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Zusammenfassung

Hintergrund

Obwohl die Alzheimer-Erkrankung (Alzheimer’s disease, AD) ein groRes gesundheitliches Prob-
lem fir die Bevdlkerungsgruppe ber 65 Jahren darstellt, konnten die zugrundeliegenden patho-
logischen Mechanismen noch nicht abschlie3end geklart werden und es handelt sich weiterhin
um eine unheilbare Erkrankung. In der Forschung werden Tiermodelle genutzt, um das Verstand-
nis der Hintergriinde der Erkrankung weiter voranzubringen. Im Einklang mit der Amyloid-Hypo-
these, die die Ablagerungen von Amyloid-p (AB) als priméaren Krankheitsausloser betrachtet, wer-
den Amyloid-Mausmodelle als besonders wertvoll zur Erforschung von AD angesehen. Weiterhin
bietet die Positronen-Emissions-Tomographie (PET) die einzigartige Mdglichkeit, den Erkran-
kungsverlauf longitudinal in diesen Mausmodellen zu beobachten, wobei zusétzlich auch die An-
zahl der bendétigten Tiere fir eine Studie verringert wird.

Ziel

Das Ziel dieser Doktorarbeit ist es, neue Erkenntnisse zu dem Verlauf der neuropathologischen
Kennzeichen von AD zu liefern. Dabei liegt der Fokus auf der mittels PET gemessenen AB-Ak-
kumulation, der Neuroinflammation und der Synapsendichte in zwei Amyloid-Mausmodellen. So-
mit konnte gezeigt werden, wie sich Merkmale der AD typischen Pathologie mittels der nicht-
invasiven PET-Bildgebung durch verschiedene Radiotracer darstellen und im longitudinalen Ver-
lauf Uber sechs Monate in den APPSL70 und tber 15 Monate im APPSA4 Mausmaodell verfolgen
lassen kdnnen.

Material und Methoden
Erste Publikation

APPSL70 und C57BIl/6 Mause erhielten longitudinale PET-Scans Uber einen Zeitraum von sechs
Monaten zur Messung der AB-Akkumulation, Synapsendichte und Neuroinflammation. Mittels
statistical parametric mapping (SPM) wurden Gruppenunterschiede in der dreidimensionalen Tra-
cerverteilung gemessen. Ahnlichkeiten zwischen diesen Verteilungen wurden mit dem Dice-Ko-
effizienten berechnet. Die Ergebnisse der PET-Studie wurden durch immunhistochemische Far-
bungen validiert.

Zweite Publikation

Zur Charakterisierung des neuartigen Amyloid-Mausmodells, welches die Schwedische, Arkti-
sche und Osterreichische Mutation tragt, wurde mittels biochemischer und immunhistochemi-
scher Methoden, PET-Bildgebung und weiterer bildgebender Verfahren, sowie Verhaltenstests
die AB-Akkumulation, Neurodegeneration und Neuroinflammation bis zum Alter von 23 Monaten
gemessen.

Ergebnisse
Erste Publikation

Der Hypothalamus wurde als passende Referenzregion fur alle vier Tracer identifiziert. Wir fan-
den einen Anstieg der Expressionslevel des synaptisches Vesikelproteins 2A (SV2A), der zeitlich
und drtlich mit einem parallelen Anstieg der Amyloidose im APPSL70 Mausmodell verbunden
war. Weiterhin war dieser Prozess mit einem Anstieg der Mikrogliaaktivierung verbunden. SPM
Bilder aller drei Tracer wiesen eine hohe Ahnlichkeit der Bindungsmuster auf, was ein Dice-Ko-
effizient von 53 % bzw. 58 % nochmals unterstreicht. Im Gegensatz dazu war eine Reaktivitat der
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Astrozyten nicht an die SV2A Expression gekoppelt. Immunhistochemische Farbungen validier-
ten die PET-Ergebnisse.

Zweite Publikation

Wir haben ein neues App knock-in Mausmodell (APPSA%) etabliert und charakterisiert. Wahrend
die Expressionslevel des Amyloid-Precursor-Proteins (APP) nicht verandert waren, war das AB1-
42/1-40 Verhéltnis erhoht, was zu einer Amyloid-Plaque Ablagerung ab einem Alter von vier Mo-
naten fihrte. Zusatzlich wurden Anzeichen von Neurodegeneration in Form von dystrophischen
Neuriten und einem erhéhten Spiegel von neurofilament light chain (NfL) im Liquor gefunden.
Weiterhin konnte man mittels PET-Bildgebung eine ausgedehnte Inflammation und einen erhéh-
ten Glukosemetabolismus in den APPSA4 Mausen feststellen. In den Verhaltenstest wurde ein
hyperaktiver Phanotyp festgestellt.

Schlussfolgerung

Mausmodelle sind ein wichtiges Werkzeug, um die pathologischen Veranderungen von neurode-
generativen Erkrankungen zu untersuchen. Hierfiir kann das neue APPSA* Mausmodell neue Ein-
blicke gewahren, wahrend damit Artefakte, die einer tiberméaRigen Expression des APPs geschul-
det sind, vermieden werden. Zusétzlich ist die PET-Bildgebung von Neuroinflammation, AR Ak-
kumulation und Synapsendichte eine nitzliche Methode, um die Verbindung von verschiedenen
pathologischen Veranderungen zu verstehen. So argumentieren wir, dass der Anstieg der SV2A
Expressionslevel im APPSL70 Mausmodell wahrscheinlich ein kompensatorischer Mechanismus
in Reaktion auf die Proteinakkumulation ist. Unsere Ergebnisse erganzen die bisherigen For-
schungsergebnisse, die einen Glukose-Hypermetabolismus in verschiedenen Amyloid-Mausmo-
dellen, unter anderem dem APPSAA Mausmodell, gezeigt haben. Statt diesen lediglich einer er-
hohten Immunantwort zuzuschreiben, vermuten wir aufgrund des SV2A-Anstiegs einen Zusam-
menhang des Hypermetabolismus mit einer Hyperexzitabilitat von neuronalen Zellen in den Frih-
stadien von AD.

Zusammenfassend lasst sich sagen, dass bei der Untersuchung der pathologischen Veranderun-
gen bei AD und der Behandlung der Erkrankung mit geeigneter Therapie noch vor dem Einsetzen
von irreversibler Neurodegeneration, die Forschung an Mausmodellen wie dem APPSA* Maus-
modell und passenden Techniken wie der PET-Bildgebung ein Schllisselelement darstellt.



Abstract XVI

Abstract

Background

Although Alzheimer’s disease (AD) is a major health problem especially in the elderly population,
the exact pathological mechanisms could not be unraveled yet and we are still lacking a cure.
Research uses animal models to enhance the understanding of the underlying pathology of AD.
In line with the amyloid cascade hypothesis that assumes the aggregation of amyloid- (AB) as
primary cause for the disease, mouse models of amyloidosis are especially valuable for this pur-
pose. In addition, the use of positron emission tomography (PET) provides the unique opportunity
to longitudinally monitor the disease progression in these models, thereby also reducing the num-
ber of animals needed in one study.

Aim

The aim of this thesis is to provide novel insights into the trajectories of neuropathological hall-
marks of AD, focusing on AB deposition, neuroinflammation, and synaptic density, by evaluating
the results of longitudinal PET imaging in two amyloidosis mouse models. Thus, it could be shown
how the pathological hallmarks of AD can be visualized and longitudinally followed for six months

in the APPSL70 and 15 months in the APPSA4 mouse model with non-invasive PET imaging using
different radiotracers.

Materials and Methods
First publication

APPSL70 and C57BI/6 mice underwent longitudinal PET imaging over a period of six months for
AR accumulation, synaptic density, and neuroinflammation. Statistical parametric mapping (SPM)
was used to assess group level differences between the three-dimensional distribution of the
tracers. Similarity of these distribution patterns were assessed with the dice coefficient. The re-
sults from the PET study were validated with immunohistochemical stainings.

