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Abstract

Background: In the brains of both demented and non-demented subjects the
most common pathologies are Alzheimer’'s disease (AD) related pathologies
and white matter lesions (WML). It is widely assumed that small vessel disease
(SVD) is the main cause of WML, although evidence suggests
neurodegenerative pathologies may also be involved in the pathogenesis of
WML. However, investigation of these pathologies is hindered due lack of
standardized histological criteria for WML assessment and the current use of
semi-quantitative assessment is incapable of detecting subtle variations in
pathologic burden across cases. The main aim of this study was to improve the
post mortem assessment of WML/WMH and AD-related pathology in the ageing
human brain by the use of post mortem MRI and quantitative neuropathological
assessment, and to investigate possible associations between AD pathology

and white matter integrity.

Methods: Formalin fixed brains underwent post mortem MRI and white matter
hyperintensitites (WMH) were assessed according to the Age-Related White
Matter Change (ARWMC) scale. ARWMC scores were compared with
corresponding semi-quantitative neuropathological scores obtained by an
extensive assessment of the white matter. In a cohort of AD and control brains
semi-quantitative and quantitative assessment of hyperphosphorylated tau
(HPT), amyloid-beta (AB) pathology and SVD were compared. The influence of
AD-related pathology and SVD on white matter integrity was then investigated
using a combination of post mortem MRI-based WMH assessment, quantitative
neuropathological assessment using Tissue Micro Array (TMA) methodology

and Sclerotic Index.

Key findings: MRI-based assessment of fixed post mortem brains was found to
be a practical method that reliably reflects WML in the frontal, parietal and
occipital WM comparable with an extensive histological assessment at 7 mm
intervals. Digital quantification of cortical HPT, AB and SVD pathology revealed
widespread variations in pathological burden. HPT, AB pathology and SVD had
a significant influence on WMH severity in both non-demented normal aged and
AD brains, however, HPT, but not SVD, was the most significant predictor of
WMH score.
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Conclusion: This study showed that MRI-based assessment of fixed post
mortem brains is a practical method for the assessment of white matter integrity
and TMA is a practical method for quantitative neuropathological assessment of
degenerative neocortical pathologies. HPT was found to be the strongest
predictor of WMH. However, further studies are required to elucidate the
different patho-physiological mechanisms that may underlie WM damage in the

ageing brain.
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Figure and table legends

Figure 1.1 Schematic diagram illustrating the potential patho-mechanisms
involved in neurodegeneration. Native proteins undergo conformational
change and aggregation as a result of various genetic and environmental
factors. Protein accumulations are deposited intracellular in cell soma,
processes, axons and nucleus in neurons and neuroglia, and/or
extracellular in the brain parenchyma. Protein deposits, in conjunction with
various factors, may cause a wide range of neuronal dysfunctions and
eventual neuronal death, resulting in the clinical syndrome dementia over a

long period of time. OxS, oxidative stress; CVD, cerebral vascular disease.... 5

Figure 1.2. Graphical representation of how brain reserve and cognitive reserve
mediate decline in cognitive function in non-demented, and decline to
dementia in demented elderly. A) x-axis represents cerebral pathology
accumulating over time, y-axis represents brain reserve, green line
represents a high brain reserve and the blue line a low brain reserve. We
assume cerebral pathology increases with increasing age at the same rate
for the two individuals. The amount of pathology needed before cognitive
function declines to dementia (red line) is greater in the individual with
higher brain reserve than the lower brain reserve leading to a later
changing point. B) x-axis represents cerebral pathology accumulating over
time, y-axis represents cognitive reserve, dark green line represents a high
cognitive reserve and the lighter green line a low cognitive reserve. If we
take two individuals with the same brain reserve and equally increasing
cerebral pathology, the amount of pathology needed before cognitive
function is affected is greater in the individual with higher cognitive reserve
than the lower cognitive reserve leading to a later changing point. More
pathology is required for the individual with higher brain reserve and
cognitive reserve to meet clinical diagnosis of dementia, thus delaying the
onset of disease. However, once cognitive decline begins it is more rapid in
the person with higher brain reserve and cognitive reserve. Modified from
Barulli and Stern 2013, ..o e 7

Figure 1.3. Formalin fixed brain slices of the left hemispheres (level of posterior
hippocampus) of an aged non-demented individual (A) and an AD patient
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(B). Note the marked atrophy in B, especially hippocampal atrophy (arrow)
and the lateral sulcus (red arrow) with widening of the lateral ventricle (red
asterisk) and inferior horn of the 2nd ventricle (white asterisk). Photographs
by courtesy of Simon Fraser and Arthur Oakley, modified from (Attems and
Jellinger, 2013D). .o 8

Figure 1.4. Schematic diagram illustrating the proposed pathogenesis of NFT.
Tau is a microtubule-associated protein primarily located in the neuronal
axon. Dephosphorylated tau binds to microtubule components « and j
tubulin at the MBD. Phosphorylation of tau protein, via serine and/or
threonine residues, is controlled by kinases such as GSK-3 3 and cdk5,
and phosphatases PP2A and PP5. It is proposed that when the dynamic
equation favors kinases, hyperphosphorylation of tau occurs. In conjunction
with various post-translational modifications, HPT dissociates from the
microtubule, causing microtubule breakdown. HPT undergoes self-
aggregation in to PHF, which compose NT in neuronal dendrites, and
eventually form NFT in the neuronal soma. MBD, microtubule binding
domain; GSK-3 3, glycogen synthase kinase 3 3 ; cdk5, cyclin dependent
kinase 5; HPT, Hyperphosphorylated tau; NFT, neurofibrillary tangles; NT,
neuropil threads PP2A/5, protein phosphatase 2A/5; PHF, paired helical
111210 1= 01 S 10

Figure 1.5. A) NFT and NT in the subiculum of the hippocampus . A1) Arrow
heads indicate neuronal soma that comprises the NFT. Arrows indicate NT
in neuronal processes. Red ovals highlight neuritic plaques.
Immunohistochemistry AT8; NFT, neurofibrillary tangles; N, neuropil
threads; Scale bars: A 500 1 m; AT 50 1L M eceeniieeie e 11

Figure 1.6. Schematic diagram illustrating the proposed pathogenesis of A3
deposits (focusing on A 3 -42 only). The transmembrane protein APP is first
cleaved in the extracellular domain by a BACE-1, a j3 -secretase, releasing
sAPP 3 fragment. Subsequent intramembrane cleavage by presenilin-1, a
Y-secretase , produces the extracellular A 3 -42 peptide and C99 fragment.
Increased production or activity of 3 and Y secretases, and/or failure of
PVD, and/or decreased enzymatic clearance via neprilysin or IDE, results

Y111



in an increase of endogenous A 3-42. A 3-42 undergoes self-aggregation
and oligomerization to form an extracellular A 3 plaque. APP, amyloid
precursor protein; BACE-1, beta-site APP cleaving enzyme 1; sAPP 3,
secreted APP-beta; A 3, amyloid-beta; C99, carboxyl terminal 99 fragment;

IDE, insulin degrading enzyme; PVD, perivascular drainage. .............ccceeee... 13

Figure 1.7. Different morphology of A 3 deposition in the pre-frontal cortex (A-
A3). Subpial band-like A3 (arrows, A1); fleecy A3 (oval, A2), focal A
plaques (A3). Neuritic plaques (B) contain a dense aggregated A3 core
(blue arrow head) surrounded by a neuritic coronal (red arrow heads) made
of dystrophic neurites (green arrow). A 4G8, B Gallyas silver stain; Scale
bars: A500 . m; A1,B20um; A2 100 . m; A3 50 M. coovieeciieeee e 15

Figure 1.8. ‘The amyloid cascade hypothesis’. A sequence of proposed
pathological events that lead to AD. Adapted from (Hardy, 2002). ................ 17

Figure 1.9. Schematic diagram illustrating the ‘tau axis hypothesis’, which was
recently proposed due to the discovery of tau in neuronal dendrites under
physiological conditions, suggesting a role as a scaffolding compartment in
post-synaptic compartments. The hypothesis has 3 stages: 1) Early AD:
postsynaptic toxicity of A is tau-dependent; tau interacts with tyrosine
protein kinase FYN, thereby, increases FYN’s targeting to the posy-
synaptic compartment. FYN in turn activates NMDA receptors, and this
increase causes sensitization of NMDA receptors and makes them
responsive to A 3. 2) Disease progression: continued exposure of A
triggers tau phosphorylation and NFT/NT accumulate in the dendrites and
soma. 3) Late AD: high levels of hyperphosphorylated tau in the dendritic
and soma compartments and the toxic effects of A3 lead to neuronal
vulnerability and eventually loss of synaptic connections and death.
Modified from Ittner and Gotz, 2011, .......eiieniiee e 18

Figure 1.10. «-syn pathology: A) LB/LN in the thalamus of a DLB brain; classic

LB with a pale hyaline eosinophilic core (A1, red arrowhead). B) cortical LB
in temporal cortex (black arrow). C) reniform LB (black arrow), circular LB
(black arrow head), LN with dot (red arrow head) and curvilinear (blue
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arrow head) morphologies. LB, Lewy bodies; LN, Lewy neurites;

Immunohistochemistry; «-syn; Scale bars: A 100 x m; A1, B 20 u m; C 50
F7 2 1. VTP 23

Figure 1.11. Cerebral vascular disease pathology. A) Photo-microimage of
atherosclerotic plaque located in the tunica intima (1) (innermost layer
below the tunica adventitia and tunica media (M)). Calcified material is
located in the core (white area) above infiltrating foam cells (FC) above the
basement membrane (BM). B) WM arteriole with asymmetric fibrosis (black
arrow); C) WM artery exhibiting plasma protein A2M within the vessel wall.
B, C) lipohyalinosis. D) WM arteriole exhibiting severe concentric fibrosis
with almost complete occlusion of the vessel lumen (black arrowhead). E,
E1) CAA in leptomeningeal arteries of the occipital lobe.
Fixation/immunohistochemistry; A, fixation by pressure-perfusion with
glutaraldehyde; B,D, H&E stain; C, A2M; E, E1, 4G8: Scale bars;
Approximately x550 magnification on electron microscope (ref); B, D, E1 20

uwm; C 50 um; E 500 u m. WM, white matter. Image A from (Stary et al.,
1995), image C from (Grinberg and Thal, 2010)........................... 28

Figure 1.12. Diagram showing the various cerebral vascular lesions, as a
consequence of cerebral vascular disease, in the ageing human brain. AS,
atherosclerosis; SVD, small vessel disease; CAA, cerebral amyloid
angiopathy; WML, white matter lesion; PVWML, periventricular white
(=Y =T (=] o T o S 29

Figure 1.13 Cartoon showing the proposed mechanisms in the development of
axonal spheroids and WLD. A) a healthy neuron and axon with the
proximal and distal ends. The accumulation of protein aggregates leads to
impairment in axonal transport may result in focal blockages and
accumulations of organelles and disorganized cytoskeleton in axon
varicosities, preferentially at nodes of Ranvier (B). Swellings continuously
increase in size, APP also accumulates and is wused a
immunohistochemical marker of axonal dysfunction. Swellings increase in
size to form axonal spheroids. At this point the axon remains continuous
(C). Eventually the block of axonal transport is sufficient to trigger WLD of
the distal axon and the fragmentation of the axon and demyelination begins
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(D). Finally the entire distal axon undergoes fragmentation leaving a
proximal axon stump or end bulb (E). WLD, Wallerian-like degeneration;

AP, amyloid precursor protein. Image modified from Coleman et al., 2005. ..

Figure 1.14. Schematic diagram of the multiple pathologies in the demented
ageing human brain. Full arrows point towards the hallmark
neuropathology of the respective disease while dotted arrows point towards
neuropathological lesions that are frequently seen in addition to the main
pathological hallmark lesions. Approximate percentages are encircled
based on studies (Jellinger and Attems, 2007, Jellinger and Attems, 2008,
Kovacs et al., 2008, Petrovitch et al., 2005, Uchikado et al., 2006)AD,
Alzheimer's disease; LBD, Lewy body diseases; VaD, vascular dementia; A
B, amyloid- 3; «-syn, a-synuclein, CVL, cardiovascular lesions. Adapted
from (Attems and Jellinger, 2013b)

Figure 2.1. Semi-quantitative criteria used to asses SVP (Smallwood et al.,
2012). Photomicrographs illustrating the histological appearance of
subcortical WM stained with LFB (left 2 columns) and DGM stained with
H&E (right 2 columns). Grade 0, normal; grade 1, mild pathology; grade 2,
moderate pathology; grade 3, severe pathology. .........ccooveiiiiiiiiiiiiiiiiieeeeeee,

Figure 2.2. Post mortem MRI images showing WMH in the occipital lobe based
on ARWMC criteria (Wahlund et al., 2001). A) grade 0, normal WM (red
arrows); B) grade 1, punctate hyperintensities (green arrows); C) grade 2,
early confluent hyperintentsities (yellow arrows); D) grade 3, confluent

hyperintensities (blue arrow). Images taken on a T2-weighted 4.7 T

36

53

Yor=1 a1 4 1<) (TR 56

Figure 2.3. Newcastle brain map (Perry, 1993). Schematic representation of the
coronal slices and sub-dissections used in this study. Black bold numbers
indicate the coronal level; small grey numbers and colour coding indicate

Brodmann areas; red letters indicate specific sub-dissections; dashed black

line represent a sub-dissection lIN€. ............cccooiiiiiiiii e 58

Figure 2.4. TMA sample map adapted from the Newcastle brain map (Perry,
1993). A schematic representation of blocks and sample areas used to
create the TMA. White dots and bold black numbers indicate punch
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sample location and number; small grey numbers and colour coding
indicate Brodmann areas; red letters indicate specific sub-dissection;

dashed black line represent a sub-dissection line. ...............ccooiiiiiiiiiinnnnn. 61

Figure 2.5. Tissue MicroArray. A) 3mm diameter Tissue-Tek Quick-Ray hand
held punch; B) empty TMA paraffin block with 40 3mm holes, black arrow
highlights a small hole that indicates the location of sample 1; C) Paraffin
embedded tissue from blocks A, B and C with punch samples removed and
placed into the TMA paraffin block; D) Completed TMA block placed into
molten wax in a silicon mould; E) completed TMA block................ccooiinnnnee 62
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1, mild, grade 2, moderate; grade 3, severe vessel wall fibrosis.
Histochemistry: H&E. ... ..o 67

Figure 2.7. Quantification of cortical pathology. A) Section of frontal tissue with
gyri and sulci labelled (black boxes), white dots indicate areas selected for
cortical strip measurement; B) magnified image of a sulcus, green box
indicates 1x6 capture area of cortical tissue; C) cortical strip with NFT/NT
pathology; D) cortical strip with threshold. Immunohistochemistry ATS;
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Figure 2.8. Quantification of TMA. A) TMA section. Black dot indicates sample
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Figure 3.1 Micro-photoimages and corresponding post mortem T2-weighted
MRI images showing SVP at various grades in the WM and DGM. Grade 0;
normal myelin and PVS in WM (A), normal parenchyma DGM (B) and no
hyperintensities present on MRI (C). Grade 1; mild myelin pallor (D, arrow
head), mild dilation of PVS in WM (D, arrow), mild loosening of
parenchyma in DGM (E, arrow), ‘punctate’ hyperintensities (F, arrow).
Grade 2; moderate myelin pallor with a ‘bubble-like’ appearance (G, arrow
head), moderate dilation of PVS in WM (G, arrow), moderate loosening of
parenchyma in DGM (H, arrow), ‘early confluent’ hyperintensities (I,
arrows). Grade 3; Severe myelin pallor with areas of cavitation (J, arrow
head), severe dilation of PVS in WM (J, arrow), severe loosening of
parenchyma in DGM, ‘confluent’ hyperintensities (L, arrows). WM, white
matter; DGM, deep grey matter; PVS, perivascular space. Histochemistry;
Luxol fast blue (A, D, G and J) and haematoxylin & eosin (B, E, H and K)
and MRI images were taken with a T2-weighted vertical 4.7 T scanner,

horizontal plane; frontal cortex, right hemisphere. Scale bars: A, 100 u m;

B,50 um; D, E, G, H,200 um; J,H, 500 M. oo

Figure 3.2 Schematic diagram indicating the 3 assessments per case. All brains
undergo post mortem T2-weighted MRI and hyperintensities are scored.
Dissected brains then underwent routine diagnostic scoring of WML and
finally a total hemispheric histological assessment of WML, deemed as the
best method of assessment. ARWMC/DGM-MRI scores and diagnostic
scores are then compared to total scores. ARWMCs, Age-related white
matter change score; DGM-MRIs, deep grey matter MRI score; WMs, white
matter score. "Wahlund et al., 2001; ’Smallwood et al., 2012........................

Figure 3.3 A) Mean overall TWMs are significantly higher than overall DWMs,
while no significant differences are seen between overall ARWMCs and
overall TWMs. B-E) Comparison between assessment scores in individual
lobes. Mean TWMs are significantly higher than mean DWMs in all lobes
(B, C and D) as are TDGMs compared with both DDGMs and DGM-MRIs
(E). No significant differences are seen between TWMs and ARWMCs in
both frontal (B) and parieto-occipital (C) lobes, while ARWMCs are
significantly lower than TWMs in the temporal lobe (D). **P < 0.01; ***P <
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0.001; rings, outliers; asterisks, extreme values. SVP, subcortical vascular
pathology; F, frontal; P/O, parieto-occipital; T, temporal; TWMs, total white
matter score; DWMs, diagnostic white matter score; TDGM, total deep grey
matter; DDGMSs, diagnostic deep grey matter score; ARWMCs, Age-related
white matter change score; DGM-MRIs, deep grey matter MRI score............ 86

Figure 3.4. Examples of SVP the deep WM as seen by 3 methods of
assessment illustrated as cartoons in the upper row. Red bar indicate
columns containing photomicrographs from slides used for diagnostic, blue
bars for TWMs and green bars indicate post mortem MRI images on a
horizontal plane. Mild, moderate and severe subgroups were assigned
based on TWMs; photomicrographs and MRI images were taken from one
single case for each subgroup. Numbers in the right upper corner of
individual photomicrographs indicate the assigned histological score for the
pictured slide. Mild SVP of WM (grade 1); DWMs assign a score of 0 in
frontal and parieto-occipital lobes, while TWMs indicate a score of 1 for
most slides as does the ARWMCs: Moderate SVP of WM (grade 2):DWMs
assign a score of 1 in frontal, parieto-occipital and temporal lobes, while
TWNMs indicate a score of 2 for most slides as does the ARWMCs: Severe
SVP of WM (grade 3); a DWMs of 2 is given for parieto-occipital and
temporal lobe;s a score of 3 is given to the majority of slides used for
TWNMs and are consistent with ARWMCs 3 on MRI images. Histochemistry,
Luxol fast blue; scale bar, 1000 mm. WM SVP, white matter subcortical
vascular pathology; front., frontal; par/occ, parieto-occipital; temp.,
temporal; TWMs, total white matter score; DWMs, diagnostic white matter

score; ARWMCs, Age-related white matter change score. .........cccccooeeeeenn. 89

Figure 3.5 Comparison of assessment scores in subgroups with mild to
moderate and with severe SVP. In the subgroup mild to moderate (A)
DWNMs are significant lower compared to TWMs in all lobes, in contrast to
ARWMCs do not differ from TWMs in frontal and parieto-occipital lobe. On
the other hand in the subgroup severe (B) no significant differences are
seen between TWMs, DWMs and ARWMCs. **P < 0.01; ***P < 0.001;
rings, outliers. SVP, subcortical vascular pathology; F, frontal; P/O, parieto-
occipital; T, temporal; TWMs, total white matter score; DWMs, diagnostic
white matter score; ARWMCs, Age-related white matter change score......... 90
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Figure 4.1 Scatter plots demonstrating the variation of AT8 and 4G8 %BF
within the ‘severe’ semi-quantitative grade of 10 AD cases all
neuropathological diagnosed as NIA-AA A3, B3, C2/3: % BF of

immunopos., percentage binary area fraction of immunopositivity............... 103

Figure 4.2 Scatter plots demonstrating the variation of Sl values within semi-

quantitative grades 0-3. ... 105

Figure 4.3 Example of quantitative assessment of HPT pathology on
immunohistochemically stained slides. 1, 2 and 3 are photomicrographs of
3 separate temporal cortices. By standardized assessment all 3 would be
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immunohistochemically  positive  structures reveals considerable
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Figure 5.1 Post mortem MRI images of confluent WMH and with corresponding
absent/mild fibrosis of vessel walls in occipital lobe in an aged control (A)
and AD (B) brain. Red boxes indicate location of vessel microimages. A1)
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occipital WM; B2) mild enlargement of the PVS (black arrow) no fibrosis of
the vessel walls, white severe loss of axons and individual axons visible
(black arrow head); WMH, white matter hyperintensity; AD, Alzheimer’'s
disease; PVS, perivascular space; WM, white matter. MRI images were
taken with a T2-weighted vertical 4.7 T scanner, horizontal plane; occipital
cortex, right hemisphere; Histochemistry; haematoxylin & eosin and. Scale
bars: A1,B2,50 pm; A2, 100 um; B1,500 um. oo 111

Figure 5.2 A) AT8 %BF was significantly higher in the temporal WM compared
to the frontal and parieto-occipital white matter. B) 4G8 %BF was
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significantly higher in the frontal WM compared to the temporal and parieto-

occipital white matter. *, P<0.05; ring, outlier; %BF, percentage binary area
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Figure 6.4 Scatter graphs exhibit overall hemispheric data for the overall
combined cohort. Significant correlations between MRI-based ARWMC
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Chapter 1 — Introduction

1.1  Population ageing and age-related dementias

Global population ageing has been a defining process for the 20" century and
the socio-economical burdens resulting from this process are continuing to
increase in the 21% century. Population ageing is the result of a demographic
transition from high to low mortality rates and increased life expectancy;
together with a steady decline in fertility population ageing results in profound
social, economical and political challenges (Sosa-Ortiz et al., 2012, Olshansky,
1985). The increase in the global ageing population is the driving force behind
the current pandemic of dementia. Dementia amongst the elderly is a
fundamental problem, and remains the main cause of disability among older
adults (Sosa-Ortiz et al., 2012).

The Alzheimer’'s Disease International (AID) 2010 report estimated a global
prevalence of dementia in the over 60’s at 35.6 million (4.7%), doubling every
20 years to 65.7 million by 2030 and 115.4 million by 2050 (AID, 2009). The
estimated annual global economic cost of dementia was estimated at $604
billion, or 1% of global gross domestic product in 2010, of which 89% was from
high-income countries reflecting the cost of care to suffers (AID, 2010, AID,
2013). The economic burden of dementia is increasing in parallel with its
prevalence and is predicted to cost the global economy $1,117 billion by 2030.
These problems are also reflected in the UK, with over 800,000 people thought
to be suffering some form of dementia at a cost of £23 billion to the National
Health Service (Lakey, 2012).

Dementia can have a devastating impact on suffers, their families and care-
givers and is being recognized as a critical issue, with world wide governments
prioritizing funding for dementia research and ensuring health and social care
systems are adequately structured and prepared. On December 2013 at the G8
dementia summit, the UK formally joined the Global Dementia Innovation
Envoy, accepting dementia as a public health priority. In partnership with
various national and international health organisations, the UK government

acknowledged dementia as a global disease with high socio-economic burden



and agreed to increase funding into the innovation of cure/disease-modifying
therapies and to improve the quality of life for suffers and carers (G8UK, 2013).

1.2 Dementia

Dementia is a syndrome caused by various disorders affecting the cerebral
structure and function, resulting in progressive deterioration of memory,
behavior and mental functions to a point were the individuals ability to perform
everyday tasks is impaired, comprising autonomy and capacity for independent
living (Sosa-Ortiz et al., 2012).

There are 2 main types of dementia; age-related (senile) dementia and early
onset dementia. Age-related dementias occur in the majority of cases as a
result of the progression of sporadic neurodegenerative or cerebrovascular
diseases (CVD) and manifest usually after the age of 65 years. Early onset
dementias generally occur before the age of 65 years, are much less common
than age-related types and are attributed to genetic mutations that result in
cerebral disease; e.g. early onset Alzheimer’s disease (AD) may be caused by
autosomal dominant mutations of presenilin 1 gene on chromosome 14 or by
mutations of the B-amyloid precursor protein gene on chromosome 21 (Jefferies
and Argrawal, 2009); early-onset vascular dementia (VaD) CADASIL (cerebral
autosomal dominant arterio-pathy with subcortical infarcts and leuko-
encephalopathy) is caused by Notch3 gene mutation on chromosome 19
(Chabriat et al., 2009). Other types of early-onset dementias can results from
alcohol abuse, Huntington’s disease, prion diseases and HIV/AIDS amongst

others. This study will focus on age-related dementias only.

1.3 Neurodegeneration

Neurodegenerative diseases share common clinical features and pathogenic
mechanisms, characterized by progressive neuronal dysfunction that can lead
to dysfunction and/or death of specific neuronal populations in distinct
anatomically related functional systems. Therefore, the clinical presentation of
neurodegenerative diseases is generally dependent on the region affected and
not on the underlying molecular nature of the pathological lesion. This leads to
an overlap of clinical symptoms in different neurodegenerative diseases which
potentially impairs the accuracy of pre-mortem diagnosis of neurodegenerative
diseases; e.g. pigmented neuron loss in the substantia nigra presents clinically
as parkinsonism, irrespective of the neuropathology which could be for example
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a-synuclein (a-syn) or hyperphosphorylated tau (HPT) aggregates (Attems and
Jellinger, 2013b).

The unifying feature of neurodegenerative diseases is the insidious
accumulation of insoluble aggregates of physiologically soluble proteins of the
central nervous system (CNS) (Skovronsky et al., 2006). The native function of
various proteins is lost and proteins misfold and oligomerize into fibrils, which
further accumulate and deposit intracellular in neurons and/or neuroglia or
extracellular. The molecular nature of the respective protein deposit, in
conjunction with the topographical localization, is the basis of the classification

of neurodegenerative disease (Table 1.1).

Disease Protein Form Localization
Alzheimer's disease tau (3R, 4R) NFT, NT Neuronal soma (NFT) and dendrites (NT)
AB (1-40, 1-42) AB plaque extracellular
tau (3R, 4R) and AB (1-40, 1-42) neuritic plaque tau, neuronal processe; AB, extracellular

Lewy body diseases

Parkinson disease a-synuclein LB, LN Neuronal soma (LB) and dendrites (LN)
Dementia with Lewy bodies a-synuclein LB, LN Neuronal soma (LB) and dendrites (LN)
Multiple system atrophy a-synuclein GClI Cytoplasm of glial cells

Frontotemporal lobar degeneration

Tauopathies
Picks disease tau (3R) Pick bodies Neuronal soma
Corticobasal degeneration tau (4R) Astrocytic plaques Distal segements of astrocytes
Progressive supranuclear palsy tau (4R) Blobose NFT, tufted astrocyte Neuronal and astroctye soma
Agyrophilic grain disease tau (4R) Grains Neuronal dendrites
Neurofibrillary tangle dominante dementia tau (3R, 4R) NFT, NT Neuronal soma (NFT) and dendrites (NT)
Others
FTLD-TDP TDP-43 NCI, NII Neuronal cytoplasm and nuclei
FTLD-UPS Ubiquitin NCI, NII Neuronal cytoplasm and nuclei
FTLD-FUS FUS NCI, NII Neuronal cytoplasm and nuclei
FTLD-ni none known - -

Table 1.1. Classification of neurodegenerative diseases. FTLD, frontotemporal lobar
degeneration; TDP, trans-activation response DNA-binding protein; UPS, ubiquitin-proteasome
system; FUS, fused in sarcoma RNA-binding protein; ni, no inclusion; 3R, 3 repeat tau; 4R, 4
repeat tau; AB, amyloid-beta; NFT, neurofibrillary tangle; NT, neuropil thread; LB, Lewy body;
LN, Lewy neurite; GCI, glial cytoplasmic inclusion; NCI, neuronal cytoplasmic inclusion; NII,
neuronal intranuclear occlusion.

Despite considerable advances in our knowledge and understanding of the
patho-mechanisms of neurodegeneration, the exact cause for the accumulation
of these proteins in age-related diseases still remains unknown. The causes are
likely to be multifactorial, with the involvement of environmental, lifestyle factors
and individual epigenetics. Variations in specific gene expression and activity
may cause higher production of a specific protein or an isoform and/or its
related regulatory enzymes, or a decrease in the activity of the protein
degradation and/or elimination pathways e.g. ubiquitin-proteasome system, all
of which may lead to an increased formation of protein aggregates (Figure 1.1).
Furthermore, the exact mechanisms as to how these protein aggregates cause

o]



neuronal dysfunction and/or loss remain to be elucidated. Neurodegenerative
disease itself usually does not lead to fatal brain lesions; it rather predisposes

the sufferer to acquire fatal diseases (Attems et al., 2005b).
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Figure 1.1 Schematic diagram illustrating the potential patho-mechanisms involved in
neurodegeneration. Native proteins undergo conformational change and aggregation as a result
of various genetic and environmental factors. Protein accumulations are deposited intracellular
in cell soma, processes, axons and nucleus in neurons and neuroglia, and/or extracellular in the
brain parenchyma. Protein deposits, in conjunction with various factors, may cause a wide
range of neuronal dysfunctions and eventual neuronal death, resulting in the clinical syndrome
dementia over a long period of time. OxS, oxidative stress; CVD, cerebral vascular disease

The amount of pathology, as well as the location, is crucial for the development
of clinical symptoms (Attems and Jellinger, 2013b). However, neuropathological
lesions are commonly present in non-demented elderly, although to a lesser
extent. It is still unknown why in some individuals the neurodegenerative
processes develops to dementia while others show only limited pathology and
remain cognitively intact. This has led to an ongoing debate as to whether age-
associated neurodegenerative pathologies are a consequence of ageing rather
than a distinct disease; in a disease context some individuals would never
develop dementia, regardless of their age. If neurodegeneration would be an

inevitable consequence of ageing, everyone would eventually develop dementia
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if the individual "threshold" age would be reached. The variation between
individual susceptibility to age-related changes and pathological burden and the
age of dementia onset has been attributed to cognitive reserve (CR) and brain
reserve (BR) (Stern, 2012). CR is a hypothetical concept suggesting that
differences in cognitive processes are a consequence of lifetime intellectual
activities and environmental factors (Stern, 2002). CR cannot be measured,
only estimated based on lifetime factors and intellectual testing, but extensive
epidemiological and experimental evidence has shown that higher cognitive
reserve and successful cognitive ageing is associated with a higher education,
more leisure activities and occupation complexity (Barulli and Stern, 2013,
Suchy et al., 2011). BR is a similar concept based on the individual variation in
quantitative measures e.g. brain size (Perneczky et al., 2012, Whitwell, 2010),
neuronal number, synaptic connections. Once BR has decreased beyond a
certain threshold functional decline occurs (Barulli and Stern, 2013). CR, unlike
BR, is dynamic and can be actively altered throughout life; therefore, CR is
believed to account for the differences in cognitive state despite predisposed or
equal BR and pathological burden (Figure 2.1).
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Figure 1.2. Graphical representation of how brain reserve and cognitive reserve mediate decline
in cognitive function in non-demented, and decline to dementia in demented elderly. A) x-axis
represents cerebral pathology accumulating over time, y-axis represents brain reserve, green
line represents a high brain reserve and the blue line a low brain reserve. We assume cerebral
pathology increases with increasing age at the same rate for the two individuals. The amount of
pathology needed before cognitive function declines to dementia (red line) is greater in the
individual with higher brain reserve than the lower brain reserve leading to a later changing
point. B) x-axis represents cerebral pathology accumulating over time, y-axis represents
cognitive reserve, dark green line represents a high cognitive reserve and the lighter green line
a low cognitive reserve. If we take two individuals with the same brain reserve and equally
increasing cerebral pathology, the amount of pathology needed before cognitive function is
affected is greater in the individual with higher cognitive reserve than the lower cognitive
reserve leading to a later changing point. More pathology is required for the individual with
higher brain reserve and cognitive reserve to meet clinical diagnosis of dementia, thus delaying
the onset of disease. However, once cognitive decline begins it is more rapid in the person with
higher brain reserve and cognitive reserve. Modified from Barulli and Stern 2013.

1.4 Major age associated dementias and their associated lesions

Firstly, | will discuss the major neurodegenerative diseases, their associated
hallmark pathologies and current criteria used for the post mortem
neuropathological diagnosis; confirmed disease diagnosis is based on a
standardized practice of post mortem brain sampling to access known
predilection areas of hallmark lesions and stage the most dominant pathology.

1.4.1 Alzheimer’s Disease

AD is the most common age-related neurodegenerative dementia subtype
representing 60-80% of cases globally (Mayeux and Stern, 2012, Nowrangi et
al., 2011, Reitz et al., 2011), and prevalence increases with age, affecting up to
50% of the over 85 year olds (AID, 2009). In 1906, Alois Alzheimer first
described the clinical symptoms and presence of ‘chemical changes of fibrillary
substance’ and ‘miliary foci...in the cortex’ (Alzheimer, 1907), corresponding to



what we know now as neurofibrillary tangles (NFT) and amyloid-beta (AB)
plaques. This was followed by the discovery of senile plaques by Divry in 1930
(Maccioni et al., 2001) but it wasn’t until the mid-1980’s that the core proteins
were identified as microtubule protein tau (Brion et al., 1986, Grundke-Igbal et
al., 1986) and AR peptide derived from the amyloid precursor protein (APP)
(Glenner and Wong, 1984).

Clinically AD is characterized by impairment in memory, including short- term,
semantic and implicit memories. In addition oral and written language
impairment, as well as impairment in visual and spatial recognition may be
present. Symptoms become increasingly severe as the disease progresses,
interfering with daily life activities (Thies and Bleiler, 2013). Neuropathologically
AD is characterized by the presence of both intracellular HPT, in the form of
NFT and neuropil threads (NT) and extracellular AR deposits. Macroscopically,
AD brains present with characteristic cortical atrophy (thinning of the gyri and
deepening of the sulci) especially in the temporal lobe (Halliday et al., 2003)
and commonly exhibit enlarged lateral ventricles (Figure 1.3).

