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Abstract

Alzheimer’s disease (AD) is a complex neurodegenerative disorder with multiple
features. With the help of animal models, the AD physiopathology is starting to be understood.
In order to translate the data from animal models to humans, a deep understanding of each
model is important. Moreover, the development of new models as well as longitudinal studies
play an important role in translational research.

In this context, a new transgenic mouse model called TAPS, was developed to combine
the amyloidosis of heterozygous APP/PS1 mice and truncated amyloid-g (Q3-42), which is
post-translationally modified to pyroglutamate Amyloid-B (pEAB) in TBA2.1 mice. Here, the
histological and behavioral alterations of TAPS mice were analysed. pEAR staining showed
that pEA is present in the core of neuritic plaques in the cortex and hippocampus in the TAPS
and APP/PS1 mice. Interestingly, TAPS mice also had pEA positive plaques in the striatum.
Amyloid-B (AB) staining showed progressive plaque formation in the hippocampus, striatum
and cortex earlier in TAPS mice. In the SHIRPA, TAPS mice showed a progressive phenotypic
alteration compared to wild type (WT) mice starting with 12 months of age. In the open field
test, TAPS mice seemed to be faster, travelled more and were more active compared to WT
mice. In the novel object recognition test (NOR), WT mice were able to discriminate the novel
object from the familiar one. In contrast, TAPS mice spent similar time exploring both objects,
indicating deficits in the recognition memory. This was also observed in the T-maze
spontaneous alteration, where only WT mice significantly alternated more than the transgenic
mice. In the cued and contextual fear conditioning test, only TAPS mice froze less compared
to WT mice. In the Morris water maze (MWM), TAPS mice took more time to find the platform
than the WT mice on the last day of training. Finally, TAPS mice had an earlier A pathology
in the brain, phenotypic alteration and cognitive deficits in different behavioral tests, which
underlines their potential as a mouse model for the study of AD physiopathology as well as
treatment studies.

To further understand the role of Tau pathology in a mouse model of tauopathy, a
longitudinal study was performed to evaluate the sex- dependent phenotypic alterations in the
transgenic Tau-P301L mouse model as well as histological alterations. Sex-matched WT and
homozygous Tau-P301L mice were tested in different behavioral tests at different ages. At
eight months of age, histological analysis of Tau pathology, neuronal loss and gliosis was
performed. In the habituation/dishabituation olfactory test, Tau-P301L male mice smelled the
new aroma less frequently compared to the WT males at six months of age. In the SHIRPA
test, the Tau-P301L male mice had phenotypic alterations starting at four months of age. Motor
deficits were observed in the Tau-P301L male mice starting at six months of age in the pole

test and as early as two months of age in the open field test. In the NOR, Tau-P301L male
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mice were not able to discriminate the novel object from the familiar one starting at six months
of age. Interestingly, Tau-P301L female mice did not show any motor alterations, even though
they had phenotypic alterations in the SHIRPA test and cognitive deficits in the NOR. Tau
pathology was also only observed in Tau-P301L male mice in brainstem, cortex and
cerebellum. Neuronal loss was observed in the Tau-P301L male mice’s brainstem without
gliosis alterations. Summarized, the TauP301L mouse model showed sex-dependent
phenotypic alterations as early as two months of age probably due to Tau pathology in the
brain.

To evaluate the treatment effect of cRD2D3 in comparison to RD2D3, those peptides’
efficacies were evaluated in different in vitro assays and in the SwDI mice. Also, in order to
generate the best possible study design, an in-house characterization study was conducted
where SwDI mice showed deficits in those tests. Both peptides bind to AB+1.42 and Dutch/lowa
(D) AB, prevent AR and D/l AB fibril formation and eliminate toxic AR and D/l AB oligomers.
In vivo, the treatment did not improve the deficits neither in the nesting behavior nor in the
marble burying test. In the open field test, SwDI mice treated with RD2D3 habituated to the
arena compared to mice treated with placebo. Mice treated with RD2D3 and cRD2D3 had an
improvement in spatial memory in the MWM training trials. No alterations in plaque load,
neuronal loss and gliosis were observed. Therefore, both D-enantiomeric peptides were
efficient in preventing A and D/I AR aggregation in vitro and in improving cognitive deficits in
Vivo.

Taken together, different mouse models have been successfully characterized in different
behavioral tests. Moreover, pathological alterations were analyzed intensively. Therefore,
those models are suitable models for future treatment studies together with the already well-
known mouse models. Regarding the treatment study, both RD2D3 and cRD2D3 are also

efficient therapeutic drug candidates for AD along with other D-enantiomeric peptides.




Kurzfassung

Die Alzheimersche Krankheit (AD) ist eine komplexe neurodegenerative Erkrankung mit
vielfaltigen Merkmalen. Mithilfe von Tiermodellen wird versucht die Pathophysiologie dieser
Krankheit zu verstehen. Um die so gewonnenen Erkenntnisse von Tiermodellen auf den
Menschen zu Ubertragen, ist ein ausfihrliches Verstandnis des Tiermodelles wichtig. Des
Weiteren spielen die Entwicklung neuer Tiermodelle, sowie Langsschnittstudien eine wichtige
Rolle in der translationalen Forschung.

In diesem Zusammenhang wurde ein neues transgenes Mausmodell, genannt TAPS,
entwickelt, welches die Amyloidose von heterozygoten APP/PS1-Mausen und das verkiirzte
Amyloid-B-peptid (Q3-42) von TBA2.1-Mausen, welches posttranslational zu Pyroglutamat-
Amyloid-B (pEAB) modifiziert wird, kombiniert.

In dieser Arbeit wurden Veranderungen in der Histologie und im Verhalten von TAPS-Mausen
analysiert. Immunohistochemische Farbungen von pEAR zeigten, dass pEAB im Kern von
senilen Plaques im Kortex und Hippocampus der TAPS- und APP/PS1-Mause vorhanden ist.
Interessanterweise zeigten die TAPS-Mause auch pEAB-positive Plaques im Striatum. Die AB-
Farbung zeigte eine progressive Plaquebildung bei TAPS-Mausen zunachst in Hippocampus,
Striatum und im Kortex. Im SHIRPA-Test zeigten TAPS-Mause im Vergleich zu Wild Typ (WT)-
Mausen ab einem Alter von 12 Monaten progressive phanotypische Veranderungen. Beim
Offenfeldtest schienen TAPS-Mause im Vergleich zu WT-Mausen schneller zu sein, sich mehr
zu bewegen und aktiver zu sein, aber dieses Ergebnis erreichte keine Signifikanz. Im ,Novel
object recognition test® (NOR) waren WT-Mause in der Lage, ein neues Objekt von einem
bekannten zu unterscheiden. Im Gegensatz dazu untersuchten TAPS-Mause neue und
bekannte Objekte auf ahnliche Weise, was auf Defizite im Erkennungsgedachtnis hinweist.
Dies wurde auch bei der spontanen Veranderung des T-Labyrinths beobachtet, bei der nur die
WT-Mause signifikant haufiger die Laufrichtung wechselten als die transgenen Mause. Zur
Testung von konditionierter und kontextbezogener Angst erstarrten lediglich die TAPS-Mause
weniger als die WT-Mause. Im sogenannten ,Morris water maze“ (MWM) bendtigten die TAPS-
Mause am letzten Trainingstag mehr Zeit, um die Plattform zu finden, als die WT-Mause.
Aulerdem wiesen TAPS-Mause eine frihere AB-Pathologie im Kortex, Hippocampus, sowie
im Striatum auf. Des Weiteren zeigten die TAPS-Mause auch phanotypische Veranderungen
und kognitive Defizite in verschiedenen Verhaltenstests, was ihr Potenzial als Mausmodell fir
die Untersuchung der Pathophysiologie der Alzheimer-Demenz, sowie flr
Behandlungsstudien aufzeigt.

Um die Rolle der Tau-Pathologie in einem Mausmodell der Tauopathie besser zu verstehen,
wurde eine Langsschnittstudie durchgefihrt, um die phanotypischen, sowie die histologischen

Veranderungen im transgenen Tau-P301L-Mausmodell zu charakterisieren.
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Geschlechtsgleiche WT- und homozygote Tau-P301L-Mause wurden in verschiedenen
Verhaltenstests zu unterschiedlichen Altersstadien getestet. Im Alter von 8 Monaten wurde
eine histologische Analyse der Tau-Pathologie, des Neuronenverlustes und der Gliose
durchgefihrt. Beim olfaktorischen Habituations-/Dishabituationstest rochen die Tau-P301L-
Mannchen im Alter von sechs Monaten weniger an dem neuen Geruch als altersgleiche WT-
Mannchen. Im SHIRPA-Test zeigten die Tau-P301L-Mannchen phanotypische
Veranderungen ab einem Alter von vier Monaten. Motorische Defizite wurden bei den
mannlichen Tau-P301L-Mausen ab dem sechsten Lebensmonat im ,Pole-Test" und bereits im
Alter von zwei Monaten im Offenfeldtest beobachtet. Im NOR waren Tau-P301L-Mannchen ab
einem Alter von sechs Monaten nicht mehr in der Lage, ein neues Objekt von einem bekannten
zu unterscheiden. Interessanterweise zeigten weibliche Tau-P301L-Mause keine motorischen
Veranderungen in diesen Tests, obwohl sie phanotypische Veranderungen im SHIRPA-Test
und kognitive Defizite im NOR aufwiesen. Die Tau-Pathologie wurde ebenfalls nur bei
mannlichen Tau-P301L-M&ausen im Hirnstamm, im Kortex, sowie im Kleinhirn beobachtet. Im
Hirnstamm der mannlichen Tau-P301L-Mause wurde ein Neuronenverlust ohne
Veranderungen der Gliose beobachtet. Zusammenfassend lasst sich sagen, dass das
TauP301L-Mausmodell bereits im Alter von 2zwei Monaten geschlechtsabhangige
phanotypische Veranderungen aufweist, die wahrscheinlich auf eine Tau-Pathologie im Gehirn
zurtckzufuhren sind.

Um die Behandlungswirkung von cRD2D3 im Vergleich zu RD2D3 zu bewerten, wurde die
Wirksamkeit dieser Peptide in verschiedenen in-vitro-Tests, sowie in SwDI-Mausen
untersucht. Um das bestmdgliche Studiendesign zu erstellen, wurde zunachst eine interne
Charakterisierungsstudie durchgefihrt, bei der die SwDI-Mause Defizite in diesen Tests
zeigten. Beide Peptide zeigten Bindung an AB(1-42) und Dutch/lowa (D/1) AB, verhinderten die
Bildung von AB- und D/I AB-Fibrillen und eliminierten toxische AB- und D/I Ap-Oligomere. In
vivo verbesserte die Behandlung weder die Defizite im Nestbauverhalten noch im ,Marble-
Burying-Test®“. Beim Offenfeldtest gewdhnten sich die mit RD2D3 behandelten SwDI-Mause
besser an die Arena als die mit Placebo behandelten Mausen. Bei Mausen, die mit RD2D3
und cRD2D3 behandelt wurden, verbesserte sich das rdumliche Gedachtnis bei den MWM-
Trainingsversuchen. Bei der Anzahl der zerebralen Plaques, dem neuronalen Verlust und der
Gliose wurden jedoch keine Veranderungen beobachtet. Daher kann gesagt werden, dass
beide D-enantiomeren-Peptide effizient bei der Verhinderung der AB- und D/I-AB-Aggregation
in vitro und bei der Verbesserung der kognitiven Defizite in vivo waren.

Insgesamt wurden die unterschiednlichen Mausmodelle in verschiedenen Verhaltenstests
erfolgreich charakterisiert. Dartiber hinaus wurden die pathologischen Veranderungen intensiv

analysiert. Daher sind diese Modelle, zusammen mit den bekannten Mausmodellen, flr
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kinftige Behandlungsstudien geeignet. Was die Behandlungsstudie betrifft, kdnnen sowohl
RD2D3 als auch cRD2D3, ebenso wie andere D-enantiomere-Peptide als eine wirksame

Behandlung fur AD betrachtet werden.
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1. Introduction

1.1. Alzheimer’s disease

The term dementia classifies all the diseases that impair cognitive skills, preventing
patients to perform daily tasks. In 2016, around 43 million people were diagnosed with
dementia worldwide. Since 1990, the dementia cases more than doubled due to the longer
average lifespan of the population. Dementia is the fifth most common cause of death in the
world and, in people over 70 years of age, represents the second leading cause of death [1].
As an estimation, the number of people living with dementia will be around 100 million in 2050
[2, 3]. Considering the economic/financial burden, dementia cost around $ 818 million in US in
2015 [4]. Given the fact that dementia has no approved modified disease treatment, this burden
will increase in the following years, as will the number of cases [5].

One of the most common forms of dementia is Alzheimer’s disease (AD), which accounts
for 60% of all dementia cases. First described by Alois Alzheimer in 1906, the classical
pathological hallmarks of AD are neuritic plaques, neurofibrillary tangles (NFTs) and
neurodegeneration [6] (Figure 1). In AD, Amyloid-B (AB) and Tau are constitutes of neuritic
plagues and NFTs, respectively [7, 8]. Those pathological structures are proposed to be
responsible for the last hallmark, which is the neurodegeneration. Unlike A, misfolded Tau
are also present in different dementia. Tauopathy is a class of diseases in which Tau protein
occurs as a hallmark [9]. Recent studies have shown that dementias are actually co-
pathologies, since most of the patients that are diagnosed with one form of dementia have
different types of protein aggregates, as detected in post mortem analysis [10].

In AD patients, MRI images showed an initial atrophy in the hippocampal formation which
progressed to the cortical areas and finally nearly all cerebral regions [11]. As patients started
to display the first symptoms, the hippocampal atrophy was already prominent, and the brain

atrophy progression was correlated to the progression of the symptoms [12].




Amyloid-B

Neuritic Plagues

Neurofibrillary
Tau protein tangle

Disintegrating microtubule

Figure 1: Alzheimer’s disease pathology. In Alzheimer’s disease, two proteins are neurotoxic and responsible for
brain atrophy. Amyloid-f is the main constitute of neuritic plaques. Tau protein aggregates into neurofibrillary
tangles. Since Tau protein plays a major role in the microtubule stabilization, the Tau protein loss of function
promotes the microtubules disintegration. Created with BioRender.com and adapted from [10].

During this challenging time of the Covid-19 pandemic, patients suffering from
dementia have been directly affected not only because they are more vulnerable to die due to
the infection, but also because they strongly depend on the health care system and caregivers
[13]. It is important to highlight that due to the Covid-19 pandemic, the increase of AD patients
deaths was by 16% [14]. Moreover, AD patients are more likely to have the same comorbidities
as Covid-19 [13, 15]. This is closely related, since SARS-COV 2 is able to induce neurological
alterations that may induce AD at a later time [16, 17]. Besides the diseases itself, the
restrictive measures have also affected the AD patients profoundly, aggravating
neuropsychiatric problems [18].

1.1.1. Risk factors

Even though the cause of AD and related dementia (ADRD) is still unclear, many
factors can increase the possibility of developing it [19]. These factors can be either intrinsic,
e.g. genetic mutations, or external, e.g. smoking. The main risk factor is aging, since the
prevalence to develop AD in people around 65 years is 10%. Individuals over the age of 80
have a risk of 40% to develop AD [20].

Unlike age, other external risk factors are modifiable [21]. Social interactions and
continuing education are known to decrease dementia risk [22-24]. On the other hand,
depression and stress are closely related to developing dementia [25, 26]. Some comorbidities
are also related to a higher risk of dementia. Diabetes, cardiovascular diseases, obesity and

strokes are strong examples of pre-existing diseases that are also commonly occurring in
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dementia patients [27-30]. Finally, the way of life can also affect the risk of developing dementia
since a sedentary lifestyle, poor diets, smoking, alcohol consumption and sleep disorders may
alter our cognitive function chronically [31-34].

