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Abstract in English:

The quantitative relationship between the in-vivo signal of amyloid-g (AB) positron
emission tomography (PET) imaging with [*'C]6-OH-BTA-1 (PiB) in transgenic
mouse models of Alzheimer's disease and the underlying histopathology is so far
ill-defined. In this study we compared a single transgenic APP (Tg2576) and a
double transgenic APP/PS1 (ARTE10) mouse model. We performed PiB PET
imaging followed by an automated quantification of AB plaque histopathology using
three different stainings: Thioflavin S (TfS), immunofluorescence against full-length
AB peptide, and against N3-pyroglutamate-AB peptide (N3pE-AB). PET images
were analysed with a region-of-interest-based and a voxel-based approach. We
found the highest correlation between TfS plaque load and PET results. Voxel-
based analysis revealed a pattern of significant voxels which resembles the pattern
of AB plaque distribution in the mouse brain. Our results suggest that the amount of
highly-dense TfS positive plaques but not the amount of diffuse TfS negative
plaques is the determining factor for in-vivo PiB imaging. The presence of N3pE-AR

did not relevantly influence the PET signal.

Abstract in Deutsch:

Der quantitative Zusammenhang zwischen dem in-vivo Signal der Amyloid-g (AB)
Bildgebung mittels Positronen-Emissions-Tomographie (PET) mit [**C]6-OH-BTA-1
(PiB) in transgenen Mausmodellen der Alzheimer Erkrankung und der zugrunde
liegenden Histopathologie ist bisher nicht ausreichend geklart. Diese Arbeit
vergleicht ein einfach-transgenes APP (Tg2576) und ein doppelt-transgenes
APP/PS1 (ARTE10) Mausmodell. Nach einem PiB PET-Scan wurde mittels drei
histologischer Farbungen die AB-Plaque-Pathologie quantifiziert: Thioflavin S (TfS),
Immunofluoreszenz gegen unmodifiziertes AB-Peptid und gegen N3-Pyroglutamat-
AB-Peptid (N3pE-AB). Das PET-Signal wurde region-of-interest- und voxel-basiert
ausgewertet. Die hochste Korrelation zwischen PET-Signal und Histopathologie
wurde fur TfS gemessen. Das Muster signifikanter Voxel in der voxel-basierten
Analyse ahnelte der AB-Plague-Verteilung im Maushirn. Unsere Ergebnisse legen
nahe, dass die Menge der dichten TfS-positiven und nicht die der diffusen TfS-
negativen Plagues mal3gebend fur die in-vivo PiB-Bildgebung ist. N3pE-AB

beeinflusste das PET-Signal unwesentlich.
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1. Introduction

1. Introduction

1.1 Alzheimer's - a neurodegenerative disorder

1.1.1 Definition and characteristics of neurodegenerative diseases

Neurodegenerative diseases (ND) is an umbrella term for a group of primary
diseases of the neuron with the defining feature of a progressive loss of
functioning neurons®. Diseases primarily affecting not the neuron per se but
rather attributes, such as the myelin sheath as seen in multiple sclerosis, are
not regarded as neurodegenerative. The same applies to a loss of neurons
secondary to an exposure to hypoxia, poison, infection, trauma or other external
factors. In contrast, the term dementia does not refer to a primary disease but to
a syndrome affecting various higher cognitive functions such as memory,
orientation, language, attention and problem solving. This syndrome can be
caused by a large group of neurological disorders. ND involve different specific
groups of neurons and therefore different functional systems with multifaceted
pathological and clinical expressions. Dementia and movement disorders are
the most commonly observed symptoms of ND? In general, ND show a
sporadic occurrence but multiple hereditary forms are known®. Either form
progresses relentlessly and so far, there is no effective treatment stopping the
process after it has been triggered once”.

Great progress towards a better understanding of the pathogenesis of ND has
been achieved over the past decades®. However, the underlying reasons for
triggering a ND remain as well in the dark as the reasons for the consecutive
cell damage®. This uncertainty is reflected in the classification of the assumingly
more than hundred ND with none of the already refined classifications being
entirely satisfactory®. Different classifications were proposed’ of which for a long
time the most popular categorization was based on histopathological hallmarks,
such as the presence and topography of particular inclusions or deposits,
together with the predominant clinical symptoms®. A new school of thought

arose with advancing research technologies and successive enlightening of the
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1. Introduction

molecular characteristics of the ND°°. This leads to classifications based on
the observation that most ND share the feature of misfolded proteins, leading to

ull-14

the concept of ND as "proteinopathies Of these proteinopathies,

Alzheimer's disease (AD) is far the most frequent™.

1.1.2 Brief history of Alzheimer's disease

With respect to the publications of Alois Alzheimer in 1906 and 1907, AD is
regarded a disease that was discovered more than a century ago. However, for
several decades, the condition described by Alois Alzheimer received only little
attention in the scientific community. It was widely accepted that AD was a very
rare pre-senile disorder and entirely different from senile dementia®. This
situation changed dramatically in the 1970s when evidences accumulated that

the senile dementia was indeed that described by Alzheimer *"*8

and the major
cause of dementia in the elderly population®®. Most of our knowledge about AD
was gathered within the last three decades and the little attention that was
formerly given to this disease turned into the complete opposite with great
efforts and research resources being invested in this field®.

There are at least more than 50 different diseases that can lead to dementia®
but by far the most common cause of dementia is AD**?*. Today, the
awareness of AD reaches beyond the scientific communities and medical
professionals. In certain contexts, AD even became a winged word and is
sometimes used synonymously or being confounded with dementia by non-
professionals and public media. The impact of the disease on aging societies

becomes more and more subject of public discussion®*.

1.1.3 Epidemiology and social impact of Alzheimer's disease

The estimated lifetime risk of developing AD adds to 10-11% in males and 14-
17% in females by the age of 85%. Hereby the prevalence rates for AD rise
exponentially with age, increasing markedly after the age of 65°®%’. In 2005,

Alzheimer's Disease International, the international federation of Alzheimer

-2-



1. Introduction

associations around the world, estimated that 24.2 million people lived with
dementia at that time, with 4.6 million new cases arising every year®.

AD and dementia have substantial economic consequences for aging
societies?®. Studies on disability found that dementia was the most important
contributor to disability in the elderly and contributed more years-of-disability in
people aged at least 65 years than stroke, musculoskeletal disease or cancer®.
AD is also a major determinant of mortality®2. While AD is a major cause

leading to nursing home placement®3%34

, most patients with dementia live at
home and receive unpaid help from family members or members of the same
household®. This informal care is an important part of the burden of AD on a
society and estimated in value of several milliard Euros per year®’. Those AD
caregivers carry a significant cost, not only financial, but also concerning their
own health®®.

In light of this development, there is a high need for causal treatments or at
least remedies to decrease the pace at which clinical symptoms progress. Our
understanding of the pathogenesis and risk factors as well as advances in our
ability to early and specifically diagnose AD will play a pivotal role for

extenuating the economic and social consequences of AD*’.

1.1.4 Pathogenesis and symptoms of Alzheimer's disease

Neuropathologically, AD is defined by the presence of two cardinal lesions®:
extracellularly deposited AB and intracellularly deposited neurofibrillary tangles
(NFT) consisting of hyperphosphorylated and aggregated tau protein, a protein
that stabilizes microtubules. The predominant hypothesis of the pathogenesis of
AD is ostensible simple. The AB peptide is the result of two sequential
enzymatic cleavages of the amyloid precursor protein (APP) by the B-secretase
and then the y-secretase. AB shows a disposition to aggregate as B-sheet-
pleated protein and exists at least intermediately as soluble oligomers before it
forms highly insoluble fibrils that eventually deposit as plaques in the brain
parenchyma®. There is evidence that the soluble forms are the main

neurotoxins*® which damage the neurons and stimulate the formation of NFT,
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1. Introduction

thereby linking the two major AD pathologies**?. This hypothesis is usually
called the amyloid (cascade) hypothesis and is backed by an enormous amount
of evidence from multiple areas of biological research*®. According to Braak**,
this cascade begins in the temporal lobe in transentorhinal region (clinically
silent stages | and II), proceeds into cortical and subcortical components of the
limbic system (stages Ill and IV - incipient AD), and eventually extends into
association areas of the neocortex (stages V and VI - fully developed AD)
leading to atrophy primarily of the frontal and temporal association cortices.
Interestingly, the sequential appearance of AD pathology resembles, but in
reverse order, the cortical myelination process and thus the maturation process
of the human brain®. While the affection of the limbic system causes the
prominent symptom of memory deficits, the further course involves also non-
amnestic symptoms*® affecting language®’, spatial cognition, executive function,
mood and troublesome and disruptive behaviours*. Also psychosis*® and motor
dysfunction such as parkinsonism®® lie within the spectrum of symptoms.

However, at a closer look, several pitfalls challenge our model of the AD
pathogenesis of which only a few will be mentioned here. Foremost, the exact
mechanism of how the cell damage by both of the cardinal lesions occur is still
not known®. Several mechanism potentially play a role® such as synaptic
failure, oxidative stress, metabolic and mitochondrial dysfunction, but the direct
relation remains in question and also the linkage of AB to tau pathology is far
from being well understood®. The complexity further unfolds through the
observation that AB on the one hand seems to play the leading part of the
pathophysiologic cascade®®, but on the other hand might not be necessary for
the progression of the disease. For instance, it has been suggested that tau
pathology, once triggered, can propagate within the brain and does not require
the presence of AB>*. Furthermore there is growing evidence that even after
removal of a great portion of the AB deposits, clinical symptoms neither improve

nor are stopped from progression®*°°

. To further complicate things, NFT
pathology seems indeed to better reflect the clinical severity than AP

pathology®®, but observations in mouse models®” as well as human data®®
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suggest that the link between NFT and cell death is also not as strong as it has
been supposed.

In light of these evidences, other hypotheses for the pathogenesis of AD have
been suggested but struggle also with open questions and contradicting
evidences®®. Together, this illustrates our still fragmentary knowledge of AD
pathogenesis.

1.1.5 Genetics and risk factors for Alzheimer's Disease

AD is commonly classified according to family history and age of onset®*°.
Table 1 summarises these classifications and gives the definitions. Genetic risk
factors influencing family history and age of onset are being studied intensively
and may be divided into three categories®®: (1) rare autosomal dominant
mutations, (2) common mutations or variants with a moderate effect and (3)
common mutations or variants with a small effect. However, the relationship
between genetic factors, age of onset and family history is complex and often
not well understood.

Mutations of three genes are held responsible for more than 80% of autosomal
dominant inherited AD: Amyloid precursor protein (APP), Presenilinl (PS1 or
PSEN1) and rather rarely Presenilin 2 (PS2 or PSEN2). These mutations show
an almost complete penetrance for causing AD and are all connected to the
cleavage of the APP and thus to the production of AB. Together more than one
hundred mutations of these loci have been reported so far®*. Autosomal
dominant forms account for the majority of early onset cases®, though it has
been estimated that up to 40% of early onset cases are sporadic i.e. have a
negative family history®3. In turn, not all of these mutations necessarily lead to
an early onset of the disease®*.

Moderate effects relative to the autosomal dominant mutations are mainly seen
in carriers of the allele €4 of the APOE gene. Albeit moderate in effect, it is
regarded as major susceptibility gene for late onset forms of AD®. The lifetime
risk of developing AD rises significantly for APOE €4 carriers and that in a dose-

dependent manner (higher risk for homozygous carriers)®.
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Table 1. Common classifications of AD based on medical history*.

Categories Definition

Family = Autosomal dominant AD that occurs in 2 three individuals in 2 two
history (< 5%) generations, with two of the individuals being
first-degree relatives of the third.

Familial AD that occurs in = two individuals and = two
(~15-25%) of the affected individuals are third-degree
relatives or closer.
Sporadic Isolated case in the family or cases
(~75%) separated by > three degrees of relationship.
Age of Early onset <60-65 years
onset (~6-7%)°3°
Late onset >60-65 years

(~93-9495)°36°

*according to the American College of Medical Genetics and the National
Society of Genetic Counselors - Guidelines 2011.

At least nine further gene loci have been identified to account for a higher risk of
developing AD. Though individually small in effect, it was estimated that
accumulated, they may account for a population attributable risk of up to 35%°’.
These gene loci are suspected to influence e.g. the immune system function,
the cholesterol metabolism, synaptic functions and cell membrane processes®.
Interestingly it has been hypothesised® that familial early onset AD and late
onset AD show different patterns in the pathogenesis of AB peptide
accumulation with an emphasis on overproduction in early onset AD and an
emphasis on decreased clearance in late onset AD’°. Of note, the fact that so
far no mutations in the tau gene have been associated to hereditary forms of
AD is one of the strongest arguments for the amyloid cascade hypothesis.

Non-genetic risk factors, especially modifiable risk factors receive increasing
attention and include alcohol intake, blood pressure, diabetes, education’>"?,
inflammation, hormone therapy, head injury and others. An up-to-date overview
including meta-analyses can be accessed for free at http://www.alzrisk.org.

In summary, early onset’® as well as late onset AD’* has a substantial genetic

component, but vulnerability for developing AD is seen as a complex
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association between environmental, lifestyle and genetic factors’®, leading to

today's concept of AD as a multifactorial disease.
1.1.6 Mouse models of Alzheimer's disease

A starting point for the creation of transgenic animal models of AD was offered
with the identification of the responsible genes for hereditary forms of AD.
Transgenic models with AB plaque pathology were first’® produced using APP
carrying a missense mutation known from autosomal dominant forms of AD.
Today, a large array of mouse models of AD exists (for a comprehensive list
see http://www.alzforum.org - Research Models) making it the most widely used
species to model AD. A condensed overview of a commonly used
classification’’ of transgenic mouse models provides table 2.

Mouse models of AD have been providing valuable insights into the disease
process’®. For instance, the crossing of transgenic mice carrying mutated tau
into APP transgenic mice were used to convincingly show that AR controls the
rate of development of tangle pathology’®, further providing evidence for the
current amyloid cascade hypothesis which regards tau pathology as a
downstream event in the pathogenesis. However, one should be cautious to
extrapolate results from transgenic animals to humans. This becomes apparent
by the fact that APP single transgenic mice, despite the presence of abundant
AB plaques, do not show considerable neuronal loss or tangle pathology.
Furthermore, single transgenic mice for PS1 or PS2 do not develop AR
pathology, although these genes are known to be responsible for hereditary
forms of AD.

Other species than mice are used as well and include rats, rabbits, dogs,
primates® and invertebrates®’. Despite great progress in modelling AD, it is
important to bear in mind that none of the currently available models emulates

the full spectrum of AD pathology.
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Table 2. Common classification of transgenic mouse models of AD.