Second publication

The characterization of the novel amyloidosis mouse model harboring the Swedish, Arctic, and
Austrian mutation was achieved with different biochemical, immunohistochemical, PET imaging,
and other imaging techniques, as well as behavioral tests, to assess AB accumulation, neuro-
degeneration, and neuroinflammation up to an age of 23 months.

Results
First publication

We identified the hypothalamus as suitable reference region for all four tracers. Furthermore, we
saw a spatially and temporally connected rise in the synaptic vesicle protein 2A (SV2A) expres-
sion levels and amyloidosis in the APPSL70 mouse model. This progress was accompanied by a
similar rise in microglial activation and all three tracers showed a similar spatio-temporal agree-
ment in SPM images, as shown with a Dice coefficient of 53 % and 58 %, respectively. In contrast,
astrocytic reactivity was unrelated to SV2A expression levels. Immunohistochemical stainings
confirmed the observed PET results.

Second publication

We established and characterized a novel App knock-in mouse model (APPSA4). It was shown
that while the expression of the amyloid precursor protein (APP) was not changed, the
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AB1-42/1-40 ratio was increased, leading to amyloid plague deposition starting from four months
of age. In addition, characteristic features of neurodegeneration, namely dystrophic neurites and
increased neurofilament light chain (NfL) cerebrospinal fluid (CSF) levels, were found. Moreover,
PET measurements revealed a widespread inflammation and an increased glucose metabolism
in the APPSAA mice. In the behavior tests, the mice presented a hyperactive phenotype.

Conclusion

Mouse models are an important tool to investigate the pathological changes of neurodegenerative
diseases. Therefore, the new APPSA4 mouse model can provide novel insights, thereby avoiding
potential artefacts introduced by an APP overexpression. In addition, PET imaging of neuroin-
flammation, Ap accumulation, as well as synaptic density is a useful tool to understand the con-
nection between several pathological changes. Likewise, we argue that the increase in SV2A
expression levels in the APPSL70 mouse model is likely a compensatory mechanism reacting on
the protein accumulation. Our findings add to the observed glucose hypermetabolism in previous
preclinical studies with amyloidosis mouse models, including the APPSA* mice, ascribing this phe-
nomenon not only to an increased inflammatory response but also in the light of a rise in SV2A
expression levels proposing a connection with measured hyperexcitability of neuronal cells in the
early stages of AD.

Concluding, to further explore the pathological features of AD and to prevent the disease by ap-
propriate treatment before the onset of irreversible neurodegeneration, the research on animal
models like the APPSAA with suitable techniques like PET imaging poses a key element.
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1. Contributions to Publications

1.1 Contribution to the First Publication

For the first publication, | was executing all experiments mentioned in the study and | performed
all data analysis. In addition, | was responsible for caring for the animals, including daily check-
ups as well as the mandatory scoring twice a week.

For the experiments, | was involved in planning all PET scans with [*8FJUCB-H, ['8F]FBB, [*®F]GE-
180, and ['8F]F-DED. In addition, for each PET scan, the animals needed to be prepared for the
imaging procedure, which included appropriate anesthesia with isoflurane and the insertion of a
catheter into the tail vein. For [*®F]FBB, ['8F]GE-180, and [*®F]F-DED, the tracer was injected and
imaging was conducted at the Mediso nanoScan PET/CT at tracer-specific time points after suf-
ficient tracer uptake to the brain. For [18FJUCB-H, tracer injection occurred when imaging was
started to uncover the uptake kinetics of this tracer. Afterwards, | reconstructed the scans with
specified parameters and | analyzed the resulting images using PMOD (version 3.5, PMOD Tech-
nologies, Zurich, Switzerland). Therefore, they were spatially normalized by matching the com-
puter tomography (CT) to a previously designed template. Continuing spatial differences were
accounted for by co-registering each PET scan to the average image of the first time point of each
tracer that was created purely for this study. To normalize for variability in the images, different
normalization methods were compared against each other. For all tracers, | identified the hypo-
thalamus as a suitable reference region with no statistically significant differences across geno-
types. Thus, all data was normalized to the hypothalamus. In addition, volume of distribution (V)
images were created for [18FJUCB-H with a self-defined volume of interest (VOI), namely a 2.5
mm sphere in the heart, to assess the image derived input function (IDIF). After normalization, |
chose the cortical, hippocampal, and thalamic VOI of the Mirrione Atlas as target regions as these
are brain regions patrticularly affected by AD.

In addition, SPM (SPM12, 2016) was performed in Matlab (MATLAB, 2016) to unravel group
differences between C57BI/6 and APPSL70 mice in the distribution of the tracers. To assess the
similarity between tracers, | calculated the dice coefficient using a publicly available Matlab script
(https://github.com/rordenlab/spmScripts/blob/master/nii_dice.m) for the SPM images of all trac-
ers in comparison to the SPM image of [18FJUCB-H.

After the last PET scan, mice were perfused and one hemisphere of the brain was harvested for
immunohistochemistry. Therefore, the tissue was prepared accordingly by fixation in 4 % para-
formaldehyde (PFA) and the brain was cut in 50 um slices.

Furthermore, | established an immunohistochemical staining with markers for neurons (NeuN),
AB (NAB228), and synapses (SV2A). After determination of the most suitable antibodies, imaging
was conducted on the THUNDER Imager Tissue (Leica Microsystems CMS GmbH, Wetzlar, Ger-
many) with a x63 oil objective by acquiring z-stacks of 10 um. | was responsible for establishing
the equipment and procedures of the microscopic analysis. The respective immunohistochemical
images were prepared for analysis by creating a maximum projection of the z-stacks. The analysis
was carried out with ImageJ (Schindelin et al., 2012). While the parameters were defined manu-
ally, the process of analysis was accelerated by a self-written script.

All data, PET as well as immunohistochemistry, were statistically assessed using GraphPad
Prism (version 9.5.1 for Windows, GraphPad Software, San Diego, CA, USA). The data was in-
terpreted and put in context with the previous research. Afterwards, | was compiling the results
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by writing the original draft of the manuscript, reviewing and editing the manuscript before publi-
cation, and | created a graphical abstract to display the research.

1.2 Contribution to the Second Publication

In the scope of the second publication, | participated in the PET imaging study. Therefore, | was
involved in planning the scans in accordance with the radiochemistry and the availability of the
Mediso nanoScan PET/MR 3T. Then, the animals were prepared for the imaging, which included
fasting before the [*®F]FDG-PET scans as well as insertion of a catheter to the tail vein of the
mice under anesthesia with isoflurane.

It was of particular importance to adjust the anesthesia to the model to reduce the mortality of the
mice. For that purpose, | designed a new anesthesia chamber, facilitating the preparation of the
animals before the PET scans.

Furthermore, we injected the respective radioactive tracer, namely [8F]GE-180 for translocator
protein (TSPO) imaging of activated microglia and [*8F]FDG for imaging of the glucose metabo-
lism. The PET scans were performed at tracer-specific time points, yielding an optimized uptake
of the tracer to the brain. Afterwards, the images were reconstructed with suitable parameters
and analyzed using PMOD (version 3.5, PMOD Technologies, Zurich, Switzerland).

Moreover, | took part in the data analysis. Therefore, the reconstructed images were spatially
normalized to a standardized PET template specific to each tracer. | furthermore participated in
critically reviewing the scans to uncover any methodological or technical difficulties and to ensure
data integrity. After testing multiple normalization approaches of the three-dimensional distribution
of the tracers to account for differences in the injected activity and the weight of the mice, we
decided on calculating a standardized uptake value (SUV) for the [18F]FDG-PET data and the
previously described myocardial correction for the [18F]GE-180-PET data. A cortical VOI was used
to assess the differences in the mouse models in a region that is particularly affected by changes
in amyloidosis mouse models.