Among the intrinsic risk factors, the most common is the apolipoprotein E (APOE) gene
mutation on chromosome 17 [35], which is involved in the lipid metabolism and A clearance
[36]. APOE4 carriers have an increased risk up to 14% to develop AD [37]. Therefore, the
APOE mutation is considered to be partially responsible for the late onset of AD (LOAD) which
is the most common onset (95% of patients) [38]. By definition, patients showing deficits before
65 years of age are classified as early onset of AD (EOAD). In those cases, the mutations in
the amyloid precursor protein (APP) and in the presenilin (PSEN) genes are the most common
detected [39, 40]. However, these cases, so-called familial AD, only make up 10 % of total AD
cases. The other 90% of AD cases referred to as sporadic AD of which the exact causes are
still unknown, even though the risk factors can already give insights regarding the AD etiology
[41].

1.1.2. Diagnosis

In 2011, the National Institute of Aging (NIA) classified AD in three different stages:
preclinical, mild cognitive impairment (MCI) and dementia [42-44]. These stages are defined
by neuroimaging, cognitive tasks assessment and cerebrospinal fluid (CSF) biomarkers [45].
The preclinical stage occurs before the first cognitive deficits appear [42]. It is estimated that
this phase begins 10 to 20 years before the clinical manifestations [45]. Improvements in
imaging analysis showed that in the preclinical stage, A is the first protein to aggregate [46].
Moreover, there is a great effort from academics to better identify the pathological alterations
in this early stage, especially in the development of new biomarkers detection in cerebrospinal
fluid (CSF) and plasma [47] (Figure 2).

Biomarkers are the most recent approach to detect AD in preclinical stages. In the CSF,
there is a decrease of AB and an increase of Tau and synaptic markers [48-50]. Lately, the
improvement of the phosphorylated Tau, neuroinflammation and synaptic markers detection
showed that they are increased in the blood of AD patients [51]. So far, the use of biomarkers
still needs improvement and great attention has been given to the development of new
biomarkers for a more precise diagnosis. One limitation of the diagnostic criteria is that it is not
currently possible to differentiate between different forms of dementia since they all result in
similar protein detection in the plasma, e.g. Tau in AD and frontotemporal dementia (FTD) [52].
The fact that clinical manifestation of AD occurs years after the pathology begins is a limitation
of an efficient diagnosis. More recently, the NIA has developed the A/T/N framework, which A
is AB, T is Tau and N is neurodegeneration. With this framework it is possible to identify ADRD

by the combination of those biomarkers detection via CSF, plasma and imaging [46].




Regarding the brain imaging, magnetic resonance imaging (MRI) is a diagnostic tool
which is used to identify the brain atrophy in ADRD and distinguish the different subtypes,
based on atrophy patterns in different brain regions [53]. Additionally, different tracers are used
to detect either AB, Tau or brain metabolism. The Pittsburg compound (PiB) is a tracer for
positron emission tomography (PET) developed to detect AB in the brain. The alterations in
the PiB-PET also happens in earlier stages of AD and correlate inversely with AR CSF levels
[54-56]. The 2-deoxy-2 (18F) fluoro-D-glucose (FDG-PET) detects the glucose consumption in
the brain, which is correlated with brain activity [57, 58]. AD patients have a decrease in the
FDG-PET signal due to synaptic dysfunction and neurodegeneration. The '®F-AV1451 and "8F-
T807, called nowadays of Flortaucipir, were developed to detect aggregated Tau in the brain
via PET, which is related with AD progression [36, 59-62].
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CSF and plasma AB42 e GSF neurogranin FDG PET
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CSF and plasma P-tau and T-tau SV2A PET
— CSF NfL
CSF sTREM2 CSF YKL-40
== Amyloid PET Hippocampal volume CSF and plasma GFAP

Figure 2: Relationship of biomarkers alterations and Alzheimer’s disease progression. In the preclinical stage,
Amyloid-B (AB42), phosphorylated (p-Tau) and total Tau (T-Tau) in cerebrospinal fluid (CSF) and plasma start being
altered. AB42 presence in the brain detected by positron emission tomography (Amyloid PET), soluble triggering
receptor expressed on myeloid cells 2 (STREM2) and neurogranin in CSF start to be altered later in the preclinical
stage. In mild cognitive impairment (MCI), Tau, synaptic vesicle glycoprotein 2A (SV2A) and glucose metabolism
(FDG) in the brain (PET) as well as neurofilament light (NfL), glial fibrillary acidic protein (GFAP) and Chitinase 3-
like 1 (YKL-40) in CSF, and hippocampal volume is altered. In dementia, all biomarkers are already altered, except
sTREM2. Adapted from [63].

1.1.3. APP processing

AB is a peptide fragment from APP, which is a transmembrane protein with a still
unclear physiological function. The APP gene is located on the chromosome 21 and has 18
exons that express eight isoforms, the most common being APP695, APP751 and APP770
[64, 65]. Two processes occur during the APP processing: the non-amylogenic and the
amylogenic pathway (Figure 3). In the non-amylogenic pathway, a-secretase complexes
cleave APP into two peptides, sAPPa and C83, both of which have physiological roles. In the

amylogenic pathway, three peptides are formed by first the cleavage of B-secretase (BACE1),




which will produce the sAPPB and the C99 [66]. The BACE1 catalytic sites are located in
between 596/597 and 606/607 amino acid residue position of the APP, which is responsible
for the C99 or C89 formation, respectively [67]. The C89 fragment is further cleaved by y-
secretase and produces AB11xpeptide fragment in the trans-Golgi network [68, 69].

The C99 fragment is also later cleaved by y-secretase into yCTF and AB peptide
fragment in the transmembrane domain. The latter is the main component of neuritic plaques
[70]. The y-secretase protease complex is formed by four different subunits: nicastrin, anterior
pharynx defective 1 (APH-1), presenilin enhancer 2 (PEN-2) and presenilin (PS) [71-73]. Little
is known regarding the function of the first three subunits, though the PS is known to be the
subunit containing the catalytic site of the APP cleavage. The PS domain contains the PS1
and PS2 subunits, which are expressed by the PSEN1 and PSENZ2 genes, respectively.
Different catalytic sites in the C-terminal AB fragment can be cleaved by the y-secretase
protease complex [74-77]. The cleavage in those sites produces different AR lengths, varying
form ABx.37 to ABx42. Among the different forms of AR, ABx42 is the most toxic and ABx.o is the
most abundant [78, 79].

After the cleavage, some fragments of AB also suffer posttranslational modification
(PTM). The AR peptide can be truncated by other proteases and/or aminopeptidades [80].
Those cleavages can expose the glutamate in the 3™ amino acid residue of the AB fragment.
Pyroglutamate AR (pEAB) is formed by the conversion of the exposed glutamate into
pyroglutamate by the glutaminyl cyclase (QC) [80, 81]. This modification provides protease
resistance, due to increase of hydrophobicity by change in the AB charge. In addition, this AR
species corresponds to 25% of the neuritic plaques and is mainly located in the core of neuritic

plaques [82, 83]. Moreover, pEAR is more neurotoxic and facilitates AR aggregation [84].
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Figure 3: Non-Amylogenic and amylogenic pathway of the APP processing. In the non-amylogenic pathway,
amyloid precursor protein (APP) is cleaved by the a-secretase, producing sAPPa and C83. C83 can then be further
cleaved by y-secretase. In the amylogenic pathway, APP is cleaved by the 3-secretase, producing sAPP3 and C99.
C99 is then further processed by y-secretase, which produces Amyloid-3 (AB). The monomeric AR peptide formed
assembles into oligomers, which then further assembles into fibrils. Those AR fibrils are the main component of
neuritic plaques. The AB oligomers are toxic and responsible for the neuronal death as well as synaptic dysfunction.
Adapted from [85]

1.1.4. Amyloid cascade hypothesis

Once AB fragments (monomers) are produced from the amylogenic pathway, they
assemble into oligomers by forming B-sheets secondary structures, called amyloid. Those
amyloid structures then further assemble into fibrils, which are the main structure present in
the extracellular plaques (Figure 3) [86, 87]. Together with active microglia, Ap fibrils forms the
neuritic plaques, which are the structure described by Alois Alzheimer [88]. Researchers
postulate that AR oligomers are the most toxic form, and not the fibrils [89-92]. One reason is
that the oligomers have a more flexible structure than fibrils, which facilitates to assemble new
interactions and recruits more monomers [93, 94].

The prion-like behavior of AR has been widely accepted in the research community
lately. By definition, prions can self-propagate; form B-sheets secondary structures; have
different species; are resistant to degradation by proteases; spread throughout the brain; and
are transmissible [95]. Those characteristics are also shared by AB, moreover, AB can spread
to different areas of the brain when AD brain homogenates are injected in non-human primates

brain [96] and in transgenic AD mouse models [97-100].




Once AB is produced, it can be cleared in the brain by both APOE4 and microglia. The
microglia binds to AB through different receptors, e.g. toll-like receptors, which induces
inflammation via liberation of proinflammatory cytokines. Under pathological conditions,
microglia are unable to provide AB clearance and the induced neuroinflammatory process
further induce neuronal damage and synaptic loss [101]. These damages can be induced by
the production of reactive oxygen species and nitric oxide synthesis. Besides microglia,
astrocytes and even neurons induces exacerbated neuroinflammation in response to A [102].
Since astrocytes are responsible for the synaptic maintenance, reactive astrocytes also
contribute to synaptic dysfunction [103]. In both, humans and animal models, reactive
astrocytes and microglia are located close to AB deposits. Moreover, neuroinflammation also
plays a role in the activation of - and y-secretase as well as the increased production of APP
in the membrane [104].

In the brain, AB oligomer interacts with different receptors and alters multiple signaling
pathways. The AB oligomers toxicity at synapses occurs especially due to its ability to interact
with the postsynaptic receptors. Among these receptors, the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate receptor (AMPAr) in the membrane surface is reduced due to
ubiquitination by neural precursor cell expressed, developmentally down-regulated 4-1
(Nedd4-1) or facilitation of the N-methyl-D-aspartic acid receptor (NMDAr)-dependent
signaling pathway, which are induced by AB. Consequently, the dendritic spine density and
long-term potentiation (LTP) are affected. Other receptors are also affected by AB oligomers
inducing synaptic dysfunction and neurotoxicity (for review see: [105, 106]).

As it is postulated in AD, AB also affects the pathological formation of NFT. Besides AR
interactions with synaptic receptors, AB also induces the activation of different kinases that
phosphorylates Tau [107-110]. Hyperphosphorylated Tau is the initial step in the NFTs
formation [111]. Moreover, AB activates caspases that produces truncated Tau, which is more
prone to aggregates [112]. On the other hand, the formation of hyperphosphorylated Tau
facilitates A toxicity in synapses via Src family tyrosine kinase (Fyn) in the dendrites. Initially,
it was thought that A pathology was the initial trigger for NFTs formation, which then induces
neurodegeneration. Nowadays, it is known that the toxic pathway in AD is more complex and

both AB and Tau are neurotoxic via similar pathway, e.g. neuroinflammation [113].

1.1.5. APP mutations

Most of the mutations in the APP gene are related to EOAD (Figure 4). The first
described mutation was the so called “Swedish mutation”, which was found in a Swedish family
with a disease onset around 55 years [114]. This mutation occurs closely to the N-terminal
region of the AB peptide fragment in the APP, and it facilitates the formation of A by -

secretase. The mutations occur in the position 670 and 671 of APP that substitutes lysine to




asparagine and methionine to leucine, respectively [114]. Lately, the Swedish mutation
(APPswe) is the most common transgene in the transgenic models of AD used.

Other APP mutations, like the Dutch and lowa mutations, occur inside the AB fragment
in the APP and increase the A toxicity by the loss of negatively charged residues, without
increasing the overall AR production by the APP processing. Patients harboring the Dutch
mutation have the APP mutation in residue 693 substituting the glutamic acid to glutamine. In
the brain, it mainly occurs diffuse plaques composed almost exclusively of AB4.. Hence, those
patients have been described to develop cerebral hemorrhages due to the cerebral amyloid
angiopathy (CAA), which is characterized by AB deposition in the brains’ vascular system [115-
117]. Harboring the lowa mutation, patients have the APP mutation in the residue 694 that
substitute the aspartic acid to asparagine. Unlike the patients carrying the Dutch mutation, both
ABso and ABs2 are in the deposits [118]; there is also the presence of NFTs and cognitive
deficits [119]. In order to study the role of CAA as well as potential treatments, the Dutch and
lowa mutation transgene was also developed in transgenic mouse model.

Mutation in the PSEN 1 gene are also responsible for the EOAD. The deletion of exon
9 in the PSEN1 gene (PS1AE9) is known to produces cotton wool plaques, which are mainly
composed of ABx42 without the presence of both dense core and dystrophic neurites [120]. In
patients, this mutation is also associated with the spastic paraplegia. Mutations in the PSEN1
also induces the increased ratio of AB42/AB4o[120-122]. Combined with the APPswe mutation
in transgenic mouse model, the APPswe/PS1AE9 has increased pathology compared to only
APPswe and PS1AE9 parental mouse models [123].
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Figure 4: Amylogenic pathway of the APP processing induced by mutations of familial AD. Mutations in the amyloid
precursor protein (APP) can occur inside and outside the Amyloid-B (AB) fragment. The Swedish mutation (A)
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occurs outside and plays a role in facilitating the A production by the B-secretase activity. The Dutch (B) and lowa
(C) mutation occur inside and induces the AB aggregation. The mutation in the presenilin subunit (PS1) of the y-
secretase complex (PS1Ae9) (E) facilitates the formation of AB42. Created with BioRender.com.

1.1.6. Tau protein

Nowadays, some dementias can also be classified as tauopathies, in which the microtubule
associated Tau protein is hyperphosphorylated, aggregates intracellularly and finally forms the
NFTs. Tauopathies can be divided in primary and secondary [9]. In the secondary tauopathy,
e.g. AD, hyperphosphorylated Tau occurs as a second event, probably due to AB pathology.
The primary tauopathies are diseases in which hyperphosphorylated Tau is the first event,
which can be considered frontotemporal lobar degeneration associated with Tau (FTLD-Tau),
progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) [124, 125].

Tau is a microtubule associated heat stable protein which possesses different
functions, including preventing the dissociation of microtubules, regulation in synapses, axonal
trafficking and the activation of microtubule associated protein (MAP) kinases [126-131]. It is
expressed from the microtubule associated protein Tau (MAPT) gene located on chromosome
17 and it can be transcribed in six distinct isoforms by alternative splicing of the 16 exons
(Figure 5). The MAPT gene can be divided in two parts: the N-terminal (N); and C-terminal
microtubule-binding domain, which can have three or four motifs (3R and 4R) [132, 133]. The
shortest isoform is the ON3R and the longest is 2N4R. In human brain, both the 2N4R and
2N3R are present, but during brain development, 2N3R is the most common [134]. Regarding
the microtubule domain, the exon 10 is lack or present in the 3R and 4R, respectively.
Considering other isoforms, the lack of exons 2 and 3 in ON4R and ON3R isoforms, are present
mainly in axons, while 2N4R isoform tau are present mainly in the soma and dendrites [135].
Moreover, PSP and CBD patient mainly have the Tau 4R isoform in the brain, while in Pick’s
diseases, those are composed of the 3R isoform [136].

The frontotemporal dementia with parkinsonism-17 (FTDP-17) is one of the most
common genetic FTD, where mutations in the MAPT have been described. Those mutations
affect the ability of Tau to bind to microtubules as well as to promote Tau hyperphosphorylation
[137]. The most described mutation is the amino acid residue substitution at position 301 from
a proline to leucine [138-140] (Figure 5). This position is in the exon 10, therefore this alteration

in the Tau protein sequence can only occurs in the 4R isoform.