Category Pathology Important limitation

No development of NFT,
limited neuronal loss
despite extensive AB

AB pathology*, synaptic
APP  dysfunction, cognitive decline,
behavioural alterations

pathology
Single _ Increased ABR42/AB40 ratio in No development of NFT,
transgenic pge  Some models, only few no A pathology, no
models cognitive and behavioural P %

e neuronal loss
abnormalities

NFT pathology, neuronal loss,
Tau cognitive decline, behavioural No AB pathology
alterations

Accelerated AR pathology in

APP : No NFT pathology,
APP/PS compared to single g
*%
Double PS transgenic APP model limited neuronal loss
transgenic :
models APP Accelerated tau pathology in
Tau APP/Tau models compared to

single transgenic tau model

* depending on promoter® and mutation®?, ** PS1 or PS2

1.1.7 Treatment of Alzheimer's Disease

To date, treatment approaches to AD are merely symptomatic, modest in
efficacy and often subject of controversial discussion®’. Much attention is given
to pharmacological treatments aiming to improve cognition and functional
deficits. This treatment approach consists only of a small group of approved
drugs, namely the cholinesterase inhibitors Donepezil, Rivastigmine,
Galantamine, and the NMDA receptor antagonist Memantine. Though studies
on the pathophysiology of the cholinergic system in AD patients suggest that
the cholinergic deficit occurs in rather late stages and that in early stages an
intrinsic up-regulation of cholinergic activity can be observed®, cholinesterase
inhibitors are nevertheless regarded as standard treatment for mild to moderate
AD (usually Mini-Mental-State-Examination 16 to 26%°). However, its efficacy in
patients with mild cognitive impairment and mild AD has been questioned®. The
administration of Memantine bases on the hypothesis that neurodegeneration is
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in part due to excitotoxic cell damage mediated by excessive Ca?' influx
through NMDA receptors. As it failed to show beneficial effects in mild AD?¥,
Memantine should be offered as therapeutic option for moderate to severe AD
but also this is supported only by meagre evidence for its efficacy®.

Taken together, notable level of evidence for this group of drugs exists to
stabilize cognition and function in certain stages of the disease. However the
average duration of effect is estimated to range within six to twelve months
before the patient's condition starts to degrade again®*®°. Furthermore, based
on the different combination of symptoms and variable courses observed
among AD patients, the effects of these drugs vary intra- and inter-individually,
with no possibility to predict the individual response to these medications
beforehand.

Further treatment of the symptoms of AD consists of a wide range of unspecific

I”° and non-pharmacological interventions®, but can only

pharmacologica
mitigate the burden of symptoms for patients and caregivers, encounter
behavioural and psychological symptoms of the disease, and help to sustain
activities of daily living as long as possible®.

Aside from treatments for symptomatic relief, much hope lies in the emerging so
called disease modifying drugs with several of them already being studied in
late phases of clinical trials. These drugs pursue different strategies to stop or
alter the course of the disease which fall in three basic categories: (1) altering
AB metabolism, (2) targeting hyperphosphorylated tau and (3) other strategies.
Most drugs in on-going phase 2 or phase 3 clinical trials belong to the first
category®® and aim to reduce AB production, to prevent AR aggregation or to
promote AP clearance. They include drugs that were primarily developed for
other diseases such as diabetes® or hypertension®®, as well as drugs that are

9.9 0 induce an

specifically designed e.g. to alter the B- or y-secretase activity
immune response to AB peptides®’ or to prevent the formation of AB oligomers®®
which are suspected to pose an important neurotoxin®. Analogue to strategies
against AB, much effort is also being invested in drugs that inhibit tau-
phosphorylation'®, or prevent tau aggregation'®. Other strategies being

investigated involve protein growth factors'®?, mitochondrial function'®, the
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receptor for advanced glycation endproducts (RAGE)™

and deep brain
stimulation'®.

Despite promising preliminary results for many of these drugs, none of them
has succeeded in phase 3 clinical trials so far’°®. In the contrary, several later
phase clinical trials had to be terminated due to severe adverse effects®® or
because no clinical improvement was detectable’®”. Not only that none of these
drugs is close to be officially approved, the observation that AR clearing in
symptomatic AD patients is not necessarily accompanied by cognitive
improvement has challenged our understanding of AD pathophysiology>*°.
There is growing consensus that mild to moderate AD might be too late in the
disease process to improve substantively the outcome with the currently
pursued strategies. This leads to a revaluation of preventive strategies in AD
drug development'®. This shift in focus is supported by recently updated criteria
for the diagnosis of AD* that pay increased attention to the detection of early
stages of the disease'**°. Implementing these criteria in the design of future

trials is expected to have an important impact on drug development®’ 196111,

1.1.8 Diagnosis of Alzheimer's Disease

For many years, the NINCDS-ADRDA criteria**? and the DSM-IV-TR criteria**®
were among the most used for diagnosing AD. Both criteria require deficits in
memory and at least one other cognitive domain. The DSM-IV-TR criteria
additionally stipulate that the cognitive impairment must have an impact on
social life or activities of daily living. NINCDS-ADRDA criteria classify the
diagnosis as definite (typical symptoms and histologic confirmation), probable
(typical symptoms without histologic confirmation) or possible (atypical
symptoms but no alternative diagnosis at least equally likely). These criteria are
regarded as fairly reliable reaching a sensitivity of 81% and a specificity of
70%™*. However they allow a diagnosis only at late stages of the disease, as it
is broadly accepted that the onset of the pathologic process occurs years before

the onset of clinical symptoms™®*%°

11
d6

. Therefore criteria for mild cognitive

impairment (MCI) were defined ", a stage in which activities of daily living are
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basically unimpaired. But MCI is an unspecific stage and precedes also
dementia of other types than AD. This led to an revision of the NINCDS-ADRDA
criteria proposing the concept of prodromal AD*', essentially a subtype of MCI.
In order to diagnose prodromal AD, these criteria require a consistent episodic
memory deficit plus at least one supportive biomarker. In 2011, the NIA-AA
workgroup also published new recommendations concerning the definition and

diagnosis of preclinical stages of AD*109110

, recognizing the importance of
biomarkers for the early diagnosis of AD and dementia of other causes.

Biomarkers can be defined as variables (physiological, biochemical or
anatomical) that can be measured in-vivo and that indicate specific features of
disease-related pathological changes'*®. Regarding AD, five biomarkers earned
most of the attention and have been studied widely over the past years:
decreased AB4; in the cerebrospinal fluid (CSF), increased CSF tau, decreased
[*®F]fluorodeoxyglucose uptake on PET (FDG-PET), PET AB imaging, and
structural MRI measures of cerebral atrophy™®. A good level of evidence
suggests that abnormal biomarker findings precede the onset of clinical

symptoms by years, possibly more than a decade''®

. Figure 1 shows a
hypothetical model of the course of biomarker findings in relation to clinical
symptoms (taken from Sperling et al. 2011).

However, these biomarkers likely do not reflect the full pathophysiologic
process. For example, CSF and AB PET are thought to be an estimation of AR
deposition, but do not provide information on AP oligomers, which are
suspected to be an important neurotoxin in the pathophysiologic cascade.
Abnormal tau findings which seem to relate to the extent of neuronal injury**®
and brain atrophy are both not specific for AD and are found in certain other ND
as well. Furthermore, asymptomatic individuals who are biomarker positive do
not necessarily progress to clinical dementia**°.

Despite these limitations, the establishment of biomarkers for AD mark an
important step in AD diagnostic research. As AB accumulation seems to emerge
early in the disease process'®, in-vivo imaging of AB might play an prominent
role in detecting early stages of the disease and in identifying individuals who

are at higher risk of developing AD.
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Abnormal

- Amyloid-8 accumulation (CSF/PET)
- Synaptic dysfunction (FDG-PET/fMRI)
~ Tau-mediated neuronal injury (CSF)
=~ Brain structure (volumetric MRI)
= Cogpnition

= Clinical function

Normal

Preclinical : MCI 3 Dementia

Clinical Disease Stage

Figure 1. Hypothetical course of biomarker findings in relation to clinical stages of AD
(taken from Sperling et al. 2011). Abnormal AP is identified by measuring AB4 in the
cerebrospinal fluid (CSF) or by AR PET imaging. Synaptic dysfunction is evidenced by
[*®F]fluorodeoxyglucose PET (FDG-PET) or functional magnetic resonance imaging
(fMRI). The dashed line indicates that synaptic dysfunction may be detectable in
carriers of the APOE ¢4 allele before detectable AR deposition. Neuronal injury is
evidenced by CSF tau or CSF phospho-tau. Abnormal brain structure is evidenced by
structural magnetic resonance imaging (MRI). MCI stands for mild cognitive
impairment.

1.2 In-vivo Amyloid-B imaging

1.2.1 Clinical AB imaging with AB PET tracers

In order to liberate the confirmation of AD pathology from analysis of brain
tissue gained by autopsy or biopsy, efforts are being made to design agents for
in-vivo detection of AD pathology since the late 1990s. Using techniques from
nuclear medicine is regarded as one of the more promising approaches.
Therefore efforts are focused on agents that would fulfil basically three major
criteria’®!. These agents should: (1) allow the labelling with a radionuclide, (2)
cross the blood-brain-barrier to enter the brain parenchyma and (3) bind

specifically to cerebral amyloid deposits. [**FJFDDNP was the first reported PET
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tracer to image AD pathology in-vivo'?? in 2003, but turned out to exhibit
relatively high non-specific binding. Shortly after, two further tracers were
published, [**C]SB-13'2® and [*'C]PiB*** (PiB), which both show high affinity to
AB, high initial brain uptake and relatively rapid washout. However due to a
short half-life of 20 minutes, [*'C]-labelled tracers are available only in or within
the proximity of cyclotron-equipped PET centres. In order to make AR imaging
tracers broader available, current research focuses on developing [*®F]-labelled

AB tracers with kinetics and metabolism properties comparable to PiB***27,

as
[*®F] has a half-life of nearly two hours.

The following sections focus on studies that used PiB, because PiB has been
employed in most clinical studies so far and contributed the lion's share of our
knowledge about the relevance of AB imaging in the diagnosis of AD and
preclinical stages of AD'?. The objectives of these clinical AB imaging studies
fall into three basic categories: (1) association of PiB retention and clinical
diagnosis, (2) PiB retention as disease predictor and (3) association of PiB
retention and underlying pathology.

Results from studies on the association of PiB retention and clinical diagnosis
were encouraging. For example, the accuracy of a merely clinical diagnosis of
AD (i.e. without AB imaging) in highly specialised centres reaches over 95%
(confirmed by autopsy)*?°. Among these clinically diagnosed AD patients about
96% were determined to be AB positive by PiB PET*?%. However, the ability to
"diagnose" AD merely by AB imaging is limited, as several studies identified
even cognitive normal individuals in up to 24% as AB positive'?®. Furthermore,
there were studies conducted which tried to distinguish cognitive normal
individuals from MCI patients, or MCI patients from AD patients based on PiB
retention. Also, some studies aimed to correlate PiB retention with clinical
symptomatology (e.g. measured with Clinical Dementia Rating (CDR)).
Although the results of both approaches have been overall positive, they were
far away from univocal’®. With respect to these findings, it was argued that
disease staging is not a particular strength of AR imaging*?®. However, it might
proof to be a valuable tool to increase the accuracy of a clinical diagnosis of AD

in less specialised centres, for which an accuracy near 70% was reported**.
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Furthermore, rather than helping in staging a disease, AB imaging can
dichotomize patients with none or unspecific symptoms (e.g. patients with MCI)
into those who are AP positive and those who are AB negative.

Determining the AR status of cognitive normal individuals and patients with MCI
raised the question about the quality of AR imaging as predictor for converting
from cognitive normal to prodromal symptoms of dementia or from there to AD
dementia. In this context, it is important to note that MCI patients do not
necessarily progress to dementia of any type. Studies suggested that nearly a

half**° or more®®!

remain cognitive stable even after 10 years of follow-up.
Some studies reported that a portion of MCI patients even converts back to
cognitive normal™****3. A meta-analysis'?® of five studies that followed in total
155 MCI patients for 1 to 3 years after PiB scan, reported that over a third
converted to a clinical diagnosis of AD in this period of time and of these
converters, about 93% had been PiB positive (conversion rate of all PiB positive
MCI patients was 53%, however this rate might increase with prolonged follow-
up). Given the long period of probably over 10 years of AB accumulation before
clinical symptoms occur, data on the rate of conversion from cognitive normal to
MCI is yet very limited with only one study published so far. This study reported
that PiB is a stronger predictor for progression than other factors including age
and ApoE status®**. Taken together, studies available so far suggest that PiB
positivity is probably a good predictor for the likelihood of converting from MCI
to AD, and potentially also for the likelihood of converting from cognitive normal
to MCI.

The focus in diagnosing AD shifts more and more towards the prodromal and
pre-symptomatic stages. However, the earlier one moves into the disease
stages of AD, the lesser accurate clinical diagnostic tools become, and clinical
assessment eventually becomes useless in cognitive normal individuals.
Therefore, the higher an evaluation of a patient relies on AR imaging and the
lesser it can be flanked by a clinical assessment of the symptomatology, the
more important it becomes to understand the basic principles of PiB binding to
pathologic changes in the brain. This important relationship of AR plaque

histopathology and PiB binding has been studied in two ways: post-mortem PiB-
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labelling without in-vivo PiB data and in-vivo PiB data with post-mortem
neuropathologic analysis. In a widely-noticed post-mortem PiB-labelling study
without in-vivo data, Lockhart et. al reported that PiB is a nonspecific marker for
fibrillar AR deposits, binding to classic plaques (compact/cored), diffuse
plaques, and CAA'®. The other type of study, correlating in-vivo PiB data with
post-mortem analysis, is naturally limited and therefore, it's not surprising that
the literature only reports on a total of 17 cases of autopsy following a PiB scan.
In these cases, the time intervals of imaging to autopsy ranged from few months
to 1 to 3 years®**'*. Additional there is one study correlating in-vivo PiB
imaging with histopathology in ten cases that underwent biopsy due to
suspected normal pressure hydrocephalus*. Overall, for all individuals
determined to be PIiB positive the presence of significant AR deposition was
confirmed, meaning a specificity 100%. However, the more interesting finding
was that few cases among these studies where found with some degree of AR
pathology but negative PiB scan (of note, these cases met only the criteria for
possible AD by CERAD®). It was suggested that these cases present an

128

example of non-fibrillar diffuse AR deposits™" and thus decreased PiB binding

144
2

may be caused by a predominance of AB40 over AB4 as Rosen et al.

suggested that insoluble AB40 may present in high quantities without significant
PiB binding™’. Usually AB42 is the prevalent AB species in AD patients'*®14°,
However, the reasons for these mismatches of PiB and pathologic findings are
not yet clear. Taken together, questions remain about the sensitivity of clinical
PiB imaging for different forms of AB deposits. Also a potential threshold of AR
pathology for PiB positivity has yet to be determined™**.

In conclusion, since the publication of PiB in 2004, clinical AR imaging studies
contributed a significant body of our knowledge about AD. AB PET tracers
allowed for the first time to noninvasively image disease specific pathologic
changes in living subjects and thus provide information that were formerly
restricted to histological analysis of brain tissue. The more important A imaging
becomes as a predictor for disease progression or as a biomarker indicating
early pathologic changes, the more important is a fundamental understanding of

the relationship of imaging results and underlying pathology. However, those
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analyses are naturally limited in human studies. A promising approach to help
filling the gaps of knowledge in this matter are preclinical studies which allow

direct correlations of in-vivo PiB data with histopathologic evaluation.

1.2.2 Preclinical AB imaging in mouse models of Alzheimer's disease

In the context of the (early) detection of AD pathology, preclinical AB imaging
techniques that parallel the one from human studies are of particular interest.
The aim is to study the complex relationship of pathology and imaging signal
and thus provide implications for clinical diagnostic procedures. Different
techniques were suggested and investigated to image AP deposits in-vivo in
animal models of AD. However, invasive imaging techniques that visualised
individual AP deposits such as multi-photon microscopy through a skull

130151 are not transferrable to a clinical setting. MRI-based techniques®*

window
156 were also shown to be able to image even individual AB deposits in-vivo'* in
mouse models of AD. MRI offers a number of advantages such as high spatial
resolution of MRI scanners and the absence of exposure to radiation. But MRI-
based imaging of AB pathology has not largely penetrated into the field of
clinical studies so far®’.

