products of GWAS targets are enriched in gene expression data using the gene set analysis program
called MAGMA?®. They reported1234 that reached MAGMA GWAS significance using International Genomics
of Alzheimer’s Project data®. A chi-square analysis showed that AD-PREC DEGs were over-represented among
their AD risk genes (overlap=32: p=0.02) but not in the AD-VIC (overlap =3). Two GWAS targets, MS4A6A
and HLA-DRBS5, were in common to both regions (Supplementary Table 6).

Discussion

Pathological studies suggest that AP pathology develops concurrently across most cortical areas and plateaus
early in the disease course'’. In contrast, the severity of tau pathology is known to differ widely across the cor-
tex, sparing the primary cortices'?, as demonstrated here by mildly-affected VIC versus the moderately-affected
PREC. A comparison between such regions both within cases and between cases and controls may reveal the
specific expression patterns associated with tau deposition.

Immune pathways strongly associate with mild AD. The upregulation of immune-related pathways
and microglia-expressed genes such as TREM?2 and MS4A6A, along with NFKBIA (encoding NFKB inhibitor
alpha) and CXCR4 (encoding C-X-C motif chemokine receptor 4) here are consistent with both GWAS and tran-
scriptomic studies*®*!. Specific gene changes were replicated by ddPCR in the AD-PREC but not the AD-VIC,
although MS4A6A was correlated with age in the latter.

Similarly AD-PREC DEGs were significantly over-represented among known AD risk genes from GWAS>
with immune-related HLA-DRB5 and MSA4A6A also among were among the 45 protein-coding DEGs in the
AD-VIC. This overlaps suggests that both HLA-DRB5 and MSA4A6A influence AD pathogenesis through fine
tuning of their gene expression levels. The ROSMAP study RNA-Seq data from the prefrontal cortex was mostly
confirmatory with RNA-Seq results from the PREC here although MS4A6A or TREM2 were not differentially
expressed. In the original gene co-expression analysis of the ROSMAP RNA-Seq the reported ‘microglial mod-
ule;, that did include TREM2 and MS4A6A, was associated with age but not AD pathology or dementia status®.
The module most associated with cognitive decline was enriched for genes involved in the “positive regulation
of RNA metabolic process”. A similar pathway, ‘positive regulation of nucleic acid-templated transcription” was
the most enriched among the DEGs from our re-analysis of the ROSMAP data here.

This association between immune dysfunction and ageing, rather than AD status is consistent with our
previous immunohistochemical studies of microglia morphology in the VIC, the superior frontal gyrus and
the inferior temporal gyrus (ITG)*. This study, that also included one case here (1S38; Supplementary Table 1
for details) showed that activated microglia in the VIC and SFG, were associated with age but not disease status
while the severely affected ITG in AD was characterised by a loss of normal (ramified) microglia. Although not
reported, the PREC was also examined and showed the same associations between activated morphologies and
age®. In contrast, controls with sufficient AD-type pathology to satisfy an intermediate likelihood of disease
(according to current diagnostic criteria®) did have significantly more activated microglia than controls. Given
the similarities in AP accumulation between the two regions it seems that disease-specific immune dysfunction
may be more related to tau pathology as has been reported elsewhere for TREM2 and MS4A6A*®. In contrast,
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Figure 4. Validation of somatostatin and insulin/IGF1 signalling genes. Histograms show the differential
expression, quantified by droplet digital (dd) PCR, of protein encoding genes that were differentially expressed
in RNA-Seq: somatostatin (SST), insulin receptor (INSR), insulin-like growth factor 1 receptor (IGFIR), C-X-C
motif chemokine receptor 4 (CXCR4), membrane spanning 4-domains A6A (M4A6A), triggering receptor
expressed on myeloid cells 2 (TREM2), solute carrier family 7 member 2 (SLC7A2), parvin gamma (PARVG),

in the precuneus (PREC) and primary visual cortex (VIC) of post-mortem brains from 26 Alzheimer’s disease
(AD) cases and 22 neurologically normal controls. This includes resampling of all individuals (n=10) assayed by
RNA-Seq.

the down regulation of SST, and upregulation of the insulin/IGF1 signalling pathway appear to be some of the

earliest changes in the AD brain, or at least changes that prevent or limit tau pathology.
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One of our major interests is to match the molecular findings from frozen post-mortem brain tissue to the
immunohistochemical findings gathered from the mirror region in the contralateral hemisphere. This allows
disease-specific changes to be further nuanced as either Af- or tau-related or related to residual neurons. Here
correlations with pathology were only seen in the AD-VIC where the microglial- expressed CXCR4 was related
to AP load. TREM?2 and IGFR1 were associated with residual neurons and with tau pathology respectively but
given that most neurons remain in the AD-VIC and tau-positive neurons are rare these correlations may prove
to be spurious findings.