_0_1222424a Os6 708 o[ Stel 111112 []13 [114 [

441 2N4R —

412 1N4R |4R-tau

383 ON4R™

410 2N3R

381 1IN3R |3R-tau

352 ON3R—

]

N-Terminal C-Terminal microtubule domain

Figure 5: Tau isoforms expressed from the MAPT gene alternative splicing. In the N-terminal (N), three different
isoforms can be formed, the ON, 1N and 2N. In the C-terminal microtubule domain (R), two different isoforms can
be expressed, the 3R and 4R. The combination of both regions then produces the six Tau isoforms, ON3R 1N3R,
2N3R, ON4R, 1N4R and 2N4R. In the exon 10, P301L mutation is located, which was described in the
frontotemporal dementia with parkinsonism-17 (FTDP-17). Adapted from [141].

The Tau protein is also affected by posttranslational modification, such as
phosphorylation [142-144]. The phosphorylation of Tau regulates its function and binding to
the microtubules. Under pathological conditions, Tau is hyperphosphorylated by kinases,
resulting in the loss of function to bind to microtubules and it is misplaced into dendrites, then,
the hyperphosphorylated Tau assemble into Tau oligomers, that adopt a B-sheet formation,
which further assembles into paired helix filaments (PHF), the main composition of NFTs [145-
148], Patterson, Remmers [149]. Those are the intracellular inclusions described by Alois
Alzheimer. Braak and Braak (1991) further described that the presence of NFTs in different
regions of the brain can be correlated with the cognitive deficits. Nowadays, this technique is
called the Braak stages and can be used as a postmortem diagnostic of AD. In the Braak
stages | and Il, the NFTs positive cells are located initially in the transentorhinal cortex, where
the hippocampus is located. In the Braak stages Ill and IV, the neurodegeneration spreads to
the limbic system. In the last Braak stages (V and VI), the neocortex is also affected [150].

Misfolded Tau can also be classified as prion-like since aggregated Tau can induce

hyperphosphorylated Tau in mice [151-154]. Moreover, Tau spreads from neuron to neuron
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via low-density lipoprotein receptor-related protein 1 (LRP1), which plays a role in the uptake
and propagation of Tau [40, 155-157]. Recently, it was demonstrated that different forms of
Tau seeds are present in the brain and they seem to determine the severity of dementia in
patients [158].

Similar to the neuroinflammatory process induced by AB aggregation, misfolded tau
also induces microglia and astrocytes activation. One process is induced by the cluster of
differentiation 200 (CD200) that is decreased, once the neuronal integrity is compromised, a
process that occurs due to the formation of NFTs. This protein inhibits the microglia activation
and with its decrease, reactive microglia increase [159]. Moreover, reactive microglia also
induce the hyperphosphorylation of Tau and NFT formation, thereby creating a feed forward
loop [160].

As Tau helps in the axonal trafficking, it plays an important role in the regulation of
synapses, especially by modulating pre- and post-synaptic receptors and mitochondrial
transport. Under physiological conditions, Tau also induces AMPAr endocytosis by enhancing
its interaction with protein interacting with C Kinase (PICK1). This process provides the long-
term depression (LTD) in the CA1 region of the hippocampus. Under pathological conditions,
Tau is dislocated to the dendrites and impairs the post-synaptic function. Pathological Tau
interacts with Fyn and recruits more Fyn to the postsynaptic site. Fyn then stabilises the
interaction of NMDAr and postsynaptic density protein 95 (PSD95), providing an overactivation
of NMDAr. Finally, this overactivation results in a known process called glutamatergic
excitotoxicity, which induces neuronal death. Besides, Tau deposits activate different Ca?*-
dependent enzymes inducing Ca?* dysregulation in the synapses (for review: [106]). Another
process that is impaired due to loss of Tau binding to the microtubules is the mitochondrial and
receptors transport to the synapses, which decreases adenosine triphosphate (ATP)

production in the synapses, inducing synaptic and axonal loss [161].

1.2. Treatment

Despite the research community efforts, dementia has no cure. Fortunately, some
drugs are approved to treat the symptoms of AD, especially the cognitive deficits. Those drugs
can be divided into two classes: acetylcholinesterase inhibitors (AChEI) and NMDAr blocker
[162]. Besides the cognitive deficits, some drugs are also prescribed for the psychic and
psychological alterations, e.g. hallucinations and depression, respectively. Moreover, non-
medical strategies are also interesting tools to slow the progression or prevent dementia. In
the recent years, the use of music and aromatherapy in patients has been increasing [163-
166]. In addition, exercise is extensively performed regarding the motor deficits, which

demented patients present later in life [167].
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The AChEI were developed in the 1990’s based on the cholinergic hypothesis.
Acetylcholine (ACh) is the most common neurotransmitter in the brain and plays an essential
role in memory processing [168]. It was observed that a decrease of ACh in the synaptic cleft
affects memory processing and induces cognitive deficits [168, 169]. During the synaptic
transmission, ACh in the synaptic cleft is cleared by the AChE by degrading into choline and
acetic acid, keeping the system controlled [170]. With a decrease of ACh in the synaptic cleft
in AD patients, inhibiting the degradation of ACh improves cognitive deficits [171]. The AChEI
increase the ACh in the cleft by preventing ACh degradation thru the inhibition of AChE activity.
Nowadays, three AChEI have been approved by the different health organizations: Donepezil,
Rivastigmine and Galantamine.

Memantine was developed later based on the glutamatergic excitotoxity theory [172].
As opposed to ACh, glutamate in the synaptic cleft is increased in AD patients [173-175]. This
exacerbated amount of glutamate over-activates the NMDA receptor, allowing an increased
amount of Ca?* to enter the neuron [176]. The increased Ca?*-uptake impairs the signaling
cascade inducing neuronal death [177]. Memantine prevents Ca?* to enter the neurons by
blocking the NMDA channel [178]. Even though Memantine was thought to be a
neuroprotective drug, dementia still progresses in the patients despite the treatment [179].

Extensive research is being performed in order to find a more effective treatment for
AD [180]. Many anti-AB drugs have been developed, especially monoclonal antibodies, but
almost all of them failed in the clinical trial. One particular antibody, so-called Aducanumab,
developed to bind specifically to Ap oligomers, showed contradicting results in the last clinical
trial [181]. Despite these contradictions, the Food and Drugs Administration (FDA) approved it
on June 2021 to treat AD patients [182].

1.2.1. p-enantiomeric peptides

Small molecules, including peptides, are promising compounds for treatments in different
diseases due to their ability to penetrate membranes and to bind with high specificity to targets.
Therefore, peptides have been selected for AD treatment using different techniques [183].
Phage display is a technique in which a library of microphages connected with different
peptides is used and selected based on its binding efficiency to the target compound [184,
185]. Originally, this technique was developed for L-peptide selection, but since L-peptides are
easily degraded by proteases and are highly immunogenic, those compounds have limited use
in treatment studies [186]. Therefore, a modified phage display technique, called Mirror image
phage display was developed. The Mirror image phage display consists of a target compound
that is synthetize in the D-enantiomeric structure and the library phage is L-enantiomeric. Then,
the selected phage is change to D-peptide and should be able to interact with the L-

enantiomeric protein target [187]. D-peptides are more resistant to protease degradation and
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are less immunogenic, which makes these molecules more suitable for treatments in humans
and animal models [188].

In this context, the D-enantiomeric peptide D3, was selected against AR monomers or small
oligomers. D3 was able to prevent the A aggregation, to eliminate AB oligomers and to reduce
AB toxicity in vitro and improve cognitive deficits in different transgenic models [189-192].
Regarding the pharmacokinetics properties, D3 was efficient via intraperitoneal (i.p). and oral
application with high bioavailability, high proteolytic stability, high terminal half-life as well as
efficiency in brain-blood-barrier (BBB) penetration in mice [190, 191, 193].

In order to improve D3 efficiency, derivative peptides were developed. RD2, also called
PRI-002, has a re-arranged but similar amino acid composition like D3. PRI-002 was able to
eliminate toxic AB oligomers more efficiently than D3 in vitro and to improve behavior deficits
in different mouse models [194-197]. In mice pharmacokinetics studies, PRI-002 administrated
by different routes had high bioavailability properties, high proteolytic stability, high terminal
half-life as well as efficiency in BBB penetration [198]. In the clinical phase | trial, PRI-002 also
was demonstrated to be safe when administered orally in humans [199]. At the present
moment, a clinical phase Il trial with PRI-002 is in preparation.

RD2D3 were developed by combining head to tail tandem PRI-002 with D3, respectively,
in order to enhance A affinity [192]. Similar to PRI-002, RD2D3 was also able to prevent A3
aggregation in vitro but not in vivo when administrated orally [195]. Interestingly, both RD2D3
and D3D3 had similar pharmacokinetics properties, although RD2D3 had higher bioavailability
when administrated i.p. [198]. Besides the tandem derivatives, the head-to-tail cyclization of
D3 derivatives was evaluated as an approach to improve its binding affinities and efficiency.
Cyclic RD2D3 (cRD2D3) reached the highest concentrations in the brain and efficiently cross
the BBB compared to other D3 derivatives and its cyclic derivatives [200]. In summary, D-
enantiomeric peptides seem to be an advantageous treatment strategy for AD since they show
a high proteolytic stability as well as high efficacy to eliminate AB oligomers and to improve

cognitive deficits in AD mice.

1.3.Animal models

Several animal models can be used in the translational studies of dementia. In aged
canines and non-human primates, AB aggregation is present but there are some
disadvantages like zoonotic transmission and low reproducibility [201-203]. On the other hand,
rodent models of dementia depend on induction of the disease, since they do not develop
neuritic plaques and NFTs naturally, due to differences from humans to rodents in the protein
structure.

There are two types of models that can recall some hallmarks of AD. One is the injection

of AB (or similar) directly into the brain. These induced models manifest cognitive deficits that
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resemble those observed in humans, but lacks A aggregation and neurodegeneration, which
are also hallmarks of the disease [204]. Moreover, the reproducibility of these models is limited
since fibrils may have different efficiency at each injection. The other type of AD models are
the transgenic models. In those models (in general mice), the animals express at least one of
the mutated genes described for familial AD (in humans). The transgenic models can be

developed by using different promoters as well as genetic backgrounds.

1.3.1. Transgenic APPswe/PS1AE9 mice

The APPswe/PS1AE9 (APP/PS1) mouse model is a double transgenic line that harbors
the abovementioned APPSwe mutation as well as PSEN1 mutation, and is widely used in AD
research. The APP/PS1 mouse model was developed by Jankowsky and collaborators (2004)
[123]. This mouse model developed an extensive plaque load which progresses with age [205,
206]. APP/PS1 mice had a similar amyloid pathology compared to humans, which makes them
a suitable model to study the role of amyloidosis in the brain as well as preclinical studies
regarding anti-AB drugs. Regarding the behavioral alterations, APP/PS1 mice had spatial
memory deficits in the Morris water maze (MWM) and were less anxious compared to non-
transgenic mice at 12 months of age [207, 208]. At early ages, impairment in the fear memory
was also observed in APP/PS1 mice [209] (Table 1). Even though the behavioral deficits have
been widely studied in this line, some differences regarding the onset and severity are still
variable from study to study.

The neuritic plagues were present mainly in the cortex and hippocampus starting with
six months of age [123] (Table 1). Neuroinflammatory markers were also increased at this age
and was located in proximity of plaques [210] (Table 1). This mouse model together with many
other APP transgenic mouse lines did not display massive neurodegeneration even in later
ages, even though an impairment of transient LTP as early as three months of age and a
discrete neuronal death was observed close to the plaques [208, 211]. Interestingly, the

APP/PS1 mice had seizures, which is the common cause of premature death [212].

1.3.2. The TBA2.1 line

The TBAZ2.1 line was developed to understand the role of pEAR in AD [213]. This model
was generated by inserting the cDNA sequence of a murine thyrotropin releasing hormone
(TRH) pre-pro-peptide combined with the modified human AB polypeptide AB(Q3—42) under a
neuron specific promotor. The TRH sequence is preferentially processed in the secretory
pathway, therefore, after the protein expression of TRH with AB(Q3—42), those are further
processed in the trans-Golgi network. The peptide is then modified by the QC, forming the
pEAB(3-42). In order to increase the probability of QC processing and pEAR production, the

glutamate in position 3 of the AR sequence was replaced by glutamine [214].
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Unlike any other AD model, homozygous TBA2.1 mice developed neurodegeneration
and severe motor deficits, but they did not develop plaques (only intracellular AR deposits) and
displayed early death (by five months of age) [213]. Starting with three months old, TBA2.1
mice displayed severe neurodegeneration in the CA1 region of the hippocampus [213].
Neuroinflammation was detected at two months of age reaching a peak with three months of
age but decreases at five months due to neurodegeneration [213]. The same pattern was
observed with the intracellular AB aggregation. Regarding the behavioral deficits, the motor-
induced neurotoxicity started as earlier as with two months of age. The cognitive deficits of
TBAZ2.1 mice is still unknown. Moreover, homozygous TBA2.1 showed weight loss starting at
four weeks of age [213] (Table 1).

Heterozygous TBAZ2.1 mice, on the other hand, did not develop a strong phenotypic
alteration as late as 18 months of age. At 21 months, heterozygous TBAZ2.1 displayed
phenotypic alterations and a decrease in body weight. At 24 months, the amount of AB is

increased in the hippocampus and striatum, and seemed to induce neurodegeneration [215].

1.3.3. Transgenic SwDI mice

The APP Swedish (KM670/671NL), Dutch (E693Q) and lowa (D694N) (SwDI) line was first
developed by Davis and collaborators (2004) and is the most common transgenic mouse
model of CAA [216]. This mouse model starts to accumulate AR in the cerebral blood vessels
including microvessels at early ages, especially in the thalamus and subiculum areas of the
brain. The insoluble AR fraction is composed of both AB40 and AB42 with the mutant Dutch
and lowa substitution. Unlike the APP/PS1 mice, SwDI mice develop diffuse AB deposits in the
brain parenchyma rather than fibrillary AB plaques. The fibrillary AR plaques, though, can be
found in the vasculatures [216, 217] (Table 1). The homozygous SwDI mice have increased
AB deposits compared to the heterozygous mice.

Regarding the behavioral alterations, SwDI mice have cognitive deficits in the MWM at
six months of age and in Barnes maze starting at three months of age, but no motor deficits
have been observed as late as 12 months of age [218, 219]. Interestingly, the spatial memory
deficits do not correlate with AR plaques but rather with increased neuroinflammation [218,
220] (Table 1).

1.3.4. Transgenic Tau-P301L mice

Models of tauopathy can be induced by expression of Tau human mutations. Those
models can be used to understand AD but needs careful interpretation since the mutation of
Tau does not exist in AD patients. Therefore, a combination of Tau and APP mutation would
be more appropriate for the study of AD. The most common transgenic models of tauopathies
are the ones with the P301L mutation [221, 222].
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Tau-P301L transgenic mice were developed by Terwel and collaborators (2005) among
others [223]. This transgene is expressed under the Thr1 promoter on FVB background and
only the full-length Tau (2N4R) is present. Pathological Tau started to appear at six months
mainly in the brainstem and cortex of the mice and progresses with age. Due to the presence
of pathological Tau in these areas controlling upper airway function, these mice died
prematurely due to respiratory problems. Moreover, they developed a severe phenotypic
alteration, which was described as a clasping in the limbs, starting at 9 months as well as motor
deficits in the beam walk test. Regarding cognitive deficits, Tau-P301L mice on FVB
background developed deficits in the passive avoidance and in the novel object recognition
test (NOR) at five and nine months of age, respectively [224]. On the other hand, Tau-P301L
mice had an improved performance in the NOR that might be related to the enhanced LTP in
the hippocampus [225]. Finally, alterations in the open field, elevated plus maze and in the
sociability and preference for social novelty (SPSN) were observed at early ages [226] (Table

1).