With the emergence of clinical AR imaging by means of PET, transferring this
methodology into a preclinical setting was highly desirable. However, small
animal PET imaging has a number of limitations to consider. Foremost, the
rather low spatial resolution of small animal PET scanners in relation to tissue
sample size makes the analysis of PET signal susceptible to biasing effects
such as spill-over or motion. The analysis is further complicated by the minimal
anatomical information that PET images often provide. Therefore additional
imaging and co-registration procedures are usually necessary.

Rodents are preferred animals for modelling a disease. Rat models of AD as
well as mouse models of AD exist. With respect to the limitations of small
animal PET, rats would be the favourable candidate over mice for small animal
PET, as they offer a better relation of scanner resolution to brain size (the rat

brain is about six times larger than the mouse brain). Unfortunately, rats
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carrying APP transgenes demonstrated only low and unsteady expression of
AB™® and only recently, a rat model was introduced that reliably produces AR
deposits*®*°. On the contrary, mouse models of AD are widely available since
the mid-1990s. They are the most often used animal model for AD*® and also
routinely employed for preclinical in-vivo studies on disease modifying drugs*®*.
Therefore, most preclinical AR imaging studies in rodents relied on mouse
models of AD.

Soon after the initial report on the successful application in AD patients, PiB
was applied in a double transgenic APP/PS1 mouse model of AD®.
Unexpectedly, this initial study could not detect significant cerebral tracer
retention, even in a 12 months old mouse. The authors concluded that AR
deposits of transgenic mouse models of AD provide far less high-affinity binding
sites for PiB than the AB deposits found in AD patients, due to differences in the
secondary structure. Shortly after, another study employed PiB in a single
transgenic APP mouse model named Tg2576%. In neocortical brain regions,
they detected statistically significant PiB retention in Tg2576 animals compared
to control animals. However the authors concluded that their findings are not
based on specific PiB binding to A deposits.

The first successful AB imaging study with PiB demonstrated significant PiB
retention in aged mice of a single transgenic APP mouse model named
APP23'* The authors attributed their success to the usage of PiB with a very
high specific activity and thus to an optimal exploitation of the limited amount of
high-affinity binding sites on the AB deposits which were postulated by the initial
study mentioned above'®?. To further investigate potential reasons for the low
amount of high-affinity binding sites, they measured a truncated subtype of the
AB peptide, regarded as a post-translational modified form of AR, the N3-
pyroglutamate-AB (N3pE-AB). N3pE-AB was reported to constitute the major

165

type of deposited AR peptide in AD patients™’. Mouse models were also

reported to hold N3pE-AB in their deposits but to a lower extend than AD

166,167

patients The authors concluded that the amount of N3pE-AB is

responsible for high-affinity PiB binding and that the lower amount of N3pE-AB
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in mouse models of AD would thereby explain the results of the previous
studies.

168 that demonstrated

These findings were contrasted by a study from our group
specific retention of PiB in a double transgenic APP/PS1 mouse model named
ARTE10. Importantly, this study employed a specific activity that ranged within
values that most clinical PET centres routinely produce. This study further
suggested that PiB retention strongly correlates with the level of overall AR
plaque load in this mouse model and that old homozygous ARTE10 carry high-
affinity binding sites for PiB comparable to AD patients. The value of this mouse
model of AD was further demonstrated in another study, in which ARTE10 was
successfully employed for in-vivo validation of a newly developed AR PET
tracer™®®. Recently, a comparable mouse model (APP/PS1) was also used for
preclinical in-vivo validation”® of a [**F]-labelled AR PET tracer being currently
under development. However, neither study reported on the amount of N3pE-
AB in the AB deposits.

Taken together, after overcoming initial problems, preclinical AR imaging studies
in mouse models of AD are regarded more and more as a powerful tool for
diagnostic and therapeutic research on AD. However, preclinical AB imaging
studies published so far used different methodology for the analysis of
histopathology and PET signal and employed mouse models of different
transgenic configuration and of different age. No direct comparison of mouse
models exists in this matter and the hypotheses on the reasons for the
disappointing outcome of the initial studies are still based on a limited level of
evidence. Therefore, several open questions remain of which we regard the
following as most eminent: What are the key differences between the mouse
models that influence PET tracer binding to AB and therefore in-vivo A PET
signal? What role do the different types of AB peptides play? And, to what
extend can results and methodology be translated between clinical and

preclinical studies?
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1.3 Objectives of research

For the preclinical study on hand, we employed the AB PET tracer PiB in two
different mouse models of AD: Tg2576 and ARTE10. The objectives of research
of this preclinical study fall in three basic categories:

(1) Comparing the two mouse models regarding PiB PET imaging results and
plaque pathology: There has been only one study employing Tg2576 for AB
imaging with PiB so far and this study suggested that Tg2576 was potentially
not suitable for AB imaging despite a high age of the animals and the presence
of AB plaques. In contrast, ARTE10 was shown to be well suitable for AR
imaging even at a younger age. For ARTE10, a strong correlation between in-
vivo PiB signal and AB plaque load was shown, for Tg2576 no equivalent in-
vivo data exists. We wanted to investigate potential reasons for the previous
failure of Tg2576 through a direct comparison of the two mouse models.

(2) Investigating the relationship of AR pathology and PiB PET imaging results:
The key difference between the two mouse models is the transgenic
configuration with Tg2576 being a single APP transgenic mouse model and
ARTE10 being an APP/PS1 double transgenic mouse model of AD. It was
shown that the transgenic configuration of a mouse model influences the
morphology of their AR plaques’*. We employed stainings that allow to
differentiate between diffuse and highly-dense AB plaques. As diffuse plaques
are thought to emerge early in the disease process of AD*’? and can also be
found in the absence of any associated evidence of cognitive impairment*’®, our
results could potentially have implication for humans studies. Furthermore, it
was suggested that a key factor for high-affinity PiB binding to AB deposits is
the amount of truncated AB peptide, particular N3-pyroglutamate-Af (N3pE-AR).
In order to address this hypothesis, we employed a highly sensitive and specific
staining against N3pE-AB to assess the portion of this subtype of AB peptide
among our mouse models and correlated it with the corresponding PiB PET
imaging results.

(3) Assessing the feasibility of a voxel-based analysis of in-vivo PiB PET signal
in mouse models of AD: Voxel-based analysis of PiB PET studies in humans

-19 -



1. Introduction

becomes more and more popular as voxel-based approaches offer a number of
advantages. As the feasibility of this analysis method has not been shown for
in-vivo cerebral tracer uptake in mice, we want to investigate the possibility of
transferring this analysis method to preclinical AB imaging studies in mouse

models of AD.
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2. Materials and Methods

2.1 General information

2.1.1 Animals employed

For this study we employed two different transgenic mouse models of
Alzheimer's disease: ARTE10'"* and Tg2576"".

1. ARTE10 (short: A10) (exact description: C57BI/6J genetic background,
CB-Tg(Thyl-PSEN1*M146V/Thyl-APP*swe)-10Arte, Artemis
Pharmaceuticals, Cologne, Germany) is a double transgenic mouse
model with two human transgenes: Amyloid Precursor Protein (APP)
containing the Swedish mutation'’®

position 671 Methionin — Leucin) and Presenilin 1 (PS1 or PSEN1)

containing a mutation at position 146 with Methionin — Valin*’’. ARTE10

(position 670 Lysin — Asparagin and

mice can be hemizygous (tg/-) or homozygous (tg/tg).

2. Tg2576 (exact description: 129S6 genetic background, Cg-
Tg(APP*swe)2576Kha, Taconic Farms, Hudson, New York, USA) is a
single transgenic mouse model with one human transgene of APP
containing also the Swedish mutation.

As controls, we employed non-transgenic mice with corresponding genetic
background to ARTE10 (referred to as A10 wildtypes or ARTE10 wildtypes in
the text) and Tg2576 (referred to as Tg2576 wildtypes in the text).

In total we performed experiments on 80 animals of which 4 animals were
excluded from analysis. Details on number of animals per study group, sex,
mean age and mean body weight and reasons for exclusion are summarized in
table 3 on page 22.

All animals were kept under temperature-controlled environmental conditions
and fed a standard diet with access ad libitum until the start of experiments and
after. Animal husbandry followed the regulations of European Union (EU)
guideline No. 86/609. The Committee on Animal Health and Care of the local
government (Regierung von Oberbayern, Munich, Germany) approved all
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experimental procedures (Tierversuchsantrag: 211-2531-35/06), which were
carried out in accordance with the German Animal Welfare Act (Deutsches

Tierschutzgesetz).

Table 3. Overview of details of the six study groups.

Study group N Mean age + SD Q: Mean weight J: Mean weight
(?,3) (Min-Max)in £ SD (Min-Max) * SD (Min-Max)
months ing ing
17~* 247204 30.2+5.2 1]
A0 tg/- (17,0) (24.10-255)  (24.1-44.8)
A10 tg/tg 13 12.8 £ 0.7 29.0+x41 35919
young (85)  (12.2-14.0) (26.1 - 37.7) (33.8 - 38.0)
A10 tg/tg 13 24605 24224 33.6+4.1
old (9,4)  (23.6 - 25.4) (20.8 - 28.4) (27.6 - 36.3)
A10 wildtvpe 10 25.1+0.8 31.5+104 37.7+2.8
yp (55)  (24.1-26.7) (21.4 - 48.6) (34.7 - 31.1)
16** 24.9x0.6 24.0x 3.2 4]
Tg2576 19 (16,0)  (23.8 - 25.8) (17.2 - 29.1)
Tg2576 7He 24.6 +0.2 29.7 +3.7 )
wildtype (7,0)  (24.4 - 25.0) (23.5 - 33.6)

* 19 animals, 2 excluded due to a macroscopic visible brain tumour.

** 17 animals, 1 excluded due to heavy motion during PET scan,
especially during the last minutes of the scan.

*** 8 animals, 1 excluded due to a macroscopic visible brain tumour.

2.1.2 Sequence of experiments

Animals were housed until they reached the target age of 1 year (A10 tg/tg
young), respectively 2 years (all others). Once an animal reached the target age
in a justifiable state of health for experimental procedures, it went through a
standardised sequence of experiments, of which a flowchart is given in figure 2
on page 23. The following chapters 2.2 to 2.5 describe the details of the
particular steps in chronological order. The experimental protocols for PiB PET
and MRI imaging were an adaptation of previously published protocols by
Manook et al.’®®. The experimental protocol for plaque load analysis was an

adaptation of a previously published protocol by Willuweit et al.*".
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e PET imaging and analysis Histopathology

Housing until Brain dissection
target age l

Storage at -80°C

|

Paraffination
and Cutting

|

Histological
stainings

|

Microscopic
image acquisition

|

Acapella
analysis

l

Figure 2. Flowchart giving an overview of conducted experiments and analysis steps.

2.2 PET and MRI imaging of the animals

2.2.1 Animal Preparation and Anaesthesia

We initiated anaesthesia at least 10 min before the scan with 1.0% to 2.0%
isoflurane in a 2l/min oxygen flow. Isoflurane anaesthesia continued throughout
the whole experiment with the amount of isoflurane adapted according to the
situation (e.g. increased during i.v. injection). Throughout the whole experiment
an electric heating pad prevented hypothermia and dexpanthenol ointment
protected the eyes.
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For i.v. injection we inserted a home-made catheter, comprising of 30 gauge
needles, an elastic hollow vessel-loop and a 1ml syringe, into the lateral tail vein

and affixed it with superglue.

2.2.2 Radiosynthesis

The radiosynthesis of N-[*'C-methyl]6-OH-BTA-1 (PiB) was performed
according to the standard protocol of our facility, described in detail in Manook
et al.'®®. Noteworthy details: Radiochemical and chemical purities were >98.5 %
as determined by analytical HPLC. The radiochemical yield averaged at 35 % at
the end of synthesis (EOS) based on [*'C]CH3OTf, resulting in a mean of 3.6
GBq of PiB. The specific activity averaged at 76.7 GBg/umol at EOS. In most
cases we used one synthesis for two sequential PET scans. In order to align
specific activity of PiB within the two scans, we added an amount of authentic
standard N-methyl-6-OH-BTA-1 to the first injectate. This resulted in a specific
activity in the range 300-400 mCi/umol (11.1 — 14.8 GBg/pmol). We formulated
the resulting solution with isotonic sodium chloride solution prior to injection to

reduce ethanol content to less than 2%.

2.2.3 Tracer administration and PET scan

PET scans were performed on a Siemens Inveon PET/CT system (Siemens
Healthcare, Erlangen, Germany) with an axial FOV of 12.7 cm, a bore diameter
of 12 cm and ~1.5 mm FWHM spatial resolution at the centre of the FOV*’®,
Simultaneously with a slow bolus injection of approximately 50 to 200 ul of PiB
solution, we started the PET scan with a duration of 45 minutes in 3D listmode.
After tracer injection we flushed the catheter with 50 ul to 100 pl isotonic sodium
chloride solution.

Before and after tracer injection, we measured the activity in the syringe with a
dose calibrator (Capintec Inc., Ramsey, NJ, USA) to calculate the injected dose.
After the PET scan we removed the catheter and measured the body weight.
After removal, the catheter was also measured with the dose calibrator in order
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to assess the fraction of the injected dose that did not enter the circulation of the
animal. We corrected the activity measured in the catheter for decay and
subtracted it from the calculated injected dose. Details on mean injected activity
and times for PiB injection and flushing per study group are summarized in table
4 on page 25.

Animals were allowed to awake and recover from the PET scan before we

proceeded to the MRI scan.

Table 4. Overview of injected PiB doses and injection times per study group.

Study group Mean injected Mean duration of Mean duration of
dose* £ SD PiB injection = SD flushing £ SD
(Min-Max) in MBq (Min-Max) in (Min-Max) in

min:sec min:sec

A10 ta/- 18.4+4.0 01:37 £ 00:37 00:24 £ 00:12
g (8.8-24.2) (00:34 - 02:35) (00:05 - 00:46)
A10 tg/tg 22.4+6.3 01:10 + 00:50 00:21 £ 00:11
young (11.8 - 30.6) (00:18 - 02:49) (00:07 - 00:50)
A10 tg/tg 159+54 01:49 + 00:40 00:23 £ 00:11
old (8.9 - 27.0) (00:40 - 03:10) (00:10 - 00:50)
A10 wildtvoe 17.3+6.6 01:20 £ 01:04 00:18 + 00:08
yp (4.3 - 25.6) (00:20 - 03:15) (00:04 - 00:27)
Tu2576 t 23.5+6.8 01:19 + 00:48 00:25 £ 00:12
g 9 (9.6 - 35.5) (00:18 - 02:44) (00:06 - 00:46)
Tg2576 20.8 +4.8 01:52 + 01:04 00:11 £ 00:05
wildtype (11.6 - 28.0) (00:33 - 03:29) (00:05 - 00:19)

* corrected for activity measured in the catheter after the scan.