The results were then statistically quantified and interpreted regarding the results of the other
techniques, which resulted in a comprehensive figure and the description of the results in the final
paper.
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2. Introduction

2.1 Alzheimer’s Disease

AD is among the leading causes of death (Alzheimer’s Association, 2024) accounting for 84 446
deaths in the European Union in 2021 (Eurostat, 2025). It is by far the form of dementia most
people (60-80 %) are suffering from (Alzheimer’s Association, 2024; Forstl et al., 2020) and it is
estimated that approximately 416 million people above the age of 50 show signs of AD, most of
them being in the asymptomatic, preclinical phase, while, roughly estimated, 32 million people
worldwide are demented AD patients (Gustavsson et al., 2023). With the number of people newly
diagnosed for dementia likely to double by 2050 (Alzheimer’s Association, 2024), AD poses a
major health-care problem that will worsen with the demographic change in the population, as
age is the major risk factor for AD (Alzheimer’s Association, 2024; Forstl et al., 2020). In Germany,
hospitalizations due to AD rose by nearly 61 % from 2003 to 2022, while deaths due to AD were
doubling within the same time (Statistisches Bundesamt (Destatis), 2024). Thus, AD and related
dementias pose a monetary burden together with social and psychological implications for pa-
tients and caregivers (Alzheimer’s Association, 2024; Statistisches Bundesamt (Destatis), 2025).

Clinical symptoms of AD are diverse, depending on the area of the brain being mostly affected,
but usually consist of memory impairments, including the inability to recognize loved ones, dis-
turbances in language skills and orientation, personality changes and mood swings, and losing
control over bodily functions such as bladder control (Foérstl et al., 2020). While there are symp-
tomatic treatment options available, only two drugs are currently targeting the underlying pathol-
ogy of the disease (see section 2.1.4.) that is known to start decades before the clinical onset of
AD (Jack Jr. et al., 2024; Khan & Graff-Radford, 2017; Rabinovici et al., 2025; Sperling et al.,
2011). Before symptoms become apparent, patients are in the so-called preclinical phase, where
biomarkers for AD are already building up and can be detected by PET measurements or blood
and CSF tests (see section 2.1.3.), but do not have an impact on the patient’s daily life. When
first subtle symptoms are arising, patients transition into mild cognitive impairment (MCI), how-
ever, this does not interfere with daily activities. For an estimated one-third, symptoms worsen
within the next five years and they can be diagnosed with dementia due to AD that is progressively
worsening and divided into a mild, moderate, and severe AD (Alzheimer’s Association, 2024).

2.1.1 Molecular Background of Alzheimer’s Disease

Already at the beginning of the 20" century, Alois Alzheimer described the main hallmarks of
Alzheimer’s disease, namely neurodegeneration, extra- and intracellular protein aggregation, and
neuroinflammation (Alzheimer, 1911). While at that time, the origin of these hallmarks could not
be clarified yet (Alzheimer, 1911), a large amount of research was conducted to define the patho-
logical background of AD.

The most striking hallmark of AD is the disturbance of neurons and synapses, ultimately leading
to synaptic and neuronal loss and consequently brain atrophy. This degeneration is accountable
for the continuously worsening cognitive ability of the patients, ultimately being fatal for the af-
fected (Davies et al., 1987; Lichtenthaler, 2017; Tai et al., 2021; Terry et al., 1991; Wolfe, 2021).
Before neurodegeneration sets in, the hampered neuronal signaling manifests in a state of hy-
perexcitability that might lead to increased epileptic seizures patients are experiencing in the early
stages of the disease (Busche et al., 2008; Mao et al., 2024; Vossel et al., 2013).
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Figure 1 Processing of APP by B- and y-secretase resulting ultimately in A
fragments with longer fragments tending to aggregate to AR plaques compris-
ing a major hallmark of AD. APP = amyloid precursor protein, SABPP = soluble
amyloid-B precursor protein, C99 = C-terminal fragment 99, AICD = Amyloid EXtracellularly, polymers of the
Intracellular Domain, AB = Amyloid-$ APP, namely AR peptides, are

accumulating to A plaques (Cohen et al., 2019). APP is a ubiquitously expressed membrane-
spanning protein that can be processed in different ways. Relevant for AD is the processing by
the enzymes B-secretase and y-secretase (Figure 1). Processing of APP by the former gives rise
to the membrane-bound fragment C99. This protein is further cut by the y-secretase into frag-
ments of different lengths, with more cuts leading to shorter fragments, which are then released
into the extracellular space (Haapasalo & Kovacs, 2011; Voytyuk et al., 2018). Longer fragments,
namely AB1-42 and AB1-43, are more prone to aggregate into the characteristic AR plaques
(Haapasalo & Kovacs, 2011; Voytyuk et al., 2018). The plaques might then impede the neuronal
communication, ultimately leading to neuronal damage (Busche et al., 2008).

Alzheimer’s disease further includes inflammatory processes in the brain with activated microglia
and reactive astrocytes (Ballweg et al., 2023; Peretti et al., 2024; Sebastian Monasor et al., 2020;
Tai et al., 2021). It is controversial, however, if the immune response is a rather positive process,
removing the protein accumulation to protect the neuronal tissue (Bolés et al., 2016; Ewers et al.,
2020), or has mainly negative effects (Fakhoury, 2018; Wolf et al., 2017). Especially astrocytes
are involved in a wide variety of functions, including being involved in the neuronal metabolism,
forming the blood-brain barrier, inflammation and protein degradation, and neuronal signaling by
their participation in especially excitatory neurotransmission (Carter et al., 2019). In that regard,
chronic inflammation by microglia and astrocytes might be destructive and could lead to scar
formation, impaired neuronal signaling, and metabolic dysfunctions, both adding and accelerating
the neurodegenerative processes (Acioglu et al., 2021; Eckenweber et al., 2020; Hickman et al.,
2008; Olsen et al., 2017; Peretti et al., 2024).

While the major risk factor for Alzheimer’s disease is old age, there are also rare cases of familiar
AD, where genetic predispositions are autosomal dominantly passed onto the offspring. Familiar
AD is accountable for less than 1 % of AD cases and a result of mutations in either the APP gene
or genes encoding for two parts of the y-secretase enzyme, namely presenilin 1 (PSEN1) and
presenilin 2 (PSEN2) (Alzheimer’s Association, 2024; Forstl et al., 2020; Yokoyama et al., 2022).
A more common genetic risk factor is the expression of apolipoprotein E ¢4 (APOE4), which is
involved in the lipid transport, especially interacting with very low density lipoproteins (VLDLS). Its
exact role in AD through e.g. blood-brain-barrier disruption, protein aggregation, as well as effects
on neuronal signaling is intensely discussed (Forstl et al., 2020; Gustavsson et al., 2023; Huang
& Mahley, 2014). It increased the risk to experiencing dementia by 80 years of age from being 5-
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7 % for non-carriers of the €4 isoform to 31-40 % for people carrying two copies of this isoform
(Chatterjee et al., 2023; Qian et al., 2017).