Transcriptomic support for dysfunctional exocytosis. Synaptic dynamics, another major theme
from GWAS of AD, was also prominent in the AD-PREC but not AD-VIC*. DEGs included MEF2C (encoding
myocyte enhancer factor 2C)**, which normally limits excessive synapse formation, and it was downregulated
here. Similarly, DEGs included regulatory components of the SNARE (soluble NSF attachment protein recep-
tor) protein complex, that facilitates membrane fusion of vesicles*. STXBP2, whose encoded product, syntaxin
binding protein 2, docks vesicles to membranes*® was increased in AD-PREC, while N-ethylmaleimide-sensitive
factor (NSF), a neuronally expressed ATP-ase® involved in disassembling docked vesicles** was reduced in AD-
PREC. This is consistent with the increase of extracellular vesicles in AD brain* and increased synaptic activity
enhancing tau propagation and tau pathology*.

Genes associated with tau deposition. The major hypothesis tested in this study was that the combina-
tion of tau and AP pathology in the absence of neuronal loss meant that ‘sick’ or dysfunctional neurons would
contribute substantially to the disease transcriptomic signature. A second hypothesis was that the greater tauload
in the AD-PREC would result in greater changes in gene expression than those observed in the AD-VIC. More
specifically, genes involved in tau hyperphosphorylation and NFT formation would be differentially expressed
in the AD-PREC only or to a greater magnitude than seen in the AD-VIC. In support of our second hypothesis
there were eightfold more DEGs in the AD-PREC, but on a background of similar changes in gene expression as
indicated by the strong correlation between genes associated with AD in both areas. The differential expression
of subunits of tau kinases CDK5 and PI3K are potentially consistent with the greater pathological tau load in the
AD-PREG, although the direction of change for subunits of CDK5 (down) and PI3K (up) were opposite to what
would have been predicted to result in the hyperphosphorylation of tau. In particular, the increase in PI3K com-
ponents is consistent with increased PI3K/AKT signalling pathway and inhibition of another tau kinase, GSK3p.
Alternatively, these changes could represent efforts by residual cells to counter tau-related neurodegeneration.
Liang et al.* came to this conclusion based on their microarray analysis of non-NFT bearing cortical neurons
from the AD-VIC and five other regions of the AD brain. While they did not investigate the PREC, they reported
more DEGs in areas with greater tau and AP pathology including entorhinal, hippocampal, middle temporal,
superior frontal and posterior cingulate cortices. Specifically, they showed that CDK5 was downregulated in all
regions apart from the AD-VIC.

Insulin/IGF1 signalling upregulated early. It is not clear how diabetes modifies AD risk but it has been
proposed that central insulin resistance in the AD brain, coined type 3 diabetes, leads to increased activity of
the major tau kinase, GSK3p’. Furthermore, a rat study suggests that IGF1 infusion can rescue Ap-dependent
deficits in the hippocampal somatostatinergic system®’. Although not surviving correction for multiple com-
parisons in our RNA-Seq data, INSR and IGFIR, were upregulated in both regions of the AD brain according to
ddPCR. INSR, but not IGFIR, was also differentially expressed in our re-analysis of the ROSMAP dataset. Yet an
upregulation of insulin/IGF1 signalling machinery appears contrary to the idea of central insulin resistance or it
represents a compensatory mechanism that is bolstering neuroprotection in areas of the AD brain yet to experi-
ence neuronal loss. Indeed a recent review of all post-mortem tissue studies favours an increase in PI3K/AKT
activity which is consistent with a neuroprotective but ultimately inadequate response to the disease process®.

Somatostatin—back to the future. The downregulation of the gene encoding somatostatin (SST) was
particularly interesting given that early pathological studies have shown that both mRNA and protein levels were
low across the AD brain®”*"*2. Somatostatin levels were also correlated with the reduction in choline acetyltrans-
ferase activity in AD and somatostatin-positive neurites have been reported within neuritic plaques®'. From this
work, somatostatin replacement therapy for AD was suggested in 1991, although it would be the augmenta-
tion of cholinergic activity through the use of acetylcholine esterase inhibitors that would ultimately reach the
clinic*®. The lower SST levels reported here are also consistent with a recent meta-analysis of microarray data®.
Somatostatin is expressed by 30% of cortical interneurons, one of the three main GABAergic interneuron types
in human cerebral cortex, the others expressing either parvalbumin (40%) or the serotonin receptor 5SHT3a
(30%)°°. Experiments in SST knock-out mice suggest that somatostatin-positive interneurons in the medial
entorhinal cortex synapse with the dendrites of grid cells to maintain periodic spatial firing®’. Somatostatin-pos-
itive interneurons modulate excitatory input to principal neurons and are postulated to play a role in experience-
dependent activity. Paradoxically, in an amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD)
mouse model, hyperactive somatostatin interneurons led to disinhibition of layer 5 pyramidal neurons and
excitotoxicity®®. The mechanism proposed was through the inhibition of nearby parvalbumin-positive interneu-
rons. This disinhibitory circuit has also been shown to operate in layer 4 of the somatosensory cortex, in contrast
to the direct inhibitory role of somatostatin interneurons towards layer 2/3 pyramidal cells®. Although there are
relatively few quantitative studies describing neuronal loss in the AD cortex the earliest neuronal loss probably
occurs in layer 2/3%°¢!. The downregulation of the gene encoding complexin 1 (CPLX1) and other molecules
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involved in GABA neurotransmission such as those encoding the glutamic acid decarboxylases, GADI and
GAD2, seen in the AD-PREC is consistent a loss of inhibitory input®

