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Abstract

Introduction: Pathologies characteristic of Alzheimer’s disease (i.e.
hyperphosphorylated tau (HP-r) and B amyloid (AB) plaques) often co-exist in
patients with dementia with Lewy bodies and Parkinson’s disease dementia, in
addition to lesions positive for a-synuclein. Post-translational modifications of
AB and a-synuclein, namely pyroglutamylated amyloid-B (pE(3)-AB) and a-
synuclein phosphorylated at serine-129 (pSer129 a-syn) have also been
implicated in disease pathogenesis, and with recent studies pointing to a
synergistic relationship between HP-r, AB and a-synuclein, interactions
between these protein aggregations may have clinical implications. The aim of
this study was to determine whether quantitative neuropathological assessment
can be a useful tool in detecting subtle changes in pathology load in cases with
mixed Alzheimer’s disease (AD) and Lewy body disease (LBD) (mixed AD/LBD)
presenting with either AD or LBD. In addition, the impact that multiple
pathological lesions have on the pathological profile and clinical phenotype of

cases with LBD was investigated.

Methods: Post-mortem brain tissue from cases that fulfiled neuropathological
criteria for mixed AD/LBD was analysed by immunohistological staining and
quantitative image analysis, measurements of cortical thickness were taken and
APOE status determined to detect differences between different clinical
phenotypes, with ‘pure’ AD, DLB and control samples for comparison. HP-r,
AB, pE(3)-AB and pSer129 a-syn pathology loads were quantitatively measured
in a cohort of LBD cases and the influence of individual and combined
pathology loads on end stage motor dysfunction, as measured by part Il of the

Unified Parkinson’s Disease Rating Scale (UPDRS), was determined.

Key findings: In neuropathologically mixed AD/LBD cases, both the amount
and the topographical distribution of pathological protein aggregates differed
between distinct clinical phenotypes. A, individually and in combination with a-
syn, may be associated with UPDRS scores in DLB cases, and both pE(3)-A
and HP-r correlated positively with pSer129 a-syn in multiple regions in LBD

cases.



Conclusions: This study demonstrated the potential importance of quantitative
neuropathological assessment in clinico-pathological studies and suggests co-
existing pathologies may play a role in neurodegeneration. In addition to
supporting studies that suggest a synergistic relationship between A and HP-1
with pSer129 a-syn, this study also introduces pE(3)-AB as a potential
contributor, making it an interesting target for future study and therapeutic

design.
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for AT8 immunoreactivity is shaded red in (b). Box plots show differences in
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(d), parietal cortex (e), occipital cortex (f), cingulate (g), hippocampus (h),
striatum (i.e., mean of caudate and putamen values) (i), amygdala (j),
substantia nigra (SN) (k) and locus coeruleus (LC) (I). *, p<0.05; **, p<0.01;
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Chapter 1. Introduction

1.1 Ageing and chronic disease

The increase in life expectancy due to improved treatment options for many
acute and chronic diseases has to be regarded as one of the greatest medical
achievements of the 20th century. For the first time in history, 11 million people
in the UK are aged 65 or over, which has doubled from 7% to 14% of the total
population within the last 46 years (Large, 2014, Prince et al., 2015). In
addition, the report by the National Office of Statistics highlighted that in the
current UK population there is a higher proportion of people aged 60 years or
over compared to those under the age of 18 (Large, 2014). This demographic
transition is a result of high to low mortality rates and a steady decline in birth
rate, and this increase in population ageing is continuing into the 21st century.
Population ageing has already had an impact on society as chronic, non-
communicable diseases in the elderly population such as neurodegenerative
diseases accounting for age related dementias, diabetes, cerebrovascular
disease and chronic respiratory disease. These age associated diseases are
reaching epidemic proportions worldwide accounting for up to 23% of the global
disease burden (Prince et al.,, 2015). This has introduced a unique set of
challenges as the potential financial and social costs of non-communicable
diseases, particularly affecting carers and the healthcare system, have the
ability to affect economic growth and many governments are prioritising

strategies to address this issue (Daar et al., 2007).

1.2 Epidemiology of dementia

Dementia is a clinical syndrome and is an umbrella term for the
neurodegenerative diseases that cause progressive deterioration in cognitive
ability and capacity for independent living (Prince et al., 2013) and it is important
to track the global prevalence of this emerging pandemic.  With this in mind,
the World Health Organisation in collaboration with Alzheimer’s Disease
International issued a report in 2012 and estimated the prevalence of dementia
would reach 115.4 million by 2050, highlighting the urgent need to invest in
health and social systems to improve care and services and to increase the
priority given to dementia in the health research agenda (World Health

Organisation and Alzheimer's Disease International, 2012). The worldwide
1



dementia pandemic is reflected by respective data of the UK population, as
currently 835,000 people in the UK are affected by dementia with an annual
cost to the National Health Service of £26 billion (Alzheimer's Society, 2014). In
recognition of this, the UK government announced a challenge on dementia
which promised to improve the care of people with dementia and increase the
funding for dementia research (Department of Health, 2012).
Neurodegenerative diseases that cause dementia are not fatal per se but rather
predispose patients to other fatal illnesses, with bronchopneumonia and
ischaemic heart disease accounting for 61.5% of deaths in patients with

dementia (Brunnstrom and Englund, 2009).

1.3 Early onset and age related dementia

Dementia can occur in 2 forms: early onset dementia (EOD) which refers to
dementia that becomes clinically manifested before the age of 65 and late onset
dementia (LOD) which typically occurs in people over the age of 65. EOD is
much less frequent than LOD as it has been estimated that between 2% and
10% of all dementia cases occur before the age of 65 (Prince, 2009). EODs are
also referred to as familial dementia as they can be inherited in a Mendelian
fashion and are more likely to arise from a single gene defect. Genetic studies
have linked mutations in several genes that are associated with EO Alzheimer’s
disease (AD) and Parkinson’s disease (PD) which are summarised in table 1.1.
In contrast, LOD is considered to be sporadic in nature with complex genetic
and environmental risk factors, many of which are unknown (Masellis et al.,
2013). LOD or sporadic dementia is attributed to neurodegenerative diseases
of the central nervous system resulting in the impairment of normal neuronal
and synaptic function and subsequent loss of vulnerable neuronal populations
that frequently involve anatomically related systems (Jellinger, 2009). The
focus of this thesis is on neurodegenerative diseases associated with age

related dementia.



Neurodegenerative

di Mutation (variant) Model
isease
Alzheimer's disease APP Autosomal dominant
PSEN1 Autosomal dominant
PSEN2 Autosomal dominant
Individuals heterozygous or
APOE homozygous for ¢4 have

increased risk
rs75932628 variant causes
R47H substitution associated
with increased risk for AD. N.B.
homozygous mutations in

TREMZ TREM2 result in Nasu-Hakola
disease of which early onset
dementia is a clinical
characteristic

SNCA
(A30P)

. o (E46K) All autosomal dominant point

Parkinson's disease (A53T) mutations

(H50Q)
(G51D)

Age of onset and severity of the
SNCA duplications  disease phenotype correlating
SNCA ftriplications with the SNCA copy number,

suggesting a gene-dose effect

Parkin Autosomal recessive
LRRK2 Autosomal dominant
DJ1 Autosomal recessive
PINK1 Autosomal recessive
ATP13A2 Autosomal recessive
VPS35 Autosomal dominant
HTRA2 Autosomal dominant
PLA2G6 Autosomal recessive
GBA Risk locus

Mutations are associated with

MAPT . )
parkinsonism
. Mutations cause syndromes of
Ataxin3 . . ST
which parkinsonism is a feature
. Mutations cause syndromes of
Ataxin2

which parkinsonism is a feature

Table 1.1 Genetic mutations linked to Alzheimer’s disease and Parkinson’s disease.
Abbreviations: APP; amyloid precursor protein, PSENT; presenilin-1, PSEN2;
presenilin-2, APOE; apolipoprotein, TREM?2; Triggering Receptor Expressed On
Myeloid Cells 2, SNCA; a-synuclein, LRRKZ2; leucine-rich repeat kinase 2, GBA;
glucocerebrosidase, PINK; PTEN induced putative kinase 1, MAPT; Microtubule-
Associated Protein Tau, ATP13A2; Adenosine triphosphate 13A2, VPS35; Vacuolar
protein sorting-associated protein 35, HTRAZ2; serine protease HtrA2, PLA2G6,
phospholipase A2 group VI. For reviews see (Hernandez et al., 2016, Scheltens et al.,
2016).

1.4 Patho-mechanisms of neurodegeneration

Most neurodegenerative diseases occur sporadically and the aetiology is
thought to be multifactorial with genetic and environmental factors playing a role
(Elbaz et al., 2007). One unifying characteristic of neurodegenerative diseases
is the mis-folding of particular proteins into a stable alternative conformation and
accumulation in tissues of fibrillar deposits resulting in neuronal cell death.
(Carrell and Lomas, 1997, Dobson, 1999). There are several recognised ways
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in which neuronal cells can die including apoptosis and necrosis. Apoptosis is
described as programmed cell death where the cell itself stimulates a cascade
of events that lead to the destruction of the neurone (Friedlander, 2003). In
contrast necrosis is a result of acute ischemia or traumatic injury to the brain
leading to the direct cause of the demise of the cell (Friedlander, 2003).
Although the apoptotic cell death process has been implicated in
neurodegenerative diseases it can be argued that due to the acute nature and
rapid time course it might not be the most relevant mechanism of cell death.
Necrosis on the other hand has an extended duration with a time course of days
or even weeks, which might better fit the clinical phenotype and gradual
accumulation of toxic proteins associated with many neurodegenerative

diseases (Graeber and Moran, 2002).

Under physiological conditions the native protein exists in a soluble state.
However, under pathological conditions the protein undergoes mis-folding into
pathogenic species (dimers, trimers and oligomers) that undergo further
conformational changes to form higher order aggregates in the form of (-
pleated sheets (protofibrils and amyloid fibrils). These structures then form the
basis for the formation of pathological inclusions seen in neurodegenerative
diseases (Figure 1.1).  The type and topographical locations of these lesions
are the basis of neuropathological classification systems used to define specific
neurodegenerative diseases (Table 1.2). The formation of protein aggregate
that is the most neurotoxic remains a topic of debate (De Felice et al., 2004).
Studies conducted by Guillozet and colleagues and Imhof and colleagues
suggested quantification of insoluble AB is not a good clinical correlate of
dementia (Guillozet et al., 2003, Imhof et al., 2007), whilst LaFerla and
colleagues and Haass and colleagues indicated that soluble oligomeric forms of
AB correlate with ante-mortem cognitive decline (Haass and Selkoe, 2007,
LaFerla et al., 2007).
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Figure 1.1 Proposed common pathomechanisms for neurodegenerative diseases
associated with protein mis-folding and aggregation. Adapted from (Soto, 2003).



Neurodegenerative disease Misfolded protein Signature lesion Localisation

HP-r (3R, 4R) NFT, NT Neuronal cell bodies (NFT) and processes (NT)
Alzheimer's disease B-amyloid (1-40, 1-42) AB plaque extracellular
HP-r (3R, 4R) and B-amyloid (1-40, 1-42) neuritic plaque HP-1 - dystrophic neurites, B-amyloid - extracellular
Lewy body diseases
Parkinson's disease a-synuclein LB, LN Neuronal cell bodies (LB) and processes (LN)
Dementia with Lewy bodies a-synuclein LB, LN Neuronal cell bodies (LB) and processes (LN)
Multiple system atrophy a-synuclein GClI Cytoplasm of glial cells
Frontotemporal lobar degeneration
Tauopathies
Pick's disease HP-; (3R) Pick bodies Neuronal cell bodies
Corticobasal degeneration HP-; (4R) Astrocytic plaque distal segments of astrocytes
Progressive supranuclear palsy HP-; (4R) Globose NFT Neuronal cell body
HP-; (4R) Tufted astrocyte Astrocytic cell body
Agyrophilic grain disease HP-; (4R) Grains Neuronal processes
Others
FTLD-TDP TDP-43 NCI (NII) Neuronal cytoplasm and intranuclear
FTLD-UPS Ubiquitin NCI (NII) Neuronal cytoplasm and intranuclear
FTLD-FUS FUS protein NCI (NII) Neuronal cytoplasm and intranuclear
FTLD-ni none known none known none known

Table 1.2 Major neurodegenerative diseases classified by their signature pathological
lesions, including type of mis-folded protein and the cellular localisation protein
aggregates. Abbreviations: HP-7, hyperphosphorylated tau; 3R, 3 repeat tau; 4R, 4
repeat tau; NFT, neurdfibrillary tangle; NT, neuropil thread; LB, Lewy body; LN, Lewy
neurite; GCI, glial cytoplasmic inclusion; FTLD, frontotemporal lobar degeneration;
TDP, n; NCI, neuronal cytoplasmic inclusion; NI, neuronal intranuclear inclusion; UPS,
ubiquitin proteasome system; FUS, fused in sarcoma RNA binding protein; ni, no
inclusion.

Although the triggers are not yet fully understood (Jellinger, 2003, Forman et al.,
2004, Selkoe, 2004), it is an attractive idea to speculate that neurodegenerative
diseases share common pathomechanisms causing the deposition of different
pathologic protein aggregations and resulting in the different syndromes seen in

clinics. Three central hypotheses have been suggested:

1) The loss of function hypothesis suggests the loss of normal neuronal
activity arises when native proteins are depleted during mis-folding and
aggregation (Soto, 2003). One example concerns the debate
surrounding TDP-43 mediated neurodegeneration typically associated
with motor neurone disease (MND) and Frontotemporal lobar
degeneration (FTLD). Physiological TDP-43 is expressed in the
nucleus of neurones where its main function is to regulate RNA
processing (Polymenidou et al., 2011). However, in patients with
MND/FTLD, TDP-43 positive inclusions are typically found in the
cytoplasm alongside loss of nuclear expression of the protein, which
suggests loss of physiological function could potentially play a role in
neurodegeneration (Xu, 2012) (Figure 1.1).



2)

The most widely accepted theory of neurodegeneration of the ageing
brain is gain of toxic function hypothesis (Soto, 2003). In vitro studies
to support this theory have suggested that aggregates of mis-folded
proteins can directly induce neuronal apoptosis (Loo et al., 1993, El-
Agnaf et al., 1998, Lunkes and Mandel, 1998). In addition, evidence
has emerged that implicates oligomeric forms of AR and soluble forms
of hyperphosphorylated tau (HP-T) in synaptic dysfunction and loss of
neurones (Yoshiyama et al., 2007, Shankar et al., 2008, Koffie et al.,
2012, Kopeikina et al., 2012). As synaptic dysfunction has been shown
to be the strongest pathological correlate of cognitive decline
(DeKosky and Scheff, 1990, Terry et al.,, 1991), impairments in
synaptic plasticity due to aggregation of mis-folded proteins
strengthens the idea of unifying mechanisms by which tissue
degeneration and cell death occur in neurodenegerative disorders
(Figure 1.1).

According to the brain inflammation hypothesis, abnormal protein
aggregates can induce a cascade of events that result in the
production of neurotoxic irritants leading to synaptic changes and
neuronal death (Soto, 2003). Inducers, sensors, transducers and
effectors of neurodegeneration may be generated in a disease specific
manner, although there may be considerable overlap in the
mechanisms common to multiple neurodegenerative diseases
(McGeer and McGeer, 1995, Wyss-Coray and Mucke, 2002). Proteins
specific to the immune system including complement inhibitors and
inflammatory cytokines have been detected surrounding protein
deposits (McGeer et al., 1988, Kawamata et al., 1992). In addition, in
vitro studies have suggested that aggregated forms of pathogenic
proteins are capable of activating microglia and astrocytes resulting in
the release of inflammatory proteins (Peyrin et al., 1999, Yates et al.,
2000). Although the studies mentioned imply neuroinflammation plays
an active role in the neurodegenerative process, a contrasting theory
suggests activation of the immune system in response to the
accumulation of pathogenic protein accumulation is a protective
mechanism. A study conducted by Wyss-Coray and colleagues
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demonstrated that inhibiting C3 complement component (a key
inflammatory protein activated in AD) in a mouse model resulted in a 2-
to 3- fold increase in AB plaques indicating complement activation may
act as part of a defence mechanism against AR and is potentially
beneficial in neurodegenerative diseases (Wyss-Coray et al., 2002)
(Figure 1.1).

In addition to the overproduction of abnormal protein deposits in the brain
leading to perturbed cellular function and eventual cell death, impairments to
protein quality control systems facilitating the degradation and/or removal of
toxic proteins from the brain may result in accumulation of pathological protein
aggregates, presenting as a key step in the pathological cascade that leads to
spreading neurodegeneration. Mis-folded proteins are primarily degraded by
the multi-component ubiquitin proteasome system (UPS) and the autophagy-
lysosome pathway (ALP) (Ciechanover, 2005, Rubinsztein, 2006). Dysfunction
in the UPS has been strongly implicated in the pathogenesis of PD as it has
been shown that proteasome structure and function are altered in the substantia
nigra (SN) in PD patients compared to age matched control subjects (McNaught
et al.,, 2003). Alternatively it has been hypothesised the UPS system plays a
role in Lewy body formation (Olanow and McNaught, 2006), as the aggresomal
inclusions cannot clear unwanted proteins due to impairment of the proteasomal
function and/or the overwhelming production of damaged proteins and expands

to become a Lewy body (Olanow et al., 2004).

In addition to the UPS system, mis-folded proteins i.e a-synuclein (a-syn) can
also be cleared by the autophagy lysosome pathway (ALP) (Webb et al., 2003,
Cuervo et al., 2004). As autophagy utilises intracellular lysosomes to degrade
mis-folded proteins, defective or depleted lysosomes are implicated in
pathogenesis of PD (Alvarez-Erviti et al.,, 2010, Dehay et al., 2010).
Interestingly, neuropathological examination of patients with Gaucher’s disease
(the most predominant lysosomal storage disorder of which parkinsonism is a
clinical feature) revealed numerous a-syn positive inclusions in the
hippocampus (Wong et al., 2004) indicating impairment of the ALP system may
be a common mechanism by which aggregated proteins accumulate resulting in

neurodegeneration.



Reduced elimination of toxic proteins from the brain could also contribute to the
accumulation of respective proteins in the CNS (Attems and Jellinger, 2013b).
Failure of the perivascular drainage system results in the accumulation of A
(mainly AB40) in the walls of blood vessels as cerebral amyloid angiopathy

(CAA) (Weller et al., 2000, Hawkes et al., 2014).

1.5 Neurodegenerative diseases

Regardless of the mechanism resulting in neurodegeneration and the
accumulation of insidious protein aggregations, the classification of
neurodegenerative diseases is underpinned by the combination of the
molecular composition and topographical localisation of pathological lesions
identified at post-mortem examination and the presence of specific clinical

features.

1.5.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the leading cause of dementia caused by
neurodegenerative disease accounting for between 50%-80% of cases
(Blennow et al., 2006, Mayeux and Stern, 2012). Clinically, AD is characterised
by chronic and irreversible decline in cognition of insidious onset which renders
the patient unable to perform activities of daily living, as outlined by a
collaborative report by the National Institute of Neurological and Communicative
Disorders and Stroke (NINCDS) and Alzheimer’'s Disease and Related
Disorders Association (ADRDA) (McKhann et al., 1984). More recently the
National Institute on Ageing (NIA) and Alzheimer’s Association (AA) charged a
task force to update these guidelines. In addition to the core features of an
amnestic presentation and impairments in visuospatial abilities and language
functions, the revised criteria also include consideration of magnetic resonance
imaging (MRI), positron emission tomography (PET) imaging and cerebral
spinal fluid (CSF) bio-markers (Jack et al.,, 2011, McKhann et al., 2011). A
diagnosis of probable AD is only given when there is no evidence of clinical

symptoms associated with other diseases of which dementia can be a feature.

AD is a complex and heterogeneous disorder classified as either early onset
(with age of onset under the age of 65) or late onset (over the age of 65).

Familial early onset can be characterised by mendelian inheritance, however
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early onset patients have been reported without any family history (termed
sporadic early onset AD) (Bagyinszky et al., 2014). Three main mutations are
involved in early onset AD namely APP, PSEN1 and PSEN2 (Campion et al.,
1999). Ageing is the most prominent risk factor associated with late onset AD,
however other factors have been implicated in increased risk including people
who are heterozygous or homozygous for €4 on the apolipoprotein (APOE)
gene located on chromosome 19 of the which confers a 3 fold and 12-18 fold
increase in risk respectively (Corder et al., 1993, Verghese et al., 2011).
Observational studies have also implicated potentially modifiable risk factors for
AD including cardiovascular risk factors (e.g. hypertension (Kloppenborg et al.,
2008), diabetes (Biessels et al., 2006) and obesity (Beydoun et al., 2008)).
Epidemiological data suggests that individuals with higher educational
attainment and sustained cognitive activity are less vulnerable to AD (Stern,
2006, Amieva et al., 2014), which has been linked to an increase in cognitive
reserve (CR). The CR hypothesis postulates that the capacity to tolerate
pathology caused by AD, without associated changes to clinical expression
differs between individuals (Stern, 2006). It also suggests that only if a specific
critical threshold is breached, functional deficits emerge. Whether this is due to
a reduced susceptibility or an increased ability to compensate for dysfunctional

neuronal networks remains to be determined.

Macroscopic changes of AD brains include a slight reduction in brain weight in
addition to the characteristic atrophy of the medial temporal lobe (inclusive of
entorhinal cortex, hippocampus and temporal lobe) and frontal lobe. Loss of
both grey and white matter leads to the enlargement of the ventricles in
particular the inferior horn of the lateral ventricles (Halliday et al., 2003, Attems
and Jellinger, 2013Db).

The hallmark pathological lesions associated with AD are mainly constituted of
intracellular accumulations of hyperphosphorylated tau protein and extracellular
AB, forming neurofibrillary tangles (NFTs) and neuropil threads (NTs), and AR
plaques respectively. Each type of protein accumulation has a different

topographical pattern of distribution.
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In its physiological state microtubule associated protein (MAP) tau can been
found in abundance in the axons of neurones where it regulates the interaction
between microtubule motor proteins and microtubules, and controls the
movement of axonal organelles i.e. mitochondria and vesicles, maintaining the
functionality and viability of the neurone (Hong et al., 1998). Human tau protein
is encoded on chromosome 17921 which consists of 16 exons, and alternate
splicing of exons 2, 3 and 10 producing six isoforms ranging from 352-441
amino acids in length (Binder et al., 1985, Ingram and Spillantini, 2002). Each
isoform differs by the number of tubulin binding repeats they possess (either 3
or 4, known as 3R or 4R respectively) and the presence or absence of either
one or two 29 amino acid long inserts at the N-terminal portion of the protein
(Binder et al., 1985). Although the functionality of the six isforms is largely
similar they are differentially expressed during development. In the adult human
brain 3R and 4R isoforms are expressed in a 1:1 ratio and deviations from this

are characteristic of neurodegenerative tauopathies (Hong et al., 1998).

To allow effective axonal transport, tau is in a constant state of flux, on and off
the microtubules between phosphorylated and dephosphorylated states.
Dysregulation of the phosphorylation/dephosphorylation system is observed in
AD brains (Grundke-Igbal et al., 1986). Whether it is triggered by an increased
rate of phosphorylation and/or a decreased rate in dephosphorylation is yet to
be fully determined, it results in a 3-4 fold increase of hyperphosphorylated tau
compared to normally aged brains (Grundke-Igbal et al., 1986, Ksiezak-Reding
et al., 1992, Kopke et al., 1993). Tau phosphorylation (which detaches tau from
the microtubule) is mediated by numerous kinases, the key candidate protein
kinases associated with AD being glycogen synthase-3p (GSK-3B), cyclin-
dependant kinase 5 (cdk5), casein kinase 1 (CK1), cyclic AMP dependant
protein kinase (PKA), and calcium/calmodulin-dependent kinase Il (CaMK-II).
There are currently over 80 potential phosphorylation sites on the longest tau
isoform (Hanger, 2015), with over 40 being implicated in the pathogenesis of AD
(Hanger et al., 2009). Current therapeutic strategies are aimed at the specific
and complete inhibition of individual tau kinases and as it is thought the
relationship between phosphorylation site and putative kinase is not mutually
exclusive, this can be an additional challenge to designing effective treatments
(Hanger et al., 2009).
11



Downregulation of phosphatases ((PPs) involved in attaching tau to the
microtubule) have also been implicated in the pathogenesis of AD. PP-2A is the
most active enzyme in de-phosphorylating tau to its physiological state, followed
by PP5 (Liu et al., 2005a). Experiments investigating the expression and activity
of both phosphates in AD revealed activity levels and mRNA expression were
decreased by 30% in PP2-A and activity levels but not mRNA expression of
PP5 were decreased by 20% compared to aged-matched controls (Gong et al.,
1995, Liu et al., 2005b).

Although hyperphosphorylation is the most prominent post-translational
modification of tau, other modifications include glycosylation, ubiquitination,
glycation, polyamination and nitration have been suggested as components of
the highly insoluble paired helical filaments that are characteristic of the AD
brain. Despite recent advances in developing a suitable ligand to allow imaging
of HP-1 in-vivo (Fodero-Tavoletti et al., 2011, Chien et al., 2013, Cook et al.,
2015) NFTs (depositions of HP-t in the cell soma forming cytoplasmic
inclusions) and NTs (aggregations of HP-r in axons and dendrites) are best
visualised in human post-mortem brain tissue using immunohistochemistry
using antibodies against HP-r (i.e AT8). In AD patients, NFTs and NTs are most
predominantly found in the hippocampus, entorhinal cortex and layers Ill and VI

of the isocortex (for review see: Attems and Jellinger, 2013b) (Figure 1.2).
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Figure 1.2 Neurofibrillary tangles (arrow) and neupil threads (arrowhead)
immunopositive for HP-r (AT8) antibody in the CA1 region of the hippocampus of an
AD case. Scale bar represents 500um.

The formation of NFTs encompasses 3 stages in which tau phosphorylation
sites follows a consistent pattern and corresponds to the degree of
cytopathology (Augustinack et al., 2002). Early stages are characterised by
delicate fibrillary inclusions within affected neuronal bodies. Following this, the
entire neuronal cytoplasm is filled with neurofibrillary material and the nucleus
dislocated forming the classical NFT. Finally the neurone degenerates and a
ghost tangle is formed where a large number of filaments without any
relationship to the soma or nucleus are located freely in the parenchyma (Figure
1.3) (Bancher et al., 1989). Progressive fibril formation and tangle formation
has been suggested to run in parallel to a profile shift from 4R tau-positive pre

tangles to 3R tau-positive ghost tangles with mature NFTs expressing both 3R
and 4R tau (Uchihara, 2014) (Figure 1.3).
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Figure 1.3 lllustration of the stages associated with the formation of neurofibrillary
tangles. Pre-tangle stages are characterised by the accumulation of delicate fibrillary
inclusions within the affected neurone (a). As the amount of tau pathology increases
the classical NFT is formed and the nucleus of the neurones is dislocated (b). Finally a
ghost tangle is formed when the neurone degenerates fully, leaving remaining filaments
to exist freely in the parenchyma without any relationship to the soma or nucleus (c).
The evolution from pre tangles to ghost tangles can be observed by the profile shift
from 4R tau to 3R tau as visualised by double label immunofluoresence (d) Adapted
from (Uchihara, 2014).
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HP-r pathology is commonly seen in aged individuals; in both demented and
non-demented subjects (Tomlinson et al., 1970). Therefore, to make a definite
diagnosis of AD (which can only be done at post-mortem examination) the
topographical pattern of HP-7 (both NFTs and NTs) deposition was described in
human post-mortem tissue, which highlighted the stepwise progression of HP-r
pathology throughout the brain termed Braak stages (Braak and Braak, 1991,
Braak et al., 2006, Alafuzoff et al., 2008). Several studies have demonstrated a
good correlation between advanced Braak stages and clinical severity (Bancher
et al., 1996, Gertz et al., 1996, Gold et al., 2000) validating its inclusion in the
diagnostic criteria in the neuropathological assessment of AD (Montine et al.,
2012a). Using tissue sections immunostained with AT8 antibody, brain regions

involved in each Braak stage are described as follows: -

Braak stage O - All regions must be described as AT8 negative.

» Braak stage + - Few immunopositive cell bodies (tangles or pre-tangles)
can be seen in any section but not sufficient to apply a positive Braak
stage.

» Braak stage | - Transentorhinal region is immunopositive for AT8 of at
least mild density (Alafuzoff et al., 2008).

e Braak stage Il - Involvement of the both anterior and posterior
hippocampus with HP-7 pathology being of at least moderate density.
From this stage only moderate pathology on the specified region will
classify the case at the higher stage.

e Braak Ill - In addition to previous stages, HP-r immunopositivity may
extend to the adjoining neocortex, specifically the occipito-temporal
gyrus (at least moderate density).

e Braak IV - Denotes involvement of the middle temporal gyrus with at
least moderate density of HP-r pathology.

« Braak V - Widespread HP-r pathology throughout the neocortex with the
involvement of the peristriate region of the occipital cortex (at least
moderate density).

» Braak VI - Immunopositivity of layer V of the striate area (BA17 - primary

visual cortex) of at least moderate density.
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Another hallmark pathological lesion involved in the pathogenesis of AD
are accumulations of AR which form plaques in the parenchyma. A is a
4kDa peptide which has isoforms terminating at corboxy terminus 40
(AB4o0) and 42 (AB42). The physiological role of AB in non-disease states is
unclear, however evidence suggests it may be involved in learning and
memory as AB 1-42 facilitated induction and maintenance of long term
potentiation in hippocampal slices (Morley et al., 2010). Depositions of AR
in the brain are considered to be a result of a gradual and chronic
imbalance in the production and clearance of AB from the brain (Selkoe,
2001a). Ap is derived by proteolytic cleavage of the transmembrane
protein, amyloid-B precursor protein (APP) (Selkoe, 2001b) (Figure 1.4).
The AB peptide sequence is located at the junction between the integral
membrane domain and the extracellular domain of APP (Kang et al.,
1987). There are two pathways in which APP can produce amyloid
fragments the amyloidgenic and non-amyloidgenic pathways. In AD, APP
is cleaved by two proteases. Firstly B secretase cleaves APP at its
extracellular domain leaving fragment C99 which then undergoes further
cleavage by y secretase liberating the AR peptide. The alternative
proteolytic pathway of APP, which is more dominant in healthy controls,
involves processing of APP by a secretases. The cleavage site for a
secretase lies within the AB sequence and therefore processing down this
pathway precludes AB formation. AR can be degraded by multiple
enzymes i.e. neprilysin and insulin degrading enzyme. In addition to
degradation AB can be cleared from the brain parenchyma through

interstitial fluid and perivascular spaces (Weller et al., 2009).
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Figure 1.4 Schematic of amyloid precursor processing resulting in the production of
AB. Taken from (Hampel et al., 2010).