2.1.2 Animal Models for Alzheimer’s Disease Pathology

As mice naturally do not develop AD, numerous animal models are genetically modified to enable
the characteristic tau or A accumulation, thereby relying on the genetic predispositions that make
a person susceptible to develop the disease (Tai et al., 2021). Following the amyloid cascade
hypothesis claiming that the pathological aggregation of AR fragments is the primary cause of AD
(Hardy & Higgins, 1992), the majority of research models is concerned with alterations of APP
and its processing enzymes, - and y-secretase. An insertion of a specific gene can be achieved
by making use of homologous recombination, a mechanism responsible for repairing DNA breaks
as well as leading to a higher genetic variance by exchanging maternal and paternal chromoso-
mal information during meiosis, thus leading to new unique genetic combinations (Alberts et al.,
2022a). Examples of amyloidosis mouse models harboring genetic APP mutations would be the
APPSL70 mouse model used in the first publication and the APPSA4 mouse model used in the
second publication. The former is harboring the Swedish and London mutation, both increasing
the production of AB fragments (Eckman et al., 1997; Goate et al., 1991; Mullan et al., 1992;
Yokoyama et al., 2022). The latter is harboring the Swedish, Arctic, and Austrian mutation (Xia et
al., 2022), leading to an increased production of AR fragments and a higher tendency for these
fragments to aggregate (Kumar-Singh et al., 2000; Mullan et al., 1992; Nilsberth et al., 2001;
Yokoyama et al., 2022). These mutations lead to a measurable AB deposition at four months of
age for the APPSA* and congophilic plaques in five to six months old APPSL70 mice, together
with other hallmarks of AD like neuroinflammation (Blume et al., 2018; Xia et al., 2022). While
animal models cannot fully reflect the human pathology, they can nonetheless provide valuable
insights into the mechanisms behind AD pathobiology, further enhancing our understanding of
the disease (Tai et al., 2021; Yokoyama et al., 2022).

2.1.3 Diagnosis of Alzheimer’s Disease

AD used to be mainly diagnosed by assessing the clinical symptoms, namely memory dysfunction
and behavioral changes (Dubois et al., 2023; Forstl et al., 2020). However, defining the disease
based on clinical criteria alone has proven to be insufficient (Beach et al., 2012). Recently, the
National Institute on Aging and the Alzheimer’s Association suggested a more biologically driven
diagnosis based on pathological changes rather than their symptomatic expression (Jack Jr. et
al., 2024). Thus, blood- and CSF-based biomarkers as well as PET imaging play an important
role in the identification of AD patients. Thereby, amyloid PET is considered sufficient alone to
diagnose a patient with Alzheimer’s disease (Jack Jr. et al., 2024). The Alzheimer’s Association
together with the Society of Nuclear Medicine and Molecular Imaging has released guidelines
helping physicians to decide on whether an amyloid or tau PET scan is appropriate. Likewise,
they mention cases where the diagnosis supported by PET can have an influence on patient
treatment, making it a crucial addition to the diagnostic procedure (Rabinovici et al., 2025).

Blood- and CSF-based biomarkers include abnormal levels of AB1-42 or a change in AB1-42/1-40
ratio, phosphorylated tau species, as well as markers of neuroinflammation like glial fibrillary
acidic protein (GFAP), and neuronal death like NfL (Chatterjee et al., 2023; Dubois et al., 2023;
Jack Jr. et al., 2024). Yet, there are limitations to the use of biomarkers as diagnostic tools for
AD. Thus, a positive AD related biomarker should be interpreted in the scope of the patient’s
individual features. For example, at 65 years of age, around one fifth of the people with unimpaired
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cognition were observed to have a positive amyloid PET scan and amyloid abnormalities in the
CSF, which are values only slightly lower compared to people with subjective cognitive decline.
These values increased to approximately half of the cognitively normal individuals showing an
amyloid positivity in PET and CSF at 85 years of age (Jansen et al., 2022). Accordingly, diagnosis
should be performed considering both, neuropathological biomarkers as well as the clinical
presentation (Jack Jr. et al., 2024). Thus, although blood-based biomarkers would provide a cost-
efficient and little invasive measure of AD diagnosis and progression, an approval for clinical use
is still lacking (Rabinovici et al., 2025).

2.1.4 Current Treatment of Alzheimer’s Disease

Treatment of AD includes regulation of the neuronal signaling by cholinesterase inhibitors and
medication regulating glutamatergic transmission, and psychotherapeutic approaches as well as
antidepressants for behavioral changes (Forstl et al., 2020; Yiannopoulou & Papageorgiou,
2020). In 2021, the anti-amyloid antibody aducanumab (Budd Haeberlein et al., 2022) was ap-
proved by the FDA in a controversially discussed expedited procedure, providing a first disease-
modifying treatment. Recently, another anti-amyloid antibody, lecanemab, showed promising re-
sults in slowing the rate of cognitive decline (van Dyck et al., 2023). It was approved by the FDA
in 2023 and by the European Commission in April 2025. Further ongoing research includes mod-
ulating of the y-secretase, inducing neurotrophic factors, and immunomodulation (Fakhoury,
2018; Heneka et al., 2005; Nasrolahi et al., 2022; Ratni et al., 2020; Yiannopoulou & Papageor-
giou, 2020).

2.2 Obijective of this Thesis

The objective of this thesis is to evaluate different pathological hallmarks of AD in two amyloidosis
mouse models, namely the newly characterized APPSA* and the already described APPSL70
mouse model, providing novel insights into the pathobiology of AD. To this end, it is shown that
biomarkers of neurodegenerative diseases, as displayed in mouse models of AD, can be meas-
ured longitudinally with PET imaging (Figure 2).
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First Publication: PET Study on Early AD Model
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Figure 2 Objective of the Thesis: Examination of AR plaque deposition, neurodegeneration, and neuroinflammation in two
amyloidosis mouse models. The first publication is a longitudinal PET study on APPSL70 mice, a mouse model with
limited neurodegeneration. Validation of PET results was performed with immunohistochemical stainings. The second
publication is concerned with the characterization of the APPS** mouse model using longitudinal PET imaging as well as
biochemical techniques, immunohistochemical stainings, and behavioral tests.
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3. Methods

3.1 Positron Emission Tomography

Atoms consist of a nucleus made of protons and neutrons, which is surrounded by electrons.
Attractive and repulsive forces between the protons and neutrons in the nucleus are balancing
the nucleus of the atom. Thus, an excessive amount of protons or neutrons results in instability
of the nucleus. As all atoms strive to obtain a stable state, this instability leads to some form of
radioactive decay. If there is an excessive amount of protons within the nucleus, this radioactive
decay occurs in the form of B*-decay that can be captured by PET imaging. Thereby, the exces-
sive proton is ejecting a positron with a certain energy to convert into a neutron. After losing its
remaining energy, the positron interacts with a nearby electron in a reaction named annihilation.
In this process, the masses of the two particles are converted into two 511 keV photons that are
emitted at an angle of 180° from each other. The number of such decays per second is described
by the activity that is measured in Becquerel (Bq) (Bailey et al., 2014; Cherry & Dahlbom, 2006).

N 1 decay
Activity [A] = 1Bq = 1 second

A common example for a radioisotope decaying in the described fashion is 18F. Its physical half-
life, thus the time to reduce its activity to half of its initial value, is dependent on the radionuclide
specific decay constant A and is 109.8 minutes for 18F (Bailey et al., 2014; Zhang et al., 2025).
The decay of a radionuclide at a specific time point t can be calculated with the following formula
(Bailey et al., 2014):

Alt) = A, - et

However, in an organism, the activity concentration over time is also affected by the metabolism
and excretion of the molecule labeled with the radioisotope, which is described by the biological
half-life. Combining the physical and biological half-life is termed effective half-life (Bailey et al.,
2014).
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Figure 3 Schematic structure of a PET detector and the conversion of a high-energy photon into an electrical signal. Based
on Bailey et al. (2014).

The high-energy photons resulting from the annihilation can be measured with a suitable detector
(Figure 3). Such a detector consists of a scintillator material, where the energy of the high-energy
photons is converted to visible light. This light is then guided to a photon detector, most often a
photomultiplier tube. Inside, the photons first hit a photocathode, where they cause the emission
of electrons. These electrons are then multiplied and accelerated by passing several dynodes,
which results in a reinforced electrical signal. Thereby, the electrical signal is proportional to the
deposited energy of the photons. In a common PET system, multiple photomultiplier tubes are
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annihilation. Using this coincidence detection method, the line of response where the annihilation
event was taking place, can be directly determined (Figure 4) (Bailey et al., 2014; Cherry &
Dahlbom, 2006).