Non-coding RNAs.  Two of the three most significant DEGs here were the non-coding transcripts SMG1P4
and GTF2H2B. Although there are no known brain-specific data on these transcripts, SMGI is also known as
nonsense-mediated mRNA decay-associated PI3K-related kinase suggesting that SMG1P4 might act in a regula-
tory capacity® similar to, and potentially affecting the same pathway as, the PTEN pseudogene, PTENPI®. A
downregulation of the SMG1P4 would reduce SMG1 levels and promote PI3K/AKT activity. Alternatively, given
the emerging role of splicing defects in AD including in tau, nonsense-mediated decay of mRNA may be a criti-
cal quality control mechanism®>. As more information is gained on IncRNAs and incorporated into databases
the ‘Pathway analysis’ presented here and similar studies may be transformed.

Conclusion

These results suggest that ‘early’ responses to AP accumulation are relatively well tolerated and characterised by
aberrant neuroimmune signalling. This same process is seen in the AD-PREC and AD-VIC with 27/44 protein-
coding genes in common between the two regions all differentially expressed in the same direction and to the
same degree. However, the presence of greater tau pathology in the AD-PREC is synonymous with an upregu-
lation of vesicle exocytosis and we hypothesize that this represents increased excitatory activity as a result of
dysfunction and probable loss of somatostatin-positive, inhibitory interneurons. While GABA-ergic function
did not feature among these enriched pathways, SST, along with glutamate decarboxylases, GADI and GAD2,
NSF and CPLX1 were all downregulated in the AD-PREC. Alternatively, the downregulation of SST in AD may
represent the functional loss of an A-interacting molecule that normally reduces the production of neurotoxic
AR oligomeric species®”®,

The hypothesis tested here was that case-control comparisons across differentially-affected areas of the AD
brain that have plaques and NFTs but no, or minor neuronal loss, may allow early pathomechanisms to be eluci-
dated from gene expression data. An alternative interpretation is that rather than being differentially affected by
AD these two areas are differentially resistance to neuronal loss. The latter view is supported by the presence of
supposedly dementia-stage cored plaques, neurtic plaques and NFTs in the ‘spared’ VIC". If this latter interpre-
tation is correct then the upregulation of immune function and downregulation of GABA-ergic, or specifically
somatostatinergic transmission, seen here may be neuroprotective. Certainly our recent work showing that
activated microglia are most prominent in non-demented high pathology controls is consistent with the latter*2.

Differentiating between these two scenarios would be improved by a larger cohort and more regions, although
it is not entirely clear whether the probable likelihood of one of these two competing scenarios could be deter-
mined by further post-mortem tissue studies alone. For example, the detection of broader and more extensive
gene expression changes in severely affected regions of the AD brain will be complicated by relative neuronal
loss. The inclusion of tissue from persons with MCI and subjective memory complaints from ‘susceptible areas
like the entorhinal cortex as recently reported by Patel and colleagues could also be useful particularly if a
neuroprotective interpretation is favoured®. In their study, the transcriptome of high pathology controls in
regions such as the entorhinal cortex was characterised by “overactivation” of the “glutamate-glutamine cycle”
and disruption of the innate immune system and brain energy metabolism. Importantly, therapies based on
either (promoting) a neuroprotective or (attenuating) a neurotoxic scenario must be linked to early detection,
when augmenting or attenuating these processes can prevent the irreversible neuronal loss that characterises
the symptomatic stages of AD.

Data availability

All data supporting the results in found within the Manuscript and accompanying Figures or in Supplementary
Tables 1-6. All summary data generated in this study are included in this published article (and supplementary
information files). The raw data has been submitted to the Sequence Read Archive (NCBI-SRA; https://www.ncbi.
nlm.nih.gov/sra). The detailed scripts for all analyses are available at: https://github.com/gboris/ AD_RNA-Seq.
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