Table 1: Overview of the transgenic mouse model alterations. The age of onset (in months) for amyloidosis, Tau
pathology, neuronal loss, gliosis, synaptic loss and cognitive deficits is given for each model (APP/PS1, TBA2.1,
Tau-P301L and SwDI), respectively.

APP/PS1 TBA2.1 Tau-P301L SwbDI
(homozygous)
[213]
Amyloidosis Six months [123] Absent Absent Three months:
(intracellular cerebral
aggregation at microvascular
three months) fibrillary amyloid
[216]
Tau Absent Absent Eight months [223] Absent
pathology
Neuronal Eight months: 5 months No data No data
loss neuronal death in
proximity to the
plaques
Gliosis Six months [210] Three months Seven months Six months [217]
Synaptic Four months [227] No data No data No data
loss
Cognitive 12 months: Morris No data Five months: Passive Three months:
impairment water maze [207] avoidance test [224] Barnes maze task

Seven months: novel [218]
object recognition test
[224]
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1.3.5. Limitation of animal models

The transgenic models play an essential role in the translational research, since one
isolated hallmark can be studied in-depth in a controlled conditions. A noteworthy drawback,
however, is that most models fail to reproduce all of the disease’s hallmarks. This limitation
may explain the inefficiency of new substances in clinical trials despite positive preliminary
results in mouse tests. One solution for this problem may be the development of new mouse
models with closer pathological similarities to humans. Lately, a collaboration called MODEL-
AD is developing the next generation of animal models in order to have more reliable preclinical
studies [228].

Besides the development of new models, in-depth characterization of already existing
mouse models, e.g. by longitudinal studies, could also provide more precise information for
the treatment study design in contrast to cross-sectional studies. Repeated experiments
decrease the anxiety levels of mice since they habituate to handling, the experimental facilities
and the tests. The decreased anxiety results in a more reliable result in the behavioral tests,
since high levels of anxiety can alter the mice’s performance in some (mainly cognitive) tests.
On the other hand, some behavioral test are more reliable in cross sectional studies, since
habituation would alter the results, e.g. MWM. Moreover, the onset of deficits can be different
depending on the disease course, and a longitudinal study can provide more complete data

regarding which deficits occur at which time point [229].
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2. Objective

More than a century has passed since AD and FTD have been described for the first
time. Since then, a lot have been explained regarding its physiopathology and most of the
discoveries would not have been possible without animal models. Animal models play an
essential role in the translational research since it is possible to isolate a single element of a
complex problem and evaluate it in a controlled and reproducible environment. Many
transgenic models have been developed to understand the role of AR and Tau via the genetic
mutations found in patients. Those transgenic models, especially mouse models, have also
been used in preclinical trials for years to test new therapeutic options. However, the failure of
drugs in subsequent clinical trials have questioned the usefulness of animal models lately. In
this context, the research community made efforts, both, to develop new models which are as
similar to human diseases as possible, and to further understand the already existing models,
in order to increase the translation from preclinical data into the clinic.

Taking together, the aim of this thesis was to characterize different mouse models of
dementia to improve their usefulness. The first model is a new transgenic model developed in
the Institute of Neuroscience and Medicine (INM-4) at the Forschungszentrum Jilich, called
TAPS. The T(TBA2.1)APS(APP/PS1) line harbours the AB production from TBA2.1 combined
with both APPswe and PS1AE9 transgenes. In the TAPS model, it was expected that the mice
develop both the amyloidosis described in the APP/PS1 line as well as the aggressive
neurotoxicity induced by the pEAB [123, 213]. To evaluate the general behavior, SHIRPA and
open field test were performed. To assess the cognitive deficits, the NOR, t-maze spontaneous
alternation, fear conditioning and MWM were performed. In order to further evaluate the
amyloidosis in relation to neuroinflammation, histological analysis was performed.

The second model that was characterized was the Tau-P301L line. This line was
developed by Terwel and collaborators (2005) [223]. The initial description though, was
restricted to histological analysis of NFT pathology and few behavioral tests. In order to
increase the number of longitudinal read-outs for possible therapeutic studies using these
mice, the mouse line has been characterized in more detail. Therefore, we have evaluated
both sex in an interval of two months starting with two months of age in different behavioral
tests. To evaluate the general behavior, the habituation/dishabituation olfactory test, marble
burying, nesting behavior, SHIRPA and open field test were performed. To evaluate the motor
deficits, the Rotarod and modified pole test were performed. Finally, to assess the cognitive
deficits, the NOR, T-maze spontaneous alternation, fear conditioning and MWM were
conducted. In order to further evaluate the NFT pathology in relation to neuronal death and

neuroinflammation, histological analysis was performed.
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Moreover, a proof-of-concept treatment study was performed to demonstrate the
importance of an appropriate characterization prior to a treatment study. For this purpose, two
D-enantiomeric peptides, the linear RD2D3 and the cyclic derivative cRD2D3, respectively,
were chosen. The treatment was performed via i.p. pump implantation in the SwDI transgenic
mouse line. Previously, the SwDI had been extensively characterized in the nesting, marble
burying, open field and MWM tests. Those behavioral test were then performed after the pump
implantation in order to evaluate the treatment efficiency of RD2D3 and cRD2D3.

Overall, the development of a new mouse model as well as the longitudinal study of an
existing mouse model provides more suitable models for the study of AD physiopathology and
the development of new drugs against AD. Moreover, the RD2D3 and cRD2D3 treatment study

would be well design due to the characterization of the SwDI mouse model in advance.

19



3. Publications

3.1. PEAR Triggers Cognitive Decline and Amyloid Burden in a Novel Mouse

Model of Alzheimer’'s Disease

Authors: Luana Cristina Camargo®, Michael Schéneck®, Nivethini Sangarapillai,
Dominik Honold, N. Jon Shah, Karl-Josef Langen, Dieter Willbold, Janine

Kutzsche, Sarah Schemmert, Antje Willuweit

*contributed equally

Journal: International Journal of Molecular Science (2021), accepted on June 25",
2021
DOI: 10.3390/ijms22137062

Impact Factor: 5.923 (2020)

Contribution:  Performance and analysis of the behavioral tests (open field, novel object
recognition, t-maze spontaneous alternation, fear conditioning and Morris
water maze).

Analysis of the DAPI staining

Writing of the original draft and the manuscript revision.

20



International Journal of
Molecular Sciences

Article
PEAf Triggers Cognitive Decline and Amyloid Burden in a
Novel Mouse Model of Alzheimer’s Disease

Luana Cristina Camargo 1-2-*), Michael Schéneck 3, Nivethini Sangarapillai 3%, Dominik Honold !,
N. Jon Shah 34,500, Karl-Josef Langen 3,600, Dieter Willbold 120, Janine Kutzsche 117, Sarah Schemmert !
and Antje Willuweit 3*

! Institute of Biological Information Processing, Structural Biochemistry (IBI-7), Forschungszentrum Jiilich,
52425 Jiilich, Germany; L.camargo@fz-juelich.de (L.C.C.); d honold@fz-juelich.de (D.H.);
d.willbold@fz-juelich.de (D.W.); j.kutzsche@fzuelich.de (J.K.); s.schemmert@fz-juelich.de (5.5.)

2 Institut fir Physikalische Biologie, Heinrich-Heine-Universitit Diisseldorf, 40225 Diisseldorf, Germany

Institute of Neuroscience and Medicine, Medical Imaging Physics (INM-4), Forschungszentrum Jiilich,

52425 [iilich, Germany; m.schoeneck@fz-juelich.de (M.S.); nivethini.sangarapillai@uni-marburg.de (N.S.);

n.j.shah@fz-juelich.de (N.].5.); k.jlangen@fz-juelich.de (K.-J.L.)

4 JARA-Brain-Translational Medicine, JARA Institute Molecular Neuroscience and Neuroimaging,

52062 Aachen, Germany

5 Department of Neurology, RWTH Aachen University, 52062 Aachen, Germany

6 Department of Nuclear Medicine, RWTH Aachen University, 52062 Aachen, Germany

*  Correspondence: awilluweit@fzjuelich.de; Tel.: +49-2461-6196358

1t Bothauthors contributed equally to the work.

check for 1 Present address: Department of Psychology, Philipps-University of Marburg, 35037 Marburg, Germany:
updates
Citation: Camargo, L.C.; Schimeck, Abstract: Understanding the physiopathology of Alzheimer’s disease (AD) has improved substan-
M; Sangarapillai, N; Honold, D ; tially based on studies of mouse models mimicking at least one aspect of the disease. Many transgenic

Shah, N.J; Langen, K-J.; Willbold, D;  lines have been established, leading to amyloidosis but lacking neurodegeneration. The aim of the

Kutzsche, ].; Schemmert, 5.; current study was to generate a novel mouse model that develops neuritic plaques containing the
Willuweit, A. PEAP Triggers

Cognitive Decline and Amyloid
Burden in a Novel Mouse Model of
Alzheimer’s Disease. Int. |. Mol. Sci.
2021, 22, 7062. https:/ /doi.org/
10.3390 /ijms22137062

aggressive pyroglutamate modified amyloid-p (pEAP) species in the brain. The TAPS line was
developed by intercrossing of the pEAB-producing TBA2.1 mice with the plaque-developing line
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m 1. Introduction

Dementia is the most common form of neurodegenerative diseases, leading to a de-
cline in cognitive functions over time. In 2020, an estimated amount of around 27 million
people in the world lived with dementia [1-3]. Among the neurodegenerative dementias,
Alzheimer’s disease (AD) has the highest prevalence with approximately 60% of all de-
mentia cases [4,5]. Besides the cognitive decline, two main pathological hallmarks occur
in AD brains, most of which are known as neurofibrillary tangles and neuritic plaques.
st o by The latter ones are mainly composed of different aggregated species of the amyloid-p
10/, (ApP) peptide. AP aggregation is initiated by the interaction of A monomers, which
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assemble into toxic AP oligomers. Further aggregation leads to A3 fibrils that are the main
component of the neuritic plaques and can be found extracellularly in human AD brains.
Following the amyloidogenic pathway, A monomers are produced by the cleavage of
the amyloid precursor protein (APP) [6] through cleavage by the B-secretase, instead of
the x-secretase in the non-amyloidogenic pathway, and the consecutive cleavage by the
y-secretase [7]. A minor amount of AD cases are classified as familial AD (fAD), in which
different gene mutations have been identified to be the primary cause of AD. Most of the
fAD mutations are discovered in the APP gene, as well as in an active component of the
y-secretase complex, the presenilin-1 or -2 genes (PSEN1, PSEN2) [8]. Mutations in these
genes lead to increased processing of APP in the amyloidogenic pathway and consecutively
to the secretion of AfB. Taking advantage of this, a number of fAD mutations have been
used to generate transgenic animal models developing AD-like amyloidosis in the brain
for studying AD pathophysiology and testing of new therapeutic options.

A widely used fAD mutation for transgenic mouse models is the so-called APPswedish
mutation (APPswe), which occurs by the change of amino acid residues outside the A
domain, facilitating AP production [6,9,10]. The combination of an APPswe transgene with
a second one, harboring a mutated presenilin transgene, has been shown to additionally
increase formation of the APB1-42 species, which is highly prone to aggregation and, thus,
leads to a progressive amyloidosis phenotype in the brain of double transgenic mice [11].
A double transgenic mouse model commonly used in AD research is the APPswe /PS1AE9
(APP/DPS1) line, which carries both an APPswe and a mutated presenilin-1 (PS1) transgene.
The mice start to develop amyloid plaques and neuroinflammation within six months,
which progressively intensifies with age [5,12-14]. Despite the presence of abundant
neuritic plaques later in life, the mice do not develop obvious neurodegeneration [14].
Nevertheless, cognitive deficits have been described for this line, although with variable
onset [15,16]. One study described a deficit in spatial learning and memory in the so-called
Morris water maze (MWM) paradigm with 15 months of age [17]. Allin all, this lineis a very
common mouse model whose amyloidosis seems to be very similar to the human disease,
in particular due to the presence of neuritic plaques in both cortex and hippocampus.
However, the APP/PS1 line has been shown to be not particularly suited for amyloid
imaging with radiotracers routinely used in the clinic, as studies by Stenzel et al. [18] and
our research group suggested. A difference in plaque morphology or composition has been
discussed as the cause for lower binding of amyloid radiotracers to plaques of this mouse
model [19]. In addition, the presence of truncated A species has been proposed to be
important for amyloid radiotracer binding and AD-like plaque morphology [20].

A variety of different A3 species can be detected in amyloid plaques of AD patients.
While the main AP variants are A$1-40 and Ap1-42, a significant proportion consists also
of N-terminally truncated species [21]. Studies identified that N-terminally truncated and
pyroglutamate-modified Ap (pEAP) represents up to 25% in neuritic plaques in human
AD patients” brains [22-24]. The pEAf is formed in a post-translational modification of
exposed glutamate by the glutaminyl cyclase in both glutamate position 3 (pEA[33-42) and
11 (pEAB11-42) of truncated Af3 [25]. These modifications change the overall charge ot the
AP peptide, which increases its hydrophobicity and, thus, facilitates A} aggregation and
prevention of degradation by proteases [26]. Besides that, pEA (3 is more neurotoxic than
other AP species (for a review, see [27]).

The relevance of pEAP for AD pathophysiology has also been demonstrated in trans-
genic mouse models. Firstly described by Alexandru et al. in 2011 [28], the TBA2.1 mouse
model was generated to secrete pEA[33-42 in the brain, which intracellularly forms small
Ap aggregates along with a strong neurodegeneration and severe motor deficits in homozy-
gous mice. However, unlike most of the other amyloidosis mouse lines, the TBA2.1 mice
do not develop neuritic plaques but only smaller AP particles deposited in the brain [29].

Development of an AD-like amyloidosis phenotype, including neuritic plaques and
neurcinflammation, could be shown in a variety of transgenic mouse lines. Additionally,
behavioral deficits, in particular cognitive impairment in learning and memory, were
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described to be present in most lines (for a review, see [30]). However, neurodegeneration,
which is a typical feature of human AD, was only observed in a few transgenic amyloidosis
models, including the TBA2.1 line [31]. In an attempt to generate an improved mouse
model harboring a combination of AD-relevant hallmarks, i.e., the aggressive phenotype
produced by pEA, an abundant formation of neuritic plaques and extensive cognitive
decline, the novel TAPS mouse line was generated. This line was created by cross-breeding
of heterozygous APP/PS1 and TBA2.1 mice and the phenotype of the resulting triple
transgenic mice was followed over a period of 20 months in comparison to the parental
lines. As a result, we demonstrate that by addition of pEAP the amyloid pathology is
further accelerated, with earlier onset and increased deposition of neuritic plaques in the
brain. Furthermore, the TAPS mice displayed a faster and more pronounced cognitive
decline in comparison to the parental lines. Due to its stronger phenotype the novel
TAPS line has qualified itself as a useful new tool to study AD pathophysiology, and for
preclinical studies testing new therapeutic options.

2. Results
2.1. TAPS Mice Accumulate Ap Aggregates in the Striatum, Hippocampus, and Cortex as Early as
6 Months

TAPS mice were viable and fertile but showed a 14% increased rate of premature death
in comparison to wild-type (WT) littermates. For comparison, APP /PS1 mice showed a 3%
increased rate of premature death (Table 51). Both, TAPS and APP/PS1 mice, developed an
increasing amyloid pathology with neuritic plaques in the brain over time. With an earlier
onset, at the age of 6 months, TAPS mice showed plaque formation starting in the cortex,
hippocampus, and also lateral striatum. Over time, all mentioned regions underwent a
constant increase in plaque density, with the highest amounts in the cortex and slightly
less A3 plaques in the hippocampus. In APP/PS1 mice, visibly less plaque formation
could be found at the same age in the cortex and emerged to the hippocampus with
9 months but with nearly no A} accumulation in the striatum. Overall, plaque formation
in early ages was visibly lower than in the corresponding TAPS mice, and increasing in the
cortex and hippocampus to a comparable level in later life. The cerebellum showed only
litle AP accumulation over time and accumulation in the thalamus could be observed in
both genotypes. In contrast to the previously mentioned mouse lines, the TBA2.1 mice
developed decent amounts of AP aggregates in the striatum, already at the age of 6 months
and kept those levels until older ages. However, there was nearly no A3 accumulation
visible in brain regions other than the striatum.