Figure 4 PET detector ring during an annihilation event. Detectors that are count-
ing the annihilation event are highlighted in orange. Background in form of scat-
tered coincidence (red) and random coincidences (blue).

The detection of the radioactive decay is disturbed by the background. Firstly, this includes scat-
tered coincidences, where one or both of the 511 keV photons are deviating from their original
path due to the interaction with the surrounding matter (Figure 4). Secondly, random coinci-
dences can occur when two annihilation photons that stem from unrelated events, happen to hit
a detector at the same time, thus creating an actually meaningless line of response (Figure 4).
Thirdly, the assignment of the line of response can be hampered when multiple coincidences
happen at the same time and different lines of response could be assigned to the respective
annihilation photons. These events are subtracted from the total number of coincidences (Bailey
et al., 2014; Cherry & Dahlbom, 2006).

The resolution and sensitivity of the PET system is further compromised by the detector response
and dead time, as well as the positron range, thus the distance the positron can travel within the
tissue before the annihilation event occurs. The latter is dependent on the radioisotope as well as
on the tissue density (Bailey et al., 2014; Cherry & Dahlbom, 2006; Sanchez-Crespo et al., 2004).

All of these factors need to be taken into account when reconstructing an image out of the PET
data as well as performing PET data analysis. One simple reconstruction method of imaging data
includes the filtered backprojection (FBP), where the measured counts are simply distributed
equally along the line of response (LOR) and filtered. A more flexible reconstruction method are
iterative reconstructions. Thereby, a starting image is refined in multiple rounds, each time apply-
ing parameters that are accounting for image degrading effects as well as sharpening or smooth-
ing filters that are ultimately leading to the readily reconstructed image (Bailey et al., 2014; Qi &
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Leahy, 2006). For both, the Mediso nanoPET/CT and the Mediso nanoPET/MR 3T, the images
were reconstructed in four iterations with a voxel size of 0.4 mm applying random, attenuation,
and scatter correction, while omitting the positron range, which is, depending on the tissue,
0.2-0.8 mm in the case of 18F (Sanchez-Crespo, 2013). To accelerate the reconstruction, the data
was divided in six subsets. These reconstruction parameters were the same, irrespective if the
PET scan was performed statically or dynamically.

Such reconstructed images were spatially normalized to a CT template for the Mediso
nanoScanPET/CT scans and a PET template for the respective tracer for the Mediso
nanoScanPET/MR 3T. Afterwards, the data was normalized to differences in injected activity and
interindividual differences of the animals. Therefore, one of the four following methods was
applied:

[18F]FBB, ['8F]JUCB-H, [*®F]GE-180, and ['8F]F-DED PET data in the first publication were
corrected by calculating a standardized uptake value ratio (SUVr). Thus, a reference region that
does not display any changes due to the underlying genotype of the animals was defined. The
activity concentration of the target regions is then divided by the activity concentration of the
reference region to account for interindividual differences like the injected activity and the
distribution of the tracer within the body, and unspecific binding (Rabinovici et al., 2025).
Therefore, each VOI activity concentration was divided by the activity concentration of the
hypothalamus, a region that proved suitable as uniform reference for all four tracers.

As ['8FJUCB-H PET data in the first publication was acquired dynamically, meaning the injection
of the activity occurred simultaneously with the start of the acquisition, capturing the tracer
dynamics. Hence, the [18F]JUCB-H PET data was also corrected with an IDIF, using the blood
activity levels as measured from the image to define the bound tracer activity in comparison to
the unbound activity in the blood (van der Weijden et al., 2023). Therefore, a VOI is placed either
in the carotid artery or, as in the first publication, in the heart to define the blood input curve. The
Vr image is then calculated in PMOD using the implemented method of Logan et al. (1990).

For the ['8F]FDG PET data in the second publication, an SUV (Bailey et al., 2014; Mix, 2018;
Pike, 2009) was calculated with the formula

SUV = VOI activity concentration value - body weight of the animal

injected activity

Lastly, the [*8F]GE-180 PET data in the second publication was corrected for myocardial tracer
uptake by subtracting a specifically calculated factor from the activity of the VOI. The myocardial
correction factor is calculated with the formula

myocardial correction factor

activity concentration in the heart — 844.2 kL@
= - ). 44.578

273.6 KB4
cm

injected activity — 14.30 MBq
+ ( ) +9.79
1.60 MBq
+ (body weight of the animal — 254 g
379

) (=2.4)

To obtain this formula, Deussing et al. (2018) identified the activity concentration in the heart, the
injected activity, and the body weight of the animal as the factors with the highest influence on
the cerebral TSPO uptake. For each factor, the specific value of the animal is transformed into a
standardized z-score that is relying on the population of animals that were assessed by Deussing



3 Methods 11

et al. (2018) and then multiplied by a therein defined regression coefficient, accounting for the
respective strength of the factor’s influence on the cerebral TSPO activity concentration.

3.2 Radiotracers

Radiotracers (or radiopharmaceuticals) are substances that are labelled with a radioactive isotope
and that can visualize pathological and physiological changes within an organism (Schlegel et al.,
2018).

3.2.1 ['8F]FDG

Glucose is taken up by every cell to retrieve energy necessary for the specific functions of the
cell. Disturbances in the energy metabolism can be a feature of several diseases, thus making
the glucose consumption visible can provide important information about the metabolic status of
different tissues. To obtain an in vivo read-out of the energy metabolism, an analog to glucose (2-
desoxy-D-glucose) was utilized, obtaining a change in structure that, while allowing it to be taken
up by cells in competition with glucose, blocks its further processing and trapping it within the cell.
An additional radioactive labelling then made it feasible for autoradiography and PET imaging
(Ferris et al., 1980; Sokoloff et al., 1977). Still until now, the most commonly used radiotracer is
the fluorine-18 labelled variant of this analog (2-['8F]deoxy-2-fluoro-D-glucose or [*8F]fluordeoxy-
glucose), which is used for a wide variety of pathologies including cancer, neurodegenerative
disorders, and cardiac pathologies (Brendel et al., 2016; Ferris et al., 1980; Oh et al., 2016; Xia
et al., 2022; Zhang et al., 2025). In neurodegenerative disorders, it has the capability to disclose
the energy consumption of the brain, believed to be a read-out of early hyperexcitability or neu-
ronal compensation by revealing a hypermetabolism (Bakhtiari et al., 2024; Benzinger et al., 2013;
Oh et al., 2016) and later cognitive decline and thus neurodegeneration and hypometabolism
(Forster et al., 2012; Landau et al., 2011). However, as approximately only half of the brain is
composed of neurons while glia cells compose the other half (Bear et al., 2016a), it is reasonable
that the [*8F]FDG PET signal is rather a combination of neuronal and glial glucose consumption,
thus not reflecting solely the neuronal metabolism but also being influenced by e.g. inflammatory
processes (Bartos et al., 2024; Carter et al., 2019; Gnorich et al., 2023; Ruch et al., 2024; Xiang
et al., 2021). Thus, while [8F]FDG is a widely used radiotracer, other tracers might give a more
specific view on certain pathological processes by binding to targets that are directly involved in
the desired read-out rather than assessing the secondary metabolic disturbances associated with
pathological changes (Zhang et al., 2025).