The amyloid cascade hypothesis has dominated research into the pathogenesis
of AD for more than 20 years. The hypothesis postulates that the production
and deposition of AB in the brain parenchyma is the upstream event which
induces a sequence of events triggering NFT formation and eventual cell death
(Hardy and Higgins, 1992) (Figure 1.5). Evidence in support of this theory
stems from patients with trisomy 21 (Down’s syndrome) which leads to early
AB42 production and subsequent accumulation of AR plaques, microgliosis,
astrogliosis and NFTs which are indistinguishable from those seen in AD
(Selkoe, 2000). In addition, Scheuner and colleagues demonstrated, using in
vitro experiments, that familial forms of the AD, attributed to mutations in
Presenilin genes 1 and 2 (both of which are homologous proteins that form the
catalytic active site of y secretase), are associated with an increase of
extracellular AB42 (Scheuner et al., 1996). However, evidence that the amyloid
hypothesis contributes to age related sporadic AD is less convincing. One key
argument against the amyloid hypothesis is the poor correlation between
amyloid burden and cognitive decline observed in AD (however several studies
have suggested oligomeric forms of AB42 correlate with cognitive dysfunction in
AD (McLean et al., 1999, Naslund et al., 2000)), whilst NFTs, neurone number,
are a more accurate predictor of cognitive status in AD (DeKosky and Scheff,
17



1990, Giannakopoulos et al., 2003). Another key consideration is the
discordance of the topographical distribution of AR deposits in relation to HP-r.
Braak and Braak demonstrate NFTs are present in the entorhinal cortex (Stage
I) of non-demented individuals in the absence of AB plaques (Braak and Braak,
1991, Braak et al., 2006), whilst Thal has suggested the temporal cortex is the
first brain region to be affected by Ap pathology (Thal et al., 2002b). In addition,
there is evidence for human transmission of AR pathology as Jaunmuktane and
colleagues observed in a small autopsy study (n=8) of iatrogenic Creutzfeldt—
Jakob disease (CJD) moderate to severe grey matter and vascular A similar to
that observed in AD (Jaunmuktane et al.,, 2015). None of these cases had
pathogenic mutations, APOE €4 or other high-risk alleles associated with
EOAD, suggesting the otherwise healthy individuals may be at risk of iatrogenic
transmission of A pathology in addition to CJD. A final criticism is the failure of
clinical trials targeting the clearance of AB, most notably the Elan AN1792 active
immunisation study which was halted as a result of several cases of
meningoencephalitis. Several of the patients were followed after immunisation
and failed to show any clinical improvement despite evidence of a reduced A

plaque burden at post-mortem examination (Holmes et al., 2008).
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Figure 1.5 The amyloid hypothesis proposes that the production of AR is the upstream
event that ultimately leads to the formation of neurofibrillary tangle formation and
subsequent cell death and dementia. Adapted from (Hardy and Higgins, 1992).
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AB can be visualised in vivo using positron emission tomography (PET) with
most research studies conducted in humans utilising "'C-labelled Pittsburgh
compound B (PiB) as a ligand (Klunk et al., 2004). However, PiB has a
relatively short physical half life (20 minutes) therefore use of this in a clinical
setting would require a cyclotron on site making the isotope an unfeasible
option. Other imaging ligands including flutemetamol, florbetapir, and
florbetaben labelled with '8F are currently undergoing clinical trials to determine
their accuracy to label fibrillary amyloid and ability to distinguish AD from control
cases (O'Brien and Herholz, 2015).

Despite recent advancements in imaging techniques, AB aggregates are best
visualised in post-mortem tissue using immunohistochemical techniques. Using
antibodies directed against AR (i.e. 4G8) several types of plaques can be
detected (Figure 1.6). Diffuse deposits are usually between 50um and several
100um in size with ill defined borders and can be described as ‘lake like’,
‘fleecy’ and ‘sub-pial band like’ (Thal et al., 2002b, Duyckaerts et al., 2009). AR
plaques on the other hand are more spherical and can be classified as being
focal, cored or neuritic plaques. In addition to AB aggregates, neuritic plaques
are also immunopositive for HP-r in surrounding dystrophic neuronal processes

and correlate well with clinical dementia (Attems and Jellinger, 2013b).
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Figure 1.6 Photomicrographs of different AR depositions: fleecy amyloid (a), cored and
focal plaques (b), supial deposits (c), cerebral amyloid angiopathy (CAA) in
leptomeningeal vessels and cortical vessels (d), focal and cored plaques
immunopositive for pyroglutamylated AB (e) and neuritic plaques with dystrophic
neurites (f). (a-c) stained with 4G8 antibody, (e) stained with pE(3)AB and (f) stained
with gallyas. Scale bars: 50um in a,b and e; 100um in ¢ and and 20 ym in f.

The assessment of the distribution of AB in the brain parenchyma has become
standard practice when assessing post-mortem tissue from elderly subjects and
particularly those that have dementia. Following the observation of a distinct
sequence of AB in the medial temporal lobe (MTL) (Thal et al., 2000) Thal and
colleagues investigated whether AR deposition outside the MTL followed a
hierarchical pattern of deposition in neuropathologically confirmed AD cases
and age-matched controls with and without AD-related pathology (Thal et al.,

2002b). Five phases of AB deposition emerged: -

« Phase 1 - AB deposition exists exclusively in the neocortex.

e Phase 2 - In addition to the neocortex AR deposits are seen in limbic
regions including entorhinal cortex, CA1 (cornu ammonis 1) of the
hippocampus, cingulate gyrus, insular cortex and the amygdala.

» Phase 3 - Subcortical regions are now affected including the caudate
and putamen of the striatum, basal forebrain nuclei, thalamus,

hypothalamus and claustrum.
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» Phase 4 - AB has progressed to the brainstem including the inferior
olivary nucleus, the reticular formation of the medulla oblongata and SN.
« Phase 5 - Additional brainstem regions including the locus coeruleus
(LC) of the pons are affected and finally AR deposits can be seen in the

cerebellum.

As part of the neuropathological diagnostic criteria for AD, the importance of
Thal phasing is becoming increasingly recognised in the rapidly evolving field of
AD biomarkers e.g. amyloid cerebral spinal fluid (CSF) markers and PiB-PET
imaging. The correlation between AB Thal phases and 11C-PiB imaging was
investigated recently in multi-disciplined study including neuropathological,
clinical and imaging data (Murray et al., 2015). The study which utilised 35
cases all with ante-mortem amyloid imaging revealed a transition between Thal
phases 1 to 2 corresponding to 1C-PiB standard uptake value ratio of 1.4, which
is a clear cut off for amyloid detection regardless of clinical diagnosis. This
study supports the link between PiB imaging and Thal phases as markers of
amyloid deposition and clinical characteristics of AD; however it also
demonstrated the pre-mortem clinical status of these patients was driven by

Braak tangle stage.

Similar to tau protein, it is becoming apparent post-translational modifications of
AB may play a role in the pathogenesis of AD. In vitro and in vivo experiments
revealed the existence of various N- and C-terminal variants of AB (Prelli et al.,
1988, Miller et al., 1993). One particular peptide that is gaining interest is
pyroglutamylated AR (pE(3)AB) which has been shown to have a greater
propensity to aggregate into plaques, is more stable and demonstrates an
increased neuronal toxicity compared to full length AR (Russo et al., 2002,
Wirths et al., 2009). Following its discovery, pE(3)AB was found to constitute
15-20% of total AB in AD cases (Mori et al., 1992).

The generation of pE(3)AB is a multi-step process involving the removal of the
first two amino acids, aspartate and alanine to expose the N-terminal of
glutamate at position 3 of the AB peptide. Subsequently, glutamate is modified
to the N-terminal pyroglutamate by dehydration catalysed by glutaminyl cyclase
(QC) activity.
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Multiple studies have been conducted into the putative role pE(3)AB may play in
the pathogenesis of AD including the development of mouse models that
produce high levels of pE(3)AB and display neurological deficits characteristic of
AD. In particular Wirths and colleagues developed the TBA2 mouse model
which expresses ABasz42, with glutamine at residue 3 of AB instead of the
naturally occurring glutamate, facilitating the conversion to pE(3)AB. Intra-
neuronal pE(3)AB deposits and plaques were observed predominantly in the
hippocampus and cerebellum with robust cell loss, in particular Purkinje cells,
and neurological impairments demonstrated in these mice highlighting the
potential toxicity of pE(3)AB in vitro (Wirths et al., 2009). Building on this work,
Wittnam and colleagues investigated the influence of elevated pE(3)AB levels
on existing AD pathology by crossing a novel transgenic mouse model (TBA42)
with an established model of AD (5XFAD) (Wittnam et al., 2012). The resulting
FAD42 mice displayed an aggravated behavioural phenotype compared to the
single transgenic animals and subsequent elevated plaque load as quantified by

ELISA provides an argument for a seeding effect of pE(3)AB on FAD42 mice.

Recently it was reported that tau is required for the neurotoxicity of pE(3)AB and
suggested AR oligomers containing pE(3)AB may confer tau-dependant
neuronal death establishing a functional connection between AB and tau in AD
(Nussbaum et al., 2012). This proposed connection between tau and pE(3)AB
was further supported when our group in Newcastle reported an association
between protein aggregates in frontal and entorhinal cortices in human post-
mortem tissue as well as frontal pE(3)AB predicting the severity of clinical
dementia (Mandler et al., 2014). These studies taken together point to pE(3)AR
playing a central role in AD, inducing neuronal death directly and indirectly with

a putative synergistic effect on tau pathology.

Cerebral amyloid angiopathy (CAA) describes the pathological changes that
occur in the cerebral blood vessels resulting from the deposition of AB (Revesz
et al., 2003) (Figure 1.6). CAA exists in two forms, the first (CAA type 1)
affecting capillaries, with or without the involvement of leptomeningeal and
cortical arteries, arterioles, veins and venules. The second (CAA type 2)
exhibits AR pathology in the leptomeningeal and cortical vessels, but not in
capillaries (Thal et al., 2002a). The accumulation of B-amyloid in the vessel
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walls is thought to occur by two mechanisms. Incorporation of AB into vessel
walls may be the result of the failure of the perivascular drainage system to
clear AB (via the basement membrane) whilst capillary CAA is thought to be the
failure of transendothelial clearance of AR via APOE €4 complexes (Weller et
al., 2000). CAA is common in the ageing brain but is also thought to have an
association with AD as shown in a population study conducted by Vonsattel and
colleagues where 50% of all cases displayed CAA pathology, whilst 87% of the
subgroup of AD cases were positive for CAA pathology (Vonsattel et al., 1991).
Attems and colleagues found that CAA increased with increasing AD pathology
and this was more pronounced in the occipital lobe followed by the frontal,
temporal and parietal lobes. The association between CAA and cognitive
decline was influenced by concomitant AD pathology suggesting that CAA alone

is not a major independent cause for cognitive decline in the elderly (Attems et
al., 2005, Attems et al., 2007).

AD is characterised by the presence of both HP-r and AR, but in symptomatic
cases there is convergence between the two in the form of neuritic plaques. In
addition to the central core positive for AB, neuritic plaques also contain
dystrophic neurites positive for HP-r (Figure 1.6). Neuritic plaques have been
shown to be more strongly associated with AD compared to other forms of
parenchymal AB (Nagy et al., 1995) suggesting targeting neuritic changes rather
general AB may be more effective when designing therapeutics that could have
a beneficial outcome in patients with AD. Age adjusted assessment of neuritic
plaques was provided by the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) (Mirra et al., 1991). These criteria are based on semi-
quantitative assessment denoting neuritic plaque pathology in the middle frontal
gyrus, superior/ middle temporal gyri, and inferior parietal lobe as sparse,

moderate or frequent.

In addition to hallmark pathological lesions of NFT's and AB plaques, loss of

neurones and extensive synapse loss in the neocortex are closely related to the

pathological and clinical progression of AD. Studies by Masliah and colleagues

have demonstrated a 45% decrease in presynaptic boutons in parietal, temporal

and mid-frontal cortex in AD cases compared to controls by quantifying

synaptophysin, an immunohistochemical marker directed against synaptic
24



proteins, using electron microscopy. They argued that disruption in neurone-to-
neurone communication contributed to cognitive loss in AD (Masliah et al.,
1989). More specifically, stereological assessment of synaptic volume density
measured in layers Il and V suggests neuronal and synaptic loss in the central
nervous system (CNS) is a result of neurodegeneration such as AD rather than

a consequence of normal ageing (Scheff et al., 2001).

All three internationally used staging systems for HP-7, (i.e., Braak stages), AB
(i.,e., Thal phases) and neuritic plaque (i.e., CERAD scores) pathology
respectively, are taken into consideration when deciding on the level of AD
neuropathological change in post-mortem tissue. Recently revised criteria from
the National Institute on Ageing - Alzheimer’s Association (NIA- AA) provide
guidelines for assigning the level of AD neuropathological change by suggesting
an ‘ABC’ scoring system (A - for assessment of amyloid 3, B - for Braak staging
of HP-1 pathology and C - for CERAD scoring of neuritic plaques (Hyman et al.,
2012, Montine et al.,, 2012b)). A summary of the ‘ABC’ scoring system is

illustrated in Figure 1.7.
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Figure 1.7 The level of AD neuropathologic change is determined by taking into
account individual scores for Thal phases for AR plaques (A ) Braak stages for HP-r
pathology (B) and CERAD scores for neuritic plaque pathology (C). Taken from (Attems
and Jellinger, 2013b).

1.5.2 Lewy body disease

Lewy body diseases (LBDs) are a collection of neurodegenerative disorders
with aggregations of a-syn being the characteristic hallmark lesion in all
diseases, including PD, Parkinson’s disease dementia (PDD) and dementia with
Lewy bodies (DLB) (Spillantini et al., 1997). The human gene encoding a-syn
lies on chromosome 4q921.3-922 and structurally a-syn protein is 140aa in
length which can be divided into three regions with distinct characteristics
(Beyer, 2006). The three mis-sense mutations known to cause familial PD
(A30P, E46K and A53T) all lie in the amphiphathic region (Figure 1.8).
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Figure 1.8 Structure of a-syn, which is divided into three distinct regions: the
Amphipathic region, NAC domain and Acidic tail. Modified from (Venda et al., 2010).

Physiologically a-syn is thought to be a lipid binging protein highly enriched at
the presynaptic terminals (Bendor et al., 2013), where it binds to the external
surface of synaptic vesicles, potentially playing a role in neurotransmission.
Under pathological conditions a-syn undergoes a conformational change from
random coil to a cross- structure similar to that seen in AD lesions (Serpell et
al., 2000, Goedert et al., 2013). The lesions containing a-syn associated with
LBDs are Lewy bodies (LBs), (intraneuronal cytoplasmic a-syn inclusions) and
Lewy neurites (LNs), (a-syn accumulated in neuronal processes). Electron
microscopy has revealed LBs and LNs are made up of unbranched a-syn
filaments with a length of 200-600nm and a width of 5-10nm (Spillantini et al.,
1998). Two types of LBs have been described: - brainstem LBs have an
acidophilic and argyrophilic core with a pale stained halo, classically seen using
H&E staining. Typically they are 8-30um in diameter and predominantly seen in
pigmented neurones of the SN. Cortical LBs are eosinophilic, rounded, angular
or reniform structures without a halo (for review see: Attems and Jellinger,
2013b) (Figure 1.9).
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Figure 1.9 Photomicrographs of Lewy body pathology. Classical cortical Lewy bodies
are rounded eosinophilic inclusions in neuronal cells as seen by H&E stain (white
arrowheads) (a). Lewy bodies (black arrowheads) and Lewy neurites (black arrows)
can be visualised using antibodies against full length recombinant a-syn (b) and a-syn
phosphorylated at serine 129 (¢). Images b and c are both taken from the amygdala of
the same DLB patient demonstrating immunohistochemistry of a-syn phosphorylated at
serine 129 reveals a more abundant load of a-syn than phosphorylation independent
antibodies, with more thread and dot like structures. Scale bars: 20pum in a and 50pum
in b and c. Image a taken from (Attems and Jellinger, 2013b)

There is conflicting evidence surrounding the toxic effects of a-syn in LBDs.
Several studies have highlighted the importance of cortical LB/LNs in cognitive
decline as measured by Mini Mental State Examination (MMSE) in LBDs
(Hurtig et al., 2000, Irwin et al., 2012, Howlett et al., 2014). However, a large
study consisting of 1720 autopsied brains revealed approximately 50% of cases
with widespread a-syn pathology lacked any clinical signs of dementia and/or
parkinsonism (Parkkinen et al., 2008). This data was further supported by two
more recent studies by Greffard and colleagues and Parkkinen and colleagues
who demonstrated that neither distribution or densities of LBs in the brainstem
or cortex correlate with nigral cell loss (Greffard et al., 2010, Parkkinen et al.,
2011). It has been suggested that a-syn sequestered into LBs represent a
failed cytoprotective event resulting from protein clearing mechanisms in
response to accumulating toxic oligomeric intermediate a-syn species (Alafuzoff
and Parkkinen, 2014). The role of oligomers as the toxic form a-syn is yet to be
fully elucidated with the most common hypothesis of the mechanism by which
oligomers exert their cytotoxicity is by creating pores in membranes increasing
permeability to ions from extracellular space leading to cell death (Volles et al.,
2001, Danzer et al., 2007).
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Post-translational modifications in the C-terminal region of a-syn such as
oxidation, nitration and phosphorylation influence the propensity of a-syn to
aggregate in vivo (Hashimoto et al., 1999, Giasson et al., 2000).
Hyperphosphorylation of Ser129 by G protein-coupled receptor kinase is the
main post-translational modification of filamentous a-syn and has been
demonstrated to be in abundance in LBs and LNs (Fujiwara et al., 2002). Other
kinases demonstrated to promote phosphorylation at ser129 are casein
kinase-1 (CK-1) and CK-2 (Okochi et al., 2000). Investigations into the
involvement of a-syn phosphorylated at ser129 (pSer129 a-syn) in the formation
of LBs is of current interest since it was found by several groups that 90% of a-
syn is phosphorylated at this residue in LBD in contrast to normal brains where
only 4% of total a-syn is phosphorylated (Fujiwara et al., 2002, Anderson et al.,
2006). However, the pathological relevance of phosphorylation of a-syn at this
residue remains unanswered. This was investigated by Lue and colleagues
who demonstrated biochemically detectable pSer129 a-syn preceded the
presence of histologically identified Lewy pathology in brain homogenates from
128 autopsy cases, suggesting the phosphorylation of a-syn at Serine 129 is an
early event and potentially important in the pathogenesis of LBD (Lue et al.,
2012). Following this, Walker and colleagues defined changes in solubility
properties of pSer129 a-syn with increased Lewy body formation (Walker et al.,
2013). They found higher accumulation of insoluble pSer129 a-syn in the
cingulate cortex (where LB pathology is observed earlier in disease
progression) compared to the temporal cortex which is in line with the
topographical distribution of LB pathology (Braak et al., 2003, McKeith et al.,
2005, Beach et al., 2009). Immuohistochemistry of pSer129 a-syn has
revealed far more abundance of a-syn than phosphorylation-independent
antibodies, and in addition to LBs and LNs more threads and dot-like structures

similar to argyophilic grains (Lewy dots) are immunopositive (Saito et al., 2003,
Obi et al., 2008) (Figure 1.9).
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1.5.2.1 Parkinson’s disease

PD is the second most common neurodegenerative disorder following AD with
0.3% of the population in industrialised countries being diagnosed with PD and
this number increasing to 1% in the population over the age of 60 (de Lau and
Breteler, 2006). Primarily it was considered as a motor disorder with the four
cardinal features common to PD being tremor at rest, rigidity, akinesia and
postural instability (Jankovic, 2008). In clinical practice PD is diagnosed with
the presence of these motor features, in combination with the exclusion of
other neurodegenerative disease and a response to levodopa (Rao et al.,
2003). Gross assessment of PD progression is evaluated using several rating
scales including Hoehn and Yahr (Hoehn and Yahr, 1967) and the Unified
Parkinson’s disease Rating Scale, which is the most established tool for
assessing disability and impairment (Goetz et al., 2008). In addition to motor
symptoms, recently the clinical spectrum of PD has been recognised to be more
extensive incorporating non-motor features such as constipation, anosmia,
sleep disturbances and depression (Chaudhuri et al., 2006) with studies
speculating the appearance of these symptoms prior to the emergence of
typical motor features represent the prodromal phase of the disease (Hawkes et
al., 2010, Postuma et al., 2012, Postuma, 2014).

Macroscopical changes indicative of PD include the depigmentation of the SN
due to depletion of neuromelanin containing dopaminergic neurones (Figure
1.10a). Dopaminergic neurones in the SN project to the basal ganglia and
synapse onto the striatum forming the nigrostriatal pathway (Figure 1.10b).
Motor dysfunction associated with PD patients emerges when 60% of
dopaminergic neurones are lost in the SN leading to reduced projections to the
striatum (Damier et al., 1999). This subsequently leads to a loss of inhibition to
the output nuclei including the internal globus pallidus and SN pars reticulata.
The loss of inhibition to the subthalamic nucleus also increases the relative
excitation to the output, which in turn inhibits the thalamic projection regions to
the motor cortex, resulting in the akinetic-rigid symptoms associated with PD
(Halliday, 2014).
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Figure 1.10 (a) Photograph illustrating the loss of pigmented neurones caused by
depletion of neuromelanin in the dopaminergic neurones of the Substantia nigra (SN)
of a patient with Parkinson’s disease (P) compared to a control (C) patient. Image (a)
taken from (Mackenzie, 2001). (b) Simplified schematic illustrating the nigrostriatal
circuits that are affected by cell loss in the SN. Abbreviations: SN, substantia nigra;
GPi, internal globus pallidus; GPe, external globus pallidus; STN, sub thalamic
nucleus; VA, ventral anterior thalamus; VLa, ventral lateral anterior thalamus; CM,
thalamic caudal intralaminar nuclei; pre-SMA, pre-supplementary motor cortex. Image
(b) adapted from (Halliday, 2014).
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A number of biomarkers for the diagnosis of PD are currently under
investigation. Olfactory impairment, a cardinal symptom in PD, occurs in up to
96% of patients where it appears as a prodromal marker typically preceding the
emergence of motor disturbance (Boesveldt et al., 2008, Attems et al., 2014Db).
The sensitivity and specificity of using olfactory testing to differentiate between
PD and non-PD has been reported to be between 79% to up to 100%
highlighting the importance of future development of olfactory testing in the
differential diagnosis of PD (Doty et al., 1995, Katzenschlager et al., 2004).
Candidate imaging biomarkers including positron emission tomography (PET),
or single photon emission computed tomography (SPECT) can identify ligand
binding that correlates with the loss of dopaminergic neurones projecting from
the SN to the striatum (Rakshi et al., 1999, Colloby et al., 2012), however these
methods are unable to distinguish PD from other neurodegenerative disorders
associated with SN degeneration such as progressive supranuclear palsy,
corticobasal degeneration, multiple systems atrophy and DLB. In addition,
investigations into non-cerebral tissue markers have detected a-syn in skin
biopsies with deposits located in skin and intraepidermal small nerve fibres (Miki
et al., 2010, Doppler et al., 2014). However, although specificity for a-syn was
high in this study as 0/35 of control subject biopsies has cutaneous a-syn
deposits, sensitivity was fairly low with a-syn positive biopsies demonstrated in
only 16/31 PD cases (Doppler et al., 2014).

1.5.2.2 Parkinson’s disease dementia

A frequent complication of PD is the development of dementia, with an
estimated 80% of patients with the motor disorder reporting symptoms
associated with a dementia syndrome in the advanced stages of the disease,
and a six fold increased risk of developing dementia compared to healthy
controls (Aarsland et al., 2001a). In addition to the patient, PDD can impose
greater burden on caregivers as it is associated with increased nursing home
placement and mortality  (Aarsland et al., 2000, Levy et al.,, 2002b). The
Sydney Multicentre Study is a longitudinal study which highlighted the
progression of PD patients to PDD by prospectively following 136 patients
diagnosed with PD over a 20 year period. Of the 100 patients that came to
autopsy at the time of the report, 75% were reported to have had dementia
during life, in addition to dementia being present in 83% of the surviving
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participants, raising question as to whether dementia is an inevitable
complication of PD (Hely et al., 2008). In all longitudinal studies to date there
have been subjects that were dementia-free at time of death (Docherty and
Burn, 2010). Further investigations as to whether this is due to an increased
threshold e.g patients that have a higher cognitive reserve, or whether they
would have developed dementia should they have lived to an older age will help
to address these questions. In 2007 the Movement Disorder Society recruited a
task force to identify the epidemiological, clinical, auxiliary and pathological
features of PDD (Emre et al., 2007).

Identification of clinical features and risk factors that may identify patients that
will progress to dementia in the later stages of PD is of interest to clinicians and
may have a potential impact on disease management. Although the biggest risk
factor for dementia in PD is advancing age (Levy et al., 2002a, Kempster et al.,
2010) other factors linked to PDD include male sex and low education (Levy et
al., 2000) and visual hallucinations (Aarsland et al., 2003) (Levy et al., 2002a).
Mild cognitive impairment (MCI) is common in non-demented patients with PD
and has been described as a potential prodromal state to PDD and potential
risk factor (Goldman and Litvan, 2011). In a large population based study that
identified new cases of Parkinsonism in the UK (CamPalGN study), Foltynie
and colleagues reported 36% of their incident PD cases were cognitively
impaired but not demented based on their MMSE scores documenting the
existence of cognitive dysfunction even in the early stages of PD (Foltynie et al.,
2004). There has been significant heterogeneity regarding the specific
diagnostic criteria of PD-MCI, with some patients exhibiting non amnestic
deficits in numerous cognitive domains such as executive dysfunction, attention
and visuospatial function whilst others experience more amnestic deficits
(Goldman and Litvan, 2011). To address this, the Movement Disorder Society
commissioned a task force to refine the criteria to support future research and
to identify patients at the early stages of PD who are at risk of developing
dementia (Litvan et al., 2012). The proposed inclusion criteria includes a
diagnosis of PD based on the UK Brain Bank criteria (Gibb and Lees, 1988),
gradual decline in the context of established PD and cognitive deficits that are

not sufficient to interfere with independent living.
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1.5.2.3 Dementia with Lewy bodies

Dementia with Lewy bodies (DLB) is the second most common cause of
neurodegenerative dementia after AD accounting for 4.2% of all cases of
dementia in the community which increases to 7.5% in secondary care (Vann
Jones and O'Brien, 2014). Age of onset for the disease is thought to be
between 50 and 83 with rapid symptom progression within 1-2 years of onset
(McKeith, 2002). DLB shares common clinical and pathological features with
PD and PDD and all three are part of the LBD spectrum. The clinical distinction
between DLB and PDD is based on the time of dementia onset in relation to
extrapyramidal symptoms (EPS); in PDD EPS precede the onset of dementia
by at least 12 months whereas in DLB dementia is concomitant with or
precedes EPS (McKeith et al., 2005). To date there are no neuropathological
criteria that can distinguish DLB from PDD (McKeith et al., 1996, McKeith et al.,
2005, Emre et al., 2007, Lippa et al., 2007, Savica et al., 2013).

The clinical profile of patient with DLB centres around a non amnestic dementia
of which core features of deficits in executive dysfunction, recurrent well-formed
visual hallucinations, fluctuating cognition and spontaneous Parkinsonism are
observed (McKeith et al., 2005). Two core features are required for a diagnosis
of probable DLB, but diagnostic accuracy is improved with the presence of more
than two core features. In addition to one or more core features, if a patient
experiences suggestive features of DLB e.g REM sleep behaviour disorder or
has severe neuroleptic sensitivity the a probable clinical diagnosis of DLB can
be made (McKeith et al., 1996, McKeith et al., 2005). Many patients report
symptoms of recurrent falls and syncope which may reflect the involvement of
the autonomic nervous system (McKeith, 2002). The most recent criteria for the
clinical diagnosis of DLB were provided in the third report of the DLB consortium
to include further supportive and suggestive features for the clinical diagnosis

are illustrated in Table 1.3.
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1. Central feature (essential for a diagnosis of possible or probable DLB)

- Dementia defined as progressive cognitive decline of sufficient magnitude to interfere
with normal social or occupational function

+ Prominent or persistent memory impairment may not necessarily occur in the early stages
but is usually evident with progression.

- Deficits on tests of attention, executive function, and visuospatial ability may be especially
prominent.

2. Core features (two core features are sufficient for a diagnosis of probable DLB, one for possible DLB)

- Fluctuating cognition with pronounced variations in attention and alertness
+ Recurrent visual hallucinations that are typically well formed and detailed
- Spontaneous features of Parkinsonism.

3. Suggestive features (If one or more of these is present in the presence of one or more core features,
a diagnosis of probable DLB can be made. In the absence of any core features, one or more suggestive
features is sufficient for possible DLB. Probable DLB should not be diagnosed on the basis of suggestive features alone.

+ REM sleep behaviour disorder
+ Severe neuroleptic sensitivity
- Low dopamine transporter uptake in basal ganglia demonstrated by SPECT or PET imaging

4. Supportive features (commonly present but not proven to have diagnostic specificity)

+ Repeated falls and syncope

- Transient, unexplained loss of consciousness

- Severe autonomic dysfunction, e.g., orthostatic hypotension, urinary incontinence

+ Hallucinations in other modalities

- Systematised delusions

- Depression

- Relative preservation of medial temporal lobe structures on CT/MRI scan

+ Generalised low uptake on SPECT/PET perfusion scan with reduced occipital activity
+ Abnormal (low uptake) MIBG myocardial scintigraphy

+ Prominent slow wave activity on EEG with temporal lobe transient sharp waves

Table 1.3 Clinical diagnostic criteria for DLB as outlined by (McKeith et al., 2005).

As with AD, the greatest risk factor for the development of DLB is advancing
age (McKeith et al.,, 1996). In addition to age there are a number of other
factors that infer risk of developing DLB. Several studies have linked a mutation
in the glucocerebrosidase gene, most commonly associated with the glycolipid
storage disorder Gaucher’s disease to an increased risk of DLB and PDD.
Mata and colleagues found GBA mutations exert a 3% population-attributable
risk in individuals of a European ancestry, whilst in a multi-centre study Nalls
and colleagues utilised tissue samples from 721 DLB cases, 151 PDD cases
and 1962 control cases matched of age, sex and ethnicity and found a
significant association between GBA7 mutation carrier status and DLB,
highlighting GBA as a significant risk factor for DLB (Mata et al., 2008, Nalls et
al., 2013). In a retrospective case-control study Boot and colleagues evaluated
19 candidate risk factors, and in agreement with other studies found patients
with DLB were more likely to be older, male, and have a history of depression,

stroke or a family history of PD (Boot et al., 2013).
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Similar to PD and PDD the most prominent macroscopical feature associated
with DLB the depigmentation of the SN caused by the loss of dopaminergic
neurones, however other macroscopic changes are observed in patients with
DLB. Some structural changes seen in DLB are similar to those seen in AD
with widespread cerebral atrophy being a feature of both (Attems and Jellinger,
2013b). DLB does differ from AD in the relative preservation of the medial
temporal lobe, which can be visualised by magnetic resonance imaging (Burton
et al.,, 2009). T1-weighted MRI assessing cortical thickness has been used to
further distinguish DLB from other dementing disorders as Watson and
colleagues found focal areas of cortical thinning in the posterior regions of the
brain including inferior parietal, posterior cingulate and fusiform gyrus whereas
areas susceptible to cortical thinning in AD cases included the temporal and
parietal lobes extending to the frontal cortex (Watson et al., 2014). Taken
together these data can potentially be applied as a diagnostic tool in the future

diagnosis of DLB.