Figure 1.3. Formalin fixed brain slices of the left hemispheres (level of posterior hippocampus)
of an aged non-demented individual (A) and an AD patient (B). Note the marked atrophy in B,
especially hippocampal atrophy (arrow) and the lateral sulcus (red arrow) with widening of the
lateral ventricle (red asterisk) and inferior horn of the 2nd ventricle (white asterisk). Photographs
courtesy of Simon Fraser and Arthur Oakley, modified from (Attems and Jellinger, 2013b).



Tau is a multifunctional microtubule associated protein in axons and dendrites
involved in the assembly, stabilization and linking to various cytoskeleton
filaments required for axonal morphology (Maccioni and Cambiazo, 1995,
Mandelkow et al., 1995, Ittner et al., 2010). Tau is also thought to have roles in
neuronal development, neuronal signal transduction and polarity (Shahani and
Brandt, 2002) especially in the postsynaptic compartments of the dendrites
(Ittner et al., 2010). Alternative splicing of the microtubule associated protein
tau (MAPT) gene on chromosome 17 (Goedert et al., 1989) yields 6 isoforms of
mRNA, which differ by the presence of 3-repeat (3R; microtubule binding
repeats) or 4-repeat (4R) of the C-terminus and the presence or absence or one
or two inserts of amino acids in exon 2 and 3 or the N-terminus (Gong et al.,
2005). Tau protein is modulated by phosphatases (dephosphorylation) and
kinases (phosphorylation) causing tau microtubule binding and un-binding from
the microtubulus, respectively. Under physiological conditions both de-
phosphorylation and phosphorylation are required for tau’s physiological
function, hence, tau phosphorylation states are under a constant dynamic
equilibrium. However, abnormal hyperphosphorylation causes complete
dissociation of tau from the microtubule, leading to depolymerized microtubules
and, crucially, tau looses its biological function (Igbal et al., 1986, Lindwall and
Cole, 1984) and is termed HPT, undergoing conformational change and
aggregation into filaments and subsequently paired helical filaments (PHF)
occur (Metcalfe and Figueiredo-Pereira, 2010) (Figure 1.4). Phosphorylation is
up to 4-fold higher in AD brains compared to normal (Ksiezak-Reding et al.,
1992). The cause of tau hyperphosphorylation remains to be fully elucidated;
theoretically up regulation of kinase activity and down regulation of
phosphatase activity would generate hyperphosphorylation, however, studies
are inconsistent and as of yet all attempts to induce NFT in animal model via
alteration of phosphorylation have failed (Gong et al., 2005). Furthermore, other
post-translational modifications of tau e.g. glycosylation, ubiquitination etc., may
also play an important role in the pathogenesis of NFT formation (Gong et al.,
2005, Garcia-Sierra et al., 2008, Metcalfe and Figueiredo-Pereira, 2010, Wang
et al., 2007).
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Figure 1.4. Schematic diagram illustrating the proposed pathogenesis of NFT. Tau is a
microtubule-associated protein primarily located in the neuronal axon. Dephosphorylated tau
binds to microtubule components a and B tubulin at the MBD. Phosphorylation of tau protein,
via serine and/or threonine residues, is controlled by kinases such as GSK-3f3 and cdk5, and
phosphatases PP2A and PP5. It is proposed that when the dynamic equation favors kinases,
hyperphosphorylation of tau occurs. In conjunction with various post-translational modifications,
HPT dissociates from the microtubule, causing microtubule breakdown. HPT undergoes self-
aggregation in to PHF, which compose NT in neuronal dendrites, and eventually form NFT in
the neuronal soma. MBD, microtubule binding domain; GSK-3[3, glycogen synthase kinase 3;
cdk5, cyclin dependent kinase 5; HPT, Hyperphosphorylated tau; NFT, neurofibrillary tangles;
NT, neuropil threads PP2A/5, protein phosphatase 2A/5; PHF, paired helical filaments;

Using immunohistochemical antibodies (e.g., AT8) accumulations of HPT can
be visualized in post mortem tissue. In AD, accumulations are seen in neurons
and encompass both 3R and 4R HPT variants. HPT accumulates in the
neuronal soma as NFT (also non-aggregated HPT can accumulate as pre-
tangles; considered a precursor of NFT), and in the dendrites and processes of
the tangle containing neurons as NT, which are short, fragmented fiber-like
accumulations of HPT (Braak and Braak, 1988) (Figure 1.5). Ghost-tangles are
a form of extracellular NFT found in severely effected areas after neuronal loss
(Cras et al., 1995). Importantly the extent of NFT/NT correlates with cognitive
deficits (Giannakopoulos et al., 2003). In AD, NFT/NT are predominantly found
in the entorhinal cortex, hippocampus and layer Il and VI of the isocortex, the
olfactory bulb and locus ceruleus (Attems et al., 2012, Braak and Del Tredici,
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2011, Attems et al., 2005c). It is widely accepted that NFT/NT initially manifest
in the transentorhinal and entorhinal cortices and gradually spread to the
hippocampus and isocortex in a specific pattern, which is the basis for the
neuropathological grading system used for the diagnosis of AD (see section
2.2.2) NFT are associated with both neuronal death (Gomez-Isla et al., 1997)
and cognitive impairment in AD (Braak and Braak, 1996, Giannakopoulos et al.,
2003, Ince, 2001, Rossler et al., 2002).
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Figure 1.5. A) NFT and NT in the subiculum of the hippocampus . A1) Arrow heads indicate
neuronal soma that comprises the NFT. Arrows indicate NT in neuronal processes. Red ovals
highlight neuritic plaques. Immunohistochemistry AT8; NFT, neurofibrillary tangles; N, neuropil
threads; Scale bars: A 500um; A1 50um.

APP, a type-1 transmembrane protein highly expressed in neurons, undergoes
enzymatic cleavage by a or B secretase and secondary cleavage by the y-
secretase complex to produce various peptides required for cellular function
e.g. APP-intracellular cytoplasmic domain for DNA transcription regulation.
Under physiological conditions the a-secretase, or non-amyloidogenic pathway,
is dominant and does not result in the formation of AR peptide (40kDa). By
contrast, in AD the B secretase, or amyloidogenic pathway, is more prevalent
and abnormal amounts of the AR peptide are produced that eventually forms
extracellular AR deposits. B-secretases cleave the extracellular APP domain,
followed by secondary cleavage by y-secretase complex, resulting in the
formation of AB peptides (Selkoe, 2008). Various isoforms of Af exist, the most
common being the 1-40 (95% of peptides (Naslund et al., 1994)) and 1-42
variants (Citron et al., 1996), with the latter having 2 supplementary amino acids
which renders it more hydrophobic and prone to precipitate in water and initiate
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oligomerization and self-aggregation into plaques (Naslund et al., 1994) (Figure
1.6).

The physiological function of AB is unknown although recent evidence has
indicated roles in positive synapse activity (Puzzo et al., 2008). However,
deletion of APP in transgenic mice does not have a significant effect on life
expectancy (Zheng et al., 1995). Degradation of AP occurs via multiple
enzymes, the most important ones being neprilysin and insulin degrading
enzyme (IDE). In addition AB may be cleared via interstitial fluid and
perivascular spaces, which is considered the brains lymphatic drainage system
(Weller et al., 2009). AB deposition is related to the imbalance of production and
clearance of the AP peptide. It has been postulated that slight
variations/alterations in this equilibrium, as a result of (epi)-genetic and
environmental factors, cause an increase in AB plaque deposition over time. A
study by Tyler and colleagues (Tyler et al., 2002) found that in 15
neuropathologically confirmed AD brains, 80% had either a decrease in a-
secretase activity (81% of normal activity), an increase in B-secretase activity
(average 185% of normal activity) or both compared to control brains,

highlighting the implications of an imbalance in AR peptide production.
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Figure 1.6. Schematic diagram illustrating the proposed pathogenesis of AR deposits (focusing
on AB-42 only). The transmembrane protein APP is first cleaved in the extracellular domain by a
BACE-1, a B-secretase, releasing sAPPB fragment. Subsequent intramembrane cleavage by
presenilin-1, a Y-secretase , produces the extracellular AB-42 peptide and C99 fragment.
Increased production or activity of § and Y secretases, and/or failure of PVD, and/or decreased
enzymatic clearance via neprilysin or IDE, results in an increase of endogenous AB-42. A3-42
undergoes self-aggregation and oligomerization to form an extracellular AR plaque. APP,
amyloid precursor protein; BACE-1, beta-site APP cleaving enzyme 1; sAPPJ3, secreted APP-
beta; AB, amyloid-beta; C99, carboxyl terminal 99 fragment; IDE, insulin degrading enzyme;
PVD, perivascular drainage.

In recent years a plethora of anti- AP antibodies for wuse in
immunohistochemistry has been developed (e.g. 4G8), revealing the different
morphological forms of extracellular AR aggregates. There are 2 main types of
parenchymal deposits; i) diffuse AR deposits are usually large (50-100’s um)
with continuous ill-defined borders, also termed as ‘lake-like’ or ‘fleecy’
(Duyckaerts et al., 2009) (Figure 1.7 A-A3), while ii) focal AR deposits
incorporate a dense, spherical accumulation of AB peptide that may contain
focal deposits of activated microglia (Arends et al., 2000) with/without a neuritic
corona. Focal deposits with a neuritic corona are referred to as neuritic plaques;
the central deposit is virtually always AB-42 (Guntert et al., 2006) with an
external halo (the corona) of HPT from dystrophic neurites (Figure 1.7 B).
Neuritic plaques are strongly associated with AD, while diffuse and non-tau
containing focal deposits are also frequently seen in controls both in post
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mortem brains and in vivo using Pittsburgh compound-B (PIB) PET scans
(Lockhart et al., 2007). However, AR deposits have no significant correlation
with clinical dementia symptoms (Delaere et al., 1990, Dickson et al., 1992).
The large majority of AR deposits are located in the grey matter (although there
may be diffuse deposits in the white matter (WM) (Duyckaerts et al., 2009)) and
neuritic plaques are preferentially found in cortical cell layers 1l and Il
(Duyckaerts et al., 1986). The topographical locations of AR deposits are not
random and follow a distinct sequence based on the stage of disease, which is
used in the neuropathological diagnosis of AD and described in section 2.2.
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Figure 1.7. Different morphology of AB deposition in the pre-frontal cortex (A-A3). Subpial band-
like AB (arrows, A1); fleecy AB (oval, A2), focal AB plaques (A3). Neuritic plaques (B) contain a
dense aggregated AR core (blue arrow head) surrounded by a neuritic coronal (red arrow
heads) made of dystrophic neurites (green arrow). A 4G8, B Gallyas silver stain; Scale bars: A

500um; A1, B 20um; A2 100um; A3 50um.
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Both AR and HPT have been studied in great detail. Most therapeutic
approaches for AD target AB deposition due to the ‘amyloid cascade
hypothesis’, that proposes AR accumulation, in the form of oligomers, is the
primary event in AD pathogenesis (Hardy and Selkoe, 2002, Hardy and
Higgins, 1992) (Figure 1.8). Evidence for this theory stems from Trisomy 21 and
various mutations of APP and presenilins genes in familial AD cases that clearly
exhibit both HPT and AP pathologies. However, subjects with a tau gene
mutation, such as those involved in taupathies e.g. familial forms of
frontotemporal lobar degeneration (FTLD) characterized by severe NFT, do not
exhibit AB pathology, suggesting that APP metabolism alteration may trigger
HPT (Munoz and Ferrer, 2008), as severe HPT pathology in tauopathies does
not result in AR accumulation (Hutton et al., 1998). Furthermore, AB oligomers
have been shown to promote phosphorylation of tau in primary hippocampal
neurons (De Felice et al., 2008) and activate specific cell signaling triggering
NFT pathogenesis (Alvarez et al., 1999, Patrick et al., 1999, Alvarez et al.,
2001) suggesting HPT formation in AD is secondary to AB accumulation and

directly affected by A species.
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Figure 1.8. ‘The amyloid cascade hypothesis’. A sequence of proposed pathological events that
lead to AD. Adapted from (Hardy, 2002).

Although, contrary evidence suggests that in age-related AD the ‘amyloid
cascade hypothesis’ may not always apply as large autopsy studies have
shown that HPT pathology predates AB depositions by decades (Duyckaerts
and Hauw, 1997). In transgenic animal studies, mice that express human APP
exhibit abundant AB deposition but no tau pathology (Oddo et al., 2003) and
transgenic tau knock-out mice exhibit no neuronal degeneration indicating tau is
required for neurodegeneration in AD and is not merely a ‘secondary’ pathology
(Rapoport et al., 2002). Most importantly there is a lack of correlation between
AB deposition and cognitive deficits, and it is not uncommon for elderly
individuals with severe AR pathology to maintain normal cognitive function
(Braak and Braak, 1991), further supporting HPT as main instigator of
neurodegeneration in AD. Furthermore, the ‘amyloid cascade hypothesis’ has
been the backbone to the vast majority of drug research into AD; however, no
therapies designed to prevent and/or reverse amyloid accumulation have
passed Phase Il clinical trials (Karran et al., 2011).
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Although the relationship of HPT and AB is not yet fully determined, the co-
occurrence of pathologies in AD suggests a synergistic relationship. Recently,
the ‘tau axis hypothesis of Alzheimer’s disease’ (Ittner and Gotz, 2011) was
proposed linking the 2 pathologies to the dendritic compartments of the neuron
(Ittner et al., 2010) with both pathologies playing a part in neurotoxicity (Figure
1.9). This hypothesis is supported by the presence of neuritic plaques (HPT is
present in dystrophic neurites) and co-localization studies, which show that at
least 25% of neuritic plaques occur at synapses (Fein et al., 2008).

A. Early AD B. Disease C. Late AD
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Figure 1.9. Schematic diagram illustrating the ‘tau axis hypothesis’, which was recently
proposed due to the discovery of tau in neuronal dendrites under physiological conditions,
suggesting a role as a scaffolding compartment in post-synaptic compartments. The hypothesis
has 3 stages: 1) Early AD: postsynaptic toxicity of AB is tau-dependent; tau interacts with
tyrosine protein kinase FYN, thereby, increases FYN’s targeting to the posy-synaptic
compartment. FYN in turn activates NMDA receptors, and this increase causes sensitization of
NMDA receptors and makes them responsive to AB. 2) Disease progression: continued
exposure of AB triggers tau phosphorylation and NFT/NT accumulate in the dendrites and
soma. 3) Late AD: high levels of hyperphosphorylated tau in the dendritic and soma
compartments and the toxic effects of AB lead to neuronal vulnerability and eventually loss of
synaptic connections and death. Modified from Ittner and Gotz, 2011.

Although the neuropathological diagnosis of AD relies on the staging of both
NFT/NT and AB deposition, additional pathological lesions associated with AD
may be present including cerebral amyloid angiopathy (CAA), hippocampal
sclerosis (HS) and granulovacuolar degeneration (GVD).
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CAA is characterized by the deposition of AB in vessel walls of leptomeningeal
and cortical arteries, arterioles and, rarely, veins (Vinters, 1987) and is strongly
associated with AD-related pathology, present in 80-100% of AD cases (Attems
and Jellinger, 2004, Attems et al., 2005a). Morphologically, moderate/severe
amounts of predominantly AB-40 (Glenner and Wong, 1984) is initially
deposited in the tunic media, eventually spreading into all vessel wall layers
causing thickening, loss of smooth muscle cells (SMC) and disruption of vessel
architecture, with the preservation of endothelial cells. There are 2 types of
CAA; CAA-type 1 characterized by the presence of capillary CAA with or
without CAA in in other vessels; CAA-type 2 is restricted to leptomeningeal and
cortical arteries, arterioles and rarely veins, without capillary involvement (Thal
et al., 2002a). CAA primarily affects the leptomeningeal and cortical vessels of
neocortical regions (Thal et al., 2003) and somewhat resembles distribution
pattern of AR deposition. However, in CAA the occipital lobe is frequently and
severely affected, followed by parietal, frontal and temporal cortices (Attems et
al., 2005a), cerebellum and finally basal ganglia and thalamus (Vinters, 1987).
CAA is thought to arise due to the physiologically drainage of AB and it’s
transporter apolipoprotein E (apoE) (Mahley, 1988), via perivascular spaces
(PVS) and vascular basement membranes. It is suggested that alteration of this
mechanism or variants of apoE (APOE &4 allele is a significant risk factor for AD
and CAA) (Deane et al., 2008), contributes to the development of CAA. In
addition, smooth muscle cell derived AR is thought to contribute to the AB
deposition in vessel walls (Mazur-Kolecka et al., 2006). As to date, no
standardized neuropathological consensus criteria for the scoring of CAA are
established but several methods have been published to describe the severity
of CAA in post mortem brains (Thal et al., 2003, Chalmers et al., 2009, Attems
et al., 2005a).

HS is defined as severe astrogliosis and neuronal loss in CA1, a region
vulnerable to hypoxic damage, and the subiculum. Autopsy series reports have
shown the prevalence of HS can be up to 26 % in the demented elderly (Attems
and Jellinger, 2006) and is a frequently seen in AD cases (Jellinger, 2007). HS
is strongly linked to aberrant TDP-43 pathology (Nelson et al., 2013); a
neuropathological study showed that almost 90% of HS cases demonstrated
aberrant TDP-43 pathology compared to 10% of controls (Nelson et al., 2011).
HS is also suggested to have a pathogenic link to coronary heart disease and
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concurring occult hypoxic-ischemic episodes (Attems and Jellinger, 2006).

GVD is characterized by vacuolar cytoplasmic changes of neurons of the
medial temporal lobe (MTL) (Ball and Lo, 1977) and regions of the neocortex
and deep grey matter (DGM) nuclei (Steele et al., 1964). There are 5 stages of
GVD, based on a hierarchy distribution pattern beginning in the hippocampal
subfields (CA1/2 and subiculum), spreading to the entorinhinal cortex, CA4 and
temporal neocortex, eventually percolating the thalamic nuclei and
frontal/parietal neocortex (Thal et al.,, 2011). GVD is frequently seen in AD
cases compared to normal aged control cases (Ball, 1977), and most
importantly the GVD stages correlate with AD-specific pathology i.e. NFT and
AB deposition, but not other neurodegenerative disorders (Thal et al., 2011),
indicating a possible role in the chronic stress response in AD pathogenesis.

A definitive diagnosis of AD is given post mortem via histological assessment of
both HPT and AB deposition. With disease progression, the neuropathological
lesions of AD increase step-wise following a hierarchical pattern. Several
criteria are available for the neuropathological diagnosis of AD. The
topographical distribution pattern of NFT/NT pathology is central to the disease
progression and staging of AD. Braak neurofibrillary stages describe the
progression of NFT/NT and (Braak et al., 2006, Braak and Braak, 1991)
(section 2.2.2 and Thal AB phases describe the progression of parenchymal A
depositions (Thal et al., 2002b) (section 2.2.3 ). The Age adjusted criteria of the
Consortium to Establish a Registry for Alzheimer's Disease (CERAD) is a
practical and standardized neuropathology protocol based on age and semi-
quantitative assessment of neuritic plaques providing neuropathological
definitions; A: "possible AD", B: "probable AD", C: "definite Alzheimer's disease"
and "normal brain" to indicate levels of diagnostic certainty (Mirra et al., 1991)
(section 2.2.4). The above criteria are combined into the NIA-Alzheimer's
Association guidelines to yield a ‘ABC’ score from the AB plaque score (Thal
phases), Braak neurofibrillary stage, and CERAD neuritic plaque score to reflect
the amount of ‘Alzheimer Disease Neuropathological Change’ on a four-tiered
scale (Montine et al., 2012) (section 2.2.5).
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1.4.2 Lewy body diseases

Lewy body diseases (LBD) include dementia with Lewy bodies (DLB),
Parkinson’s disease (PD), and Parkinson’s disease dementia (PDD) (McKeith et
al., 2005). Pathologically the 3 disorders are characterized by hallmark neuronal
inclusion of alpha-synuclein (a-syn) in the form of Lewy bodies (LB) in neuronal
soma, and Lewy neurites (LN) in the neuronal processes (Spillantini et al.,

1997), therefore LBD may also be referred to as a synuclenopathies.

a-syn is a 140 amino acid lipid binding protein of the brain, localized in
presynaptic terminals (Goedert, 2001). Its physiological function(s) remain(s)
elusive, although, evidence suggests a-syn plays a role in the modulation of
synaptic transmissions, particularly supporting conformational changes of the
synaptic SNARE protein complex (Chandra et al., 2005) and neuronal plasticity
(Waxman and Giasson, 2009). Little is known about the mechanism(s) that
drive(s) a-syn aggregation under pathologic conditions. Phosphorylation at
serine residue 129 is thought to play a key role in the production of the
pathological variant (Anderson et al., 2006) in conjunction with nitration and
reactive oxygen species alterations (Giasson et al., 2000, Paik et al., 2000,
Paxinou et al., 2001, Uversky et al., 2001). The pathological impact of LB and
LN and whether they are detrimental to normal cellular functions or a
manifestation of a cytoprotective response remains unresolved (Jellinger,
2010). Toxicity of a-syn oligomers has been demonstrated (Winner et al., 2011)
specifically in the direct binding and fragmentation of mitochondria that can lead
to neuronal death (Nakamura et al., 2011). However, formation of a-syn
oligomers has been shown to predate the formation of LB/LN which are
composed of aggregated a-syn (Galvin et al., 2001). LB/LN do not always
correlate with the pathology (Jellinger, 2009), showing an inconsistent
relationship to the clinical disease (Colosimo et al., 2003, Zaccai et al., 2008,
Burke et al., 2008, Parkkinen et al., 2008), though, others have found a
correlation of LB/LN with cognitive impairment (Bertrand et al., 2004, Apaydin et
al., 2002).

LB inclusions occur in 2 forms (Figure 1.10); 1) classical LB are spherical
cytoplasmic inclusions approximately 8-30um in diameter, with a pale hyaline

eosinophilic core surrounded by concentric lamellar bands. Classic LB are
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predominantly seen in the pigmented neurons of the subtantia nigra, locus
ceruleus and dorsal motor nucleus of nervus vagus, and neurons may contain
multiple inclusions. 2) cortical LB are angular, rounded or reniform eosinophilic
structures without a halo, frequently seen in the iso- and allocortical areas of PD
brains (Jellinger, 2012, Attems and Jellinger, 2013b). LN are curvilinear or dot
like processes in dystrophic neuritis (Saito et al., 2003) found in close proximity
to LB.
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Figure 1.10. a-syn pathology: A) LB/LN in the thalamus of a DLB brain; classic LB with a pale
hyaline eosinophilic core (A1, red arrowhead). B) cortical LB in temporal cortex (black arrow). C)
reniform LB (black arrow), circular LB (black arrow head), LN with dot (red arrow head) and
curvilinear (blue arrow head) morphologies. LB, Lewy bodies; LN, Lewy neurites;
Immunohistochemistry; a-syn; Scale bars: A 100um; A1, B 20pm; C 50um.

DLB is the second most common age associated neurodegenerative dementia
accounting for up to 26% of dementias (Ince, 2001). The core features of DLB,
as opposed to other types of dementia, include cognitive fluctuations, visual
hallucinations, Parkinsonism, REM sleep disorders, depression and neuroleptic
sensitivity (McKeith et al., 2005). The brains of DLB patients may show
widespread atrophy, similar to AD, or appear normal. Due to loss of pigmented
neurons, the substantia nigra is usually pale and the locus coeruleus is usually
depigmented. Histologically, DLB is characterized by severe LB and LN in the
substantia nigra, locus coeruleus, hippocampus and neocortex, (Braak et al.,
2003, McKeith et al., 2005).

PD has a prevalence of approximately 3% in the over 65 years. It is a
progressive neurological movement disorder defined by both clinical
extrapyramidal symptoms such as bradykinesia, resting tremor, rigidity, and
postural instability (clinically referred to as Parkinsonism) and non-motor related
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symptoms such as cognitive and neurobehavioural abnormalities (Dickson,
2012, Jankovic, 2008). The hallmark macroscopic pathological feature of PD is
pallor of the substantia nigra and often locus coeruleus and histologically
severe LB/LN are predominantly present in substantia nigra, locus coeruleus
and dorsal motor nucleus of vagal nerve (Attems and Jellinger, 2013b).
Furthermore, there is severe loss of pigmented neurons (45-66%) and
dopaminergic (60-88%) neurons of the substantia nigra, particularly in striatal
projections (Jellinger, 2012, Attems and Jellinger, 2013b, Damier et al., 1999).

DLB and PD are differentiated clinically by the predominance of extrapyramidal
motor features of PD and dementia in DLB. However, in some patients there is
an overlap in both features; for clinical classification, if dementia onset occurs
within 12 months of parkinsonism features its is defined as DLB, if onset is after
12 months (although it is typically 10 years) it is defined as PDD (McKeith et al.,
2005). Other than the age of onset there are no major differences between DLB
and PDD in clinical variables including cognitive profile (Aarsland et al., 2003),
neuropsychatric features (Ballard et al., 2002), sleep disorders (Boeve et al.,
1998) and severity of parkinsonism (Aarsland et al., 2001). A definitive
diagnosis of LBD is given post mortem via histological assessment of a-syn
pathology. With disease progression a-syn pathology increase step-wise
following a hierarchical pattern. Two different criteria are commonly used for the
neuropathological diagnosis (these are described in more detail in section 2.3);
Braak a-syn stages encompasses a-syn related pathology in 6 stages (Braak et
al., 2003) and the Newcastle-McKeith criteria for LBD which distinguish
between brainstem dominant, limbic and diffuse neocortical types (McKeith et
al., 2005). This is used in conjunction with clinical information to give a definitive
clinical-pathological diagnosis.

1.4.3 Tauopathies

Tauopathies are a class of neurodegenerative diseases associated with the
pathological accumulation of HPT (Grundke-Igbal et al., 1986) in neurons and
glia cells. Alternative splices of MAPT gene yields 2 main species of tau
referred to as 3R and 4R (Andreadis et al., 1992) that have preferential
deposition in different tauopathies (Goedert et al., 1989). Tauopathies can also
be classified as FTLD with tau (FTLD-tau) due to the high prevalence of cortical
atrophy in the frontal and temporal lobes. For this study | will focus on
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Corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP)
only.

CBD has a highly varied clinical presentation due to variation in focal cortical
degeneration (Litvan et al., 2000), frequently seen in the frontal lobes (Kertesz
et al., 2000). Classic presentation often referred to as corticobasal syndrome
(CBS) shows marked asymmetrical atrophy of cortical gyri of the superior frontal
and parietal parasagittal regions, and loss of pigmented neurons in the
substantia nigra. Neuropathological hallmarks of CBS include the accumulation
of hyperphosphorylated 4R tau isoform in the neuropil and distal segments of
neurons and astrocytes of the cortex, DGM and brain stem. The astrocytic
plaque is a specific hallmark lesion in CBD and is not present in other
neurodegenerative diseases (Feany and Dickson, 1995, Komori et al., 1998).
Swollen achromatic neurons are also frequently seen in affected cortical areas
(Rebeiz et al., 1967).

The clinical presentation of PSP is commonly atypical Parkinsonism (Steele et
al., 1964), with postural instability and gait failure (Williams et al., 2007) as well
as dementia (Bigio et al., 1999). PSP is characterized by the accumulation of
hyperphosphorylated 4R tau isoform. The distribution of tau determines the
clinical presentation; some cases have severe brainstem involvement e.g.
severe akinsia, while others have severe cortical involvement e.g. dementia,
speech apraxia (Tsuboi et al., 2005). Core regions affected include basal
ganglia, sub-thalamic nucleus, substania nigra (Hauw et al., 1994) and
cerebellar atrophy (Tsuboi et al., 2003). Neuropathlogical hallmarks lesions
include neuronal globose NFT, and tufted astrocytes, mainly in the motor cortex
and corpus striatum, which are considered the characteristic lesion of PSP
(Yamada et al., 1992). Neuronal loss and gliosis is marked in the substania
nigra and subthalamic nucleus, in conjunction with many thread-like processes
and coiled oligodendroglial bodies. In PSP, thread-like processes and coiled
bodies are found together, whereas in CBD threads are in complete absence of
coiled bodies, distinguishing between the two tauopathies (Dickson, 2009).
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1.5 Cerebral vascular disease

Cerebral vascular disease (CVD) describes a group of disorders affecting the
vascular system of the brain. The frequency and severity of CVD is associated
with increasing age in both demented and non-demented individuals. Although
the brain comprises only 2% of total body weight, cerebral blood flow makes up
approximately 15% of cardiac input and 20% of total oxygen consumption,
therefore, functional blood supply is critical for the physiological function and
maintenance of cerebral tissues (Kalimo, 2005).

CVD is increasingly recognized as a cause of cognitive impairment and
dementia, either alone or in conjunction with various other pathologies.
Vascular cognitive impairment (VCI) describes a continuum of cognitive
disorders ranging from mild cognitive impairment (MCI) to dementia as a result
of CVD or injury (Jellinger, 2013). There is no generally accepted definition for
VaD as it rather refers to a concept that implies severe impairment in multiple
cognitive domains as a result of CVD (Ince, 2005). VaD is considered the
second most common form of dementia after AD, although this is primarily
based on clinical population-studies in which an accurate diagnosis is difficult
due to overlapping clinical symptoms of neurodegenerative diseases. Autopsy
series show that pure VaD, without other concomitant pathologies, is rather rare
(12.3%) (Jellinger and Attems, 2010a).

The three most important vascular pathologies (VP) in the ageing human brain
are atherosclerosis (AS), small-vessel disease (SVD) and CAA. AS is a
degenerative disorder affecting large to medium sized cerebral arteries, most
commonly the Circle of Willis (Beach et al., 2007) and the extra-cranial carotid
arteries. Thickening of the tunica intima (innermost part of the vessel), splitting
of the lamina elastica interna (outer elastic layer of the tunica intima), with
subsequent accumulation of cholesterol-laden macrophages (foam cells)
generates an atherosclerotic plaque (Stary, 2000, Stary et al., 1995, Stary et al.,
1994) that eventually forms into cholesterol clefts and calcification (Figure 1.11
A). Mature atherosclerotic plaques may cause narrowing of the artery lumen,
thereby reducing the blood supply for the supported region, and are prone to
rupture causing subsequent thrombosis (vessel occlusion due to a blood clot at
site of origin) or downstream thrombo-embolism (vessel occlusion from

travelling thrombus) of a smaller vessel (Stary, 2000). The frequency and
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severity of AS increases with ageing; a post mortem study found that 41% of
60-70 year olds and 76% of >81 years were found to have AS in the Circle of
Willis (Larionov et al., 2006).

SVD itself encompasses three degenerative alterations of the vessels walls of
smaller arteries and arterioles; 1) SVD-AS has a similar pathogenesis to AS
affecting the small intracerebral and leptomeningeal arteries (200-800um)
forming small plaques known as microatheromas (Grinberg and Thal, 2010); 2)
Lipohyalinosis affects the smaller arteries and arterioles (40-300um) of the WM
and DGM. Vessel walls exhibit asymmetric fibrosis/hyalinosis with foam cell
infiltration as a result of blood-brain-barrier (BBB) breakdown implicating plasma
protein leakage and hence fibroid necrosis (Grinberg and Thal, 2010); 3).
Arteriolosclerosis is the concentric hyaline thickening of small arterioles (40-
150um) of the WM leading to stenosis of the blood vessel (Grinberg and Thal,
2010) (Figure 1.11 B-D). Usually SVD initially manifests in arteries and
arterioles of the basal ganglia, spreading to WM arteries and eventually the
brain stem, leaving cortical vessels relatively free (Thal et al., 2003). This study
will focus only on SVD. Finally, CAA is characterized as deposits of AB in
cerebral, leptomeningeal vessel walls and capillaries as previously described in
section 1.4.1 (Figure 1.11 E).

Although AS, SVD and CAA are distinct entities studies have shown that they
share risk factors, mainly arterial hypertension (Lammie et al., 1997, Lusis et al.,
2004) and APOE¢e4 allele (Yip et al., 2005, Thal et al., 2007). This is thought to
account for similar morphological alterations e.g. AS, SVD-AS and similar
pathological consequences e.g. BBB breakdown leading to plasma protein
leakage in all 3 disease entities (Grinberg and Thal, 2010).
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Figure 1.11. Cerebral vascular disease pathology. A) Photo-microimage of atherosclerotic
plaque located in the tunica intima (I) (innermost layer below the tunica adventitia and tunica
media (M)). Calcified material is located in the core (white area) above infiltrating foam cells
(FC) above the basement membrane (BM). B) WM arteriole with asymmetric fibrosis (black
arrow); C) WM artery exhibiting plasma protein A2M within the vessel wall. B, C) lipohyalinosis.
D) WM arteriole exhibiting severe concentric fibrosis with almost complete occlusion of the
vessel lumen (black arrowhead). E, E1) CAA in leptomeningeal arteries of the occipital lobe.
Fixation/immunohistochemistry; A, fixation by pressure-perfusion with glutaraldehyde; B,D, H&E
stain; C, A2M; E, E1, 4G8: Scale bars; Approximately x550 magnification on electron
microscope (ref); B, D, E1 20pm; C 50um; E 500um. WM, white matter. Image A from (Stary et
al., 1995), image C from (Grinberg and Thal, 2010).

Various cerebral vascular lesions (CVL) occur as a result of VP, varying in
location and size according to the underlying vessel disorder (Figure 1.12).
Cerebral infarction i.e. tissue necrosis due to insufficient blood supply,
hemorrhage i.e. blood extravasation into the brain parenchyma and white
matter lesions (WML) all result in damage and/or destruction of tissues leading
to neurological and cognitive dysfunction and/or exacerbate other
neuropathogies e.g. AD pathology (Grinberg and Thal, 2010). This study will
focus on WML, which are discussed in detail in section 1.6.
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Figure 1.12. Diagram showing the various cerebral vascular lesions, as a consequence of
cerebral vascular disease, in the ageing human brain. AS, atherosclerosis; SVD, small vessel
disease; CAA, cerebral amyloid angiopathy; WML, white matter lesion; PVWML, periventricular
white matter lesion.