To investigate the composition of the A plaques in all mouse lines, a double stain-
ing was accomplished with antibodies against truncated pyroglutamate A at position
3 (pE3Af) and total A (antibody 6E10) in 24-month-old mice. TAPS and APP/PS1 mice
showed an intense staining of plaques in the cerebral cortex for both, Ap and pE3AJ, as
shown in Figure 1, and comparable results were found also in the hippocampus. It could
be seen that compact neuritic plaques, as well as diffuse A3, were positively stained with
6E10 in both cases. Albeit the 6E10 signal was stronger, in diffuse Af3, a minor portion of
PE3AR could be observed as well, indicating a possibly lower content of those truncated
Af species than full-length Af3 in diffuse accumulations. In compact plaques, however,
pE3AP was more prominent in the center core of the plaques than in the surrounding.
In principle, the overall plaque morphology and distribution of pE3Af in the cortex and
hippocampus was comparable between TAPS and APP/PS1 mice. TBA2.1 mice, however,
showed no visible A accumulation in the cortex, as well as in the hippocampus, and were
not distinguishable from WT mice in those regions. Differences, however, could be seen in
the striatum (caudate putamen) of the mouse lines, which are shown in Figure 2.
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Figure 1. Comparison of the plaque morphology in TAPS, APP/PS1, and TBA2.1 mice. Sagittal slices stained with 6E10

(red) for whole amyloid-p (Ap), and pE3 antibody (green) for truncated pyroglutamate Af (pE3AP) species at 400x

magnification. Intense labeling of pE3Af in the center core of AP plaques was visible in the cortex of TAPS and APP/PS1, as

well as in the hippocampus (CA3 region). No Ap accumulation was visible in the cortex and hippocampus of heterozygous

TBA2.1 mice. Cell nuclei labeled by DAPI (blue). Images of representative animals are shown; for total animal numbers,

see Table 1.

TAPS mice showed a recognizable accumulation of A in the lateral striatum (Figure 2).

The signal was almost solely congruent between total A (antibody 6E10) and pE3Af
(antibody pE3). The TBA2.1 mice accumulated aggregates in the striatum that were posi-
tive for pE3AP and 6E10, although AP aggregates were much smaller compared to TAPS.
Delineation of those aggregates in TBA2.1 was also sharper than in TAPS, possibly indi-
cating an intracellular accumulation in this line. APP/PS1 mice, however, showed nearly
no accumulation of AP species in the corresponding striatal region, compared to TAPS
littermates. In summary, TAPS and TBA2.1 mice showed A5 accumulation in the lateral
striatum, in contrast to APP /PS1 mice.
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APP/PS1

Figure 2. Comparison of A accumulation in the lateral striatum at 400 x magnification. TAPS mice accumulated A
aggregates in the lateral striatum, positive for total Ap (red, 6E10) and pE3AP (green, pE3). In TBA2.1 mice, AP deposits
were smaller but also positive for total AR and intensively stained for pE3AB. APP/PS1 mice in contrast were lacking

any AP accumulation in this area, showing only cell nuclei, positive for DAPI (blue). Images of representative animals are

shown; for total animal numbers, see Table 1.

Looking closer at the cellular response of the brain, a staining against glial fibrillary
acidic protein (GFAP) was accomplished. Reactive astrogliosis could be demonstrated in
investigated brains between 6 and 18 months. Exemplarily showing the results, comparing
18-month-old brains in Figure 3, the intense staining of A} with 6E10 (red) can be shown
for the cerebral cortices of TAPS and APP/PS1 mice, as previously mentioned. Acute
astrogliosis surrounded the direct vicinity to amyloid plaques, as visible in the cortex
images (Figure 3), but AP presence also seems to promote general activation of astrocytes
throughout the whole brain in TAPS and APP/PS1 mice. Although there was nearly no
AP in the striatum of the latter, a certain reactive astrogliosis could be observed in this
area as well. Overall, this indicates a strong increase in neurcinflammatory processes in
both mouse lines and a general activation of astrocytes throughout the brain, also in areas
without plaque pathology, e.g., the striatum. TBA2.1 mice also showed a certain degree
of astrogliosis for the regions of the lateral striatum, since there were also A aggregates
visible. Though, the astrocytes in the rest of the brain were not distinguishable from the
WT. Even in WT mice, some GFAP-positive astrocytes could be found, mostly in white
matter. The molecular layer of the cerebellum was roughly free from reactive astrocytes in
all investigated brains, in concordance with poor A accumulation in this area.

Since neuron loss in the CA1 region of the hippocampus was described for homozy-
gous TBA2.1 mice [28], we analyzed this brain region also in the TAPS line. Quantification
of neuronal nuclei in the hippocampus of 24-month-old TAPS and WT mice showed no
significant differences in neuronal density in the stratum pyramidale of the CA1. Cell
counts were on comparable levels; therefore, no detectable signs of neurodegeneration
could be observed in the designated area for TAPS compared to WT mice (Figure S1).
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Figure 3. Amyloid- plaque pattern and reactive astrogliosis in TAPS, APP/PS1, TBA2.1, and wild-
type (WT) mice at 200x magnification. Immunofluorescence analysis of Af (red, 6E10) and reactive
astrocytes (green, GFAP). Both, TAPS and APP/PS1 mice showed abundant plaque load throughout
the whole cerebral cortex, accompanied by strong reactive astrogliosis. TBA2.1 mice seemed to lack
such aggregation of A in this area. Reactive astrogliosis in the cortex was on comparable low levels,
as observed in WT mice. In the striatum, only TAPS and TBA2.1 mice showed higher amounts of A
aggregates, which could not be observed in APP/PS1 mice. Images of representative animals are
shown; for total animal numbers, see Table 1.
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To investigate differences in AP load between the mouse lines in more detail, a
quantification with Image] was accomplished. The number of neuritic plaques and the
average size were quantified in the areas of the cortex, striatum, and hippocampus, for
TAPS and APP/PS1 (Figure 4). TAPS mice displayed in general a higher number of plaques
than APP/PS1 mice, which was significant in all brain regions analyzed (two-way ANOVA;
cortex, genotype p = 0.007, age p < 0.001; hippocampus, genotype p < 0.001, age p < 0.001;
striatum, genotype p < 0.001, age p < 0.001, genotype x age p <0.001). At the age of 7 months,
TAPS mice already had a significantly higher level of Af in the cortex, compared to their
APP/PSI1 counterparts (multiple t-test; p = 0.03). They built approximately five times
more deposits at the same age in the cortex and showed a detectable amount of neuritic
plaques in the striatum, as well. At the age of 15 months, both, TAPS and APP/PS1 mice,
showed a comparably high plaque load in the cortex but with a higher increase in TAPS
after 18 months. The increase in plaque formation of APP /P51 slowed remarkably down
after 15 months in the cortex and hippocampus, trending towards a plateau at this time.

Cortex Hippocampus
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3 S 1504 M
2 2 00| xx
g 'Ll E 100+ —
o = o

200 50+

0- T 0-
7 months 15 months 18 months 7 months 15 months 18 months
Age Age
Striatum
* %k
200+ J 1
b = TAPS
= APP/PS1

Plagque Count

7 months 15 months 18 months

Age

Figure 4. Plaque quantification in the brain of TAPS and APP/PS1 mice. The number of plaques was
quantified on brain sections after immunostaining against total AB. TAPS mice showed an earlier
onset in plaque formation in all investigated areas than APP /PS1 and a stronger progression until the
age of 18 months. For statistical analysis, a two-way ANOVA was used to compare the age related,
as well as a multiple t-test to analyze for genotype-dependent differences. Total number of animals
was TAPS (n = 16), APP/PS1 (1 = 15). For exact animal numbers per age, see Table 1. Data are given
as mean + SEM; * p < 0.05; ** p < 0.01; ** p < 0.001; *** p < 0.0001.

Hippocampal plaque formation could also be observed at a 10 times higher level in
7-month-old TAPS in comparison to APP/PS1 (multiple t-test; p = 0.009). At the age of
15 months, both, TAPS and APP /PS1 mice, showed a comparably high plaque load in the

27



Int. J. Mol. Sci. 2021, 22, 7062

8of23

hippocampus. With 18 months, TAPS mice, however, displayed a significant increase in
hippocampal plaque load (multiple t-test; p = 0.003), whereas numbers in APP/PS1 mice
remained on a relatively constant level.

In the striatum, only TAPS mice developed an amyloid pathology with neuritic Ap
plaques. Differences against APP /P51 could be demonstrated to be significantat7 (multiple
t-test; p = 0.006), 15 (multiple t-test; p = 0.009), and 18 months (multiple {-test; p < 0.000001).
APP /PS1 mice showed only constantly low levels of neuritic plaques in the striatum, even
in older individuals.

Analyzing the plaque size at 15 and 18 months of age, it could be shown that TAPS

mice tend to have slightly smaller plaques in the cortex (879.3 & 26.9 pum?, 15 months;
915.7 + 525 um?, 18 months) and hippocampus (994.63 + 54.0 um?, 15 months;
992.8 4 110.2 um? 18 months), compared to the APP/PSI cortex (9222 & 22.6 um?,
15 months; 1080.3 £ 21.5 um?, 18 months) and hippocampus (1111.1 =53.1 um?, 15 months;
1083.0 + 50.1 pum?, 18 months). Both genotypes showed a constant size of plaques in both
areas over the analyzed time. The aggregates in the striatum of TAPS mice, however, were
significantly smaller in size, with 588.8 == 34.3 um? for 15 months, and 586.5 + 52.4 um?
for 18 month-old-mice (two-way ANOVA brain region, p < 0.001; Holm-Sidak’s post-hoc,
cortex vs. striatum p = 0.001, hippocampus vs. striatum p = 0.001), compared to those in
the cortex and hippocampus.

2.2. TAPS Mice Show Phenotypic Alterations in the SHIRPA and Open Field Tests

In the SmithKline Beecham Pharmaceuticals; Harwell, MRC Mouse Genome Centre
and Mammalian Genetics Unit; Imperial College School of Medicine at St Mary’s; Royal
London Hospital, St Bartholomew’s and the Royal London School of Medicine; Phenotype
Assessment (SHIRPA) test, TAPS mice were initially compared to their WT littermates
for development of a behavioral phenotype with increasing age. TAPS mice showed a
consistent increase in scores throughout the whole examination time, as it can be seen
in Figure 5. At 4 and 6 months of age, changes were relatively small compared to older
animals. At9 months of age, the average scores increased to 1.6 and further to a score
of 3.9 with 12 months. The latter was highly significant compared to the values of the
WT littermates (mixed effects analysis, genotype p < 0.0001, age p < 0.0001, interaction
p < 0.0001; Sidak's post-hoc test 12 m, p = 0.0001). Over time, scores raised to 4.9 at
15 months (Sidak’s post-hoc test 15 m, p = 0.0002) and finally 6.6 at 18 months of age
(Sidak’s post-hoc test 18 m, p = 0.0273), which both proved to be statistically significant
compared to WT. Due to the partly cross-sectional type of this study, not all mice from
the initial group endured the full investigation period of 18 months. Male and female
animals were pooled for analysis. The most common hallmark of the TAPS phenotype in
the SHIRPA test was a reduction in sensory perception, mostly prominent in the pinna
reflex, startle response, and the flank pressure. A larger number of animals also showed
deficits in the hanging behavior.

Summarizing the results of the WT, the scores remained on a relatively low level
throughout the whole examination period. The scores varied on average around 0 and
0.4 for all age groups. Single mice showed minor abnormalities, which were transient and
did not exceed a score of one. The most common observation was a slight reduction in
movement in the cage and a reduction in the time at the hanging behavior, which could be
correlated with a high body weight. Analysis of the bodyweight over time demonstrated
that overall, there was no genotype-dependent discrepancy observable for both tested
genders (Table S2).

A second cohort of TAPS mice was further tested at the age of 18 months together
with their littermates in several behavioral tests. In the open field test, which was done
once at 18 months, APP/PS1 and TBA2.1 did not differ significantly from the WT mice.
However, TAPS mice seemed to be faster (Figure 6A), to travel more (Figure 6B) and to
be more active (Figure 6C) than the WT, indicating that they might display hyperactive
behavior. They spent the same amount of time in the center and the border of the open field
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(Figure 6D), which indicates that none of the mice had reduced exploration or increased
anxiety. Taking these results together, TAPS mice might have alterations in the general
spontaneous activity in the open field test.

10+ *
- WT

8- I =3 TAPS
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T T
4 6 9 12 15 18

Age (months)

Figure 5. TAPS mice had age-dependent phenotypic alterations in the SHIRPA test. Shown are
the mean scores of animals from each age group with SEM for TAPS and wild-type (WT) mice. A
significant increase of SHIRPA scores was found for 12- (*** p = 0.0001, TAPS n = 16, WT 1 = 9), 15-
(***p=10.0002, TAPS 1 = 11, WT 1 = 7), and 18- (* p = 0.0273, TAPS n =4, WT n = 3)-month-old TAPS
compared to their WT littermates. Scores of WT remained widely unchanged over time. For the
statistical analysis, mixed effects analysis with Sidak’s post-hoc was used to compare the age and
genotype. For all animal numbers per age, see Table 1. Data is given as mean + SEM.
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Figure 6. Performance of TAPS mice in the open field test. Wild-type (WT; n = 8), APP/PS1 (n = 5), and TBA2.1 (n = 8)
showed similar velocity (A), distance traveled (B), and activity time (C) in the open field test. The TAPS mice (n = 4) showed
a trend to be faster, traveled more, and were more active compared to the WT. All mice stayed similar time in the border,
center, and corner regions of the open field (D). Data is given as mean + SEM.
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2.3. TAPS Mice Develop Cognitive Deficits in Different Behavioral Tests

Several cognitive behavioral tests were conducted in order to characterize the cognitive
abilities of TAPS mice in comparison to their littermates. In the novel object recognition
test (NOR), only the WT mice explored significantly more the novel than the familiar object
(paired t-test, p = 0.0380), indicating functional memory for the familiar object. For all
other lines, exploration times between the novel and familiar object did not reach statistical
significance, although there is some trend for more exploration of the novel object (Figure 7).
High variability and low animal numbers, and low overall exploration may be accounted
for this in case of the TAPS and APP/DPS1 line, respectively. Regarding total exploration
time of the objects, TAPS mice showed a tendency towards higher exploration of both
objects; however, this did not reach statistical significance.
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Figure 7. Deficits in the novel object recognition test in TAPS mice. The time animals explored the
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novel in comparison to a familiar object is given for each mouse line. Only wild-type mice (WT; n = 8)
were able to discriminate between the novel and the familiar object (* p = 0.0380) while APP/PS1
(n =5), TBA2.1 (n = 8), and TAPS (1 = 4) mice showed a cognitive deficit in this task. For statistical
analysis, a paired t-test was used to evaluate the difference between the exploration time of the novel
and familiar object. Data is given as mean + SEM.

The T-maze spontaneous alternation was measured to assess short-term memory. With
18 months of age, all groups had similar amounts of alternations (Figure 52). However,
with 20 months of age, APP/PS1 (one-way ANOVA, p = 0.0192; Holm-Sidak’s post-hoc
test, p = 0.0349), TAPS (Holm-Sidak’s post-hoc test, p = 0.0349) and TBA2.1 (Holm-Sidak’s
post-hoc test, p =0.0145) mice alternated less than the WT (Figure 8). These results indicated
that they were not able to discriminate which arm was visited previously. In comparison,
the WT mice were able to discriminate the previous arm, which indicates an intact working
memory. Moreover, only WT mice alternated significantly above chance (i.e., >50%) (one
sample t-test, p = 0.0001). Therefore, they were able to choose the new arm instead of
entering an arm randomly.