There are currently several neuropathological staging systems in use for the

assessment of a-syn pathology and diagnosis of LBD:

1) Braak staging for the assessment of a-syn related pathology inclusive of LBs
and LNs suggest the sequence of a-syn deposition encompasses 6 stages

depending on disease severity (Braak et al., 2003):

« Stage 1 - IX/X motor nucleus of the medulla oblongata

» Stage 2 - Pathology of stage 1 with the addition of lesions in the LC.

» Stage 3 - a-syn lesions can be seen in the SN of the midbrain.

» Stage 4 - Pathology of stage 3 plus lesions in the transentorhinal region
and CA2 of the hippocampus

« Stage 5 - Higher order sensory association areas of the neocortex and
frontal cortex are now affected.

» Stage 6 - Pathology of stage 5 in addition to lesions in the first order

sensory association of the neocortex, premotor and motor regions.

According to this system cases with PD would reach stage 3 with DLB and PDD
reaching at least stage 4.
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2) The Newcastle-McKeith criteria distinguishes between:
« Brainstem-predominant - regions affected include IX/X motor nucleus,
LC and SN.
e Limbic (transitional) - including the amygdala, transentorhinal and
cingulate cortex.

« Diffuse neocortical - temporal, frontal and parietal lobes are affected.

3) Leverenz and colleagues modified the Newcastle-McKeith criteria to include
a subtype that classifies cases that lack a-syn pathology in any other brain
regions with the exception the amygdala, known as amygdala predominant LB
disease (Leverenz et al., 2008), which increased the number of classifiable
cases from 51% to 96% (Alafuzoff and Parkkinen, 2014).

4) Although these staging systems are the most widely used to assess a-syn in
LBD, a study conducted by Beach and colleagues suggested these systems fall
short of adequately describing the full histopathologic range and variability of
LBD (Beach et al., 2009). They argued the current staging systems fail to
account for subjects that have a-syn pathology confined to the olfactory bulb or
pass through the limbic-predominant pathway bypassing the brainstem.
Furthermore, it is now known a-syn pathology frequently extends beyond the
brainstem nuclei to the spinal cord and peripheral nervous system (Bloch et al.,
2006, Braak and Del Tredici, 2008). They propose a unified staging system to
allow the classification of a much greater proportion of cases:

« |.  Olfactory bulb only

e lla. Brainstem predominant

e lIb. Limbic predominant

I1l. Brainstem/limbic

« IV. Neocortical
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1.6 Cerebral multi-morbidity

The traditional method used to ascertain the diagnosis of a neurodegenerative
disease is based on a consensus clinico-pathological diagnosis; where the
combination of signature neuropathological lesions identified at post-mortem
examination (see table 1.2 for overview) and clinical symptoms observed during
life lead to a clinico-pathological diagnosis. The neuropathological diagnosis of
neurodegenerative disorders is based on the most prevalent pathology,
however, it is becoming increasingly clear that multiple pathologies frequently
co-exist in the brains of the demented elderly, suggesting the clinical picture of
dementia results from a multi-morbid condition rather than one disease process
(Jellinger and Attems, 2007, Attems and Jellinger, 2013b). The presence of
multiple pathologies within the same brain may bring into question the idea of
neurodegenerative disorders being distinct disease entities. In an attempt to
address these issues Armstrong proposed three possible models (Armstrong,
2012):

1) Discrete model - This model requires the majority of cases to be
distinct clinical and pathological entities with minimal overlap. In
addition to this there should be positive correlations between clinical
and pathological features of the disease.

2) Overlap model - This model suggests diseases may be relatively
distinct but exhibit a degree of overlap in their clinical and pathological
presentations e.g. AD can share features with normal ageing and
vascular dementia (Jellinger and Attems, 2007).

3) Continuum model - this model postulates that the degree of overlap
between clinical and pathological features of each disease is so
extensive that it represents a continuum, suggesting no two cases are

identical with each displaying a varying levels of ‘neurodegeneration’.

A question arising from these models is whether the pathologic lesions

characteristic of neurodegenerative disease are a result of age related changes

or are disease specific. For example AB can occur in normal processing

pathways of the brain (Mullan and Crawford, 1993) and both AP and HP-r can

be present in the brains of non-demented elderly as well as in dementing

disorders other than AD (Mann and Jones, 1990, Alafuzoff, 2013).
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Cerebrovascular disease is common in AD as demonstrated by study
conducted by Nagata and colleagues who concluded that vascular pathology
(VP) (inclusive of lacunar infarcts, white matter lesions and old micro-bleeds)

were present in up to 90% of elderly Japanese patients (Nagata et al., 2012).

1.6.1 Prevalence of cerebral multi-morbidity
The observations that multiple pathologies of potentially differing aetiologies co-
exist in the same brain has induced a number of cross-sectional studies to try

and establish the prevalence of mixed pathologies in the ageing brain.

In a large autopsy study conducted in Vienna, of the 1500 demented elderly
cases only 52% exhibited ‘pure’ AD, 7% atypical AD, 16-20% AD harbouring
concomitant cerebrovascular lesions, 9% AD with additional LB pathology,
2.4% with mixed AD and vascular encephalopathy and 2% exhibiting ‘pure’
vascular dementia. Other dementing disorders were assigned to 16.1% of the
remaining cases with 1% showing no specific pathology (Jellinger and Attems,
2007).

In 2008, a multi-centre study lead by the BrainNet Europe consortium utilised
cerebral tissue from 9 brain banks with a total of 3,303 cases analysed (1,667
female: 1,636 male, mean age 74.14 SD+ 12.07 years) (Kovacs et al., 2008).
The proportion of cases that were reported to have multiple pathological lesions
associated with more than one neurodegenerative disease including those with
AD, vascular pathology (VP), agyrophilic grain disease (AGD) and
synucleinopathies was 55.3%. Mixed pathology was most frequently reported
in PD cases (92%) followed by AGD (67%), LBD (61%), vascular pathology
(65%) and AD (43%). Whilst PSP, CBD, FTLD-U and CJD did show mixed
pathology to a lesser extent 22%, 21%, 9% and 2% respectively. An important
finding from this study was the under appreciation of mixed pathologies in a

multitude of neurodegenerative diseases in particular LBDs.

Another study conducted by Dugger and colleagues further investigated the

degree of concomitant pathologies among all Parkinsonian disorders using data

from the Arizona Study of Ageing and Neurodegenerative Disorders (AZSAND)

study (Dugger et al., 2014). Of the 140 neuropathological confirmed PD cases
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44% had cerebral white matter rarefaction (CWMR), 38% had concomitant AD
pathology, 25% had agyrophilic grains, 24% had CAA and 9% had PSP. Of the
90 DLB cases 89% had AD-related pathology, 51% CWMR, 50% CAA, 21%
Argyophilic grains and 1% PSP. PSP, MSA and CBD also demonstrated similar
heterogeneity with many of the cases analysed fulfilling neuropathological

criteria for more than one disease.

As with all neurodegenerative disorders, the prevalence of mixed pathologies
increases with age. In a large autopsy series consisting of 1,110 cases (mean
age 83.3+5.6 years, 90% over 70 years) conducted by Jellinger and Attems,
the prevalence of AD with vascular pathology increased from 7.8% to 32.9%
from the 7th to the 10 decade, whilst conversely the prevalence of ‘pure’ AD
increased from 32.2% in the 7th decade to 45.1% in the 9th decade, whilst in
the 10th decade decreased to 39.2% (Jellinger and Attems, 2010).

1.6.2 Clinical relevance of cerebral multi-morbidity

To date a plethora of studies concerning mixed pathologies have focussed on
the co-existence of AD and VP (Skoog et al., 1999, Ince, 2001, Jellinger, 2002,
de la Torre, 2004, Jellinger and Attems, 2005). Studies into the clinical
relevance of the co-existence of AD related pathology and VP have been largely
inconsistent. Some studies indicate there is a positive correlation between
increasing Braak stages and increasing severity of VP (Jellinger and Attems,
2003, Kovacs et al., 2008). As part of the Nun study (a longitudinal study of
ageing and AD) Snowdon and colleagues demonstrated the presence of
cerebrovascular disease in patients with AD had a poorer cognitive function and
higher prevalence of dementia than those without cerebral infarcts (Snowdon,
2003). Conversely, others suggest a small amount of VP does not impact
cognitive decline in severe AD cases (Lee et al., 2000, Jellinger, 2001). The
inconsistency of the data regarding the relationship between AD and VP may be
due in part to the lack of consensus in the classification of vascular lesions.
However, research is progressing to develop a staging system that can address
this issue (Deramecourt et al., 2012). Another consideration may be the
existence of a threshold of concomitant VP pathology that needs to be
breached before the impact of combined pathologies on clinical phenotype can
be seen (Gold et al., 2007).
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Historically AD and DLB were distinguished by the presence of A plaques and
NFTs versus LBs. However, a large proportion of AD cases (50%) exhibit
concomitant Lewy body pathology in addition to plaques and tangles, but do not
fulfil neuropathological criteria for a diagnosis of AD (Marsh and Blurton-Jones,
2012). This subpopulation of patients, termed Lewy body variant of Alzheimer’s
disease (LBV-AD), experience a more rapid decline in cognition and a shorter
survival time from the onset of clinical symptoms compared to classical AD and
DLB groups (Olichney et al., 1998, Serby et al., 2003, Kraybill et al., 2005)

1.7 Synergism between pathological lesions
Given the overlap in pathology in neurodegenerative diseases, research is
currently undertaken to elucidate putative interactions between these proteins.

1.7.1 AB and a-syn

The potential relationship between a-syn and AB has been studied (Masliah et
al., 2001, Compta et al., 2011, Marsh and Blurton-Jones, 2012). Using post-
mortem brain tissue from 40 PD cases and 20 controls Lashley and colleagues
used a combination of semi-quantitative and morphometric assessment to
determine AR plaque load and LB density respectively, and found a significant
correlation between AR plaque load, in particular the diffuse plaque load and
overall LB burden (Lashley et al., 2008). More recently Swirski and colleagues
measured ApR40, AB42, a-syn and pSer129 a-syn by sandwich enzyme-linked
immunoabsorbant assay (ELISA) in midfrontal, cingulate, parrahippocampal
cortex and thalamus in a cohort of PD, PDD, DLB and control cases, and found
insoluble levels of pSer129 a-syn was positively correlated with soluble and
insoluble levels of AR (Swirski et al., 2014). In parallel experiments, exposure of
SH-SY5Y cells transfected with wild-type human SNCA cDNA to aggregated
AB42 significantly increased the phosphorylation of pSer129 a-syn suggesting

the concentration levels of pSer129 a-syn is directly related to AB.
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1.7.2 HP-tand a-syn
As HP-r is frequently seen as a concomitant pathology in other
neurodegenerative disorders other than AD in particular LBD, research to

elucidate a potential interaction between HP-r and a-syn is ongoing.

In 2003, Giasson and colleagues demonstrated a-syn can initiate the
polymerization of HP-rin vitro. In addition to this tau inclusions were observed
in approximately 50% of Ala53Thr transgenic mice expressing human a-syn
which lead to severe motor dysfunction (Giasson et al., 2003, Lee et al., 2004).
Further evidence to support this work was provided by Badiola and colleagues,
who used mouse primary cortical neurones to demonstrate overexpression of
HP-7 increased the number of a-syn aggregates and enhanced a-syn toxicity
(Badiola et al., 2011). At the cellular level the co-occurrence of HP-r and a-syn
has been shown using double immunofluorescence Figure 1.11 (Ishizawa et al.,
2003, Colom-Cadena et al., 2013).
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a-synuclein

LB

NFT

Figure 1.11 Co-localisations of HP-r (green) and a-syn (red) and merged images in
Lewy bodies (LB), Lewy neurites (LN), neurofibrillary tangles (NFT) and neuropil
threads (NT). Image adapted from (Colom-Cadena et al., 2013) and (Ishizawa et al.,
2003).
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1.7.3 AB, HP-rand a-syn

A limitation to these experiments is the study of these pathological protein
aggregates in isolation, as it does not accurately reflect the mixed pathology
load frequently seen in brains of the demented elderly. Clinton and colleagues
addressed this limitation by generating a mouse model that expressed AB, HP-r
and a-syn pathologies by crossing 3xTg-AD mice with mice expressing the
A53T mutation in a-syn. The resulting DLB-AD mice exhibited all three
pathological lesions at a higher load and an acceleration in cognitive decline as
measured using the Barnes maze test compared to the single transgenic
animals (Clinton et al., 2010). As data that fully recapitulates these findings in
the human brain is still lacking (Colom-Cadema and colleagues found a
correlation between AB and a-syn, but not between HP-r and a-syn in a cohort
of DLB cases (Colom-Cadena et al., 2013)), future work will help to elucidate
the mechanistic link between multiple pathologies.

1.8 Clinico-pathological correlative studies (CPCs)

Clinico-pathological correlative studies (CPCs) are critically important in
dementia research.  Although neuropathology is paramount in dementia
research, a more multi-disciplinary approach seems mandatory to achieve
further progress in the field and direct future research projects. Autopsy studies
provide cross sectional data, which on its own cannot be related to the clinical
features of dementia, and therefore clinical symptoms need to be compared to
hallmark pathological lesions to address the question of the relevance of

morphological abnormalities to cognitive status.

1.8.1 CPCs in AD

A plethora of CPC have been performed on dementing disorders. In AD,
numerous studies have assessed the association between AB plaques, HP-r
and synaptic connections and cognitive decline as measured by MMSE
(Tomlinson et al., 1970, Crystal et al., 1993, Bancher et al., 1996, Haroutunian
et al., 1999). Using staging patterns and topographical distribution of
aggregated proteins, there is a complex but predictable relationship between
AD pathological hallmarks in particular NFT's and NT’s and cognitive

impairment (Nelson et al., 2012)
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1.8.2 CPCs in PD

Using data from a clinical study conducted by Lewis and colleagues that
identified 4 distinct clinical subtypes of PD (Lewis et al., 2005), Selikhova and
colleagues analysed the distribution of pathology using a semi-quantitative
methodology. Lewy body pathology, amyloid plaques and CAA were assessed
in each of the 4 subtypes: 1. patients with younger disease onset, 2. tremor
dominant patients, 3. non-tremor dominant with significant cognitive impairment
and 4. rapid disease progression but no cognitive impairment (Selikhova et al.,
2009). The non-tremor dominant subgroup had a significantly higher mean
pathological grading of cortical LBs than all of the other groups and more
cortical AB burden and CAA than the early disease onset and tremor dominant

groups.

1.8.3 CPCs in DLB

A CPC using a semi-quantitative methodology for assessing pathology has
indicated we may be able to tease out distinct clinicopathological subgroups of
DLB, as a subset of DLB cases with rapid eye movement sleep behaviour
disorder (RBD) was identified that had lower Braak neurofibrillary stage (IV vs
VI) and lower neuritic plaque scores (18 vs 85%) compared to those without
RBD, but no differences in a-syn distribution (Dugger et al., 2012). Schneider
and colleagues also used a semi-quantitative approach and found neocortical
but not limbic or nigral predominant DLB was related to dementia. Concomitant
Alzheimer’s pathology had an additive effect in the decline in cognition in

neocortical DLB cases (Schneider et al., 2012).

1.8.4 Challenges of CPCs

There are also problems facing researchers who undertake CPCs. Most
studies are subject to selection bias as brain bank donors are mainly those with
end stage dementia and are from countries with the most advantageous
socioeconomic conditions and are therefore not representative of a worldwide
population (Nelson et al., 2012). Another challenge facing CPCs in AD is the
molecular, anatomic and clinical changes do not progress in a uniform manner
(Han et al., 2000, Murray et al., 2011).
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1.9 Semi-quantitative vs Quantitative neuropathological assessment

Many CPCs rely on semi-quantitative assessment to define the burden of
pathological protein aggregates in a given brain region of post-mortem brains.
For semi-quantitative assessment of HP-r and a-syn several internationally
recognised staging systems are used which are based on a 4 and 5-tiered
scales (absent, mild, moderate, severe (and very severe)) respectively (McKeith
et al., 2005, Alafuzoff et al., 2008). Due to the heterogeneity of AB deposits in
the human brain AB assessment is dichotomous, based on the presence or
absence of immunopositivity (Alafuzoff et al.,, 2009b). Although semi-
quantitative evaluation is extremely valuable when classifying
neurodegenerative diseases, it lacks the accuracy to detect subtle differences in
pathology loads, particularly in later stages of disease when pathology burden
in considerable. For example, the amount of HP-r immunopositivity differed by
nearly 100% between cases that are classified as having severe pathology
when assessed semi-quantitatively (Attems and Jellinger, 2013b). Furthermore,
semi-quantitative assessment can be inherently subjective, produces ordinal
rather than continuous data and inter-rater reliability may be questionable when
more than one person is assessing the same cohort of cases (Rizzardi et al.,
2012).

On the other hand, quantitative neuropathological assessment negates the
problem of inter-rater reliability and may be useful when assessing more
delicate neuropathological lesions such as NTs and LBs. In the 90+ study, a
prospective longitudinal population based study of ageing and dementia,
quantitative measures of both AB and HP-7 in the neocortex and hippocampus
were strongly associated with the presence of dementia, whereas using semi-
quantitative values this association was not observed (Robinson et al., 2011).
Another study utilising quantitative techniques by McAleese and colleagues,
found HP-r burden in the overlying cortex independently predicted age related
white matter changes as seen on MRI in a cohort of AD and control cases.
These findings suggest an alternative pathogenesis of white matter changes in
AD other than the normal assumption of small vessel disease, and may have

implications in future treatment strategies (McAleese et al., 2015).
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A study demonstrating the importance of quantification techniques in AD
identified 3 distinct clinico-pathological subtypes of AD. In the large-scale study
11% of cases were found to have hippocampal sparing AD whilst 14%
demonstrated limbic predominant AD in addition to those with typical AD
(Murray et al., 2011). Moreover, these distinct subgroups of AD could be
predicted intra vitam by MRI. Patterns of atrophy were measured in each of the
subtypes and the ratio of hippocampal to cortical volumes allowed
discrimination between limbic predominant, hippocampal sparing and classical
AD subtypes (Whitwell et al., 2012). Taken together the prediction of different
subtypes of AD during life could have significant impacts on the choice of

therapeutics by the treating clinician.

Common methods employed for quantifying neuropathological lesions include
unbiased stereological estimation (Ohm et al., 1997), grid counting estimates of
the numbers of plagques and tangles per unit area (Rogers and Morrison, 1985)
and grading plaque and tangle densities using a numerical scale (Arnold et al.,
1991). However, a plethora of new technologies are emerging to aid high-
throughput analysis of pathological lesions in the human brain. Neltner and
colleagues have developed a highly accurate and reproducible digital pathology
and image analysis method that will reliably quantify AD neuropathological
changes (Neltner et al., 2012). Whilst Smid and colleagues reported a
correlation between pre-mortem [F-18]FDDNP PET with cortical neuropathology
as determined post-mortem by quantifying 3-dimensional whole brain coronal
slices (Smid et al., 2013). Manual methods of quantification are time-
consuming, therefore any advances in automated quantification techniques will
only aid our ability to assess large cohorts of patients with the aim identifying
clinico-pathological subtypes of neurodegenerative disease not previously

detected using semi-quantitative methodology.
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1.10 Study outline

The main aim was to investigate the use of quantitative neuropathological
assessment in clinico-pathological assessment of LBD cases that have multiple
pathological lesions, and to investigate the impact multiple pathologies have on

each other and clinical features associated with LBD.

My main research objectives were:

» To determine whether quantification of pathological lesions in cases that
fulfil neuropathological criteria for mixed AD/LBD can distinguish
between cases with different clinical phenotypes. In addition, to
investigate how these cases compare against ‘pure’ forms of AD and
DLB (Chapter 3).

« To Investigate individual pathologies observed in LBD (HP-7, AB and ao-
syn) or a combination of these pathologies associate with motor

impairment in cohort of LBD cases (Chapter 4).

« To explore possible associations between HP-r, AR and pE(3)AB and
pSer129 a-syn in a cohort of LBD cases (Chapter 5).

48



Chapter 2. Materials and Methods

2.1 Introduction
This chapter describes the histological, immunohistochemical, and molecular

techniques employed to assess human post-mortem brains of aged individuals.

Clinico-pathological correlations were conducted using corresponding clinical
data to investigate how the presence of single and multiple pathologies affects
the clinical phenotype of dementia in Lewy body diseases and to better

characterise cases with mixed AD/LBD.

2.2 Study Cohort

Cases were selected for the study on the basis that they fulfilled clinical and
neuropathological criteria for DLB, PDD, or both AD and LBD, the latter being
classified as mixed AD/LBD (e.g. High AD neuropathologic change (Montine et
al., 2012a) and neocortical LBD (McKeith et al., 2005). Control cases were
included in the analysis of cortical thickness. In addition a subset of cases with
minimal amounts of a synuclein pathology but no clinical dementia during
lifetime were selected (PD) to complete the spectrum of LBD cases to include
cases with brainstem and limbic pathology. To the best of my knowledge all of
the cases in this study did not carry a genetic mutation associated with early

onset neurodegeneration. Characteristics of the study cohort are shown in
table 2.1

2.3 Clinical assessment

During life, patients underwent cognitive evaluation including Mini-Mental State
Examination (MMSE) (Folstein et al., 1975) as a measure of cognitive function.
If more than one MMSE was available the rate of cognitive decline was
calculated. Rate of cognitive decline was determined as described previously
(Olichney et al., 1998) (i.e. taking the initial MMSE score, minus the final MMSE
score divided by the time interval between testings). The Unified Parkinson’s
Disease Rating Scale (UPDRS) part Ill was employed to efficiently assess
motor dysfunction typically associated with PD (Goetz, 2003, Goetz et al.,

2008).
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2.4 Tissue preparation

2.4.1 Tissue acquisition

Human post-mortem brain tissue from 83 cases was obtained from Newcastle
Brain Tissue Resource (NBTR) in accordance with the approval of the joint
Ethics Committee of Newcastle and North Tyneside Health Authority and

following NBTR brain banking procedures.

2.4.2 Tissue sampling for routine diagnosis
At autopsy the left hemisphere, brainstem and cerebellum were snap frozen
between copper plates at -120°C, whilst the right hemisphere, brainstem and

cerebellum were immersion fixed in 4% aqueous formalin for 4-124 weeks.

Following fixation, the right hemisphere was dissected in coronal planes
approximately 0.7cm intervals and subjected to standard macroscopic
examination (abnormal/pathological findings were recorded). Sub-dissection
was performed to obtain routine tissue blocks, required to determine
neuropathological diagnosis. Tissue blocks were processed through increasing
concentrations of alcohol (to dehydrate the tissue) and chloroform (to clear the
tissue) before being embedded into paraffin wax suitable for long-term storage.
This study used several blocks that were also used for routine diagnostic
purposes including frontal, temporal, entorhinal, parietal and occipital cortices

and hippocampus (see Figure 2.1) as well as midbrain and pons.

Subsequently, all brains underwent standard assessment by a neuropathologist
to determine neuropathological diagnosis (criteria are outlined in introduction
section 1.9). Following a detailed analysis of the clinical notes, a consensus

clinico-pathological diagnosis was determined for each of the cases.
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Figure 2.1. Schematic illustrating the coronal levels and diagnostic blocks used
in this study. Block lettering illustrate coronal levels, blue lettering and blue
dashed lines represent diagnostic blocks and sub-dissection lines. Small grey
lettering and colour coding illustrates Brodmann areas. Adapted from the
Newcastle Brain map (Perry and Oakley, 1993).
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2.5 Brain Regions

2.5.1 Frontal cortex

Frontal cortex comprises 25-33% of the brain (Smith and Jonides, 1999) and
enables us to engage in higher cognitive functions including short term working
memory and executive functioning (Stuss and Alexander, 2000, Andres, 2003,
Stuss, 2011). Within the frontal lobe lies the primary motor cortex, located just
rostral of the central sulcus which mediates voluntary movement of the limbs
with neurones projecting to the spinal cord (Dum and Strick, 1991, Watts and

Mandir, 1992) along with the premotor area and supplementary motor area.

2.5.2 Temporal cortex

The temporal cortex is subdivided into several anatomical regions. The superior
temporal gyrus plays a central role in hearing and speech perception and
contains the primary auditory cortex, BA 41 and 42, whilst the middle and
inferior temporal gyri are implicated in language, memory processing and visual
perception (Onitsuka et al., 2004) and are amongst the first neocortical regions
to be affected in AD (Convit et al., 2000). Declarative memories are encoded in
the medial temporal lobe which is comprised of the perirhinal, entorhinal and
parahippocampal cortices and hippocampus (Alvarez and Squire, 1994, Squire
et al., 2004). The hippocampus is composed of interconnecting subfields each
with distinctive histological characteristics including four fields of the Cornu
Ammonis (CA1-4) and is one of the earliest affected regions affected by AD
pathology (Braak and Braak, 1991, Braak et al., 2006).

2.5.3 Parietal cortex

The parietal lobe represents 20% of the cerebral cortex and is divided into two
regions. The somatosensory cortex is located in the post-central gyrus and is
integral in processing sensory information with connections to the basal ganglia
and thalamus (Kunzle, 1977), whilst the posterior parietal cortex projects to
various subcortical regions and is involved in numerous cognitive functions
including attention and episodic memory (Wheeler and Buckner, 2004,
Hutchinson et al., 2014).
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2.5.4 Occipital cortex

The occipital lobe contains the primary visual cortex (V1), which can be mapped
to Brodmann area 17, and is the main area in the brain responsible for
processing visual information, receiving visual stimulus from the retina via the

lateral geniculate nucleus (Jones, 1998).

2.5.5 Cingulate cortex

Located in the forebrain and as part of the limbic system, it has been proposed
that the cingulate cortex is associated with emotion (Papez, 1995, Hadland et
al., 2003). In addition, neuro-imaging studies in humans have implicated pain-
related activation, specifically in the anterior cingulate cortex (Morrison and
Downing, 2007).

2.5.5 Corpus striatum

The corpus striatum (inclusive of the caudate nucleus and putamen) is the
largest component of a collection of subcortical regions found on both sides of
the thalamus termed the basal ganglia and is implicated in the fine tuning and

execution of motor responses (Graybiel et al., 1994).

2.5.6 Amygdala

Historically, the amygdala was considered part of the basal ganglia, however
more recently the amygdala has been shown to be associated with olfactory
pathways and is regarded as part of the limbic system (Swanson, 2003).
Involved in regulation of responses to emotion, the amgydala also plays a
crucial role in the acquisition and storage of hippocampal-dependant memories
(Phelps, 2004).

2.5.7 Brain Stem

The SN is situated in the midbrain which is a part of the brainstem and contains
neuromelanin pigmented cells which synapse onto cells in the striatum forming
the nigro-striatal pathway (York, 1970). The SN is affected early in PD as the
severity of the selective loss of dopaminergic neurones in the ventrolateral part
of the substantial nigra pars compacta can be related to disease duration
(Hassler, 1938, Fearnley and Lees, 1991). The LC is a pontine nucleus which
is located in the pons and is the largest group of noradrenergic neurones in the
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central nervous system (Dahlstroem and Fuxe, 1964), and is involved in the

pathways controlling arousal and autonomic function (Samuels and Szabadi,
2008).

2.6 Tissue Micro Array

In addition to brain regions being sampled for routine diagnostics, for each
case tissue was sampled to compose a Tissue Micro-Array (TMA) tissue block
to enable quantification of pathological lesions in a large quantity of cases. TMA
is commonly used as a high-throughput technique in cancer research to
facilitate the comprehensive analysis of hundreds of tumour tissue samples to a
high degree of accuracy (Kononen et al., 1998, Bubendorf et al., 2001). This
technique has been adapted previously in our laboratory and has been fine
tuned to accurately assess neuropathological lesions in human post-mortem
brains (Attems et al., 2014a, McAleese et al., 2015). Forty cylindrical tissue
cores were sampled from human post-mortem cerebral tissue from pre-defined
brain regions important in the routine assessment of neurodegenerative

diseases (see section 2.5).

Areas that were sampled for the TMA were taken from paraffin embedded
(donor) blocks containing: - pre-frontal cortex (block A, Brodmann area 9 (BA),
10/46), mid-frontal cortex (block B, BA8, 9), cingulate gyrus (block C, BA24, 32),
caudate, putamen, external globus pallidus, amgydala and insular cortex (all
block D), motor cortex (block E, BA4), thalamus (block F), entorhinal cortex
(block G), temporal cortex (block I, BA21, 22, 41/42), parietal cortex (block K,
BA22, 40) and occipital cortex (block L, BA17, 18, 19, 19/37) (Figure 2.2).
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Figure 2.2 Diagram illustrating the locations where each of the Tissue Micro Array
(TMA) tissue cores were extracted from each diagnostic tissue block. Tissue cores 1-4
were taken from the pre-frontal cortex (block A), 5-8 from mid-frontal cortex (block B), 9
and 10 from the cingulate cortex (block C), caudate, putamen, external globus pallidus,
amygdala and insular cortex (11-16, all block D), 17 and 18 from motor cortex (block
E), thalamus (20 - block F), 21-25 from entorhinal cortex (block G), 26-30 from
temporal cortex (block ), 31-35 from parietal cortex (block K) and 36-40 from occipital
cortex (block L). Blue lettering denotes diagnostic tissue block and blue dashed lines
represent sub-dissection lines. White circles and black numbers represent the tissue
cores with numeric label. Grey numbers and colour coding represent Brodmann areas.
Adapted from the Newcastle Brain map (Perry and Oakley, 1993).
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Fixed paraffin donor blocks were warmed for 1 hour at 37°C to aid tissue
removal. 3mm cylindrical tissue cores were taken from predefined positions
using a hand held tissue sampler (Tissue-Tek ® Quick-Ray™ TMA system,
Sakura, California, USA). The tip of the hand held punch was inserted at the
correct position through the depth of the tissue in the donor block and removed
along with the cylindrical tissue core (Figure 2.3a). Each tissue core was then
inserted into the correct ‘hole’ in a single, regular sized pre-made recipient TMA
paraffin block (4cm x 3cm - made to perfectly match the Tissue-Tek ©® Quick-
Ray™ TMA system) in numerical order (Figure 2.3b.) If any donor blocks are
missing, empty ‘holes’ in recipient block were filled with molten wax. Each of the
punches were pushed securely in to the recipient block by hand and the block

incubated at 37°C to reduce the wax-tissue interface when sectioning.

An in-house silicone mould, made specifically to fit the TMA recipient block, was
preheated to 60°C for one hour and 2-4 mls of molten paraffin wax placed into
the base. The recipient TMA block was placed tissue face down onto the
molten wax and left for 5 minutes before a further 15 minutes incubation at 37°C
to anneal (Figure 2.3c). The block was allowed to cool fully before the silicone
mould was removed and excess was removed. TMA sections were then cut and

mounted onto glass slides (Figure 2.3d).
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For the purpose of this study only selected brain regions were used as outlined
in Table 2.2.