Currently no validated consensus neuropathological criteria for VCI, VaD or VP
are available, despite several attempts being put forward (Jellinger, 2008,
Kalaria et al., 2004, Roman et al., 1993, Deramecourt et al., 2012). This is due
to various reasons; i) VaD is not a single entity and CVL comprise of
heterogenous changes with varying pathogenesis (Thal et al., 2012); ii) there
are varying neuropathological terms for the same pathogenesis (Grinberg,
2013); iii) many cases contain mixed pathologies and with no general
agreement of what level of vascular burden allows for cognitive decline it is
difficult to determine if dementia is of vascular etiology; iv) current methods
used may sometimes miss vascular changes as relatively small tissue sample
are generally used (Grinberg, 2013). Current post mortem diagnosis relies on
the identification of significant CVL in the absence of other changes that may
explain cognitive decline (Hachinski et al., 2006, Kalaria et al., 2004).
Pathologic studies have shown considerable differences in the prevalence of
VaD ranging from 0.03% to 85.2%, indicating the lack of reliable data available
due to the lack of consensus criteria (Jellinger, 2013). Hence, respective
consensus criteria are urgently needed (Alafuzoff et al., 2012, Pantoni et al.,
2006, Sachdev et al., 2014).
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1.6  White matter lesions and hyperintensities

WML are synonymous with the radiological term ‘leukoaraiosis’ that was
introduced over 20 years ago (Hachinski et al., 1987). Due to the rapid progress
of neuroimaging methods, it became clear that diffuse density changes were
apparent in the cerebral WM of both demented and non-demented brains.
Leukoaraiosis is defined as bilateral, patchy or diffuse WM abnormalities i.e. low
density changes on CT or white matter hyperintensities (WMH) on T2/FLAIR
magnetic resonance imaging (MRI) that is commonly used (O'Sullivan, 2008).

Pathologically, these density changes are apparent in the deep WM as WML,
characterized by enlarged perivascular spaces (EPVS) and rarefaction that is
appreciated as WM pallor on histological slides stained with appropriate
histochemical methods e.g. Luxol fast blue for myelin. WML also present with a
decrease in axonal density, demyelination, complete axonal loss (Yamanouchi
et al., 1989) and reactive gliosis but spare subcortical U-fibres (Debette and
Markus, 2010, Gouw et al., 2011, Thal et al., 2012, van Swieten et al., 1991,
Babikian and Ropper, 1987, Caplan and Schoene, 1978). Perivascular white
matter lesions (PVWML) are evident as disruption to the ependymal lining,
myelin pallor and astrogliosis within a 5-10mm zone adjacent to the ventricle.
Radiologically, Perivascular white matter hyperintensities (PVWMH) are
apparent as ‘caps’ around the frontal horns and as a ‘pencil-thin line’ or a
‘smooth halo’ around the sides of the lateral ventricles. Lacunes may also be
present, defined histologically as small cavities in both the WM and DGM or
round or ovoid subcortical cavities between 3-15 mm in diameter on MRI
(Wardlaw et al., 2013), which are thought to result from occlusion of small
perforating arteries (Grinberg and Thal, 2010).

Radiologically, WML are classified as i) single ‘punctate’ lesions <10mm, ii)
‘early confluent’ lesions that are 10-20mm in size linked by a ‘connecting
bridge’, iii) finally ‘confluent’ lesions which are >20mm and show clear
confluency between abnormalities. This is supported by the evidence of lesion
progression; The Austrian Stroke Prevention Study (Schmidt et al., 2003) found
no increase in WML volume in subjects with ‘punctate’ lesions at base-line to
follow up in contrast to ‘early confluent’ and ‘confluent’ lesions which showed a
rapid increase in volume in subsequent follow ups at 3 and 6 years. This
indicates that ‘punctate’ lesions are of possible mixed origin and therefore less
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harmful, whereas ‘early confluent’” and confluent’ lesions are of ischemic origin
and therefore progressive and more severe (Schmidt et al., 2011). Lacunes
(>5mm) of the DGM are assessed based on the number of lesions i.e. 0, no

lesions; 1, 1 lesion; 2, > 1 lesion; 3, confluent lesions.

It is widely accepted that SVD is the main cause of WML and lacunes in both
demented and non-demented individuals (Gouw et al., 2011), affecting the long
penetrating arteries and arterioles that branch from the pial vessel network on
the surface of the brain that supply the cerebral WM. In the brains of
asymptomatic patients vessel changes may be apparent but are thought to
rarely progress past concentric hyaline thickening, hence leukoariosis is usually
less severe when compared to the brains of demented individuals (Schmidt et
al., 2011). Small vessel wall alterations are assumed to lead to disturbed arterial
autoregulation with or without blood—brain barrier dysfunction (Schmidt et al.,
2007) and promote progressive stenosis as well as occlusion leading to chronic
hypoperfusion of surrounding tissues (Kalaria et al., 2004). Penetrating arteries
from the pia mater do not arborise (Rowbotham and Little, 1965), consequently
blood supply accommodates a cylindrical area of WM with very little collateral
flow, therefore, SVD renders the entire area hypoxic resulting in diffuse areas
of WM damage. Although, PVWML are thought to be of non-ischemic origin, as
there is no evidence of SVD-related damage, their pathogenesis remains to be
elucidated (Schmidt et al.,, 2011). Collectively, SVD and its associated
neuropathological lesions i.e. EPVS, WML, lacunes, can be referred to as

subcortical vascular pathology (SVP).

1.6.1 Clinical relevance of WML/WMH

Population-based studies have show the prevalence of WMH varies between
45-95% with prevalence increasing with age from >20% in the under 30 years
up to 100% in 71-80 years (Christiansen et al., 1994, van Dijk et al., 2002).
WMH are frequently seen in both the asymptomatic normally aged and
demented individuals; asymptomatic individuals mostly exhibit PV ‘caps’ and
‘punctate’ lesions at a prevalence of 50% in 55 years and over and less
frequently present with ‘early confluent’ or ‘confluent’ lesion at a rate of 20% in
75 years and over (Schmidt et al., 2011). In contrast, demented subjects show
a much higher frequency and more severe WMH, regardless of the dementia
type, with a clinical in vivo study showing frequency rates 85% in LBD, 89% in
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AD (approx. 40% in neuropathological defined AD cases (O'Sullivan, 2008,
Nagata et al., 2012)), and 96% in VaD (Barber et al., 1999). Therefore, WMH
are a frequent co-morbidity that co-exists with neurodegenerative hallmark
pathology.

There is ample evidence, in both community and hospital based cohorts of
various ethnic groups, that WMH are associated with a wide range of cognitive
deficits including cognitive impairment (Esiri et al., 1999, Kalaria et al., 2004,
Smallwood et al., 2012, Vinters et al., 2000, Baune et al., 2009, Shenkin et al.,
2005, Stenset et al., 2008, Zhou et al., 2008), cognitive decline (Koga et al.,
2009), executive function deficits (Bracco et al., 2005), memory decline
(Mungas et al., 2009) and decreased information processing speed (Prins et al.,
2005, Sachdev et al., 2005). Furthermore, WMH are associated with increased
disability such as gait disturbances, falls and bladder instability, and mood
disturbances such as depression (O'Sullivan, 2008). In demented subjects,
WMH have been shown to be significant predictor of all types of dementia with
population studies showing a 3-fold increase in risk, especially in AD (Debette
et al., 2010, Debette and Markus, 2010, Kuller et al., 2003, Prins et al., 2004).
The Nun Study, a large longitudinal study of a relatively homogeneous cohort of
nuns, showed that those with WML or lacunes had a higher prevalence of
dementia compared to those without (Snowdon et al., 1997).

1.6.2 Current radiological and neuropathological assessment of
WML/WMH

As well as in vivo MRI, imaging of post mortem fixed human brain slices has
been a valuable complement to neuropathology for the past 25 years by
providing three dimensions to histological specimens (Pfefferbaum et al., 2004).
It is important to note that autolysis, temperature fluctuations and dehydration of
tissue in the fixation process may cause significant shortening of relaxation
times, especially in T2, although these have been shown to stabilize after 3-4
weeks fixation (Pfefferbaum et al., 2004, Shepherd et al., 2009).

Despite the understanding of the potential detrimental effects of tissue fixation
and autolysis, currently there is very little data available comparing human in-
vivo and post mortem imaging of WMH. The understanding and comparison of
ante and post mortem imaging is required in order to establish what extent
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tissue fixation alters the appearance of WMH and to validate that post mortem
WMH correspond to ante mortem WMH. However, a longitudinal comparison
study of ante and post mortem imaging in humans is very difficult to conduct as
death is unpredictable and there may be a long delay between the final living
MRl scan and autopsy. During this time there may be significant
change/development of WML, which may make comparison unreliable.
Fazekas and colleagues conducted a very brief comparison of 9 patients, with
varying degrees of deep and PV WMH that underwent T2 MRI prior to death
and had subsequent post mortem imaging of fixed brain slices. They revealed a
correlation between in-vivo and post mortem MR images of larger deep WMH,
however, small ‘punctate’ WMH were less well visualized in fixed specimens as
were PVWML, thought to be due to air infiltration into the ventricular cavity
(Fazekas et al., 1993). Furthermore, few studies have compared ante and post
mortem volumetric measurements of human brain specimens. A single case
study obtained 3D volumetric MRI imaging 48 hours after death, with the brain
still encased in the skull, and subsequent 13 MRI scans over 70 days in
formaldehyde, revealed deformities in the brain specimen due to extraction and
global brain volume decrease of 8.1% (Schulz et al., 2011). Conversely, a
recent comparative study of in-vivo and post mortem imaging in Wistar rats
showed no significant changes in volumetric measurements of 22 anatomical
regions (Oguz et al., 2013). In general, postmortem MRI of formalin fixed brain
is considered a reliable method to obtain data on both the severity and also
distribution of WM changes (Schmidt et al., 2011), although manual damage
due to brain extraction, assessment of ‘punctate’ and PVWML and volumetric
changes to the brain specimen should be taking into account when assessing

post mortem images.

Several rating scales, for both in vivo and post mortem based on respective
changes within PV and subcortical WM regions are in use for visual assessment
of WMH (Scheltens et al., 1998). One of the strongest risk factors for WML is
age (Schmidt et al., 1992); the age related white matter change scale (ARWMC)
(Wahlund et al., 2001) is widely used to assess the subcortical WM based on
lesion size and confluence. Lacunes are distinguishable from PVS as
hyperintensities less than 3mm tend to be PVS (Longstreth et al., 1998).
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The neuropathological post mortem diagnosis of SVP relies on the identification
and grading of the associated specific vascular lesions based upon the
examination of a limited number of histological slides containing selected
frontal, parietal, temporal and occipital white matter as well as DGM. In contrast
to MRI, no validated consensus neuropathological criteria for SVP (or
specifically WML) are available despite several attempts being put forward
(Jellinger, 2008, Kalaria et al., 2004, Roman et al., 1993, Deramecourt et al.,
2012) and lack of neuropathological criteria is a hindrance in the investigation of
SVP. Recently two scoring criteria for the assessment of SVD and associated
WM and DGM pathologies have been proposed; Deramecourt and colleagues
(Deramecourt et al., 2012) proposed a semi-quantitative approach that
separately grades vessel wall fibrosis, PVS dilation, CAA, PV hemosiderin
leakage and myelin density, while Smallwood and colleagues (Smallwood et al.,
2012) proposed a more simple semi-quantitative approach that combines the

grading of vessel wall fibrosis, PVS dilation and myelin density.

Numerous studies have directly compared both in vivo and post mortem MRI
with histological findings to characterize the pathological substrates of WMH
(Awad et al., 1986, Braffman et al., 1988, Bronge et al., 2002, Chimowitz et al.,
1992, De Reuck et al.,, 2011, Englund et al.,, 1987, Fernando et al., 2004,
Grafton et al., 1991, Marshall et al., 1988, Munoz et al., 1993, Revesz et al.,
1989, Scarpelli et al., 1994, Smith et al.,, 2000, Yamamoto et al., 2009),
confirming that different types of PVWMLH and WMH i.e. ‘punctate’, ‘early
confluent’, confluent’ lesions, had specific pathological alterations. PVWMH
histologically present as a discontinuation of the ependymal with mild/moderate
subependymal gliosis accompanied by myelin loss and loosening of the fiber
network. Histologically ‘punctate’ hyperintensities are composed of generally
mild myelin loss confined to the area around enlarged PVS. ‘Early confluent’
hyperintensities reflect mild to moderate rarefaction of myelin accompanied by
varying degree of axonal loss and astrogliosis, and ‘confluent’ hyperintensities
consist of diffuse areas of complete tissue destruction inclusive of loss of
myelin, axons and oligodendrocytes, reactive astrogliosis and intercellular
edema (Bronge et al., 2002, Chimowitz et al., 1992, Fazekas et al., 1991,
Fazekas et al., 1993, Munoz et al., 1993, Scarpelli et al., 1994).

A



1.6.3 Other types of WML pathogenesis

It has been suggested that axonal degeneration can occur as a secondary
consequence of neurodegenerative pathology, resulting in the formation of WM
changes; Leys et al observed more severe white matter changes in areas
adjacent to cortical areas of high NFT in AD cases (Leys et al.,, 1991), and
Professor Englund found that 42% of AD cases contained non-ischemic
subcortical degeneration in the temporal lobes (Englund, 1998). More recently,
the Oregon Brain Aging Study (OBAS), a community-dwelling imaging study in
a 65 years and older population, found that a higher Braak NFT stage was

associated with a greater WMH burden over time (Silbert et al., 2012).

Studies have suggested that axonal degeneration may precede neuronal death
and occur independently (Coleman, 2013). Wallerian-like degeneration (WLD),
or ‘dying back’ axonal degeneration, has been shown to occur in many
neurodegenerative diseases (Coleman, 2013). Morphologically WLD is very
similar to the experimental model of peripheral axonal degeneration ‘Wallerian
degeneration’, but differs with regard to the triggering lesion; WLD is the result
of insult and/or injury to the axon in the CNS, whereas, ‘Wallerian
degeneration’ is initiated by cutting or crushing injury (Coleman, 2005, Stoll and
Muller, 1999, Raff et al., 2002). WLD is the reactive retrograde demyelination
and fragmentation of the axon from the distal end activating a proactive axonal
death program resulting in the release of calcium-dependent protease calpain
triggering cytoskeleton and membrane protein degradation (Mack et al., 2001,
Coleman, 2005, Ma et al., 2013). A major activator of WLD in the brain is
thought to be axonal transport dysfunction (Beirowski et al., 2010). Bidirectional
trafficking of molecules and organelles is vital for metabolic reactions and
blockage and/or transport failure can have detrimental effects on neuronal
survival and aggregates of intra/extracellular proteins e.g. HPT and AB, are
highly associated with impairment in axonal transport (Figure 1.13). Post
mortem AD brains and brains of AD mouse model Tg-swAPP™™ have been
shown to exhibit excessive axonal swellings/ spheroids (a neuropathological
hallmark of axonal transport dysfunction) (Stokin et al.,, 2005) and are
associated with higher amounts of axonal demyelination (Howell et al., 2010)
and axonal degeneration (Hilliard, 2009, Coleman, 2005, Stokin et al., 2005,

Emre et al., 1992, Decressac et al., 2011).
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Figure 1.13 Cartoon showing the proposed mechanisms in the development of
axonal spheroids and WLD. A) a healthy neuron and axon with the proximal
and distal ends. The accumulation of protein aggregates leads to impairment in
axonal transport may result in focal blockages and accumulations of organelles
and disorganized cytoskeleton in axon varicosities, preferentially at nodes of
Ranvier (B). Swellings continuously increase in size, APP also accumulates and
is used a immunohistochemical marker of axonal dysfunction. Swellings
increase in size to form axonal spheroids. At this point the axon remains
continuous (C). Eventually the block of axonal transport is sufficient to trigger
WLD of the distal axon and the fragmentation of the axon and demyelination
begins (D). Finally the entire distal axon undergoes fragmentation leaving a
proximal axon stump or end bulb (E). WLD, Wallerian-like degeneration; AP,
amyloid precursor protein. Image modified from Coleman et al., 2005.
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Previous in-vivo investigations into the extent and spatial distribution of WMH
have highlighted a posterior dominant location of WMH in AD cases (Gootjes et
al., 2004, Lee et al., 2009, Lee et al., 2010, Leys et al., 1991, Meier et al., 2011,
Portet et al., 2012, Tang et al., 2001, Yoshita et al., 2006) including WMH of the
corpus callosum (CC) that are considered to be of non-ischemic origin (Moody
et al., 1988). A cross-sectional comparison study of regional Fractional
anisotropy (FA) values (a quantitative measure derived from diffusion tensor
imaging (DTI) that reflects the microstructural intensity of the WM fibers)
showed that AD patients have significantly lower FA values in the highly
organized inter/intra-hemispheric fibers of the CC and superior longitudinal
fasciculus (SLF) independent of vascular risk factors when compared to aged
controls (Lee et al.,, 2009). The CC consists purely of inter/intra-hemispheric
axonal fiber radiations that connect to all major cortical regions of the brain
(Gazzaniga, 2000, Stricker et al., 2009, Esiri et al., 1990, Masliah et al., 1993).
These fibers originate in primarily in pyramidal layers Il and V (Nieuwenhuys,
1994, Gazzaniga, 2000) where neurons are specifically affected by AD
pathology, especially HPT pathology (Giannakopoulos et al., 1998, Pearson et
al., 1985, Lewis et al., 1987). The temporal-parietal cortices, which include the
entorhinal cortex, are affected by HPT early and severely in AD (Braak and
Braak, 1991) and the splenium of the CC has direct axonal connections in this
region. Furthermore, FA values of the CC and parietal-temporal- occipital
regions are significantly associated with the volume of corresponding cortical
grey matter regions, suggesting that WM integrity is closely related to axonal
fiber degeneration arising from primary grey matter injury (Lee et al., 2010)
agreeing with previous neuropathological findings (Englund, 1998). Therefore,
WMH in these regions, especially the splenium, might also be caused by
cortical atrophy and/or WLD as a secondary consequence of
neurodegenerative pathology.

However, SVD is still a major contributor to WMH; the inferior surface of the CC
represents the terminal zone for penetrating arteries making it vulnerable to
ischemic changes (Yoshita et al., 2006). DTl cross-sectional studies also
revealed less organized strata (corona radiata and posterior thalamic
radiations) and genu are at higher vascular damage risk compared to the
splenium and SLF (Lee et al., 2009, Lee et al., 2010). However, a purely
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vascular etiology would not explain the significant association of WMH with AD
diagnosis (Yoshita et al., 2006) and the non-ischemic pathogenesis of posterior
CC WMH (Moody et al., 1988).

It is currently not possible to draw exact conclusions regarding pathogenesis
due to the homogeneity of WML on histological slides and WMH on MRI
imaging. The inability to distinguish ischemic and non-ischemic WML/WMH may
pose as a potential problem in future diagnosis and therapeutics i.e. patients
with WMH may be diagnosed and treated for SVD when the pathogenesis may
stem from associated cortical pathologies such as AD.

1.7 Ageing

Ageing is the strongest risk factor for dementia. Age-related decline in neuronal
structure and function renders the brain vulnerable to pathological and vascular
insults. Accumulation of HPT and AR pathology frequently occurs in normal
aged individuals without compromising cognitive function (Braak and Braak,
1991, Ince, 2001, Thal et al.,, 2013, Jellinger and Attems, 2012) and is
considered to represent asymptomatic/preclinical phase of AD (Thal et al.,
2013, Hyman, 1998). A 15 year neuropathological study of 2292 post mortem
brains found that overall 65% of non-demented cases had HPT pathology in the
hippocampal region, 49% had AR pathology in the neocortex, 15% contained a-
syn pathology and 49% had some form of VP (Alafuzoff, 2013). A large multi-
center study found that of 109 non-demented cases only 13% of brains were
considered free of pathology (Gibb, 1986). Concomitant morphological and
functional decline of the cerebral vascular system including decreased cerebral
blood flow (Chen et al.,, 2011), lower metabolic exchange of oxygen and
glucose and compromised structural integrity of vasculature due to AS, SVD
and CAA, is frequently seen in normal cerebral ageing (Grinberg and Thal,
2010). The increase of vascular changes, specifically SVD, is evident in the
increased frequency of WML/WMH with ageing (de Groot et al., 2001, van Dijk
et al., 2002); population-based studies have shown the prevalence of WML
varies between 45-95% increasing from under 20% in the under 30 years to
100% in 71-80 years (Christiansen et al., 1994, van Dijk et al., 2002).

These pathophysiological changes, in conjunction with individual cognitive and
brain reserves, eventually may lead to a compromise in cognitive and executive

function, mild memory problems and gait disturbances normally associated with
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old age (Schmidt et al., 2011). CR is thought to account for the differences
between individual susceptibility to neurodegenerative changes and pathology
i.e. why some people remain relatively cognitively sound and others may show
a transition from preclinical/MCI to dementia when there is a similar BR and
pathologic burden (Stern, 2012).

1.8  Cerebral multimorbidity

Multiple neurodegenerative pathologies can be found in brains of both
demented and non-demented subjects (Alafuzoff, 2013, Attems and Jellinger,
2013a) and this finding coined the term cerebral multimorbidity. Since the
prevalence of all distinct neurodegenerative pathologies increases with age, the
prevalence of cerebral multimorbidity increases accordingly and post mortem
autopsy studies have clearly shown that a single pathologies in the brains of 80
years and over is rather the exception (Jellinger and Attems, 2007, Jellinger
and Attems, 2010b, Jellinger and Attems, 2010a, Kovacs et al., 2008). Distinct
pathologies that are associated with a specific neurodegenerative disease, e.g.
NFT/NT and AB with AD, are termed hallmark lesions/pathologies. However, as
multimorbidity is highly prevalent distinct pathologies can no longer be strictly
associated with a specific disease; e.g. LB pathology is the hallmark lesions of
LBD but is frequently seen in the amygdala of AD brains, therefore, LB
pathology is not exclusively seen in classical LBD. This principle may be
applied to all major neuropathological lesions and it has become increasingly
clear that the demented and non-demented ageing human brain is
characterized by the presence of multiple pathologies rather than a single
hallmark lesion for a particular neurodegenerative disease (Attems and
Jellinger, 2013a).

A large consecutive autopsy study in Vienna (n=1500, mean age 83.3 6.0
years) has shown previously that of the 830 clinically diagnosed AD cases,
93.9% had neuropathologically confirmed AD pathology of which only 52% had
no additional lesions. Of the remaining cases, 30.8% had additional pathologies
consisting of CVL (22.1%), LB pathology (8.7%) and 2.4% were classified as
MIX-type dementia (combination of definite AD and vascular encephalopathy)
(Jellinger and Attems, 2007). Another study from 9 centers of the BrainNet
Europe Consortium included neuropathological data of 3,303 clinically
demented cases (1667, female; 1636, male; mean age, 74.14 £12.07 years)
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showed that 53.3% had mixed pathologies of which the most frequent additional
lesions were AD pathology (89.6%), VP (52.6%), a-syn pathology (50%) and
argyrophilic grain disease (11.4%; a common sporadic tauopathy (Saito et al.,
2002)). The most frequent neurodegenerative disorders with additional
pathologies were synucleinopathies (PD, 92%; LBD, 61%), followed by AGD
(61%), AD (43%), PSP (22%), and CBD (21%) (Kovacs et al., 2008). The Rush
Memory and Aging Project, a longitudinal community based clinico-pathological
study consisting of 141 cases (57.4% female; mean age, 87.8 +5.6 years),
found that of the 56.7% were neuropathologically confirmed as AD of which
46.3% had no secondary pathologies. The remaining 53.75% had multiple
pathologies consisting of AD with VP (58.1%), AD with a-syn pathology (27.9%)
and AD with VP and a-syn pathology (9.3%) (Schneider et al., 2007). Finally, a
comprehensive examination of 407 neuropathologically confirmed Parkinsonian
disorder (inclusive of PD, DLB, PSP, multiple systems atrophy (MSA) and CBD)
and controls found that of the PD cases (n =140) 38% had additional AD
pathology, 9% had PSP inclusions, 25% AGD, 44% WML and 24% contain
CAA and similar heterogeneity was seen for DLB, MSA and CBD cases
(Dugger et al., 2014).

The prevalence of mixed pathologies also increases with age. A consecutive
autopsy series of 1110 brains (64% female; mean age at death 83.315.6 years,
range 60-103 years, 90% over age 70) found that AD with additional VP
increased for a prevalence of 7.8% in the 7" decade to 32.9% in the 10"
decade, in contrast to pure AD which increased from 32.2-45.1% between the
7" and 9" decade but the decreases to 39.2% in the 10" decade (Jellinger and
Attems, 2007). Multiple pathologies are also present in the non-demented
aged human brain. A neuropathological study at Kuopio University Hospital of
2292 post mortem brains found that in 207 subjects (9%) AD and a-syn
pathology was detected, and in 83 subjects (3.6%) AD, a-syn, and VP was
detected (Alafuzoff, 2013).

From these post mortem studies of confirmed diagnosis it is apparent that
approximately half of all neuropathologically diagnosed brains have multiple
pathologies (Figure 1.14). The high prevalence of multiple pathologies
potentially has two implications: i) Multiple pathologies may simply reflect the
simultaneous presence of age-related pathologies of which one (or more) may
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not be directly related to the primary neurodegenerative disorder e.g. VP is a
frequent additional pathology in AD and the pathological burdens are
considered independent of each other and reflect the concurrent increase of
both pathologies with age, although, both are thought to contribute to cognitive
impairment (Braak and Braak, 1996, Grinberg and Thal, 2010); ii) The
pathologies may have a synergistic relationship between each other. It has
been suggested that CVLs exert an influence on AD pathology and lower the
threshold for dementia and therefore less AD pathology is required for the
development of clinical dementia (Jellinger and Attems, 2003). Two previous
neuropathological studies support this notion; Jellinger & Attems have shown
that the prevalence of multiple pathologies increases with age (Jellinger and
Attems, 2010b), and suggest additional pathologies may reduce the threshold
for overt dementia (Jellinger and Attems, 2007). The Rush Memory and Aging
Project concluded that patients with multiple pathologies had a 3-fold increase
risk of developing dementia compared to those who only have a single
pathology (Schneider et al., 2007). Furthermore, It has been shown that mixed
AD-DLB cases (fulfil both AD and DLB neuropathological criteria) have
accelerated cognitive decline and mortality compared to AD cases (Olichney et
al., 1998), further supporting the idea that additional pathologies potentially

reduce the threshold for dementia.
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Figure 1.14. Schematic diagram of the multiple pathologies in the demented ageing human
brain. Full arrows point towards the hallmark neuropathology of the respective disease while
dotted arrows point towards neuropathological lesions that are frequently seen in addition to the
main pathological hallmark lesions. Approximate percentages are encircled based on studies
(Jellinger and Attems, 2007, Jellinger and Attems, 2008, Kovacs et al., 2008, Petrovitch et al.,
2005, Uchikado et al., 2006)AD, Alzheimer's disease; LBD, Lewy body diseases; VaD, vascular
dementia; A3, amyloid-3; «-syn, «-synuclein, CVL, cardiovascular lesions. Adapted from
(Attems and Jellinger, 2013b).
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In vitro studies have previously demonstrated that the co-incubation of tau and
a-syn results in fibrillization and production of intraneuronal inclusions
characteristic of neurodegenerative disease, suggesting their interactions can
promote their fibrillization and drive the formation of pathological inclusions in
human neurodegenerative diseases (Giasson et al., 2003). Clinton and
colleagues have also suggested a mutual interaction of neurodegenerative
pathologies (Clinton et al., 2010); they crossed 3xtg mice, that develop both tau
and AR pathology (Oddo et al., 2003), with M83-h mice, which have a A53T
mutation in the a-syn gene (Giasson et al., 2002) to produce ‘DLB-AD’ mice. At
12 months these mice exhibited significantly higher levels of soluble AR 1-40,
soluble and insoluble AR 1-42, and insoluble tau than the 3xtg mice, and
significantly higher amounts of a-syn than the M83-h mice. This evidence
suggests in vivo interaction of tau, AR and a-syn promotes aggregation and
accumulation of each other (Clinton et al., 2010). Nevertheless, direct human in
vivo data is not yet available, and the exact pathological mechanisms and
effects on cognitive integrity from multiple pathologies remain to be elucidated.

The investigation of concomitant pathologies in the ageing human brain is
essential, especially for the development of new clinical diagnostic approaches
and novel targeted therapies. An example of this is the co-morbidity of AD
pathology and WML/WMH, seen in up to 40% of Alzheimer’'s disease (AD)
cases (O'Sullivan, 2008, Nagata et al., 2012); WML/WMH are presumed to
represent CVD, even though there are currently no standardized VP/WML
criteria. However, with increasing evidence of WLD also causing demyelination
and axonal degeneration (forming WML) in AD (Stokin et al., 2005, Coleman,
2005, Coleman, 2013, Emre et al., 1992, Hilliard, 2009), it is currently not
possible to draw any reliable conclusions regarding the pathogenesis of WML in
individual cases. Investigation into the relationship of AD and WML is clinically
paramount as in most cases diagnosis is of CVD while in fact in vivo WMH may
be caused by underlying AD-related pathologies and lead to incorrect patient
therapy.
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1.9 Neuropathological assessment

Currently, routine neuropathological assessment of the extent of
neuropathological lesions is based on semi-quantitative scoring, usually on
four-tiered scales i.e. 0, ‘absent’; 1, ‘sparse’; 2, ‘moderate’; 3, ‘severe’. For most
common neuropathological hallmark lesions ie. HPT, AB and a-syn
pathologies, neuropathological criteria are available (Braak et al., 2006, Braak
et al.,, 2003, McKeith et al., 2005, Thal et al., 2002b) which have frequently
been standardized to ensure reproducibility for large-scale cohorts (Alafuzoff et
al., 2008a, Alafuzoff et al., 2009a, Alafuzoff et al., 2009Db).

While semi-quantitative assessment allows for the classification and staging of
a neurodegenerative disorder it only provides a rough estimation of the amount
of pathology present and it can be difficult to distinguish between adjacent
grades. Data from studies carried out at the Institute for Ageing and Health
indicate that the quantitative measure of area covered by immunopositivity for
AT8 antibody for HPT in cases that were assigned the semi-quantitative score
‘severe’ differs by nearly 10-fold between cases, suggesting that semi-
quantitative assessment is incapable of detecting subtle variations in the
severity of neuropathological lesions across cases (Attems and Jellinger,
2013a). Moreover, semi-quantitative assessment is influenced by the subjective
judgment of the assessor e.g. smaller lesions are more likely to be rated at a
lower abundance class compared to larger lesions, and clustered lesions are
more likely to be rated in a higher abundance class compared to evenly
scattered pathology (Armstrong, 2003). Consequently, the main limitation of
semi-quantitative assessment is the unconscious error of judgment and
consequently low inter-rater-reliability (Armstrong, 2003), particularly when
assessing ‘sparse’ and ‘moderate’ grades of pathology (Alafuzoff et al., 2008b).

On the other hand, quantitative measure of neuropathological lesions allows for
more accurate and objective assessment. The use of quantitative methods has
become an increasingly important aspect in neuropathology (Armstrong, 2000,
Armstrong, 2003). Advances in image analysis systems enable microimages to
be captured and enhanced on computers to highlight particular morphological
features that can be quantified rapidly and objectively (Armstrong, 2003).
Quantitative methods of neuropathological assessment have revealed new
clinico-pathological correlations. As previously stated, the severity of AP
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pathology, as assessed by semi-quantitative methods, does not correlate with
clinical dementia (Delaere et al., 1990, Dickson et al., 1992). However, the 90+
Study, a prospective longitudinal population-based study of ageing and
dementia, found that quantitative measures of neocortical AR pathology
(measured as area covered by AB immunopositivity) did significantly correlate
with the presence of clinical dementia (Robinson et al., 2011). Hence,
quantitative assessment is capable of detecting subtle variations within
pathology, which improves the evaluation of the impact of pathologies on
clinical signs and symptoms. Indeed, in a large cohort study Murray and
colleagues assessed hippocampal and entorhinal tau pathology quantitatively in
889 post mortem brains and discovered 3 subgroups of AD that differed in
clinical presentation, age of onset, disease duration and rate of cognitive
decline (Murray et al., 2011). Given that quantification of tau pathology alone in
AD cases points towards a new clinico-pathological phenotype, it would seem
helpful to pursue a more quantitative approach for the assessment of various
neurodegenerative lesions to further reveal more phenotypes and investigate
the impact of multimorbidity of the ageing human brain on clinical signs and

symptoms.

However, major insights into cerebral multimorbidity can only be gained if large
cohorts are assessed, and this can be hindered due to the time and financial
constraints of histological assessment. Nevertheless, the Tissue MicroArray
(TMA) has become a standard tool for tissue-based research during the last
decade. TMAs consist of up to 1000 cylindrical tissue cores from different donor
paraffin blocks relocated into one recipient block, allowing for efficient
histopathological studies (Sjobeck et al., 2003). So far the TMA technique has
predominantly been used in tumor studies (Kononen et al., 1998, Rao et al.,
2013, Simon et al., 2001, Sipayya et al., 2012, Skacel et al., 2002) although
TMA have been successfully used in investigating non-neoplastic intracranial
disorders such as AD. Cortical tissue was successfully assessed by Kellner and
colleagues (Kellner et al., 2009) in which a 576 sample TMA blocks of frontal,
temporal and entorhinal cortex from 48 AD and 48 aged control cases were
constructed and sections analyzed for immunopositive AB plaques. Likewise,
Sjobeck et al. (Sjobeck et al., 2003) applied the technique to assess the
severity of pathological WM changes in 8 AD cases. Tissue sections cut from
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this TMA paraffin block can be used to facilitate the quantification of multiple
neuropathologies, at high throughput, on both a routine diagnostic and research
basis. The array format is optimally suited for such kind of analysis as the
defined diameter of the tissue samples allows for a highly standardized analysis
of areas of exactly the same size and region (Simon, 2010).