With 18 months of age, the TAPS mice froze less than the WT in the cued fear con-
ditioning paradigm (one-way ANOVA, p = 0.0015; Dunnett’s post-hoc test, p = 0.0042)
(Figure 9A). This result indicated that they were not able to associate the sound (cue) with
the shock in the habituation phase, implying a deficit in the associative learning process.
On the other hand, all groups froze the same amount in the contextual fear conditioning
part of the test, meaning they were all able to associate the arena (context) with the shock
(Figure 9B). With 20 months of age, the test was repeated with the same cohort of mice. This
time the TAPS mice froze less than the WT mice also in the contextual fear conditioning
(Figure 53), indicating impairment in the contextual memory at older ages.
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Figure 8. Deficit in spontaneous alternation of TBA2.1, APP /P51, and TAPS mice in the T-maze. The
spontaneous alternation was calculated as the ratio of entries into the correct arm to the amount of
total trials in the T maze. With 20 months of age, the APP/PS1 (*p = 0.0349; n = 6), TAPS (* p = 0.0349;
n=6), and TBA2.1 (* p = 0.0145; n = 10) mice alternated significantly less than the wild-type (WT;
n = 10) mice. Dashed line indicates threshold of chance (50%). For statistical analysis, one-way ANOVA
with Holm-Sidak’s post-hoc was used to compare the genotypes. Data is given as mean + SEM.
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Figure 9. Impaired fear conditioning learning in TAPS mice. The percentage of freezing behavior was measured in the

contextual and cued fear conditioning paradigm with 18 months of age. In the cued fear conditioning (A), the TAPS mice (n

=4) froze less compared to the wild-type (WT; n = 8) mice indicating a deficit in fear conditioning learning (** p = 0.0042).
Both, APP/PS1 (n =4) and TBA2.1 (n = 8), showed similar freezing behavior compared to WT mice, indicating intact fear
conditioning learning. In the contextual fear conditioning (B), all genotypes showed similar freezing behavior. For statistical
analysis, one-way ANOVA with Dunnettt’s post-hoc was used to compare the genotypes. Data is given as mean + SEM.

With 20 months of age, the Morris water maze test (MWM) was carried out in order to
measure the spatial learning and memory abilities of the mice. During the training session,
TAPS mice took longer to find the platform compared to the WT (Figure 10A, mixed effects
analysis, genotype p = 0.0210, days p < 0.0001, interaction p = 0.5794; Dunnett’s post-hoc
test, p = 0.0087). In contrast, APP /P51 mice were able to find the platform faster along the
days of training. Additionally, TBA2.1 mice took longer to find the platform compared to
WT only on the fourth day, showing a delay in learning (Dunnett’s post-hoc test, p = 0.0241).
In conclusion, TAPS mice displayed a learning deficit since they were not able to memorize
the platform location in the pool. In the probe trial, both TAPS and APP /P51 mice had a
tendency towards reduced searching time in the target quadrant compared to WT, but this
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difference did not reach statistical significance, presumably due to insufficient animal numbers.
Interestingly, TBA2.1 mice also had reduced time searching in the target quadrant compared
to WT (Figure 10B, one-way ANOVA, p = 0.0357; Dunnett’s post-hoc test, p = 0.0319).
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Figure 10. Performance in the Morris water maze with 20 months of age. In the training trials (A),
the TAPS mice (1 = 6) took longer to find the hidden platform compared to the wild-type mice (WT;
n = 11) on the last day (** p = 0.0087), as well as TBA2.1 (n = 12) on the fourth day (* p = 0.0241),
indicating a spatial learning deficit. In the probe trial (B), the TBA2.1 mice spent significantly less
time in the target quadrant compared to WT mice (* p = 0.0319), while APP/PS1 (n = 8) and TAPS
mice showed a non-significant trend towards reduced memory retrieval as they spent less time in
the target quadrant than the WT mice. For statistical analysis, two-way and one-way ANOVA with
Dunnett’s post-hoc were used to compare the genotypes during the training and in the probe trial,
respectively. Data are given as mean + SEM.

3. Discussion

In recent years, a number of drug candidates have been tested in clinical trials to
find a new therapeutic option against AD, but almost all failed due to lack of efficacy.
Many of the new substances had previously demonstrated efficacy in transgenic mouse
models, which is why the mouse models have come under criticism. Although transgenic
mouse models have proven to be a valuable tool for studying the pathophysioclogy of
AD, they are incomplete models of the human disease. Most transgenic mouse lines are
able to mimic only a few aspects of the disease, i.e., neuritic amyloid plaques, tauopathy,
neuroinflammation, cognitive decline, or neurodegeneration [30].

In the current study, we describe the generation of a novel transgenic mouse line as an
attempt to generate an improved model harboring a combination of AD-relevant hallmarks,
especially the aggressive phenotype produced by pEAf, an abundant formation of neuritic
plaques, and extensive cognitive decline. Thus, the TAPS mice were developed in order to
understand the role of pEAf} and its interaction with other A species that are constitute
of neuritic plaques. We characterized the progression of cerebral amyloidosis, and the
development of general and cognitive behavioral deficits in this novel triple transgenic
mouse line.

As expected, TAPS mice developed a more severe phenotype in comparison to its het-
erozygous parental lines. Like APP/PS1 mice, they developed neuritic plaques throughout
the brain, especially in the cortex, thalamus, and hippocampus, and little pathology in the
cerebellum. Most striking, and in addition to what can be observed in the AP /PS1 line,
TAPS mice also showed A aggregates in the lateral striatum, which appeared larger and
more mature than the small A particles present in the striatum of the parental TBA2.1 line.
We could confirm data by Alexandru et al. [28] that heterozygous TBA2.1 mice at 21 months
had only a low amount of N-terminally truncated and pyroglutamate-modified Ap in
small intracellular aggregates in the striatum, which were, however, not sufficient to induce
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motor deficits in this line. The clinical relevance of A} aggregates in the striatum are not
yet clear, although striatal amyloid plaques have also been found in AD patients. Striatal
A depositions have been described mainly in AD patients of advanced stages [31-34] but
may also occur in the preclinical stage [35]. A recent study showed that A} deposition
in the striatum correlates with both, memory deficits and tau pathology [36]. Nearly all
amyloid plaques found in TAPS mice stained positive for both total A and pE3Af. PE3AB
was mainly located in the plaque core of compact and neuritic plaques and less in diffuse
Ap deposits. The 6E10 antibody, used in this study to detect total Af3, has the capability to
bind both, full-length Ap as well as N-terminally truncated species, while the pE3A[ anti-
body exclusively binds to truncated pyroglutamate Ap. Apart from the striatum, neuritic
plaques in other brain regions of TAPS mice were also composed of pE3Af in addition
to other AP species. Thus, the TAPS mice had an amyloidosis phenotype combining the
distribution patterns from both the APP/PS1 and TBA2.1 mice, but with earlier onset and
faster progression. We characterized TAPS mice with a significantly earlier onset of plaque
formation in the cortex at the age of 6 to 7 months, whereas APP /PS1 reached comparable
Ap levels later in life. Additionally, deposits in the hippocampus formed at a younger age
than in APP/PS1. TAPS showed a constant increase in plaque counts over time, whereas
in APP/PS1, progression seemed to slow down towards a plateau after 15 months of age.
Taken together, the additional production of the aggregation-prone pE3A[ species led
to both, an accelerated plaque deposition and higher amyleid load at older ages. With
regard to plaque size, the TAPS mice developed slightly smaller but more plaques than
the APP/PS1 mice at the same age. In a previous study, Frost et al. demonstrated the
development of pEAB-positive plaques in APP/PS1 mice after full-length A deposits
formed [24]. This could also be shown in the present study, because, apart from plaque
size, old APP/PS1 mice displayed a similar plaque composition than TAPS animals in
the cortex and hippocampus. The smaller plaque size of TAPS mice in comparison to the
parental APP/PSI line seemed to be the consequence of early pE3A presence in the brain,
possibly facilitating the formation of fibrils and generating smaller plaques through faster
aggregation. The specific location of higher pEA levels in the center core of compact
plaques has also been observed in tissue from human patients and underlines the theory of
PEA as a seeding spot for other A species or diffuse A3 in brains [37,38].

Additionally to plaque formation, both APP/PS1 and TAPS mice developed progres-
sive neuroinflammation in the brain, indicated by high numbers of reactive astrocytes
around plaques. Neuroinflammation is one of the hallmarks of AD, which contributes to
cognitive deficits in human and animals [39]. Reactive astrocytes and microglia exacerbate
the AP toxicity and neurcnal death. Heterozygous TBA2.1 mice, as expected, did not dis-
play an overall increase in astrogliosis since they do not develop plaques. Hence, a certain
degree of activation could be seen in the striatum, in the vicinity of small Af} particles.
Regarding the neurcinflammatory response, the TAPS mice seemed to develop even higher
levels of astrogliosis, compared to APP /PS1 mice. Taken together, the higher activation of
astrocytes in the striatum and in other brain regions could have contributed, in conjunction
with early production of the highly toxic pE3A species, to more severe cognitive deficits
in TAPS mice, compared to the parental lines.

Despite showing a strong reactive astrogliosis and an increased inflammatory milieu in
the investigated brain areas, together with a high plaque load, however, neurodegeneration
could not be observed in the hippocampus of TAPS mice, compared to WT. The CAl region
of the hippocampus, in particular the stratum pyramidale, showed comparable amounts of
neurons throughout the investigated area of TAPS and WT mice. Although neurodegen-
eration in this brain region was described for homozygous TBA2.1 mice [28], obviously,
the heterozygous status of the TBA2.1 transgene was not sufficient to induce neuron loss
in TAPS mice. However, this does not exclude the presence of subtle neurodegenerative
changes throughout the entire brain, which we might have overlooked.

TAPS mice developed cognitive deficits beginning with 18 months of age mainly in
the cued fear conditioning. Later, at 20 months of age, they also displayed a deficit in
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T-maze and MWM. Those different behavioral tests evaluated different types of cognitive
abilities, which are processed by different areas of the brain. The MWM measures spa-
tial memory [40]. The spatial memory processing occurs primarily in the hippocampus;
therefore, lesions in this brain area have been shown to induce cognitive deficits [41,42]. Tt
has been shown before that amyloid pathology in the hippocampus, consisting of plaques
and, more importantly, soluble toxic A3 oligomers, can induce synaptic loss and cognitive
deficits [27,43-45], which could also explain the spatial memory deficits in TAPS mice. As
seen in histological investigation, TAPS mice showed, in contrast to APP /PSI mice, a con-
stant increase in hippocampal plaque formation, even at higher ages, possibly facilitating
this effect. The spontaneous alternation paradigm in the T-maze is a measure of the spatial
working memory, and the NOR is based on working memory and recognition memory,
too, which are processed in both the hippocampus and cortex [46-50]. Since AP pathology
is also abundantly present in the cortex of TAPS mice, deficits in working memory can
be explained by toxic A3 species in the cortex as well. Finally, the cued fear conditioning
paradigm is based on fear memory with involvement of the amygdala [49,50], a brain
region that was also affected by AP pathology in TAPS mice. Deficits in fear memory,
particularly in the cued fear conditioning, have also been observed in AD patients [51,52]
and other transgenic AD models before [53,54].

Even though TBA2.1 mice do not develop AP plaques, they showed clear deficits in
both the T-maze and MWM. Cognitive deficits have not been reported for heterozygous
mice of this line before, and support the importance of pEA for neurotoxicity in the ab-
sence of amyloid plaques. A neurotoxic pEAB-dependent process seemed to be responsible
for the working and spatial memory deficits in those mice. Moreover, the APP/PS1 mice
developed abundant Af} plaques in the same brain areas as TAPS mice, without deficits
in MWM and fear conditioning tests, unlike TAPS mice at the same age. Therefore, the
earlier aggregation of AP, most probably induced by pEA, and pEA s known neurotoxic
potential [55,56], could have accelerated the cognitive decline in TAPS mice.

Besides their cognitive deficits, TAPS mice also developed sensory and motor im-
pairments. In the SHIRPA test, TAPS mice showed phenotypic alterations beginning
at 12 months of age compared to both WT and younger TAPS mice. As shown before,
TBA2.1 mice developed similar alterations starting at 21 months of age [29]. Therefore, it
can be concluded that the combination of pEA( and full-length A in the brain might be
responsible for acceleration of the phenotype in comparison to pEAf alone. In addition,
we observed a trend towards higher velocity, longer distance travelled, and generally more
activity in the open field, indicating a hyperactive phenotype of TAPS mice compared to
WT and TBA21 mice. One might speculate whether these motoric alterations could be due
to the development of AP pathology and neurcinflammation in the striatum. The stria-
tum, as a key interface for excitatory and inhibitory neurons, plays a major role in action
selection and motor function [57]. Moreover, in other AD mouse models, the observed
hyperactivity was correlated with basal ganglia circuitry dysfunction [58-60]; theretore, one
might assume that striatal Af deposits induce changes in the basal ganglia network. So far,
the relevance of a hyperactive phenotype in AD mouse models is not quite clear. Although
hyperactivity is also part of the behavioral and psychological symptoms of dementia in
patients, its causes are still under discussion and have not been sufficiently investigated
yet (for a review, see [61]). Additionally, TAPS mice showed a reduced sensory response
in the SHIRPA test. Balsters et al. demonstrated the connectivity of the lateral striatum
(caudate putamen) to cortical areas in the motor-cortex (ml) and somatosensory cortex
(s1 and s2) in mice [62]. A disturbance in signal transduction in this area could promote
the deficits TAPS mice showed in contrast to their parental lines at the same age. It leads to
the assumption that the combination of deposits in the striatum with those in the cortex,
thalamus, and hippocampus and the elevated response of astroglia in this area could lead
to the hyperactivity pattern and sensory deficits seen in these mice. Some studies also
demonstrated a hyperactive behavior of APP/PS1 mice in the open field at younger ages
(4 to 8 months) [63,64], which was explained by a decrease of endocannabinoids in the
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striatum [64]. A similar process can be assumed for TAPS mice, but more studies are
needed to prove this connection.

Unlike previous reports, the APP/PS1 mice used in the current study did not develop
cognitive deficits in the MWM even at an age of 21 months. One reason for that discrepancy
might be the variety of used protocols and differences in the housing conditions [65,66].
However, a non-significant trend towards a deficit could be observed in MWM. This
could be due to the relatively small groups of mice included in some of the behavioral
tests, whose variability prevented a slight deficit from becoming statistically significant.
Concerning heterozygous TBA2.1 mice, little is known about their cognitive abilities, so far.
We have described before, that, in contrast to the homozygous animals, the heterozygous
TBA2.1 mice did not develop any motor deficits, but a higher score in the SHIRPA test at
21 months of age [29]. Corroborating with this previous study, the TBA2.1 parental line
did not show any conspicuities, including activity, exploratory, or anxiety-related behavior,
in the open field test at 18 months.

Finally, the new TAPS line is an amyloidosis model that reflects several aspects of the
human disease. However, the aspect of tauopathy, which is an important feature of human
AD, is missing. Since none of the previously described amyloidosis models show excessive
tau phosphorylation and also no neurofibrillary tangles [67], development of tauopathy in
TAPS mice was not to be expected. In general, the behavioral deficits of all three mouse
lines, and especially the APP/PS1 and TAPS mice, appeared with an advanced age of
18 to 20 months, which might limit their practical use for future studies. On the other
hand, mouse models with very aggressive phenotype progression and early behavioral
deficits before clear pathological alterations have been criticized because their relevance
to the clinical disease has been questioned [67]. In this respect, the new TAPS line joins
the ranks of the rather late AD models in which the cognitive deficits clearly develop as a
consequence of pathological processes.