2.2.4 MRI scan of the animal brain

Similar to the PET scans we initiated anaesthesia at least 10 minutes before the
scan and kept the animals under continuous 1.0% to 1.8% isoflurane in a 2l/min
oxygen flow. Dexpanthenol ointment protected the eyes. Throughout the MRI
scan a heat storing gel pack (COLDHOT, 3M, St. Paul, Minnesota, USA)
preheated in a microwave oven prevented hypothermia.
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In cases of a waiting period between the PET scan and the MRI scan of greater
than 1 week), we omitted the MRI scan and sacrificed the animal immediately
after the PET scan. Reasons for such waiting periods were mostly scanner
malfunction and maintenance works. This resulted in a total number of 51 out of
80 animals that received a MRI scan of the brain (A10 tg/- 8 mice, A10 tg/tg
young 9 mice, A10 tg/tg old 8 mice, A10 wildtype 8 mice, Tg2576 tg 11 mice,
Tg2576 wt 7 mice).

MRI scans were performed on a Philips Achieva 1.5 T clinical MRI system with
a 23 mm microscopy receive-only coil. We acquired T1 weighted brain images
using a 3D fast gradient echo (3D-TFE) sequence with an inversion pre-pulse
(TR: 12ms, TE: 3.9ms, Tl: 800ms, TFE Factor: 120, flip angle: 8°, number of
signal averages (NSA): 12, acquired matrix MxP: 248x120, partitions: 60, FOV:
64x32x16mm, resolution: 0.26x0.27x0.26mm, reconstructed resolution:

0.13x0.13x0.13mm). Acquisition duration was 46 minutes 11 seconds.

2.3 Tissue recovery and histological staining

2.3.1 Brain dissection and tissue preservation

Immediately after the MRI scan (respectively the PET scan for the animals that
did not receive a MRI scan) the animal was sacrificed per cervical dislocation.
The skull was dissected and opened mid-sagittally with fine scissors starting
from the cerebellum and ending at the osseous vicinity of the olfactory bulbs.
The brain was carefully removed, halved in left and right hemisphere and frozen
with fine crushed dry ice. After a few minutes the frozen brain was transferred to

a pre-cooled plastic tube and stored in a refrigerator at -80°C.

2.3.2 Paraffination of the brain and cutting

For paraffination, the right hemisphere of each animal was thawed and
incubated overnight in a 75% 2-propanol solution (2-propanol, Merck, 109634,

diluted with aqua dest.) at room temperature, followed by 4h in a 90% 2-
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propanol solution. Each hemisphere was then para-sagittally cut in two halves
and incubated in 100% 2-propanol (solution exchanged after 1h, 2h, overnight
and again after 1h). The brain material was then transferred to a mixture of 50%
2-propanol / 50% paraffin (Histowax, Histolab Products AB, Gothenburg,
Sweden) and kept at 60°C in a rotation stove. After 7h the 2-propanol / paraffin
mixture was replaced with 100% paraffin. The 100% paraffin was exchanged
after 7h, 16h and again after 7h.

Both halves of each hemisphere were then embedded side by side (Paraffin
Embedding Center EG1150, Leica Microsystems GmbH, Wetzlar, Germany) in
such a way that the cut surfaces from the para-sagittal cut faced towards the
later sectional area.

The resulting paraffin blocks were then cut with a thickness of 5 ym with a
manual rotary microtome (RM2165, Leica Microsystems GmbH, Wetzlar,
Germany and Feather microtome blades type A35) and mounted on
microscopic glass slides (SuperFrost Ultra Plus, Gerhard Menzel GmbH,
Braunschweig, Germany), 3 sections per slide. The slides were stored at room

temperature in conventional slide boxes.

2.3.3 Deparaffination and rehydration

Before staining, the sections were deparaffinated and rehydrated. This was
done by incubating the slides in 100% xylol for 3 times 5 minutes, followed by 3
times 5 minutes in 100% ethanol, 5 minutes in 96% ethanol, 5 minutes in 70%

ethanol and 3 times 2 minutes in aqua dest.

2.3.4 Thioflavin S staining

The deparaffinated and rehydrated sections were incubated in a 1% (1 g per
100 ml aqua dest.) solution of Thioflavin S (T1892, Sigma-Aldrich, St. Louis,
Missouri, USA) for 30 minutes. The sections were then washed with aqua dest.
3 times 2 minutes, incubated in 80% Ethanol for 6 minutes, washed again and

coverslip mounted with 22x50 mm cover glasses and VectaShield as mounting
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medium (H-1500 with DAPI, Vector Laboratories Inc., Burlingame, California,
USA). The slides were stored in conventional slide boxes in a refrigerator at 4°C

until microscopic image acquisition.
2.3.5 Immunohistochemistry stainings

We performed two separate immunofluorescence (IF) stainings:

1. with a monoclonal primary antibody binding specifically to the full length

Amyloid-B peptide (AB 1-40/42) (3A5, Affiris AG, Vienna, Austria)*’® and
2. with a monoclonal primary antibody binding specifically to N3-
pyroglutamate-Amyloid-B (D129, Affiris AG, Vienna, Austria)'’®.

The full length A is further referred to as AR or N1-AB, N3-pyroglutamate-A is
further referred to as pyroglutamate AR or N3pE-AR.
The deparaffinated and rehydrated sections were first treated with an antigen
retrieval solution (10x concentrate, diluted 1:10 with aqua dest., S2367 pH 9.0
used for 3A5 and S1699 pH 6.0 used for D129, DAKO, Glostrup, Denmark) by
heating the solution with the sections in a microwave oven for 15 minutes
followed by a cooling off period of 20 minutes. The sections were then washed
2 times 3 minutes with PBT (0,1% Tween-20 added to PBS). Afterwards the
sections were blocked with 4% NGS-PBT (normal goat serum diluted in PBT)
and kept for 30 minutes in a humidified chamber at room temperature. The
sections were then probed with the primary antibody diluted 1:200 (3A5 and
D129) in 4% NGS-PBT and kept in a humidified chamber for 30 minutes at
room temperature. The sections were washed 2 times 3 minutes in PBT and
incubated with a Fluorescein-conjugated anti-mouse IgG secondary antibody
(F1-2000, Vector Laboratories Inc., Burlingame, California, USA) diluted 1:100 in
4% NGS-PBT for 30 minutes and kept in a humidified chamber at room
temperature. The sections were then washed 2 times 3 minutes with PBT and 2
times 3 minutes with aqua dest. and then coverslip mounted in the same way as
the Thioflavin S stained sections. The slides were then stored in conventional

slide boxes in a refrigerator at 4°C until microscopic image acquisition.
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2.4 Analysis of histological sections

2.4.1 Digital image acquisition of histological sections

We acquired digital images by using an automated whole-slide-scanner (Mirax
Scan, Carl Zeiss Microlmaging GmbH, Jena, Germany) using filter sets for
DAPI, GFP and TexasRed. The DAPI (contained in the mounting medium)
fluorescence was used by the scanner to set the optical focus, GFP contained
the specific signal through the Fluorescein-conjugated secondary antibody, and
TexasRed delivered unspecific fluorescence such as tissue auto-fluorescence.
Exposure times were 10ms for DAPI, 50ms for GFP and 200ms for TexasRed
for all slide of all stainings. Acquired images were saved in the MRXS (.mrxs)

file format.

2.4.2 Pre-processing of histological images

MRXS files were processed using the MIRAX Viewer software (Version
1.12.22.1, Carl Zeiss Microlmaging GmbH, Jena, Germany). Rectangular ROIs
comprising the whole sagittal brain section were manually defined to export
each tissue section to a TIFF-file (RedGreenBlue, uncompressed, with a 1:8
down-sampling in resolution) in such a way that the GFP signal was copied into
the green channel and the TexasRed signal into the red channel. The blue
channel remained blank (value O for all pixels).

As we stained 2 slides per tg mouse and staining (1 slide per wildtype mouse
respectively), and each slide usually had 3 paraffin sections mounted, and each
paraffin section contained 2 tissue sections due to the para-sagittal cut, the
image export to TIFF-files resulted in 8 to 12 TIFF-files per tg mouse and
staining and 3 to 6 TIFF-files per wildtype mouse. In total, exporting images
resulted in 2184 TIFF-files.

TIFF-files were then loaded in Photoshop CS4 (Adobe Systems, San Jose,
California, USA) in order to define regions of interest for plaque load analysis.

Defining regions of interest was done by assigning pixels the value 100 in the
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formerly empty blue channel. In our study this was done manually using the
polygonal lasso tool. The neocortex and hippocampus were defined as regions
of interest in accordance with the anatomical delineations given by Paxinos

mouse atlas*®.

2.4.3 Image analysis with Acapella Software

To measure the relative plaque load in a region of interest of each section, we
used the Acapella™ analysis software (PerkinElmer Inc., Waltham,
Massachusetts, USA) applying a special script (developed by Evotec AG,
Hamburg, Germany). This script allows quantitative assessment of the relative
plaque load (sum of pixels representing plague signals divided by the sum of all
pixels representing the regions of interest). Furthermore this script provides
details such as mean plaque count (relative per 10,000 pixel of ROI) and plaque
size (area expressed as number of pixel) for each section.

A frequent difficulty of automatic image analysis is the identification of false
positive structures arising from background staining and tissue artefacts,
thereby lowering the specificity and reliability of object recognition. The
employed script is able to discriminate and eliminate contaminations or
otherwise interfering signals (e.g. resulting from dust particles or folds in the
tissue).

We carefully inspected each section after Acapella analysis. Minor detection
deficits were tolerated (e.g. failure to detect < 5 plaques); larger deficits (e.g.
failure to detect a group of plaques) lead to exclusion of the particular image. In
cases of a large contamination detected as plaque specific signal (e.g. a tissue
fold or dust particle), we adjusted the region of interest and ran the script for the
particular section again.

We analysed at least 8, maximal 12 sections per tg mouse per staining
(respectively 3 to 6 sections per wildtype mouse) and calculated mean values of

plague load, plaque size and plaque count for each individual.
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2.5 Analysis of PET and MRI imaging data

2.5.1 Creation of MRI templates

For the creation of study group specific MRI templates we first loaded all MRI
images in Pmod 3.1 and manually coregistered them. Hereby special attention
was given to structures which are easy to recognise in our MRI images such as
the arbor vitae of the cerebellum, the corpus callosum, the ventricles, the
hippocampus, the thalamus and the overall brain contour. Structures outside of
the brain were mostly not in the field of view or are subject to higher variability
e.g. through muscle tonus and therefore not considered in the manual
coregistration process. The brains of the mice with the same genetic
background (transgenic and non-transgenic) showed a remarkably low
anatomic variability. Therefore coregistered MRI images of mice of the same

study group were averaged to create a study group specific MRI template.

2.5.1 PET data reconstruction

PET images were reconstructed with the following parameters: 2D FBP,
Nyquist: 0.5, zoom factor: 1, voxel size (x,y,z): 0.776,0.776,0.796 mm, size
(x,y,z): 128,128,159 voxels, time framing: 10x60 seconds, 7x300 seconds,
correction for scatter (Inveon Acquisition Workplace, Siemens Healthcare,
Erlangen, Germany). We cropped the PET images to head and neck and
corrected them manually frame-wise for motion using the Pmod 3.1 Fusion Tool

(required in two cases).

2.5.2 Coregistration of PET data with MRI templates

We manually coregistered the PET images with the group specific MRI-template
using the brain contours from a summed frame of the initial tracer uptake (2 to 4
min). PET images were scaled in such a way that the assumed brain signal
matched the brain contour of the MRI template. The quality of the coregistration
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was then checked in a summed frame of minute 1 to 5 and again in a summed
frame of minutes 36 to 45 (last two frames). The final step of the coregistration
process was the comparison of all coregistered PET images of a study group.
Hereby we first scaled the PET images to percentage of injected dose per cc,
normalised to body weight in kg (%ID*kg/cc) and then created a summed frame
of the minutes 36 to 45 (last two frames). The coregistration of these final PET
images was corrected if necessary. Final PET images were eventually saved to

the database and used for all further analysis steps.

2.5.3 ROI definition and ratio calculation

For traditional ratio-based PET data analysis we drew two regions of interest
(ROI) on the group specific MRI templates, one comprising the neocortex and
hippocampus, the other comprising the cerebellum. This was done using Pmod
3.1. We then applied these ROIs to the coregistered PET images and exported
the ROI values to Microsoft Excel 2003 in order to calculate neocortex +
hippocampus to cerebellum ratios (further referred to as PET ratios).

2.5.4 Creation of brain masks for spatial normalisation of PET

images

As noted previously, brains of mice with the same genetic background
(transgenic as well as non-transgenic) showed a remarkably low anatomic
variability (see figure 13 on page 23). Therefore we averaged the coregistered
MRI images of all mice with the same genetic background, resulting in two MRI
templates, one for ARTE10 mice, the other for Tg2576 mice. Therefore two
brain masks were created by defining ROIs on these two MRI templates. The
following ROIs were defined: the whole brain, the neocortex, the subcortical
grey matter, the olfactory bulbs, the thalamus, the hippocampus, the brainstem
and the cerebellum. Values from 10 to 100 were assigned to these ROIs, and 0
to voxels outside of the whole brain ROI (see figure 14 on page 51). This was

done using Pmod 3.1. The two brain masks were then exported to SPM8
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(Statistical Parametric Mapping, Welcome Trust Centre for Neurolmaging,
University College London, GB) via Analyze-formatted files.

In SPM8, the Tg2576 specific brain mask was normalised to the ARTE10
specific brain mask with the following parameters: source image smoothing: 0.4
mm, template image smoothing 0.4 mm, nonlinear frequency cut-off 1.75,
nonlinear iterations 14, nonlinear regularisations 1, preserve concentration, 7th
degree B-Spline interpolation. This resulted in a transformation matrix that was

then used to spatially normalise the PET images of the Tg2576 mice.

2.5.5 Normalisation of PET images and exporting to SPM

Before export for spatial normalisation and voxel-based analysis, PET images
were normalised to the individual mean value of the cerebellum ROI in Pmod
3.1 using the scale tool. All cerebellum normalised PET images were then

exported from the Pmod DICOM database to Analyze-formatted files.

2.5.6 Spatial normalisation of Tg2576 PET images.

The transformation matrix created with the two brain masks was then applied to
all Tg2576 PET images using the Deformations tool in SPM8 with interpolation
set to trilinear. The spatially normalised PET images of the Tg2576 mice were

used for all further analysis steps.

2.5.7 Voxel-based group comparison with SPM

For voxel-based group comparisons we assigned all tg mice to one of four
groups based on their Thioflavin S plaque load and tested them against the
group of 17 wildtype animals. These groups were: group 1 with 14 animals and
a plaque load from 0% to 3.2%, group 2 with 15 animals and a plaque load from
>3.2% to 6.5%, group 3 with 15 animals and a plaque load from >6.5% to 9.0%
and group 4 with 15 animals and a plaque load above 9.0%. Voxel-based group

comparison was done with SPM8 using a two-sample t-test design with the
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following parameters: assuming independence and unequal variance, no grand
mean scaling, implicit masking and global calculation omitted. The resulting t-
maps were thresholded at p < 0.05 with FWE-correction. The t-maps were
saved as Analyze-formatted files, loaded in Pmod 3.1 and superimposed to the

ARTE10 MRI template for identifying brain regions that show significant voxels.