Brain region  Coronal level Brodmann area Diagnostic block Format TMA tissue
core numbers
Frontal 4-5 8,9, 10/46 A D and TMA 1-3,5-7
Temporal 18 21,22,41/42 | D and TMA 26-30
Parietal 24 22,40 K D and TMA 31-34
Occipital 30 17,18,19,19/37 L D and TMA 36-39
Caudate 14 N/A D D and TMA 11
Putamen 14 N/A D D and TMA 12
Externa.l globus 14 N/A D TMA 13
pallidus
Thalamus 16 NA F TMA 20
Amygdala 14 N/A D D 15
Cingulate 9 24,32 C D and TMA 9-10
Hippocampus 18 N/A H D N/A
Entorhinal 16 20,28,36 G TMA 21-25
Substantia Nigra N/A N/A N D N/A
Locus coeruleus N/A N/A P D N/A
Motor cortex 16 4 E TMA 17/18

Table 2.2 Brain regions in this study and topographical locations. Abbreviations; D,
diagnostic slide; TMA, tissue micro array slide; N/A, not applicable. Coronal levels,
Brodmann areas and diagnostic blocks are illustrated in Figures 2.1 and 2.2

2.7 Tissue sectioning, mounting and dewaxing

To aid tissue adhesion slides were pre-treated with 4% 3-
aminopropyltriethoxysilane (APES) or superfrost plus slides (Thermo Shandon,
Cheshire, UK) were used when required. To prepare the APES coated slides,
clean glass slides were placed into racks and immersed into 4% solution of
APES (Sigma-Aldrich, Dorset, UK) made up in acetone for 5 minutes, followed
by 5 minutes in acetone before a final 5 minutes immersed in the 4% APES
solution. Slides were then drained, rinsed in distilled water and dried at 37°C
and stored until used. For both the routine diagnostic and TMA sections, tissue
blocks were serially sectioned at 6um on a rotary microtome (HM325, Thermo
Scientific, Hemel Hempstead, UK), and mounted onto glass slides. Mounted
sections were then dried in an oven at 37°C for two days, followed by 1 hour at

60°C to aid adhesion, before being left to cool and stored until use.

Sections were then placed into the 60°C oven for 10 minutes to aid dewaxing
and deparaffinised in two changes of xylene (for 5 minutes each) before being
rehydrated through a series of alcohols (2 x 100%, 1 x 75% and 1 x 50% for 2

minutes each) to water.
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2.8 Histology

2.8.1 Cresyl Fast Violet

Cresyl Fast Violet (CFV) stains Nissl substance in post-mortem neuronal tissue
and was used to visualise neuronal somata and nuclei. Following dewaxing
and rehydration, sections were placed in a solution of 1% acid alcohol and
rinsed in 3 changes of water. Sections were immersed in CFV solution
preheated to 60°C for 10 minutes then cooled for 5 minutes and rinsed. CFV
staining solution was prepared by combining 20ml stock solution (0.2% w/v
cresyl fast violet in distilled water), 500ml acetate buffer (13.5ml acetic acid,
23.5g sodium acetate in 2000ml distilled water, pH 4.5) and 500ml of distilled
water. Sections were then differentiated in 95% alcohol until background was
pale purple, dehydrated through a series of alcohols (70%, 95% and 2 x 100%)

to xylene and mounted with a coverslip using DPX (CellPath, Newtown, UK).

2.8.2 Haematoxylin

Haematoxylin is one of the principal stains used in diagnostic histology and is a
useful nuclear counterstain in immunohistochemistry (IHC). Following the
routine IHC protocol below, sections were immersed in haematoxylin solution
for 30 seconds. Haematoxylin solution was made up by adding the following to
700mlIs of distilled water: 0.5g sodium iodate, 50g aluminium potassium
sulphate, 5g haematoxylin, 40mls acetic acid and 300mls glycerin. Sections
were washed well in tap water and differentiated quickly in 1% acid alcohol
before being rinsed again in tap water. Sections were immersed in Scott’s tap
water substitute (ammonia water) until nuclei turned blue and rinsed in tap
water before being dehydrated through a series of alcohols (70%, 95% and 2 x

100%) to xylene and mounted with a coverslip using DPX.
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2.9 Immunohistochemistry

All immunohistochemistry (diagnostic slides and TMA slides) was performed to
visualise pathological protein aggregations using the protocol below. Samples
were immunostained in as few batches as possible to minimise variability in
staining. Sections underwent antigen retrieval to reveal epitopes masked as a
consequence of formalin fixation and immunostained for a battery of antibodies
listed in table 2.3

Working dilution Single label (SL)/

Antibody Target Host Manufacturer (in TBS) Antigen retrieval doubel label (DL)
protocol
Immersion in
. 0.01m.L-1 citrate
hyperphosphorylated tau Innogenetics, Gent, .
AT8 Ser202/205 (HP-1) Mouse Belgium 1:4000 puffer (pH6) and SL
microwaving for 10
minutes
Immersion in
4G8 B amyloid 17-24 Mouse Covance, Alnwick, UK 1:15,000 concentrated Formic SL
acid for 1 hour
. - Decloaking for 2
8/4D ey, Mouss  ATTIS flenna. 1:1000 minutes in SL+DL
viold {p 0.01mol.L-1 EDTA
Leica, Newcastle- Decloaking for 2
a-syn a-synuclein Mouse i 1:200 minutes in SL

upon-Tyne, UK 0.01mol.L-1 EDTA

a-synuclein Abcam. Cambridge Decloaking for 2

a-syn [pSer129] phosphorylated at serine Mouse ! UK e 1:500 minutes in SL
129 0.01mol.L-1 EDTA
. . Decloaking for 2

Tau [pSerags] NYPerphosphorylatedtau ooy Life technologies, 1:4000 minutes in DL

Ser396 (HP-1) Paisley, UK 0.01mol.L-1 EDTA

Table 2.3 List of primary antibodies, working dilution and antigen retrieval procedures
used in immunohistochemistry. Abbreviations; TBS, Tris buffered saline; SL, single
label immunohistochemistry and DL double label immunohistochemistry.

Antigen retrieval was performed by one of three techniques depending on the
antibody: 1) Microwave antigen retrieval was performed by immersing slides in
0.01m.L-1 citrate buffer and microwaving on full power (900w, SLS, Hessle, UK)
for 10 minutes, following which sections were left to cool for 20 minutes and
rinsed in tap water. 2) Decloaking was performed by immersing slides in
0.01mol.L-1 EDTA (pH 8) for one and a half minutes in the Menapath Access
Retrieval  Unit (Menarini diagnostics, Berkshire, UK) or 3) immersed in
concentrated (99%) Formic acid for 1 hour. Sections were quenched for
endogenous peroxidase by incubation in 3% hydrogen peroxide and
immunohistochemistry was performed using a MENAPATH HRP polymer
detection kit (Menarini diagnostics, Berkshire, UK) following instructions

supplied by the manufacturer.
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Sections were rinsed well with Tris Buffered Saline (TBS) and incubated at
room temperature for 1 hour with primary monoclonal antibodies at optimal
dilution in TBS. Slides were then washed 3 times with TBS for 5 minutes with
the final rinse in TBS with 1% Tween (VWR, Lutterworth, UK). The universal
probe was applied and incubated for 30 minutes at room temperature and
washes were performed again as previously described. Sections were then
incubated with the Horseradish peroxidase (HRP) - polymer reagent at room
temperature for 30 minutes before a final 3 rinses in TBS. Following this,
sections were reacted with 3,3 diaminobezidine (DAB) with a ratio of 1 drop of
DAB chromagen concentrate (32um) to 1ml DAB substrate for 2-4 minutes.
Sections were washed thoroughly in tap water before a counterstain of
haematoxylin was applied to identify cell nuclei (section 2.8.2). Sections were
then taken through increasing concentrations of alcohol (70%, 95% and 2 x
100%) to xylene and mounted with a coverslip with DPX.

2.10 Immunofluorescence

Fixed sections from frontal cortex were dewaxed and rehydrated through a
series of alcohols to water and subjected to antigen retrieval in a pressure
cooker immersed in 0.01mol.L-1 EDTA pH 8 for two minutes followed by cooling
under running tap water for 10 min. Primary mouse and rabbit antibodies were
made up in TBS according to the dilutions in table 2.3, pooled, applied to the
sections and incubated overnight in a dark, humid chamber at 4°C. Following 3
rinses in TBS, Alexa Fluor® 488 Goat Anti-Mouse IgG (fluoresces green,
Invitrogen, dilution 1:200) was made up in TBS and applied to the sections for
30 minutes in a dark humid chamber. Sections were rinsed again in 3 changes
of TBS and Alexa Fluor® 594 Goat Anti-Rabbit IgG (fluoresces red, Invitrogen,
dilution 1:200) was applied and incubated for 30 minutes in a dark, humid
chamber. Sections were then rinsed 3 times in TBS before being mounted with
a coverslip using Vectashield hardset mounting medium containing DAPI (4’,6-
diamino-2-phenylindole) (Vector laboratories, Peterborough, UK) to visualise all
neuronal nuclei. Control tissue sections were included, each with the omission
of one of the primary antibodies to ensure antibodies were specific to their
targeted antigen. Visualization of dual labelled sections confirmed no cross-
reactivity of the antibodies. Immunofluorescence was visualized using Nikon
90i microscope and DsFi1 camera (Nikon).
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2.11 Image Analysis

2.11.1 Image acquisition - Diagnostic slides

Diagnostic slides used for experiments in Chapter 3 were stained as described
in section 2.9. Image analysis was performed using AT8, 4G8 and a-syn
stained slides from frontal (Brodmann areas (BA) 9,10 and 46), temporal (BA
20, 21, 22, 41 and 42), parietal (BA 40), occipital (BA 17, 18 and 19) and
cingulate (BA 24) cortices, posterior hippocampus, striatum (i.e., caudate
nucleus, putamen; at the level of the amygdala), amygdala, SN (at the level of
oculomotor nerve) and LC. Of note, great care was taken to minimise any
variation among cases regarding the specific topographical localisation on

which analyses were performed.

Multiple adjacent single images (Sl) were captured at x200 magnification using
a Nikon Eclipse 90i microscope and DsFi1 camera (Nikon, Surrey UK) with a
fully motorised stage coupled to a PC and combined to one large image (LI) by
NIS elements software v 3.0 (Nikon). If necessary, LI were subjected to manual

setting of regions of interest (ROI; see below).

The size of measured areas was dependant on the assessed brain region; in
each cortical region six LI were assessed and each LI encompassed a cortical
strip which included all cortical layers and consisted of 8 adjacent Sl forming a
rectangle of 0.34mm x 3mm (of note, one S| measures 0.34mm x 0.43mm but
in the final LI individual S| overlap by 0.03mm). If necessary, ROl were set to
exclude white matter and meningeal structures (Figure 2.4a). It has been
previously shown that densities of pathological protein aggregates (e.g., AB )
differ between gyri and sulci (Gentleman et al., 1992, McParland, 2013) and
therefore three gyri and three sulci were assessed per cortical region. Taking
into consideration variation of pathology across the section, six measurements
per slide (five for the cingulate) were felt to be sufficient to produce a reliable
mean value for the slide, as analysis of the whole slide would be too time
consuming. In addition, the majority of sections contained at least three gyri and
three sulci therefore quantitative values were comparable between slides. In
the hippocampus, 1 x 2 Sl resulting in a rectangle of 0.34mm x 0.8mm were
taken from hippocampal subfields CA2, CA3 and CA4 and 1 x 4 Sl resulting in a
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rectangle of 0.34mm x 1.54mm was taken in CA1. If necessary, ROl were set to
encompass the pyramidal cell layer only in CA1-3 while the entire LI of CA4 was
used for analysis (Figure 2.4b). Hippocampal subfields CA1-4 were chosen as
they are implicated in Braak’s staging of neurofibrillary pathology (Braak et al.,
2006). In each the caudate nucleus, putamen and amygdala, three LI (0.88mm
x 1.17mm), which were composed of 3 x 3 Sl, were analysed entirely (Figure
2.4c). Three LI have been used previously to accurately quantify pathological
lesions in the caudate and putamen (Colloby et al., 2012). Four Sl (0.34mm x
0.43mm) were taken from the SN and were analysed without further setting of
an ROI (Figure 2.4d). One Sl covering the entire LC was used for analysis after
setting an appropriate ROI to ensure that immunopositivity was measured in the
LC only (Figure 2.4e).

The measurement of immunopositivity and subsequent calculation of the
percentage area covered by immunopositivity was performed using an
automated methodology. Red, Green and Blue (RGB) thresholds that determine
the pixels that are included in the binary layer used for measurement were
standardised separately for each AT8, 4G8 and a-syn immunopositivity and
thresholds were set at a level that was reached by immunopositive pathological
structures only (except APP); see below). RGB intensity values are measured
on a scale between 0 and 255 (see NIS elements version 3.0, user guide, 2008,
Nikon, Surrey UK) and were set as follows; AT8: R25-170, G27-156, B11-126;
4G8: R50-180, G20-168, B8-139, a-syn: R15-161, G7-139, B4-133. Thereby,
unspecific background staining did not reach the threshold and was not
included into the measurement. In addition to RGB thresholds, we set a
restriction threshold for the assessment of 4G8 immunopositivity that excluded
the measurement of immunopositive signals of a size below 100um?; this was
necessary to ensure that physiological, cellular APP that is stained with 4G8
antibody was not included in the measurement. Of note, the exclusion of areas
below 100um? implies that pathological AR depositions of less than 100um?
were not included into the measurement. However, diffuse AR depositions and
AB plaques are typically larger than 100um? (Duyckaerts et al., 2009). On the
limited occasions that the defined threshold for pathology was not appropriate
due to section being out of focus, i.e. if a section lay unevenly on slide, the

image was re-taken with the focus adjusted manually the threshold was
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adjusted accordingly to ensure all pathological lesions were included in the

binary layer and included in the final measurement.

Raw data was exported into Excel and the amount of immunopositivity (load)
was stated as the percentage of the total measured area that was covered by
immunopositive signals. The respective values are expressed as HP-; load
(AT8), AB (4G8) and a-syn load.

Mean frontal, temporal, parietal, occipital and cingulate loads (i.e. mean value
of 6 LI loads) were calculated. Loads of individual hippocampal subfields and
caudate nucleus and putamen were used to calculate a mean hippocampal and
a mean striatal load, respectively. No mean subfield values were calculated for

the amygdala, SN and LC.
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Figure 2.4 Examples of regions of interest (ROI) delineating the area used for
quantification of protein aggregates in diagnostic slides. For assessment of cortical
regions (a) 8 individual images were taken at X200 magnification forming 1 large image
(area covered: 0.34mm x 3mm, green rectangle) that encompassed a cortical strip
including all layers of the cortex (CTX). A ROI (red rectangle) was manually applied to
exclude white matter (WM - delineated by blue dotted line) and meningeal structures
(a). For assessment of the hippocampus (b) 2 individual images resulting in 1
rectangular image (green rectangle, area covered: 0.34mm x 0.8mm) were taken at
X200 magnification in hippocampal subfields (CA2, CA3 and CA4) and 4 individual
images resulting in a rectangle of 0.34mm x 1.54mm (green rectangle) were taken in
CA1. ROI (red rectangles) were set to encompass the pyramidal cell layer only in
CA1-3 whilst the entire image in CA4 was assessed. For quantification in the caudate
((c) delineated by grey dotted line), 3 areas were selected for assessment, with each
area comprising of 9 individual images at X200 magnification forming 1 large image
(area covered: 0.88mm x 1.17mm).  For quantification of the substantia nigra of the
midbrain ((d) delineated by grey dotted line), four single images (area covered in one
single image: 0.34mm x 0.43mm) were taken at X200 magnification, and a mean of all
four values was calculated for the final measurement. For the assessment of the locus
coeruleus a ROI (red line) was placed manually to ensure quantification was limited to
the locus coeruleus only (e). Scale bars represent 500um in a-d and 100um in e.

69



2.11.2 Image acquisition - TMA

TMA slides used in Chapters 4 and 5 were produced as outlined in section 2.6
and stained following the standardised protocol described in section 2.9
Immunohistochemically stained sections were analysed using an automated
system consisting of a Nikon Eclipse 90i microscope, DsFi1 camera and NIS
Elements software v 3.0 (Nikon). Sections were placed onto the microscope in
the correct orientation to position tissue core 1 in the top left field of view. To
capture images of each of the 40 tissue cores on the TMA slide, the microscope
was positioned in the centre of the first tissue core at x20 magnification for
guidance and brought into focus at x100 magnification. The co-ordinates of this
first tissue core was then mapped using a macro designed to take Lls
comprised of 3 x 3 Sls measuring 1.7mm2. The microscope was then
positioned over the centre of the second tissue core and the process repeated
until the positions of all 40 tissue cores had been mapped. If any of the tissue
cores are were missing or too damaged to be included in the analysis the tissue
core number was noted and this was factored into the analysis (see below).
Once all 40 tissue cores were mapped, the microscope was directed to the co-
ordinates of the first tissue core and the images of all tissue cores were
automatically taken in sequence. ROIs were applied to individual images if
necessary to exclude any white matter or abnormalities in the tissue (e.g. folded
tissue or tears). Raw data was exported into Excel and the measurement of
immunopositivity (load) and subsequent calculation of the percentage area
covered by immunopositivity was performed by multiplying the binary area
fraction covering by immunopositivity by 100. For brain regions that had more

than one tissue core, mean values were calculated.

2.12 Cortical thickness

Cortical thickness measurements were performed on frontal, temporal, parietal,
occipital and cingulate cortex. Measurements were taken at the same sites
used for quantification of pathological lesions as described in section 2.11.1
Three gyri and three sulci were selected in each of the cortical regions and four
areas assessed from the cingulate (two gyri, BA 24 and BA32 and either side of
the sulcus in between) (Figure 2.5) Images were captured using Nikon Eclipse
90i microscope and DsFi1 camera (Nikon) at x20 magnification. Five
measurement lines were orientated perpendicular to the pial surface at equally
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spaced intervals of each gyrus encompassing all cortical layers ending at the
white matter as described by Kolasinski et al (Kolasinski et al., 2012).
Measurements were taken from each side of each sulcus (total of 5 per sulcus).
This was performed to avoid artefact that may result from sections being cut
obliquely with the cortex appearing thicker than actual size, as described
previously (Foster et al., 2014). Cortical thickness was determined by the mean

of all lines in each region analysed.

a e b

Figure 2.5 Cortical thickness was measured in frontal, temporal, parietal, occipital and
cingulate cortex. Up to six points were measured per region with a mean of all points
taken as the final cortical thickness value. Five measurement lines were placed at
equally spaced intervals perpendicular to the pial surface ending at the white matter in
each gyrus (a). Five measurements were taken in total from each sulcus (b). Both
scale bars represent 500um.

2.13 APOE genotyping

APOE genotyping was determined for cases fulfilling neuropathological criteria
for mixed AD/LBD. Genomic DNA (deoxyribonucleic acid) was extracted from
frozen tissue taken from the left lateral cerebellum using the QlAamp DNA Mini-
kit and QIAGEN EZ1 advanced XL automated system (Qiagen, Manchester,
UK) according to manufacturer’s instructions. Genotyping of APOE
polymorphisms (rs429358 and rs7412) was determined by Real-Time PCR
(Calero et al., 2009) using the 7900HT fast Real-Time PCR system (Applied

Biosystems, Paisley, UK) as previously described (Calero et al., 2009).
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2.13.1 Acquisition of frozen tissue

Frozen tissue from 19 neuropathologically mixed AD/LBD cases was acquired
from the NBTR. DNA was extracted using the QlAamp DNA Mini-kit and
QIAGEN EZ1 advanced XL automated system (both Qiagen, Manchester, UK)

according to manufacturer’s instructions.

2.13.2 DNA extraction

Briefly, 50ug of frozen tissue from the left lateral cerebellum of each case was
added to 1ml of TE (Tris/EDTA) tissue lysis buffer, 1% sodium dodecyl sulfate
(SDS) and 50ul proteinase K solution (the latter provided with the QlAamp DNA
Mini-kit) and incubated at 60°C overnight to facilitate cell lysis. TE Lysis buffer
was made up by combining 10ml of 1M TrisCl pH 7.5 stock solution (12.7g
TrisCl, 2.63g Tris base, 100ml mq water) and 2ml 500mM EDTA pH 8.0, in 1L
mq water. Homogenisation was completed by repeated vortexing. 200ul of cell
lysate was loaded into each column and DNA was isolated using the QIAGEN
EZ1 advanced XL automated system producing 100ul of isolated DNA eluted
into AE buffer supplied by the manufacturer of the kit. DNA purity and

concentration was measured using a Nanodrop.

2.13.3 Quantitative real-time Polymerase Chain Reaction (RT-PCR)

PCR is a universal technique used in molecular biology to amplify DNA
sequences. The sequences of the primers use in RT-PCR are provided in
table 2.4 and amplification process is outlined in figure 2.6. Power SYBR®
Green PCR Master Mix (Applied Biosystems, Paisley, UK) containing AmpliTaq
DNA Polymerase was used to amplify DNA. DNA samples were diluted to
20ng/ul and 25pul of each sample was loaded in a 96 well plate (Eppendorf,
Stevenage, UK). Each PCR reaction mixture was prepared using the Eppendorf
epMotion® and contained 1 x Power SYBR® Green PCR Master Mix, 0.3uM of
each primer and 20ng of genomic DNA (prepared on ice). All reactions were

added to a 384 well plate (Applied Biosystems, Paisley, UK) in duplicate.
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The PCR amplification protocol was performed using a 7900HT Real-Time PCR

system and consisted of: -

Initial denaturation step - AmpliTaq Gold® DNA Polymerase

activation 95°C for 10 minutes

40 cycles consisting of
Denaturation - 95°C for 15 seconds

Annealing and elongation - 62°C for 1 minute

As SYBR® Green binds to double-stranded DNA and fluoresces it allows
the quantification of the double stranded DNA at the end of each
elongation step, giving an amount of the double stranded DNA preset.
The “cycle threshold”, or Ct value (i.e. number of PCR cycles necessary
to achieve a threshold level of fluorescence) was used as the informative
Real Time PCR read-out to distinguish between APOE haplotypes as
indicated in Figure 2.8

Primer Orientation Nucleotide Sequence 5'- 3' Length (bp)

ApoE_112C Forward CGGACATGGAGGACGTGT 18
ApoE_112R Forward CGGACATGGAGGACGTGC 18
ApoE_158C Reverse CTGGTACACTGCCAGGCA 18
ApoE_158R Reverse CTGGTACACTGCCAGGCG 18

Table 2.4 Primer sequences used in APOE genotyping
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Fluorescence

Figure 2.7. Amplification plot. Baseline-subtracted fluorescence versus number of PCR
cycles (from http://www.bio-rad.com/en-uk/applications-technologies/qpcr-real-time-pcr)

Ct (cycles)

Figure 2.8. Amplification plots (haplotypes vs. Ct) in a 7900HT Real-Time PCR system
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of the six different APOE haplotypes in the human population and negative controls
(NC) (E2: circles, E3: triangles and E4: squares) from (Calero et al., 2009).
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2.14 Statistical analyses

Statistical analysis was conducted using the Statistical Package for Social
Sciences (SPSS v 22, IBM). Data was tested for normality using Kolmogorov-
Smirnov Test test followed by visual inspection of variable histograms. Kruskal
Wallis and Friedman’s tests were employed to determine overall group
differences. A paired t test (Mann-Whitney U) was used to determine whether
the difference in pathology burden was significant between the two clinical
groups and Wilcoxon test was used to assess differences between related
samples. Allele frequencies were calculated using the allele counting method.
Hardy-Weinberg equilibrium was tested by a x2goodness of fit test, using the

following equation: -

p?+2pq +Q? =

where p is the frequency of the “A - dominant allele” and q is the frequency of
the “a - recessive allele” in the population (Norton and Neel, 1965). Fisher’s
exact test was employed to assess differences in APOE allele frequencies
between phenotypes. Spearman’s rank correlation co-efficient was used to
determine associations between variables. Linear regression was employed to
determine whether particular pathogenic proteins influenced each other and

clinical phenotype. A p-value of <0.05 was considered significant.
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Chapter 3 - Neuropathologically mixed Alzheimer’s disease and
Lewy body disease: burden of pathological protein aggregates

differs between clinical phenotypes.

3.1 Introduction

In neurodegenerative diseases, the neuropathological diagnosis is based on the
most prevalent pathology found in the post-mortem brain, as this pathology is
usually considered to be the main underlying pathology causing a clinical
syndrome, most frequently dementia. Several internationally recognised
staging systems assess the topographical distribution of associated pathological
protein aggregates. In AD, Braak NFT staging (I-VI) (Braak and Braak, 1991,
Braak et al., 2006) and Thal amyloid phases (1-5) (Thal et al., 2002b) are used
to assess the topographical distribution of NFTs/NTs and B-amyloid deposits
respectively, whilst Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) criteria are used to score neuritic plaques (neg, A, B or C) (Mirra et
al., 1991). In DLB, the most common staging systems employed to assess o-
syn pathology (i.e. LB and LN) are Braak LB staging (I-VI) (Braak et al., 2003)
and Newcastle-McKeith criteria which distinguish between brainstem
predominant, limbic (transitional) and neocortical LBD, respectively (McKeith et
al., 2005). However, multiple pathological protein aggregates are frequently
seen in human post-mortem brains and hence mixed pathology is common
(Armstrong et al., 2005, Jellinger, 2007a, Jellinger, 2007b, Schneider et al.,
2007, Kovacs et al., 2008, Rahimi and Kovacs, 2014). Mixed dementia on the
other hand is less frequent and neuropathologically should only be diagnosed if
criteria for more than one full blown disease are met. In such mixed dementia
cases, the severity of each characteristic neuropathological lesion may have

independently been the cause for clinical dementia.

There are a subset of cases that are neuropathologically classified as mixed
AD/DLB because they fulfil neuropathological criteria for both AD (i.e. high AD
neuropathologic change (Montine et al., 2012b)) and DLB (i.e. neocortical LBD
(McKeith et al., 1996, McKeith et al., 2005)). Clinically, a proportion of these
cases were diagnosed as AD, whereas others were diagnosed as DLB or PDD.
Current semi-quantitative neuropathological assessment encompasses a 4-5

tiered scale (absent, mild, moderate, severe (very severe)) and when applied to
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mixed AD/DLB cases fails to differentiate between different clinical phenotypes
(AD vs DLB vs PDD). Therefore, it was investigated whether respective
differences could be detected using a quantitative methodology.

3.2 Aims
The aims of this study were to : -

« Determine whether quantification of pathological protein aggregations
associated with AD and DLB (HP-7, AB and a-syn) could be detected in
cases that fulfil neuropathological criteria for AD and DLB/PDD but differ

in their clinical presentations (AD vs DLB vs PDD).

« Investigate if the hierarchical distribution HP-1, B-amyloid and a-syn
loads in cortical and limbic regions in neuropathologically mixed AD/DLB
cases that presented clinically with AD (cAD), DLB (cDLB) or PDD
(cPDD) was similar to ‘pure’ forms of AD (pAD) or DLB (pDLB).

- Investigate whether there are any differences in basic clinical
characteristics between different clinical phenotypes i.e. age of onset of
cognitive decline, final MMSE scores and rates of cognitive decline in
cAD, cDLB and cPDD and age of onset of motor symptoms in cDLB and
CPDD.

« Investigate if there are differences in cortical thickness between cAD,
cDLB and cPDD.

« Determine the APOE genotypes and allele frequencies for all mixed AD/
DLB cases and investigate if there are differences between different
clinical phenotypes.
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3.3 Methods
3.3.1 Study cohort

Brain tissue from 28 donors were included in this study (mean age, 76.11; male
17; female, 11) from the Newcastle Brain Tissue Resource (NBTR). 19 cases
were identified as fulfilling neuropathological criteria for mixed AD/DLB and of
these cases 8 (42.1 %) were clinically diagnosed as AD (cAD), 8 (42.1 %) as
DLB (cDLB) and 3 (15.8 %) as PDD (cPDD). In addition, 5 ‘pure’ AD cases
(pAD) and 4 ‘pure’ DLB (pDLB) cases were selected for comparison. Cases
were classified ‘pure’ AD or DLB if they had minimal concomitant pathology (i.e.
pAD cases had no a-syn pathology and DLB cases had no/low AD
neuropathologic change (Montine et al., 2012a). Patient demographic
information (neuropathological criteria) is provided in Table 3.1. cAD and pAD
cases did not exhibit core (i.e. spontaneous cognitive fluctuations, spontaneous
motor Parkinsonism, complex, persistent visual hallucinations) nor suggestive
(i.,e. REM sleep behaviour disorder, neuroleptic sensitivity, positive

dopaminergic imaging) features of LBD, respectively.