3.2.2 [18FJUCB-H

Given the rather unspecific information on neuronal integrity provided by [*F]FDG, SV2A, being
located in presynaptic vesicles and abundantly expressed in all areas of the brain, is an ideal
candidate for assessing the synaptic density (Bajjalieh et al., 1994; Mendoza-Torreblanca et al.,
2013). Consequently, several compounds deriving from the anti-epileptic drug levetiracetam were
developed that bind with nanomolar affinity to SV2A (Mercier et al., 2014). Chen et al. (2018) then
showed the effectiveness of a novel radiotracer, namely [*1C]-UCB-J, in a first in-human study.
The tracer binds to SV2A which allows to show the density of presynaptic vesicles, however, the
half-life of the radioisotope makes a use in clinical and preclinical practice challenging (Serrano
et al., 2019). To overcome this problem, [*8FJUCB-H was developed (Warnier et al., 2016) and
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there is increasing evidence that this fluorine-labelled radiotracer can be used as a reliable marker
for synaptic density (Bastin et al., 2020; Bretin et al., 2013; Serrano et al., 2019; Vogler et al.,
2023; Warnock et al., 2014). The first in-human-studies are already published, showing a signifi-
cant uptake of [18FJUCB-H in the brain (Bretin et al., 2015) and a correlation of [18FJUCB-H uptake
in the hippocampus with cognitive decline as measured by the Mini-Mental State Examination
(MMSE) (Bastin et al., 2020).

3.2.3 [8F]FBB

One major characteristic to distinguish AD from other forms of dementia is the pathological ag-
gregation of AB fragments into plaques as mentioned in section 2.1.1. Several compounds are
available to target amyloidosis and a PET scan with these radiotracers is now even strongly rec-
ommended to be included in the diagnosis of AD (Jack Jr. et al., 2024; Rabinovici et al., 2025;
Zhang et al., 2025). Amongst those, [*8F]florbetaben ([*®F]FBB) has proven to be suitable in sen-
sitivity and specificity for preclinical (Blume et al., 2018; Brendel et al., 2016; Rominger et al.,
2013; Sacher et al., 2019, 2020; Waldron et al., 2015) as well as clinical PET imaging (Brendel
et al., 2017; Dubois et al., 2023; Rowe et al., 2008).

3.2.4 [8F]GE-180

The 18 kDa transclocator protein (TSPO) is expressed in microglia cells, mainly, but not exclu-
sively, in the outer mitochondrial membrane. Under physiological conditions, TSPO is expressed
in low levels, while they are rising when microglia become activated (Scarf et al., 2009; Scarf &
Kassiou, 2011). [*8F]flutriciclamide ([*®F]GE-180) is a radiotracer specifically binding to TSPO
(Fan et al., 2016; Liu et al., 2015; Zhang et al., 2025). The ['8F]GE-180 PET signal was shown to
be rising throughout the ageing process as well as being increased in mouse models and human
studies of neurodegenerative disorders (Blume et al., 2018; Brendel et al., 2016; Eckenweber et
al., 2020; Kunze et al., 2023; Liu et al., 2015; Sacher et al., 2019, 2020; Xia et al., 2022), while
also having potential for other diseases that are accompanied by an inflammation (Bartos et al.,
2022; Zhang et al., 2025).

3.2.5 ['8F]F-DED

Monoamine oxidase B (MAO-B) showed to be a suitable target for the monitoring of reactive
astrogliosis with PET. It is mainly expressed in the outer mitochondrial membrane of astrocytes
and its expression is upregulated in the early phases of AD, when astrocytes become reactive
due to protein accumulation and microglial activation (Carter et al., 2019; Ekblom et al., 1993;
Olsen et al., 2017; Schedin-Weiss et al., 2017). [*8F]fluorodeprenyl-D2 ([*8F]F-DED) showed a
high affinity and specificity to MAO-B and has a reasonable half-life to be routinely used in pre-
clinical and clinical imaging especially of neurodegenerative disorders (Ballweg et al., 2023; Nag
et al., 2016).

3.3 Immunohistochemistry

Immunohistochemistry provides the possibility to obtain information about the abundance and
location of selected proteins within a tissue. Therefore, the tissue needs to be treated with a fixa-
tion agent and, for most microscopes, cut in thin slices, although light sheet microscopy for whole
organs is possible as well. Further, the selected proteins are labelled with a suitable primary and
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secondary antibody, of which the latter is attached
E to a fluorophore. The fluorophore can be excited
2 / by a certain wavelength lifting an electron to a
- higher energy state (E2) followed by an emission
of a lower-energy wavelength when the electron
E1 e falls back to and intermediate state (E1) and sub-
sequently its ground state (Eo) (Figure 5). The
emitted light can then be measured by a camera
and the resulting image can be digitally optimized
and processed (Alberts et al., 2022c; Buchwalow
et al., 2023; Lichtman & Conchello, 2005).

E, =il - For visualization of nucleic acid expression
0 throughout the tissue, deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA) probes can be la-

) belled with a fluorescent molecule attached to a
Figure 5 Simplified visualization of the principle of flu- complementary nucleic acid probe in a process
orescence with the excitation of an electron by an ex- called in situ hybridization. Fluorescence micros-
ternal source and subsequent change of the energetic  COpy can then determine the expression of the

state (E,). While the electron falls back to its ground Specific ribonucleic acid probe within the tissue (A|_
state (Eo) passing through an intermediate energy berts et al., 2022C).

state (E,), light of a lower wavelength compared to the

excitation light is emitted. Based on Jabftonski (1933),

Lichtman & Conchello (2005).

3.4 Behavioral Tests

Behavioral tests provide the possibility to examine the cognitive function of an animal in the con-
text of normal ageing, disease models, and drug trials. Especially in AD research, the cognitive
function is a major read-out for the degree of neurodegeneration and the subsequent memory
loss especially in brain areas concerned with memory formation with the advantage of being de-
coupled from the yet unknown underlying pathological pathways (Bryan et al., 2009; Puzzo et al.,
2014). Possibly unwanted variance in the results from behavioral testing can for example result
from housing and previous handling of the animals, the overall excitation state of the animals, the
time the behavioral test is performed within the animal’s circadian rhythm, and the procedure of
the behavioral test including the set-up and the handling of the equipment between different ani-
mals (Gould et al., 2009; Puzzo et al., 2014).

The open field test is a relatively easy behavioral test. The animal is placed into an arena and
either observed or recorded in its behavior in response to the novel environment. Leaving the
animal undisturbed during the test period, the open field provides a read-out of the normal activity
considering the animal was given enough time to adopt to the novel environment. Thus, it is be-
lieved to provide information about the general behavior, including the emotional status of the
animals. However, the set-up is prone to variation, making a comparison of open field tests in
different laboratories difficult (Bryan et al., 2009; Gould et al., 2009).

The Morris Water Maze is a common test used to determine the long-term memory function of
the mice. For this test, the animal is placed in a pool and is required to escape the water by
climbing onto a platform, making use of the rodents’ natural aversion to swimming. During several
training rounds, the animal learns to find the platform using visual cues for orientation. On the
test, the pool is filled with opaque water and the platform is removed. Read-outs indicating the
memory performance of the animal tested include for example the amount of time needed to
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reach the area where the platform was previously located, as well as the time spent in that area
(Bear et al., 2016b; Bryan et al., 2009; Morris, 1981; Puzzo et al., 2014).

Other attempts to measure impairments in mice include the implementation of a frailty index as it
was done for humans (Romero-Ortuno et al., 2010). Therefore, Whitehead et al. (2014) proposed
a 31-point examination to assess age-related deficits in C57BI/6 mice, revealing significant differ-
ences between age groups as well as a correlation with the human frailty index.

3.5 Biochemistry

Different types of cells can be distinguished by flow cytometry or fluorescent-activated cell sorting
(FACS), where cells in a single-cell suspension are labelled with a fluorescent dye attached to a
specific feature. Subsequently, based on their label, their number can be directly quantified and
also separated into different populations for further analyses (Gompf, 2016).