2.6 Correlation of in-vivo PET signal with histological findings

2.6.1 Plotting and statistical analysis of PET ratios and histological

findings

PET ratios and mean values of plaque load, plaque count and plague size were
loaded in GraphPad Prism (Version 6.0, GraphPad Software Inc., California,
USA). GraphPad Prism were used for plotting diagrams and provided the tools
to calculate statistical parameters such as curve fitting (least squares), r
(Pearson's correlation coefficient) and to test whether the correlation coefficient
was statistically significant, with p (two-tailed) < 0.05 regarded as significant.
APET signal per plaque load percentage point as used e.g. in figure 12 on page
48 was calculated by subtracting the mean cerebellar signal from the neocortex
+ hippocampus signal (i.e. PET ratio - 1) divided by plaque load.

2.6.2 Voxel-based regression analysis with plaque load with SPM

Voxel-based regression analysis with Thioflavin S plaque load was done with
SPM8 using a multiple regression design with the individual Thioflavin S plaque
load as covariate vector and the following parameters: centring to the overall
mean, include intercept, implicit masking, global calculation omitted and no
global normalisation. The resulting t-map was thresholded at p < 0.05 with
FWE-correction. The t-map was saved as Analyze-formatted file, loaded in
Pmod 3.1 and superimposed to the ARTE10 MRI template for identifying brain

regions that show significant voxels.
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3. Results

3.1 Ratio-based analysis of PET signal and histological findings

3.1.1 Overview of PET results

Figure 3 on page 36 provides a comparative overview of the actual PET
images. In contrast to wildtype mice, tg mice showed higher tracer retention in
cortical and hippocampal brain regions than in other brain regions. Higher tracer
retention in the thalamus was observed mostly in old homozygous ARTE10
mice. All study groups showed only low tracer retention in the cerebellum. High
tracer retention in retro-orbital structures and structures neighbouring the
olfactory bulb was another common feature of all study groups. Beyond that, no
other structures outside of the brain showed constantly another distinct focus of

tracer retention, neither within a study group nor across study groups.

An overview of PET ratios sorted by study group is given in figure 5 a) on page
38. In general, transgenic mice of all study groups showed PET ratios of greater
1.0 with the highest PET ratios found in old homozygous ARTE10 mice. In
contrast, most wildtype mice showed PET ratios of 1.0 and below, but some
wildtype mice presented with a PET ratio as high as 1.08.

Given the low PET ratios in some mice from the study groups ARTE10 tg/- and
Tg2576 tg there is a potential overlap of PET ratios between transgenic and
wildtype mice. Therefore transgenic animals that showed low PET ratios were

not unambiguously distinguishable from wildtype mice merely by PET imaging.

3.1.2 Overview of histological plaque load results

We employed three different stainings to histologically measure the plaque load:
Thioflavin S (TfS) staining against AR deposits and two immunofluorescence
(IF) stainings, one against full length AR peptide (N1-AB) and the other against
the N3-truncated pyroglutamate AR peptide (N3pE-AR).
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Tg2576 tg

A10 tg/-

A10 tg/tg old

A10 tg/tg young

Tg2576 wt

A10 wt

Figure 3. Overview of PiB PET images sorted by study group. Each row represents a
mean of all PET images of the study group in coronal view (left column), sagittal view
(middle column) and horizontal view (right column). Colour scale bar represents (from
black to red) 0 to 0.06 %ID*kg/cc (percentage of injected dose per cc, normalised to

body weight in kg). PET images are superimposed on their study group specific MRI
template.
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Figure 4 on page 37 demonstrates the different spectrum of AB visualised by
the three stainings. Thioflavin S positive plaques appeared as mostly densely
packed AB aggregates or AR deposits within the blood vessel walls (not shown
in the figure). The staining against full length AR peptide additionally revealed
AB deposits with lower density. These lower density AR deposits were spread
over large parts of the brain but not the cerebellum. In contrast, the stainings
against N3pE-AB were mostly found as small fractions of larger AR deposits of

higher density and hereby rather in the centres than outer parts of these

deposits.

Figure 4. Visual comparison of the stainings. Detail of the frontal cortex of an A10 tg/-
mouse (sections not corresponding). For better illustration, DAPI staining (blue
channel) was removed and unspecific tissue background (red channel) was enhanced.
The green channel with specific staining signal was not altered. a) Thioflavin S staining,
b) immunofluorescence staining against full length A and c¢) immunofluorescence
staining against N3-pyroglutamate-AB (N3pE-AB). Arrows in ¢) point at shadows in the
tissue background caused by plaque deposits. N3pE-AB positive staining signal was
found mainly in the middle of those plaque shadows.

An overview of individual plaque load results of the three stainings sorted by
study group is given in figure 5 b), ¢) and d) on page 38. Figure 6 on page 39
illustrates exemplarily the spectrum of Thioflavin S plaque load found in the tg
animals and the visual results of plaque detection by Acapella.

Measuring plaque load with Thioflavin S or IF against AR allowed to
undoubtedly distinguish between transgenic and wildtype animals. Even the
lowest TfS plaque load found in transgenic mice was still more than 13 fold
higher than the highest value in wildtype mice. For the IF staining against AR,
this relation was greater than 15 fold. This is contrasted by the plaque load

results of the IF stainings against N3pE-AB for which we found values of several
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tg mice within the range of wildtype mice. Hereby the values found in wildtype
mice (i.e. the rate of false positive signal) in the IF stainings against N3pE-AB
were in the same range as the values found with the IF staining against AR
(mean plaque load value for wildtype in the IF staining against AB: 0.30%, mean
plague load value for wildtype in the IF staining against N3pE-AB: 0.16%).
Therefore the overlap of wildtype mice with transgenic mice observed in the
results of the IF stainings against N3pE-AB was not based on a higher

unspecific signal in this staining.
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Figure 5. Overview of PET and histological determined plaque load sorted by study
group (A10 wt and Tg2576 wt combined in the group Wildtypes). (a) Individual PiB PET
ratios during the last 10 minutes of the scan (36-45 min). Values represent the ratio of
the signal measured in a VOI comprising the neocortex and hippocampus to the signal
measured in a VOI comprising the cerebellum. (b) Individual Thioflavin S plaque load.
(c) Individual plaque load in the immunofluorescence staining against full length Ap
(N1-AB). (d) Individual plaque load in the immunofluorescence staining against N3-
pyroglutamate-AB (N3pE-AB). All plague load values are given as percentage of
stained area relative to a ROl comprising the neocortex and hippocampus. Dotted lines
mark the highest value measured in wildtype mice.
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Tg2576 tg

A10 tg/-

A10tg/-

A10tg/tgy.
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Figure 6. Overview of Thioflavin S stainings and Acapella results of exemplary sections
with one mouse per row. Its particular group affiliation is given on the left. Left column
shows a full view of the sections in the way they were acquired by the slide scanner,
with DAPI (blue channel), Thioflavin S (green channel) and unspecific tissue
background (red channel). Middle column shows the zoom (10x) of the area indicated
in the full view section by the white rectangle. Right column shows Acapella results of
that area. Percentage value in the right column represents the mean Thioflavin S
plague load value measured in the particular mouse, not the value of the zoomed area.
Scale bars in the first row apply to all rows.
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Interestingly, the Thioflavin S plaque load did not simply constitute a constant
fraction of AB plaque load. This was especially true for Tg2576 tg animals
compared to ARTE10 tg/- animals. ARTE10 tg/- mice showed a higher mean
Thioflavin S plaque load than Tg2576 tg mice, but the opposite was true
regarding AB plaque load. Likewise, old homozygous ARTE10 animals showed
higher Thioflavin S plaque load values with a low overlap with young
homozygous ARTE10 animals, but this clear discrimination between the groups
could not be found in the AB plaque load results.

Noteworthy as well, N3pE-AB plaque load values of most Tg2576 tg animals
ranged within the spectrum of false positive values found in wildtype mice. Also,
ARTE10 tg/- mice showed higher N3pE-AB values than young homozygous
ARTE10, though ARTE10 tg/- mice had a lower mean Thioflavin S plaque load
and A plaque load.

3.1.3 Formation of plaque load by plaque size and plague count

Besides overall plaque load, Acapella analyses mean plaque size and mean
plague count within a given ROI. Figure 8 on page 42 illustrates the course of
these two measures in relation to increasing plaque load for each staining.
Additional production of AR peptide can deposit in two ways. It can either
deposit as a new plague i.e. increasing plaque count, or leading to a growth of
existing plaques i.e. increasing plaque size. In principle, both processes were
observed in our transgenic animals with increasing plague load but with differing
emphasis among the study groups and stainings.

For Thioflavin S positive plaques, Tg2576 tg animals showed a higher tendency
towards a growth in plague size than transgenic ARTE10 animals. For the AB
staining, the opposite is true with a higher tendency towards an increase in
plaque count in Tg2576 tg animals than in transgenic ARTE10 animals. Hereby,
we even observed a decrease in plaque count with increasing AB plaque load in
homozygous ARTE10 animals. This seemingly contradictory result can be
explained by our observation that with increasing AB plaque load, groups of

plagues with low density AB deposits in between tended to be detected as one
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large entity by Acapella. In turn, N3pE-AB plaque load grew almost exclusively
in count and only marginal in size. This observation applied primarily to
transgenic ARTE10 animals as the N3pE-AB plaque load values of Tg2576 tg
animals ranged mostly within the values of unspecific signal found in wildtype

animals.

3.1.4 Mutual relationships between histological findings

As mentioned before, Thioflavin S positive plaque load did not seem to be
merely a constant fraction of AR plaque load. Though a significant correlation
between Thioflavin S plaque load and AR plaque load existed (figure 9 a) on
page 44), the relationship of AR plaques to Thioflavin S positive plaques was
better described looking at AB plaque size and Thioflavin S plaque count (figure
9 b) and c) on page 44). AB plaque size rather than AB plaque load showed a
better correlation with Thioflavin S plaque load and in turn, Thioflavin S plaque

count rather than Thioflavin S plaque load showed a better correlation with AR

plaque load.
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Figure 7. Fraction of full length AR (N1-AB) plaque load that is positive for Thioflavin S
plotted in a) and N3-pyroglutamate-ABR (N3pE-AR) plotted in b). Transgenic mice with
N3-pyroglutamate-AB values within the range of wildtype values were regarded as
false positive and greyed in b) and excluded from mean calculation (grey line).
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Figure 8. Mean plague size and count for a) and b) Thioflavin S, ¢) and d)
immunofluorescence staining against full length AR (N1-AB), e) and f)
immunofluorescence staining against N3-pyroglutamate-Af (N3pE-AB). All plague load
values are given as percentage of stained area relative to an area of a ROl comprising
the neocortex and hippocampus. All plague count values refer to 10,000 ROI-pixels
(approx. 68,540 ym2). Grey lines represent a linear fit of each group with A10 tg/tg
young and old fitted as one group. Dotted grey line represents highest N3pE-AB plague
load value measured in wildtype mice. Transgenic mice with N3pE-AB plague load
values within the range of wildtypes were excluded from curve fitting.
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In both considerations, Tg2576 tg animals distinguished themselves from
transgenic ARTE10 animals. With about the same AP plaque load, Tg2576 tg
animals tended to have a lower Thioflavin S plaque load. Analogously, at the
same AP plaque size, Thioflavin S plaque load of Tg2576 tg animals also
ranged below transgenic ARTE10 animals. This means in turn, that with about
the same Thioflavin S plaque count, AR plaque load ranged higher in Tg2576
animals than in transgenic ARTE10 animals. Therefore the fraction of AB
peptide turned into Thioflavin S positive deposits was lower in Tg2576 tg
animals than in transgenic ARTE10 animals (see also figure 7 a) on page 41).
The relative amount of AR plaque load that is not positive for Thioflavin S is
therefore increased in Tg2576 tg animals compared to transgenic ARTE10
animals. Additionally, unlike transgenic ARTE10 animals, it showed a tendency
to further increase with higher A plaque load (figure 9 d) on page 44). N3pE-
AB plaque load constituted only a minor fraction of total ApB plaque load (figure 7
b) on page 41) and correlated well with Thioflavin S plaque load (figure 9 e) on
page 44), and less with Thioflavin plaque size (figure 9 f) on page 44) or count

(data not shown).

3.1.5 Correlation of PET results with histological plaque load

All three stainings revealed high correlations with ratio-based PET results
(figure 10 on page 45). The highest correlation with PET ratios was found with
Thioflavin S plague load. The correlation of PET ratios with AR plaque load
showed the lowest correlation and also a tendency of separating groups with
Tg2576 tg animals showing high AB plaque load levels but relatively low PET
ratios compared to ARTE10 tg/- animals with about the same AR plaque load.
To a lower extend the same is true for Tg2576 tg animals compared to young
homozygous ARTE10 animals. Correlating N3pE-AB with PET ratios showed a
high correlation among animals that were found with a N3pE-AB plaque load
value above the values of wildtype animals. However transgenic animals with

unspecific N3pE-AB plaque load values showed PET ratios as high as 1.44.
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Figure 9. Mutual relationship of histological findings for: a) Thioflavin S plaque load with
plaque load measured with immunofluorescence against full length AR (N1-AB), b) AB
plaque size and TfS plaque load, c¢) TfS plague count and N1-AB plaque load, d) non-
TfS N1-AB plaque load (i.e. N1-AB plaque load - TfS plaque load representing an
estimate of low density AR plaque load) with N1-AB plaque load, e) TfS plaque load
and N3pE-AB plaque load and f) TfS plaque size and the amount of N3pE-AB plaque
load found. All ARTE10 animals were fitted together. Animals within the range of
wildtypes in e€) and f) were excluded from fit calculation.
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Figure 10. Correlation of PET ratio with plague load measured with a) Thioflavin S, b)
IF against AB and c) IF against N3pE-AB. Grey lines represent a linear fit of all
transgenic animals. Dotted grey line represents highest N3pE-AB plague load value
measured in wildtype mice. r values represent Pearson's correlation coefficients
(including outliers), * indicates significance for p(two-tailed) < 0.05. Transgenic mice
with N3pE-AB plaque load values within the range of wildtypes were excluded from fit
and r calculation.

3.1.6 Correlation of PET results with plaque size and plaque count

The high correlation of PET results with Thioflavin S plaque load could not be
attributed to one of the two plaque load forming quantities, i.e. plaque size and
load correlated less with PET results than plaque load (figure 11 a) and b) on
page 47). A different finding can be observed in the AR staining results: AB
plaque size showed a higher correlation with PET results than the AR plaque
load (figure 11 c) on page 47). Hereby transgenic ARTE10 animals and Tg2576
tg animals showed about the same slope of the fitted curve with similar
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correlations but Tg2576 tg animals ranged at a lower level i.e. lower PET ratios
at the same range of AB plaque size, which is analogue to the correlation of AB
plague size and Thioflavin S plaque load (figure 9 b) on page 44).

AB plague count correlated even negatively with PET results for transgenic
ARTE10 animals, and shows no correlation in Tg2576 tg animals. The opposite
is true for N3pE-AB plaque size and N3pE-AB plaque count with N3pE-AB

plaque count correlated far better with PET results than N3pE-AB plaque size.