79



‘o|ge|leA. JOU /N "Bljuswap aseas|p s,uosupiied yim Ajjeoiuno buguasaid g1q

/av pexiw Ajjeaibojoyiedoinau ‘qado ‘seipoq AmaT yum enuawap yum Ajiesiulo bunussaid g1q/qy pexiw Ajjesibojoyyedoinau
‘9700 ‘elewsy ‘) ‘ojew ‘w ‘Jole plepue)s ‘Jg ‘@seasip sJawisayz|y yim Ajjeoiuno buinuasaid g1q/ay paxiw Ajjesibojoyiedoinau
‘Qvo ‘salpoqg AmaT yum enuswiap ‘gTq ‘esessip s Jawisyz)y ‘qgy ‘Apog AmaT ‘g uoneloossy s Jawiayz)y - bulby

uo a1nIIsu| [euoleN ‘YV-VYIN ‘VV-YIN ‘Auiedoibue piojAwe |eigaiad ‘yyy9 :suoneinalqqy “solydeibowsp juaied L€ ajqeL

(09'%)89°GL  (S8'Y) €¥'6€ LL-ZL =4wW (627}) L1792 (3S¥) uesw [ejoL

(z0z)s6 (6261)GL /¢S (10€) Gz, (3SF) uesw g1Q eind
VN  [BOIHO208N 9 ON 0 0 aAnebeN € 0 a1a 2l o N 17 62
VN  [e0d1H0208N 9 Mo 4 L asleds z L g1a 6 8 W ¥9 8z
VN  [e010208N 9 ON 0 0 annebeN € 0 ga1a el 68 W ZL 1z
VN  [ed1H0208N 9 ON z r4 annebeN z 0 g1a 14 8 W 1L 9z
6911)E€C (266) 28y vih=5W (£G1)2¢8  (dSF) uesw gy eind
VN EINELENY 0 ubiH z z jusnbalgy 9 G av 6 0S 4 18 [4
VN anpebaN 0 ubIH z 4 jusnbau4 9 ] av 9l v E| ¥8 14
VN anpebaN 0 ubIH 4 L juenbai4 9 G av 69 69 E| 98 ford
VN anpebaN 0 ubIH L 4 jusnbau4 9 14 av 9l 4 W €8 44
VN anpebaN 0 ubiH L ¢ juenbai4 9 g av g €9 | 1l 1z
(9cv) 6 (999)G1 0:€=rw (g/2)€c€l (ISF) ueaw gad [BAuID
¥3/€3  [BO0d08N 9 ubiH z z jusnbaly 9 S aad 8 9 N 17 6l
¥3/€3  |eomod08N 9 ubiH r4 l jusnbaiy S S aad 1L 8z W Gl 8l
€3/63  [eomod08N 9 ubiH L ¥ juenbaiy 9 S aad r4 L W 89 Ll
SV €922 (#92)8E0F ©G=4W (G02) €497 (3SF) uesw g1d [eduld
¥3/€3  [BO0d08N 9 ubiH z Z jusnbalgj 9 S a1a v ov N 19 ol
¥3/€3  |eomod08N 9 ubiH L 4 juenbaiy 9 S ga1a 8 8l N 8. Gl
¥3A/y3  |eomod08N 9 ubiH r4 r4 juenbaiy 9 S g1a 6 Ll W 8L i
VN  [e010208N 9 ubiH L 4 juenbaiy 9 S ga1a L 8t W €8 el
¥3/€3  |eomod08N 9 ubiH r4 L juenbaiy S S g1a L Ll 4 08 zl
€3/63  |eoM0d08N 9 ubiH 0 0 juenbaiy 9 S ga1a 8 8. 4 Gl L
¥3/€3  |eomod08N g ubiH r4 L juenbaiy 9 S g1a 74} 8t W 89 ol
¥3/€3  |BoM0d08N 9 ubiH 0 0 juenbaiy 9 S ga1a 4’ LS 4 08 6
(1€1)GL'6 (66) sy vy =#W (€1'€)€L’'G. (ISF) uesw Qv [eduld
¥3/€3  [BOI0008N 9 ubIH I ! jusnbaig 9 S av 2l IS 4 17 8
¥3/y3  |eomod08N 9 ubiH r4 € juenbaiy 9 S av 4} L W €L L
€3/63  |eo0d08N 9 ubiH 4 € juenbaiy 9 S av L 8z W 29 9
¥3/€3  |eomod08N 9 ubiH L 14 juenbaiy 9 S av L ¥8 4 88 S
€3/63  |eoH0d08N 9 ubiH 4 14 juenbaiy 9 14 av 8 8. W 11 14
€3/63  [eomMod08N 9 ubiH r4 4 juenbaiy S S av 9l 8¢ 4 €9 €
¥3/b3  |eood08N 9 ubiH L 4 juenbaiy 9 S av 14 4" W Z8 4
¥3/€3  |BoM0od08N 9 ubiH L | juenbaiy 9 S av 4} 9 4 6. L
adfjouab elIdIO abejs AMMLM._MV MQ%Q?MGV wMooM?%ov abejs ase sisoube| (syoam) (sanoy)
u Ha yjedoibue Ayjedoibue yd sisoubeiq Yoam anoy
304V UNOYOW g7 >eeig o_mow.m,wwmwsm: pioffwe  profwe  AVHI0  yeeig leyL  reound  ybueixi4  Aejep Wd xes 2by sed

sieweyzry leigalay  |eiqala)

80



3.3.2 Tissue preparation

Paraffin-embedded blocks containing frontal, temporal, parietal and occipital
cortices, cingulate and hippocampus, striatum (including caudate nucleus and
putamen), amygdala, midbrain and LC were sectioned at 6ym and mounted
onto 4 % 3-aminopropyltriethoxysilane (APES)-coated glass slides. Sections
were immunostained for monoclonal antibodies against HP-1 (AT8, dilution
1:4000, Innogenetics, Ghent, Belgium) AB (4G8, dilution 1:15,000, 4G8, Signet
Labs, Dedham, MA, USA) and a-syn (a-syn, dilution 1:200, Leica, Newcastle-

upon-Tyne, UK) as described in section 2.9.
3.3.3 Semi-quantitative assessment

Blind to clinical diagnoses, neuropathological diagnoses were based on semi-
quantitative assessment (Alafuzoff et al., 2008, Alafuzoff et al., 2009a, Whitfield
et al., 2014) and assigned using accepted international neuropathological
criteria including neuritic Braak stages (Braak et al., 2006), Thal amyloid phases
(Thal et al., 2002b), CERAD scores (Mirra et al., 1991), NIA-AA scores (Montine
et al., 2012b) and McKeith criteria (McKeith et al., 2005). Cerebral amyloid
angiopathy (CAA) was scored according to the method described by Olichney
and colleagues (Olichney et al., 1995).

3.3.4 Quantitative assessment

Image analysis was performed using AT8 (HP-71), 4G8 (AB) and a-syn stained
slides from frontal (Brodmann areas (BA) 9,10 and 46), temporal (BA 20, 21, 22,
41 and 42), parietal (BA 40), occipital (BA 17, 18 and 19) and cingulate (BA 24)
cortices, posterior hippocampus, striatum (i.e. caudate nucleus, putamen; at the
level of the amygdala), amygdala, SN (at the level of oculomotor nerve) and LC.
Of note, great care was taken to minimise any variation among cases regarding
the specific topographical localisation on which analyses were performed. The
mean load (expressed as a percentage area covered by immunopositivity) of

each protein aggregate was obtained according to section 2.11.1.
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3.3.5 Cortical thickness measurements

In addition, 6um section were taken from frontal, temporal, parietal, occipital
and cingulate cortices and stained with CFV as described in section 2.8.1.
Cortical thickness measurements were taken according to the protocol outlined

in section 2.12.
3.3.6 APOE genotyping

Except for one cDLB case which had no frozen tissue available, all mixed AD/
DLB cases underwent APOE genotyping using Real-time PCR according to the
protocol in section 2.13.

3.3.7 Statistical analysis

The Statistical Package for Social Sciences software (SPSS ver. 21) was used
for statistical evaluation. Since the data were not normally distributed
(Kolmogorov—Smirnov p < 0.01), we used Kruskal-Wallis to determine overall
group differences and a non-parametric paired t test (Mann—-Whitney U) to
assess individual differences in pathological burden between clinical
phenotypes. Friedman’s test with post hoc Wilcoxon signed-rank test was
employed to assess differences in pathological burden between individual
cortices within each clinical phenotype. Allele frequencies were calculated

using the allele counting method. Hardy—Weinberg equilibrium was tested by a
)(2 goodness-of-fit test, and Fisher’s exact test was employed to assess

differences in APOE allele frequencies between phenotypes.
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3.4 Results
3.4.1 Cerebral amyloid angiopathy

Of the mixed AD/DLB cases, CAA with capCAA was present in 9 cases whilst
15 cases showed CAA without capillary involvement. There were no differences
in the type of CAA between cAD, cDLB and cPDD although there was an
increased severity of CAA in cAD group with 50 % of cases having a score of 3

or 4 whilst none of the cDLB cases had a score higher than 2 (Table 3.1).
3.4.2 Semi-quantitative analysis

Using routine semi-quantitative scoring criteria, no significant differences in the
severity of HP-1, AB and a-syn were seen between cAD, cDLB and cPDD since
—not surprisingly—scores were “severe” in most areas except for the three
cPDD cases which showed considerably lower HP-T1 in cingulate and frontal
cortices (Table 3.2).
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3.4.3 Clinical characteristics

There were no overt differences in age of dementia onset between the clinical
groups, however, the cDLB and cPDD had a shorter survival time from the
onset of cognitive decline compared to the cAD group (cDLB mean 7.5 years,
SE +1.52; cPDD mean 7.33 years, SE +2.4; cAD mean 9.38 years, SE +1.31;
Table 3.3). The onset of dementia in pure AD cases was 8.45 years later than
in cAD (pure AD, 74.2 years SE £2.71; cAD, 65.75 years SE 1£3.32; Table 3.3).
As expected, cPDD cases had an earlier onset of EPS (mean 64.33 years, SE
+4.33) than the cDLB cases (mean 71.83 years, SE 1£2.44; Table 3.3).

cAD cases had lower final MMSE scores (mean: 6.0, SE £3.21) compared to
cDLB (mean: 8.43, SE +3.64) and cPDD (mean: 8.0, SE +3.56) as well as a
higher rate of cognitive decline (mean: -7.17, SE +2.8) compared to cDLB
(mean: -3.83, SE £0.94) and cPDD (mean: -3.5, SE +£1.32; Table 3.3).
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3.4.4 Quantitative assessment of hyperphosphorylated tau loads

HP-1 load was higher in cAD compared to cDLB and cPDD in all regions except
the frontal cortex where HP-1 load in cDLB was higher than in both cAD and
cPDD (Table 3.4; Figure 3.1). Overall significant differences were detected
(Kruskal-Walllis p < 0.05) and significant respective differences were seen only
in the hippocampus (p < 0.05), striatum (putamen p < 0.05) and locus coeruleus
(p < 0.01) of cAD when compared to cDLB and in hippocampus (p < 0.05),
striatum (putamen p < 0.05), neocortical regions (frontal, temporal and parietal;
p < 0.05), striatum (putamen p < 0.05) and cingulate cortex (p < 0.05) of cAD

when compared to cPDD.

In cDLB, HP-1 load was significantly higher in frontal (p < 0.05) and cingulate
cortices (p < 0.05) compared to cPDD, whilst HP-1 load was significantly higher
in the LC in cPDD compared to cDLB.

When comparing HP-1 loads in limbic and cortical regions within the same
clinical phenotype the cAD group showed highest HP-1 loads in the temporal
cortex (mean 19.9 %, SE +4.06), followed by hippocampus (mean 13.81 % SE
+2.58), occipital cortex (mean 13.14 %, SE +3.68), parietal cortex (mean 12.04,
SE +2.67), cingulate gyrus (mean 10.5 %, SE £2.7) and frontal cortex (mean
4.6 %, SE £1.33; Figure 3.2a).

Interestingly, cDLB and cPDD displayed a different pattern of HP-1 distribution
to the one observed in cAD. In cDLB, the occipital cortex exhibited the highest
HP-1 load (mean 13.06 %, SE +3.83) followed by temporal cortex (mean 11.38
%, SE %2.62), parietal cortex (mean 10.49 %, SE +3.19), cingulate cortex
(mean 8.45 %, SE £2.77), hippocampus (mean 7.72 %, SE +1.36) and frontal
cortex (mean 7.51 %, SE £2.17; Figure 3.2a).

On the other hand, cPDD cases showed highest HP-1 loads in the hippocampus
(mean 11.58 %, SE +5.37), followed by occipital (mean 5.69 %, SE +3.71),
temporal (mean 3.49 %, SE +2.04), parietal (mean 0.95 %, SE +0.49), cingulate
gyrus (mean 0.72 %, SE +0.33) and frontal (mean 0.4 %, SE +0.24; p > 0.05,
Figure 3.2a)
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Similar to cAD, pure AD showed highest HP-T load in the temporal cortex (mean
18.45 %, SE 15.48), but this was followed by occipital (mean 16.44 %, SE
+4.79), parietal (mean 13.19 %, SE 5.65) and frontal (mean 11.68 %, SE
1+5.83) cortices whilst lower loads were seen in the hippocampus (mean 11.12
%, SE 1£5.02) and cingulate gyrus (mean 8.46 %, SE +3.87; Figure 3.3a). HP-1
load did not differ significantly between pure AD and cAD, and HP-T loads in

cDLB and cPDD were significantly lower than in pure AD in those regions that

showed significantly lower loads when cDLB and cPDD were compared with

cAD (see above).

cAD HP- 1 c¢DLB HP- 1t cPDD HP- 1t pAD HP-1 pDLB HP- 1t Statistic

(+SE) (+SE) (+SE) (+SE) (+SE) Hy; p value
Frontal 4.6 (1.33) 7.51(2.17) 0.4 (0.24) 11.68 (5.83) 0.16 (0.07) [ H,=12.62,p=0.013"
Temporal 19.9 (4.06) 11.38 (2.62) 3.49 (2.04) 18.45 (5.48) 0.24 (0.09) | H,=15.22,p=0.004"
Parietal 12.04 (2.67) | 10.49 (3.19) 0.95 (0.49) 13.19 (5.65) 0.02(0.01) | H,=13.17,p=0.01°
Occipital 13.14 (3.68) | 13.06 (3.83) 5.69 (3.71) 16.44 (4.79) 0 H,=9.01,p=0.061
Neocortex d
(mean of all cortical areas) 13.08 (2.53) | 10.73 (1.96) 2.63 (0.68) 14.98 (4.74) 0.11(0.03) | H,=15.21,p=0.004
Cingulate 10.50 (2.7) 8.45(2.77) 0.72 (0.33) 8.46 (3.87) 0.4 (0.34) | H,=12.66,p=0.013°
Hippocampus 13.81 (2.58) 7.72 (1.36) 11.58 (5.37) 11.12 (5.02) 12.8(4.1) | H,=9.6,p=0.048"
Caudate nucleus 2.94 (0.95) 0.95(0.27) 0.65 (0.31) 1.7 (0.84) 0.04 (0.03) | H,=9.42,p=10.052
Putamen 3(0.87) 0.68 (0.23) 0.18 (0.03) 2.77 (1.64) 0 H,=152,p=0.004¢
Striatum h
(mean of caudate nucleus and putamen) 2.97(0.84) 0.77 (0.19) 0.42 (0.16) 1.55(1.26) 0.02(0.02) | H,=14.11,p=10.007
Amygdala 23.15(7.31) | 17.53(5.83) 4.97 (4.97) 23.31(7.15) 14.59(7.72) | H;=4.39,p=0.355
Substantia Nigra 3.08 (1.02) 1.94 (0.4) 0.73 (0.14) 0.65 (0.22) 0.14 (0.06) | H,=9.42,p=10.056
Locus Coeruleus 4.02 (1.2) 0.8 (0.22) 2.75(0.78) 1.68 (0.73) 1.5(1.03) | H,=9.6,p=10.048'

Table 3.4 Quantitative values for pathological burden of hyperphosphorylated tau All
values are percentage area of the binary fraction covered by immunopositivity. Values
expressed as mean. The highest values in each column are shown in bold lettering.
Abbreviations:  cAD, neuropathologically mixed AD/DLB presenting clinically with
Alzheimer’s disease AD; HP-1, hyperphosphorylated microtubule associated tau;
standard error; cDLB, neuropathologically mixed AD/DLB presenting clinically with
dementia with Lewy bodies; cPDD, neuropathologically mixed AD/DLB presenting
clinically with Parkinson’s disease dementia
Pairwise post hoc Mann Whitney U tests

a cPDD < cAD, cDLB and pAD p<0.05

b ¢cPDD < cAD and pAD p<0.05
¢ cPDD < cAD and pAD p<0.05
dcPDD < cAD, and pAD p<0.05

¢ cPDD < cAD, cDLB and pAD p<0.05

fcAD and pAD > cDLB p<0.05
9 cAD and pAD > cDLB and cPDD p<0.05
h ¢cAD and pAD > cDLB and cPDD p<0.05
i ¢cDLB < cAD and pAD p<0.01 and cPDD p<0.05
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Figure 3.1 Hyperphosphorylated tau (HP-T1) load differs between clinical Alzheimer’s disease
(cAD) clinical dementia with Lewy bodies (cDLB) and clinical Parkinson’s disease dementia
(cPDD) cases. Neurofibrillary tangles ((a) NFTs - arrow) and neuropil threads ((a) NTs -
arrowhead) immunopositive for AT8 antibody were included in the quantitative assessment. The
area positive for AT8 immunoreactivity is shaded red in (b). Box plots show differences in HP-1
loads between clinical phenotypes in frontal cortex (c), temporal cortex (d), parietal cortex (e),
occipital cortex (f), cingulate (g), hippocampus (h), striatum (i.e., mean of caudate and putamen
values) (i), amygdala (j), substantia nigra (SN) (k) and locus coeruleus (LC) (I). *, p<0.05; **,
p<0.01; scale bar, 20um, valid for a and b.
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Figure 3.2 Scatter plots showing the hierarchical distribution of hyperphosphorylated tau (HP-1),
B-amyloid and a-synuclein (a-syn) loads of cortical and limbic regions in neuropathologically
mixed AD/DLB cases which clinically either presented as Alzheimer’s disease (cAD), dementia
with Lewy bodies (cDLB) or Parkinson’s disease dementia (cPDD) and in neuropathologically
and clinical pure AD cases (pAD; a and b) or neuropathologically and clinical pure DLB cases
(pDLB; ¢). cAD cases exhibited a similar pattern of HP-t distribution to that observed pAD)
cases with the temporal cortex being the most severely affected area in both, whilst the occipital
cortex was the cortical region most severely affected by HP-1 in both clinical Dementia with
Lewy bodies (cDLB) and clinical Parkinson’s disease dementia (cPDD) (a). B-amyloid displayed
a different pattern of distribution with cAD displaying a similar hierarchical pattern of cortical
distribution to pAD. This differed to that seen in cDLB and cPDD (b). The limbic regions
(hippocampus and cingulate) were most affected by a-synuclein (a-syn) and the occipital cortex
was least affected in all phenotypes (c).

3.4.5 Quantitative assessment of B-Amyloid loads

No significant differences were seen in AB loads between cAD and cDLB (Table
3.5; Figure 3.3). However, both cAD and cDLB showed significantly higher A3
loads in the temporal cortex, and cDLB in the cingulate, when compared to
cPDD (p < 0.05; Figure 3.3). In cAD, AB loads were highest in the cingulate
cortex (mean 12.58 %, SE +2.28) followed by frontal (mean 11.38 %, SE +1.8),
parietal (mean 8.35 %, SE +1.95), temporal (mean 8.15 %, SE £1.09) and
occipital cortices (mean 4.18 %, SE +£0.65) and hippocampus (mean 2.16 %, SE
+0.44; Figure 3.3). Overall differences between lobes were observed
(Friedman’s p < 0.05). Here, cingulate, frontal, temporal and parietal AR loads
were significantly higher than occipital A load (cingulate: p < 0.01, all others: p
< 0.05), whilst all cortical AB loads were significantly higher than hippocampal
AB load (p < 0.05).

AB load in cDLB was highest in the cingulate cortex (mean 13.39 %, SE +1.5)
followed by temporal (mean 10.58 %, SE +2.4), frontal (mean 8.89 %, SE 1),
parietal (mean 8.59 %, SE +0.72) and occipital cortices (mean 5.87 %, SE £0.7)
and hippocampus (mean 4.45 %, SE +1.34; Figure 3.3b). In cDLB cingulate
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loads were significantly higher than parietal, occipital and hippocampal loads (p
< 0.05). Overall differences between lobes were observed (Friedman's p <
0.05). Temporal AB loads were significantly higher than hippocampal and
occipital ones as were parietal compared to occipital AR loads, respectively (p <
0.05).

In cPDD, highest AB loads were found in the frontal cortex (mean 11 %, SE
+1.87) followed by cingulate (mean 7.59 %, SE £1.01), parietal (mean 6.66, SE
+2.26), occipital (mean 4.63 %, SE +2.06) and temporal cortices (mean 4.35 %,
SE +0.93) and hippocampus (mean 2.01 %, SE £0.7; p < 0.05; Figure 3.3b).
Like in cAD, pure AD cases showed highest A load in the frontal cortex (mean
10.35 %, SE £1.58), followed by parietal (mean 8.74 %, SE +1.39), cingulate
(mean 8.46 %, SE %3.87), temporal (mean 6.5 %, SE £0.74), and occipital
cortices (mean 4.52 %, SE +£1.08) and hippocampus (mean 2.62 %, SE +0.67;
Figure 3.3b). However, unlike cAD cases, in pure AD no significant differences
in AR loads were observed between areas and regional A loads in pure AD did

not differ significantly from the ones seen in cAD, cDLB and cPDD.

cAD c¢DLB c¢PDD pAD pDLB Statistic
B amyloid B amyloid B amyloid B amyloid B amyloid Ho o val

(=SE) (=SE) (+SE) (+SE) (+SE) 4 P Value
Frontal 11.38 (1.8) 8.89 (1) 11 (1.87) 10.35 (1.58) 5.6 (3.21) | H,=3.2,p=0.526
Temporal 8.15 (1.09) 10.58 2.4) | 4.35(0.93)° 6.5 (0.74) 246 (1.43) | H,=12.72,p=0.013
Parietal 8.35(1.95) | 8.59(0.72) 6.66 (2.26) 8.74 (1.39) 3.19(1.98) | H,=7.07,p=0.132
Occipital 4.18 (0.65) 5.87(0.7) 4.63 (2.06) 4.52 (1.08) 4.19(2.72) | H,=2.85,p=0.584
Neocortex
(mean of all cortical areas) 8.01 (1.01) | 8.48(0.88) 6.66 (1.54) 7.75 (0.68) 3.26 (2.03) Hy=436,p=0359
Cingulate 12.58 (2.28) | 13.39 (1.5)° |  7.59 (1.01) 9.52 (2.75) 3.74 (2.14) | H,=10.62,p=0.031
Hippocampus 2.16(0.44) | 4.45(1.34) 2.01(0.7) 2.62(0.67) 2.14(1.06) | H,=3.14,p=0.534
Caudate nucleus 6.53(0.91) | 7.05(0.77) 5.64 (2.19) 4.28 (0.52) 1.25(0.71) | H,=9.35,p=0.054
Putamen 5.92(0.88) | 8.38(1.15) 6.89 (1.69) 3.74 (0.55) 1.24(0.62) | H,=8.71,p=0.064
Striatum
(mean of caudate nucleus and putamen) 6.23(0.86) 7.72(0.76) 6.26 (1.79) 405D 1.09.(0.45) H,=8.14,p=0.08
Amygdala 433 (1.12) | 4.86(1.15) 2.29 (1.02) 3.07 (0.32) 4.83 (0) H,;=3.49,p=0479
Substantia Nigra 2.78(0.72) | 2.13(0.45) 1.73 (0.5) 1.48 (0.85) 0.23(0.13) | H,=9.17,p=0.057
Locus Coeruleus 0.64 (0.15) 1.47 (0.63) 0.85 (0.46) 0.65 (0.57) 0.13(0.13) | H,=6.75,p=0.15

Table 3.5 Quantitative values for pathological burden of 8 amyloid. All values are percentage
area of the binary fraction covered by immunopositivity. Values expressed as mean. The highest
values in each column are shown in bold lettering. Abbreviations: cAD, neuropathologically
mixed AD/DLB presenting clinically with Alzheimer’s disease AD; SE, standard error; cDLB,
neuropathologically mixed AD/DLB presenting clinically with dementia with Lewy bodies; cPDD,
neuropathologically mixed AD/DLB presenting clinically with Parkinson’s disease dementia.

Pairwise post hoc Mann Whitney U tests

a cPDD < cAD and cDLB p<0.05
b ¢cDLB > cPDD p<0.05
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Figure 3.3 B-amyloid loads differ between clinical Alzheimer’s disease (cAD) clinical dementia
with Lewy bodies (cDLB) and clinical Parkinson’s disease dementia (cPDD) in the mixed AD/
DLB cohort. All B-amyloid deposits immunopositive for 4G8 antibody (a) were included in the
analysis (shaded in red (b)). Restriction thresholds (see materials and methods for details)
were applied to include all pathological lesions in the assessment whilst excluding physiological
cellular amyloid precursor protein (APP) (b - arrow). Differences in $-amyloid loads between
the clinical phenotypes are illustrated in frontal cortex (c), temporal cortex (d), parietal cortex
(e), occipital cortex (f), cingulate (g), hippocampus (h), striatum (i.e., mean of caudate and
putamen values) (i), amygdala (j), substantia nigra (SN) (k) and locus coeruleus (LC) (l). *,
p<0.05; scale bar, 20um, valid for a and b.
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3.4.6 Quantitative assessment of a-Synuclein loads

a-Syn loads were highest in the amygdala and in the majority of areas analysed
were comparable in all three mixed AD/LBD clinical phenotypes (Table 3.6;
Figure 3.4). Overall differences were seen between clinical phenotypes
(Kruskal-Walllis p < 0.05) with the a-syn load in the striatum being significantly
higher in cPDD than in cAD (p < 0.05). In addition, although not significant, in
cPDD a-syn load was higher in the hippocampus but lower in the SN compared
to cAD and cDLB Figure 3.4; Table 3.6).

With regards to cortical and limbic areas, overall differences in a-syn loads
between areas were observed (Friedmans p < 0.05). In the cAD cases, a-syn
load was highest in the cingulate cortex (mean 1.77 %, SE £0.65; p < 0.05 vs
frontal, parietal and occipital cortices) followed by hippocampus (mean 1.61 %,
SE +0.76; p < 0.05 vs frontal and occipital cortices), temporal (mean 0.9 %, SE
+0.4; p < 0.05 vs parietal and occipital cortices), frontal (mean 0.38 %, SE
+0.18), parietal (mean 0.33 %, SE +0.16) and occipital cortices (mean 0.02 %,
SE 1£0.01; Figure 3.2c).

cDLB cases showed highest cortico-limbic a-syn loads in the hippocampus
(mean 1.81 %, SE £0.72), followed by cingulate (mean 1.42 %, SE 10.74),
temporal (mean 1.01 %, SE +0.44), parietal (mean 0.88 %, SE +0.37), frontal
(mean 0.56 %, SE £0.34) and occipital cortices (mean 0.07 %, SE 1£0.03; p <
0.05; Figure 3.2c).

Cortico-limbic a-syn loads in cPDD cases were highest in cingulate cortex
(mean 2.76 %, SE +2.15), followed by hippocampus (mean 2.66 %, SE +0.98),
parietal (mean 2.02 % SE £1.4), temporal (mean 1.28 %, SE +0.95), occipital
(mean 0.52 %, SE +0.3) and frontal cortices (mean 0.45 %, SE +0.32; p < 0.05;
Figure 3.2c).

Like cDLB, pure DLB cases showed highest cortico- limbic a-syn loads in the
hippocampus (mean 2.68 %, SE 10.67), followed by cingulate cortex (mean
2.43 %, SE +1.67) but in pure DLB these were followed by frontal (mean 0.59
%, SE £0.55), temporal (mean 0.12 %, SE £0.03), parietal (mean 0.04 %, SE
+0.02) and occipital cortices (mean 0.01 %, SE +0.00 %; p < 0.05; Figure 3.3c).
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No significant differences were seen in a-syn loads between pure DLB and
cAD, cDLB and cPDD.

cAD cDLB cPDD pDLB Statisti
. . . . atistic
a-synuclein a-synuclein a-synuclein a-synuclein Hor o value

(+SE) (£SE) (£SE) (£SE) %P
Frontal 0.38(0.18) 0.56 (0.34) 0.45 (0.32) 0.59 (0.55) | H;=5.52, p=0.938
Temporal 0.9 (0.4) 1.01 (0.44) 1.28 (0.95) 0.12 (0.03) | H;=8.76,p=0.510
Parietal 0.33(0.16) 0.88 (0.37) 2.02 (1.4) 0.04(.02) | H;=12.90,p=0.064
Occipital 0.02 (0.01) 0.07 (0.03) 0.52 (0.3) 0.01(0) H;=7.64,p=0.365
Neocortex
(mean of all cortical areas) 0.43(0.17) 0.66 (0.26) 1.08 (0.32) 0.24 (0.13) H;=14.1,p=0.225
Cingulate 1.77 (0.65) 1.42 (0.74) 2.76 (2.15) 2.43(1.67) | H;=10.51, p=0.829
Hippocampus 1.61 (0.76) 1.81(0.72) 2.66 (0.98) 2.68(0.67) | H;=7.69, p=0.395
Caudate nucleus 0.34(0.16) 0.2 (0.07) (1.3) 0.64 0.65(0.61) | H;=11.85, p=0.062
Putamen 0.49 (0.17) 0.96 (0.36) 1.52 (0.21) 0.36(0.15) | H;=13.24, p=0.051
Striatum a
(mean of caudate nucleus and putamen) 0.57 (0.15) 0.75(0.27) 1.41(0.35) 0.51(0.37) | H;=12.55,p=0.014
Amygdala 5.01(1.27) 5.64(2.16 3.79 (1.57) 4.71(1.56) | H;=9.6, p=0.990
Substantia Nigra 3.04 (0.76) 2.87(0.73) 0.55 (0.24) 1.33(0.53) | H;=15.06, p=0.163
Locus Coeruleus 1.71(0.76) 1.78 (0.58) 1.64 (0.99) 0.24 (0.13) | H;=11.12, p=0.355

Table 3.6 Quantitative values for pathological burden a-synuclein. All values are percentage
area of the binary fraction covered by immunopositivity. Values expressed as mean. The highest
values in each column are shown in bold lettering.

Abbreviations: cAD, neuropathologically mixed AD/DLB presenting clinically with
Alzheimer’s disease AD; SE, standard error; cDLB, neuropathologically mixed AD/DLB
presenting clinically with dementia with Lewy bodies; cPDD, neuropathologically mixed
AD/DLB presenting clinically with Parkinson’s disease dementia.

Pairwise post hoc Mann Whitney U tests

a cPDD > cAD p<0.05
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Figure 3.4 a-synuclein (a-syn) loads differ between clinical Alzheimer’s disease (cAD) clinical
dementia with Lewy bodies (cDLB) and clinical Parkinson’s disease dementia (cPDD) in the
mixed AD/DLB cohort. a-syn pathologies inclusive of Lewy bodies ((a) LBs - arrow) and Lewy
neurites ((@a) LNs - arrowhead) were included in the analysis. The area positive for a-syn
immunoreactivity is highlighted in red (b). Differences in a-syn loads between the clinical
phenotypes are illustrated in frontal cortex (c), temporal cortex (d), parietal cortex (e), occipital
cortex (f), cingulate (g), hippocampus (h), striatum (i.e., mean of caudate and putamen values)
(i), amygdala (j), substantia nigra (SN) (k) and locus coeruleus (LC) (I). *, p<0.05; scale bar,
20um, valid for a and b.
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3.4.7 Cortical thickness measurements

cDLB cases exhibited a significantly thinner cortex in the parietal region
(2373.1uym = 55.51) compared to control cases (2694.89um + 66.91; p<0.01)
(Table 3.7). cPDD cases also displayed a thinner cortex in the parietal region
(2450.21um = 2.14) compared to control cases (2694.89um x 66.91; p<0.05).

No other differences were observed in other brain regions (Figure 3.6).

cAD pm cDLB pm cPDD pm Control pm Statistic
(um+SE) (+SE) (£SE) (xSE) Har, p value
Frontal 2455.8 (69.8) 2502.5 (60.5) 2560.8 (184.2)  2783.3(102.5) H3=5.3,p=0.15
Temporal 2473.7 (90.2) 2429.3 (76.7) 2643 (93.6) 2764.7 (98.8) H;=6.23, p=0.1
Parietal 2396.2 (117.9) 2373.1 (55.5) 2450.2 (2.1) 2694.9 (66.9) H;3;=9.67, p=0.02%°
Occipital 2114 (120.8) 2063.7 (96.4) 2335.3 (89.9) 23349 (134.7) H5=3.49, p=0.32
Cingulate 2852.1 (156.3) 2706.4 (115.2) 2758.8 (156.1) 2717.2(174) H3=0.52, p=0.91

Table 3.7 Quantitative values for cortical thickness in frontal, temporal, parietal, occipital and
cingulate as measured by the distance between the pial surface and the start of the white
matter in cAD, cDLB, cPDD and control cases.