Proteins can be quantified with different techniques. One possibility is Western blotting, where
the proteins are separated based on their size using a gel matrix and electrical current, performing
a sodium dodecyl sulfate polyacrylamide-gel electrophoresis (SDS-PAGE). Then, the proteins
separated by SDS-PAGE are transferred to a membrane and are labelled with an antibody at-
tached to a marker like a dye. The sensitivity can be as low as detecting less than 1 ng of protein
(Alberts et al., 2022b). A second possibility for protein quantification are immunology-based tech-
nigues, where an antibody is binding to a specific antigen and the thus resulting complex is then
labelled with an enzyme, allowing for a subsequent quantification based on the measured inten-
sity using a standard curve as reference (Key, 2023; Rissin et al., 2010). Such techniques include
the enzyme-linked immunosorbent assay (ELISA), as well as more sensitive techniques like elec-
trochemiluminescence (ECL), where the detection involves applied voltage resulting in a meas-
urable emission of light (Richter, 2004), or the single-molecule array (SiMoA), where a more than
100-fold higher sensitivity is achieved by establishing small chambers, thus reducing the volume
where the reactions take place, coupled to a digital signal detection (Kuhle et al., 2016; Rissin et
al., 2010).

Another possibility to differentiate macromolecules is column chromatography, e.qg. liquid chro-
matography (LC). In this method, the solution containing the proteins or lipids to be detected is
passed through one or several gel matrices within a column. The molecules separated by LC can
further be identified by mass spectrometry (MS), unraveling the unique feature of their compo-
nents’ mass-to-charge ratio. Thus, these components can be identified and thereby the protein or
lipid they were deriving from (Alberts et al., 2022b).

Quantitative analysis of RNA is most accurately done with the quantitative reverse transcription-
polymerase chain reaction (RT-qPCR). RT-gPCR first performs a reverse transcription of the RNA
to DNA, with the latter being subsequently amplified throughout multiple rounds of the polymerase
chain reaction (PCR). With the attachment of fluorescent dyes, the concentration of the original
RNA can be determined. Using RNA Sequencing (RNASeq), the relative expression levels of
multiple RNAs can be determined, giving clues about up- or downregulated genes e.g. in re-
sponse to a pathology or treatment (Alberts et al., 2022b).
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4. Results and Discussion

In the first publication, we investigated the SV2A expression levels in the APPSL70 mouse model
as well as its connection to AR plaque deposition and markers of neuroinflammation. While the
APPSL70 mice do not show pronounced neurodegeneration during our observational period from
five to eleven months of age, they expressed a profound fibrillary amyloidosis combined with
cortical microglial activation, while astrocytic activation was present in subcortical regions, namely
the thalamus, of eleven months old APPSL70 mice. This pathology is generally in line with previ-
ous studies on this mouse model (Blume et al., 2018).

In the second publication, we characterized a novel amyloidosis mouse model, introducing the
Swedish, Arctic, and Austrian mutation to the mouse App gene. The model showed several key
features of AD, including AR plague deposition, neurodegeneration, neuroinflammation, a dis-
turbed lipid metabolism, and behavioral changes (Figure 6). While other models achieve a plaque
deposition by an overexpression of APP, we ensured that the full-length APP expression re-
mained unaltered but rather the ratios of A fragments changed. Thus, there was an early (two
months of age) reduction in AB1-40 levels in the plasma. At four months of age, AB plaques
steadily started to build up in the brain as measured with fluorescence imaging. The AB deposition
further spread to the vasculature at eight months of age, leading to a cerebral amyloid angiopathy.
In addition to amyloid, the APPSA* mouse model displays a tauopathy, as the total tau levels were
increased compared to the controls at eight months of age. Furthermore, dystrophic neurites
could be found with immunohistochemical stainings in the brain of the APPSA* mice at the same
age. In accordance with the disturbance of the neuronal network, CSF NfL levels increased in this
mouse model starting from two months of age and this increase became significant at 18 and 23
months of age. Neuroinflammation in response to protein accumulation presented itself with an
increased microglia density around the plagues, as well as increased levels of TREM2 and differ-
ent cytokines, accompanied by profound changes in the lipid metabolism. An increase in micro-
glial activation could also be seen in TSPO-PET results, where APPSA mice had a significantly
higher signal at twelve and 20 months of age compared to controls. Moreover, APPSA* mice had
changes in astrocytes with an upregulation of GFAP and downregulation of glutamate transporter
1 (GLT-1). Furthermore, APPSAA mice displayed a significant hypermetabolism as measured by
[\8F]FDG PET at twelve and 20 months of age that was associated with the [8F]GE-180 PET
signal. Behaviorally, the APPSA* mice presented a hyperactivity phenotype and showed habitua-
tion deficits and an unusual preference for the center of the open field.
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Figure 6 Pathological features of the APPS** mouse model harboring the Swedish, Arctic, and Austrian mutation in the
App gene and their timely occurrence. Features of amyloidosis are marked in red features of neurodegeneration are
marked in yellow, and features of neuroinflammation are marked in blue (microglial activation) and purple (astrocytic
reactivity).
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Thus, the APP$** mouse model shows several AD-related pathological changes, like AR aggre-
gation, neurodegeneration, and neuroinflammation. Especially the disturbances in the microglia
in the surrounding of AR plagues makes the APPSA* mouse model a suitable tool to study the
immune response and the mode of action of immunomodulatory agents in AD.

4.1 AP Deposition

Due to the respective genetic mutations, both the APPSL70 as well as the APPSAA present with a
widespread amyloidosis that was confirmed in previous and subsequent studies (Blume et al.,
2018; Kim et al., 2025; Lu et al., 2025).

4.2 Neurodegeneration

The APPSA model showed signs of neurodegeneration in biomarker measurements, which man-
ifested itself in a changing behavioral phenotype. In fact, a later study reported cognitive and
motoric deficits as measured in several behavioral tests that occurred at 16 months of age (Black-
mer-Raynolds et al., 2025).

A longitudinal assessment of pathological processes like neurodegeneration can be achieved
with PET imaging. [*8F]FDG is a gold-standard measurement of neuronal integrity, although it
actually provides only indirect read-out by measuring the cerebral metabolism (Ferris et al., 1980;
Sokoloff et al., 1977). AD patients in an advanced stage show a significant hypometabolism (Bate-
man et al., 2012; Benzinger et al., 2013; Forster et al., 2012; laccarino et al., 2024; Landau et al.,
2011) fitting the commonly known gradual neurodegenerative processes in AD patients (Bastin
et al., 2020; Chen et al., 2018; Mecca et al., 2020; Terry et al., 1991). In contrast, AD mouse
models showed a hypermetabolism (Ruch et al., 2024; Xia et al., 2022; Xiang et al., 2021), just
as early AD patients (Bakhtiari et al., 2024; Benzinger et al., 2013). This increased cerebral me-
tabolism was ascribed to activated immune cells, particularly microglia (Xiang et al., 2021). Based
on these previous studies, this assumption was also made for the second publication, as the
[\8F]GE-180 and [*8F]FDG PET signals showed a significant correlation.

In the first publication, we decided on a more direct read-out of neuronal integrity by choosing
[18F]JUCB-H as PET tracer targeting SV2A. We saw a significant reduction in SV2A expression
levels in the hippocampus and thalamus of both, APPSL70 and C57BI/6 controls, from five to
eleven months of age. Most likely, this reduction is due to the ageing of the mice (Cizeron et al.,
2020). Rather surprisingly, we found a significant increase in the SV2A expression levels of
APPSL70 mice compared to their C57BI/6 counterparts in the [*8FJUCB-H PET signal as well as
in the immunohistochemical analysis.

Bearing in mind that the APPSL70 mice do not show signs of neurodegeneration in the observed
age, they are a model of the early phase of the disease with only amyloid pathology present.
While SV2 was also found in dystrophic neurites, the SV2 abundancy was still lower in AD patients
compared to cognitively normal controls (Snow et al., 1996). Thus, we suggest that the increase
in SV2A expression in the APPSL70 mouse model is a compensatory mechanism shortly before
neurodegeneration is measurable. In line with this hypothesis, Bell et al. (2003, 2007) found an
upregulation of glutamatergic and GABAergic neurons before the onset of neurodegeneration in
the TQCRND8 mouse model (Bell et al., 2003) as well as an increased density of glutamatergic
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synapses in MCI patients (Bell et al., 2007). They also suggest the increase to be of a compen-
satory nature in response to hampered neuronal signaling by AB (Bell et al., 2007), which fits to
the observed close similarity in group differences of APPSL70 and C57BI/6 mice at eleven months
of age in [*8F]JUCB-H and [*8F]FBB PET signal. Moreover, an upregulation of synaptic activity or
density in response to AR plaque deposition might exert negative effects by leading to hyperex-
citability of neurons in AD, which was also found to be strongly associated with AR plaques
(Busche et al., 2008; Targa Dias Anastacio et al., 2022). Thus, we see strong support for our
hypothesis of a compensatory upregulation of synaptic activity or density in response to AB ac-
cumulation, ultimately further accelerating the process of neurodegeneration.