Vascular pathology has also previously been quantified, commonly by the
calculation of area fraction of pixels on digital images (Moody et al., 2004). The
Sclerotic Index (Sl) (Lammie et al., 1997, Low et al., 2007), which is calculated
by a standard formula to evaluate the thickening of cerebral arteries/arterioles
walls as a measure of SVD, can be used in conjunction with digital image
acquisition and computer software analysis to generate a quantitative measure
of SVD at high output (Craggs et al., 2013a, Craggs et al., 2013b, Yamamoto et
al., 2009).

110 Aims

The main aim of this study was to improve the post mortem assessment of AD-
related pathology and WML/WMH in the ageing human brain by the use of post
mortem MRI and quantitative neuropathological assessment, and to investigate

possible associations between AD pathology and WML.

My main research objectives were:
* To evaluate the feasibility of MRI of post mortem brain hemispheres as a
mean of assessing SVP in demented and non-demented aged subjects
(Chapter 3).

* To compare semi-quantitative and quantitative assessment of HPT and
AB pathology and vascular fibrosis, as a measure of SVD, of the WM
arteries/arterioles in demented and non-demented aged post mortem
brains (Chapter 4).

* To explore a possible association of cortical AD-related pathology on
white matter integrity in a cohort of AD and control human post mortem
brains (Chapter 5).
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To further investigate the influence of AD-related pathology and SVD on
white matter integrity. A combination of post mortem MRI-based WMH
assessment, quantified cortical HPT and AR pathology using the TMA

method and Sl values of WM artery and arteriole fibrosis as measure of
SVD (Chapter 6).
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Chapter 2 - Materials and methods

2.1 Introduction

This chapter describes the histological diagnostic criteria used to diagnose
various age related neurodegenerative diseases. It also outlines brain tissue
processing and dissection, post mortem MRI protocol, TMA methodology,
histological protocols, semi-quantitative and quantitative pathological
assessment, and statistical analysis.

After autopsy all brains underwent standardized histological neuropathological
assessment that yielded the neuropathological diagnosis. In clinico-pathological
meetings neuropathological diagnoses were linked to clinical information to
state the final clinico-pathological diagnosis for each cases.

2.2 Alzheimer’s disease

AD is neuropathologically characterized by the presence of both HPT and AR
depositions. With disease progression, the neuropathological lesions of AD
increase step-wise following a hierarchical pattern, and several criteria are used

to determine the neuropathological diagnosis.

2.2.1 Gross examination

Generally, gross examination of post mortem AD brains exhibited characteristic
atrophy of the entorhinal cortex and hippocampus, as well as inferior temporal,
superior frontal and middle frontal gyri (Halliday et al., 2003). Enlargement of
the ventricles may have been visible, while the cerebellum remained

unchanged.

2.2.2 Neurofibrillary tangles and neuropil threads
Braak neurofibrillary stages was used for neuropathological diagnosis to
describe the progression of NFT/NT (Braak et al., 2006, Braak and Braak,
1991):
» Stages l/ll, the ‘transentorhinal/entorhinal stages’: NFT/NT were present
in the transentorhinal/entorhinal cellular pre-a and pri-a layer, forming
distinct bands.
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» Stages lll/IV, the ‘limbic stages’: NFT/NT deposition extended into
deeper layers of the entorhinal cortex, CA 3/4 of the hippocampus and
occipito-temporal gyrus and insular cortex.

» Stages V/VI, the ‘isocortical stages’: NFT/NT deposition extended into
the frontal, superolateral and occipital directions including the superior
temporal gyrus and peristriate region extending into the Heschl’s gyrus
and parastriate area.

2.2.3 Amyloid-beta plaques

AD diagnosis was also based on the distinct sequence of parenchymal A
depositions. Thal AR phases was used for neuropathological diagnosis to
describe the progression of Ap depositions (Thal et al., 2002):

* Phase 1: Small groups of diffuse AR deposits were visible in the frontal,
parietal, temporal or occipital neocortex.

* Phase 2: AB deposition into progressed into the entorhinal cortex, CA1 of
the hippocampus and insular cortex.

* Phase 3: AB deposition extended into the subcortical regions: caudate
nucleus, putamen, thalamus, hypothalamus and basal fore brain.
Continued progression of AR pathology into CA4 of the hippocampus.

* Phase 4: AP deposition extended into the brain stem including the
medulla oblongata and substantia nigra.

Phase 5: AB deposition extended further into the brain stem: pons, the

pontine nuclei and locus coeruleus, and finally the cerebellum.

2.2.4 Age adjusted criteria of the Consortium to Establish a Registry for
Alzheimer's Disease (CERAD)
Consortium to Establish a Registry for Alzheimer's Disease (CERAD), a
neuropathology protocol for the post mortem assessment of dementia and
control subjects based on age and semi-quantitative assessment of neuritic
plaques in the middle frontal gyrus, superior/middle temporal gyrus and inferior
parietal lobe, was used to state whether a cases has; A: "possible AD", B:
"probable AD", C: "definite AD" and "normal brain" to indicate levels of

diagnostic certainty (Mirra et al., 1991).
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2.2.5 NIA-Alzheimer's Association guidelines

The NIA-Alzheimer's Association guidelines (Montine et al., 2012) combine Thal
AB phases, Braak neurofibrillary tangle stages and CERAD guidelines. This
criteria was used to state an ‘ABC’ score from the AP plaque score (Thal
phases), Braak neurofibrillary stage and CERAD neuritic plaque score. Based
on the ABC score the degree of "AD Neuropathological Change" (i.e. no, mild,
moderate and severe) was stated regardless of presence or absence of clinical
dementia (Table 1.1).

Level of AD neuropathological change

Thal phase CERAD

0 Not Not Not neg
1or2 Low Low Low neg or A
1or2 Low Intermediate Intermediate BorC

3 Low Intermediate Intermediate neg or A-C
4orb Low Intermediate Intermediate neg or A
4o0rb5 Low Intermediate High BorC

Braak 0-11 Braak II-V Braak V-VI

Table 1.1. ABC criteria for the level of AD pathological change determined by Thal phase score
(orange column), Braak neurofibrillary stage (green), and CERAD scores (blue column).
Modified from (Attems and Jellinger, 2013).

2.3 Lewy body diseases

LBD included DLB, PD and PDD. The neuropathological diagnosis was based
on the staging of a-syn pathology (LB and LN). Clinico-pathological diagnosis
was based on the onset of clinical motor symptoms, cognitive decline and
pathological criteria:

* Braak a-syn stages described a-syn related pathology, assuming a-syn
depositions initiate in the medulla oblongata (stage 1) spreading
gradually to the pons (stage 2), midbrain (stage 3), entorhinal cortex and
hippocampus (stage 4) and finally the neocortex (stage 5 and 6) (Braak
et al., 2003).

* Newcastle-McKeith criteria for LBD distinguished between brainstem
dominant, limbic, and diffuse neocortical types, depending on the
topographical localization of a-syn related pathology (McKeith et al.,
2005).
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2.4 Tauopathies
Tauopathies were neuropathologically characterised by the presence of 4R

HPT pathology in neurons and neuroglia.

2.4.1 Corticobasal degeneration

CBD presented with marked asymmetrical atrophy of cortical gyri of the superior
frontal and parietal parasagittal regions, with loss of pigmented neurons in the
substantia nigra. Neuropathological hallmarks included the accumulation of 4R
tau isoform in the neuropil and distal segments of astrocytes, presenting as so
called astrocytic plaques, in the cortex, WM, DGM and brain stem and the
presence of swollen achromatic neurons (Dickson et al., 2002) (Feany and
Dickson, 1995).

2.4.2 Progressive supranuclear palsy

PSP presented with 4R tau pathology in core regions include basal ganglia,
sub-thalamic nucleus, substania nigra (Hauw et al., 1994) and cerebellar
atrophy (Dickson, 2009). Neuropathlogical hallmarks lesions included globose
NFT and tufted astrocytes (4R tau in astrocytes), mainly in the motor cortex and

corpus striatum.

2.5 Normal aged controls

Normally aged controls were selected on the basis of the absence of MCI,
dementia and considerable neuropathological lesions including AD pathology
(Braak stage <IV; CERAD, neg; NIA-AA: A, 0 or 1, B 0-2, C 0 or 1, low
neuropathologic change) and LBD pathology (Braak a-syn stages < 4).

2.6 Subcortical cerebral white matter assessment
Subcortical WM and DGM pathology, collectively referred to as SVP, were
assessed using a simple image matching four-tier scoring system. (Smallwood
et al., 2012) (Figure 2.1).
* Score 0: normal appearing white or grey matter.
* Score 1: mild, slight pallor of the myelin stain and/or slight loosening of
the parenchymal tissue of the DGM and/or mild dilation of the PVS.
* Score 2: moderate, marked loss of myelin and/or loosening of the
parenchymal DGM tissue with a possible ‘bubble like’ appearance to the
WM; marked widened PVS.
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* Score 3: severe, Regions of almost complete loss of WM and severe

loosening of DGM parenchymal tissue extending into cavitation and

severely dilated PVS.

Figure 2.1. Semi-quantitative criteria used to asses SVP (Smallwood et al., 2012).
Photomicrographs illustrating the histological appearance of subcortical WM stained with LFB
(left 2 columns) and DGM stained with H&E (right 2 columns). Grade 0, normal; grade 1, mild
pathology; grade 2, moderate pathology; grade 3, severe pathology.
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2.7 Subject demographics

Disease | PMD | Braak |CERAD Included in
Casen | sex age LB Braak| cohorts in
status [(hours)| stage | score
chapters

1 F 96 Normal Aged 95 3 0 0 3,4,6
2 M 77 Normal Aged 83 2 0 0 3,4,6
3 F 84 Normal Aged 46 6 3 0 3,5

4 F 94 Normal Aged 82 2 0 0 3,4,5,6
5 F 98 Normal Aged 17 3 1 0 3,4,5
6 F 74 Normal Aged 40 3 0 1 3

7 F 81 Normal Aged 82 3 2 0 3,6

8 F 70 Normal Aged 72 0 0 2 3,4,6
9 M 72 Normal Aged 39 1 0 0 3

10 F 89 Normal Aged 34 3 0 0 3,6
11 F 78 Normal Aged 34 0 0 0 3,6
12 F 95 Normal Aged 36 3 0 0 3,4,6
13 F 89 Normal Aged 49 3 0 3 3,4,6
14 M 72 Normal Aged 39 1 1 0 4,5,6
15 M 81 Normal Aged 43 2 0 0 6

16 M 73 Normal Aged 25 0 0 0 6

17 M 86 Normal Aged 50 4 2 0 6

18 F 97 Normal Aged 21 2 1 0 6

19 F 88 Normal Aged 22 3 0 0 3,4,6
20 F 86 AD 69 6 3 0 3,4,6
21 M 88 AD 84 6 3 0 3

22 F 93 AD 15 6 3 0 3,4,6
23 M 92 AD 59 6 3 0 3,4,6
24 M 78 AD 37 6 3 0 3,4,5,6
25 F 86 AD 47 6 3 0 3,4
26 M 85 AD 29 6 3 0 3,4,6
27 F 87 AD 54 6 3 0 3,4,5,6
28 F 81 AD 73 5 3 0 3
29 F 81 AD 56 6 3 0 3,6
30 M 90 AD 69 6 3 0 3,4,5,6
31 F 75 AD 33 6 3 0 3,4,6
32 F 86 AD 5 6 3 0 3,4,6
33 F 89 AD 85 6 3 2 3,4,5,6
34 F 90 AD 90 6 3 0 6

35 M 88 AD 22 6 3 0 6

36 F 79 AD 65 6 3 3 6

37 F 86 AD 51 6 3 0 6

38 M 89 AD 61 6 3 0 6

39 F 92 AD 74 6 3 0 6
40 M 80 AD N/A 6 3 0 6
41 F 76 AD 37 6 3 0 6
42 M 91 AD 72 6 3 0 6
43 F 83 AD 52 6 3 0 6
44 M 76 AD 23 6 3 0 6
45 M 81 AD 41 6 3 0 6
46 M 72 DLB 89 3 0 6 3
47 M 78 DLB 34 6 3 6 3
48 M 77 DLB 46 3 0 6 3
49 F 81 DLB 44 4 2 6 3,4
50 F 91 DLB 10 3 2 6 3,4
51 F 73 DLB 99 3 0 6 3

52 M 81 DLB 81 3 2 6 3,4
53 F 75 PDD 18 3 2 6 3,4
54 M 68 CBD 9 2 0 0 3,4
55 F 83 PSP 65 N/A N/A N/A 3,4
56 M 90 PSP N/A 2 0 0 3

57 M 78 PSP 53 N/A N/A N/A 3,4
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Table 2.2. Subject demographics of all 57 cases assessed. N, number; M, male; F, female;
DLB, Dementia with Lewy bodies; AD, Alzheimer’s disease; CBD, Cortiocobasal degeneration;
PSP, Progressive supranuclear palsy; PDD, Parkinson’s disease dementia; PMD, post mortem
delay; N/A, not available.

2.8 Brain tissue

Brains were collected at autopsy and included in the Newcastle Brain Tissue
Resource (NBTR) in accordance with Newcastle University ethics board and
ethical approval awarded by The Joint Ethics Committee of Newcastle and
North Tyneside Health Authority. After autopsy right hemispheres were
immersion fixed in 4% buffered aqueous formaldehyde solution for 6 weeks.

2.9 Post mortem MRI

Fixed right hemispheres were removed from formalin solution and were subject
to a 4.7 T MRI scanner (Bruker Medical, Ettlingen, Germany) following protocol
stated in (McAleese et al., 2012): Bruker Biospec 47/60 VAS, (vertical, actively-
shielded, the inner-bore width of 60 cm) fitted with a BGA-38-S gradient system
(actively-shielded, the inner-bore width of 38 cm) and a birdcage RF coil with a
working cross-section of 170 x 240 mm. A T2 -weighted pulse sequence was
used: two spin echo images of effective echo time (TE) = 32/96ms, repetition
time (TR) = 8200ms, with slice thickness of 2 mm and inplanar resolution of 1.0
x 0.78 mm. White matter hyperintensities (WMH) were rated by consensus
between radioimaging experts Dr M. Firbank and Prof JT. O’Brien according to
the Age-related white matter change scale (ARWMC) (Wahlund et al., 2001)
(Figure 2.2).

* Score 0, absence of WMH

* Score 1, ‘punctate’ WMH (<10mm)

* Score 2, ‘early confluent’ WMH (<20mm)
* Score 3, ‘confluent’ WMH (>20mm)

Lacunes (>5mm) of the DGM are assessed based on the number of lesions i.e.
0, no lesions; 1, 1 lesion; 2, > 1 lesion; 3, confluent lesions (Bokura et al.,
1998).
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Figure 2.2. Post mortem MRI images showing WMH in the occipital lobe based on ARWMC
criteria (Wahlund et al., 2001). A) grade 0, normal WM (red arrows); B) grade 1, punctate
hyperintensities (green arrows); C) grade 2, early confluent hyperintentsities (yellow arrows); D)
grade 3, confluent hyperintensities (blue arrow). Images taken on a T2-weighted 4.7 T scanner.

2.10 Dissection and sample regions

After post mortem MRI, hemispheres were dissected according to the
Newcastle brain map (Figure 2.3) into approximately 25 coronal slabs at 7 mm
intervals and further sub-dissection into tissue blocks A-L and R-AM, measuring
from 4 cm? to 15 cm? and then paraffin embedded.
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Figure 2.3. Newcastle brain map (Perry, 1993). Schematic representation of the coronal slices
and sub-dissections used in this study. Black bold numbers indicate the coronal level; small
grey numbers and colour coding indicate Brodmann areas; red letters indicate specific sub-
dissections; dashed black line represent a sub-dissection line.
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2.10.1 Frontal lobe

The frontal lobe represents up to two thirds of the human brain consisting of a
pre-frontal cortex (involved in essential cognitive processes e.g. executive
function, attention and reasoning) and a motor cortex (involved in sensory-
motor transformations and action initiation) (Chayer and Freedman, 2001,
Rizzolatti and Luppino, 2001). According to the Newcastle Brain map, frontal
cortical and WM tissue included blocks A, B, S, T, U, Z, AD, AE, AF and/or
Brodmann areas 9, 10, 8, 6, 4 and the lateral ventricle in coronal levels 1-21.

2.10.2 Temporal lobe

The temporal cortices comprise the medial temporal lobe (MTL), containing the
hippocampus, entorhinal, perirhinal and parahippocampal cortices, and is
responsible for the retention of declarative and long-term memories (Squire et
al., 2004). Pathological hallmarks of AD include atrophy of the MTL (de Leeuw
et al., 2006), especially hippocampal atrophy and thinning of the entorhinal
cortex (Braak and Braak, 1996), and clinically loss of episodic memory.
According to the Newcastle Brain map, temporal cortex and WM tissue are
included in blocks I, G, AG, AJ and/or Brodmann areas 22/21/20 to 29 in
coronal levels 11-24.

2.10.3 Parietal lobe

The parietal lobe is involved in a variety of cognitive functions including spatial
information processing, somatic sensations and perception (Husain and
Nachev, 2007), and is regarded as a polymodal area due to its high connectivity
with the pre-frontal cortex and paralimbic cortex, including the hippocampus
and parahippocampal gyrus (Rushworth et al., 2006). According to the
Newcastle Brain map, parietal lobe cortex and WM tissue are included in blocks
K, Al, AK and/or Brodmann areas 7/30 in coronal levels 23-27.

2.10.4 Occipital lobe
The occipital lobe is the visual processing center of the human brain. In AD,
CAA is usually present and commonly and severely affects the occipital lobe
(Attems et al., 2005, Tian et al., 2004). According to the Newcastle Brain map,
occipital lobe cortex and WM tissue are included in blocks L, AL and/or in
coronal levels 28-33.
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2.10.5 Deep grey matter

The DGM is a collection of subcortical nuclei including the basal ganglia
(comprised of the putamen, caudate and globus pallidus), substania nigra, sub-
thalamic nucleus and thalamus. WM structures include the internal, external
and extreme capsules. The DGM is directly connected to the cortex and has
various roles in sensory-motor, limbic and cognitive information processing and
relaying (Helms et al., 2009). According to the Newcastle Brain map, DGM is
included in blocks W, Y, U, AH and coronal levels 11-19.

211 Tissue micro array

A TMA methodology was developed from 2011 to 2013 (McParland et al.,
2014); 40 post mortem tissue samples from the pre-frontal cortex (block A),
mid-frontal cortex (block B), cingulate (block C), DGM (blocks D, F) motor
cortex (block E), entorhinal cortex (block G), temporal cortex (block 1), parietal
cortex (block K) and occipital cortex (block L) (Figure 2.4) Paraffin embedded
blocks were incubated at 37°C for 1 hour to reduce chipping. All tissue samples
were taken in numerical order using a Tissue-Tek Quick-Ray hand held punch
with a 3mm diameter (Sakura, California, USA). The hand held punch tip was
pushed into the tissue block at the specific location and removed along with the
section of tissue. The tip of the punch was then placed into the correct empty
hole of the pre-made TMA paraffin block (made from a pre-existing silicon
mould supplied by the manufacturer) and the plunger pushed, depositing the
tissue sample into the TMA hole (Figure 2.5 A-C).The complete TMA block was
incubated at 37 C and TMA silicon mold was heated to 60°C for 1 hour. The
TMA block was removed from the oven and ensured all tissue samples were
firmly pushed into the wax and empty spaces were filled with molten wax.
Molten wax was placed into the base of the silicone mold and the TMA block
was placed punch down into the silicon mold, left for 5 minutes then incubated
at 37 C for 15 minutes (Figure 2.5 D).The block was left to fully cool before the

silicone mold was removed and excess wax removed (Figure 2.5 E).
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Figure 2.4. TMA sample map adapted from the Newcastle brain map (Perry, 1993). A schematic
representation of blocks and sample areas used to create the TMA. White dots and bold black
numbers indicate punch sample location and number; small grey numbers and colour coding
indicate Brodmann areas; red letters indicate specific sub-dissection; dashed black line
represent a sub-dissection line.
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Figure 2.5 Tissue MicroArray. A) 3mm diameter Tissue-Tek Quick-Ray hand held punch; B)
empty TMA paraffin block with 40 3mm holes, black arrow highlights a small hole that indicates
the location of sample 1; C) Paraffin embedded tissue from blocks A, B and C with punch
samples removed and placed into the TMA paraffin block; D) Completed TMA block placed into
molten wax in a silicon mould; E) completed TMA block.

212 Histology

To aid the adhesion of tissue sections and glass slide, clean double frosted
slides were immersed in acetone for 5 minutes, drained and placed in a 4%
solution of 3 aminopropyl triethoxysilane (APES) in acetone for 5 minutes.
Slides were drained, immersed in distilled water, dried at 45°C and stored until
use. 6um sections were cut from paraffin blocks using a rotary microtome
(Shandon Finesse 325, Thermo Scientific), and sections mounted onto APES
coated slides. Sections were dried at 37 C for a minimum of 24 hours. Wax was

melted at 60 C for 1 hour and de-waxed in 2 10-minute changes in xylene.
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2.12.1 Haematoxylin and eosin

Haematoxylin and eosin (H&E) staining was used to visualise brain
parenchyma in the DGM for SVP assessment, and vessel walls in the WM for
S| assessment. After dewaxing in xylene, sections were re-hydrated through
decreasing concentrations of alcohols (100% 1, 100% 2, 95%, 70%, 50%) to
water. Sections were then immersed in haematoxylin solution for 30 seconds,
washed in tap water, then differentiated quickly in 1% acid alcohol, washed in
again in water, placed into Scott’s tap water substitute (ammonia water) until
blue and rinsed in water. Sections were then couterstained in eosin for 15-30
seconds and washed well in water, dehydrated through increasing
concentrations of alcohols (50%, 70%, 95%, 100% 1, 100% 2), into xylene and
mounted with a cover slip and DPX.

2.12.2 Luxol Fast Blue

Luxol Fast Blue (LFB) is used to visualise myelinated axons, and was used
when assessing SVP pathology in the WM. After dewaxing, sections were
placed in 95% alcohol, and then incubated in preheated LFB solution at 60C
for 1-2 hours. Sections were then washed in 95% alcohol and re-hydrated to
water. Sections were differentiated in 1% lithum carbonate for 10-20 seconds
and then further differentiated in 70% alcohol until grey and white matter is
clearly distinguishable. Sections were counterstained in 0.1% cresyl fast violet
(CFV) in 1% acetic acid for 10 minutes and washed well in water. Sections were
checked for staining consistency before being dehydrated through increasing
concentrations of alcohols, into xylene and mounted with a cover slip and DPX.

2.12.3 Standard procedure of single label immunohistochemistry (IHC)
Sections were dewaxed for 15 minutes in xylene and re-hydration through
decreasing concentrations of alcohols to water. Antigen retrieval was performed
depending on the primary antibody protocol (Table 2.3).
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Primary Source . Primary antibody | Anigen retrieval
. Target Species e .
antibody | (product code) dilution (in TBS) protocol
Sections were heated
Thermo Scientific, in 0.01M sodium
AT8 Massachusetts, Prg:;srggg +F_I’_I;I]:=2:)a5u mo':ng:nm 1:4000 citrate buffer (pH 6.0)
USA, (MN1020) P in a microwave for 10
minutes
4G8 Missouri, USA, amyloid 17-24 1:15000 N .
monoclonal concentrated formic
(S1G-39220) .
acid for 1 hour

Table 2.3 The primary antibodies, dilutions and antigen retrieval protocols used for single
labelled immunohistochemistry.

Sections were left to cool, if required, and placed into distilled water, quenched
in 3% hydrogen peroxide for 20 minutes and rinsed in water and then tris
buffered saline (TBS) at pH 7.6. Menapath X-Cell HR polymer universal biotin-
free detection kit (Menarini Diagnostics, California, USA) was used to identify
mouse monoclonal antibodies. Primary antibodies at optimum dilution in TBS
(Table 2.3) were applied to the sections and incubated at room temperature for
1 hour. Sections were thoroughly washed in 2 changes of TBS and a final wash
of TBS with detergent Tween-20 (Tween). The universal probe applied and
incubated at room temperature for 30 minutes and washed again as previous.
Horseradish peroxidase-polymer (HRP) reagent was applied and incubated for
30 minutes. Sections underwent a wash of 3 changes of TBS and treated with
3,3'- Diaminobenzadine (DAB), ratio 1 drop of DAB chromogen concentrate
(approximately 32ul) per 1ml of DAB substrate, for 2-4 minutes until a brown
stain was visible. Sections were rinsed well in tap water, counterstained lightly
in haematoxylin to visualise cell nuclei,

dehydrated through increasing

concentrated alcohols to xylene and finally mounted with a cover slip and DPX.

213 Image analysis

2.13.1 Image capture

All analysis was carried out blind to neuropathological diagnosis. Digital images
of WM, DGM, cortex, arteries and arterioles were captured using a Nikon
Eclipse 90i microscope coupled with a Nikon DS-Fi1 camera and NIS-Elements
AR3.2 software (Nikon, Surrey, UK). All images were white balanced and
underwent background correction. During pathological analysis and capturing
images the goniometer stage and magnification was adjusted and focused to
incorporate the area of interest.
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2.14 Semi-quantitative analysis

2.14.1 Subcortical vascular pathology

Analysis of SVP within the WM and DGM, as described in Chapter 3, was
based on semi-quantitative assessment (Figure 2.1) of tissue from diagnostic
blocks S, T, U, W, Y, U, Z, AD, AE, AF, AG, AH, AJ, Al, AK, AL and coronal
levels 1-3, 5, 7, 9-13, 15, 17, 19, 21-23, 25, 27, 29 and 31-33. There was slight
variation within hemispheric regions and Brodmann areas contained in each
coronal level and availability within the individual cases. This was due to
variation in hemispheric size, however, detailed notes from the neuropathologist
enabled identification of WM and DGM regions (Table 2.4).

All blocks were examined before cutting to ensure adequate WM tissue was
available. To reduce staining variation, one experienced technician produced
the majority of the sections. 6um tissue sections were cut and stained with H&E
and LFB according to the protocols in sections 2.12.1 and 2.12.2. These
sections are referred to as ‘total’ sections since they encompassed the entire
WM. Diagnostic sections for blocks A, B, D, E, F, |, J, K and L were previously
stained with H&E and LFB as part of the routine diagnostic assessment for the
NBTR and referred to as ‘diagnostic’ sections. LFB sections for WM and H&E
sections for DGM were viewed using Nikon Eclipse 90i microscope. The
appropriate tissue and area was identified and assessed according to the SVD
criteria. Scores were noted and a mean value was calculated for frontal,
temporal, parietal-occipital and DGM separately for ‘total’ and ‘diagnostic’
scores per case. Parietal and occipital scores were combined to aid comparison
to post mortem MRI scores.
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Brain region Uil bltedes ele Diagnostic blocks
9 coronal levels 9
S, T,U, Z AD, AE, AF;
Frontal CL:1-3,5,7,9-13, 15, A, B, E
17,19, 21
AG, AJ; CL: 11, 13, 15,
Temporal 17,19, 21-23 |
Parietal Al, AK; CL: 23, 25, 27 K
Occipital AL; CL: 29, 31-33 L
W, Y, U, AH; CL: 11, 13,
DGM 15,17, 19 D, F,J

Table 2.4. Table indicating the blocks and coronal levels used for the frontal, temporal, parietal,
occipital regions and DGM for both ‘total’ and ‘diagnostic’ data sets. CL, coronal level.

2.14.2 Artery and arteriole fibrosis

Analysis of artery and arteriole vessel wall fibrosis, as described in Chapter 4,
was based on semi-quantitative criteria from Esiri and colleagues (Esiri et al.,
2011) (Figure 2.6). Previously H&E stained 6um diagnostic sections from blocks
A, B (frontal), | (temporal), K (parietal) and L (occipital) were used. Sections
were viewed using Nikon Eclipse 90i microscope, the WM was identified and
approximately eight >50um arteries/arterioles were selected per section,
depending on the amount of WM present. Vessels were given a vascular
fibrosis score according to the criteria used by Esiri’'s group (Smallwood et al.,
2012). Images of vessels were captured at x200 magnification with a Nikon DS-
Fi1 camera and saved as a Jpeg image file for S| assessment (2.25.3). Scores
were noted and a mean value was calculated for frontal, temporal, parietal, and

occipital scores per case.
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Figure 2.6. Semi-quantitative criteria used to asses arterial and arteriole wall fibrosis (Esiri et
al., 2011). Photomicrographs illustrate the histological appearance of various grades of vascular
fibrosis: grade 0, normal; grade 1, mild, grade 2, moderate; grade 3, severe vessel wall fibrosis.
Histochemistry: H&E.

2.15 Quantitative analysis

2.15.1 Cortical pathology

Quantitative assessment of cortical pathology, as described in Chapters 4 and
5, was performed on 6um tissue sections from blocks A, B, E, |, K, and L for
AT8, and blocks A, I, K, and L for 4G8. Section underwent
immunohistochemical staining for AT8 and 4G8, according to the protocols in
sections 2.12 and 2.12.3. Of note, routine neuropathological protocol does not
require 4G8 staining for blocks B and E as this is not required for diagnostic
assessment.

Previous studies have shown that the density of neuropathological lesions i.e.
HPT and AB, have been previously shown to be significantly higher in the sulci
compared to the gyri crest (McParland et al., 2013, Gentleman et al., 1992).

For each stain, three separate sulci and gyri were assessed. Three was
considered the most appropriate number of measurements as takes into
consideration natural variation with in the sample and yields a reliable mean

value, the vast majority of tissue samples contained three suci and gyri so it

R7



was uniform for all sections and it enabled fast assessment of cases. Therefore,
six measurements were taken per section (3 sulci, 3 gyri) from which the
section mean value was calculated. Sulcal and gyral regions were identified and
marked to aid stage adjustment (Figure 2.7 A). Sections were viewed using
Nikon Eclipse 90i microscope, at illumination 3.9V, and the stage was guided to
the tip of a gyrus and an x200 magnification 1x6 (0.41 x 1.67mm) image of
cortical strip was captured (Figure 2.7 B-C). Using NIS-Elements AR3.2
software the pre-determined threshold for the specific stain was then applied to
create a binary layer. Using automatic measurement the binary area fraction,
defined as the ratio of the segmented/highlighted image area to the measured
area, is counted (Figure 2.7 D). This was repeated on the other 2 sulci and gyri.
Data was exported into a Microsoft Excel document. Binary area fraction counts
are presented as values between 0-1; in order to express the percentage area
of immunopositivity binary area fraction counts were multiplied by 100 to
calculate a mean percentage areas of immunopositivity for each section. This
enabled the mean percentage area calculation for frontal (A and B), temporal
(1), parietal (section K), occipital (section L) cortices.
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Figure 2.7. Quantification of cortical pathology. A) Section of frontal tissue with gyri and sulci
labelled (black boxes), white dots indicate areas selected for cortical strip measurement; B)
magnified image of a sulcus, green box indicates 1x6 capture area of cortical tissue; C) cortical
strip with NFT/NT pathology; D) cortical strip with threshold. Immunohistochemistry AT8; scale
bars: B, 500 » m; C and D, 100 u m.

2.15.2 TMA analysis

HPT and AB pathology were quantified in TMA sections, as described in
Chapter 6. Paraffin TMA blocks were generated for each case according to the
protocol in section 2.11. 6um tissue sections were cut and mounted according
to the protocol in section 2.12. Sections were carefully placed on the slide in the
same orientation so the first tissue sample can be easily identified. Sections
were then immunohistochemically stained with antibodies AT8 and 4G8
according to the protocol described in section 2.12.3 (Figure 2.8 A). Sections
were viewed using a Nikon Eclipse 90i microscope, at illumination 3.9V, and the
stage was guided to the tissue sample 1. At x40 magnification the center of the
tissue sample is identified, magnification decreased to x20 magnification,
focused and location recorded on a Macro that is programmed to take 2x3 (0.85
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x 0.78mm) images (Figure 2.8 B). Magnification was then reduced to x40 and
the stage moved to tissue sample number two and the process repeated for all
40 tissue samples. At the final sample the image was left in focus at x200
magnification and the Macro enabled starting the automatic capture of 2x3
images from sample one, continuing through all 40 tissue samples. Using NIS-
Elements AR3.2 software a pre-determined threshold for the specific stain was
then applied to all 40 photomicroimages, which were then measured as a binary
area fraction (Figure 2.8 C). Data was exported into an Excel document and
expressed as a percentage area of immunopositivity binary area fraction, as
described in section 2.15.1. From these single punch measurements the mean
percentage binary area fraction of immunopositivity for specific cortical regions
(Table 2.5) was calculated.

Tissue sample Area Brain region
number
1-3 Pre-frontal cortex
5-7 Mid-frontal cortex Frontal
17 + 18 Motor cortex
21-25 Entorhinal cortex Temporal
26-30 Temporal cortex
31-34 Parietal cortex Parietal
36-39 Occipital cortex Occipital

Table 2.5. Table indicating the TMA tissue sample numbers and their specific areas used for the
frontal, temporal, parietal, and occipital regions. Samples not included in the analysis were 4, 8.
15, 35 and 30 that consisted of white matter; 9 and 10 that consisted of cingulate, and 11-14
and 19-20 that consisted of deep grey matter.
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Figure 2.8. Quantification of TMA. A) TMA section. Black dot indicates sample 1; B) magnified
image of TMA tissue sample, red box highlights area captured by 2x3 image at the center of the
tissue sample; C) 2x3 image of A 8 pathology with threshold. Immunohistochemistry 4G8; scale
bars: B, 500 » m; C, 100 . m.