Abbreviations: Abbreviations: cAD, neuropathologically mixed AD/DLB presenting clinically with
Alzheimer's disease AD; SE, standard error; cDLB, neuropathologically mixed AD/DLB
presenting clinically with dementia with Lewy bodies; cPDD, neuropathologically mixed AD/DLB
presenting clinically with Parkinson’s disease dementia.

Pairwise post hoc Mann Whitney U tests

acDLB < control p<0.01

b cPDD < control p<0.05
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Figure 3.5 Differences in cortical
thickness between cAD, cDLB and cPDD
compared to controls (a-e). c¢DLB and
T cPDD exhibited a thinner cortex in the
- parietal region compared to control cases
(c). Abbreviations: cAD;
neuropathologically mixed AD/DLB
presenting clinically with Alzheimer’s
disease, cDLB neuropathologically mixed
AD/DLB presenting clinically with dementia
- i — — with Lewy bodies, c¢PDD

Clinical Diagnosis neuropathologically mixed AD/DLB
presenting clinically with Parkinson’s
disease dementia. *p<0.05, **p<0.01.

97



3.4.8 APOE genotyping

APOE genotypes and allele frequencies for all cases are shown in Table 3.8.
Two cases in the cAD group were homozygous for €4, whilst there was one

homozygous €4 case in the cDLB group and none in the cPDD group.

The distribution of APOE allele frequency demonstrated that APOE €4 allele
frequencies were highest in the cDLB group (50 %) followed by the cAD group
(43.75 %) and lowest in the cPDD group (33.33 %). Of note, none of the cases
in this study had any APOE €2 alleles.

cAD (n=8) | ¢cDLB (n=7) | ¢PDD (n=3)
APOE genotype
€3,e3n 3 1 1
€3,e4n 3 5
ed,e4n 2 1 0
APOE allele frequency
e3 n(%) 9 (56.25) 7 (50) 4 (66.66)
g4 n (%) 7 (43.75) 7 (50) 2 (33.33)

Table 3.8 APOE genotype distribution * and allele frequencies t of the mixed AD/DLB cohort.

* Overall comparisons of APOE genotype demonstrated no significant differences between all
three groups: Fisher’s exact test p=0.649.

1 Overall comparisons of APOE allele frequencies demonstrated no significant differences
between all three groups: Fisher’s exact test p=0.743.

Abbreviations: cAD, neuropathologically mixed AD/DLB presenting clinically with
Alzheimer’s disease; cDLB, neuropathologically mixed AD/DLB presenting clinically
with dementia with Lewy bodies; cPDD, neuropathologically mixed AD/DLB
presenting clinically with Parkinson’s disease dementia.
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3.5 Discussion

Using quantitative assessment to evaluate cases that neuropathologically
fulfilled the criteria for both AD and DLB, | was able to detect significant
differences in the amount of pathological protein aggregates between cases
that clinically presented as either AD or DLB which were previously not seen

using semi-quantitative neuropathological assessment.

3.5.1 cAD exhibited higher hyperphosphorylated tau loads compared to
cDLB and cPDD.

HP-1 load (as measured by percentage area covered by immunopositivity) was
higher in cAD cases than in cPDD cases in all assessed regions with significant
higher loads seen in frontal, temporal, parietal and cingulate cortices as well as
in the striatum. When compared to cDLB, cAD showed a significantly higher
HP-1 load in the hippocampus, striatum and LC. This may suggest earlier
involvement of these areas, as according to Braak stages of neurofibrillary
pathology (Braak and Braak, 1991, Braak et al., 2006) the hippocampus is
typically affected in stage I, the striatum in stage IV and the neocortex in stages
V and VI. This may indicate that these cases originally started as AD cases and
were following the typical course of AD, with LB pathology developing later,
potentially even triggered by AD pathology.

Two recent studies by Braak and colleagues have demonstrated the presence
of tau pathology can exist in the locus coruleus in individuals under the age of
30 (Braak and Del Tredici, 2011, Braak et al., 2011), and has been suggested to
increase in line with the stepwise progression of pathology seen in Braak stages
(Attems et al., 2012). The increase in tau pathology observed in the cAD cases
may be attributed to an earlier progression in Braak staging in the cAD cases

compared to cDLB and cPDD cases.
3.5.2 Differences in pathology loads between cDLB and cPDD

In the majority of regions cDLB showed higher AB loads than cPDD, confirming
previous post-mortem studies (Jellinger and Attems, 2006, Halliday et al., 2011)
demonstrating that DLB patients had higher striatal AR loads compared to PDD
patients. This finding has been supported by imaging studies using Pittsburgh
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compound B (PiB) to image AB where DLB patients exhibited higher neocortical,
cingulate and striatal AB loads compared to PDD (Edison et al., 2008). In
addition, in this study cPDD cases showed lower HP-1 loads than cDLB in all
neocortical areas as well as in cingulate and striatum, further suggesting that
the amount of AD pathology is generally lower in clinical PDD than in DLB even

in PDD cases that neuropathologically fulfil the criteria for AD.
3.5.3 Differences in a-syn in the striatum and SN

Interestingly, except for the striatum where cPDD cases did show significantly
higher a-syn loads than cAD cases, no significant respective differences were
seen between cAD, cDLB and cPDD. Although not statistically significant, the
latter group did exhibit less a-syn pathology in the SN than cAD and cDLB. This
somewhat unexpected finding might be explained by severe loss of pigmented
neurones in cPDD early in the disease, resulting in less LBs, which might
contribute to an overall reduction in nigral a-syn burden. Due to time
constraints, SN neuronal number scores were not available and would be

required to support this hypothesis.

3.5.4 Comparisons to ‘pure’ cases suggest potential synergistic

interactions between pathological protein aggregates

There were no significant differences in HP-1 load between cAD and pure AD
and both showed highest HP-1 loads in the temporal cortex. However, although
statistically not significant HP-1 loads in hippocampus and cingulate cortex were
higher in cAD than in pure AD and this may have been influenced by
concomitant a-syn pathology in cAD cases. Similarly, cingulate AR loads were
higher in cAD than in pure AD, whilst the distribution of neocortical AB loads in
cAD was identical to the one observed in pure AD (i.e. frontal > parietal >
temporal > occipital). These findings suggest that AD pathology was the primary
neurodegenerative change in cAD and represented the neuropathological
correlate for the clinical AD phenotype in these cases. When comparing a-syn
loads between mixed AD/DLB cases with pure DLB cases, we found mixed AD/
DLB cases to have considerably higher a-syn loads in the temporal cortex,
whilst no overt differences were seen in other areas. The temporal cortex in
mixed AD/DLB cases did also show highest HP-1 loads and hence HP-1 might

have promoted the aggregation and accumulation of a-syn. The notion of such
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an interaction between HP-1 and a-syn has indeed been supported by data from
transgenic animal studies (Clinton et al., 2010) and human postmortem studies
found co-localisation of HP-t and a-syn (Ishizawa et al., 2003, Colom-Cadena
et al., 2013).

3.5.5 Concomitant pathology may exacerbate the existing clinical

phenotype

cAD cases exhibited severe Lewy body pathology at postmortem examination,
whilst no clinical symptoms suggestive for DLB were observed ante mortem; the
impact of additional pathologies on the clinical phenotype is indeed of current
interest. It has been suggested that concomitant AD pathology in DLB is
associated with cognitive decline (Howlett et al., 2014) and concomitant TDP-43
pathology in AD exacerbates features associated with AD, i.e. greater cognitive
impairment and medial temporal lobe atrophy (Josephs et al., 2014) but does
not associate with behavioural features frequently associated with fronto-
temporal lobar degeneration or amyotrophic lateral sclerosis (Jung et al., 2014),
diseases in which TDP-43 inclusions are the characteristic pathological
hallmark lesion. The latter is similar to the findings in the current study where in
cAD, co-existing Lewy body pathology did not elicit symptoms associated with
DLB and PDD (i.e. visual hallucinations and Parkinsonism).

The mean age of disease onset in cAD cases was considerably lower (65.75
years) than the mean age of onset in our pure AD cases (74.2 years) and the
mean age of AD onset reported by others (Williams et al., 2006, Mandler et al.,
2014). Likewise, the mean age of onset in cDLB (68.5 years) and cPDD (66
years) was low given that the mean age of onset in DLB is generally above 70
years (Kraybill et al., 2005, Williams et al., 2006, Gill et al., 2013). We observed
a shorter survival time in the cDLB and cPDD patients compared to cAD
patients, which is in agreement with studies comparing patients with AD and
DLB alone (Singleton et al., 2002, Stubendorff et al., 2011, Brodaty et al., 2012,
Garcia-Ptacek et al., 2014).

The rate of cognitive decline in cAD cases was considerably higher (mean:
-7.17, SE £2.8) compared to mean values of -3.5 (SE +2.8) for AD, -3.4 (SE
+0.7) for DLB and -5.0 (SE +0.5) for AD with varying degrees of Lewy body

pathology which have been reported previously (Kraybill et al., 2005).
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Therefore, additional Lewy body pathology in our cAD group possibly had an

aggravating effect on the rate of cognitive decline.
3.5.6 cDLB and cPDD have increased cortical thinning in the parietal lobe

A reduction in cortical thickness was observed in the cDLB and cPDD groups
compared to control cases in the parietal lobe. No other differences were
observed with other clinical phenotypes in other brain regions. In 2014, Watson
and colleagues used MRI to determine patterns of cortical thinning in DLB, AD
and control subjects and found DLB cases displayed focal patches of cortical
thinning mainly affecting posterior structures including inferior parietal, posterior
cingulate and fusiform gyrus (Watson et al., 2014).  Another MRI study
demonstrated the susceptibility of the parietal lobe to cortical thinning in DLB, in
addition to other regions such as pericalcarine and lingual gyri, cuneus, and
precuneus (Delli Pizzi et al., 2014). Furthermore, comparisons between AD and
DLB indicated an increased cortical thinning in the superior parietal gyrus in the
DLB group compared to the control group. Although in the current study, the
only difference in cortical thickness was observed between cDLB and cPDD in
the parietal lobe when compared to controls, several explanations could
account for this. Firstly, difference in study design may be a factor as the two
studies described were both MRI studies whereas the current study is
neuropathological, and while every effort was made to standardise tissue
section preparation there may have been slight variation in processing the
tissue which may have an impact on tissue shrinkage and therefore cortical
thickness measurements. Cohort size may also explain lack of differences
between cAD and control cases. Group sizes in the current study were: cAD
n=8, cDLB n=8 and cPDD n=3 which is relatively small. Both MRI studies
utilised cohort numbers more than double in size could account for the lack of
differences observed. In the future, larger cohort size may reveal more

differences in cortical thickness as measured neuropathological, between cAD,
cDLB, cPDD and controls.
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3.5.7 APOE genotype

No significant differences in were observed in APOE genotype or allele
frequency between cAD, cDLB and cPDD groups. The APOE ¢4 allele is the
strongest genetic risk factor for the development of AD (Strittmatter et al., 1993,
Farrer et al., 1997, Meyer et al., 1998). Up to 65 % of all pathologically
confirmed AD cases carry at least one €4 allele and 12—-15 % are homozygous
for ¢4 compared to 1-3 % of healthy individuals (Farrer et al., 1997, Blacker and
Tanzi, 1998). APOE ¢4 has also been suggested as a risk factor for DLB
(Tsuang et al., 2005, Berge et al., 2014) but there is a relative lack of €4
homozygotes in DLB compared to AD (Singleton et al., 2002). In a large
clinical cohort (n = 1318), Berge and colleagues recently reported a lower
APOQOE €4 allele frequency in DLB (32 %) than in AD (43 %) (Berge et al., 2014).
By contrast in cases which show both AD and Lewy body pathology, APOE €4
allele frequencies of up to 47 % have been reported (Tsuang et al., 2005) and
the high APOE ¢4 allele frequencies of 44.4 % in our mixed AD/DLB cases
could at least partly explain the presence of AD pathology. Of note, none of our
mixed AD/ DLB cases had an APOE ¢2 allele.

3.5.8 Limitations

A limitation of this study is the small sample size (cAD n=8, cDLB n=8 and
cPDD n=3). Concomitant pathology is frequent in brains diagnosed with
neurodegenerative diseases, but cases that have sufficient pathology fulfil the
criteria for both AD and DLB are limited. All of the cases from the NBTR that
fulfilled neuropathological criteria for both AD and DLB were included in this
study. Tissue from other brain banks was not requested as potential variability
in gross dissection methods could not guarantee consistency in sampled

regions.

Due to the population demographics of the North East of England being mainly
white caucasian, the results of this study are not representative of a worldwide
population. Indeed, differences have been found in the prevalence of mixed
pathologies between different ethic groups, with a recent study by Barnes and
colleagues reporting that mixed pathology is more likely in black descendants
when matched for age, sex, education and cognition compared to white

descendants (Barnes et al., 2015).
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3.6 Conclusion

In conclusion, in cases that by semi-quantitative assessment showed severe
degrees of both AD and Lewy body pathology and thus were
neuropathologically diagnosed as mixed AD/DLB quantitative assessment
revealed differences in the amount of pathological protein aggregates between
different clinical phenotypes, in particular significantly higher HP-1 loads in
cases with a clinical AD phenotype. Hence, our findings emphasise the
important role of quantitative assessment in clinicopathological correlative
studies as it is becoming increasingly clear that multiple pathological lesions
frequently co-exist the brains of the ageing population (Ince, 2001, Jellinger,
2007a, Schneider et al., 2007, Kovacs et al., 2008, Sonnen et al., 2010, Attems
and Jellinger, 2013a, Kovacs et al., 2013, Attems et al.,, 2014a). However,
quantitative studies on larger cohorts are warranted to further elucidate the
relative contribution of underlying neuropathological changes towards the

clinical picture.
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Chapter 4 - Investigating the pathological correlate of motor
dysfunction in dementia with Lewy bodies and Parkinson’s

disease dementia

4.1 Introduction

Deficits in motor control as a result of degeneration of the nigro-striatal pathway
and motor circuitry is common to both DLB and PDD. The loss of dopaminergic
neurones in the SN pars compacta that project to the striatum, the loss of nerve
terminals in the striatum (Bernheimer et al., 1973, Hornykiewicz and Kish, 1987)
and the presence of LBs are all common neuropathological features of Lewy
body diseases (Schulz-Schaeffer, 2010). In addition to a-syn inclusions, DLB

and PDD exhibit co-pathologies more frequently associated with AD (i.e. HP-t
and AB) .

Dopaminergic abnormalities, including striatal transporter loss have been
reported in vivo in DLB and PDD using PET (Hu et al., 2000) and SPECT
(Donnemiller et al., 1997, O'Brien et al., 2004), and to date provide the best
pathological correlate of motor dysfunction in LBD.

A previous study by Colloby and colleagues (Colloby et al., 2012) investigated
the relative contributions of dopaminergic neuronal loss and the presence of
pathologies associated with AD and LBD on imaging changes as seen in 23|-N-
fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl) nortropane single photon
emission computed tomography ('23I-FP-CIT SPECT) in a cohort of LBD cases.
Their results suggested that a reduced uptake in vivo was influenced by nigral
dopaminergic neuronal loss (as measured by quantitatively assessing nigral
neuronal density) rather than the presence of pathological lesions related to AD
or LBD.

In 2002, Duda and colleagues proposed accumulation of a-syn in the striatum
was the underlying pathology associated with parkinsonism seen in LB
disorders (Duda et al., 2002) however, a semi-quantitative study conducted by
Parkkinen and colleagues did not detect any associations between a-syn and

motor dysfunction (Parkkinen et al., 2005).
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It has been recently demonstrated that combined pathology scores of a-syn, AB
and HP-r contribute to cognitive decline as measured by MMSE in LBDs
(Howlett et al., 2014). It is therefore hypothesised that as a-syn, AB and HP-r
can contribute to neural death in neurodegenerative diseases (Loo et al., 1993,
Cookson and van der Brug, 2008, Di et al., 2016) the increased presence of all
pathologies will have a detrimental effect on motor function.  The motor circuit
is comprised of multiple components including the SN, external globus pallidus,
thalamus, striatum and motor cortex and so it is plausible that several of these
regions may be affected by multiple pathologies and have downstream effects.
Therefore, the aim of this study was to investigate if combined pathologies in
the nigro-striatal pathway and associated brain regions are associated with

motor dysfunction in DLB and PDD.

4.2 Aims

The specific aims of the study were:

« To investigate if quantification of individual pathology scores (IPS) or
combined pathology scores (CPS) are associated with motor dysfunction as
measured by UPDRS part Il in DLB and PDD.

- To investigate the pathological burden of HP-7, AR and a-syn in regions

involved in the nigrostriatal pathway in relation to cortical and limbic pathology
loads in DLB and PDD.
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4.3 Methods

4.3.1 Study cohort

Brain tissue from 44 cases (mean age 76.40 SE: £0.84 years; male 29; female
15) from the NBTR were used in this study; consisting of 23 DLB cases and 21
PDD cases. Patient demographics are available in table 4.1. UPDRS part Il

scores recorded closest to death were used in the analyses.

Fixation

Case Number Disease Age Sex PM delay length Braak Thal CERAD McKeith
category (hours) (weeks) stage phase

25 DLB 89 M 88 85 3 NA Sparse Neocortical
26 DLB 88 F 16 12 3 NA Moderate Neocortical
27 DLB 78 F 120 7 5 NA Frequent Diffuse
28 DLB 75 F 64 5 6 NA Frequent Diffuse
29 DLB 75 M 18 3 2 NA Negative Limbic
30 DLB 77 M 29 4 2 NA Moderate Neocortical
31 DLB 78 F 96 5 3 NA Sparse Neocortical
32 DLB 91 F 84 3 5 NA Frequent Limbic
33 DLB 75 F 78 7 6 NA Frequent Neocortical
34 DLB 71 M 68 4 3 NA Sparse Neocortical
35 DLB 78 M 83 7 1 NA Negative Limbic
36 DLB 76 M 76 41 2 NA Sparse Neocortical
37 DLB 70 M 50 50 2 NA Negative Neocortical
38 DLB 74 M 42 8 4 NA Sparse Neocortical
39 DLB 77 M 8 4 2 0 Negative  Neocortical
40 DLB 71 M 8 10 2 1 Sparse Neocortical
41 DLB 72 M 89 14 3 0 Negative  Neocortical
42 DLB 77 M 46 13 3 0 Negative  Neocortical
43 DLB 81 F 44 11 4 1 Moderate Neocortical
44 DLB 73 F 99 9 3 3 Negative  Neocortical
45 DLB 78 M 8 13 3 3 Moderate Neocortical
46 DLB 81 M 24 5 4 NA Sparse Neocortical
47 DLB 81 M 26 8 3 3 Moderate Neocortical
48 PDD 69 M 17 6 2 NA Negative Limbic
49 PDD 69 F 46 6 2 NA Negative  Neocortical
50 PDD 69 M 96 4 0 NA Negative  Neocortical
51 PDD 81 M 40 10 2 NA Negative  Neocortical
52 PDD 79 M 64 6 4 NA Negative  Neocortical
53 PDD 75 M 40 5 3 NA Sparse Diffuse
54 PDD 78 M 48 6 3 NA Negative Limbic
55 PDD 79 M 30 4 3 NA Sparse Neocortical
56 PDD 77 M 17 6 2 NA Negative  Neocortical
57 PDD 68 M 11 4 5 NA Frequent Neocortical
58 PDD 68 F 69 20 3 NA Negative  Neocortical
59 PDD 75 M 28 18 5 NA Frequent Neocortical
60 PDD 73 M 31 5 0 NA Negative Limbic
61 PDD 75 M 83 5 1 NA Negative  Neocortical
62 PDD 70 F 9 4 4 NA Moderate Neocortical
63 PDD 74 M 34 7 4 NA Frequent Neocortical
64 PDD 87 F 60 18 3 2 Negative  Neocortical
65 PDD 75 F 18 8 3 4 Moderate Neocortical
66 PDD 83 M 71 9 4 5 Moderate Neocortical
67 PDD 86 M 44 10 3 4 Moderate Neocortical
68 PDD 76 M 68 8 3 1 Negative  Neocortical

Table 4.1 Demographics of the study cohort. Abbreviations: PM, post-mortem;
CERAD, Consortium to Establish a Registry for Alzheimer's Disease; DLB, dementia
with Lewy bodies; NA, not available; PDD, Parkinson’s disease dementia.
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4.3.2 Tissue preparation

An in-house TMA methodology was developed as described in section 2.6. The
brain regions used specifically in this study were motor cortex, striatum
(inclusive of caudate and putamen), external globus pallidus, thalamus and SN
(diagnostic slide as described in section 2.4.2). To assess the distribution of
pathology in the nigrostriatal pathway in relation to cortical and limbic pathology
frontal, temporal, parietal and occipital cortices, cingulate cortex and entorhinal
cortex were used included from the TMA block as described in section 2.6.

4.3.3 Immunohistochemistry

Tissue sections taken from the paraffin TMA block from each case were stained
with antibodies against HP-7(AT8), AB (4G8) and a-syn as described in section
29.

4.3.4 Quantification of pathological protein aggregates

TMA sections were analysed on a Nikon Eclipse 90i microscope coupled with
NIS-Elements AR3.2 software as described in section 2.11.2. The diagnostic
slides containing SN were analysed as described in section 2.11.1  The
percentage are covered by immunopositivity was calculated all regions.

4.3.5 Calculation of IPS and CPS

The percentage area covered by immunopositivity for each aggregate was
taken as the IPS for each region (i.e. % a-syn immunopositivity alone), and
summation of 2 or 3 IPS were calculated of all possible pathology combinations
to provide the CPS (i.e. % a-syn immunopositivity + % AB immunopositivity, see

tables 4.2-4.4 for all pathology combinations).

4.3.6 Statistical analyses

Variables were tested for normality using the Kolmogorov-Smirnov Test test and
visual inspection of variable histograms. As data was not normally distributed
non-parametric tests were employed. To determine whether associations
existed between IPS and CPS associated with end stage motor dysfunction as
measured by UPDRS lll, Spearman’s rank correlation analyses were performed
in the whole LBD cohort, then separately in PDD and DLB. Tissue sections
containing SN was only available in 3 DLB cases that had corresponding
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UPDRS scores, therefore correlations between IPS and CPS with UPDRS |lI
were not investigated in this region. Finally, multiple regression analyses were
performed to investigate the neuropathological predictors of motor dysfunction.

4.4 Results

4.4.1 No associations between IPS or CPS with UPDRS Il in whole cohort
In the whole cohort, Spearman’s rank correlation analysis revealed no
correlation between any of the IPS or CPS with end stage UPDRS Il in motor
cortex, striatum, external globus pallidus, thalamus or SN (table 4.2). In
addition, multiple regression analysis revealed no pathological predictors of end
stage UPDRS Il in the whole cohort.
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Region Pathology Endstage UPDRS llI
Motor cortex a-syn ro =0.186, p = 0.385
HP-; ro=-0.133, p =0.518

AB ro=0.016, p = 0.937

a-syn + HP-; ro=0.007, p=0.976

a-syn + AB ro=0.288, p=0.182

AB + HP-; re =-0.050, p = 0.808

a-syn + HP-; + AP

re=-0.017, p = 0.937

Striatum a-syn r,=0.019, p=0.930
HP-; ro=-0.214, p = 0.294

AB r,=0.218, p = 0.274

a-syn + HP-; r,=-0.270,p =0.194

a-syn + A ro = 0.159, p = 0.447

AB + HP-; r,=0.022, p=0.915

a-syn + HP-; + AP

r,= 0.031, p=0.884

External globus pallidus a-syn ro =0.255, p = 0.265
HP-; ro =-0.214, p = 0.294
AB re=-0.177, p = 0.407
a-syn + HP-; ro=0.064, p=0.79
a-syn + A r=0.116, p = 0.618
AB + HP-; r=-0.156,p =0.5

a-syn + HP-; + AP

r,=-0.061, p = 0.799

Thalamus a-syn rs =-0.14, p = 0.946
HP-; re =-0.087, p = 0.661
AB r,=0.178, p=0.374
a-syn + HP-; ro=-0.043,p=0.478
a-syn + A ro=0.124, p = 0.547
AB + HP-; re =0.041, p = 0.841
a-syn + HP-; + AB r=0.06, p=0.77
Substantia nigra a-syn r,=-0.162,p =0.728
HP-; r,=-0.144,p =0.758
AB ro =-0.491, p = 0.263
a-syn + HP-; r,=-0.257,p=0.728
a-syn + A ro =-0.486, p = 0.329
AB + HP-; r,=-0.638,p =0.173
a-syn + HP-- + AB  r.=-0.257, p = 0.623

Table 4.2 Spearman’s rank (rs) correlations between individual and combined
pathology scores and end stage UPDRS lll scores in the whole cohort. Abbreviations:
UPDRS, Unified Parkinson’s Disease Rating Scale; a-syn, a-synuclein; HP-r ,
hyperphosphorylated tau; A, amyloid .
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4.4.2 Associations of IPS snd CPS with UPDRS Il in DLB cases

With respect the DLB group, significant positive correlations were seen between
IPS of AB and UPDRS Il in the striatum (rs = 0.637, p<0.05) and thalamus (rs =
0.725, p<0.01). A CPS of AB and a-syn also positively correlated with UPDRS
Il in the striatum (rs = 0.636, p<0.05) and thalamus (rs = 0.795, p<0.01). A
positive correlation between a CPS of a-syn + HP-t + AB was observed in the
thalamus (rs = 0.585, p<0.05) Table 4.3

There were no pathological predictors of with IPS or CPS with UPDRS Ill in the
DLB group.

4.4.3 Associations of IPS snd CPS with UPDRS Il in PDD cases

In the PDD group only an IPS score of HP-t positively correlated with UPDRS IlI
in the external globus pallidus (rs = 0.678, p<0.05). No other associations were
observed between IPS and CPS with UPDRS Il in any other region Table 4.4
There were no pathological predictors (IPS or CPS) of UPDRS lll in the PDD

cohort.
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Region Pathology Endstage UPDRS llI
Motor cortex a-syn re =0.288, p = 0.391
HP-; ro =-0.03, p=0.927

AB ro =0.344,p = 0.274

a-syn + HP-; ro =-0.011, p=0.973

a-syn + AB ro =0.470,p =0.144

AB + HP-; rs =0.924, p = 0.353

a-syn + HP-; + AB

r,=0.278,p =0.278

Striatum a-syn re =-0.060, p = 0.854
HP-; re =-0.249, p = 0.412

AB re = 0.637, p=0.014*

a-syn + HP-; ro =-0.11, p = 0.937

a-syn + A re = 0.636, p = 0.026*

AB + HP-; re =0.466, p =0.109

a-syn + HP-; + AB

r,=0.438, p = 0.155

External globus pallidus a-syn ro=0.355,p=0.314
HP-; re =-0.229, p = 0.474

AB ro=0.014, p = 0.964

a-syn + HP-; re =-0.132, p=0.717

a-syn + A re =0.189, p = 0.601

AB + HP-; re =-0.386, p = 0.241

a-syn + HP-; + AB

r, = -0.406, p = 0.244

Thalamus a-syn r,=0.117,p=0.716
HP-; re =-0.214, p = 0.482

AB re =0.725, p = 0.005*

a-syn + HP-; ro =-0.320, p = 0.340

a-syn + AB ro =0.795, p = 0.002*

AB + HP-; re =0.492, p = 0.087

a-syn + HP-: + AR

ro = 0.585, p = 0.046*

Table 4.3 Spearman’s rank (rs) correlations between individual and combined
pathology scores and end stage UPDRS Ill scores in DLB cases. Abbreviations:
UPDRS, Unified Parkinson’s Disease Rating Scale; a-syn, a-synuclein; HP-t,
hyperphosphorylated tau; AB, amyloid B. * signifies a significant result.
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Region Pathology Endstage UPDRS Il
Motor cortex a-syn r,=0.102, p = 0.740
HP-; r, =-0.010, p = 0.973

AB re =0.007, p = 0.982

a-syn + HP-; re = 0.209, p = 0.492

a-syn + AR r,=0.396, p = 0.203

AB + HP-; ro=-0.085, p=0.773

a-syn + HP-; + AB

r,=0.088, p = 0.775

Striatum a-syn r,=-0.011,p=0.972
HP-; r,=0.105, p=0.733

AR r, =0.050, p = 0.872

a-syn + HP-; re =-0.220, p = 0.470

a-syn + AR r, =-0.036, p = 0.908

AB + HP-; ro = 0.044, p = 0.887

a-syn + HP-1 + A

r,=0.11, p=0.972

External globus pallidus a-syn r,=0.055, p=0.872
HP-; r,=0.678, p =0.031*

AR re =-0.278, p = 0.382

a-syn + HP-; ro =0.451, p = 0.191

a-syn + AR r,=0.187, p = 0.581

AB + HP-; r, = 0.506, p = 0.136

a-syn + HP-; + AB

r, = 0.620, p = 0.056

Thalamus a-syn ro =-0.047, p = 0.868
HP-; re =0.298, p = 0.281
AB re =0.18, p=0.952
a-syn + HP-; ro =0.197, p = 0.481
a-syn + AR r,=0.077,p=0.794
AB + HP-; r,=0.53, p = 0.858
a-syn + HP-; + AB ro=0.123, p = 0.675
Substantia nigra a-syn r,=-04,p=0.6
HP-; r=-02,p=0.8
AB re =-0.316, p = 0.684
a-syn + HP-; r=-04,p=0.6
a-syn + AB r=-0.8,p=02
AB + HP-; r,=-0.4,p=0.6
a-syn + HP-; + AB r.=-04,p=0.6

Table 4.4 Spearman’s rank (rs) correlations between individual and combined
pathology scores and end stage UPDRS Il scores in PDD cases. Abbreviations:
UPDRS, Unified Parkinson’s Disease Rating Scale; a-syn, a-synuclein; HP-r ,
hyperphosphorylated tau; A, amyloid 3. * signifies a significant result.
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4.4.4 Regional distribution of HP-1 pathology

In DLB cases the highest HP-t load was in the entorhinal cortex (mean 25.37
%, SE 15.2), followed by parietal cortex (mean 5.85 %, SE +3.76), temporal
cortex (mean 5.08 %, SE +2.87), motor cortex (mean 4.5 %, SE +3.27),
occipital cortex (mean 4.24 %, SE +3.31), cingulate cortex (mean 3.41 %, SE
+2.02), striatum (mean 2.68 %, SE +2.14), thalamus (mean 1.8 %, SE +1.24),
frontal cortex (mean 1.71 %, SE %1.5), external globus pallidus (mean 1.43 %,
SE £1.23) and SN (mean 0.4 %, SE £0.07) Figure 4.1a

HP-1 distribution was similar in PDD cases with entorhinal exhibiting the highest
HP-tload (mean 15.14 %, SE +4.98), followed by parietal cortex (mean 5.04 %,
SE £3.92), temporal cortex (mean 6.33 %, SE £3.68), cingulate cortex (mean
3.48 %, SE £3.1), occipital cortex (mean 2.79 %, SE +2.68), frontal cortex
(mean 2.59 %, SE %2.49), striatum (mean 1.94 %, SE x1.8), motor cortex
(mean 0.4 %, SE £0.21), external globus pallidus (mean 1.8 %, SE +1.24), SN
(mean 0.26 %, SE +0.13) and thalamus (mean 0.24 %, SE £0.13) Figure 4.1a.
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Figure 4.1 Regional distribution of HP-1, AB and a-syn pathologies in DLB and PDD.
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4.4.5 Regional distribution of AB pathology

The parietal lobe exhibited the highest A load in the DLB cases (mean 6.58 %,
SE +1.74) followed by frontal cortex (mean 6.37 %, SE £1.36), temporal cortex
(mean 5.09 %, SE £1.56), cingulate cortex (mean 4.74 %, SE +0.99), entorhinal
cortex (mean 4.42 %, SE 0.74), occipital cortex (mean 3.7 %, SE +0.81),
striatum (mean 3.34 %, SE +0.98), thalamus (mean 3.14 %, SE +1.21), motor
cortex (mean 2.79 %, SE 10.81), external globus pallidus (mean 2.12 %, SE
+1.29) and SN (mean 1.24 %, SE +0.62) Figure 4.1b

In PDD cases frontal cortex exhibited the highest AB load (mean 4.9 %, SE
+1.0), temporal cortex (mean 4.02 %, SE +0.87), entorhinal cortex (mean 3.78
%, SE £0.71), cingulate cortex (mean 3.67 %, SE +0.98), parietal cortex (mean
3.59 %, SE %1.0), occipital cortex (mean 2.37 %, SE %0.7), striatum (mean
2.32%, SE 10.93), motor cortex (mean 2.28 %, SE +0.95), thalamus (mean
1.85%, SE 10.86), external globus pallidus (mean 0.73 %, SE +0.44), and SN
(mean 0.34 %, SE +0.13) Figure 4.1b

4.4.6 Regional distribution of a-syn pathology

In DLB cases a-syn pathology was highest in the SN (mean 1.52 %, SE £0.67)
followed by cingulate cortex (mean 0.66 %, SE +0.32), entorhinal cortex (mean
0.37 %, SE £0.08), frontal cortex (mean 0.3 %, SE £0.11), striatum (mean 0.27
%, SE +0.07), parietal cortex (mean 0.2 %, SE £0.06), occipital cortex (mean
0.17 %, SE +0.06), temporal cortex (mean 0.16 %, SE +0.04), motor cortex
(mean 0.16 %, SE £0.04), thalamus (mean 0.18 %, SE 0.2), and external
global pallidus (mean 0.13 %, SE £0.02) Figure 4.1c

In PDD cases the SN exhibited the highest a-syn load (mean 0.97 %, SE
+0.39), followed by cingulate cortex (mean 0.41 %, SE £0.11), entorhinal cortex
(mean 0.28 %, SE +0.06), striatum (mean 0.27 %, SE %0.08), frontal cortex
(mean 0.22 %, SE +0.07), temporal cortex (mean 0.18 %, SE +0.05), external
globus pallidus (mean 0.16 %, SE +0.03) motor cortex (mean 0.15 %, SE
+0.06), parietal cortex (mean 0.13 %, SE £0.05), thalamus (mean 0.15 %, SE
+0.05) and lowest in the occipital cortex (mean 0.13 %, SE +0.05). Figure 4.1c
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4.5 Discussion

The present study revealed no relationship between single pathological lesions
(a-syn, HP-t or AB) or a combination of pathologies on motor dysfunction as
measured by UPDRS lll in the combined cohort of LBD cases. However when
looking at disease specific associations, in DLB cases, AR and a combination of
AB + a-syn positively correlated with severity of motor impairment in the
striatum and thalamus. Furthermore, a combination of all three pathologies (AR
+ a-syn and HP-1) positively correlated with motor dysfunction in the thalamus.
In contrast no such relationships between AR and AB + a-syn were observed in
PDD where only HP-t was shown to positively correlate with motor impairment

in the external globus pallidus.