Neuronal hyperactivity is also reported for the APPSA model (Kim et al., 2025). However, Kim et
al. (2025) described hyperemia and hyperactivity in the hippocampus before the onset of Ap dep-
osition in the APPSA* mouse model, thus suggesting that unusually prolonged hyperemia adds to
AP plaque deposition rather than being caused by the protein accumulation. Yet, this finding is in
contrast to the correlation between the occurrence of AB plaques and hyperactive neurons that
was described previously (Busche et al., 2008). Possibly, these two processes are mutually de-
pendent. The exact mechanisms remain to be elucidated, however. Likewise, the first publication
is limited by the lack of a mechanistic enquiry. To proof our hypothesis of a compensatory upreg-
ulation of SV2A in response to progressing amyloidosis, leading to hyperexcitability of the neu-
ronal network, Ca2*-imaging or electrophysiology would need to be applied on the APPSL70 mice.

4.3 Neuroinflammation

As reported previously for amyloidosis mouse models, AR plaque deposition was closely con-
nected with microglial activation for both, the APPSL70 as well as the APPSA* mouse model
(Blume et al., 2018; Brendel et al., 2016; Sacher et al., 2020), which might further increase the
hyperactivity in the neuronal network by the release of proinflammatory cytokines (Busche et al.,
2008). Indeed, in the APPSA* mouse model, activated microglia in close proximity to AR plaques
displayed a major dysregulation of their metabolism. For the APPSL70 mice, SV2A expression
levels, fibrillary amyloidosis, and microglial activation showed a high spatio-temporal agreement
as assessed by SPM analysis. The calculation of the Dice-coefficient revealed a similarity of 53 %
between respective group differences as calculated with SPM of SV2A and AB PET, and a simi-
larity of 58 % between SPM images of SV2A and TSPO PET. An involvement of inflammatory
cells would be interesting to further investigate by either depleting microglia at different time points
or modulating their secreted factors.

In contrast, astrocytic reactivity as measured with [18F]F-DED PET showed less similarity to the
markers of SV2A expression, fibrillary amyloidosis, and microglial activity in the APPSL70 mouse
model, as shown by a dice coefficient of only 26 % calculated for the spatio-temporal distribution
patterns of SV2A and MAO-B PET. While we saw a significant increase in MAO-B expression
levels in the thalamus at eleven months of age in the APPSL70 mice, previous studies described
a widespread astrocytosis and a close connection of reactive astrocytes with AB plaques in dif-
ferent amyloidosis mouse models (Ballweg et al., 2023; Olsen et al., 2017). Possibly, this differ-
ence arises from the rather early time point (five to eleven months of age) we were investigating
compared to up to 19 months of age (Ballweg et al., 2023) or up to 16 months of age (Olsen et
al., 2017). Therefore, the astrocytosis might spread in later stages from the subcortical regions to
a more cortical expression. Likewise, in the 18-months old APPSAA mice, when signs of neuro-
degeneration were already present, a widespread astrocytic activation could be observed.
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4.4 Concluding Remarks

In general, both studies show the high suitability of mouse models to study AD pathobiology at
different stages. However, the simplicity of model organisms is often subject to critique, on the
one hand as these models are only capable of displaying a part of the pathology (e.g. amyloidosis
mouse models or models of tauopathy), and on the other hand as AD is a disease of ageing, thus
naturally combining AD with different co-pathologies that are not present in an animal model
(Rabinovici et al., 2025; Tai et al., 2021). Still, these limitations of model organisms also provide
us with the opportunity to investigate selected mechanisms as well as distinguish between pri-
mary causes and secondary effects of AD (Tai et al., 2021), making mouse models an important
tool to unravel the underlying mechanisms of neurodegenerative diseases. In that regard, AD
models are of particular importance as it is a widespread disease among the elderly population,
yet our understanding about the underlying pathobiology is limited. In addition, it is current con-
sensus that the treatment of AD needs to focus on prevention of the disease before neuronal
death and the development of suitable animal models is crucial for achieving this goal, as long as
no comparable complex models are available to replace animal experiments (Sasaguri et al.,
2017). Thus, the APPSA mouse model can provide novel insights, making use of a knock-in
mechanism rather than an APP overexpression, avoiding potential artefacts introduced by a sheer
surplus of APP protein levels (Sasaguri et al., 2017).

Longitudinal PET imaging of protein accumulation, neuroinflammation, and synaptic density pro-
vides the opportunity to evaluate the time course and connection of specific pathobiological pro-
cesses, enabling the analysis of changing biomarkers within the same animal at different time
points, thus reducing the number of animals needed for the study and aligning with the 3R princi-
ple of animal welfare (Cherry & Gambhir, 2001; Palumbo et al., 2023). In accordance with animal
welfare, recommendations for imaging of small animals in cancer research include not more than
three hours of imaging within 24 h and a maximum of five imaging sessions within one to two
weeks (Workman et al., 2010). The mentioned guideline values align with our experience of what
mice of different strains and with different pathologies (nheurodegenerative and oncologic alike)
generally tolerate.

Furthermore, PET imaging provides the unique opportunity to measure animal models and human
patients with the same modality, thus bearing a high translational value (Cherry & Gambhir, 2001).
Moreover, the increasing variety of PET tracers provides the opportunity to directly measure the
extent of pathological processes. This feasibility is shown by various longitudinal and multi-tracer
preclinical studies evaluating changes in the PET signal in mouse models of neurodegenerative
diseases (Ballweg et al., 2023; Blume et al., 2018; Bouter et al., 2021; Brendel et al., 2016; Ende-
pols et al., 2022; Maeda et al., 2007; Sacher et al., 2019, 2020; Vogler et al., 2023). However,
most studies are using two different radiotracers at two to three different time points. In contrast,
performing longitudinal PET scans with four different tracers at three time points within the same
animals is rather rare and a unique feature of the first publication.

The possibility to assess mouse models with different PET tracers, thus visualizing changes in
different proteins and pathways, enables a deeper insight into complex disorders. For example,
in terms of neurodegenerative diseases, changes in synaptic density are of particular interest.
Traditionally, the synaptic loss in AD was measured with a pronounced hypometabolism as seen
in [*¥F]FDG PET (Bateman et al., 2012; Benzinger et al., 2013; Endepols et al., 2022; Forster et
al., 2012; laccarino et al., 2024; Landau et al., 2011). Measured with [*®FJUCB-H, this preclinical
data shows that AD mouse models are not only experiencing a gradual neuronal loss, but rather
facing a more complex phenomenon with likely a compensatory increase in SV2A expression
levels reacting to the protein accumulation. This finding in turn sheds light on previously reported
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observations of hypermetabolism in amyloidosis mouse models including the APPSAA mice (Ruch
et al., 2024; Xia et al., 2022; Xiang et al., 2021), showing that this phenomenon is not solely
inflammation but might also reveal a connection to the measured hyperexcitability of neurons in
response to AR deposition (Busche et al., 2008).

Concluding, to further explore the pathological features of AD and to prevent the disease by ap-
propriate treatment before the onset of irreversible neurodegeneration, the research on animal
models like the APPSAA with suitable techniques with high translational ability like PET imaging is
a key element.
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