3.1.7 Yield of PET signal in relation to plague load and plaque

formation

The gain of PET signal (relative to the cerebellum) per AB plaque load
percentage point increased with growing Ap plaque size. Hereby the calculated
fits of transgenic ARTE10 animals and Tg2576 tg animals showed about the
same slope of the fitted curve with the same correlations but Tg2576 tg animals
ranged at a lower level i.e. a lower gain of PET signal per AR plaque size (figure
12 a) on page 48). This is analogue to the observation that Tg2576 tg animals
showed a lower tendency to turn AB plaque load into Thioflavin S positive
plaque load (figure 9 b) on page 44) and that Tg2576 tg animals showed a
lower PET ratio at a certain average AB plaque size (figure 11 c) on page 47).

Across study groups we observed different gain of PET signal (relative to the
cerebellum) per Thioflavin S plaque load percentage point (figure 12 b) on page
48). Analysing the correlation of gain of PET signal and Thioflavin s plaque size,
plague count and the quotient of plaque size to plaque count, we observed a
significant negative correlation for plaque count and a significant positive
correlation for the quotient of plaque size to plague count (figure 12 c), d) and e)
on page 48). Plague size and non-TfS AR plaque load correlations were not
significant. We observed one outlier in the Tg2576 tg study group and two
outliers in the ARTE10 tg/- study group. These three outliers showed very low
Thioflavin S plaque load values of < 1%. The analysis given in figure 12
includes these three outliers. To test whether these three outliers significantly
influenced our findings we calculated the correlation coefficients without them.
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Figure 11. Correlation of PET ratio with plague size and plaque count for a) and b)
Thioflavin S stainings, ¢) and d) immunofluorescence stainings against full length A
(N1-AB), e) and f) immunofluorescence stainings against N3-pyroglutamate-Af (N3pE-
AB). For N1-AB plaque size and plaque count in ¢) and d), transgenic ARTE10 animals
and Tg2576 tg animals were fitted separately. r values represent Pearson's correlation
coefficients (including outliers), * indicates significance for p(two-tailed) < 0.05.
Transgenic animals with N3pE-AB plaque load within the range of wildtype animals
were excluded from fit and r calculation in e) and f).
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Figure 12. Yield of PET signal per plaque load and its formation. a) PET signal gain per
full length AB (N1-AB) plague load percentage point to N1-AB plaque size. b) PET
signal gain per Thioflavin S plaque load percentage point sorted by study group.
Graphs c) to f) plot PET signal gain per Thioflavin S plaque load percentage point to
the ¢) Thioflavin S plaque size, d) Thioflavin S plague count, €) quotient of Thioflavin
plaque size to Thioflavin S plaque count and f) N1-AB plaque load that is not Thioflavin
S positive (N1-AB plaque load - Thioflavin S plaque load). r values represent Pearson's
correlation coefficients (including outliers), * indicates significance for p(two-tailed) <
0.05. Red circled data points indicate outliers which were excluded in an alternative
analysis (see main text).
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Excluding the three outliers, the correlation of the gain of PET signal per
Thioflavin S percentage point with Thioflavin S plaque size was reduced to a
coefficient of 0.01, correlated with Thioflavin S plague count was reduced to a
coefficient of -0.44 (remains significant), correlated with plaque size to plague
count quotient was reduced to 0.54 (remains significant) and correlated with
non-TfS AB plaque count was increased to 0.26 (does not reach significance).

Therefore the three outliers did not alter significantly our findings.

3.2 Voxel-based analysis of PET signal

3.2.1 Spatial normalisation of PET images

During the creation of the study group specific MRI templates necessary for the
ROIl-ratio-based analysis of the PET images, we already observed a very low
variability of anatomical measures of the brains of mice with the same genetic
background (i.e. among ARTE10 animals or among Tg2576 animals), but a
high difference between the animals with a different genetic background (i.e.
ARTE10 animals compared with Tg2576 animals).

Before we analysed the PET images on a voxel-basis, we measured the
anatomical differences of the brains of the animals to clarify the need to
spatially normalise the PET images across study groups. We regarded a
difference of anatomical brain measures within the range or above small animal
PET resolution (~1.5 mm FWHM at the centre of the FOV*’®) as critical value to
necessitate spatial normalisation.

Analysis of anatomical brain measures is illustrated in sagittal view in figure 13
on page 50. Most prominent differences include the total length of the brain with
a difference of 0.8 mm, length of the neocortex with a difference of 1.4 mm and
the length of the cerebellum with a difference of 0.6 mm.

We decided to spatially normalise the PET images based on the different length
of the neocortex, a brain region of high importance in our analysis as most of

the AB plaque deposits are found here.
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A10 wt A10 tg/tg o. A10tg/tgy. A10 tg/-

Tg2576 tg

Tg2576 wt

<
a B Y )
Figure 13. Group-wise comparison of measures of MRI templates. Each row
represents the mean of all brain MRI scans acquired in that group. Position of
structures are marked with lines for A10 mice (red) and Tg2576 mice (blue) with 1
rostral tip of the olfactory bulb, 2 frontal neocortex, 3 thalamus, 4 caudal tip of the
neocortex, 5 caudal tip of the colliculus, 6 caudal tip to the cerebellum. Differences in
measures between A10 and Tg2576 mice are a = 0.8 mm, 3 =0.7 mm, y=0.7 mm, & =
0.6 mm. Total length of line 1 to 6 = 16.0 mm, line 20 6 = 12.6 mm.
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PiB PET images of brains of mice cannot be spatially normalised on the basis of
information provided by the PET images themselves. There are not enough
cerebral structures distinguishable that could serve as markers for spatial
transformation. A possible work-around is to use the MRI images to create a
transformation matrix and apply it to the coregistered PET images. However our
MRI images were acquired using a clinical MRI scanner and did not provide the
necessary contrast for satisfying normalisation results. We circumvented this
problem by manually creating brain masks based on the MRI templates for
ARTE10 animals and Tg2576 animals. These brain masks provided sharp
contrasts between important brain structures. Figure 14 on page 51
demonstrates the workflow of creating the MRI masks and consecutive spatial
normalisation of the MRI masks (Tg2576 normalised to ARTE10). The resulting
transformation matrix was applied to all PET images of the Tg2576 tg and

Tg2576 wildtype animals.

a)
ROIs filled ROIs A10 Tg2576*

00

Figure 14. Creation and Comparison of MRI masks for spatial normalisation of PET
images. a) Creation of the MRI Mask via ROI drawing (left) and filling (right) with values
from 0O (black, outside of the brain) to 100 (red, cortex). The resulting mask was created
twice, one fitting to the ARTE10 mouse model and one fitting to the Tg2576 mouse
model. b) Comparison of the two resulting MRT masks for all ARTE10 mice (left) and
all Tg2576 mice (right), both superimposed to a group specific MRT template ¢) Mask
for ARTE10 mice unchanged, MRT mask of Tg2576 mice after spatial normalisation to
the ARTE10 mask (Tg2576*), both superimposed to the ARTE10 MRT template.
Colour sale bar represents values assigned to the ROIs (black to red: 0 to 100). Masks
in b) and c) are smoothed with 0.4 mm Gaussian Filter.
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3.2.2 Voxel-based analysis of PiB retention

Analysing regional PiB tracer retention on a voxel-basis served two questions.
First, identifying significant voxels of tracer retention and their corresponding
brain regions and second, analysing the course of distribution of significant
voxels across the brain with increasing plaque load.

In order to study these two questions, we divided all transgenic animals in 4
different groups based on their Thioflavin S plague load value. We chose the
Thioflavin S plaque load value for group allocation as ratio-based analysis of the
PET images showed the best correlation of PET ratios with Thioflavin S plaque
load (see figure 10 on page 45). When defining plague load ranges for group
allocation of the transgenic animals to four groups, we had to compromise
between comparable share of plaque load spectrum and group size. This
resulted in the first three groups covering each a plaque load spectrum of
around 3% (n = 14, 15 and 15) and the fourth group covering plaque load
values of greater than 9% (n = 15).

Figure 15 on page 53 illustrates the resulting t-maps of the four analysis groups
in coronal view thresholded at p < 0.05 with FWE correction.

Group 1 with a Thioflavin S plaque load of 0% to 3.2% showed significant
voxels mainly in the neocortex with highest t-values found in frontal regions.
Group 2 with a Thioflavin S plaque load of >3.2% to 6.5% showed an increase
in significant voxels compared to group 1 with most voxels found still in the
neocortex but reaching further caudal. Additional voxel were identified in dorsal
parts of the hippocampus. The focus of t-values remained on frontal parts of the
neocortex. Group 3 with a Thioflavin S plaque load of >6.5% to 9% showed a
further increase in voxels with significant voxels reaching further caudal in the
neocortex compared to group 2 and now covering larger parts of the dorsal
hippocampus. The focus of t-values shifted slightly to more caudal parts of the
neocortex with a second focus in the most dorsal regions of the hippocampus.
Group 4 with a Thioflavin S plaque load of >9% showed again an increase in
voxels now covering almost the entire neocortex and hippocampus and

additionally large parts of the dorsal thalamus. A clear regional focus could not
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Figure 15. Voxel-based analysis of PET tracer retention. Transgenic animals were
stratified by Thioflavin S plaque load into 4 groups and tested against wildtype animals
(n=17). Images represent resulting t-map superimposed to a brain extracted MRI
template of all ARTEL10 tg animals. Rows from top to bottom: Group 1 (0% to 3.2%,
n=14), Group 2 (>3.2% to 6.5%, n=15), Group 3 (>6.5% to 9.0%, n=15), Group 4
(>9.0%, n =15), last row depicts location of numbered coronal slices used in row 1 to 4.
Colour scale bar represents t value from 0 to 15 (black to red). Applied t-contrast is
thresholded with pFWE < 0.05.
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be identified anymore but most caudal parts of the neocortex showed the lowest
t-values still regarded as significant.
In all groups, the cerebellum and most of the olfactory bulb showed no

significant voxels.

3.2.3 Voxel-based regression analysis with plaque load

In order to further establish a relation between the voxel-based signal and
histological findings, we performed a voxel-based regression analysis with
Thioflavin S plague load in all transgenic animals. Figure 16 on page 54
illustrates the resulting t-map, thresholded at p < 0.05 with FWE correction.
Significant voxels covered almost the entire neocortex and hippocampus and
large parts of the dorsal thalamus. Highest t-values were found mostly in the
frontal and parietal parts of the neocortex and dorsal regions of the
hippocampus. The cerebellum and most of the olfactory bulb showed no

significant voxels.

All tg mice

Figure 16. Voxel-based regression analysis with Thioflavin S plaque load for all
transgenic mice (n=59). Images represent resulting t-map superimposed to a brain
extracted MRI template of all ARTE10 animals. Numbered coronal slices are at the
same location as in Figure 13. Colour scale bar represents t value from 0 to 15 (black
to red). Applied t-contrast is thresholded with pFWE < 0.05.
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4. Discussion

4.1 Summary

4.1.1 Summary of the results

In this study, we employed two different mouse models of AD: the single APP
transgenic Tg2576 and the APP/PS1 double transgenic ARTE10 mouse model.
We performed in-vivo AB PET imaging with PiB, followed by a histopathologic
analysis of the AR plague pathology with three different stainings:
immunofluorescence (IF) against full length AR peptide (N1-ApR),
immunofluorescence against N3-pyroglutamate-AB peptide (N3pE-AB) and
Thioflavin S (TfS). AB pathology was quantified using a special script for the
digital image analysis software Acapella. PiB PET images were analysed with a
ROI-ratio-based and a voxel-based approach.

PiB PET imaging in all transgenic study groups resulted in cortex-to-cerebellum
ROIl-ratios of greater 1.0 compared to wildtype animals with ratios mostly less
than 1.0. However our results suggest a potential overlap of PET ratio values
between wildtype animals and transgenic animals with low amounts of AB
plague load.

Generally speaking, PET results corresponded well to the histological findings
in matters of signal intensity as well as signal distribution among brain regions.
On average, transgenic animals of higher age (young homozygous ARTE10 vs.
old homozygous ARTE10), double transgenic animals instead of single
transgenic (ARTE10 vs. Tg2576) and animals with two transgenic alleles
instead of one (old homozygous ARTE10 vs. old hemizygous ARTE10) showed
a higher amount of AR deposits and accordingly higher PET ratios. AR deposits
were found not exclusively but concentrated in cortical and hippocampal brain
regions. Analogously, visual inspection of PET images suggested higher PiB
retention in cortical and hippocampal regions than in any other brain region.

The correlation of PET signal intensity as well as PET signal distribution with AR
deposits was further established by voxel based analysis. The pattern of
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significant voxels (transgenic tested against wildtype animals) resembled the
pattern of the distribution of AR deposits in the brain. Furthermore, voxel based
regression analysis of PET signal with AB plaque load identified brain regions in
which AR deposits preferably concentrate with increasing plaque load.

On further analysis of our histologic findings, we found that age as well as
transgenic configuration of a mouse model influences how the accumulating AR
peptides deposit within the brain parenchyma. Although high in N1-AB plaque
load, Tg2576 tg animals turned a lower fraction of its N1-AB plaque load into
TfS positive plaque load. This was of particular interest with respect to the
correlation of histological findings with PET results. We found that the
correlation of TfS plaque load with PET ratios was higher than the correlation of
N1-AB plaque load with PET ratios, but both correlations were significant.
Furthermore, our data indicates that the relation of plague count to plaque size
might influence the yield of PET signal per plaque load.

N3pE-AB takes an exceptional position among the histological findings. First of
all, we found that the N3pE-AB plaque load constituted only a minor fraction of
N1-AB plaque load reaching about 10 to 15% in old homozygous ARTE10. But
most importantly, we found some transgenic animals, mainly Tg2576 tg
animals, with only unspecific N3pE-AB values despite the presence of high N1-
AB plaque load and high PiB PET ratios.

4.1.2 Key interpretations of our results

Overall our data suggests the following interpretations:

(1) ROI-ratio-based analysis of PiB PET images of transgenic mouse models of
AD gives a reliable estimation of the amount of AR deposits in the brain.

(2) The best quantitative relationship of PiB binding and AR plaque pathology in
mouse models of AD was established for highly-dense TfS positive plaques.

(3) The ability to distinguish a transgenic from a control mouse by PiB PET

imaging requires a certain amount of accumulated highly-dense AB deposits.
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(4) The fraction of N3pE-ApB varies between mouse models of AD. But if at all,
post-translational modified AR peptides such as N3pE-AB play only a minor role
for PiB binding.

(5) Voxel-based analysis of PiB PET images of transgenic mouse models of AD
allows to identify brain regions with a high density of AR deposits without

regional a priori hypothesis.