2.15.3 Calculation of artery and arteriole Sclerotic Index

For the quantification of artery and arteriole fibrosis, as described in Chapters 4
and 6, the software program VasCalc was used to calculate the S| using
photomicroimages of H&E sections (see: section 2.14.2). VasCalc was
developed and previously used by Yamamoto (Yamamoto et al., 2009, Craggs
et al., 2013, Yamamoto, 2011) (Full Visual Basic code for VasCalc can be found
in appendix | (Yamamoto, 2011)). S| was developed by Lammie and colleagues
(Lammie et al., 1997) and is used to evaluate the thickening of cerebral arteries
and arterioles, as a measure of SVD and is calculated by standard formulae
(Figure 2.9). For the study in Chapter 6 | modified the three-tiered Sl criteria and
included a ‘moderate’ value to keep all of our SVD pathology criteria on four-
tiered scale. Sl of normal vessels in this study was considered 0.2-0.29; SI
value 0.3-0.39 represented mild SVD; Sl value 0.4-0.49 represented moderate
SVD; and Sl values >0.5 represented severe SVD.
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Figure 2.9. Definition of SI. Formulae used to calculate the Sl value of the walls of arteries and
arterioles. VasCalc software; Green lines indicate the 3 lines used to measure the internal
diameter and red lines indicate the 3 lines used to measure the external diameter of the vessel
wall. All 6 lines crossed the blue cross. Vwall, vessel wall; PVS, perivascular space; Dint,
internal diameter; Dext, external diameter.

The protocol was identical for both studies described Chapters 4 and 6: 6um
tissue sections from blocks A, B, |, K and L were cut and stained with H&E
according to the protocol in sections 2.12 and 2.12.1. Sections were viewed
using Nikon Eclipse 90i microscope, the WM was identified and approximately
eight >50um arteries/arterioles were selected per section depending on the
amount of WM present. Images were captured at x200 magnification with a
Nikon DS-Fi1 camera and saved as a Jpeg image file. Jpeg files were loaded
into VasCalc program and calibration settings based on the image magnification
selected. 3 user-specific lines were used to measure the mean internal diameter
(mDint) and mean external diameters (mDext). VasCalc then calculated the Sl
value and exported the data into a Word Excel document. An average Sl score
was calculated from the frontal (A and B), temporal (I), parietal (section K),

occipital (section L), and a combined parietal-occipital WM Sl values.
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2.16 Statistical analysis

Statistical analyses were carried out using SPSS version 19. Data was checked
for normal distribution using Kolmogorov-Smirnov test. All data was non-
normally distributed.

To compare means non-parametric Kruskal-Wallis test was used. Linear
Regression analysis was used to quantify how one variable related to another.
Wilcoxon Rank sum and Mann-Whitney U tests were used to test for differences
between groups. Spearman’s rank correlation coefficient was calculated to find
relationships between variables. Post hoc power calculations were generated
using G*Power version 3.1.9.2 (Faul et al., 2009).
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Chapter 3 - The use of MRI to assess white matter lesions in

fixed post mortem brain hemispheres

3.1 Introduction

WMH, as seen on T2-weighted MRI, have a high prevalence within the
population and are frequently seen in both demented and non-demented aged
individuals (Schmidt et al., 2011b, Barber et al., 1999). WMH are associated
with a plethora of physically disabilities (O'Sullivan, 2008) and cognitive deficits
especially cognitive impairment (Esiri et al., 1999, Kalaria et al., 2004,
Smallwood et al., 2012, Vinters et al., 2000, Baune et al., 2009, Shenkin et al.,
2005, Stenset et al., 2008, Zhou et al., 2008). Importantly they are significantly
associated with and increased risk of dementia and accelerated decline
(Debette et al., 2010, Debette and Markus, 2010, Kuller et al., 2003, Prins et al.,
2004, Snowdon et al., 1997) and are one of the most common co-pathologies in
AD, seen in up to 40% of cases (O'Sullivan, 2008, Nagata et al., 2012,
Schneider et al., 2007)

Pathologically, WMH appear as WML characterized by EPVS and WM
rarefaction or lacunes in the DGM. It is generally assumed that in most cases
WML result from ischemia caused by SVD (Grinberg and Thal, 2010).
Collectively, SVD and associated lesions can be referred to as SVP, and
definitive diagnosis relies on the post mortem identification and grading of the
associated vascular and WML. However, there are currently 2 major difficulties
in the histological assessment of SVP and WML:

1. No validated neuropathological consensus criteria for SVP or WML are
available

2. Histological examination is based upon a limited number of histological
slides containing selected frontal, parietal, temporal and occipital WM
and DGM. A full histological assessment of all WM is deemed the best
method of assessment but this rarely possible due to financial and time

constraints.
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In contrast, MRI has several validated rating scales for the visual assessment of
WMH, that may be applied for both in vivo and post mortem MRI (Scheltens et
al., 1998, Wahlund et al., 2001). Although there have been numerous studies
comparing in vivo and post mortem MRI with histological findings (see section
1.6) (Figure 3.1), these studies focused on the identification of morphological
substrates for respective MRI signals and did not investigate whether
assessment scores reflected that of a neuropathological assessment.
Therefore, it is not clear if post mortem MRI may routinely be used to

complement post mortem examination for the assessment of SVP.
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Figure 0.1 Micro-photoimages and corresponding post mortem T2-weighted MRI images
showing SVP at various grades in the WM and DGM. Grade 0; normal myelin and PVS in WM
(A), normal parenchyma DGM (B) and no hyperintensities present on MRI (C). Grade 1; mild
myelin pallor (D, arrow head), mild dilation of PVS in WM (D, arrow), mild loosening of
parenchyma in DGM (E, arrow), ‘punctate’ hyperintensities (F, arrow). Grade 2; moderate
myelin pallor with a ‘bubble-like’ appearance (G, arrow head), moderate dilation of PVS in WM
(G, arrow), moderate loosening of parenchyma in DGM (H, arrow), ‘early confluent’
hyperintensities (I, arrows). Grade 3; Severe myelin pallor with areas of cavitation (J, arrow
head), severe dilation of PVS in WM (J, arrow), severe loosening of parenchyma in DGM,
‘confluent’ hyperintensities (L, arrows). WM, white matter; DGM, deep grey matter; PVS,
perivascular space. Histochemistry; Luxol fast blue (A, D, G and J) and haematoxylin & eosin
(B, E, H and K) and MRI images were taken with a T2-weighted vertical 4.7 T scanner,
horizontal plane; frontal cortex, right hemisphere. Scale bars: A, 100 . m; B, 50 u m; D, E, G,
H, 200 um;J, H, 500 p m.
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3.2 Aims
To evaluate the feasibility of MRI of post mortem brain hemispheres as a

means of assessing SVP in demented and non-demented aged subjects.
3.3Methods

3.3.1 Cohort

This study included clinico-pathologically confirmed non-demented aged
controls and demented cases that included AD, DLB, PDD, CBD and PSP. This
study compared scores from different pathological assessments; therefore case

selection was not based on the neuropathological diagnosis (Table 3.1).
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Disease PMD Braak | CERAD
Case n sex age LB Braak
status (hours) | stage score
1 F 96 Normal Aged 95 3 0 0
2 M 77 Normal Aged 83 2 0 0
3 F 84 Normal Aged 46 2 0 0
4 F 94 Normal Aged 82 2 0 0
5 F 98 Normal Aged 17 3 1 0
6 F 74 Normal Aged 40 3 0 1
7 F 81 Normal Aged 82 3 2 0
8 F 70 Normal Aged 72 0 0 2
9 M 72 Normal Aged 39 1 0 0
10 F 89 Normal Aged 34 3 0 0
1" F 78 Normal Aged 34 0 0 0
12 F 95 Normal Aged 36 3 0 0
13 F 89 Normal Aged 49 3 0 3
19 F 88 Normal Aged 22 3 0 0
20 F 86 AD 69 6 3 0
21 M 88 AD 84 6 3 0
22 F 93 AD 15 6 3 0
23 M 92 AD 59 6 3 0
24 M 78 AD 37 6 3 0
25 F 86 AD 47 6 3 0
26 M 85 AD 29 6 3 0
27 F 87 AD 54 6 3 0
28 F 81 AD 73 5 3 0
29 M 81 AD 56 6 3 0
30 M 90 AD 69 6 3 0
31 F 75 AD 33 6 3 0
32 F 86 AD 5 6 3 0
33 F 89 AD 85 6 3 2
46 M 72 DLB 89 3 0 6
47 M 78 DLB 34 6 3 6
48 M 77 DLB 46 3 0 6
49 F 81 DLB 44 4 2 6
50 F 91 DLB 10 3 2 6
51 F 73 DLB 99 3 0 6
52 M 81 DLB 81 3 2 6
53 F 75 PDD 18 3 2 6
54 M 68 CBD 9 2 0 0
55 F 83 PSP 65 N/A N/A N/A
56 M 90 PSP N/A 2 0 0
57 M 78 PSP 53 N/A N/A N/A

Table 3.1. Subject demographics. Case n refers to master demographic table 2.2. N, number;
M, male; F, female; DLB, Dementia with Lewy bodies; AD, Alzheimer's disease; CBD,
Cortiocobasal degeneration; PSP, Progressive supranuclear palsy; PDD, Parkinson’s disease
dementia; PMD, post mortem delay; N/A, not available.

3.3.2 MRI assessment

Formalin fixed post mortem right hemispheres underwent T2-weighted MRI and
subsequently WMH were visually rated in frontal, parieto-occipital and temporal
deep WM using the ARWMC scale (Wahlund et al., 2001), to generate ARWMC

score. Lacunes >5mm of the DGM (Bokura et al., 1998), as described in section

79



2.9, were also assessed to generate a DGM-MRI score (Figure 3.2).

3.3.3 Neuropathological assessment

Paraffin embedded tissue was used for the histological assessment of SVP: For
routine diagnostic histological assessment 6um tissue sections were cut from
diagnostic blocks and for extensive total histological assessment 6um tissue
sections were cut from total blocks and coronal levels shown in Table 2.4.
Frontal, temporal, parieto-occipital sections were stained with LFB according to
protocol in section 2.12.2, and DGM sections were stained with H&E according
to protocol in section 2.12.1. SVP was rated using criteria from Esiri and
colleagues (Smallwood et al., 2012), as stated in section 2.14.1, as this criteria
was deemed more suitable for larger cohorts, to generate diagnostic WM score
(WMs) and total WMs (Figure 3.2).
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ARWMCs/DGM-MRIs Diagnostic WMs
Fixed right hemispheres T2* MRI Routine histological
ARWMCs criteria’ diagnosis (9 slides);
histological assessment
criteria?

Total WMs
Full hemispheric histological
assessment at 0.7cm
intervals (approx. 27 slides);
histological assessment
criteria?

Figure 3.2. Schematic diagram indicating the 3 assessments per case. All brains undergo post
mortem T2-weighted MRI and hyperintensities are scored. Dissected brains then underwent
routine diagnostic scoring of WML and finally a total hemispheric histological assessment of
WML, deemed as the best method of assessment. ARWMC/DGM-MRI scores and diagnostic
scores are then compared to total scores. ARWMCs, Age-related white matter change score;
DGM-MRIs, deep grey matter MRI score; WMs, white matter score. 'Wahlund et al., 2001;
*Smallwood et al., 2012.
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3.3.4 Statistical analysis

Data were not normally distributed therefore nonparametric tests were
employed; Spearman’s rank correlation coefficient was used to correlate total
and diagnostic WMs and ARWMC/DGM-MRI scores (ARWMCs/DGM-MRIs), as
well as to correlate all scores with subject’s age. Significant differences between
total vs. diagnostic scores and between total score vs. ARWMCs/DGM-MRIs
were determined using the Wilcoxon rank sum test. The Mann-Whitney U-test
was employed to test for differences in all assessment scores in demented vs.
non-demented subgroups and to test for an influence of post mortem delay on
scores the Kruskall-Wallis test was used. The weighted kappa value was

calculated to test for inter-rater reliability.

3.4Results

One assessor (Kirsty E. McAleese) assessed both diagnostic and total slides to
ensure consistency in scoring. To evaluate the reliability of the main assessor’s
scores, diagnostic scores were provided by four additional assessors (Dr. Jim
Neal, Prof. David Mann, Prof. Margaret Esiri and Prof. Johannes Attems) in a
subset of 12 cases and compared with the main assessor’s scores. No
significant differences were seen between all five scores and the weighted
kappa value for inter-rater reliability was 0.64 (P < 0.01, SE: + 0.19) indicating
substantial agreement. All correlations remained statistically significant when
controlling for post mortem delay.

3.4.1 White matter scores in frontal, parieto-occipital and temporal lobes
Mean total and diagnostic WM/DGMs and ARWMCs/DGM-MRIs for all
individual cases are shown in Table 3.1.

Mean total WMs and ARWMC were highest in the parieto-occipital lobe (total
WMs, mean: 1.55, SE:+ 0.11; ARWMCs, mean: 1.9, SE: £+ 0.14) followed by the
frontal lobe (total WMs, mean: 1.47, SE: + 0.09; ARWMCs, mean: 1.75, SE: +
0.14). In contrast, mean diagnostic WMs in the frontal lobe were higher than the
one observed in the parieto-occipital lobe (frontal, mean: 0.78, SE: + 0.13;
parieto-occipital, mean: 0.69, SE: + 0.14). No significant differences in the
scores between frontal and parieto-occipital lobes were seen. All scores were
lowest in the temporal lobe (total WMs, mean: 1.4, SE: + 0.09; diagnostic WMs,
mean: 0.96, SE: + 0.12; ARWMCs, mean: 0.93, SE: £ 0.15) and both diagnostic
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WMs and ARWMCs were significantly lower in the temporal lobe compared with
other lobes (P < 0.01). Post mortem delay had no statistically significant

influence on any of the scores (P > 0.05).
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Frontal Parieto-occipital Temporal Deep grey matter
Casenumber ~ Diag.  Sex  Age [ TWMLs DWMLs ARWMCs| TWMLs DWMLs ARWMCs[ TWMLs DWMLs ARWMCs|[TDGMLs DDMLs DGM-MRIs
1 C F 96 1.44 2 2 2.3 2 2 2 2 1 2.5 2 0
2 C M 77 1.55 0 1 1.5 1 1 1.83 N/A 0 1.5 0 0
3 C F 94 2.8 1 3 3 0 3 3 N/A 2 2.75 1 2
4 C F 89 1.45 2 3 1.1 2 2 1.17 1 0 1.5 1.5 0
5 C F 74 0.64 1 2 0.67 0 3 0.57 1 0 1.2 0 1
6 C F 84 1.26 0 2 1.36 0 2 1.29 0 1 0.75 0.5 0
7 C F 70 1.28 0 1 112 1 2 1 1 1 1.67 0.5 0
8 C F 81 1.29 2 1 1.25 0 1 1.38 1 0 1.67 0 1
9 C M 72 0.87 0 1 0.67 0 2 0.63 1 0 0.5 0 0
10 C F 89 1.75 1.3 2 1.4 1.5 2 1.5 1 2 1.56 1 0
1" C F 78 0.82 0 2 0.9 0 1 1 0 1 1.2 0 0
12 C F 95 0.75 1 2 0.8 1 3 0.38 0 1 1.17 1.5 1
13 C F 98 1.78 1 2 1.85 0 3 1.33 1 1 1.29 0 1
14 C F 88 2 0 2 2.14 0 1 1.6 1 0 1.89 0 1
(Control mean ($SE) - MF2:12 846(25) | 1.41(0.15) 0.81(0.22) 1.86(0.18)| 1.43(0.18) 0.61(0.21) 2(0.21) |1.33(0.18) 0.83(0.17) 0.71(0.19)| 1.51(0.16) 0.57 (0.19)  0.5(0.17)
15 AD F 86 1.4 1 3 1.78 1 3 2 N/A 3 0.43 0.5 1
16 AD M 88 0.7 0 0 1.4 0 3 0.67 1 0 0.64 0 1
17 AD F 93 1.27 0 1 1.44 0 1 1.2 1 0 1.17 0 0
18 AD M 92 1.94 1 1 2 1 2 2.33 2 1 1.76 0.5 0
19 AD M 78 1.92 2 3 2.67 2 3 25 2 3 2.3 1 0
20 AD F 86 1.67 2 1 1.4 0 0 1 N/A 0 1.22 0.5 0
21 AD M 85 1.54 1 2 1.45 0 2 1.2 1 1 0.86 0 0
22 AD M 81 2.13 0 2 1.86 0 2 1.83 1 0 1.33 1 0
23 AD F 87 25 1 3 2.89 0 3 225 1 2 1.89 0.5 2
24 AD M 90 2.31 3 3 2.62 3 3 1.89 2 3 1.56 1 0
25 AD F 75 0.86 0 1 0.79 0 1 0.8 0 1 1.1 0 0
26 AD F 86 2.25 0 3 1.9 0 1 1.25 1 1 1.5 0 0
27 AD F 89 1.33 1 3 2.09 3 3 2.6 3 3 0.6 0.5 0
28 AD F 81 2.6 1 3 2.88 1 3 2 1 2 2.2 0.5 1
ADmean (#SE) - MF68 855(14) | 1.74(0.16) 0.93(0.25) 207(0.29)|1.94(0.17) 079(0.3) 2.14(0.27)| 1.68(0.17) 1.33(0.22) 143(0.33)| 1.33(0.16) 0.43(0.1) 036(0.17)
29 DLB M 72 1.38 0 1 1.5 0 0 1.22 2 0 0.91 0.5 0
30 DLB M 78 1.47 0 1 1 0 1 1.14 1 1 0.93 0 1
31 DLB M 77 0.86 0 2 1.42 2 2 1.4 1 1 1.1 0 1
32 DLB F 81 2.08 0 1 2.29 1 2 2 2 1 1.4 0 0
33 PDD F 75 1.21 0 1 1.38 0 1 1.25 1 0 1 0 0
34 DLB F 91 1 2 2 1.38 1 3 0.5 1 1 0.67 0 1
35 DLB F 73 0.73 1 1 0.57 1 1 0.5 0 0 1 0 0
36 DLB M 81 0.64 1 2 0.7 1 2 1 1 1 0.82 0 0
LBDmean (:SE) - MF44 785(21) |[1.17(0.17) 05(0.27) 1.38(0.18)| 1.28(0.19) 0.75(0.25) 1.5(0.33) | 1.13(0.23) 1.13(0.23) 0.63(0.18)| 0.98(0.08) 0.6(0.6)  0.38(0.18)
37 CBD M 68 1.81 1 1 1.7 1 1 1.75 0 0 117 1 0
38 PSP M 90 0.86 0 1 0.5 0 2 0.8 0 0 0.7 0 0
39 PSP M 78 1.31 1 2 1.3 0 2 1.33 0 1 1.56 1 0
40 PSP F 83 1.18 1 0 0.91 1 1 1 0 1 1.3 0.5 0
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Table 3.2. Demographic characteristics, mean total scores, mean diagnostic scores, and mean
ARMWC/DGM-MRI scores of 40 cases. Diag., clinicopathological diagnosis; TWMLs, total white
matter lesion (histological) score; DWMLs, diagnostic white matter lesion (histological) score;
ARWMCs, Age-related white matter change (MRI) score; TDGMLs, total grey matter lesion
(histological) score; DDGMLs, diagnostic deep grey matter lesion (histological) score; DGM-
MRIs, deep grey matter magnetic resonance imaging score; F, female; M, Male; C, control; AD,
Alzheimer’s disease; DLB, Dementia with Lewy bodies; PDD, Parkinson’s disease dementia;
LBD, Lewy bodies disease; CBD, corticobasal degeneration; PSP, progressive supranuclear
palsy.
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3.4.2 Total WMs vs. diagnostic WMs and ARWMCs/DGM-MRIs

Overall WM scores were calculated by adding all mean individual scores from
the frontal, parieto-occipital and temporal lobes, with a maximum score of 9.
When comparing overall scores no significant difference between overall total
WMs (mean: 4.42, SE: £ 0.28) and overall ARWMCs (mean: 4.58, SE: + 0.36)
while overall diagnostic WMs were significantly lower (mean: 2.44, SE: £+ 0.33)
(Figure 3.3 A)

When restricting analysis to individual lobes, in both frontal and parieto-occipital
lobes diagnostic WMs but not ARWMCs were significantly lower than total WMs
(P < 0.01). In contrast, in the temporal lobe both diagnostic WMs and ARWMC
were significantly lower than total WMs (P < 0.01) (Figure 3.3 B-D). Significant
correlations between total WMs and ARWMCs were seen in the frontal (Rho
0.426, P < 0.01), parieto-occipital (Rho 0.455, P < 0.01) and temporal (Rho
0.498, P < 0.01) lobes. In addition, significant correlations were seen between
total WMs and diagnostic WMs in the parieto-occipital (Rho 0.358, P < 0.05)
and temporal (Rho 0.503, P < 0.01), but not in the frontal lobe respectively.

With respect to the DGM, a significant correlation was seen between total
DGMs (mean: 1.31, SE: + 0.09) and diagnostic DGMs (mean: 0.43, SE: + 0.08;
Rho 0.443, P < 0.01) but not between total DGMs and DGM-MRIs (mean: 0.38,
SE: + 0.09). However, both diagnostic DGMs and DGM-MRIs were significantly
lower than total DGMs (P < 0.001) (Figure 3.3 E).
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Figure 3.3 A) Mean overall TWMs are significantly higher than overall DWMs, while no
significant differences are seen between overall ARWMCs and overall TWMs. B-E) Comparison
between assessment scores in individual lobes. Mean TWMs are significantly higher than mean
DWNWMs in all lobes (B, C and D) as are TDGMs compared with both DDGMs and DGM-MRIs
(E). No significant differences are seen between TWMs and ARWMCs in both frontal (B) and
parieto-occipital (C) lobes, while ARWMCs are significantly lower than TWMs in the temporal
lobe (D). **P < 0.01; ***P < 0.001; rings, outliers; asterisks, extreme values. SVP, subcortical
vascular pathology; F, frontal; P/O, parieto-occipital; T, temporal; TWMs, total white matter
score; DWMs, diagnostic white matter score; TDGM, total deep grey matter; DDGMs, diagnostic
deep grey matter score; ARWMCs, Age-related white matter change score; DGM-MRIs, deep
grey matter MRI score.
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3.4.3 Underrating of diagnostic WMs compared to total WMS and
ARWMCs

Figure 3.4 illustrates how diagnostic WMs could have been scored lower than
total WMS and ARWMCs.

3.4.4 Influence of SVP severity on assessment

In order to investigate if the severity of SVP i.e. aspects of SVD including PVS
enlargement, myelin pallor, parenchymal loosening and lacunes, has an
influence on the accuracy of either diagnostic WMs or ARWMCs in reflecting
total WMs, the study group was classified into cases with (i) total WMs score 1-
2; ‘mild to moderate’ and (ii) total WMs score 3; ‘severe’. ‘Mild to moderate’
scores were combined to increase statistical power due to small case numbers
in the ‘mild’ group and as the pathological difference between the two grades is
slight compared to the ‘severe’ grade, it was deemed appropriate to combine
the two grades. In the ‘mild to moderate’ subgroup a significant difference was
seen in the temporal lobe (P<0.01), however, there were no significant
differences between total WMs, diagnostic WMs and ARWMCs in the frontal
and parieto-occipital lobes. In contrast, diagnostic WMs were significantly lower
than total WMs scores in the frontal (P<0.01), parieto-occipital (P<0.001) and
temporal (P<0.01) lobes. In the ‘severe’ subgroup neither diagnostic WMs nor
ARWMCs differed significantly from total WMs (Figure 3.5)

3.4.5 Scoring methods and relationship with SVP severity, age and
clinicopathological diagnosis

| investigated whether the method of assessment may influence results
regarding the relation between the severity of SVP, age and clinicopathological
diagnosis. The severity of SVP in the WM in all lobes significantly increased
with age when using total WMs and ARWMCs (all 0.338 < Rho < 0.573; frontal
and parieto-occipital, P < 0.01; temporal, P < 0.05), while such a correlation was
seen between age and diagnostic WMs in the frontal lobe only (Rho 0.478, P <
0.01). In contrast, diagnostic DGMs but not total DGMs or DGM-MRIs
significantly increased with age (Rho 0.416, P < 0.01). All scores in WM and
DGM were higher in the demented groups (AD, LBD, tauopathies) compared
with non-demented (controls) (for mean values see Table 3.1), but these
differences were not statistically significant.
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Figure 3.4. Examples of SVP the deep WM as seen by 3 methods of assessment illustrated as
cartoons in the upper row. Red bar indicate columns containing photomicrographs from slides
used for diagnostic, blue bars for TWMs and green bars indicate post mortem MRI images on a
horizontal plane. Mild, moderate and severe subgroups were assigned based on TWMs;
photomicrographs and MRI images were taken from one single case for each subgroup.
Numbers in the right upper corner of individual photomicrographs indicate the assigned
histological score for the pictured slide. Mild SVP of WM (grade 1); DWMs assign a score of 0 in
frontal and parieto-occipital lobes, while TWMs indicate a score of 1 for most slides as does the
ARWMCs: Moderate SVP of WM (grade 2):DWMs assign a score of 1 in frontal, parieto-
occipital and temporal lobes, while TWMs indicate a score of 2 for most slides as does the
ARWMCs: Severe SVP of WM (grade 3); a DWMs of 2 is given for parieto-occipital and
temporal lobes a score of 3 is given to the majority of slides used for TWMs and are consistent
with ARWMCs 3 on MRI images. Histochemistry, Luxol fast blue; scale bar, 1000 mm. WM
SVP, white matter subcortical vascular pathology; front., frontal; par/occ, parieto-occipital;
temp., temporal; TWMs, total white matter score; DWMs, diagnostic white matter score;
ARWMCs, Age-related white matter change score.
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Figure 3.5 Comparison of assessment scores in subgroups with mild to moderate and with
severe SVP. In the subgroup mild to moderate (A) DWMs are significant lower compared to
TWNMs in all lobes, in contrast to ARWMCs do not differ from TWMs in frontal and parieto-
occipital lobe. On the other hand in the subgroup severe (B) no significant differences are seen
between TWMs, DWMs and ARWMCs. **P < 0.01; ***P < 0.001; rings, outliers. SVP,
subcortical vascular pathology; F, frontal; P/O, parieto-occipital; T, temporal; TWMs, total white
matter score; DWMs, diagnostic white matter score; ARWMCs, Age-related white matter
change score.
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3.5 Discussion

3.5.1 MRI on post mortem brains reliably reflects WM SVP

MRI has been shown to detect WMH in post mortem brains (De Reuck et al.,
2011, Fernando et al., 2004, Munoz et al., 1993), however, these studies
focused on the identification of lesions and not whether assessment scores of
visually rated MRI images reflected that of neuropathological assessments. This
study has demonstrated that T2-weighted MRI, performed on whole fixed post
mortem brain hemispheres reliably reflects the severity of SVP in the WM of
frontal, parietal and occipital lobes as detailed as an extensive histological
assessment of the entire WM at 7-mm intervals. In frontal, parietal and occipital
lobes and the entire hemisphere no significant differences were seen between
total histological WM scores and MRI-based ARWMCs.

3.5.2 Diagnostic histological assessment underrates SVP burden

This study indicated that, in the majority of cases, the severity of SVP is
underestimated by diagnostic histological assessment. Diagnostic scores were
significantly lower when compared to total histological scores in the frontal,
parietal and occipital lobes. In the majority of cases the diagnostic score was 1
grade lower than the mean score of the total slides. This is most likely due to
the limited number of slides assessed in diagnostic assessment compared to
total histological assessment, which has been highlighted as a hindrance
(Alafuzoff et al., 2012, Grinberg, 2013). Furthermore, diagnostic scores were
also significantly lower than ARWMC scores; probably due to post mortem MRI
assessing the entire hemisphere, consequently, less pathology is missed.
Although, both total and diagnostic histological scores correlated with each
other indicating that statistically the numeric difference between total and

diagnostic histological scores remains consistent across cases.

However, when subdividing the study group into cases with either mild-
moderate or severe SVP in the WM, based on total histological scores, no
significant differences between total and diagnostic histological scores was
observed in the severe subgroup. This finding suggests that in particular in the
mild and moderate SVP cases the severity of SVP is frequently underestimated
possibly due to; i) SVP pathology is more focal in mild/moderate cases and
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could be missed if a limited number of slides are investigated; ii) SVP not being
a single entity and comprising of heterogenous changes (Grinberg, 2013) of
which not all were assessed; iii) variation in histochemical staining which could
possible influence the scoring of myelin pallor. In the severe subgroup, SVP is
seemingly easy to identify possibly due to the high degree of tissue destruction
and therefore also a limited number of slides is sufficient to detect these

lesions.

3.5.3 Post mortem MRI is not suitable for temporal lobe assessment
Despite the high accuracy of MRI-based ARWMCs in reflecting SVP in the
frontal, parietal and occipital WM, ARWMCs and diagnostic histological scores
were significantly lower than total histological scores in the temporal lobe.

There is no clear explanation for the low sensitivity of MRI in the temporal lobe,
however, two possible explanations might be; i) the relatively small size of the
temporal lobe compared to the other lobes possibly makes it difficult to
accurately assess SVP on MRI images and pathology could be missed or
misinterpreted as an anomaly due to indistinct cortical-WM borders; ii) a large
proportion (35%) of our cohort were AD cases and one of the earliest and most
pronounced changes in AD is MTL atrophy (Braak and Braak, 1991). MTL has
long been associated as a diagnostic marker of AD and predictor of cognitive
decline. Therefore, a substantial proportion of the cohort may have had severe
atrophy within the temporal lobe making it difficult to gain an accurate MRI-
based assessment. Although MTL atrophy is most severe in AD it is also not
uncommon in non-demented elderly (Firbank et al., 2007, van der Flier et al.,
2005, Visser et al., 1999). A recent MRI study by Cavallin and colleagues
(Cavallin et al., 2012) investigating 544 healthy aged individuals enrolled in the
Swedish National study on Ageing and Care, found that 95% of 66 years and
over had some level of MTL atrophy, of which severity increased with age.
Therefore, atrophy of the temporal lobe may have negatively influenced the
accuracy of post mortem MRI-based assessment and findings should be
interpreted with caution.

3.5.4 Post mortem MRI is not suitable for deep grey matter assessment
Similarly to the temporal lobe, in the DGM both diagnostic histological scores

and DGM-MRI scores were significantly lower than total histological scores.
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The low accuracy of MRI for the evaluation of lacunes in the DGM of post
mortem brains is possibly due to the MRI criterion used. The main
distinguishing factor between the morphologically similar lacunes and enlarged
perivascular spaces (EPVS) (Awad et al., 1986, Chimowitz et al., 1992, Munoz
et al., 1993) on MRI is size; only lesions larger than 5 mm (Bokura et al., 1998)
were scored due to difficulty in reliably identifying smaller lacunes. Therefore,
lacunes with a diameter below 5 mm, which are included and scored in
histological assessment, are not scored in MRI assessment and may explain
the lack of a statistically significant correlation between total DGMs and DGM-
MRIs. Similarly to WM diagnostic histological assessment, limitations in slide
number may explain the significantly lower diagnostic score compared to total
scores. Previous studies that have compared MRI signals and pathological
findings of lacunes to determine the morphological substrates for respective
MRI signals (Bokura et al., 1998, Braffman et al., 1988, Matsusue et al., 2006,
Pullicino et al.,, 1995, Revesz et al., 1989). Although the pathogenesis of
lacunes still remains to be elucidated, their assumed origin is due to acute
arteriole occlusion due to atherosclerosis or SVD. However, there is evidence
suggesting that other more gradual pathomechanisms such as chronic hypoxia
and blood-brain-barrier breakdown may also play a role in pathogenesis of
lacunes (Wardlaw et al., 2003, Challa et al., 1990). Future MRI and histological
studies are required to further investigate the pathogenesis and determine a
more reliable MRI-based criterion for lacunes.

3.5.5 Statistical findings using post mortem MRI assessment are in
agreement with previous studies
Using MRI-based assessment scores this study showed a correlation between
age and severity of SVP in the WM and this finding is in agreement with
previously published studies demonstrating an increase of SVP (including SVD
and WML) with advancing age (Schmidt et al., 2007, Christiansen et al., 1994,
de Groot et al., 2001, Grinberg and Thal, 2010, van Dijk et al., 2002). Therefore,
| suggest that post mortem MRI-based assessment is a good indicator of SVP.
Furthermore, total histological scores in the WM also correlated with age;
although total histological assessment is unrealistic in a routine setting this
indicates that per se the criteria used for the assessment of vessel pathology
(Smallwood et al., 2012) are adequate for the histological assessment of SVP in
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the WM.

In contrast, only diagnostic DGMs increased with age while both total DGM
scores and DGM-MRIs failed to do so; total DGM histological scores were
significantly higher than diagnostic DGM scores, most likely due to limitations in
slide number, so it may be that the higher sensitivity of total DGM histological
assessment might cause a ceiling effect that could explain the lack of a
statistically significant correlation between total DGMs and age. The lack of
correlation between DGM-MRI scores and age might be attributed to the low
validity of post mortem MRI for the assessment of the DGM as discussed (see:
section 3.5.4).

Multiple studies have demonstrated an association between SVP, dementia and
Alzheimer’s disease (Attems et al., 2008, Burton et al., 2006, Gootjes et al.,
2004a, Gorelick et al., 2011, Meier et al., 2012, Thal et al., 2003).
Unsurprisingly, all SVP scores were found to be higher in demented subjects
compared to the non-demented ones, although differences were not significant.
However, | assume that the size of the present study group is too small and the
heterogeneity of the pathology too large to draw any conclusions regarding the
association between SVP and dementia, especially a mixed cohort of

dementias.