In conclusion, we were able to demonstrate an accelerated amyloid pathology in TAPS
mice with earlier onset and increased A3 deposition induced by pE3Af. In addition, the
TAPS mice developed faster and more pronounced cognitive deficits than the parental lines
as measured by several cognitive behavioral tests. Both parental mouse lines, TBA2.1 and
APP/PS]1, have been successfully used for preclinical therapeutic studies in which new
substances were tested during their development as drug candidates against AD [68,69].
The novel TAPS mouse line combines their advantages by increasing the neurotoxic pE3A3
species and inducing robust cognitive deficits, and thus, qualifies itself as a useful new
amyloidosis model for future preclinical studies testing new therapeutic options.

4. Materials and Methods
4.1. Animals

TBAZ2.1 mice were a generous gift from Probiodrug AG (Halle, Germany) and were
bred in house by mating of heterozygous mice. The mice were originally described on a
C57BL/6 x DBA1 background and were further crossed to a C57BL/6 background for
more than four generations. As described by Alexandru et al. [28], the transgene of the
TBAZ2.1 line was designed for chromosomal integration by addition of cDNA sequences of
a pre-pro-peptide of murine thyrotropin releasing hormone (TRH) fused with the mod-
ified human Ap polypeptide AB(Q3-42) under a neuron-specific promotor. AB(Q3-42)
is expressed in neuronal cells and subjected to the secretory pathway, where it is post-
translationally modified by the endogenous glutaminyl cyclase into pEA33-42. Homozy-
gous TBA2.1 mice develop a motor-neurodegenerative phenotype as a consequence of
PEAB3-42-induced neurotoxicity starting with 2 months and progressing further until the
age of 5> months, when the humane endpoint is reached. In addition, an age-related massive
neurodegeneration can be observed, especially in the hippocampus, and deposition of
small AP aggregates in brain regions, such as the hippocampus and striatum, accompanied
by neuroinflammation. Heterozygous TBA2.1 mice display a milder phenotype starting
with 21 months of age [29].
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APPswe/PS1AE9 mice were introduced by Jankowsky et al. [8] and express both a
chimeric mouse and human Amyloid Precursor Protein (APP695swe) and human prese-
nilin 1 mutated by a deletion of exon 9 (PS1AE9) [11] under the control of neuron-specific
promotor elements. The mice develop neuritic A} plaques and neuroinflammation be-
ginning with 6 months, and cognitive deficits, which are detectable in the Morris water
maze test [17]. APPswe /PS1AE9 mice on a C57Bl/6 background were received from the
Jackson Laboratory (Bar Harbor, MA, USA) and bred in-house by mating of heterozygous
and wild-type mice of this line.

T(TBA2.1)APS(APPswe/PS1AE9) mice were generated by crossing heterozygous
TBA2.1 and heterozygous APPswe /PS1AE9 (APP/PS1) mice in the C57BL /6 background.
The resulting TAPS mice were heterozygous for both TBA2.1 and APP/PS1 transgenes.
For behavioral tests and histological examinations, male and female littermates of these
matings were used with the following genotypes: wild-type (WT), APP/PS1, TBA2.1, and
TAPS (Table 1). All mice were heterozygous for the respective transgene.

All mice were bred in-house with a 12/12 h light/dark cycle, constant temperature
of 22 °C, and 54% humidity. Food and water were available ad libitum. All behavioral
experiments were performed in accordance with the German Law on the protection of
animals (TierSchG §§ 7-9) and were approved by the local ethics committee before the start
of the experiments (Landesamt fiir Natur, Umwelt und Verbraucherschutz, North Rhine-
Westphalia, Germany, numbers 84-02.04.2011.A359, 84-02.04.2014. A362, 81-02.04.2018.A400,
81-02.04.2019.A304 were approved on 09 December 2014, 05 February 2019, 21 February
2019 and 21 January 2019, respectively).

Based on the late behavioral alterations the parental lines displayed in our hands in
the past, the cognitive test battery was started at 18 months of age. The first cohort of TAPS
and WT littermates was tested in the SHIRPA test battery for initial check of behavioral
abnormalities. Then, two more cohorts of 18-month-old littermates were tested repeatedly
(at 18 and 20 months of age) in the following behavioral tests to test their cognitive
abilities: cohort 2, T-maze (18 and 20 months), MWM (20 months); cohort 3, open field
(18 months), novel object recognition (NOR, 18 months), T-maze (18 and 20 months), cued
and contextual fear conditioning (18 months), contextual fear conditioning (20 months),
and MWM (20 months). Three TAPS, two APP/PS1 mice, one TBA2.1, and one WT mouse
died during the longitudinal testing between the age of 18 and 20 months. Three APP/PS1,
two TBA2.1, and two WT mice had to be excluded from the T-maze due to inactivity.

Table 1. Number of mice used for each analysis according to genotype and age. MWM, Morris water
maze; NOR, novel object recognition test; WT, wild-type.

; Number of Mice/Genotype

Analysis Age WT TAPS APP/PST  TBA2.1

64+03 - 6 5 3

92404 2 1 3 3

Histology 151+ 04 - 5 3 -

180 + 04 . 4 4 1

248+13 5 6 5 5

41402 3 3 - =

55+ 0.4 4 8 . =

8.6+ 0.4 8 18 . =

SHIREA 125+ 03 9 16 . .

149 +£0.2 7 11 - -

17.6 + 0.6 3 4 - -

Open Field 188 +£0.7 8 4 5 8

NOR 188 £ 0.7 8 4 5 8
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Table 1. Cont.
; Number of Mice/Genotype
Snalysis Age WT TAPS APP/PS1  TBA21
- 184 £ 0.7 13 9 7 13
-maze 207 +£0.7 10 6 6 10
s B Cued 188 +0.7 4 4 8
ditioning 188 +£0.7 8 4 4 8
Contextual 556 o7 7 2 3 6
MWM 207 +£0.7 11 6 8 12

4.2. Histology

For histological studies, mice from all genotypes were used at different ages from 6 to
24 months (Table 1). Mice were killed by cervical dislocation, and brains were taken and
frozen at —80 °C until further processing. Right brain hemispheres were used to generate
20 um sagittal sections with a cryostat (LEICA Biosystems, Wetzlar, Germany). Immunoflu-
orescence staining was performed in order to evaluate the AB-plaque/particle distribution
and size with mouse monoclonal antibody anti-A 3, Clone 6E10 recognizing the N-terminal
AP strain (1:200; BioLegend, San Diego, CA, USA), as well as neurcinflammation (activated
astrocytes) with polyclonal rabbit anti GFAP antibody (1:1000; Dako Omnis, Agilent, Santa
Clara, CA, USA). Plaque morphology and composition was analyzed with brains from
24-month-old mice using a double-staining against pE3Ap with the rabbit anti-Abeta-
PE3 antibody (1:500; Synaptic Systems GmbH, Goettingen, Germany) in combination with
the 6E10 antibody against whole Af.

Briefly, frozen sagittal sections of the brains were fixed in 4% buffered formaldehyde
solution. Afterwards, the slides were incubated in 70% formic acid as antigen retrieval
and blocked with M.O.M (Mouse on Mouse) blocking reagent (Vector Laboratories Inc.,
Burlingame, CA, USA) to prevent unspecific binding of the primary antibody. The slides
were then incubated overnight with the primary antibody solution in 1% TBS buffer and
containing 1% BSA at 4 °C in a humid chamber. The next day, slices were washed in buffer
and incubated with the secondary antibodies, diluted in the same solution as the primary
ones for 2.5 h at RT: Goat anti-Mouse IgG (H+L) Alexa 568 and Goat anti-Rabbit IgG (H+L)
Alexa 488 (1:300; Thermo Fisher Scientific, Waltham, MA, USA). For assessment of the cell
nuclei, a DAPI staining (5 ug/mL, Sigma Aldrich, Steinheim, Germany) was performed
after washing the slides consecutively to the secondary antibody incubation. Subsequently,
slices were mounted with Aqua Poly Mount (Polysciences, Inc., Warrington, Pennsylvania,
USA), coverslips and stored at 4 “C until further analysis at the microscopes.

For slice evaluation, overview images were made with a Zeiss Lumar V12 5teREO
(Carl Zeiss AG, Oberkochen, Germany) at the corresponding fluorescent channels for the
antibodies. In total, 16 animals were used for TAPS (7 months n = 7; 15 months n = 5;
18 months n = 4) and 15 animals for APP /PS1 quantification (7 months n = 8; 15 months
n = 3; 18 months n = 4). Nine images per animal were obtained for each channel at a
10x magnification. Those images were used for quantification of plaques with the image
analyzer Image] v1.48.

For analysis of the plaque pattern and the reactive astrogliosis on a smaller scale,
images were obtained by the Leica LMD 6000 Fluorescent Microscope (Leica Microsystems
GmbH, Wetzlar, Germany) at a magnification between 100 x and 400 x. Overlay images
were created via the company’s software Leica Application Suite v4.5 (LAS). Images
obtained with the LMD were used for qualitative measures and for possible discrimination
of differences between the investigated genotypes.

For analysis of neuron loss, a subset of six slides per animal was analyzed from
24-month-old TAPS (1 = 5) and WT mice (n = 5). After fixation in 4% buffered formalin,
slides were stained for 5 min in 5 pg/mL DAPI solution (4',6-Diamidin-2-phenylindol,
Sigma Aldrich, Steinheim, Germany). Microscope images of the hippocampus were taken
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at 50x magnification with the Leica LMD 6000 Fluorescent Microscope. The CA1 region of
the hippocampus was evaluated for the number of positive nuclei via Cell Profiler Software
(version 2.0.10415, Broad Institute, Cambridge, USA).

4.3. Behavioral Tests
4.3.1. SHIRPA

The SHIRPA test battery was adapted from [70]. This test evaluates the general pheno-
typic alterations in transgenic mice, especially on their sensoric and locomotoric capacities
and has been demonstrated to be very sensitive towards the detection of deficits in different
transgenic mouse lines, including the TBA2.1 model [29,71]. The number of mice used in
this test are given in Table 1. The test was divided into two parts: (1) Observation in an
empty cage and (2) handling. In each part, several criteria were scored compared to WT
littermates from 0 (no difference) to 3 (strong difference). For the analysis, each criteria
score was summed to a final score per animal. The examined tasks in the SHIRPA consisted
of the examination in the cage for abnormalities in posture, gait, alertness, frightening,
pain reaction, and the Straub-tail test. For the examination on the hand, the animals were
tested for reaction towards handling (gentle pressure on the flank of the animal), pinna
reflex, forelimb placing reflex, and the hanging behavior on a thin pole. Additionally, the
body weight of the animals was recorded.

4.3.2. Open Field Test

The open field test is used to evaluate the general spontaneous behavior in rodents
as well as anxiety. In a cubicle arena (40 cm % 40 cm x 40 cm), mice (for exact numbers,
see Table 1) were allowed to explore the arena freely for 30 min. The arena was imagi-
narily divided into 12 squares to determine the border, center, and corner zones. Mice
were observed with a camera driven tracking system (EthoVision XT 15.0.1416, Noldus
Information Technology, Wageningen, The Netherlands). The following parameters were
evaluated: active time, velocity, distance travelled, time spent in the center, in the border,
and in the comer.

4.3.3. Novel Object Recognition Test

In the same arena where the open field was performed, one day later, the mice (Table 1)
explored two similar objects (familiar) for 10 min. After 20 min of memory retention
interval, mice were placed again in the arena. One familiar object was replaced by a new
one (novel) and they were allowed to explore for another 10 min. Exploration time for
an object was considered when mouse placed the nose at least within 2 cm distance into
the direction of the object. Mice were observed with a camera driven tracking system
(EthoVision XT 15.0.1416, Noldus Information Technology, Wageningen, The Netherlands).
For the analysis purpose, the time mice spent exploring each object was taken.

4.3.4. T-maze Spontaneous Alternation

The protocol was adapted from Spowart-Manning and Van der Staay [72]. The maze
consisted of three arms (31 cm x 10 cm each): the left and right arm can be closed by a
gate and the start arm (perpendicular to the left and right) has no gate. In the first trial,
mice were forced to enter one goal arm by closing the door of the other arm. Once the mice
returned to the start arm, both arms could be freely accessed. After the mice entered one
arm, the other one was closed by a door, and it was counted as one trial. This was repeated
for a maximum of 14 trials or 15 min. If a mouse did not reach seven trials, it was excluded
from the analysis. For analysis, the spontaneous alternation was calculated by the number
of correct alternating choices divided by the total amount of trials. For the number of mice
included in this test, please refer to Table 1.
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4.3.5. Contextual and Cued Fear Conditioning

The protocol for the fear conditioning was adapted from Curzon et al. [73]. First, the
mice were placed in the chamber (17 x 17 x 25 cm; Ugo Basile, Gemonio VA, Italy) for
120 s of habituation. Then, a combination of conditioned stimuli [5] and unconditioned
stimuli (US) were presented for three times with a 60 s interval. A 3 s CS tone (50%;
2000 Hz) followed, and a US foot shock was given during the last 2 s of the CS (0.35 mA).
Before the mice were returned to the cage, they stayed in the arena for an additional 60 s.
Then, 24 h later, the mice were placed in the same testing chambers used on day one for
5 min (contextual). After 25 min, the mice were placed in a new environment that could
be explored freely for 180 s. Then, the CS tone was played three times for 30 s at 60 s
intervals, similar to the habituation phase (cued). All mice (Table 1) were observed with a
camera-driven tracking system (EthoVision XT 15.0.1416, Noldus Information Technology,
Wageningen, The Netherlands). The following parameters were analyzed in each session:
the percentage of freezing behavior as detected by the software.

4.3.6. Morris Water Maze

The protocol for the MWM was moditied after Morris [74]. In brief, mice were placed
in a circular pool (diameter of 120 cm x 60 cm height) with a hidden platform (diameter
of 10 em x 31. 5 cm height) in a fixed position. In the training, four trials per mouse per
day (5 days in total) were performed. The maximum time of each trial was 1 min and the
mice started in each trial in a different position. One day after the last training day, the
probe trial was performed, where the platform was removed, and mice had to swim for
1 min. All mice (Table 1) were observed with a camera-driven tracking system (EthoVision
XT 15.0.1416, Noldus Information Technology, Wageningen, The Netherlands). The time
and distance needed for finding the platform in each training section and the time they
explored the target quadrant in the probe trial were analyzed.