4.2 AB pathology and AB imaging

4.2.1 Plague nomenclature and plague spectrum detected in this

study

In order to discuss AR pathology and its relationship to PiB PET imaging results,
one has to clarify the employed nomenclature, as literature provides different
classifications of plaques with a varying number of different types of plaques
being distinguished®**®. In general, all types of cerebral, nonvascular AB
deposits are typically referred to as “senile plaques” regardless of their
morphology*®?, whereas cerebral vascular plaques are usually referred to as
cerebrovascular amyloid-angiopathy (CAA). Senile plagques can be further
classified according to a number of different features e.g. morphology,
inclusions of other proteins than AR such as ApoE, presence of dystrophic
neurites, reactive astrocytes or microglial cells. This leads to a high number of
different plaques being distinguished*®. However, in our approach using TfS
and immunofluorescence (IF) against AP peptide, we adopted staining
technigues and a simplified classification that has been used in several human
and preclinical studies to study AB plaque morphology before®%81 According
to these studies, our stainings were able to discriminate between plaques that
contain densely packed A fibrils being positive for TfS and N1-AB, and diffuse
plaques positive for N1-AB and not or only weakly for TfS*®*. Theoretically, our
stainings would have allowed to further classify TfS positive plaques into purely
fibrillar plaques being entirely TfS positive (often called compact plaques) and

plagues with a fibrillar TfS positive core and a diffuse TfS negative corona
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181 " However, such a discrimination

(usually called dense-cored plagues)
requires an analysis of corresponding sections in order to co-localise the TfS
and N1-Ap staining. We did not perform such an analysis for two reasons. First,
we were mainly interested in the overall plaque load of highly-dense plaques,
diffuse plaques and N3pE-AB positive plaques. Second, studies analysing
plaque types in mouse models of AD reported that dense-core plagues are only
occasionally encountered in mouse models of AD, even at an advanced age’®®.
The prevalent types of plaques are diffuse or compact, in contrast to human AD
patients, where mostly diffuse and dense-core plaques are found*®.

The two monoclonal antibodies employed in this study showed high specificity
towards specific types of AB peptide®’®. The D129 antibody is highly specific for
the pyroglutamate form of the N3-truncated AR40/42 peptide (N3pE-AB). The
cross reactivity with unmodified N3-truncated AB40/42 or full length AB40/42
was minimal. Whereas the 3A5 antibody is highly specific for the full length
AB40/42 peptide, i.e. unmodified at the N-terminus (N1-AB)'"°. It was shown
that the majority of AR peptide in mouse models of AD is not N-truncated*®>*%°.
Therefore, we expect 3A5 to sensitively detect virtually all deposits of AR
peptide present in our mouse models.

As outlined above, we found that each staining covered a different spectrum of
the deposited AB. The N1-AB staining visualised diffuse low-dense plaques as
well as highly-dense plaques, TfS visualised mostly highly-dense plaques.
N3pE-AB was found mostly in the centre of highly-dense plaques and
represented only relatively small amount of the overall detected AB plaque load

with the other two stainings.
4.2.2 AB pathology and PiB imaging studies in mouse models of AD

So far, the literature provides five studies using in-vivo PiB PET in mouse

models of AD?#164168187 “Ajthough more recent studies reported to detect

164,168

specific PiB binding to AB deposits , our knowledge about this field of A

imaging is still hampered due to the following reasons: methodological aspects

162,164,168

strongly vary , almost every study employed a different mouse model at
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a different age!®3164168

, in studies with related mouse models (same transgenes
but different mutations, genetic background and age) contradicting results were
reported’®>!%® and AB pathology of the mice were mostly reported but not
always quantified'®®. After initial failures to image AB in mouse models of AD,
the prevalent hypothesis was that AR deposits in mouse models do not provide

168 and our results in

sufficient high affinity binding sites for PiB. A recent study
Tg2576 that was determined not suitable for preclinical AR imaging'®® argue
against this hypothesis. In the following, we discuss our results with respect to
the previously reported results and argue for a general suitability of mouse

models for preclinical Ap imaging based on the exhibited AB pathology.

We employed ARET10 mice in similar age groups as previously done by
Manook et al. Taking into account that their young homozygous ARTE10 were 9
months old and ours 12 months, our results broadly resemble their findings of a
gradation of plaque load and PiB results from young homozygous (lowest), to
old hemizygous (middle), to old homozygous (highest).

Regarding Tg2576 mice, Toyama et al. reported higher PiB PET ratios than
controls at a mean age of 22 months'®®. However, they concluded that their
study could not prove specific binding of PiB to AR plaques due to a smaller
amount of PiB binding sites or a lower affinity of these binding sites. Albeit their
oppositional conclusion, we regard our findings also in line with the study of
Toyama et al. Importantly, the results of both studies are comparable based on
the very high age of the Tg2576 in both studies (Toyama et al: 22 months, this
study: 25 months). Also their cortex-to-cerebellum analysis approach is
analogue to our ROI-ratio-based analysis. We postulate that their significant
results for the frontal-cortex- and parietal-cortex-to-cerebellum ratios in
transgenic mice compared to controls indeed originated from a specific binding
of PiB to AB. The present study employed 16 mice with several of them showing
only a rather low TfS plaque load with PET ratios similar to those observed by
Toyama. Thus, the small difference between transgenic and wildtype mice in
the study of Toyama et al. might be a statistical effect, as Toyama employed

only six Tg2576 mice. Toyama et al. histologically confirmed the presence of AR
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plagues with TfS stainings but unfortunately did not quantify the plaque load. Of
note, also their findings in aged matched wildtype mice are in line with our
results. Both studies observed ratios in wildtype mice of mostly less than 1.0,
but with few mice ranging close to or within the values of transgenic animals
with low PET ratios. However, the reasons behind these outliers among
wildtype mice are not known.

Maeda et al.'®* reported successful AR detection with PiB imaging in an aged
single APP transgenic mouse model named APP23. On the one hand, they
concluded that the specific activity employed in our study would lead to the
detection of mostly dense AR deposits, which is in line with our results. On the
other hand, our results disagree with their conclusion that N3pE-AB would be
necessary to form high affinity binding sites on AB deposits.

Maeda et al. held the employment of a very high specific activity responsible for
their ability to detect the AB deposits. They concluded that using high specific
activity would increase the exploitation of high affinity binding sites on mouse
AB. Based on repetitive scans with varying specific activity, they postulated that
the detection of diffuse AP deposits is highly sensitive to the specific activity with
high specific activity values being necessary to detect diffuse plaques, whereas
dense clusters of AB deposits can be detected regardless of the specific activity.
Their results regarding the effect of high specific activities have not been
reproduced in our study, as the high specific activity used in their study is a
magnitude higher than what is achievable in most clinical PET centres,
including ours. Our study employed a specific activity for which Maeda et al.
assumed that PiB binding is mainly driven by dense AP deposits. Indeed,
several findings in our study indicate that the amount of TfS positive plaque load
provided the essential structures for PiB binding and TfS was shown to stain
mainly dense fibrillar AR deposits and only weakly diffuse plaques®®*. PET ratios
showed a higher correlation to TfS plaque load than to N1-AB plaque load.
Furthermore, the correlation of N1-AB plaque load is mainly driven by the N1-AB
plaque size, which in turn shows a close association with TfS plague load. For
this interpretation, two aspects have to be considered. First, the difference in

correlation between the TfS staining and N1-AB staining could have had
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methodological reasons. Indeed, we observed a higher background staining in
wildtype mice for N1-AB than for TfS. However the signal-to-noise ratios in
transgenic animals with a low plaque load were about the same for both
stainings. Second, the interpretation of the correlations is hindered as there is a
concordant increase of N1-AB plaque load and TfS plaque load in a given
mouse model in a relative constant relation to each other (e.g. TfS plaque load
in all ARTE10 animals correlated well with N1-AB plaque load with r=0.85).
However, the direct comparison between the two mouse models provided
important information for the interpretation of our histological findings. The first
striking finding is the sharp discrepancy between mean PET ratios and N1-Af
plaque load across our study groups. This is most evident for young
homozygous ARTE10 compared with Tg2576. Tg2576 has about the same N1-
AB plaque load as young homozygous ARTE10 but clearly lower PET ratios and
lower TfS plaque load. Analysing individual correlations, we observed a
separation of Tg2576 animals from ARTE10 animals in the scatter plots for N1-
AB plaque findings plotted against TfS plaque findings. Overall, this separation
indicated that Tg2576 turns less of its N1-AB plaque load into TfS positive
plaque load. Furthermore, calculating the relative yield of PiB signal in the
cortex and hippocampus per TfS plaque load percentage point, we observed
similar values across all study groups. This finding was corroborated by
correlating the relative PiB signal increase with the amount of N1-AB plaque
load which was not TfS positive (non-TfS AR plaque load). The association was
minimal, despite a large spread of non-TfS AR plaque load across our study
groups. Taken together, the most coherent measure explaining our PET results
was the amount of TfS positive A deposits.

Maeda's conclusion of the necessary presence of N3pE-AB is based on a
quantified autoradiographic experiment with in-vitro [*'C]PiB labelled brain
tissue sections. They correlated this signal with plaque load values calculated
from immunofluorescence stainings of the same sections. They employed
tissue from a single Tg2576 mouse, a single young APP/PS1, five APP23 mice
and a single human AD patient. They measured the plaque load for N3pE-AR,
AB40, AB42 and untruncated AR at the N-terminus (ABN1D). N3pE-AB was the
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only measure that correlated well with the PiB signal. However, the low
correlations for the other stainings were mainly caused by the single human AD
data set. If that would have been left out and only transgenic mice were
considered, the graphs provided by Maeda et al. suggest high correlations for
all stainings. Therefore, it is possible that N3pE-AB positivity is merely a
surrogate marker for another quality of human AD AB plaques that caused the
higher PiB binding in their experiment. There are several reasons for such an
interpretation. Our Tg2576 showed only unspecific or very low amounts of
N3pE-AB. This was also shown in histological and biochemical evaluations of
this mouse model before'®”!%® N3pE-AB seems generally decreased in mouse
models of AD compared to human AD patients*®**%, but can be detected in an
age dependent manner in APP/PS1 transgenic mice®®. However, contrary to
Maeda's conclusion that N3pE-AB is the major source of target structures for
high-affinity PIB binding, we found high PET ratios of up to 1.4 in our Tg2576
mice despite basically undetectable amounts of N3pE-AB. As outlined above,
our data suggests that dense TfS positive plaque load is the main provider for
PiB binding sites. Hereby, N3pE-AB positivity might be a surrogate marker for
these mature dense fibrillar AR plaques. Indeed, in our study, N3pE-AB plaque
load correlated well with TfS plaque load in ARTE10 mice in our study and also
TfS plague size, which is a rough estimate of the age of a plaque (young
homozygous ARTE10 had in general smaller TfS plagues than old homozygous
ARTE10). Several studies in human and mouse tissue support this notion. It
was shown that diffuse plaques contain only low to none N3pE-AB in mouse
models as well as in AD patients'®®, but substantial amounts in dense cored
plaques of human AD tissue®®®. Diffuse plaques are thought to occur early in the
disease process’® and are believed to proceed towards typical cored
plaques™. This implies that N3pE-AB formation is a late process involved in the
maturation of plaques'® and that the presence of N3pE-AB and other N-
truncated forms of AR is related to proteolytic processes that take place over
prolonged time*®®. This would also explain that mouse models in general show
lower levels of N3pE-AR than human AD patients, because the assumed period

of AB accumulation in pre-symptomatic patients is several-fold longer than the
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natural life span of any mouse model. Analogously, our finding that ARTE10 in
contrast to Tg2576 mice show relevant amounts of N3pE-AR plaque load could
be due to the earlier onset of plaque depositing in ARTE10 (homozygous mice

174

around 3 months™"") compared to Tg2576 (appreciable number of diffuse

plaques around 12 months™®?).

Maeda et al. corroborated their conclusion of the importance of N3pE-A for PiB
binding with in-vitro binding assays. They found a higher PiB binding to
synthetic fibrils of N3pE-AB than to ApR42 without N-terminus modification.
However, this result is not necessarily inconsistent with the notion that high
fibrillarity of AB is important for PiB binding. Several in-vitro studies reported
enhanced oligomerisation and fibril formation of N-truncated AR compared to
AB1-42'%2 which was particularly demonstrated for N3pE-Ap18>1931%,

Based on in-vitro PiB binding assays of brain tissue homogenates, Klunk et al.
suggested that high affinity PiB binding sites are generally sparse on mouse A
compared to human AD AR (less than 1 compared to 500 per 1000 molecules

AB). This finding was contrasted by a study from our group*®®

employing a
similar in-vitro assay. Hereby, Manook et al. reported high affinity binding sites
on AP deposits of ARTE10 and a binding potential (BP) comparable to human
AD tissue, even exceeding human AD tissue in old homozygous ARTE10. In
our study, Tg2576 mice and ARTE10 mice show the same in-vivo PiB signal
relative to TfS plague load. Therefore it is reasonable to assume that the
findings from Manook et al. can be transferred in some extend to Tg2576, at
least to those with a relevant amount of TfS positive plaque load.

However, it is important to note that in our study, we did not investigate the
difference between TfS positive plaques in mice and TfS positive plaques in
human AD patients. It might not be true that mouse AR lacks relevant amounts
of high-affinity PiB binding sites, but this does not rule out differences of mouse
to human AR deposits. For instance, Manook et al. reported differing binding
kinetics for mouse brain tissue compared to human AD tissue in their in-vitro
binding assay. A potential molecular basis for such differences was suggested

I 197

in a study by Ye et a comparing the properties of rodent AB (endogenous

mouse A, not derived from the cleavage of the human APP transgene) and
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human AB. This study found that fibrils formed by rodent AR do not differ greatly
from those formed by human AB. However, it was previously shown that A
deposits in transgenic mice generally contain relevant amounts of endogenous
rodent AB'®® and Ye et al. demonstrated that unlike pure rodent or human AR
fibrils, AR fibrils formed by rodent-human copolymers show altered binding

properties for various A ligands including PiB.
4.2.3 Analogies of our findings to human data

In-vitro PiB binding studies on human AD tissue are ambiguous about the
selectivity of PiB to different types of AR pathology. However, in analogy to our
results, case studies of in-vivo-post-mortem correlation in AD patients suggest
that AB pathology exists that remains undetected by PiB PET imaging.

An in-vitro study on human AD tissue by Lockhart et al.**® reported that [*H]PiB
binds to all kinds of senile plaques, particularly including diffuse plaques. In
order to better emulate the in-vivo situation of tracer binding, they applied tracer
concentration relevant to imaging studies (i.e. low nM range) on fresh, frozen
brain tissues that were not pre-treated otherwise. They concluded that PiB is
primarily a non-specific marker of AR peptide related cerebral amyloidosis.
However, their autoradiographic approach provided a rather bimodal
information (labelled / not labelled) and the [°H]PiB signal was not quantified.
Their finding was contrasted by a study from lkonomovic et al.'*’. They
conducted an in-vitro study of 6-CN-PiB binding (a fluorescent analogue of PiB)
on AD tissue sections from autopsy cases. Importantly, they reported that the
plague pattern visualised with 6-CN-PiB closely resembled the one visualised
with TfS. Furthermore, 6-CN-PiB binding as well as TfS binding could be
abolished by destroying the fibrillar character of AR deposits, e.g. by treating the
tissue sections with formic acid. Furthermore 6-CN-PiB robustly labelled
compact and dense-cored plaques, while diffuse and amorphous plagues were
only weakly labelled. Interestingly, in contrast to cortical diffuse plaques with
weak 6-CN-PiB labelling, they found diffuse plaques occurring in the cerebellum

which were detected by antibody stainings, but not by 6-CN-PiB. In summary,
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Ikonomovic et al. concluded that the intensity of 6-CN-PiB labelling reflected the
density of A fibrils.

Interesting findings were reported from in-vivo PiB studies with subsequent
post-mortem histopathologic analysis™®4°143145 gq far, the literature provides
27 cases of which 10 cases were frontal cortex biopsies in patients that
underwent intra-ventricular pressure monitoring for suspected normal-pressure
hydrocephalus'®. Generally speaking, it was shown that PiB retention in
various brain regions reflects the amount of present AB plaque pathology.
However, in 4 cases (one of them in the biopsy study), a relevant amount of AR
pathology but a negative PiB scan was observed (of note, these cases met only
the criteria for possible AD by CERAD#°).