3.5.6 Future use of post mortem MRI for the assessment of SVP

It is becoming increasingly clear that the ageing brain is characterized by the
presence of multiple pathologies and the prevalence of those increases with
age (Jellinger and Attems, 2007, Jellinger and Attems, 2012, Kovacs et al.,
2008, Alafuzoff, 2013, Attems and Jellinger, 2013a, Schneider et al., 2007,
Jellinger and Attems, 2010b, Jellinger and Attems, 2010a). Therefore,
neuropathological assessment of post mortem brains is required to demonstrate
the wide variety of lesions with high accuracy in a large number of brains. With
respect to the assessment of SVP an extensive histological assessment, as
performed in the present study, inarguably constitutes the most accurate
method. However, as this method would require approximately 30 histological
slides per hemisphere it is practically and financially not feasible on the large
scale needed to draw conclusions regarding the combined influence of multiple
pathologies on the clinical phenotype from clinicopathological correlative
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studies, or regarding pathogenic mechanisms from basic molecular research. In
order to better understand the contribution of cerebrovascular pathology
towards the clinical picture, these findings suggest that MRI-assessment scores
of full hemispheres reliably reflect WM SVP scores as detailed as a full
histological assessment. Therefore, post mortem MRI of fixed brain
hemispheres can be used for the neuropathological assessment of WM SVP
and post mortem MRI images should be rated according to the ARWMC
(Wahlund et al., 2001). Of note, these findings do not suggest that MRI should
replace histological assessment of the WM; histological assessment in a limited
number of slides is paramount for interpretation of MRI findings due to the
heterogeneity of SVP. Therefore, one histological slide containing prefrontal,
frontal, parietal and occipital WM, respectively, should be neuropathologically
assessed possibly using the criteria by Smallwood and colleagues (Smallwood
et al., 2012) ideally with the addition of post mortem MRI. MRI-assessment
failed to reliably reflect the actual amount of SVP in the temporal WM and DGM
therefore these regions should be histologically assessed with the inclusion of
additional histological slides.

3.5.7 Limitations of the study

A possible limitation in the study is that of variation in staining intensity. The
study required the staining of over 2000 histological slides with basic stain LFB,
which had to be stained in multiple batches. Although, the majority of staining
was performed by one experienced biomedical technician to ensure minimal
variation between batches this cannot be guaranteed and variation may have
an influence on the histological scoring of myelin pallor.

Another confounding factor is the variation in coronal levels of at which sections
were cut, especially in regards to the DGM. The DGM is made up of various
nuclei and variation in coronal levels results in different nuclei being sectioned,
however, lacunar infarcts are generally found in all major regions of the DGM
(Jellinger, 2007, Roman et al., 2002) so potentially had very small influence on

DGM scores.

As previously discussed post mortem MRI was not suitable for the assessment
of SVP in the temporal lobe due to possible influence of MTL atrophy (section
3.5.3) and lacunes of the DGM (section 3.5.4). Another imitating factor due to
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the MRI criterion is that it the parietal and occipital lobes are scored together (as
stated by Wahlund et al., 2001). The exact reason for this is unclear but it may
be due to:

I.  The small size of the occipital lobe makes assessment difficult and
reduces reliability of scoring.

II.  The occipital lobe shares some vascular territory with the parietal lobe,
and doesn't have clear lateral anatomical boundaries between it and the
parietal lobe.

lll.  The ARWMC criterion is used in studies of all ages; in normal young
people, the ventricles don't extend into the occipital lobe, whereas in
older people ventricular enlargement is frequently seen and since white
matter hyperintensities commonly occur in the periventricular region, it's
more consistent to have a parieto-occipital region, rather than trying to
somewhat arbitrarily decide if the WMH are in one or the other (Firbank,
2014).

In order to keep histological and MRI-based assessments consistent and
comparable, histological parietal and occipital sores were combined to yield a
parieto-occipital score. In future studies this should be addressed so that a
more detailed insight into each separate lobe can be sought.

3.5.8 Conclusions

This study demonstrated that visual MRI-based assessment on fixed post
mortem brains is a practical method that reliably reflects SVP in the frontal,
parietal and occipital WM that is comparable with histological scores that were
based on extensive histological assessment of the entire WM at 7-mm intervals.
Therefore, post mortem MRI may be used assess white matter integrity for
research purposes. These results also indicate that post mortem MRI is not
helpful for the assessment of SVP in the DGM (at least in post mortem brains).
Post mortem MRI may be used for the gross assessment of temporal white
matter, but interpretation should be approached with caution with perhaps
additional histological slides assessed.

Furthermore, current routine diagnostic histological assessment of SVP, using a

limited number of slides, underrates the severity of SVP in the WM, therefore,
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MRI on fixed post mortem brains should complement routine neuropathological
diagnosis if a reliable evaluation of SVP of the WM is required.
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Chapter 4 - Quantitative neuropathological assessment of

cortical and vascular neurodegenerative lesions.

4.1 Introduction

The previous chapter described how MRI of fixed post mortem brains and the
application of validated rating scales can improve and standardize the
assessment of SVP. This chapter describes how quantification of cortical
neuropathologies and SVD allows for a more accurate and objective
measurements of pathological burden, which is required for the investigation of
multiple pathologies in the ageing human brain.

4.1.1 Semi-quantitative vs. Quantitative

Standardized neuropathological criteria is available for the assessment of
neurodegenerative hallmark pathologies i.e. NFT, NT, AB plaques and LB
(Braak et al., 2006, Braak et al., 2003, McKeith et al., 2005, Thal et al., 2002b).
Currently neuropathological assessment is based on semi-quantitative scoring,
of which there are assigned grades of pathology, usually on a four-tiered scale
i.,e. 0, ‘absent’; 1, ‘sparse’; 2, ‘moderate’; 3, ‘severe’, that allow for the
classification and staging of neurodegenerative disorders. However, semi-
quantitative assessment may be influenced by assessor bias and consequently
high inter-rater-reliability (Armstrong, 2003), particularly when assessing ‘sparse’
and moderate’ grades of pathology that can vary between cases (Alafuzoff et al.,
2008b).

On the other hand, quantitative measure of neuropathological lesions allows for
more accurate and objective assessment. The use of quantitative methods has
become an increasingly important aspect in neuropathology due to
technological advances in image analysis systems enabling valid quantification
of pathological severity that is reproducible between raters (Armstrong, 2000,
Armstrong, 2003, Armstrong et al., 2012). The use of semi-quantitative scoring
creates a ‘ceiling effect’ were the range of data is constrained by the limits of
the criteria i.e. the highest score is ‘severe’ although the amount of pathology
within a ‘severe’ grade has been shown to differ by up to 100% (Attems and

Jellinger, 2013a). No ‘ceiling effect’ is present in quantitative assessment as
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cases are measured as continuous data. Furthermore, quantitative assessment,
unlike semi-quantitative assessment, is capable of detecting subtle variations in
the amount of pathology that is required when investigating the relationship of
multiple pathologies in the human brain. The use of quantitative
neuropathological assessment has revealed new findings about the impact of
pathologies on the clinical status including limbic predominate and hippocampal
sparing subtypes of AD (Murray et al., 2011a) and a previously undiscovered
correlation between neocortical amyloid-B pathology the presence of clinical
dementia (Robinson et al., 2011). VP has also previously been quantified. Sl
(Lammie et al., 1997, Low et al., 2007) can be used as a quantitative measure
of SVD (Craggs et al.,, 2013a, Craggs et al., 2013b, Yamamoto et al., 2009)
which has revealed differences in vascular degeneration in various types of
hereditary SVD (Craggs et al., 2013a).

4.2 Aim
To compare semi-quantitative and quantitative assessment of HPT and A
pathology and vascular fibrosis, as a measure of SVD, of the WM

arteries/arterioles in demented and non-demented aged post mortem brains.

4.3 Materials and methods

4.3.1 Case selection

For the evaluation of cortical pathologies 10 AD cases were selected from the
cohort used for the investigations described in Chapter 3 (Table 3.1) mean age
84 t 6.13 years, 50% female. All cases were neuropathological diagnosed as
Braak stage VI, Thal AR phase 5; NIA-AA A3, B3, C2/3; high AD
neuropathological change.

For the measurements of WM vessels 23 cases were randomly selected from
the cohort used for the investigations described in Chapter 3 (Table 3.1) 9 non-
demented and 15 demented individuals (7 AD, 3 DLB, 1 PDD, 2 PSP and 1
CBD); mean age 84.17 + 8.4, 61% female (Table 4.1).
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Disease PMD Braak | CERAD Pathological
Case n sex age LB Braak
status (hours) | stage score assessment
20 F 86 AD 69 6 3 0 Cortical
22 F 93 AD 15 6 3 0 Cortical
23 M 92 AD 59 6 3 0 Cortical
24 M 78 AD 37 6 3 0 Cortical
25 F 86 AD 47 6 3 0 Cortical
26 M 85 AD 29 6 3 0 Cortical
27 F 87 AD 54 6 3 0 Cortical
30 M 90 AD 69 6 3 0 Cortical
31 F 75 AD 33 6 3 0 Cortical
33 F 89 AD 85 6 3 2 Cortical
1 F 96 Normal Aged 95 3 0 0 Sclerotic Index
2 M 77 Normal Aged 83 2 0 0 Sclerotic Index
4 F 94 Normal Aged 82 2 0 0 Sclerotic Index
5 F 98 Normal Aged 17 3 1 0 Sclerotic Index
8 F 70 Normal Aged 72 0 0 2 Sclerotic Index
12 F 95 Normal Aged 36 3 0 0 Sclerotic Index
13 F 89 Normal Aged 49 3 0 3 Sclerotic Index
14 M 72 Normal Aged 39 1 1 0 Sclerotic Index
19 F 88 Normal Aged 22 3 0 0 Sclerotic Index
20 F 86 AD 69 6 3 0 Sclerotic Index
24 M 78 AD 37 6 3 0 Sclerotic Index
25 F 86 AD 47 6 3 0 Sclerotic Index
26 M 85 AD 29 6 3 0 Sclerotic Index
30 M 90 AD 69 6 3 0 Sclerotic Index
32 F 86 AD 5 6 3 0 Sclerotic Index
33 F 89 AD 85 6 3 2 Sclerotic Index
49 F 81 DLB 44 4 2 6 Sclerotic Index
50 F 91 DLB 10 3 2 6 Sclerotic Index
52 M 81 DLB 81 3 2 6 Sclerotic Index
53 F 75 PDD 18 3 2 6 Sclerotic Index
54 M 68 CBD 9 2 0 0 Sclerotic Index
55 F 83 PSP 65 N/A N/A N/A Sclerotic Index
57 M 78 PSP 53 N/A N/A N/A Sclerotic Index

Table 4.1. Subject demographics. Case n refers to master demographic Table 2.2. N, number;
M, male; F, female; DLB, Dementia with Lewy bodies; AD, Alzheimer's disease; CBD,
Cortiocobasal degeneration; PSP, Progressive supranuclear palsy; PDD, Parkinson’s disease
dementia; PMD, post mortem delay; N/A, not available.

4.3.2 Quantitative assessment of cortical pathology

In the AD cohort 6um tissue sections from blocks A, B, E (frontal), | (temporal),
K (parietal) and L (occipital) (see section 2.15.1) were stained with
immunohistochemistry for HPT (AT8) and AB (4G8) according to protocol
described in section 2.12.1.

On tissue sections three sulcal and three gyral cortical regions were identified.
At x200 magnification photomicroimages of cortical strips were captured using a
Nikon Eclipse 90i microscope coupled with NIS-Elements AR3.2 software.
Percentage binary area fraction of immunopositivity (%BF) was calculated from
three sulcal and three gyral measurements as described in section 2.15.1.

4.3.3 WM artery/arteriole fibrosis assessments

In the SVD cohort 6pm tissue sections from blocks A, B (frontal), | (temporal), K
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(parietal) and L (occipital) were histologically stained with H&E according to

protocol described in section 2.12.1.

Arteries and arterioles underwent semi-quantitative assessment using the
criteria (Esiri et al., 2011) described in section 2.14.2. The same vessels had
photomicroimages taken at x200 magnification using a Nikon Eclipse 90i
microscope. Sl was calculated using VasCal software program according to
protocol in section 2.15.3. A mean value was calculated for frontal, temporal
and parieto-occipital lobes (parietal and occipital scores were combined due to
data being used in future studies that required a combined value). Sl values
were converted into a four-tiered scale, as shown in section 2.15.3, to allow

Mann-Whitney U-test analysis between semi-quantitative and Sl scores.

4.3.4 Statistical analysis

Data were not normally distributed therefore non-parametric tests were
employed; significant differences between regional AT8 and 4G8 %BF and
semi-quantitative SVD scores and Sl scores were determined using the Mann—
Whitney U-test and Spearman’s correlation was employed to correlate semi-
quantitative SVD scores and Sl scores.

4 .4Results

4.4.1 Quantitative measurements of cortical pathology in Alzheimer’s
disease

AD cases were semi-quantitatively assessed as exhibiting ‘severe’ pathology in
the neocortex i.e. Braak stage VI and Thal AR phase 5. The regional ranges of
AT8 and 4G8 %BF are shown in Table 4.1.

Frontal, temporal, parietal and occipital AT8 and 4G8 immunopositivity values
were plotted for each case to reveal the variations in the amount of pathology
within the ‘severe’ grade (Figure 4.1). Overall AT8 %BF (mean 19.92 + 14.98)
was generally higher than overall 4G8 %BF (mean 14.25 + 9.15), although this
was not found to be significant. Scatter plots revealed that case 2 contained the
highest and case 4 and 10 the lowest amounts of both AT8 and 4G8 % BF of all
the cases.

AT8 %BF data points showed a large spread with the majority of data points
concentrated between 3-45% immunopositivity. Upon observation, temporal
AT8 % BF (mean 22.5 + 18.22) was higher than frontal (mean 17.27 + 12.38),
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parietal (mean 16.9 + 15.45) and occipital (mean 16.24 + 13.24) cortices in 70%
of cases. Mann-Whitney U-test confirmed that temporal AT8 % BF was
significantly higher compared to frontal (P<0.05), parietal (P<0.05) and occipital
(P<0.05). In the frontal, parietal and occipital lobes the AT8 %BF was more
consistent with no significant differences between regions.

4G8 %BF data points exhibited a smaller spread than AT8 %BF with the
majority of data points concentrated between 5-25% immunopositivity. Upon
observation, frontal 4G8 %BF (mean 18.49 + 14.36) was higher than temporal
(mean 16.36 £ 10.45), parietal (mean 13.27 + 8.12) and occipital (mean 12.01 £
6.66) cortices in 60% of cases, although Mann-Whitney U-test found no

significant differences between regions.
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Figure 4.1. Scatter plots demonstrating the variation of AT8 and 4G8 %BF within the ‘severe’
semi-quantitative grade of 10 AD cases all neuropathological diagnosed as NIA-AA A3, B3,
C2/3: % BF of immunopos., percentage binary area fraction of immunopositivity.
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Frontal | Temporal | Parietal | Occipital

AT8 (%)| Range | 3.59 -41.13 | 7.54-68.38 | 3.98 -52.13 | 3.44 - 46.38
Mean 17.27 28.82 16.96 14.61

4G8 (%)| Range | 5.41-53.23 | 4.95-19.75 | 2.8-29.96 | 2.33-20.95
Mean 18.49 13.23 13.27 12.01

Table 4.2. Range and mean %BF values for AT8 and 4G8 in various brain regions of 10 AD
cases.

4.4.2 Quantitative measurements of vascular fibrosis of WM arteries and
arterioles

Quantified S| values were plotted against semi-quantitative SVD values to
reveal the variation of pathology burden within each grade (Figure 4.2).

No significant correlation was seen between semi-quantitative SVD scores and
Sl scores in any region.

In frontal WM no vessels were semi-quantitatively graded as 0. Grade 1 mean
Sl value was 0.32 £ 0.044 with a range of 0.23-0.38, and grade 2 mean Sl value
was 0.37 £ 0.044 with a range of 0.32-0.42. Only one cases was graded 3 with
an Sl
quantitatively graded as 0 or 3. Grade 1 mean Sl value was 0.31 + 0.041 with a

measurement of 0.36. In temporal WM no vessels were semi-
range of 0.23-0.4 and grade 2 mean Sl value was 0.34 + 0.035 with a range of
0.3-0.4. In pariteo-occipital WM no vessels were semi-quantitatively graded as 0
or 3. Grade 1 mean Sl value was 0.34 + 0.048 with a range of 0.24-0.43 and
grade 2 mean Sl value was 0.37 + 0.056 with a range of 0.35-0.46.
Mann-Whitney U-test revealed Sl values converted to a semi-quantitative scale
were significantly lower than semi-quantitative values in the frontal (P<0.01),
temporal (P<0.01) and parieto-occipital (P<0.05) regions.
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4.5 Discussion

4.5.1 Amounts of HPT differ within semi-quantitative ‘severe’ category

All AD cases were neuropathologically diagnosed as Braak stage VI and Thal
AB phase 5 therefore exhibited ‘severe’ pathology in all neocortical regions i.e.
frontal, temporal, parietal and occipital cortices.

Despite all cases presenting semi-quantitatively as ‘severe’ quantification of
cortical HPT and A revealed variations in pathology amount between cases in
all regions e.g. case 4 exhibited overall 5.4% immunopositivity for HPT
compared to 53.2% in case 3, agreeing with the work from Attems and Jellinger
that found up a 100% difference in HPT between cases (Attems and Jellinger,
2013a). Although the differences in quantitative measurements are large they
would not be appreciated (in the majority of cases) using the current semi-
quantitative scoring method. Photomicroimages of AT8 immunohistochemistry
(Figure 4.3) illustrates the differences in pathology amount between cases only
detectable by quantitative assessment.

Additionally, HPT was found to be significantly higher in the temporal cortex
compared to the frontal, parietal and occipital cortices. Although this is not
unexpected as the temporal cortex is affected early and severely in AD (Braak
and Braak, 1991) this difference would not have been seen without the use of

guantitative measures.

Semi-quantitative scoring produces ordinal data, unlike quantitative assessment
that yields continuous data which i) allow for the use of statistically powerful
parametric tests, ii) remove the ‘ceiling effect’ as data is not constrained by the
limits of the criteria. The combined use of quantitative neuropathology and more
powerful statistics may help elucidate the impact of pathologies on the clinical
syndrome. Two recent neuropathological studies have demonstrated the impact
of quantitative neuropathology on neurodegenerative disease; Armstrong and
colleagues (Armstrong et al., 2012) used quantitative assessment to
characterize neuropathological lesions of FTLD with TDP43 pathology and
revealed quantitative pathological differences in regional distributions, between
familial and sporadic cases and different subtypes. Murray and colleagues
(Murray et al., 2011a) quantitatively assessed HPT pathology in a large cohort
of 889 post mortem brains and discovered subtypes of AD i.e. typical AD,
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hippocampal sparing and limbic predominant, which differed in their clinical
presentations, age of onset, disease duration and rate of cognitive decline.

N w A g
I $ & 8

% area immunopositivity
3

2
Photomicroimage

Figure 4.3. Example of quantitative assessment of HPT pathology on immunohistochemically
stained slides. 1, 2 and 3 are photomicrographs of 3 separate temporal cortices. By
standardized assessment all 3 would be graded as ‘severe’. However, assessment of the total
% area covered by immunohistochemically positive structures reveals considerable differences.
These subtle differences can only be observed using a quantitative method of assessment.
Immunohistochemistry; AT8; Scale bar, 50 » m.

4.5.2 Severity of vessel wall fibrosis differs within each mild and moderate
category of SVD severity

WM arteries and arterioles from 23 non-demented and demented brains
underwent semi-quantitative assessment based on four-tiered scale criteria
(Esiri et al., 2011) as well as quantitative assessment, using Sl values (Lammie
et al.,, 1997, Yamamoto et al., 2009) for vessel wall fibrosis as a measure of
SVD. It is important to note that the SI measurement is exclusive for vessel wall
thickness that is assumed to be the result of vascular fibrosis and/or hyalinosis,
which is only one aspect of SVD. This measurement did not take into account
the other important aspects of SVD including SMC loss, BBB and plasma
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protein leakage. Additionally, a limitation of the cohort measured was that only
one case was semi-quantitatively assessed as a grade 3, consequently, only
one Sl value for a grade 3 is unavailable. This may limit the ability to identify
severe SVD as a cause of WMH when using S| assessment.

As semi-quantitative grades increased S| mean values also increased in all
three regions, although no significant correlations were seen. Observation in the
frontal lobe showed that there was general increasing of S| values in
conjunction to increasing semi-quantitative grades. However, one cases was
scored grade 3 (‘severe’) yet the S| measurement was lower than Sl values in
grades 1 and 2. Additionally, in the temporal and parieto-occipital WM large
overlaps of S| values were observed between grades 1 and 2, with nearly all
cases in each region overlapping. These observations indicate a lack of
accuracy in semi-quantitative assessment. The overlaps of SI measurements
within grades 1 and 2 may indicate widespread variation of pathology that can
not be assessed by subjective methods. Fibrosis of the vessel walls is a chronic
process with some vascular branches being affected more severely than others
therefore, tissue section may exhibit varying degrees of pathology that range
from ‘absent’ to ‘severe’.

Converted Sl values (<0.29 normal vessel; >0.3-<0.39 ‘mild’; >0.4-0.49
‘moderate’, >0.5 ‘severe’ (Lammie et al., 1997)) were shown to be significantly
lower than semi-quantitative scores. It is feasible that, due to variation of
vascular fibrosis on the tissue section, the assessors may have been
inadvertently influenced to score higher by the observation of severe degrees of
vascular fibrosis. Whereas quantitative S| assessment measured the same
vessels objectively, eliminating assessor bias.

Using quantitative assessment allows the identification of particular cases or
sub-groups that have certain levels of pathology, which may have important
phenotypical and/or clinical relevance. A recent study by Craggs and
colleagues (Craggs et al., 2013a) used Sl to investigate vascular changes of
the frontal lobe and basal ganglia in familial and sporadic SVD disease cases
and revealed quantitative pathological differences in vascular fibrosis between
the different disease groups.

4.5.3 Quantification of MR images
This study also attempted to quantify post mortem T2 MR images. This was

attempted using a software program called ‘Sibyl’ created by Dr M. Firbank, a
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neuroimaging expert at Newcastle University. ‘Sibyl’ measures the percentage
area of the WMH on each MR image slice based on pixel count with a
subjective grey scale threshold set by the user. However, this assessment was
unsuccessful due to poor resolution of the MR images making it very difficult to
determine WMH and to distinguish between cortical and regional boarders and
the process was very time consuming. The existing post mortem MR images
were unable to be analyzed for WMH volume by existing software programs
due the image acquisition that was used.

4.5.4 Limitations

The main limiting factor of this study was the relatively small cohort size,
specifically regarding severe SVD cases, due to time constraints. The spread of
quantitative data indicated that in future studies larger cohort sizes would be
required to elucidate statistically significant findings, particularly when
investigating numerous pathologies and their impacts.

4.6 Conclusions

By using digital quantitative neuropathological assessment this study revealed
widespread variation in HPT and AB pathology and vascular fibrosis within a
given semi-quantitative grade. Subtle differences in pathology amounts, that
potentially have clinico-pathological relevance, are not appreciated using
routine semi-quantitative scoring method and only detectable by quantitative

assessment.
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Chapter 5 - White matter hyperintensities of the parieto-
occipital white matter are present in the absence of small
vessel disease: potential association with cortical AD-related

pathologies?

5.1 Introduction

The previous chapter described how quantitative measurement of cortical and
vascular pathologies is a more accurate and objective measure of pathological
burden as it can detect subtle variations in pathologies within a standard semi-
quantitative grade.

During the assessment process of the studies described in Chapters 3 and 4 an
observation was made when comparing semi-quantitative vessel scores with
MRI-based ARWMC scores; a subgroup of eight control and AD brains
contained ‘severe’ (grade 3) ARWMC scores in the parieto-occipital region but
had ‘mild’ (grade 1) SVD scores (Figure 5.1). Due to the large difference in VP
and ARWMC scores this suggested that SVD might not have been the primary
cause of WMH in those cases.

5.1.1 Axonal degeneration secondary to neuronal loss

SVD plays a vital role in the pathogenesis of WML (Grinberg and Thal, 2010,
Pantoni, 2010, Pantoni and Garcia, 1997), however, it has been suggested that
axonal degeneration can result as a secondary consequence of degenerative
neuronal and axonal loss associated with AD-related pathologies. Leys and
colleagues (Leys et al., 1991) first described this in an AD case that presented
with leukoaraiosis (with no predisposing risk factors e.g. hypertension, diabetes)
but only mild hyaline thickening (presumably as a result of SVD) of the blood
vessel walls. Furthermore, WM changes were more severe in the WM close to
cortical areas with a high density of NFT, indicating leukoaraiosis may have
been a secondary consequence of neuronal loss due NFT. Another
neuropathological study by Professor Englund found that of 60 AD cases
examined, 13 contained WM changes of the temporal lobes thought to be
caused by Wallerian degeneration of the axon and not related to angiopathy
(Englund, 1998). It is well established that the temporal cortex, which includes

11N



the entorhinal cortex, parahippocampus and hippocampus, is affected by HPT
pathology early and severely in AD (Braak and Braak, 1991) and less severely
in up to 65% of non-demented aged individuals (Alafuzoff, 2013). Furthermore,
multiple neurodegenerative pathologies can be found in brains of both
demented and non-demented subjects (Alafuzoff, 2013, Attems and Jellinger,
2013a) with over 65% of LBD cases and over 85% of VaD cases exhibiting HPT
pathology (Kovacs et al., 2008). Therefore, the effects of cortical HPT pathology
on WM changes may not be exclusive to AD but also be present in other
neurodegenerative disease groups and non-demented individuals.

Figure 5.1. Post mortem MRI images of confluent WMH and with corresponding absent/mild
fibrosis of vessel walls in occipital lobe in an aged control (A) and AD (B) brain. Red boxes
indicate location of vessel microimages. A1) mild enlargement of the PVS (black arrow) with
very mild fibrosis of the vessel walls (blue arrow head) WM has a ‘bubble-like’ appearance with
severe loss of axons with individual fibres visible (black arrow head); A2) no PVS enlargement
and normal arteriole walls, white matter has a ‘bubble-like’ appearance (black arrow head); B1)
Widespread pallor of occipital WM; B2) mild enlargement of the PVS (black arrow) no fibrosis of
the vessel walls, white severe loss of axons and individual axons visible (black arrow head);
WMH, white matter hyperintensity; AD, Alzheimer’'s disease; PVS, perivascular space; WM,
white matter. MRI images were taken with a T2-weighted vertical 4.7 T scanner, horizontal
plane; occipital cortex, right hemisphere; Histochemistry; haematoxylin & eosin and. Scale bars:
A1, B2,50 pm; A2,100 n m; B1,500 um.
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5.2Aims
| aimed to explore whether there is a possible association of cortical AD-related
pathology on WM integrity in a cohort of AD and control human post mortem

brains.
5.3Methods

5.3.1 MRI assessment

All formalin fixed post mortem right hemispheres underwent T2-weighted MRI
and subsequently WMH were visual rated in frontal, parieto-occipital and
temporal deep WM using the ARWMC scale (Wahlund et al., 2001), to generate
ARWMC score as described in section 2.9.

5.3.2 WM arteryl/arteriole fibrosis assessment

6um tissue sections from blocks A, B (frontal), | (temporal), K (parietal) and L
(occipital) were histologically stained with H&E according to protocol described
in section 2.12.1, and were assessed using semi-quantitative criteria (Esiri et

al., 2011) according to protocol described in section 2.14.2.

5.3.3 Case selection

MRI-based ARWMC (Wahlund et al., 2001) and WM artery/arteriole fibrosis (as
a measure of SVD) criteria (Esiri et al., 2011) were both based on a four-tier
semi-quantitative scale i.e. absent, mild, moderate, severe. Cases were
selected on the basis of a difference of < 1.5 between parieto-occipital ARWMC
scores and parieto-occipital SVD scores. The study cohort consisted of 8 post
mortem brains (4 aged controls, 4 AD), mean age 86.5 + 8.42 years, 75%

female.

5.3.4 Histology and IHC

6um tissue sections from blocks A, B, E (frontal), | (temporal), K (parietal) and L
(occipital) (see section 2.15.1) were stained with immunohistochemistry for HPT
(AT8) and AB (4G8) according to the protocol described in section 2.12.3.

5.3.5 Quantitative assessment of cortical pathology

On tissue sections 3 sulcal and 3 gyral cortical regions were identified. At x200
magnification a photomicroimage of cortical strip was captured using a Nikon
Eclipse 90i microscope coupled with NIS-Elements AR3.2 software and
percentage binary area fraction of immunopositivity (%BF) per cortical stripe
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was calculated as described in section 2.15.1. A mean value was calculated for
the six measurements per section for frontal, temporal and parieto-occipital

lobes.

5.3.6 Statistical analysis

Data were not normally distributed therefore non-parametric tests were
employed; Spearman’s rank correlation coefficient was used to correlate
ARWMC scores with AT8 and 4G8 as well as to correlate all scores with
subjects age. Significant differences between ARWMC scores, AT8 and 4G8
%BF for the frontal, temporal and parieto-occipital regions were determined
using the Mann— Whitney U-test.

5.4Results

Demographics of cases, ARWMC scores, artery/arteriolar fibrosis and
quantitative measures of cortical pathology are shown in Table 5.1.

No significant correlation was seen between age and ARWMC scores. AT8 and

4G8 %BF did increase with age but this was not found to be significant.



Frontal Temporal Parieto-occipital

. AT8 4G8 AT8 4G8 AT8 4G8

Case n Diag. Sex Age PMD Braak CERAD [ARWMC SVD (% BF) (% BF) ARWMC SVD (% BF) (% BF) ARWMC SVD (% BF) (% BF)
3 C F 84 46 3 0 1 0.03 2 1 3 0.21 3 3 1 0 0
4 C F 94 82 2 0 3 1 0.18 0.09 2 0 3.8 0.02 3 1 0.21 0.03
5 C F 98 17 3 1 2 0 0.19 7.2 1 0 3.4 6 2 0 0.82 5
14 C M 72 39 1 1 2 1 0.02 2 1 1 2.2 2 3 1 0.04 1.2
24 AD F 78 37 6 3 3 1 17 171 3 1 33 6.4 3 0.5 25.3 10.1
27 AD F 87 54 6 3 3 0 22.7 6 2 1 242 5.6 3 1 7.8 4.8
30 AD M 90 69 6 3 3 1 7.5 23.2 3 3 7.5 18 3 1.5 4.6 14
33 AD F 89 85 6 3 3 1 9.1 12.4 3 2 17.4 7.4 3 1.5 17.2 7.1

Table 5.1. Diagnosis, sex, age, scores, AT8 and 4G8 %BF values of 8 cases. Case n refers to master demographic Table 2.2. ARMWC Diag., clinicopathological
diagnosis; F, female; M, Male; C, control; AD, Alzheimer’s disease; ARWMCs, Age-related white matter change (MRI) score; SVD, small vessel disease score; %BF,
percentage binary area fraction
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5.4.1 Distribution of HPT and AP between lobar regions

No significant difference was seen between frontal and parieto-occipital AT8
%BF. Temporal AT8 %BF was significantly higher than both frontal and parieto-
occipital scores (both P< 0.05) (Figure 5.2 A). All AT8 %BF significantly
correlated; frontal and temporal (P<0.01, Rho 0.929) frontal and parieto-occiptal
(P<0.01, Rho 0.905) and temporal and parieto-occipital (P<0.01, Rho 0.952).

Frontal 4G8 %BF was significantly higher than temporal and parieto-occipital
4G8 %BF (both P<0.05). There was no significant difference seen between
temporal and parieto-occipital 4G8 BF (Figure 5.2 B). All 4G8 %BF significantly
correlated; frontal and temporal (P<0.01, Rho 0.976) frontal and parieto-
occipital (P<0.01, Rho 0.976) and temporal and parieto-occipital (P<0.01, Rho
0.952).

40 4

25 B _—

20
30

A

T T T T T T
Frontal Temporal Parieto-occipital Frontal Temporal Parieto-occipital

AT8 % binary fraction
4G8 % binary fraction

Figure 5.2. A) AT8 %BF was significantly higher in the temporal WM compared to the frontal
and parieto-occipital white matter. B) 4G8 %BF was significantly higher in the frontal WM
compared to the temporal and parieto-occipital white matter. *, P<0.05; ring, outlier; %BF,
percentage binary area fraction.

5.4.2 Distribution of WMH between lobar regions

No significant differences were seen between frontal and parieto-occipital
ARWMC scores. Temporal ARWMC scores were significantly lower than both
frontal and parieto-occipital scores (both P< 0.05) (Figure 5.3). Al ARWMC
scores significantly correlated; frontal and temporal (P<0.01, Rho 0.899) frontal
and parieto-occipital (P<0.05, Rho 0.800) and temporal and parieto-occipital
(P<0.05, Rho 0.719). No significant differences were seen between regions.
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Figure 5.3. ARWMC scores were significantly lower in the temporal WM compared to the frontal
and parieto-occipital white matter. *, P<0.05.

5.4.3 Association of WMH with HPT and AB

A positive R? value was seen in frontal, temporal and parieto-occipital regions,
indicating an increase in AT8 and 4G8 %BF with increase ARWMC score
(Figure 5.4 A-C). Frontal AT8 %BF significantly correlated with frontal ARWMC
scores (P<0.05, Rho 0.729). Both temporal AT8 and 4G8 %BF significantly
correlated with temporal ARWMC scores (P<0.01, Rho 0.849 and P<0.05, Rho
0.729 respectively). No significant correlations were seen between parieto-
occipital AT8 and 4G8 %BF and ARWMC score (Figure 5.4 D).
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Figure 5.4. Scatter graphs A-C show distribution of AT8 and 4G8 values in relation to ARWMC
scores in the frontal (A), temporal (B) and P/O (C) WM. Table shows the correlations between
ARWMC score with AT8 and 4G8 in frontal, temporal and parieto-occipital white matter.
ARWMC represents individual lobar scores and AT8 and 4G8 are value of binary fraction; D)
Significant correlation was seen between frontal ARWMC and AT8 %BF, and temporal ARWMC
with both AT8 and 4G8. ARWMC, age related white matter change; %BF, % binary area
fraction immunopositivity; WM, white matter; P/O, parieto-occipital; *, P<0.05; **, P<0.01.
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5.5Discussion

5.5.1 Distribution of HPT and AB
AT8 and 4G8 %BF was calculated as a quantitative measure of HPT and Ap.
Frontal, temporal and parieto-occipital AT8 and 4G8 %BF all significantly
correlated with each other, indicating quantitative assessment is consistent in
detecting changes within this cohort.