Extrapyramidal symptoms are a cardinal feature of PDD and are a common
occurrence in DLB cases, with severity of EPS correlating with age, duration of
disease and cognitive impairment in PD but not DLB (Aarsland et al., 2001b).
There is selective vulnerability of neuronal populations to degeneration and o-
syn pathology. Projection neurones with long, thin and sparsely or
unmyelinated axons in particular glutamatergic, GABAergic, dopaminergic,
serotonergic and cholinergic populations are vulnerable (Dickson et al., 2009) in

particular those encompassed in the nigro-striatal pathway.

4.5.1 a-syn in isolation does not associate with motor dysfunction

Accumulations of a-syn are the hallmark pathological lesions associated with
LBD and are present in the nigro-striatal pathway. The role of a-syn in
degeneration of the nigro-stiatal pathway is unclear. Kirk and colleagues
expressed wild-type and A53T mutated a-syn in the nigro-striatal dopamine
neurones of adult rats using recombinant adeno-associated viral vectors for up
to six months (Kirik et al., 2002). Pathological alterations including cytoplasmic
inclusions positive for a-syn developed in nigral dopaminergic neurones and
motor impairments in combination with a dopaminergic neuronal cell loss
exceeding 50-60%. Studies conducted in a-syn knockout mice demonstrated
no changes in brain architecture or survival (Chandra et al., 2004) with mice
possessing a normal complement of dopaminergic cell bodies, fibres and
synapses (Abeliovich et al., 2000). However, a-syn null mice display functional
deficits in the nigro-striatal dopamine system, suggesting physiological a-syn
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may be a activity dependant negative regulator of dopamine (Abeliovich et al.,
2000). Results from the current study suggest accumulation of a-syn in
isolation in the nigrostriatal pathway and associated regions is not associated
with motor impairments. It might therefore be more likely that loss of
physiological a-syn may be responsible for impairments in the nigro-striatal
pathway. Quantification of dopaminergic neurones and dopamine transporters

were not included in this study and are required to further investigate this.

4.5.2 AB may associate with motor impairment in DLB

In the DLB cohort AB was found to correlate with motor impairment, although
this association was not apparent in PDD cases. The association between
between AB deposition and nigro-striatal degeneration is essentially unknown.
Several studies have suggested AB may be related to EPS attributed to nigro-
striatal dysfunction. Itoh and colleagues investigated the effects of AB protein
infusion on neurotransmitter release by using an in vivo brain microdialysis
method (ltoh et al., 1996). Dopamine release was found to be reduced in AB
protein-infused rats compared to vehicle- infused rats. Furthermore, Perez and
colleagues reported a close association between AR deposition and nigro-
striatal pathology in transgenic mice harbouring familial AD (FAD)-linked
APPswe/PS1AE9 (Perez et al., 2005). Using high performance liquid
chromatography they found a reduction in the dopamine metabolite 3,4-
dihydroxyphenylacetic acid (DOPAC) implicating a potential role for AB in nigral-
striatal degeneration. In addition, it has been suggested that in LBD, the dying -
back process originating in the striatum may contribute to neurodegeneration
(Hornykiewicz, 1998, Cheng et al., 2010). Axonal transport dysfunction, which
is highly associated with AB aggregates (Hiruma et al., 2003, Rui et al., 2006,
Wang et al., 2010) is thought to activate the retrograde demyelination and
fragmentation of the axon from the distal end and spreads retrogradely towards
the cell soma (Coleman, 2005, Conforti et al.,, 2014). Loss of dopaminergic
neurones by this mechanism might therefore contribute to EPS frequently seen

in DLB cases in the presence of AR aggregates.
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4.5.3 Combined pathologies may associate with motor impairment in DLB

The impact of multiple pathologies on the clinical phenotype is of current
interest as Howlett and colleagues demonstrated the summation of semi-
quantitative pathology scores in human cerebral cortex, particularly BA9 and
BA21, is a better predictor of cognitive decline compared to the assessment of
single lesions (Howlett et al., 2014). In the current study CPS of a-syn + AB in
DLB cases associated with UPDRS lll scores in the striatum and thalamus. In
both regions this association is most likely driven by the AB IPS as the level of
significance drops slightly with the addition of a-syn in the striatum (p = 0.014 to
p = 0.026), however the association became slightly more significant with the
addition of a-syn in the thalamus (p = 0.005 to p = 0.002). An association
between and a-syn + AR + HP-t and UPDRS IIl was also observed in the
thalamus in DLB cases, however the addition of HP-1 to a-syn + Ap lowered the
significance level to p=0.46, questioning the contribution of HP-t to this

association.

4.5.4 Regional distributions of pathologies in DLB and PDD

When assessing the regional distributions of pathologies in relation to cortical
and limbic pathologies no differences were observed in the hierarchical
distribution of regional pathologies of AB, HP-t and a-syn between DLB and
PDD other than motor cortex exhibited the third highest HP-t burden whilst in
PDD it exhibited the eighth highest HP-t load. In DLB, motor cortex was more
affected by HP-t pathology than the striatum and other associated motor
regions, whilst in PDD it was less affected by HP-t pathology than these regions
although respective differences were not significant. It is therefore unlikely that
insights into the differences of EPS onset in relation to dementia can be gained
from assessing the quantitative pathological load of AB, HP-t and a-syn and
DLB and PDD.

4.5.5 Limitations

The cohort used in this study was limited as it required tissue samples that had

corresponding UPDRS Il scores recorded during life. As it was a retrospective

study not all of the cases had scores for motor dysfunction, and therefore not all

of the cases were used in the correlation and regression analyses. UPDRS is

used in standard clinical practice as a measure PD progression, however it
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does not take into consideration the cognitive status of the patients. Severely
demented individuals may have difficulty in following and carrying out
commands when being tested with the UPDRS IlI, therefore UPDRS Il scores
can be subject to floor and ceiling effects. | have not considered the severity of
cognitive decline in this study cohort therefore | cannot comment on their ability
to complete the UPDRS Il questionnaire, however a revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) by the Movement Disorder
Society reported UPDRS was not limited by these floor and ceiling effects and
is still considered a valuable tool in the clinical assessment of movement
disorders (Goetz et al., 2008).

4.6 Conclusion

This study aimed to investigate the individual and combined effects of AR, HP-t
and a-syn on motor dysfunction in LBD patients. AP was shown to correlate
with UPDRS in DLB individually and in combination with a-syn. However, as
none of these measures used in this study were able to independently predict
UPDRS Il scores, the pathological correlate of motor dysfunction in DLB and
PDD is yet to be elucidated.
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Chapter 5 - Associations between pyroglutamylated
amyloid-B, hyperphosphorylated tau and total f amyloid

with a-synuclein pSer-129 and disease severity in LBD

5.1 Introduction

The previous chapters demonstrated how quantitative neuropathological
assessment can be a useful tool in clinico-pathological assessments, with the
potential to detect previously unidentified subtypes of neurodegenerative
diseases that could not be detected using semi-quantitative evaluation and
ordinal-type parameters. In addition, results from chapter 4 suggested single
types of pathological lesions as well as the combination of multiple pathological

lesions may be associated with motor dysfunction in DLB and PDD.

The mechanism by which multiple pathological lesions affect clinical features of
disease is poorly understood, however recent studies have suggested a
synergistic relationship between HP-7, AB and a-syn, hypothesising the mutual
promotion and aggregation of each other (Giasson et al., 2003, Lee et al., 2004,
Clinton et al., 2010) . Further studies have confirmed this with DLB and PD
cases exhibiting a higher level of cortical a-syn aggregates in cases that have
AB plaques in the cortex compared to those without (Pletnikova et al., 2005,
Lashley et al., 2008).

Pyroglutamylated amyloid-B (pE(3)-AB) is a type of post-translationally modified
AB, and research into its involvement in the pathogenesis of neurodegenerative
diseases is gathering pace. A study by Nussbaum and colleagues suggested a
functional connection between pE(3)-AB and HP-r by demonstrating AR
oligomers containing pE(3)-AB might initiate tau-dependent cytotoxicity
(Nussbaum et al., 2012). Furthermore, a study from our group in Newcastle
demonstrated an association between pE(3)-AB and HP-r in human post-
mortem tissue (Mandler et al.,, 2014). However, a putative association with
other pathological protein aggregates has yet to be investigated.

a-syn phosphorylated at serine-129 (pSer129 a-syn) is the predominant post-
translational modification of a-syn and has been found to strongly correlate with
parenchymal AB loads assessed by immunohistochemistry and enzyme-linked

immunosorbent assay (ELISA) (Obi et al., 2008, Swirski et al., 2014) .
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Interestingly, a study by Swirski and colleagues also demonstrated that
exposure of SH-SY5Y cells to Ap42 significantly increased the proportion of a-
syn that was phosphorylated at Ser129. As pE(3)-AB seems to be a highly
pathogenic protein in AD | hypothesis that pE(3)-AB may associate with
pSer129 a-syn and cognitive decline in LBD. Degeneration of the frontal and
entorhinal cortices has been associated with cognitive decline (DeKosky and
Scheff, 1990, Mufson et al., 1999) therefore | hypothesise pE(3)-AB may play a
role in this. The aim of this investigation was to explore the relationship
between AB and pSer129 a-syn further by examining relationships between
pPE(3)-AB and pSer129 a-syn and effects on cognitive decline as measured by
MMSE in a cohort of LBD cases.

5.2 Aims

The specific aims of this study were: -

« To investigate the differences in pE(3)-AB loads between DLB, PDD and PD in

multiple brain regions.

 To investigate the putative associations between HP-7, pE(3)-AB, non-pE(3)-
AB and total AR with pSer129 a-syn in multiple brain regions in an LBD cohort
Frontal, cingulate and entorhinal cortices all display varying amounts of A so
these regions along with the thalamus which displays reduced AR pathology
will be investigated.

« Determine whether pE(3)-AB loads are associated with cognitive decline as

measured by MMSE in LBD cases.
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5.3 Methods

5.3.1 Study cohort

Brain tissue from 41 donors (mean age 76.21 SE: £0.97 years; male 30; female
11) from the NBTR were used in this study; consisting of 21 DLB cases, 13
PDD cases and 7 PD cases. Patient demographics are provided in Table 5.1.

The final MMSE score recorded before death was used in the analyses.

. Fixation
Case Number Disease Age Sex PM delay length Braak Thal CERAD McKeith
category (hours) stage phase
(weeks)

25 DLB 89 M 88 85 3 NA Sparse  Neocortical
26 DLB 88 F 16 12 3 NA Moderate Neocortical
27 DLB 78 F 120 7 5 NA Frequent  Diffuse
28 DLB 75 F 64 5 6 NA Frequent  Diffuse
29 DLB 75 M 18 3 2 NA Negative Limbic
31 DLB 78 F 96 5 3 NA Sparse  Neocortical
32 DLB 91 F 84 3 5 NA Frequent Limbic
33 DLB 75 F 78 7 6 NA Frequent Neocortical
34 DLB 71 M 68 4 3 NA Sparse  Neocortical
35 DLB 78 M 83 7 1 NA Negative Limbic
36 DLB 76 M 76 41 2 NA Sparse Neocortical
37 DLB 70 M 50 50 2 NA Negative Neocortical
39 DLB 77 M 8 4 2 0 Negative Neocortical
40 DLB 71 M 8 10 2 1 Sparse Neocortical
41 DLB 72 M 89 14 3 0 Negative Neocortical
42 DLB 77 M 46 13 3 0 Negative Neocortical
43 DLB 81 F 44 1 4 1 Moderate Neocortical
44 DLB 73 F 99 9 3 3 Negative Neocortical
45 DLB 78 M 8 13 3 3 Moderate Neocortical
46 DLB 81 M 24 5 4 NA Sparse  Neocortical
47 DLB 81 M 26 8 3 3 Moderate Neocortical
48 PDD 69 M 17 6 2 NA Negative Limbic
50 PDD 69 M 96 4 0 NA Negative Neocortical
51 PDD 81 M 40 10 2 NA Negative Neocortical
53 PDD 75 M 40 5 3 NA Sparse Diffuse
54 PDD 78 M 48 6 3 NA Negative Limbic
55 PDD 79 M 30 4 3 NA Sparse  Neocortical
56 PDD 77 M 17 6 2 NA Negative Neocortical
57 PDD 68 M 1 4 5 NA Frequent Neocortical
58 PDD 68 F 69 20 3 NA Negative Neocortical
59 PDD 75 M 28 18 5 NA Frequent Neocortical
60 PDD 73 M 31 5 0 NA Negative Limbic
62 PDD 70 F 9 4 4 NA Moderate Neocortical
63 PDD 74 M 34 7 4 NA Frequent Neocortical
69 PD 76 M 49 7 1 NA Sparse Neocortical
70 PD 82 M 7 4 2 NA None  Neocortical
7 PD 81 M 52 8 3 0 Negative Limbic
72 PD 80 M 88 14 1 NA Sparse Limbic
73 PD 90 M 18 14 2 0 Negative Limbic
74 PD 92 F 45 12 1 0 Negative Limbic
75 PD 70 M 48 7 2 0 Negative Limbic

Table 5.1 Patient demographics of the study cohort. Abbreviations: PM, post-mortem;
CERAD, Consortium to Establish a Registry for Alzheimer's Disease; LB, Lewy body;
DLB, dementia with Lewy bodies; M, male; NA, not available; F, female; PDD,
Parkinson’s disease dementia; PD, Parkinson’s disease.
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5.3.2 Tissue preparation
An in house TMA methodology was developed as described in section 2.6. The
brain regions used specifically in this study were frontal, cingulate and

entorhinal cortex and thalamus.

5.3.3 Immunohistochemistry

Tissue sections taken from the paraffin TMA block from each case were stained
with antibodies against HP-r (AT8), pE(3)-AB (8/4D), total AR (4G8) and
pSer129 a-syn as described in section 2.9. 8/4D antibody is not commercially
available (kindly gifted by Dr M Mandler, Affiris, Vienna). Specificity for this
antibody to pE(3)-Ap was determined by binding to the epitope p(E)FRHDSC,
pE(3)-AB and absence of reactivity to full length AB1-42 or truncated but
unmodified AR3-42 using peptide ELISAs or Western blots. The 8/4D antibody
strongly reacted with pE(3)-AB and displayed only minimal cross-reactivity with
full length AB1-42 and truncated but unmodified AB3-42. This lack of reactivity
strongly suggests that the 8/4D antibody is highly specific for the pyroglutamate
modified ABpE3 peptides whereas other pyroglutamate containing peptides are
not detectable (Mandler et al., 2012, Mandler et al., 2014).

5.3.4 Quantification of pathological protein aggregates

TMA sections were analysed on a Nikon Eclipse 90i microscope coupled with
NIS-Elements AR3.2 software as described in section 2.11.2 The percentage
area covered by immunopositivity was calculated in frontal, cingulate and
entorhinal cortices and thalamus.

5.3.5 Immunofluoresence

To investigate if pE(3)-AB antibody 8/4D cross-reacts with pSer129 a-syn
double immunofluoresence was performed. One fixed tissue section containing
frontal cortex from a DLB case was subject to antigen retrieval and stained with
both 8/4D and pSer129 a-syn as described in the protocol in section 2.10.
Immunofluoresence was visualised using Nikon 90i microscope and DsFi1

camera (Nikon).
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5.3.6 Statistical analyses

As data was not normally distributed non-parametric tests were employed.
Kruskal-Wallis was employed to determine any group differences in the mean of
HP-1, pE(3)-AB, total AB and pSer129 a-syn between DLB, PDD and PD cases.
Where significant differences were observed, post-hoc Mann-Whitney U tests
determined specific differences between two groups. To determine whether
associations existed between HP-7, pE(3)-AB, total AB and pSer129 a-syn and
cognitive decline as measured by MMSE, Spearman’s rank correlation analyses
were performed. Finally, multiple regression analyses were performed to

investigate the neuropathological predictors of pSer129 a-syn.

5.4 Results

5.4.1 Differences in pE(3)-AB, HP-1, total AB and pSer129 a-syn between
DLB, PDD and PD cases.

Differences in pE(3)-AB loads between DLB, PDD and PD cases were
investigated with respective differences between HP-r, total AR and pSer129 a-

syn included for comparison (Table 5.2).

DLB pE(3)-AB (SE) PDD pE(3)-AB (£SE) PD pE(3)-AB (SE) H;Ta::h::ﬁ-e
Frontal 0.4 (0.15) 0.26 (0.11) 0.04 (0.02) H,=6.02, p =0.049
Cingulate 0.54 (0.2) 0.22 (0.07) 0.06 (0.03) H,=3.71, p=0.157
Thalamus 0.15 (0.06) 0.1(0.05) 0.11 (0.04) H,=1.6,p=0.45
Entorhinal 0.29 (0.1) 0.23 (0.06) 0.08 (0.22) H,=2.89,p=0.24
DLB HP-; (£SE) PDD HP-; (£SE) PD HP-; (£SE) H:?‘j‘:ﬁ‘e
Frontal 4.41 (2.82) 0.12 (0.04) 0.06 (0.03) H,=5.64, p =0.06
Cingulate 6.69 (3.62) 0.43 (0.14) 0.1(0.03) H,=3.34, p =0.19
Thalamus 1.83 (1.17) 0.13 (0.03) 0.12 (0.06) H,=5.36, p =0.069
Entorhinal 29.91 (5.72) 15.23 (6.21) 11.09 (6.77) H,=6.57, p =0.037
statistic
DLB A (£SE) PDD AB (£SE) PD AB (2SE) Hoy pvalue
Frontal 7.13 (1.49) 3.71(0.79) 0.28 (0.28) H,=8.22,p =0.016
Cingulate 5.56 (1.18) 2.92(0.79) 0.3(0.3) H,=6.57, p =0.037
Thalamus 3.59(1.23) 1.51(0.96) 0.01 (0.01) H,=6.08, p =0.048
Entorhinal 4.87(0.85 3.44(0.73) 0.36 (0.35) H,=7.55, p=0.023
DLB pSer129 a-syn (+SE) PDD pSer129 a-syn (*SE) PD pSer129 a-syn (+SE) statistic
Hgp, p value
Frontal 4.79 (2.18) 3.84(1.8) 0.56 (0.14) H,=5.73, p =0.057
Cingulate 19.31 (4.84) 13.22 (4.79) 1.36 (0.31) H,=9.14,p =0.01
Thalamus 3.45 (1.03) 2.25(0.23) 1.37(0.29) H,=7.67,p=0.022
Entorhinal 15.13 (2.85) 10.9 (3.62) 1.94 (0.34) H, = 12.42, p =0.002

Table 5.2 Overall group differences between pE(3)-AB, HP-r, total AR and pSer129 a-syn loads
between DLB, PDD and PD cases.
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There were no differences in pE(3)-AB between DLB cases and PDD cases.
However, pE(3)-AB loads were significantly higher in DLB cases compared to
PD cases in the frontal cortex (mean 0.44% SE +0.16 vs 0.04% SE 0.02
p<0.01) (figure 5.1a). pE(3)-AB loads were also significantly higher in the frontal
cortex in PDD cases compared to PD cases (mean 0.26% SE +0.11 vs 0.04%
SE £0.02 p<0.05), (figure 5.1a).

HP-rloads were significantly higher in DLB cases compared to PDD cases in
the entorhinal cortex (mean 29.92% SE +5.72 vs 15.24% SE +6.21 p<0.05)
(figure 5.1d)

Compared to PD cases, DLB cases exhibited significantly higher total Ap loads
in the frontal cortex (mean 7.13% SE +£1.49 vs 0.28 SE +£0.27 p<0.01), cingulate
cortex (mean 5.56% SE %1.18 vs 0.3% SE +0.3 p<0.05), thalamus (mean
3.59% SE +1.23 vs 0.01% vs SE £0.01 p<0.05) and entorhinal cortex (mean
4.87% SE +0.85 vs 0.36% SE 10.35 p<0.01). PDD cases also exhibited
significantly higher total AR loads in the entorhinal cortex compared to PD cases
(mean 3.45% SE £0.73 vs 0.36% SE £0.35 p<0.05) (Figure 5.1a-d).

pSer129 a-syn loads were significantly higher in DLB compared to PD cases in
the cingulate cortex (mean 19.31% SE 4.83 vs 1.36% SE 0.31 p<0.01),
thalamus (mean 3.45% SE £1.03 vs 1.37% SE 0.28 p<0.01) and entorhinal
cortex (mean 15.13% SE +2.85 vs 1.94% SE +0.34 p<0.01) PDD exhibited
significantly higher pSer129 a-syn loads compared to PD cases in the cingulate
cortex (mean 13.22% SE % 4.79 vs 1.36% SE +0.31 p<0.05) and entorhinal
cortex (mean 10.9% SE £3.62 vs 1.94% SE 1£0.34 p<0.01) (Figure 5.1a-d)
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5.4.2 Whole cohort

5.4.2.1 Correlations between HP-1, pE(3)-AB, non-pE(3)-AB and total A
with pSer129 a-syn.

To gain insight into putative associations between HP-r, pE(3)-AB and total AR
with pSer129 a-syn across the whole LBD spectrum DLB, PDD, PD and PD-
MCI cases were combined. Two-tailed Spearman’s rank correlation analyses
were performed in frontal cortex, cingulate cortex, thalamus and entorhinal
cortex. To determine whether potential associations between pSer129 a-syn
and pE(3)-AB were specific and to discount other modifications of A3, a non-
pE(3)-AB fraction was calculated by subtracting regional specific pE(3)-AB loads

from total AR (as measure by 4G8 antibody) and used in correlation analyses.

In the frontal cortex, analysis revealed HP-r positively correlated with pSer129
a-syn (rs = 0.393, p<0.05) with no correlations between other aggregates and
pSer129 a-syn observed; however an association between pE(3)-AB and
pSer129 a-syn approached significance (rs = 0.309, p = 0.056) (Figure 5.2 a-d).
HP-7, pE(3)-AB, non-pE(3)-AB and total AB all positively correlated with pSer129
a-syn in the cingulate cortex (rs = 0.645, p<0.01; rs = 0.364, p<0.05; rs = 0.427,
p<0.05 and rs = 0.429, p<0.01 respectively) (Figure 5.2 e-h). In the thalamus,
non-pE(3)-AB (rs = 0.607, p<0.01) and total AR (rs = 0.603, p<0.01) positively
correlated with pSer129 a-syn. An association between pE(3)-AB and pSer129
a-syn approached significance (rs = 0.320, p = 0.05) and no correlation was
observed between HP-r and pSer129 a-syn (Figure 5.3 a-d). In the entorhinal
cortex, HP-7. non-pE(3)-AB and total AB positively correlated with pSer129 a-syn
(rs = 0.693, p<0.01; rs = 0.366, p<0.05 and rs = 0.370, p<0.05), however no
association was observed between pE(3)-AB and pSer129 a-syn (Figure 5.3 e-
h).

5.4.2.2 Neuropathological predictors of pSer129 a-syn

To investigate whether HP-7, pE(3)-AB, non-pE(3)-AB and total AB were
independent predictors of pSer129 a-syn load, multiple regression analyses
were performed with pSer129 a-syn as the dependant variable and HP-r, pE(3)-
AB, non-pE(3)-AB and total AB as independent variables.
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In the thalamus, pE(3)-AB, non-pE(3)-AB and total AB independently predicted
pSer129 a-syn load (model R? = 0.956, F = 167.77(4), p<0.01; pE(3)-AB B =
0.487, p<0.01; non-pE(3)-Ap B = 10.45, p<0.01 and total AR = 10.68, p<0.01).
Conversely, the only significant predictor of pSer129 a-syn load in the entorhinal
cortex was HP-1 pathology (model R? = 0.172, F = 2.716(4) p<0.05; HP-r B =
0.57, p<0.01). No other predictors of pSer129 a-syn were observed in other

brain regions within the whole cohort.
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5.4.3 DLB cases
To investigate whether correlations between pathological protein aggregates
were disease specific, DLB cases and PDD cases were analysed separately. As

there were only 7 PD cases in the cohort, these were excluded form analyses.

5.4.3.1 Correlations between HP-1, pE(3)-AB, non-pE(3)-AB and total AR
(AB) with pSer129 a-syn.

In the frontal cortex there were no correlations between HP-7, pE(3)-AB, non-
pE(3)-AB and total AR with pSer129 a-syn, however the correlation between
pE(3)-AB approached significance (rs = 0.447, p = 0.055) (Figure 5.4 a-d). In
the cingulate cortex only HP-r positively correlated with pSer129 a-syn (rs =
0.483, p<0.05) as no other associations were observed between pE(3)-AB, non-
pE(3)-AB and total Ap with pSer129 a-syn (Figure 5.4 e-h). In the thalamus,
positive correlations were observed between non-pE(3)-AB and total AR with
pSer129 a-syn (rs = 0.483, p<0.05 and rs = 0.490 respectively), but not between
HP-r and pE(3)-AB with pSer129 a-syn (Figure 5.5 a-d). Finally, in the
entorhinal cortex a positive correlation was only observed between HP-r and
pSer129 a-syn (rs = 0.567, p<0.05) and not between pE(3)-AB, non-pE(3)-AB
and total AR with pSer129 a-syn (Figure 5.5 e-h).

5.4.3.2 Neuropathological predictors of pSer129 a-syn
Multiple regression analyses revealed pSer129 a-syn load was only predicted

by HP-rand this association was limited to the entorhinal cortex (model R? =
0.406, F = 2.22544) p<0.05; HP-7 B = 0.529, p<0.05).
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5.4.4 PDD cases

5.4.4.1 Correlations between HP-1, pE(3)-AB, non-pE(3)-AB and total AR
(AB) with pSer129 a-syn.

In the frontal cortex, pE(3)-AB and total AR positively correlated with with
pSer129 a-syn (rs = 0.688, p<0.05 and rs= 0.667, p<0.05 respectively). There
were no associations observed between HP-r and non-pE(3)-AB with pSer129
a-syn (Figure 5.6 a-d). All proteins positively correlated with pSer129 a-syn in
the cingulate cortex (HP-7: rs = 0.767, p<0.01; pE(3)-AB: rs = 0.673, p<0.05;
non-pE(3)-AB; rs = 0.636, p<0.05 and total AB: rs = 0.685, p<0.05) (Figure 5.6 e-
h). No associations were observed between any of the pathological protein
aggregates and pSer129 a-syn in the thalamus (Figure 5.7 a-d). In the
entorhinal cortex HP-7, non-pE(3)-AB and total AB positively correlated with
pSer129 a-syn (rs = 0.610, p<0.05; rs = 0.676, p<0.05 and rs = 0.709, p<0.01
respectively) (Figure 5.7 e-h).

5.4.4.2 Neuropathological predictors of pSer129 a-syn

Multiple regression analyses revealed HP-r and non-pE(3)-AB independently
predicted pSer129 a-syn (model R2 = 0.636, F = 4.081(3) p<0.05; HP-7 B = 0.25,
p<0.05; non-pE(3)-AB B = 0.923, p<0.05) in the cingulate cortex. No other

variables predicted pSer129 a-syn in other brain regions.
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5.4.5 8/4D antibody does not cross-react with pSer129 a-syn

Immunofluorescence staining demonstrated pyroglutamylated AB antibody 8/4D

does not cross-react with pSer129 a-syn (Figure 5.8)

Figure 5.8 Pyroglutamylated AR antibody 8/4D does not cross-react with pSer129 ao-
syn. (a) 8/4D antibody labels a plaque and (b) Lewy body stained with pSer129 a-syn
antibody. No staining of pSer129 a-syn with 8/4D antibody is seen indicating lack of
cross-reactivity of 8/4D with pSer129 a-syn (c). Scale bar represents 50 ym and is
valid for all photomicrographs.