Sojkova et al. reported™**

a PiB negative case with a post-mortem analysis 2.4
years after the PiB scan. Neuropathological analysis showed moderate
numbers of neuritic plagues in the parietal and temporal lobe and sparse
numbers in the frontal lobe. However, the overall amount of immunoreactive AR
plaque load was determined to be low.

Cairns et al. reported*®

a symptomatic case (mild cognitive impairment) with a
negative PiB scan and a post-mortem neuropathological analysis 2.5 years after
the PiB PET scan. The post-mortem analysis showed foci of frequent
neocortical diffuse plaques, but more mature neuritic plaques were scarce. The
authors suggested that PiB may be unable to detect AD variants that are
characterized predominantly by diffuse AB plaques.

Leinonen et al. reported that the patients with the highest AB load (antibody
staining) in a biopsy specimen from the frontal cortex had also the highest PiB
uptake in PET imaging. However they identified one patient with diffuse AB
plagues but negative PiB scan, but the small amount of tissue derived from
biopsy specimen prevented further histological analyses.

Ikonomovic et al. reported a PiB negative case that was clinically diagnosed
with dementia with Lewy bodies (DLB) and possible AD**. They detected
cortical AR plaques on post-mortem analysis 17 months after the PiB scan.
However these plaques were infrequent, primarily diffuse and stained only

weakly with Thioflavin S. Of note, the authors concluded that PiB negativity was
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likely not the result of an unusual profile of proteolytically modified AB species,
as the plagues found in the PiB negative case showed a similar pattern of
labelling by antibodies generated against different AB subtypes including N3pE-
AB. Furthermore, Ikonomovic et al. suggested the possibility that a low ApR42 to
AB40 ratio could lead to decreased in-vivo PiB binding. Rosen et al. also
suggested that insoluble AB40 may present in high quantities without significant
PiB binding*’, although no in-vivo PiB data exists for their case. This
hypothesis is particular interesting as several in-vitro studies reported equal
binding of PiB to synthetic AB40 and AB42 fibrils'.

Further evidence that PiB does not bind to every kind of AR deposit comes from
a study by Schéll et al.’®°. They measured low PiB retention in AD patients that
carry the "arctic" APP mutation (APParc), despite the presence of AD-typical
pathologic changes such as CSF biomarkers, cerebral glucose metabolism, and
medial temporal lobe atrophy as well as severe cognitive impairment. Autopsy
studies of APParc carriers reported highly immunoreactive AB deposits that
showed a characteristic ring-like character and were weakly congophilic. Overall
the neuropathologic findings were regarded as consistent with the diagnosis of
ADZOO.

Taken together, these in-vivo-post-mortem correlation studies as well as the
results of our study indicate that in-vivo PiB PET imaging might be less
sensitive to diffuse, less fibrillar AB deposits. Furthermore, regardless of the
type of AB deposits, a threshold of AR pathology for PiB positivity probably

exists and has yet to be determined.

4.3 Voxel-based analysis of PiB data

Often, clinical AB imaging PET studies in AD relied on traditional region-of-
interest (ROI) based analysis*?*?**?%%_ This approach has been adopted for all
small animal AB imaging PET studies published so far. However, an alternative
approach is the voxel-based statistical analysis. This approach has been

204-206

evaluated for human PiB PET data and was also applied in clinical AB

PET imaging studies®®**2, In mouse models of AD, voxel-based analysis has
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213 Whereas in-

been only employed to study ex-vivo cerebral tracer retention
vivo small animal PET studies analysed on a voxel-basis employed mostly
rats®*?!’, but not yet mice. In our study, we aimed to investigate the feasibility
of a voxel-based analysis of cerebral PiB retention in our study groups. Two
main questions had to be answered in advance: the method of signal
normalisation across individuals and the need of spatial normalisation as we
included mice with different transgenic configuration and of different transgenic
background.

We chose a reference-tissue-normalisation and normalised the PiB data to the
individual mean cerebellum value acquired in the ROI-ratio-based analysis as
the cerebellum was free of AB deposits in all animals. This approach has been
used in clinical PiB studies before?’®. Extra-cranial structures seemed
unsuitable to serve as reference region because we observed unsteady tracer
retention patterns. An alternative approach would have been to normalise to the
injected activity and body weight (%ID-kg/g). However, we observed intense
hotspots at the point of tracer injection. Therefore, the amount of activity that
was trapped in the extracellular space of the tail was difficult to estimate, thus
making a normalisation to injected activity prone to error.

After comparing anatomical measures of the brains of our study groups, we
came to the conclusion that a spatial normalisation was necessary to account
for differences between brain measures of ARTE10 animals and Tg2576
animals. Interestingly, the variation between animals of the same genetic
background was minimal. It is important to note that our approach to spatially
normalise based on created brain masks was motivated through the relatively
low contrast in our MRI images, allowing manual but not automated delineation
of brain regions. High-contrast MRI images acquired with high-field small animal
MRI scanner would make this analysis step unnecessary?°.

Our results suggest that voxel-based analysis of in-vivo AR PET imaging studies
in mouse models of AD is feasible and significant voxels are indicative of A
deposits in the brain. However, our group comparison between transgenic
animals with low TfS plaque load (< 3.0%) and wildtype animals suggests that a

certain plaque load level is necessary in order to detect a significant PiB
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retention on the voxel-level. In this group, only few significant voxels were found
in the frontal parts of the neocortex. Although this is a brain region where AB
plaque deposits emerge early and generally show higher plaque load values

than other regions*"

, this finding should be interpreted with caution since these
few significant voxels extended over an area that was less than the intrinsic
spatial resolution of the small animal PET scanner.

In one aspects the findings of our in-vivo imaging analyses did not correspond
to the histopathological evaluation. The voxel-based group comparison analysis
as well as the regression analysis did not identified significant voxels in the
olfactory bulb, although we found AR plaque deposits in this region. This
discrepancy may be linked to the high unspecific tracer uptake in neighbouring
structures in both study groups. This applies especially for orbital structures
such as the Harderian glands. Unspecific tracer uptake in these structures is
also known for other tracers too and represents a common challenge in small

animal PET imaging studies of cerebral tracer uptake®?°?%?3,

Hereby, the
olfactory bulb is located between the two orbitae, separated only by a thin bone
lamination. The relatively low intrinsic spatial resolution of small animal PET
probably results in partial volume effects masking potential PiB retention in the
olfactory bulb.

Although a voxel-based analysis might contain multiple advantages over a
traditional ROI-based analysis, a voxel-based analysis introduces errors of its
own. Strict statistical thresholding and correction for multiple testing potentially
leads to false negative findings. By choosing FWE correction we decided on a
more conservative approach in analogy to an evaluation study of voxel-based
analysis of human PiB data®®. Small animal AB imaging PET studies aiming at
detecting smaller differences in signal, a more liberal approach might be
necessary. Smoothing is another potential source of error. Preprocessing of
human PET data usually includes heavy smoothing. Smoothing potentially
masks significant signals in brain structures whose size lies within the resolution

of the PET scanner®?

. We chose not to smooth the images as this would have
increased the effects of partial volume with extra-cranial structures with high

unspecific binding.
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4.4 Limitations

Most of our conclusions rely on our measurement of histological plaque load for
which some limitations have to be considered. We quantified A pathology by
calculating stained area per area of a given region of a histological section.
Although this approach is often applied in histological analysis of mouse brain

tissuel64,l7l,l74

as well as post-mortem analysis of human AD tissue™’, it is
potentially not a valid estimate of the amount of deposited AR peptide. It was
shown that the histological quantification of plaque load correlates tightly with
the amount of insoluble AB peptide’’™, but this was measured over a range of
AB plaque load of four magnitudes.

Reasons for a potential discrepancy between histological determined plaque
load and amount of AB peptide lie mainly in the bimodal nature of detection.
Acapella determines an analysed pixel either as belonging to a plaque or not. It
does not account for potential differences in density or intensity of the staining.
The potential error would be minor if the relation of highly-dense to low-dense
deposits would be relatively constant across analysed sections. However, our
conclusions rely on the difference of TfS positive plaque load across different
mouse models of AD. There is the possibility that TfS positive plaque load does
not represent the determining structure for PiB binding, but only a better
measure for the overall AB peptide deposited and that PiB binds to all kinds of
deposited AR peptide in mouse models of AD. Nevertheless, even if it turns out
that TfS plaque load is a better representative of AR peptide and does not imply
the presence of structures important for PiB binding, it seems to pose a valid
tool to assess the in-vivo PiB signal determining AB plaque pathology.

As outlined in the discussion, findings in in-vitro studies on AD tissue and a
limited number of in-vivo case studies support our conclusion. However, these
findings might not be transferable across species. Although AR deposits in
mouse models are generally thought to resemble those found in human AD
tissue, also marked differences in the composition were found*®®. For the same

reasons, the transferability of our results to a human setting might be limited.

- 69 -



4. Discussion

4.5 Is there a future for AB imaging?

It is important to put our findings into a broader context as recent research
questions more and more the importance of AB for the progression of the
disease in AD patients. While writing this thesis, a drug in which great hope was
placed, the monoclonal antibody Bapineuzumab directed against AR deposits,
was halted in development due to a missing effect on patients outcome in large
phase 3 clinical trials. Solanezumab, another promising candidate and also a
monoclonal antibody, missed the endpoints of two phase 3 clinical trials a few
weeks later. So far, no decision on the future of this drug has been made as the
data of these two phase 3 clinical trials suggests a delay in progression in a
subgroup of the enrolled patients with mild AD. However, critical voices can be
heard about the soundness of such a subgroup analysis. Importantly, both
drugs did fairly what they were designed to do: lowering the AB plaque burden
in AD patients. These failures provide further evidence for the increasing
popular hypothesis that, in order to be effective, anti-AB therapy strategies have
to be employed very early in the disease process, possibly long before
symptoms occur. Furthermore, these failures fuel doubts on the significance of
AB for the disease progression.

AB PET imaging is currently mainly employed to evaluate symptomatic patients.
Not only the focus of disease modifying drug development shifts towards early
intervention, also the potential that lies in AR imaging receives increasing
attention in this context. There is growing evidence that the cognitive normal
PiB positive individuals are indeed in the pre-symptomatic stage of AD.
However hopes for AR imaging being a powerful screening tool shouldn't get up
too soon. As suggested in this study and preliminary human data, AB imaging
might not be sensitive enough for none- or low-fibrillar diffuse deposits.
However, these diffuse deposits are regarded as an early event in the disease
process and the initial deposition of insoluble AB peptide®?®. Furthermore, the
failures in recent drug development render the possibility that by the time a level
of AB deposits is reached that is detectable by PiB imaging, AR might not be the
disease driving pathogen anymore.
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In addition, AB imaging as screening tool might get an easy-to-perform and
inexpensive competitor which is already broadly available and routinely
performed. If it turns out that it will be only necessary to screen for the presence
of AB pathology and not to localize or quantify it (which are particular strengths
of AB imaging), cerebrospinal fluid (CSF) analysis might provide enough
information to indicate a prophylactic treatment, once it is available. AB42 in the
CSF seems to decrease very early in the disease process and might be
sufficient for the identification of individuals at risk of developing symptomatic
AD. One study suggested even a moderate negative association between PiB
retention and CSF AB42 levels®*®. However, the decline in CSF AB42 is thought
to reach an early plateau and might also be rather unspecific as decreased
levels were also reported for frontotemporal dementia, vascular dementia,
Creutzfeldt-Jacob disease and dementia with Lewy bodies??”%?°. But it was
suggested that the specificity of CSF biomarkers can be increased through
subtype specification of increased tau protein®.

What does all that potentially mean for preclinical AR imaging? Arguments that
are brought forward in favour of preclinical AR imaging often include the chance
to in-vivo monitor longitudinal anti-AB therapies experiments in animal models of
AD. Additional, for AB tracer development, preclinical imaging could be an ideal
complement to the other screening tests used to identify optimal lead imaging
agents®®'. But if it turns out that A deposits are not a favourable drug target
and that AR imaging is not the first choice for an early detection of AD
pathology, the scope of future applications of preclinical AR imaging would be
limited. However, as long as AB deposits at levels detectable with A imaging
has not definitely been ticked off as still important pathogen for the progression
of early AD, one should not forget the unique advantages that AR imaging
provides compared to biochemical tests such as blood or CSF analysis.
Advantages are primarily the ability of PET imaging to allow to draw conclusions
about the quantity and spatial distribution of a traced molecular structure.
Furthermore, PiB and similarly F-18 labelled Ap tracers in development are
probably not the end of the story. A major advantage of PET imaging is the

flexibility in designing imaging agents. This offers the possibility of targeting

71 -



4. Discussion

different molecules in the same individual, e.g. non-fibrillar AR deposits or other
aspects of AD pathology. Additional, there might be advances in PET
technology improving spatial resolution and/or sensitivity of a (pre)clinical
scanner system?*??33_ For instance, this could improve the ability to identify
small brain regions with pathologic changes and thus PET imaging would be
more sensitive towards early stages of the disease. Preclinical imaging might
help to better understand the in-vivo binding characteristics of an imaging agent
and thus might provide crucial information about the chances and limits of a

given approach in humans.

4.6 Conclusion

In this study we further added evidence for the feasibility of small animal PiB
PET imaging in mouse models of AD. Our results suggest that Thioflavin S
positive AR deposits are a reliable indicator for structures relevant for specific
PiB binding as we found a quantitative relationship between measured PiB PET
signal and the amount of Thioflavin S positive AR deposits.

At least in mouse models of AD, the composition of these Thioflavin S positive
structures by different types of AR peptide seems to be of minor importance,
based on our finding that the yield of in-vivo PET signal relative to the Thioflavin
S plaque load is approximately equal across our study groups despite marked
differences in N3pE-AB plaque load. Therefore, the presence of truncated or
otherwise modified AR peptides such as N3pE-AB is not obligatory for the
formation of such structures, but might still be relevant in the sense that they
enhance the formation of those.

Our study further suggests that voxel-based analysis is a valid approach to
analyse differences in intensity and distribution of PiB binding throughout the
mouse brain, which could remain undiscovered by predefined ROI analyses. In
our study, the results of the voxel-based analysis reliably indicated brain regions
with high concentration of AB deposits. Voxel-based analyses might facilitate
preclinical studies such as tracer comparison studies, longitudinal studies, or
systematic comparisons between different mouse models of AD.
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5.1 Abbreviations

°C degrees Celsius

AD Alzheimer's disease

APP amyloid precursor protein

Aqua dest. distilled and deionised water (Millipore water)
AB amyloid-8

N1-AB not truncated amyloid-3

N3pE-AB N3-truncated pyroglutamate amyloid-f3
Bq Becquerel

DAPI 4',6-diamidino-2-phenylindole
FBP filtered back projection

FOV field of view

FWHM full width at half maximum

ID injected dose

IF immunofluorescence

MRI magnetic resonance imaging

PBS phosphate buffered saline solution
PET positron emission tomography

PiB Pittsburgh compound B

PS1 presenilin 1

ROI(s) region(s) of interest

SD standard deviation

SPM statistical parametric mapping

tg transgenic

tg/- hemizygous

tg/tg homozygous

Tl inversion time

TR repetition time

wit wildtype
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