For the overall cohort temporal HPT was significantly higher than frontal and
parieto-occipital HPT which follows the hierarchy pattern of NFT deposition
(Braak and Braak, 1991). Specifically in the AD cohort this increase in temporal
HPT is likely due to the temporal region being affected early and severely with
HPT pathology in AD (Braak and Braak, 1991, Alafuzoff, 2013) and
accumulated higher amounts of pathology over time. In normal aged
individuals, accumulation of HPT frequently occurs without compromising
cognitive function (Braak and Braak, 1991, Ince, 2001, Thal et al., 2013,
Jellinger and Attems, 2012) but rarely surpasses Braak stage Il confining
pathology to the transentohinal/entorhinal and occipito-temporal gyrus (Braak
and Braak, 1991).

Frontal AR was significantly higher than temporal and parieto-occipital Ap.
According to Thal A phases, AB pathology is first seen in the neocortex with no
specific preferential regional deposition (Thal et al., 2002b), therefore, the
higher amount of AB the frontal cortex may be the result of variations between
cases given the small cohort.

5.5.2 Parieto-occipital WMH were not significantly higher than other WM
regions

Initial observation noted a large deviation between MRI- based ARWMC scores

and SVD scores in the parieto-occipital region. Frontal, temporal and parieto-

occipital ARWMC scores all significantly correlated with one another, indicating

the MRI-based assessment is consistent in detecting changes within this cohort.

Parieto-occipital WMH scores were not significantly different to frontal WMH
scores and temporal WMH were found to be significantly lower than both frontal
and parieto-occipital regions. This was unexpected as previous studies have
shown a higher burden of posterior hyperintensities in AD cases (Lee et al.,



2009, Lee et al., 2010, Leys et al., 1991, Yoshita et al., 2006), thought to be the
results of degenerative processes associated with AD pathology, especially
HPT, in the temporal cortex. However, since AD cases were Braak stage VI and
Thal AB phase 5, they exhibit very high levels of pathology in all neocortical
areas and potentially affect the integrity of WM in all areas. With regards to the
temporal WMH, scores may be influenced by atrophy of the MTL, especially in
the AD group (previously discussed section 3.5.3). Nevertheless, a very limited
case number was used and a substantial increase in case number is required to

further investigate the regional distribution of WMH.

5.5.3 WMH are associated with HPT and A

No significant correlation was seen between parieto-occipital HPT and AR with
ARWMC scores. Lack of correlations in this region may be attributed to the
case selection that was based on parietal-occipital ARWMC scores. Six (75%)
of the cases had a parieto-occipital ARWMC grade of 3 and the remain two
(25%) were scored as a grade 2, therefore, lack of correlation may be due to a
ceiling effect created by ARWMC scores.

HPT significantly correlated with WMH in the frontal and temporal WM and
between WMH and A in the temporal WM indicating that as the amount of
cortical pathology increases so does WMH severity in both AD and non-
demented healthy aged. Previous post mortem studies have observed an
association of higher cortical HPT and degenerative axonal loss, resulting in
WML, in the temporal lobe (Leys et al., 1991, Englund, 1998) signifying
potential axonal loss as secondary consequence of neuronal drop out.
Furthermore, MTL atrophy is commonly seen in both AD and (to a lesser extent)
the normally aged (Cavallin et al., 2012) thought to be due to neuronal loss as a
result of HPT pathology seen in both AD and non-demented brains (Braak and
Braak, 1991, Alafuzoff, 2013).

Although neuronal loss was not measured, neuropathological studies suggest
that the number of neurons in the cerebral cortices remains stable in the normal
ageing process (Terry et al., 1987, Pakkenberg and Gundersen, 1997). A study
by Freeman and colleagues (Freeman et al., 2008) investigated neuronal
density in a small cohort of non-demented post mortem brains with an age
range of 56-103 years, and found that temporal neuronal density did not change



throughout ageing, however, there was an increase in cortical thinning with age
and suggested decrease in cerebral volume was attributed to neuronal
shrinkage and loss of dendritic and axonal architecture. Furthermore,
Pakkenberg and colleagues found only a 10% loss of neurons while there was
up to 45% loss of axons in normal ageing (Pakkenberg and Gundersen, 1997).
In AD there is a much greater rate of neuronal loss that differs between
individuals. However, there may be other pathomechanisms attributed to axonal
loss in the normal aged and AD brains. WLD, the reactive retrograde
demyelination and fragmentation of the axon, has been shown to occur in many
neurodegenerative diseases and can occur independent of neuronal loss
(Coleman, 2013). A major trigger of WLD is thought to be axonal transport
dysfunction (Beirowski et al., 2010) as a result of pathological forms of HPT and
AB (Kamal et al., 2001, LaPointe et al., 2009, Patrick et al., 1999, Salehi et al.,
2006, Seitz et al., 2002). One could speculate that in regions of high cortical
pathology, such as the temporal lobe, cortical pathologies, especially
intracellular HPT, may be involved in the activation of WLD and therefore
attributed to axonal loss and the generation of WMH as demonstrated in our

significant correlations between our quantified cortical pathologies and WMH.

Given the limited size of the present study cohort and no inclusive
measurement of SVD, no conclusion can be drawn on the pathomechanisms of
the WMH.

5.5.4 Limitations

A major limitation in this study was the cohort consisting of only eight cases. In
order to elucidate the potential effect of cortical pathologies on WM larger
cohorts are required to allow separate analyses for different disease groups.
However, this was a pilot study and included all cases that were available that
exhibited high WMH and low SVD scores.

This study did not quantitatively measure SVD pathology; therefore | could not
investigate the influence of SVD and compare it to my findings.

Case selection was based on the differences between parietal-occipital WMH
and SVD scores only and did not take into consideration WMH and SVD scores
of the frontal and parieto-occipital regions. Furthermore, the SVD scores that
were used in the selection of cases was based on a semi-quantified scale, and
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as previously discussed in Chapter 4, this is not the most accurate and reliable
measure of pathology. Some SVD scores were less than 1 (on a 4 tiered-sale);
this is possible although quite rare as even non-demented normally age still
exhibit some mild degree of SVD (Grinberg and Thal, 2010). Additionally, with
the increasing understanding of cerebral multimorbidity (Alafuzoff, 2013, Attems
and Jellinger, 2013a) it is essential to understand the combined effects of
various pathologies, therefore, in future studies SVD and its influence will have
to be taken into account.

5.6 Conclusion

This study showed a significant correlation between cortical HPT and AP
pathology with WMH severity in the temporal lobe and HPT with WMH severity
in the frontal lobe. Further investigation is required to elucidate a potential
secondary influence of neocortical pathologies on axonal degeneration and the
possible interaction with SVD.
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Chapter 6 - The influence of cortical AD-related pathologies and

SVD on white matter integrity

6.1 Introduction

The previous chapter described a correlation between cortical HPT and AR
pathology with WMH severity in the temporal lobe and HPT with WMH severity
in the frontal lobe, suggesting neocortical pathology might have an influence on
WM integrity. Using quantitative neuropathological assessments in a larger
cohort, this study further investigates the influence of AD-related pathologies on
WM integrity also taking into account the influence of SVD.

6.1.1 Potential role of HPT and AB in the formation of white matter
lesions
There is mounting data indicating that pathological forms of HPT and AR, found
in both AD and normal aged individuals, may be a principal trigger of WLD via
deregulation of axonal transport, an essential process for the maintenance and
physiological function of neurons (Kamal et al., 2001, LaPointe et al., 2009,
Patrick et al., 1999, Salehi et al., 2006, Seitz et al., 2002, Beirowski et al., 2010,
Calkins et al., 2011, Coleman, 2005, Coleman, 2013, Stokin et al., 2005).
Transgenic mice that overexpress wild-type (wt) or mutant APP (Salehi et al.,
2006, Stokin et al., 2005) and tau (Ishihara et al., 1999, Zhang et al., 2004)
have been shown to exhibit axonal transport deficits and axonal swellings (early
events in WLD) that proceed the deposition of HPT and AR pathology,
suggesting that axonal transport deficits, and possible secondary axonal

degeneration, are an early event in neurodegenerative disease.

6.1.2 Tissue MicroArray

Accurate digital assessment at high output is required to gain insight into how
HPT and AB may influence WM integrity. Quantitative analysis using standard
diagnostic histological assessment on limited slides is not sufficient and
increasing slide numbers is impracticable. However, the TMA has become a
standard tool for tissue-based research consisting of numerous cylindrical
tissue cores from different donor paraffin blocks relocated into one recipient
block, allowing for efficient histopathological studies. The array format is
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optimally suited for quantitative analysis as defined diameters of the tissue
samples allows for a highly standardized analysis of areas of exactly the same
size and region (Simon, 2010) that can be quantitatively assessed at high
throughput.

6.2Aims

| aimed to further investigate the possible influence of AD-related pathology and
SVD on white matter integrity using a combination of post mortem MRI-based
WMH assessment, quantified cortical HPT and AB pathology using the TMA
methodology and Sl values of WM artery and arteriole fibrosis as measure of
SVD.

6.3 Methods

6.3.1 Case selection

The study cohort consisted of 38 post mortem brains (15 aged controls, 23 AD)
(Table 6.1). All cases had undergone post mortem MRI as described in section
6.3.2.

6.3.2 MRI assessment

Formalin fixed post mortem right hemispheres underwent T2-weighted MRI and
subsequently WMH were visual rated in frontal, parieto-occipital and temporal
deep WM using the ARWMC scale (Wahlund et al., 2001), to generate ARWMC
score as described in section 2.9.

6.3.3 Tissue MicroArray

An in-house TMA methodology was developed from 2011-2012 (McParland et
al., 2014b) as described in section 2.11. For cost effectiveness and efficient
sectioning of tissue TMA blocks were composed of paraffin. The silicon mould
used to hold and embedded the TMA paraffin block was also made in-house to
specific fit the TMA block.
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Disease PMD Braak | CERAD
Casen sex age
status (hours) | stage score

1 F 96 Normal Aged 95 3 0

2 M 77 Normal Aged 83 2 0

4 F 94 Normal Aged 82 2 0

7 F 81 Normal Aged 82 3 2

8 F 70 Normal Aged 72 0 0
10 F 89 Normal Aged 34 3 0
1 F 78 Normal Aged 34 0 0
12 F 95 Normal Aged 36 3 0
13 F 89 Normal Aged 49 3 0
14 M 72 Normal Aged 39 1 1
15 M 81 Normal Aged 43 2 0
16 M 73 Normal Aged 25 0 0
17 M 86 Normal Aged 50 4 2
18 F 97 Normal Aged 21 2 1
19 F 88 Normal Aged 22 3 0
20 F 86 AD 69 6 3
22 F 93 AD 15 6 3
23 M 92 AD 59 6 3
24 M 78 AD 37 6 3
26 M 85 AD 29 6 3
27 F 87 AD 54 6 3
29 F 81 AD 56 6 3
30 M 90 AD 69 6 3
3 F 75 AD 33 6 3
32 F 86 AD 5 6 3
33 F 89 AD 85 6 3
34 F 90 AD 90 6 3
35 M 88 AD 22 6 3
36 F 79 AD 65 6 3
37 F 86 AD 51 6 3
38 M 89 AD 61 6 3
39 F 92 AD 74 6 3
40 M 80 AD N/A 6 3
41 F 76 AD 37 6 3
42 M 91 AD 72 6 3
43 F 83 AD 52 6 3
44 M 76 AD 23 6 3
45 M 81 AD 41 6 3

Table 6.1. Subject demographics. Case n refers to master demographic Table 2.2. N, number;
M, male; F, female; AD, Alzheimer’s disease; PMD, post mortem delay; N/A, not available.

6.3.4 Histology and IHC

Tissue

sections

from TMA

paraffin

blocks

were

stained

with

immunohistochemistry for HPT (AT8) and AB (4G8) according to protocol

described in section 2.12.3.
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Tissue sections from diagnostic blocks from frontal, temporal, parietal and
occipital WM were stained with H&E according to protocol described in section
2.121.

6.3.5 Quantitative assessment of cortical pathology

TMA tissue sections were assessed at x200 magnification using a Nikon
Eclipse 90i microscope coupled with NIS-Elements AR3.2 software to calculate
percentage mean binary area fraction of immunopositivity (%BF) per tissue
punch as described in section 2.15.1. A mean value was calculated for frontal,
temporal and parieto-occipital lobes.

6.3.6 Sclerotic Index

Photomicroimages of H&E stained sections containing approximately 8 WM
arteries/arterioles were taken at x200 magnification using a Nikon Eclipse 90i
microscope. Sl was calculated using VasCalc software program according to
protocol in section 2.15.3. A mean value was calculated for frontal, temporal
and parieto-occipital lobes.

6.3.7 Statistical analysis

To compare means of AT8 and 4G8 %BF, Sl values and ARWMC scores, non-
parametric Kruskal-Wallis test was used. The Mann— Whitney U-test was
employed to test for significant differences in AT8 and 4G8 %BF, Sl values and
ARWMC scores within AD and controls groups. Spearman’s rank correlation
coefficient was used to correlate ARWMC, AT8, 4G8 and Sl values as well as to
correlate all scores with subject’s age. Linear Regression with stepwise analysis
was used to investigate the influence of AT8 and 4G8 %BF, Sl values and PMD
on ARWMC scores. Power calculations for AT8 and 4G8 %BF and S| were

generated using G*Power version 3.1.9.2 (Faul et al., 2009).

6.4 Results

As previously discussed post mortem MRI values for the parietal and occipital
lobes are stated as a combined score for the parieto-occipital region (Firbank,
2014). By contrast, cortical and VP is quantified separately for each region,
therefore, parietal, occipital and parieto-occipital pathological scores were
statistically compared.
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6.4.1 Associations of WMH with age and PMD

Demographics of cases used in the study are shown in Table 6.1. No significant
influence was seen between PMD and WMH scores.

In the control cohort, spearman’s rank correlations coefficient revealed a
significant correlation between age and WMH severity (P<0.05) and age and
AT8 % BF (P<0.05). No significant correlation was seen between age with Sl
values or 4G8 %BF. In contrast, the AD cohort showed no significant correlation
between age with WMH severity, Sl values, and AT8 or 4G8 %BF. All AD cases
were Braak stage 6 and had significantly higher amounts of AT8 and 4G8 %BF

(P<0.01) compared to controls.

AD Controls P value

Casen 23 15 -

Age (years t S.E) 84.2 (5.7) 84.4 (9.12) 0.869
Sex M:F 10:13 6:9 -

PMD (hours) 49.95 (22.9) 51.13 (25) 0.926
MMSE 5.5 (7.2) 28 (4.23) 0.000
Braak NFT stage 6.00 2(1.3) 0.000
ARWMC 2.3 (0.91) 1.33 (0.67) 0.047
AT8 (BF %) 19 (10.6) 0.6 (4.7) 0.000
4G8 (BF %) 10.6 (6.6) 0.5 (4.3) 0.000
Si 0.38 (0.07) 0.35 (0.07) 0.38

Table 6.2. Demographic characteristics of 38 cases. AD, Alzheimer’s disease; C, control; F,
female; M, Male; PMD, post mortem delay; MMSE, mini mental scale examination; NFT,
neurofibrillary tangle; ARWMCs, Age-related white matter change (MRI) score; Sl, Sclerotic
Index.

6.4.2 Significant differences between AD and control cohorts

No significant differences were found between AD and controls for age, PMD
and Sl. In contrast MMSE scores (P<0.01), Braak NFT stage (P<0.01), MRI-
based ARWMC scores (P<0.05), AT8 and 4G8 % BF (both P<0.01), were

significantly higher in the AD cases compared to controls.
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6.4.3 Regional severity of WMH between disease groups

AD temporal ARWMC scores were significantly higher than control temporal
ARWMC scores (P<0.05), however, no significant differences were seen in any
other regions.

With respect to the control group, spearman’s rank correlations coefficient
revealed a significant correlation between frontal ARWMC scores and frontal
AT8 %BF (Rho 0.652, P<0.01) and 4G8 %BF (Rho 0.705, P<0.01) (Figure 6.1
A). In the temporal lobe significant correlations were seen between ARWMC
scores and Sl values (Rho 0.560, P<0.05) (Figure 6.1 B). No significant
correlations were seen in the parieto-occipital region between ARWMC scores
with any pathology (Figure 6.1 C). The summation of all regional scores
generated a mean overall hemispheric value and here significant correlations
between ARWMC scores and 4G8 %BF (Rho 0.535, P<0.05) was seen (Figure
6.1 D). No significant correlation was seen in any region or overall between
ARWMC scores and Sl value.

With respect to the AD group no significant correlations were seen between
ARWMC scores and S| values and AT8 and 4G8 % immunopositivity in any
region or as an overall hemispheric score (Figure 6.2). To allow for a broader
range of scores and to identify the influence of higher amounts of AT8 and 4G8
on WM in the AD group all both AD and controls were combined. In the full
cohort a significant correlation was seen between ARWMC scores with AT8 %
immunopositivity and 4G8 % immunopositivity in the frontal (Rho 0.333, P<0.05;
Rho 0.331, P<0.05), temporal (Rho 0.485, P<0.01; Rho 0.424, P<0.01),
parieto-occiptal lobes (Rho 0.370, P<0.05; Rho 0.329, P<0.05), and as an
overall hemisphere (Rho 0.373, P<0.05; Rho 0.445, P<0.01) (Figure 6.3 A-D).
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Figure 6.1. Scatter plots showing various correlations between MRI-based ARWMC scores with
Sl values and AT8 and 4G8 % immunopositivity in the frontal (A), temporal (B), parieto-occipital
(C) lobes and overall hemispheric (D) of the control cohort. ARWMC, Age related white matter
change; %BF of immunopos., percentage binary area fraction of immunopositivity; P/O, parieto-

occipital
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Figure 6.2. No significant correlations were seen in the AD cohort between MRI-based ARWMC
scores with S| values and AT8 and 4G8 % immunopositivity. Scatter graphs exhibit overall
hemispheric data for AD cohort. ARWMC, Age related white matter change; % BF Immunopos.,
percentage binary area fraction of immunopositivity
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Figure 6.3. Overall cohort correlations between MRI-based ARWMC scores with Sl values and
AT8 and 4G8 % immunopositivity in the frontal (A), temporal (B), parieto-occipital (C) lobes and
overall hemispheric (D). ARWMC, Age related white matter change; %BF of immunopos.,
percentage binary area fraction of immunopositivity; P/O, parieto-occipital

Finally, | investigated whether SI, AT8 and 4G8 %BF had a significant
relationship with WMH severity in a connecting region in the full cohort. A
significant correlation was also seen between temporal ARWMC scores and
frontal AT8 %BF (Rho 0.458, P<0.01) and 4G8 %BF (Rho 0.475, P<0.01)
(Figure 6.4 A). A significant correlation was revealed between parieto-occipital
ARWMC scores with frontal AT8 %BF (Rho 0.336, P<0.05) and frontal 4G8
%BF (Rho 0.403, P<0.05) (Figure 6.4 B). Interestingly, a reciprocal significant
correlation was seen between frontal ARWMC scores and parieto-occiptal AT8
%BF (Rho 0.366, P<0.05) and parieto-occipital 4G8 %BF (Rho 0.338, P<0.05)
(Figure 6.4 C). Finally, significant correlations were seen between temporal
ARWMC scores and parieto-occiptal AT8 %BF (Rho 0.472, P<0.01) and
parieto-occipital 4G8 %BF (Rho 0.515, P<0.01) (Figure 6.4 D). No significant
correlations were seen between temporal lobe AT8 or 4G8 %BF with frontal or
parieto-occiptal ARWMC scores.
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Figure 6.4. Scatter graphs exhibit overall hemispheric data for the overall combined cohort.
Significant correlations between MRI-based ARWMC scores with Sl values and AT8 and 4G8 %
immunopositivity values from other cortical regions. ARWMC, Age related white matter change;
%BF of immunopos., percentage binary area fraction of immunopositivity; P/O, parieto-
occipital.

6.4.4 Influence of SVD, HPT and AB on WMH severity

Multiple linear regression was employed to explore the influence of AT8 and
4G8 %BF and Sl values on WMH score and to determine which of the three
pathologies has the strongest association and is best predictor of WMH score.
With respect to the control cohort AT8 %BF was revealed to be a significant
predictor of ARWMC score in the frontal (P<0.01) and temporal (P<0.05) lobes,
and 4G8 %BF was found to be a significant predictor in the parieto-occipital
lobe (P<0.05). For the overall hemisphere both AT8 %BF (P<0.01) and Sl
(P<0.05) were significantly associated and deemed a predictor of ARWMC
score. S| was found to be a significant predictor of ARWMC score in the
temporal (P<0.05) and parieto-occipital (P<0.01) lobes.

In the AD cohort there were no significant influence between ARWMC with AT8
and 4G8 %BF or Sl values.
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For the overall cohort, AT8 %BF was a significant predictor of ARWMC severity
in the fontal (P<0.01), temporal (P<0.001) and parietal lobe (P<0.01). For the
overall hemisphere, both AT8 %BF (P<0.05) and Sl (P<0.05) was a significant
predictor of ARWMC score. AR had no significant influence in any region on
ARWMC score. Sl was found to be a significant predictor of ARWMC score in
the parieto-occipital lobe (P<0.05).

Using the entire cohort, | investigated the influence of cortical and VP on
ARWMC scores in connecting lobes. Frontal AT8 %BF values were a significant
predictor of temporal ARWMC score (P<0.01), with no significant influence of
frontal pathologies on parieto-occipital ARWMC scores. A significant influence
was also seen between temporal AT8 %BF and frontal ARWMC score
(P<0.05), with no significant influence of temporal pathology values on parieto-
occipital ARWMC scores. Finally, parietal AT8 %BF values were a significant
predictor of frontal ARWMC score (P<0.05) and both parietal and occipital AT8
% immunopositivity were a significant predictor of temporal ARWMC scores. No

significant influence was found with Sl values.

6.4.5 Power calculations

Due to the significant difference in AT8 and 4G8 values and no significant
difference in S| between the AD and control groups a power calculation was
conducted to investigate whether the study was sufficiently powered to detect
differences between groups. Cohen’s d is defined as the sum of the difference
between the two means, divided by their standard deviation. This was used to
calculate the effect size using the highest standard deviations for AT8, 4G8 and
Sl. Power analysis for AT8 and 4G8 yielded a=0.99 and for S| a=0.24. At the
standard 0.8 threshold used by convention (Coolican, 2013) the required study
case number for HPT and AB was 8 and SVD was 600.

6.5Discussion

The cohort used in this study was limited to a total of 38 brains due the
requirement of post mortem MRI, therefore, post hoc power calculations were
employed to test for adequate statistical power. Considering the very small P
values and large differences in AT8 and 4G8 values between AD and controls,
a=0.99 suggesting that the study methodology is sufficiently powered to detect
differences. This was not unexpected given the severe difference in cortical

pathology between AD and controls, therefore a case number as small as 8 per
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group may have been used. Estimates for SVD power suggest that the present
cohort was too small to detect differences between the experimental groups as
0a=0.24, and case number of approximately 600 was required per group. The
large case requirement maybe due to a limitation of the case selection for this
study that consisted primarily of SVD grade 1 and 2 cases an only one grade 3
measurement, therefore, there is very little difference to detect within the cases
resulting in a small Cohen D’s value. It may also indicate; i) there is no
significant difference to detect between the two groups, which was further
confirmed by the Kruskal-Wallis test; ii) the methodology used is unable to
detect differences (further discussed in section 6.5.6).

6.5.1 AD cases exhibited more severe WMH in the temporal Ilobe
compared to controls
This study showed that AD brains contained more severe WMH than non-
demented control brains in agreement with previous studies (Brickman, 2013a,
Kalaria, 2000, Rezek et al., 1987, Scheltens et al., 1992, Nagata et al., 2012,
O'Sullivan, 2008, Polvikoski et al., 2010). The AD group exhibited more severe
temporal WMH compared to controls, however, there was no significant
difference in the severity of parieto-occipital WMH between AD and controls.
Higher burden of posterior WMH in AD cases has been shown numerous times
(Gootjes et al., 2004a, Lee et al., 2009, Lee et al., 2010, Leys et al., 1991,
Yoshita et al., 2006) and has been shown to be specific predictor to AD
(Brickman et al., 2012). Hyperintensities in these regions are thought to be the
result of degenerative processes associated with AD pathology, especially HPT
in the temporal cortex. However, it was unexpected not to find an increase in
parieto-occipital WMH in the AD group as studies have shown a greater burden
of hyperintensites in the splenium of the CC (Teipel et al., 1999, Di Paola et al.,
2010, Yoshita et al., 2006) located in the medial parietal lobe. This study was
unable to investigate the influence of various pathologies on the CC, as it is
currently not included in the post mortem MRI assessment but is an important
area for future investigation. Previous studies have shown that the increased
hyperintensity burden seen in the posterior of AD brains may be attributed to
non-ischemic axonal loss (Moody et al., 1988) in the splenium. CC fibers are
heavily connected to the temporal and parietal regions originating from
pyramidal layers Il and V neurons (Nieuwenhuys, 1994, Gazzaniga, 2000)
which are specifically vulnerable by AD pathology, especially HPT
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(Giannakopoulos et al., 1998, Pearson et al., 1985, Lewis et al., 1987, Braak
and Braak, 1991), therefore, it is highly likely and expected to be affected in the
AD process (Yoshita et al., 2006).

6.5.2 No significant increase in SVD in the AD group despite significantly
higher WMH

Despite the significant higher WMH in the AD cohort, no significant difference
was seen in SVD, consequently, SVD may not be the only cause of WMH within
these groups as suggested in the studies described in Chapter 5. SVD
significantly correlated with WMH severity in the temporal lobe of controls only.
However, SVD was shown to have an influence on and is a significant predictor
of WMH severity, respectively, in temporal and parieto-occipital lobes of
controls and for the parieto-occipital lobe and overall hemisphere of the full
cohort. It was unexpected to find no significant differences in SVD mscores
between the two groups as SVD is assumed to be the main factor in the
pathogenesis of WML (Grinberg and Thal, 2010, Pantoni, 2010, Pantoni and
Garcia, 1997) and SVD has been shown to be lower in non-demented
compared to demented individuals (Schmidt et al., 2011b). If SVD were the
main pathogenic factor in the formation of WML/WMH an increase in SVD in
parallel with increasing WMH severity would be expected. Although, a recent
extensive study by Craggs and colleagues (Craggs et al., 2013a) measured
WM SVD using Sl in a familial and sporadic SVD disease cases and observed
that the level of fibrosis in the sporadic SVD group were not always significantly
higher than in control group. Therefore, it is possible that only a subtle increase
in vascular fibrosis is required and SVD at mild to moderate grades has a much
bigger chronic effect the previously thought indicating severe graded pathology
is not always required to instigate severe WML/WMH. This could explain why
there was no significant increase of SVD but it still had an influence on WM
changes. In order to fully understand the impact of SVD on WMH more detailed
histological investigations are warranted.

On the other hand, the vascular measurements included in this study were very
limited, inclusive of only vascular fibrosis as a measure of assumed SVD, and
only SVD as a vascular measure. There is growing evidence of an association
between CAA and the formation of WMH (Gurol et al., 2006, Holland et al.,
2008, Smith et al., 2004, Viswanathan et al., 2008). As well as accumulation of
AB in the vessel walls, CAA is characterized by SMC loss, vessel wall
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thickening, luminal narrowing and concentric splitting (Viswanathan and
Greenberg, 2011), which can result in disturbed arterial autoregulation that may
reduce cerebral perfusion in the penetrating arteries leading to hypoxia, and
there for ischemic events, downstream in the WM. Studies have suggested that
advanced CAA is associated with higher burdens of WML compared to normal
aged controls or patients with just AD (Gurol et al., 2006), and that CAA-related
WM is associated with cognitive impairment (Smith et al., 2004, Viswanathan et
al., 2008). In this study only vessel wall thickness was quantitatively assessed
as a measure of SVD, but it is also a hallmark of CAA. Assessment of CAA was
not included in this study due to time constraints, therefore, the possible
influence of CAA on WM integrity, especially in the AD group, cannot be ruled
out and should be taking into consideration when drawing conclusions on WMH
pathogenesis. Furthermore, mechanisms for cerebral ischemia are not just
limited to the brain parenchyma. Orthostatic hypotension, a fall in blood
pressure when a subject assumes a standing position, may play a role in the
development of WMH (Ballard et al., 2000, Colloby et al., 2011, Richardson et
al., 2009, Soennesyn et al., 2012). Animal models have demonstrated ischemic
WMH as a result of decreases in blood pressure (Pantoni and Garcia, 1997),
and an association between the severity of orthostatic systolic blood pressure
decrease and WMH volume was previously shown in late-life depression
patients (Ballard et al., 2000). Furthermore, thromboembolism results in
cerebral vascular occlusion due to a migrating blood clot, which frequently
originate in the atrium of the heart as a consequence of atrial fibrillation and
ischemic heart disease (Force, 1986), resulting in cerebral infarction. Finally,
agonal hypoxia as result of prolonged agonal state has been shown to have an
influence on post mortem tissue integrity (Monoranu et al., 2009) and, thus,
may account for the higher amount of WMH in relation to the amount of SVD.
Nevertheless, this study did not take into consideration or account for
cardiovascular risk factor or medical history, but these factors should be

included in future studies.

6.5.3 Neocortical AD-related pathologies may be a major contributor to
WML/WMH pathogenesis in both the normal aged and AD

The control group showed a significant correlation with HPT and AB in the

frontal lobe and overall hemispheric AR significantly correlated with WMH, not

with SVD. No conclusions could be drawn from the statistical findings of the AD
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cohort; although quantitative assessment yields continuous data that can detect
the subtle variations within Braak stage IV and Thal stage 5, it is likely that the
cohort was not big enough to draw any statistical conclusions due to the large
data spread.

All cases were combined to expose the potential influence of higher amounts of
pathology in the AD group. This revealed significant correlations between WMH
severity with both HPT and AP in all cortical regions and as an overall
hemisphere. This was not surprising as WMH were significantly more severe in
the AD group and AD cases exhibit a considerable higher amount of cortical
pathology compared to controls.

The most noteworthy findings were from the linear regression; HPT was shown
to be a significant predictor in the frontal and temporal lobe of controls, and all
cortical areas in the full cohort. Overall, both HPT and SVD were predictors of
WMH but HPT was statistically strongest. AR was also found to be a predictor of
WMH score in the parieto-occipital lobe of controls. Of all 3 pathologies
investigated, HPT was the most significant predictor of WMH score over the
entire cohort. These findings are in agreement with numerous other studies
indicating a potential link between HPT pathology and the pathogenesis of
WML/WMH. Leys and colleagues observed more severe white matter changes
in areas adjacent to cortical areas of high NFT in AD cases (Leys et al., 1991),
and Professor Englund found that 42% of AD cases contained non-ischemic
subcortical degeneration in the temporal lobes (Englund, 1998). More recently,
the Oregon Brain Aging Study (OBAS), a community-dwelling study accessing
WMH in 65 years and older, found a greater rate of WMH burden accumulation
over time was associated with higher Braak NFT stage, suggestive of a WML
formation as a secondary effect to neocortical pathology (Silbert et al., 2012). A
neuropathological study at Newcastle University in the oldest old also showed a
significant association of higher amounts of frontal WMH with higher NFT Braak
stage (Polvikoski et al., 2010). Finally, a DTl based study measured WM
diffusion anisotropy in a mouse model of human tauopathy (rTg4510) and
controls at various stages of ageing (2.5, 4.5 and 8 months). At 8 months the
rTg4510 mice had lower fractional anisotropy (FA) values (reflecting the
microstructural integrity of the WM fibers) compared to control mice, suggesting
a role of tau pathology in reducing WM integrity (Sahara et al., 2014).
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6.5.4 WLD may influence WM integrity in connecting lobes

It is well established that cortical regions and corresponding WM do not work in
isolation but are interconnected anatomically in a precise and unique manner by
a series of fiber networks facilitating the formation of neural network necessary
for core cerebral processes e.g. memory, attention and language. This study
also investigated whether cortical and vascular pathologies have an influence

on WM changes outside of their regional boundaries.