5.4.6 Associations between pathologies and cognitive decline

In a subset of cases, where MMSE scores were available (n=16: DLB = 10;
PDD = 6) Spearman’s correlations were performed to determine if any
relationships existed between each pathological protein aggregate and
cognitive decline (Table 5.3). In the frontal cortex significant negative
correlations were observed between non-pE(3)-AB and MMSE scores (rs =
-0.61, p<0.05), although a weak negative association between total AR
approached significance (rs = -0.47, p = 0.077). In the entorhinal cortex both
non-pE(3)-AB and total AB negatively correlated with MMSE scores (rs = -0.662,
p<0.01 and rs = -0.68, p<0.01 respectively). Regression analysis revealed only
total AR was able to predict MMSE in the entorhinal cortex (model R? = 0.424, F
= 8.1(1) p<0.05; B = -1.62, p<0.05). Disease specific correlations with MMSE
were not performed as there were not sufficient numbers in each group to carry

out the analysis.
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s p value

Frontal HP-1 0.32 0.913
Frontal pE(3)-AB -0.014 0.96

Frontal non-pE(3)-AB -0.61 0.021*
Frontal total AR -0.47 0.077
Frontal pSer129 a-syn 0.047 0.867
Entorhinal HP-1 -0.231 0.426
Entorhinal pE(3)-AB -0.284 0.304
Entorhinal non-pE(3)-AB -0.662 0.007*
Entorhinal total AR -0.68 0.005*
Entorhinal pSer129 a-syn 0.075 0.79

Table 5.3 Spearman’s rank correlations between HP-7, pE(3)-AB, non-pE(3)-AB, total
AB and pSer129 a-syn in brain regions with MMSE in the whole cohort. * signifies a
significant correlation.
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5.5 Discussion

It is well established that there is overlap in pathological protein aggregates
between AD and LBD cases with LBs seen in up to 43% of AD cases (Uchikado
et al., 2006), 95% of DLB cases exhibiting Ap pathology and considerable HP-r1
pathology present in up to 55% DLB cases (Jellinger and Attems, 2008).
Previous studies have suggested the existence of a synergistic relationship
between AB and pSer129 a-syn (Obi et al., 2008, Swirski et al., 2014), with the
roles of other post-translational of AR i.e. pE(3)-ApB yet to be investigated.

5.5.1 pE(3)-AB is higher in DLB and PDD compared to PD

DLB and PDD cases exhibited higher levels of pE(3)-AB compared to PD in all
regions analysed, however significant increases was only observed in the
frontal cortex. Although there were no significant differences in pE(3)-AB loads
between DLB and PDD cases, overall DLB cases exhibited higher pE(3)-AB
loads in all regions compared to PDD cases. The same hierarchical distribution
between disease groups was observed with other pathologies (DLB>PDD>PD).
There are no strict neuropathological differences distinguishing DLB from PDD
however studies suggest that AB is higher in DLB cases compared to PDD
cases in cortical association areas, cingulate cortex and striatum (Jellinger and
Attems, 2006, Edison et al., 2008, Halliday et al., 2011).

To my knowledge this is the first study to investigate pE(3)-AB in human post-
mortem tissue in patients with LBD, however a recent study by Becker and
colleagues generated double transgenic ENTA-hQC mice to investigate the
glutaminyl-cyclase mediated toxicity of pE(3)-AB in vivo. ETNA (E at the
truncated N-terminus of AB) mice expressing truncated human A(3-42) were
crossed with transgenic mice over expressing human QC (hQC) and the
resulting double transgenic mice demonstrated significant striatal
neurodegeneration with considerable pE(3)-AB accumulation. In addition,
behavioural alterations were observed, in particular impairments in
sensorimotor gating, which argues the potential importance of pE(3)-AB playing
a role in LBDs in which motor dysfunction is a cardinal feature (Becker et al.,
2013).
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Furthermore, Morawski and colleagues described glutaminyl cyclase expression
(the enzyme responsible for catalysing the formation of pE(3)-AB) in the brain
stem regions including the LC and nucleus basalis of Meynert (nbM) in AD
cases (Morawski et al., 2010). As these regions are affected by pathology early
in the disease course of PD (Braak et al., 2003) and as the nbM is the region
where Friedrich Lewy first observed inclusions now known as Lewy bodies
(Lewy, 1912), these findings may suggest that those subcortical regions
demonstrate vulnerability to AR modifications in addition to a-syn.

5.5.2 pE(3)-AB is associated with pSer129 a-syn in LBD
In the overall cohort (DLB, PDD and PD) pE(3)-AB positively correlated with
pSer129 a-syn in the cingulate cortex, however associations approached
significance in the frontal cortex and thalamus. The cohort size in this study
was limited, therefore with the addition of more cases associations observed
the frontal cortex and thalamus may become significant. The exact
pathomechanisms by which pE(3)-AB may be linked to pSer129 a-syn are yet to
be elucidated, however it has been suggested pE(3)-AB may act as a seeding
species of aggregate formation in vitro (Schilling et al., 2006). It has been
demonstrated that pE(3)-AB acts as a seed for aggregation of several A
species (He and Barrow, 1999, D'Arrigo et al.,, 2009), and as a synergistic
relationship between AB and pSer129 a-syn has been hypothesised (Obi et al.,
2008, Marsh and Blurton-Jones, 2012, Swirski et al., 2014), it can be postulated
that pE(3)-AB is related indirectly to pSer129 a-syn via the accumulation of
multiple AR species. Results from the current study are in agreement with other
studies regarding the relationship between AR and pSer129 a-syn, as significant
positive correlations were observed between total AR in the cingulate cortex,
thalamus and entorhinal cortex.
pE(3)-AB may also be associated with pSer129 a-syn via its relationship with
HP-7. Results from a study conduced by Nussbaum and colleagues supported
the notion that pE(3)-AB might initiate tau-dependant cytotoxicity (Nussbaum et
al., 2012) and work from our group in Newcastle also further supported this link,
finding associations between pE(3)-AB and HP-r in frontal and entorhinal
cortices in AD cases (Mandler et al., 2014).
As both HP-r and a-syn are phospho-proteins it is attractive to speculate similar
modes of phosphorylation. Little is known about the phosphorylation of a-syn,
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only that there are a limited number of phosphorylation sites including Serine
129 and 87 and very few kinases have been implicated in a-syn
phosphorylation (Okochi et al., 2000). In contrast many kinases have been
implicated in the phosphorylation of HP-7, including cyclin dependent kinase-2,
cyclin dependent kinase-5 (Cdk 5), and glycogen synthase kinase-3f (Sperber
et al., 1995, Vincent et al., 1997, Pei et al., 1998). However, a study conducted
by Brion and colleagues demonstrated Cdk 5 has been detected in NFTs and
LBs (Brion and Couck, 1995) making it an interesting target to study possible
relationships between these proteins. In the current study, HP-7 has been
shown to correlate with pSer129 a-syn in the frontal, cingulate and entorhinal
cortices supporting previous studies pertaining to a link between between
pathological protein aggregates. An increase in pE(3)-AB may therefore be

linked to increase in HP-r and subsequently pSer129 a-syn.

5.5.3 Non-pyroglutmylated AB is associated with pSer129 a-syn

Part of the aim of this study was to investigate associations between pE(3)-AB
and pSer129 a-syn to the exclusion of other post-translational modifications that
are stained with 4G8 and therefore can not be distinguished from total Ap.
However, the non-pE(3)-AB fraction (total AR minus pE(3)-AB) correlated with
pSer129 a-syn in the cingulate cortex, thalamus and entorhinal cortex. Of note
if the outlying case in the thalamus is removed this correlation becomes more
significant (from p<0.01 to p<0.001). This indicates that other modifications of
AB may contribute to a relationship with pSer129 a-syn i.e. AB phosphorylated
at Serine 8 which shows enhanced aggregation into oligomers and fibrils and is
present in the symptomatic stage of neurodegenerative diseases (Thal et al.,
2015).

5.5.4 Disease specific associations with pSer129 a-syn

When investigating whether associations between pE(3)-AB, HP-1 and total AR
with pSer129 a-syn remained when the whole cohort was classified by disease
category (DLB or PDD), fewer associations between pE(3)-AB, HP-7, and total
AB with pSer129 a-syn were observed. pE(3)-AB failed to correlate with
pSer129 a-syn in any region in the DLB cases (removing outlining cases failed
to change this result) whilst pE(3)-AB did correlate with pSer129 a-syn in the
frontal and cingulate cortices in PDD cases. This suggests the correlations
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seen in the whole cohort were driven by those in the PDD group. The results
for the whole cohort are consistent with those observed in the study by Swirski
and colleagues (Swirski et al., 2014), who found that insoluble AR aggregates
positively correlated with pSer129 a-syn in cingulate cortex, thalamus but not in
the frontal cortex. They did not separate cases by disease category, but a
larger proportion of the cohort was PDD cases compared to DLB cases (23 vs
10 respectively), and therefore it may be that results in their cohort are mostly
be driven by associations in the PDD cases also. As there are no definitive
neuropathological differences distinguishing DLB from PDD | can only speculate
as to why there seems to be more associations between pathological
aggregates in PDD cases. Although it is well established that both DLB and
PDD cases have concomitant AD related pathology, the time course in the
development of these lesions is less clear. Although not significant, the PDD
cases in this study had lower HP-7, pE(3)-AB and total AR loads compared to
DLB cases, which could indicate pathology in the PDD cases had been
accumulating for a shorter time period. Disease duration could be investigated
in relation to pathology load in this cohort as a longer disease duration has been
associated with global spread of pathology in both AD and LBD (Gomez-Tortosa
et al., 1999, Armstrong, 2014). Early stages of aggregation formation may also
have an influence in putative associations between pathologies. A study
conducted by Ishizawa and colleagues investigating co-localisations between
HP-r and a-syn detected more co-localisations using TG3 and CP13 antibodies
which target epitopes associated with early NFT development compared to
Alz50 which targets late events in conformational changes involved in NFT
development (Augustinack et al., 2002, Ishizawa et al., 2003, Luna-Munoz et
al., 2007). This could suggest that early stage NFT formation is a key event in a
putative interaction with a-syn. Stages in AR plaque and LB formation are less
well described and this needs to be further elucidated to identify where
interactions are likely to take place.

5.5.5 AB correlates with cognitive decline

Previous studies have implicated degeneration of the frontal and entorhinal

cortices is associated with cognitive decline (DeKosky and Scheff, 1990,

Mufson et al., 1999). Results from this study indicated a relationship between

AB and cognitive decline as measured by MMSE. It is generally thought in AD
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that HP-r is the best pathological correlate of cognitive decline compared
insoluble AR load in post-mortem tissue (Yamaguchi et al., 2001,
Giannakopoulos et al., 2003). However, as suggested by Compta and
colleagues (Compta et al., 2011) the relationship between AR and a-syn might
play a part in the association between AB and cognitive dysfunction. MMSE is
the most widely used cognitive test used in both clinical and epidemiological
studies, however its sensitivity can decrease in mild cognitive impairment and
established dementia (Benedict and Brandt, 1992, Nys et al., 2005, Franco-
Marina et al., 2010). Patients with end-stage dementia my not be able to
complete the test yielding low MMSE scores thus creating a floor effect. A more
accurate reflection of cognitive status might be to calculate the rate of cognitive
decline using multiple MMSE scores taken during the time course of the
cognitive decline. However, multiple MMSE scores were not available for many
of the cases used in this study therefore only final MMSE score was used in the

analysis.

5.5.6 No cross-reaction with 8/4D and pSer129 a-syn

As the monoclonal 8/4D antibody that stains pE(3)-AB was not a commercially
available antibody, double immunofluorescence was performed. No co-
localisations were observed between 8/4D and pSer129 a-syn confirming there
was no cross-reactivity of the 8/4D antibody, therefore any associations
between pE(3)-AB and pSer129 a-syn were reflective of an association between

pathologies.

5.5.7 Limitations

The most influential limiting factor of this study was the relatively small study
cohort, with only 41 cases. Although quantitative assessment of
neuropathological lesions provides an accurate reflection of the pathological
load present in a given region, large cohorts are required to attain meaningful
statistically significant results. Therefore, any conclusions drawn from this study
should be treated with caution until more cases can be added to the study and
the results can be confirmed. Correlations in this study were not corrected for
multiple comparisons. Although such corrections such as Bonferonni
adjustments will reduce type | error some consider it to be too conservative as
it also increases the likelihood of type Il error for associations that are not null
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(Rothman, 1990, Perneger, 1998). Future studies including a much larger
cohort are required to determine if associations reported in this study will stand
up to robust statistical testing. In addition to the limited cohort size of this study,
only 15 of the cases had MMSE scores recorded during life (DLB = 10; PDD =
6). Over 50% of the cases used in this study are lacking up to date
neuropathological data specifically Braak LB staging for LB pathology (Braak et
al., 2003) and Thal phases for the topographical distribution of AB deposits
(Thal et al., 2002b). Brain tissue from these cases was donated to the NBTR
prior to the implementation of these staging systems and work is ongoing to

bring these cases up to current diagnostic standards.

This study did not measure the individual components that make up total
pathological load, i.e. NFTs and NTs for HP-r load and LBs and LNs for a-syn
load, further clarification of these relationships is warranted.

The TMA methodology is an excellent tool to assess pathology across multiple
brain regions in large-scale cohorts, in particular accurately reflecting cortical
pathology load seen in diagnostic sections (Attems et al., 2014a, McAleese et
al., 2015). However, other structures in the brain are more complex i.e. the
thalamus, which is comprised of four parts: the hypothalamus, the epithalamus,
the ventral thalamus, and the dorsal thalamus, encompassing 50-60 thalamic
nuclei (Herrero et al., 2002). As only one 3mm tissue core is sampled for the
TMA block, data from this will provide a basic overview of pathology in this
structure but further analyses would be required to investigate individual nuclei.

5.6 Conclusion

This study supports previous data suggesting a synergistic relationship between
AB and pSer129 a-syn and also introduces pE(3)-AB as a potential contributor,
making it an interesting target for future study. In addition to AR, HP-r may also
play a role in a putative synergistic relationship and further investigations are
warranted to unravel the effects these pathologies have on each other and the
potential value of pE(3)-AB as a diagnostic marker and therapeutic target in
LBD.
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Chapter 6 - General Discussion

6.1 Introduction

The overall aims of this study were to investigate whether the use of
quantitative neuropathological assessment is a useful tool in clinico-pathological
correlative studies and then to investigate the impact that single and multiple
pathological lesions have on the clinical and pathological phenotype of LBD.

The key findings of this study are listed below and described in further detail: -

« Quantification of pathological lesions is a useful tool in clinico-pathological
correlative studies and can detect subtle differences in pathology loads in
cases that are classified as having ‘severe’ AD and LBD related pathology but
different clinical phenotypes.

= cAD cases had an increased HP-T1 load in the majority of areas analysed
compared to cDLB and cPDD cases.

- AP loads were generally increased in cDLB cases compared to cPDD
cases but only reached significance in the cingulate cortex.

- Although not significant HP-1 loads were higher in hippocampus and

cingulate in cAD compared to pAD.

Mixed cases have higher rates of cognitive decline compared to ‘pure’ cases
a-syn per se is not a pathological correlate of motor dysfunction in LBD.

AB may be related to end stage motor dysfunction in DLB as measured by
UPDRS IIl.

Combined pathologies may associate with motor impairment in DLB.

« Hierarchical distribution of HP-1, AR and a-syn does not differ between DLB
and PDD.
PE(3)-AB is associated with pSer129 a-syn in LBD

6.2 Quantitative methodologies in clinico-pathological correlative studies

The study described in Chapter 3 aimed to investigate the potential use of
quantification techniques in clinico-pathological correlative studies. Many
current studies rely on semi-quantitative methodologies which only provide an
estimate on pathological burden and can be subject to inter-rater reliability
issues. For the assessment of HP-T and a-syn, this entails four-tiered ordinal

scales (absent, mild, moderate and severe) (Alafuzoff et al., 2008, Alafuzoff et
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al., 2009a) however, such is the diverse nature of AB deposits, a dichotomous
scale is most frequently preferred to describe the presence or absence of A3
pathology (Thal et al., 2002b, Alafuzoff et al., 2009b). @ This may have
implications when analysing data from large cohorts across multiple centres
when cases may fall on the border line between two categories. In addition,
cases within the same category may differ considerably in their respective
pathological loads. This was demonstrated by Attems and Jellinger who found
in cases semi-quantitatively assessed as having ‘severe’ HP-1 pathology,
significant differences were observed between cases when area covered by
immunopositivity was measured (Attems and Jellinger, 2013a). Furthermore, in
a large cohort of AD cases that all exhibited ‘severe’ entorhinal HP-1 pathology
using quantitative neuropathological techniques, Murray and colleagues were
able to determine three subtypes of AD (Murray et al., 2011). In addition to
typical AD, hippocampal sparing and limbic predominant cases have been
identified. In a subsequent radiological study, the authors were able to predict
these subtypes on MRI during life (Whitwell et al., 2012). Using quantitative
techniques in Chapter 3, | was able to determine differences in the pathological
aggregate burden between cases that fulfilled neuropathological criteria for
mixed AD/LBD but with different clinical presentations. Semi-quantitative
scoring failed to detect such differences as all cases exhibited ‘severe’
pathology, however quantitative methods removed the ‘ceiling effect’ which is

created by the constraints of semi-quantitative assessment.

6.2.1 Differences in pathology burden in mixed AD/LBD cases with
different clinical phenotypes

As highlighted above, the quantitative assessment of pathological lesions
detected differences in pathology load in mixed AD/LBD cases with different
clinical phenotypes (Chapter 3). cAD cases exhibited higher HP-T loads and the
regional distributions of pathologies followed the same hierarchical pattern to
that that observed in ‘pure’ AD cases suggesting the primary pathological
correlate for dementia might have been AD related pathology later followed by
Lewy body related pathology. Furthermore, cDLB cases had a significant
increase in AB load in the cingulate compared to cPDD cases which has been a
reported difference between ‘pure’ DLB and PDD using neuro-imaging
techniques (Edison et al., 2008). A surprising finding from this study was the
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decrease in a-syn in the SN of cPDD cases in comparison to the cDLB cases.
One could speculate that the loss of dopaminergic neurones was greater in the
the SN in the cPDD cases compared to cDLB therefore there are fewer
neurones for a-syn to aggregate in. Increasing evidence has suggested a role
for inflammation in the brain in the pathogenesis of PD. A study by Geo and
colleagues demonstrated that microglial activation induced by a chronic infusion
of an inflammagen lipopolysaccharide resulted in the gradual cell loss of
dopaminergic neurones in a rat model (Gao et al., 2002). Inflammatory markers
were not considered in this study but, an increase in activated microglia and
subsequent dopaminegic cell loss could account for the relative lack of a-syn in

cPDD cases.

6.2.2 Clinical implications of mixed dementia

In the current study cAD cases exhibited severe Lewy body pathology at post-
mortem examination, while no clinical symptoms suggestive for DLB were
observed ante mortem. Previous studies have suggested that concomitant AD
pathology in DLB is associated with cognitive decline (Howlett et al., 2014) and
concomitant TDP-43 pathology in AD exacerbates features associated with AD
(Josephs et al., 2014) but does not associate with behavioural features
frequently associated with frontotemporal lobar degeneration or amyotrophic
lateral sclerosis (Jung et al., 2014), diseases in which TDP-43 inclusions are the
characteristic pathological hallmark lesion. The latter is similar to our findings in
cAD where co-existing Lewy body pathology did not elicit symptoms associated
with DLB and PDD. However, all mixed AD/LBD cases, irrespective of clinical
diagnosis, had lower MMSE and higher rates of cognitive decline compared to
‘pure’ AD and ‘pure’ DLB which is in agreement with previous work (Olichney et
al., 1998).

6.3 The pathological correlates of motor dysfunction in DLB and PDD

The study described in Chapter 4 study builds on previous work by Parkkinen
and colleagues (Parkkinen et al., 2005) who reported that a-syn does not
predict EPS, incorporating more of the nigro-striatal pathway and associated
regions in addition to investigating the impact of combined pathologies EPS in
DLB and PDD. This study is in agreement with the previous study in that a-syn
did not independently associate with EPS, however results suggested there

148



may be an association between AB, and AB in combination with a-syn with
motor dysfunction in DLB cases. A potential pathomechamism of nigral-striatal
degeneration in DLB cases could involve the dying-back process triggered by
AB accumulation in the striatum. The proximal part of the lesioned neurone i.e
AB accumulation surrounding synaptic connection onto the striatum, may
undergo degeneration resulting in increased calcium (Ca**) influx (LoPachin
and Lehning, 1997) and disruptions in axonal transport (Coleman, 2005).
Increased influx of Ca** into the cell is a prerequisite for many cytological
changes including fragmentation of the axon (Carafoli, 1987). Axonal
degeneration in response to AB accumulation has been demonstrated in a
drosophila model (Zhao et al., 2010) as AB expression in a small number of
neurones induced intracellular accumulation of AR and age dependant depletion
of mitochondria. Moreover, intracellular axonal AB disrupted the axonal
transport mitochondria essential to maintain the functionality of the neurone.
Further studies investigating striatal dopamine transporters may start to unravel
this. Several studies have investigated the degeneration of SN neurones in PD
and incidental Lewy body disease (iLBD - cases with abundant LB pathology
but lacking dementia or Parkinsonism). lacono and colleagues reported an
82% and 40% loss in nigral neurones in PD and iLBD respectively compared to
controls (lacono et al., 2015). Whilst Milber and colleagues found a decrease in
tyrosine hydroxylse in neurones in the SN of iLBD categorised at Braak LB 1/2
compared to controls (Milber et al., 2012). iLBD is speculated to be an
intermediate stage before PD, however if the degeneration of nigral neurones
precedes the temporal appearance of LB in the SN it is tempting to speculate
that degeneration of dopaminergic neurones is not a result of a-syn
accumulation in the SN but dysfunction of neurones originating further up the

nigro-striatal pathway in the striatum.

6.4 Synergistic relationships between protein aggregates

Results from this study supports others suggesting a synergistic relationship
between AB, HP-T and a-syn and introduces pE(3)-AB as a potential contributor.
Despite associations between the aggregates being well documented, little is

known about the patho-mechanisms driving these interactions.
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6.4.1 Direct interactions

In healthy neurones AB and a-syn do not exist in the same sub-cellular
compartment therefore limiting the potential for direct interaction. However, in
pathological states both have been detected in mitochondria, lysosomes and
autophagosomes (Hansson Petersen et al., 2008, Chinta et al., 2010). Most of
the studies supporting a direct interaction between AR and a-syn are from in
vitro experiments i.e. a-syn can promote conformational changes in AB detected
by NMR spectroscopy (Mandal et al., 2006). Cell models have also
demonstrated that HP-t can enhance aggregation and toxicity of a-syn (Badiola
et al., 2011).

6.4.2 Indirect interactions

6.4.2.1 Inflammation

AB induced inflammation can affect aggregation of a-syn i.e. AB-induced
release of pro-inflammatory cytokines can activate cytokines such as Cdk5 that
induces tau formation (Waxman and Giasson, 2011) and has also been

implicated in Lewy body formation (Takahashi et al., 2000).

6.4.2.2 Impaired protein degradation

Both AB and a-syn are degraded by autophagy, therefore this pathway could be
affected by interactions between these aggregates. Uptake of AB via lysosomal
degradation induces lysosomal leakage providing a mechanism for interactions
between AB and a-syn (Masliah et al., 2001).

Future studies are warranted to elucidate potential patho-mechanisms linking
pPE(3)-AB and pSer129 a-syn.

6.5 Potential translational impact

Results from this study further highlight the importance of co-morbid pathologies
in LBDs in particular Ap and pE(3)-AB. Mixed dementias are difficult to diagnose
during life as symptoms are indistinguishable from single neurodegenerative
diseases and as such the prevalence of mixed dementias are under reported.
Although not significant, results from Chapter 3 suggest mixed cases have an
increased pathology load compared to pure cases, caused by potential
synergistic relationship between co-existing aggregates. Corroboration of these
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findings using neuro-imaging techniques could aid the diagnosis of mixed
pathologies which would help clinicians when deciding on which treatment
pathway to follow. Current biomarkers for LBD include neuro-imaging and
detection of pathological proteins in cerebral spinal fluid (CSF). Studies
investigating a-syn as a CSF biomarker have had conflicting results; some have
reported a decrease in a-syn compared to AD and controls (Shi et al., 2011, van
Dijk et al., 2014) whilst others have demonstrated no difference (Ohrfelt et al.,
2009, Reesink et al., 2010). HP-1 CSF levels have been reported to be lower in
DLB in relation to AD but higher compared to PDD cases (Parnetti et al., 2008).
Future development of a pE(3)-AB CSF test could add to and complement
current CSF biomarkers and potentially become part of a diagnostic panel to aid

the diagnoses of LBDs during life.

6.6 General strengths and limitations

The primary strength of this project is the NIS-Elements quantification software
attached to the microscope. This software enables the use of automated
quantification to assess the amount of pathology within cases and comparison
between cases. Semi-quantification is a very useful tool that has allowed
neuropathologists to diagnose dementing disorders for many years. However,
as more research is being conducted in neurodegenerative diseases it is
becoming increasingly clear that complex synergistic relationships exist
between hallmark pathologies within the human brain. A quantification system
that can detect subtle differences in the amount of pathology that cannot be
detected by semi-quantification may help direct future imaging and drug therapy
studies. In addition to quantification of pathologic lesions providing an accurate
reflection of pathology load, the automated microscope and software provides
the possibility to perform large-scale quantitative assessment using
standardised inclusion thresholds designed to detect specific pathological
lesions. TMA is most commonly used in cancer studies however, this
methodology can be applied in the assessment of human post-mortem cerebral
tissue allowing the analysis of up to 40 tissue samples on one slide (Attems et

al., 2014a) allowing efficient assessment.

The most recent and prominent clinico-pathological correlative studies in AD
include cohort sizes ranging between 122 and 652 (Bancher et al., 1996,
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Bennett et al., 2005, Petrovitch et al., 2005), and LBD studies include between
90 and 872 participants (Lewis et al., 2005, Schneider et al., 2009, Selikhova et
al., 2009, Dugger et al., 2012). In comparison, the current study is most likely
underpowered and an increased cohort number is required to ensure significant

results are robust and reproducible.

| am fortunate that | have had access to human post-mortem brain tissue, which
is an invaluable resource in dementia research. The Newcastle Brain Tissue
Resource (NBTR) is an excellent facility, which houses both fresh and formalin
fixed tissues. Along with high quality tissue the NBTR holds medical notes on
each of the donors and as many of the patients are signed up to research
studies within Newcastle University during their lifetime, the NBTR records
additional clinical information i.e. MMSE and UPDRS scores. However, as this
study was retrospective not all of the cases included had corresponding clinical

data available for motor impairment or MMSE.

In addition to AD related pathologies, LBDs also exhibit vascular pathologies
that are significantly more extensive than controls but less extensive than AD
cases (Barber et al., 1999). Assessment of vascular pathologies were not
included in this study but should be considered in future investigations as a co-
morbidity of LBD.

6.7 Future directions

6.7.1 Short-term studies

« Results form this study were obtained using a very limited cohort size (in
particular the cohort used in Chapter 3 where only a total of 19 cases fulfilled
neuropathological criteria for both AD and DLB). Therefore to make the
analyses more robust, other brain banks should be contacted to potentially
increase the cohort number.

« HP-1 and a-syn have been shown to co-localise in the same neurones
(Ishizawa et al.,, 2003, Colom-Cadena et al., 2013). Measuring co-
localisations in the mixed AD/LBD cases may give insights as to which brain
regions are susceptible to HP-1 and a-syn interactions promoting the

aggregation, accumulation and potential spreading to other brain regions.
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« Quantifying microglial activation in the SN by immunostaining with CD68
could help to determine whether an elevated immune response and
subsequent dopaminergic cell loss is responsible for the relative lack of a-syn
in the SN in cPDD cases in Chapter 3.

« This study did not include dopaminergic cell counts in the SN. Therefore,
density of neuromelanin containing and tyrosine hydroxylase positive
neurones should be quantified. This will help to test the hypothesis that AR
contributes to degeneration of the nigral-striatal pathway via the dying back
process originating in the striatum in DLB cases as hypothesised in Chapter
4.

6.7.2 Medium-term and long-term studies

e The development of a CSF test for pE(3)-AB would add to the diagnostic
panel of aggregates that are currently being investigated as potential
biomarkers. |Initially this would entail the development of an ELISA capable of
detecting pE(3)-AB in post-mortem CSF. These results would then be
compared to quantitative immunohistochemical and biochemical data taken
from post-mortem brain samples to elucidate how pE(3)-AB relates to pE(3)-
AB deposits in cerebral tissue. Following this, detection of pE(3)-AB can then
be tested in CSF taken at lumbar puncture.

« In addition to CSF biomarkers, neuro-imaging is a useful tool to assess
accumulations of proteins to neurodegeneration in living patients. Currently
11C-PIB PET imaging is available to assess AB deposits intra-vitam. The
development of pE(3)-AB ligands would give insight into the accumulation of
pE(3)-AB over time.

« In vitro experiments can be designed using mouse neuronal cell cultures or
human induced pluripotent stem cells derived from patients with familial forms
of the disease to investigate putative associations between pE(3)-AB and ao-
syn.

« AB phosphorylated at serine 8 (ABRSer8) is another post-translational
modification of AB that has been found to be significantly elevated in AD and
associates with later Braak stages (Ashby et al., 2015). ABSer8 could be
another interesting sub-type of AB to investigate in regards to potential

associations with a-syn.
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6.8 Conclusion

This study aimed to investigate the feasibility of the use of digital quantitative
neuropathological assessment in clinico-pathological correlative studies and to
implement this method in the subsequent studies which investigated the impact
of multiple pathological lesions on the aggregation and accumulation of each
and the clinical features associated with LBDs.

Quantitative methods provided the accuracy required to detect subtle changes
in pathological burden of HP-1, AR and a-syn in a cohort of cases that fulfil the
neuropatholoiglcal criteria for mixed AD/LBD with different clinical presentations.
In addition, this study highlighted the importance of AD related pathologies in
particular AR and pE(3)-AB and their putative relationships with Lewy body
pathology and clinical symptoms associated with LBDs.

Future studies are required to elucidate patho-mechanisms responsible for
interactions of AD related and Lewy body pathologies and the combined effect
they exert on neurodegeneration in LBDs.

Better stratification of patients and an understanding of relationships between
pathologies, in particular in patients with mixed pathologies, may lead to better
outcomes in clinical trials, targeted therapeutic design and ultimately tailored

treatment options for patients with neurodegenerative diseases.
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