With respect to the full cohort, frontal HPT significantly correlated with both
temporal and parieto-occipital WMH scores, as did parieto-occipital HPT with
frontal WMH scores. Furthermore, significant correlations were seen between
frontal AR and temporal WMH scores and parieto-occipital AB and temporal
WMH scores. No correlation were seen with temporal lobe pathology, which
was unexpected, however it may be because the temporal lobe harbors the
highest burden of HPT and AB no statistical significance could be found. Linear
regression revealed that HPT was a highly significant predictor of WMH score in
various connections (Figure 6.5) with no significant influence of SVD.
Consequently this study determined that cortical pathology in one region is a
potential influencing factor for WM change in another. Association fibers bi-
directionally link various cerebral regions of the same hemisphere, specifically
long association fibers bundles connect cortex to cortex (Schmahmann and
Pandya, 2006). Interestingly, long association fibers arise from pyramidal layers
Il and Il (Nieuwenhuys, 1994) and these neurons are known to be selectively
affected by AD pathology especially HPT (Giannakopoulos et al., 1998). The
directional influence of HPT seen in this study corresponds to the four main
long association bundles; the superior longitudinal fasciculus (SLF) is made up
of three sections (horizontal, superior and vertical) projecting from the frontal
lobe to the most lateral region of the temporal lobe with a characteristic C-
shaped trajectory (Martino et al., 2011, Wakana et al., 2004); the inferior
longitudinal fasciculus (ILF) which projects mostly between the occipital lobes
and the posterior temporal regions; middle longitudinal fasciculus (MLF) linking
the inferior parietal to superior temporal (Schmahmann and Pandya, 2006); and
finally the uncinate fasciculus (UF) that connects the limbic regions, including
the parahippocampal and entorhinal areas, to the frontal lobe (Wakana et al.,
2004) (Figure 6.5). Previous DTI studies have shown abnormalities of the WM

12Q



in MCI and early AD patients in the UF and SLF (Masdeu et al., 2012) and a
Norwegian longitudinal study compared regional WM changes in MCI patients
with pathogenic and non-pathogenic levels of cerebral spinal fluid (CSF) tau
and found the MCI group with pathogenic levels of CSF tau had specific WM
changes in the SLF and ILF (Amlien et al., 2013). One may speculate that
cortical HPT pathology has a selective effect on these fiber bundles, possible
due to their origins that might potentially trigger WLD of the axons. However, a
detailed histological assessment is required to identify specific fibers types and

investigate specific axonal loss in these bundles.
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Figure 6.5. Influence of HPT on long association fiber bundles. Data from this study indicated a
strong influence of HPT pathology on WM integrity in regions connected by long association
fibers. Frontal HPT influenced and temporal WMH score and vice versa with temporal HPT
influencing frontal WMH score which may involve the uncinate fasciculus. Parieto-occipital HPT
was shown to influence frontal WMH scores indicative of the superior longitudinal fasciculus.
Parieto-occipital HPT also has an influence on temporal WMH scores, which may involve the
middle and/or inferior longitudinal fasciculus. Arrows indicate the direction of influence. WMH,
white matter hyperintensity score; HPT, hyperphosphorylated tau.

6.5.5 Potential involvement of HPT in the triggering of WLD

Although there are numerous studies associating HPT to WML/WMH the exact
pathomechanism is still to be elucidated. It has been suggested that HPT
accumulation triggers axonal transport failure via various interactions seen in
various in vitro studies. As previously discussed, tau is an intracellular
microtuble-bound protein found in neuronal processes (Ittner et al., 2010) and,
in addition to the neuronal soma, APP, AB and probably APP-processing
enzymes (3 and y-secretase have been shown to also reside in axons and
dendrites (Lazarov et al., 2002, Wirths et al., 2006). Evidence suggests that

physiological tau permits the accumulation of AB oligomers (Calkins et al.,
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2011, Ittner et al., 2010) and disruption of glycogen synthase kinase 3 (GSK-
3B), which in turn disrupts mitochondrial life cycle and mobility, thereby
impairing axonal transport. Both changes were found to be tau dependent
(Llorens-Martin et al., 2011); decreasing tau prevented AB-induced defects in
axonal transport in an in vitro model of wild type hippocampal neurons (Vossel
et al., 2010).

Axonal transport dysfunction has been suggested to activate WLD.
Pharmacological studies have indicated that several neurological disorders
share the final pathway of Wallerian degeneration, which comprises of
extracellular calcium influx, activating the ubiquitous calcium-dependent
cysteine protease calpain to degrade the cytoskeleton of the axon (Schlaepfer,
1977, Schlaepf.Ww, 1974) (Figure 6.6). The trigger of calcium influx differs
between disorders; in neurodegenerative disorders of the CNS abnormal
protein aggregates i.e. HPT and AR oligomers directly (via disruption of GSK-
3B) and indirectly (via disrupt axonal transport dysfunction) impair mitochondria.
Impaired mitochondria leads to a decrease in ATP subsequently activating a
cascade of events that reduce ATPase activities and various ion pumps and
exchangers in the axon eventually leading to an increase in intra-axonal
calcium and activation of calpain (lkegami and Koike, 2003, Coleman, 2005),
resulting in the retrograde degeneration of the axon. WLD, as a secondary
consequence of abnormal protein aggregation, may therefore account for the
disproportionate loss of axons compared to neurons in both the normal aged
and diseased (Freeman et al., 2008, Marner et al., 2003, Pakkenberg and
Gundersen, 1997).
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Figure 6.6. Proposed pathway of WLD. It is proposed the accumulation of HPT and A 8 directly
and indirectly leads to neuronal dysfunction, impaired axonal transport from the neuronal soma
and mitochondria dysfunction which trigger known mechanisms of axon degeneration via
calpain-mediated degradation of axonal cytoskeleton proteins.

6.5.6 Pathogenesis of WML/WMH is likely to be a combination of
ischemia and degenerative axonal loss

Although linear regression revealed HPT influences the progression of WMH, it
also showed that (in the overall cohort) SVD was also significant predictor of
hemispheric WMH score. Two previous studies are in agreement with this
finding; Yoshita and colleagues investigated the extent and distribution of WMH
using MRI mapping in a cohort of controls, MCl and AD and concluded that
spatial differences of hyperintensities between groups may result from the
additive effects of vascular and degenerative injury (Yoshita et al., 2006). An
additive relationship is a conceivable concept given the very low burden of SVD
found in this study, and perhaps it is the addition of neurodegenerative axonal
loss that is driving greater WM changes in some cases. Furthermore, a study by
Erton-Lyons and colleagues combining longitudinal WMH accumulation data
with neuropathological assessment correlates (including NFT Braak stages,
myelin pallor, and cardiovascular pathologies i.e. atherosclerosis) from the
OBAS cohort, found strong association of both atherosclerosis and NFT Braak
score with WMH accumulation over 1 year (Erten-Lyons et al., 2013).
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Ischemia may also play a role in the activation of WLD; chronic ischemia is
thought to play a key role demyelination that in turn raises the energy demand
of the axon (Stys, 1998) potentially exacerbating the decrease in axonal ATP.
Furthermore, ischemic injury leads to an increase in intra-axonal calcium via
calcium release from intra-cellular stores and blocking of this intracellular
release has been show to be axonal protective (Ouardouz et al., 2003).

Cerebral multimorbidity is highly prevalent with multiple neurodegenerative
pathologies frequently seen in brains of both demented and non-demented
subjects (Alafuzoff, 2013, Attems and Jellinger, 2013a). One of the most
common co-pathologies is AD-related and vascular pathology, seen in
approximately a third of all neuropathologically confirmed AD cases (Jellinger
and Attems, 2007(Ince, 2001, Schneider et al., 2007). Is it likely that the
formation of WML/WMH both degenerative and ischemic mechanisms are
involved, conceivably in an additive or synergistic relationship, with varying

degrees between individuals and disease status.

6.5.7 Limitations

The cohort was limited to 38 cases due to the requirement of post mortem MR,
(added to the NBTR diagnostic protocol in 2009) and neuropathological
diagnosis.

This study did not histologically investigate axonal loss, axonal fragmentation,
demyelination or ischemic markers; it was simple a preliminary study to
investigate any potential influence of cortical pathologies and SVD. Therefore
all suggested pathogenesis of WML/WMH such as WLD are all proposed

mechanism and cannot be confirmed or validated with out future investigations.

It is importantly to note the study did not include neuronal density. Cortical
thickness, as a measure of atrophy, was attempted on post mortem MRI but
was unsuccessful due to indistinct cortical-white matter boarders. Due to time
constraints and the TMA methodology not allowing for an accurate measure,
neuropathological assessment of neuronal density was not carried. However,
due to the interesting findings this will be a vital addition and a control variable
in linear regression analysis when investigating the influence of various

pathologies.

Although the TMA allows for fast and accurate quantitative assessment of
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cortical pathologies it was not without its limitations;

I.  Approximately 20% of TMA blocks had single missing punches due to
lack of tissue in the diagnostic block. Although AT8 and 4G8
measurements were average values, it still may have influenced scores
for some cases.

[I.  Immunohistochemisty was performed in as few batches as possible to
ensure minimal variation in staining intensity. However, staining intensity
did vary slightly between cases, which meant imaging thresholds were
slightly altered to highlight all pathology and potentially involving
subjective bias.

[ll.  Damage to the tissue sections e.g. tears, and anatomical features such
as vessels, white matter and space between sulci had to be manually
selected and removed from quantitative measurement as not to influence
the pathology density. Due to human error it is possible not all anomalies

were discovered and removed.

Power calculations estimated 600 per group to detect difference in SVD. A
possible reason for this may be failure of the S| methodology to detect
difference between groups. Sl is a quantitative measure of vessel wall fibrosis
which represents the severity of SVD (Lammie et al., 1997) which is assumed to
be the main cause of chronic hypoxia and ischemia resulting in WML/WMH
(Grinberg and Thal, 2010), therefore, this study assumed Sl is representative of
all types of vascular pathologies that may lead to ischemic-type WM damage.
Although SVD is highly related, other vascular pathologies have also been
associated with WML/WMH that where not assessed for; WM changes have
been increasing recognized as a feature of sporadic CAA with or without AD
with proximal AB deposits in penetrating arteries leading to vessel wall
destruction, although it is unknown whether deposits alone without
atherosclerotic changes are sufficient to cause WML (Greenberg et al., 2004).

One of the main limiting factors of the S| methodology is the ‘diluting’ of SI
values i.e. is the mean value a true representation of the degree of vascular
pathology. In a given section approximately 8 arteries/arterioles were assessed,
however, it may be that only one particular area/vascular branch has higher
amounts of pathology but these values will be averaged with the remaining un-

affected vessels making it very difficult to see subtle difference between groups.
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In future studies, Sl should be confined to specific regions of interest e.g. in and
around the WML boundary so that an accurate measure of lesion-related
vascular pathology can be taken, and combined with additional markers and
measurements of ischemic damage and vascular pathologies e.g. plasma

protein leakage, SMC loss and microglia activation.

6.6 Conclusion

This study has demonstrated that quantitatively assessed HPT, AB and SVD
are associated with WM integrity as measured by post mortem MRI, suggesting
that these pathologies play a role in the pathogenesis of WML. The severity of
all three pathologies was found to influence WMH score in a given region in
both non-demented normal aged and AD brains. However, HPT was the most
significant predictor of WMH score over the entire cohort not SVD that has long
been associated with WMH pathogenesis. Furthermore, HPT had a strong
influence on WM integrity in regions connected by long association fibers
indicating hyperintensities along these fibers may have a different pathogenic
mechanism compared to other fibers in the brain. It is presumed HPT triggers
WLD in degenerative axonal loss but this remains to be elucidated with an
extensive neuropathological investigation. Is it likely that the formation of
WML/WMH involve both degenerative and ischemic mechanisms, conceivably
in an additive or synergistic relationship, with varying degrees between
individuals and disease status.
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Chapter 7 — Discussion

7.1 Introduction

The main aim of this study was to improve the post mortem assessment of AD-
related pathology and WML/WMH in the ageing human brain by the use of post
mortem MRI and quantitative neuropathological assessment, and to investigate
possible associations between AD pathology and WML. The presence of both
AD pathology and WML/WMH is one of the most common co-pathologies in the
ageing human brain; seen in up to 40% of Alzheimer’'s disease (AD) cases
(O'Sullivan, 2008, Nagata et al., 2012, Schneider et al., 2007) it has been
suggested these pathologies have a synergistic relationship with CVL exerting
an influence on AD pathology and potentially lower the threshold for dementia
(Jellinger and Attems, 2003, Jellinger and Attems, 2007, Schneider et al.,
2007).

However, there are two difficulties when investigating CVL and AD-related
pathologies. Firstly, due to the lack of standardized histological criteria accurate
assessment of SVP is difficult, therefore, the study described in Chapter 3
investigated the use of post mortem MRI as a tool in the assessment of WMH,
as a reflection of SVP. Secondly, current neuropathological assessment of
cortical pathologies is based on subjective-based a semi-quantitative criterion
that is based on the grading of pathological amounts not precise
measurements. Consequently, the study described in Chapter 4 investigated
the use of quantitative neuropathological assessment of AD-related cortical
pathology and vascular fibrosis, as a reflection of SVD. A chance observation in
the analysis of studies described in Chapter 3 and 4 lead to the discovery of an
association of HPT with WMH severity (Chapter 5), in contrast to the widely
presumed notion that WML/WMH are the result of CVD. This study was
extended, expanding the use of quantitative neuropathological assessment via
introduction of the TMA and Sl to investigate the influence of cortical
pathologies on WM integrity (Chapter 6). The key findings of this study are
listed below and discussed in the following subsections:

* MRI-based assessment on fixed post mortem brains is a practical
method that reliably reflects WML in the frontal, parietal and occipital WM
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7.2

comparable with an extensive histological assessment at 7-mm intervals.
o Post mortem MRI is not useful for the assessment of lacunes in
the DGM
o Post mortem MRI may be used for the gross assessment of
temporal WM; interpretation should be inclusive of MTL atrophy
Current routine diagnostic histological assessment of SVP underrates
severity in the WM.
Digital quantification of ‘severe’ cortical HPT and AR pathology in AD
brains revealed variations in pathological burden in all neocortical
regions.
Quantitative neuropathological assessment in AD brains revealed HPT
pathology was significantly higher in the temporal cortex compared to the
frontal, parietal and occipital cortices.
Sclerotic Index measurements of vascular fibrosis revealed disparities in
pathological burden within semi-quantitative grades of ‘mild’ and
‘moderate’ pathology.
WMH were significantly higher in AD brains compared to normal aged
controls.
No significant difference was seen in SVD between AD and normal aged
controls brains.
HPT, AB pathology and SVD had a significant influence on WMH severity
in both non-demented normal aged and AD brains.
o Of all three pathologies, HPT was the most significant predictor of
WMH score
HPT had a significant influence on WMH severity in regions connected
by long association fibers

Post mortem MRI

This study established that visual MRI-based assessment on fixed post mortem
brains is a practical method that reliably reflects SVP i.e. WML, EPVS, in the
frontal, parietal and occipital WM, comparable with an extensive histological

assessment of the entire WM at 7-mm intervals. Furthermore, this study also

confirmed that current routine diagnostic histological assessment of SVP

underrates the severity of SVP in the WM, likely due to the limited number of

slides assessed. Given the current lack of validated neuropathological
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consensus criteria, this study concludes that post mortem MRI| assessment may
be used to assess WM integrity in research and complement diagnostic
neuropathological diagnosis. Numerous previous studies have directly
compared both in vivo and post mortem MRI with histological findings to gain a
better understanding of the underlying pathological substrates of WMH i.e.
‘punctate’ hyperintensities correspond to EPVS (Chimowitz et al., 1992,
Fazekas et al., 1991) and ‘early confluent’ and ‘confluent’ WMH are dependent
upon a pathological continuum of myelin and axonal loss (Bronge et al., 2002,
Fazekas et al., 1993). Although these studies were specific in their investigation
of associations of particular pathologies and hyperintensities, this is the first
study to evaluate whether post mortem MRI as a reliable method of gross WMH
assessment. Of note, this study can make no conclusions on the pathogenesis
of WML. Although the study compared radiological images to histological
findings, neuropathological criteria assessed perivascular enlargement,
demyelination and parenchyma tissue loss that are consequences of a
pathogenic process that is assumed to be SVD.

Future improvements to post mortem MRI may include the introduction of DTI
that detects anisotropy-related alterations of tissue that reflect the coherence of
directionally of water diffusion. Various measures of water diffusion can reveal
specific information about axonal integrity and the myelin sheath such as
demyelination, axonal swelling and fragmentation (Gold et al., 2012). Studies
have shown that DTI is feasible in post mortem brain tissue (Englund et al.,
2004, Gouw et al., 2008, Larsson et al., 2004) and WM changes are more
extensively visible on DTl compared to conventional T2-weighted MRI (Larsson
et al., 2004). Post mortem DTI WM assessment would be a valuable addition to
WMH assessment especially when specific types of axonal pathologies are
required for future studies such as the elaborating of findings from the study
described in Chapter 6.

7.3 Use of quantitative neuropathological assessment

One of the main areas of this thesis was to evaluate the use of digital
quantitative neuropathological assessment in order to accurately measure and
detect subtle differences in pathology amount that cannot be appreciated using
semi-quantitative scoring. The study in Chapter 4 revealed widespread variation
and overlap of quantitatively measured cortical HPT and AR pathology and
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vascular fibrosis within a given semi-quantitative grade. These findings
indicated a lack of accuracy and possible influence of assessor bias in semi-
quantitative assessment concluding quantitative assessment is a better means
of measuring pathological burden. The main hindrance of quantitative
assessment was the requirement of large cohort numbers required to gain
statistical power. The use of the TMA (Kellner et al., 2009, Sjobeck et al., 2003)
was introduced in the final study (Chapter 6); the array format is optimally suited
for standardized quantitative analysis at high output (Simon, 2010) which
allowed an increase in case numbers and areas assessed. TMA assessment

was deemed successful and is to be continually used in future studies.

Quantitative measurements of pathological burden may play a key role in future
clinico-pathological studies as it allows the identification cases and/or sub-
groups containing a specific level of pathology. Murray and colleagues (Murray
et al., 2011b) conducted a large quantitative neuropathological study on 889
cases of confirmed AD (Braak stage IV/V). NFT were quantitatively counted in
the hippocampus (CA1 and subiculum) and three association cortices (middle
frontal, inferior parietal and superior temporal). Three distinct subtypes of AD
were determined: i) 75% of cases were classified as typical AD; ii) 11% of cases
were classed as hippocampal sparing that exhibited higher NFT in cortical
areas and lower NFT in hippocampal areas when compared to typical AD
cases. These cases also had a younger age of death (average 72 + 10 years)
and a higher proportion of them were men; iii) 14% of cases were classified as
limbic predominant that exhibited higher NFT in the hippocampus and lower
NFT in cortical areas when compared to typical AD cases. These cases were
older (average 86 + 6 years) and a higher proportion of them were women.
Identification ~ of  clinic-pathological  subtypes  through  quantitative
neuropathological assessment could have major implications when designing
clinical, genetic and therapeutic studies in AD.

7.4 Influence of cortical pathologies on white matter integrity

Using a combination of post mortem MRI WMH assessment and quantitative
assessment, subsequent studies investigated associations between cortical and
vascular pathologies and WM integrity in a cohort of normal aged controls and
AD brains. The study in Chapter 5 showed a significant correlation between
quantified temporal HPT and AB pathology with WMH severity in cases that
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exhibited moderate/severe WMH but absent/mild SVD, that is widely assumed
to cause WML (Grinberg and Thal, 2010, Pantoni, 2010, Pantoni and Garcia,
1997). This indicated that SVD might not have been the primary cause of the
WMH in some cases due to the large difference in SVD grade and WMH score.
This investigation was extended in a larger cohort with the addition of TMA and
S| (Chapter 6). The main findings are discussed in more detail below.

7.4.1 Hyperintensities of the deep WM are potential caused by a
combination of HPT and SVD
AD brains were found to contain significantly more severe WMH, both overall
and in the temporal region, compared to non-demented control brains in
agreement with previous studies (Brickman, 2013b, Kalaria, 2000, Rezek et al.,
1987, Scheltens et al., 1992). However, no significant difference was seen in Sl
between the two groups; If SVD were the main pathogenic factor in the
formation of WML/WMH an increase in SVD in parallel with increasing WMH
severity would be expected. However, it is important to note that the Sl
measurement is exclusive for vessel wall thickness that is only one aspect of
SVD. This measurement is limited and did not take into account the other
important aspects of SVD including. For a comprehensive assessment all
aspects of SVD need to be assessed including loss of SMC from the vessel
wall, plasma protein leakage and BBB, which can be assessed on post mortem
tissue sections using specific immunohistochemical antibodies and
quantitatively assessed using NIS-Elements software. Furthermore, SVD was
the only vascular pathology assessed and there is growing evidence of an
association between CAA and the formation of WMH (Gurol et al., 2006,
Holland et al., 2008, Smith et al., 2004, Viswanathan et al., 2008). As well as
the accumulation of A in the vessel walls, CAA is also characterized by vessel
wall thickening and luminal narrowing (Viswanathan and Greenberg, 2011),
therefore, since assessment of CAA was not included in this study, | was unable
to distinguish the possible influence of CAA on WM integrity. It is also important
to note that possible causes of ischemic damage outside of the brain e.g.
orthostatic hypotension, agonal state and thromboembolism, may also have
played a factor in WM integrity, and would not have affected the histological
characteristics of the small vessels that were assessed. Therefore, in future
studies it is important to include and control for cardiovascular risk factor,
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medical history and agonal state.

Interestingly of all 3 pathologies (HPT, AR and vascular fibrosis as a measure of
SVD) investigated, HPT was the most significant predictor of WMH score in all
cortical regions. Both HPT and SVD were predictors of WMH in the total overall
WM. These outcomes agree with previous findings that WMH are the product of
a combination of both neurodegenerative and vascular pathologies; Yoshita and
colleagues concluded that spatial differences of hyperintensities between
groups may result from the additive effects of degenerative and vascular injury
(Yoshita et al., 2006), and a recent combined neuropathological and
radiological study found strong association of both atherosclerosis and NFT
Braak score with WMH accumulation over 1 year (Erten-Lyons et al., 2013).

7.4.2 Association fiber bundle connections

This study also determined that AD-related cortical pathology in one region is a
potential influencing factor for WM changes outside of their regional boundaries.
HPT was a highly significant predictor of WMH scores; significant associations
were seen between frontal HPT and temporal WMH score, temporal HPT and
frontal WMH score and parieto-occipital HPT with both frontal and temporal
WMH scores. No significant influence of SVD was found which one could
speculate indicates a possible has a selective effect of HPT, and therefore, a
different pathogenic mechanism may be occurring. Cerebral regions of the
same hemisphere are bi-directionally linked via long association fibers bundles
connect cortex to cortex (Schmahmann and Pandya, 2006). The directional
influence of HPT corresponded to the four main long association bundles,
including the superior-, middle-, and inferior longitudinal fasciculus and the
uncinate fasciculus, that originate from pyramidal neurons in layers Il and Il
(Nieuwenhuys, 1994) that are selectively affected by HPT (Giannakopoulos et
al., 1998). A cross-sectional comparison study of DTI regional fractional
anisotropy FA values (reflects the microstructural integrity of the WM fibers)
demonstrated that independent of vascular risk factors AD patients have
significantly lower FA values in the highly organized inter/intra-hemispheric
fibers of the CC and SLF compared to MCI and aged controls (Lee et al., 2009).
A second DTl-based study compared microstructure integrity of axons in the
superior and inferior longitudinal fasciculus 16 AD patients and 14 aged controls
and found significantly lower FA values in AD patients compared to aged
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controls, especially in the ILF, indicative of a decrease in axonal integrity
(Stricker et al., 2009).

7.4.3 Possible patho-mechanisms connecting degenerative pathologies
and CVL to WM changes

WLD was discussed in detail in Chapter 6 (section 6.5.5) as a potential patho-

mechanism that associates AD-related pathology and WM integrity. The

formation of WML/WMH likely involves both degenerative and ischemic

mechanisms, however, the exact patho-mechanism that connects the two

remains to be elucidated and the determination of how the two are related

remains critical.

The most likely scenario is the formation of WML/WMH involves both
degenerative and ischemic mechanisms, as AD-related and vascular pathology
are one of the most common co-pathologies (Jellinger and Attems, 2007(Ince,
2001, Schneider et al.,, 2007), conceivably in an additive or synergistic
relationship, with varying degrees between individuals and disease status. A
previous study showed that spatial differences of hyperintensities between
controls, MCI and AD subjects might result from the additive effects of vascular
and degenerative injury (Yoshita et al., 2006), a conceivable concept given the
very low burden of SVD found in this study, and perhaps it is the addition of
neurodegenerative axonal loss that is driving greater WM changes in some
cases. Furthermore, a combined neuropathological and radiological study found
strong association of both atherosclerosis and NFT Braak score with WMH
accumulation over 1 year (Erten-Lyons et al., 2013). The findings in Chapter 6
revealed both HPT and SVD had a significant influence on overall hemispheric
WMH score.

A second scenario could be that WMH distribution reflects HPT and AP
pathology, with WMH being the result of degenerative mechanisms i.e. WLD
and axonal degeneration secondary to neuronal death. The findings in the final
study numerous associations between AD-related pathology and WMH in all
cortical regions independent of SVD. HPT and AR pathology are abundant in all
neocortical regions of AD brains and highly exhibited in the
transentorhinal/entorhinal region in the non-demented aged brain (Braak and
Braak, 1991) and therefore, might account for the vast distribution of WMH in all
WM regions. In demented subjects, WMH have been shown to be significant
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predictor of all types of dementia with population studies showing a 3-fold
increase in risk, especially in AD (Debette et al., 2010, Debette and Markus,
2010, Kuller et al., 2003, Prins et al., 2004). The Nun Study, a large longitudinal
study of a relatively homogeneous cohort of nuns, showed that those with WML
or lacunes had a higher prevalence of dementia compared to those without
(Snowdon et al., 1997). Therefore, one may speculate that WMH may be a
indicator of underlying neurodegenerative pathology. However, although this
study found no strong association with SVD there are copious amounts of
evidence indicating a pathogenic link between CVL and ischemia with WMH
pathogenesis in the ageing human brain (Grinberg and Thal, 2010).

A third explanation could be that WML/WMH are independent of AD-pathology
and represent ischemic damage as a result of hypoperfusion, hypertension
and/or metabolic syndromes, e.g. diabetes, which numerous studies have
shown (Alosco et al., 2013a, Alosco et al., 2013b, Brickman, 2013a, Brickman
et al., 2010, Jefferson et al., 2007, Portet et al., 2012). Gootjes and colleagues
(Gootjes et al., 2004b) found similar regional distribution of WMH between AD,
VaD and non-demented controls that is indicative of a common vascular
pathogenic factor between diseased patients and controls. However, similar to
this study, Gootjes and colleagues showed very little association with SVD and
WMH and no significant increase was seen in SVD severity between AD and
controls, despite a significantly high level of WMH in the AD cohort, therefore a
potential secondary mechanism (possibly a degenerative mechanism) may
have also played a role in the formation of WMH in the AD cohort. Polvikoski
and colleagues investigated the degenerative and vascular process involved in
late-onset AD in the Vantaa 85+ population based cohort and concluded that
post mortem WMH in the frontal WM were associated with NFT Braak stage but
as a surrogate of SVD (Polvikoski et al., 2010). However, my final study found
very little association with SVD and WMH score in contrast to a vast array of
studies. Interestingly, a recent neuropathological study by Craggs and
colleagues (Craggs et al., 2013a) extensively measured WM SVD using Sl in a
familial and sporadic SVD disease cases. The group observed that the level of
fibrosis in the sporadic SVD group was not always significantly higher than the
control group. This suggests that only a subtle increase in vascular fibrosis may
be required i.e. ‘mild’/'moderate’ grades of pathology, to instigate WML/WMH,

possibly indicating severe graded pathology is not always required and that
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SVD has a greater chronic effect the previously thought. This may explain why
in my study the AD group had higher WMH scores without significantly higher
SVD scores; the AD group did exhibit slightly higher SI measurements,
therefore, the subtle increase may have been enough to cause more severe
WMH. Further in depth histological assessments are required to clarify this.

7.4.4 Future implications

Future studies are required to further elucidate the different patho-physiological
mechanisms that may underlie WM damage in the ageing brain. This may lead
to the identification of defined patterns of WMH on MRI that are associated with
specific pathological mechanisms e.g. posterior dominate WMH in AD (Lee et
al., 2009, Lee et al., 2010). A better understanding of these processes in
conjunction with future biomarkers may aid clinical decision making in terms of
deciding whether WMH are related to underlying vascular pathology, as
currently assumed, or a primary cortical neurodegenerative process such as AD
or a combination of both, to ensure that patients receive earlier detection and
intervention, the most appropriate diagnosis and therapeutics.

7.5 General strengths and limitations

All cases used in this study have undergone post mortem WMH assessment,
fully neuropathological diagnosis and quantitative neuropathological
assessment as part of routine protocol at the NBTR. It is this unique
combination of methodologies that has made it possible to deduce relationships
between WML/WMH and pathological features on a large number of cases. All
subjects were recruited, assessed and all tissue was processed under the same
conditions at the NBTR, allowing for reliable comparison between subjects.

Regarding the human tissue there are general limitations; i) immediately after
death tissue begins autolysis so PMD must be as short as possible. Although
no statistical influence was found in this study the use of PMD as a measure of
autolysis is limited as it does not take into account important factors such as
temperature i.e. room temperature compared to refrigerated storage and tissue
pH, which will influence tissue degradation. Therefore, as with all post mortem
studies, findings, especially WMH scores, should be carefully considered to
ensure they are not reflecting artifacts of post mortem interval; ii) fixation of

tissues can affect the reliability of post mortem MRI due to the dehydration of
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the tissue, however, this has been shown to be restored after 3-4 weeks fixation
time which all brains underwent (Pfefferbaum et al., 2004, Shepherd et al.,
2009); iii) after autopsy, brains are dissected into left and right hemispheres with
only the right hemisphere undergoing fixation and hence assessment. The use
of one hemisphere for the assessment of SVP in the WM has been shown not
significantly influence scores due to the uniform structure (Fazekas et al., 1991).
Finally, as with all post-mortem studies, the possibility that tissue morphology
was affected during tissue processing cannot be rule out. However, all cases in
this study were treated and analyzed the same way, therefore all groups should
have been equally affected allowing valid comparisons to be made.

Quantification of post mortem T2 MR images was attempted using software
program ‘Sibyl’ that measures the percentage area of the WMH on each MR
image slice based on pixel count with a subjective grey scale threshold set by
the user. However, this assessment was unsuccessful due to time constraints
and poor resolution of the MR images, and due the image acquisition that was
used the existing post mortem MR images were unable to be analyzed for
WMH volume by existing software programs. Therefore, all post mortem MRI
measurements remained semi-quantitative. Quantification of WMH would have
allowed for a more accurate and objective global and regional measure which
may have revealed more specific regional and local WM changes. However, in
order for this to be incorporated into future studies the MRI protocol needs to be
changed to allow for volumetric WMH analysis at the time of acquisition, which

is both more labour intensive and a financial burden.

7.5.1 Additional factors

Since the start of this study minor changes have to be incorporated to the TMA
methodology used in the study described in Chapter 6 for use in future studies;
quantitative measurement for this study was performed at x200 magnification
that would only allow capture of large image acquisitions at 2x3 covering only
one third of the tissue punch, increasing the risk of inter-rater variability.
Modifications have included reducing the magnification to x100 to allow for a
3x3 image acquisition and thus, a larger area of the tissue punch to be covered.
No changes were made to the methodology during this study but would be
incorporated into future investigations. Furthermore, the number of

cardiovascular risk factors i.e. hypertension, diabetes etc., and treatments i.e.
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antihypertensive, antidepressants, anti-inflammatories, may have also impacted
on brain mechanisms contributing to pathological changes. Although
assessment of these variables was beyond the scope of my PhD and will be
controlled for in future studies, the detailed information available from the NBTR
cohort allows the influence of these factors to be investigated.

7.6 Future directions

The Alzheimer's Society has recently confirmed funding for a three-year
research project beginning August 2014 that aims to further elucidate the
influence of AD-related and vascular pathology on WM integrity. The study will
continually use post mortem MRI for WMH assessment and TMA, and SI for
quantitative neuropathological assessment with the addition of extensive
histological investigations detailed in the short-term studies.

7.6.1 Short-term studies

It is vital to distinguish between WML that are primarily associated with
neurodegenerative mechanisms i.e. WLD and neuronal loss, and those
associated with CVL i.e. SVD

* Measuring neuronal and axonal loss and determining levels of axonal
transport dysfunction markers and activation levels of various calcium-
dependent proteases involved in neuronal WLD may determine WML
that are primarily associated with degenerative axonal loss.

* WML primarily associated with ischemic damage should be evaluated via
assessment of ischemic damage markers, hypoxia markers, vessel
morphology and BBB alterations and other vascular pathologies e.g.
CAA.

* The integrity of neuroglia is vital for cerebral homeostasis, myelin
production development, and regulation of neurovascular units,
therefore, loss of mature and precursor oligodendrocytes, astrogliosis
and activation of microglia should also be evaluated to determine if there
are any distinguishable differences between degenerative and ischemic

lesions.

7.6.2 Medium and long-term studies
* Once specific patho-physiological mechanisms and morphological

differences of degenerative and ischemic WML are determined these
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findings can be compared with in-vivo MRI imaging, preferentially DTI.
This will give a better understanding of these processes in a clinical
setting, helping to determine whether WMH are related to underlying
vascular pathology or a primary cortical neurodegenerative process such
as AD or a combination of both and ensure that patients receive the most
appropriate treatment.

» Clinico-pathological associations should be investigated to identify any
specific clinical characteristics within sub-groups exhibiting degenerative,
ischemic or both WML.

* Ideally, transgenic mouse models of normal ageing, AD, SVD and mixed
AD-SVD will undergo a combined imaging and neuropathological
longitudinal study to assess the underlying pathogenic mechanisms of
WML development.

7.7 Conclusion

The projected aimed to improve the post mortem assessment of WML/WMH
and neuropathological lesions and investigate the co-morbidity of AD-related
pathology and WML/WMH. This project showed that MRI-based assessment on
fixed post mortem brains is a practical method that reliably reflects WML in the
deep WM and may be used in research and diagnostic neuropathological

assessment of WM integrity.

Digital quantitative neuropathological assessment revealed widespread
variation in HPT and AB pathology and vascular fibrosis within a given semi-
quantitative grade and detected subtle differences in the amount of pathology,

that are not appreciated using the current semi-quantitative scoring methods.

Investigation into the association of AD-related and vascular pathologies with
WMH revealed HPT and AR pathology, and SVD had a significant influence on
WMH severity in both non-demented normal aged and AD brains, although

HPT was the strongest predictor. Extensive histological and radiological studies
are required to further elucidate the different patho-physiological mechanisms
that may underlie WM damage in the ageing brain. These studies may lead to
the identification of defined patterns of WMH on MRI that are associated with
specific diseases to ensure patients receive the most appropriate diagnosis and
therapeutics.
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