4.4, Statistics

For the statistical analysis of behavioral tests, GraphPad Prism v8 (GraphPad Software,
San Diego, CA, USA) was used. The normality of the data was checked by visualization
of the Normal QQ plot. The SHIRPA test was analyzed by mixed effect analysis with
Tukey’s and Sidak's post-hoc test, to compare age and genotype, respectively. The different
parameters of the open field test were analyzed by one-way ANOVA and Dunnett’s post-
hoc test. The NOR was analyzed with the paired t-test, where the exploration time of
the novel object was compared to the exploration time of the familiar object for each
mouse. The analysis of the T-maze was calculated via one-way ANOVA and Holm-Sidak’s
post-hoc test, to be compared to WT mice. One sample t-test was accomplished against
the theoretical mean of 50%. For both the cued and the contextual fear conditioning test,
a one-way ANOVA and Dunnett’s post-hoc test was the chosen statistical analysis. In
the MWM training analysis, mixed effect analysis and Dunnett’s post-hoc were used. To
evaluate the MWM probe trial, the one-way ANOVA and Dunnett’s post-hoc test were
used. The analysis of plaque quantification was performed with SigmaPlot v12.5 (Systat
Software Inc., San Jose, CA, USA) with a two-way ANOVA to calculate for significant
differences between genotype and age, and with GraphPad Prism v8 applying multiple
t-tests for testing within one age group.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1jms22137062/s1, Table S1: Premature death of mice from TAPS and parental lines; Table
52: Means of body weights by gender, genotype and age; Figure S1: Neuronal quantification in the
CA]1 region of the hippocampus of TAPS and wild-type (WT) mice; Figure S2: Similar performance
of all genotypes in the T-maze at 18 months; Figure S3: Impaired fear conditioning learning in
TAPS mice.
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Abstract: Multiple sources of evidence suggest that soluble amyloid B (Ap)-oligomers are responsible
for the development and progression of Alzheimer’s disease (AD). In order to specifically eliminate
these toxic Ap-oligomers, our group has developed a variety of all-D-peptides over the past years.
One of them, RD2, has been intensively studied and showed such convincing in vitro and in vivo
properties that it is currently in clinical trials. In order to further optimize the compounds and to
elucidate the characteristics of therapeutic D-peptides, several rational drug design approaches have
been performed. Two of these D-peptides are the linear tandem (head-to-tail) D-peptide RD2D3
and its cyclized form ¢RD2D3. Tandemization and cyclization should result in an increased in vitro
potency and increase pharmacokinetic properties, especially crossing the blood-brain-barrier. In
comparison, cRD2D3 showed a superior pharmacokinetic profile to RD2D3. This fact suggests
that higher efficacy can be achieved in vivo at equally administered concentrations. To prove this
hypothesis, we first established the in vitro profile of both D-peptides here. Subsequently, we
performed an intraperitoneal treatment study. This study failed to provide evidence that cRD2D3 is
superior to RD2D3 in vivo as in some tests cRD2D3 failed to show equal or higher efficacy.

Keywords: Alzheimer’s disease; D-peptides; treatment; behavior; Tg-SwDI mice; cognition; disas-
sembly; Ap; oligomers

1. Introduction

Our society is aging and, with it, the number of diseases of old age, especially de-
mentias, are increasing [1]. Alzheimer’s disease (AD) is a devastating neurodegenerative
disorder and the most common form of dementia worldwide. Its clinical symptoms are
considered to be disturbances of memory, language, spatial and temporal orientation
and cognitive decline. The pathological hallmarks of the disease are characterized by
neurodegeneration, intracellular depositions of neurofibrillary tangles and extracellular
accumulations of amyloid-3 (ApB) plaques. Af is the product of the proteolytic processing
of the amyloid precursor protein (APT), which is cleaved by - and y-secretases, resulting
in Ap-monomers. Due to unknown reasons, these monomers aggregate into Af-oligomers
and insoluble A -fibrils, which compact further into senile Af-plaques [2,3]. Fora long
time, it was assumed that AB-plaques were responsible for the disease and the cognitive
decline of affected patients. Currently, however, the aforementioned soluble Ap-oligomers
are regarded as more than merely an intermediate on their way from monomers to plaques.
Instead, they are postulated to be the most toxic species, responsible for synapse deteriora-
tion, neuronal death, disrupted Ca*-homeostasis and dysfunctional plasticity—all in all
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leading to the clinical symptoms of AD [4]. In addition, there is increasing evidence that
Ap-oligomers are able to replicate in a prion-like fashion [5]. In our group, we are focused
on the development of compounds for a disease modifying or even curative treatment
of AD. For this purpose, we designed all-D-enantiomeric peptides to directly destabilize,
disassemble and ultimately eliminate toxic Af3-oligomers via direct disruption, rather than
relying on the immune system for their degradation. By use of mirror image phage display
against monomeric A, the lead compound D3, a D-enantiomeric peptide consisting of
12 amino acid residues, arose [6]. D-peptides have several advantages as therapeutics
compared to their L-enantiomeric equivalents. As shown by our group and others, the
proteolytic stability of D-peptides is superior to L-peptides with the same sequence of
amino acid residues, because proteases are most often stereoselective for L-amino acid
residues [7]. This results also in a reduced immunogenicity and increased bioavailability
of D-peptides [8]. In order to optimize the lead structure, with respect to increased stabil-
ity, affinity to A{3(1-42), blood-brain-barrier (BBB) penetration, and in vitro potency and
in vivo efficacy, rational drug design approaches were conducted. The most promising
compound so far, called RD2, is currently under development for the treatment of patients
with AD [9]. The suggested mode of action was demonstrated by successful target engage-
ment in vitro and in vivo [10,11]. Furthermore, the in vivo efficacy of RD2 was proven in
different AD mouse models, even in old-aged mice with fully developed AD-associated
pathology [10-13]. Besides RD2, more D-peptides were developed out of a rational drug
design. In order to combine the favorable properties of D3 and RD2, a heteromeric linear
head-to-tail version of both D-peptides, called RD2D3, was designed. Compared to RD2
and D3, we have shown increased binding affinity to A3(1-42) [14] and a higher potency to
eliminate toxic Ap-oligomers for RD2D3 [12]. In vivo, it was demonstrated that RD2D3 has
a favorable pharmacokinetic profile (after intraperitoneal (i.p.) administration), high prote-
olytic stability and therapeutic efficacy by improving the cognitive abilities of transgenic
APP Swedish/Dutch/lowa (Tg-SwDI} AD mice [14,15]. Besides the development of linear
tandem-D-peptides, a further approach for a rational drug design was the cyclization of
either homo- or tandem-D-peptides [16,17]. For the cyclized tandem-D-peptide cRD2D3, a
remarkably enhanced pharmacokinetic profile was found [17]. Comparing the pharmacoki-
netic profiles of the linear and cyclic version of the D-peptide RD2D3 (RD2D3 vs. cRD2D3)
after intravenous (i.v.). and intraperitoneal (i.p.) administration in C57Bl/6 wild type (WT)
mice resulted in a tremendously increased terminal half-life (2.3 vs. 58 h), increased BBB
penetration values and brain peptide concentrations of cRD2D3. Furthermore, for cRD2D3
a high oral bicavailability was demonstrated [17]. Both, a long half-life and high oral
bioavailability are extremely advantageous for active ingredients used in the therapy of AD
and qualify for daily drug administrations. Since it can be assumed that AD therapy will
take place over alonger period of time (possibly several years to decades), a therapy regime
with once-daily oral drug intake is most convenient for the patient (treatment adherence).

Here, we wanted to investigate whether the more favorable pharmacokinetic profile of
the cyclic D-peptide cRD2D3 compared to its linear version RD2D3 results in an increased
in vivo efficacy. Before investigating the in vivo efficacy of RD2D3 and cRD2D3 in the
Tg-SwDI AD mouse model, we performed an in-depth in vitro characterization of the
compounds on the specific A-mutation, which was introduced to the Tg-SwDI AD mouse
model in comparison to wild type A[3(1-42). This A mutation is the so called “Dutch” and
“lowa” mutation (D/1 AB) and it is described by an exchange of the amino acid glutamate
(E) for glutamine (Q) at position 22 and of aspartate (D) for asparagine (N) at position 23 of
the AB(1-42) sequence.

2. Results
2.1. The Cyclic D-Peptide cRD2D3 Revealed Increased In Vitro Potency Compared to the Linear
D-Peptide RD2D3 Without Differences in the Proteolytic Stability

In order to investigate the in vitro potency of the cyclic D-peptide cRD2D3 and its
linear form RD2D3, we performed several experiments concerning the binding of the
D-peptides to Af3(1-42) and D/I Ap. By use of surface plasmon resonance (SPR) mea-
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surements, we determined the dissociation constant (Kp) of RD2D3 and cRD2D3 to both
Ap-species, by using Ap as ligand and the D-peptide as analyte or vice versa. As illus-
trated in Figure 1, both D-peptides bound with uM concentrations to A(3(1-42) and to
D/1Af. By use of AB(1-42) or D/I A3 as an analyte, both D-peptides bound with higher
affinity to D/I Ap (Kp AB(1-42): RD2D3 7.01 4 0.31 uM, cRD2D3 10.41 4 0.61 uM; D/I
ApB: RD2D3 3.24 & 0.31 uM, cRD2D3 2.05 £ 0.33, Figure 1). By use of the D-peptides as a
ligand, cRD2D3 bound with an almost identical affinity to both A} species (Kp Ap(1-42):
563 £25puM, Kp D/TAP 599 £ 0.77 uM, Figure 1). For RD2D3, the picture is different.
The D-peptide bound with half the affinity to AB(1-42) than to D/I Ap (Kp AP(1-42):
18.4 + 6.5 uM, Kp D/ Ap 7.09 + 1.4 uM, Figure 1).
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Figure 1. Affinity determination of RD2D3 and cRD2D3 to AB(1-42) and D/I AP by SPR. By use of the D-peptides as
analyte, either AB(1-42) or D/I Ap was immobilized on a CM-5 sensor chip and the binding of different RD2D3 (blue)
and cRD2D3 (red) concentrations were analyzed in a multi cycle experiment (a—f). Real-time surface plasmon resonance
(SPR) sensorgrams of different RD2D3 and cRD2D3 concentrations (left). Equilibrium dissociation constants (Kp) were
determined by using a Langmuir 1:1 binding model (RD2D3 middle, cRD2D3 right). RD2D3 or cRD2D3 were immobilized
on a series S CM-5 sensor chip, and the binding of A[3(1-42) or D/I A} monomers as an analyte at various concentrations
was observed (g-1). For evaluation, the steady-state binding signals were plotted over the concentrations and fitted using a

Langmuir 1:1 binding model (a,d,gj).
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The ability to inhibit the fibril formation of AP is of great importance for substances
developed for a treatment of AD. In order to test for interference with fibril formation, we
performed a thioflavin T test (ThT). The fluorescence signal of ThT, a benzothiazole dye,
increases upon binding to amyloid fibrils. In order to investigate the functional effects
of RD2D3 and cRD2D3 on A3(1-42) and on D/I Af, the D-peptides were incubated with
either AB(1-42) or D/I AP (equimolar concentrations) and 5 uM ThT. ThT fluorescence
was monitored every 6 min for 24 h. As demonstrated in Figure 2a b, both D-peptides were
able to inhibit the APp(1-42) and D/I Ap fibril formation. Interestingly, this effect was more
pronounced on A{3(1-42) than on D/I Ap (Figure 2a,b). Besides the potency of RD2D3
and cRD2D3 to inhibit the A3 fibril formation, we also investigated the potency of both
compounds to eliminate toxic Af3-oligomers. For this, the so called QIAD (quantitative
determination of interference with A aggregate size distribution) assay [18] was conducted
with both D-peptides and Ap(1-42) and D/I Ap. The outcome of the QIAD assay revealed
that both RD2D3 and ¢RD2D3 were capable to significantly eliminate toxic Ap(1-42)-
oligomers (RD2D3 89%, cRD2D3 80%, Figure 2¢, one-way ANOVA, with Bonferroni post
hoc analysis, A[3(1-42) vs. RD2D3 fraction 4 p = 0.001, fraction 5, p = 0.011, fraction 6 p = 0.01,
cRD2D3 fraction 4 p = 0.005, fraction 5 p = 0.12, fraction 6 p = n.s. (0.057)). Furthermore,
both D-peptides eliminated toxic D /I AB-oligomers with a similar potency (RD2D3 94%,
cRD2D3 100%, Figure 2d, not significant for cRD2D3 despite the total elimination of toxic
oligomers, one-way ANOVA with Bonferroni post hoc analysis, D/I Af vs. RD2D3 fraction
4p =n.s.(0.062), fraction 5, p = 0.011, fraction 6 p = n.s, cRD2D3 fraction 4 p = n.s. (0.094),
fraction 5 p = (n.s.) 0.118 and fraction 6 p = n.s.).

In order to verify and extend the proteolytic stability /in vitro ADME (absorption,
distribution, metabolism and excretion) of RD2D3 and cRD2D3, previously described for
trittum labeled D-peptides (3H) [15,17], we performed different tests to investigate the
proteolytic stability in different (simulated) body fluids. In both, simulated gastric (SGF)
and intestinal fluid (SIF), RD2D3 and cRD2D3 were remarkably stable (RD2D3: SIF 4 h
100%, 8 h 93.5%, SGF 4 h 100%, 8 h 100%, cRD2D3: SIF 4 h 96%, 8 h 87.2%, SGF 4 h 99.5%
and 8 h 99.7% Figure 3a,b). Additionally, we tested the stability of both D-peptides in
human plasma and human liver microsomes. In plasma, both D-peptides were stable up to
approximately 90% after 48 h (RD2D3: 8 h 84.7%, 24 h 91.9% and 48 h 93.7% and cRD2D3:
8 h 91.8%, 24 h 93.7% and 48 h 92.4%, Figure 3¢). In liver microsomes, both D-peptides
were slightly metabolized to approximately 25% (RD2D3: 8 h 81.9% and 24 h 78.2% and
cRD2D3: 8 h 89.2% and 24 h 73.6%, Figure 3d).

2.2. Tg-5wDI Mice Develop Cognitive Deficits at 12 Months of Age Compared to WT Mice

In all conducted experiments (nesting behavior, marble burying, open field test and
Morris water maze (MWM)) Tg-SwDI mice showed an altered behavior compared to
WT mice, but there was no significant difference in the body weight of WT compared to
Tg-SwDI mice (Figure 4a). Analyses of some basic behavioral characteristics of Tg-SwDI
resulted in phenotypic alterations. Compared to WT mice, Tg-SwDI mice formed a less
mature nest (unpaired two-tailed f test, p <0.001, Figure 4b). Furthermore, they displayed
impaired digging behavior in direct comparison to WT mice of the same age, indicating a
less inquisitive behavior (unpaired two-tailed ! test, p < 0.001, Figure 4c).
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Figure 2. RD2D3 and cRD2D3 inhibited the A((1-42) and D/I A} fibril formation and eliminated significantly toxic
oligomers. ThT-Assay (upper panel). Both D-peptides, RD2D3 (red) and ¢RD2D3 (blue), were analyzed according to their
ability to inhibit either the AB(1-42) (a,left) or the D/T AB (b right) fibril formation by use of equimolar concentrations
(10 uM). All analyzed D-peptides were able to inhibit either the AB(1-42) (a) or the D/T AP (both green) (b) fibril formation.
Fibril mass was normalized to the A control. Data are presented as mean + SD (N =3 out of three independent experiments).
QIAD-Assay (lower panel). AR(1-42) (cleft) and D/I Ap (d right) size distribution without (white) or with D-peptide were
analyzed by density gradient centrifugation with subsequent measurements of the Ap concentrations. Ap-oligomers are
located in fractions 4-6. Comparison of 20 uM RD2D3 (dark grey) and 20 uM cRD2D3 (light grey) (c) revealed similar
AP(1-42) (80 uM) oligomer elimination efficacy of both D-peptides. Comparison of 10 pM RD2D3 (dark grey) and 10 pM
cRD2D3 (light grey) (d) revealed higher potency of RD2D3 to eliminate toxic D/T Ap (40 pM)-cligomers than cRD2D3 does.
Data are presented as mean + SD (N = 2-5) ** p < 0.001, ** p < 0.01 and * p < 0.05.
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Figure 3. Proteolytic stability of RD2D3 and ¢RD2D3 in different human (simulated) body fluids. Both D-peptides, RD2D3
and cRD2D3, are remarkably stable in simulated intestinal and gastric fluid (SIF and SGF) (a,b), and in human plasma
(c) and human liver microsomes (d). Shown are data form three independent experiments (mean + SD).
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Figure 4. Basic phenotypic analysis of Tg-SwDI mice. No difference in body weight between Wild
type (WT) and Tg-SwDI mice (a), but significant differences in nesting behavior (b) and marble
burying (c) were found. Tg-SwDI mice formed a less mature nest and buried less marbles. Data are
represented as mean 4 SEM, all unpaired two-tailed t test, *** p < 0.001 (WT N = 13 and Tg-SwDI
N=12).

While performing the open field test, a significant difference was found between the
time WT and Tg-SwDI spent in the center and border zone (two-way ANOVA genotypes
p < 0.0001, Fisher LSD post hoc analysis WT vs. Tg-SwDI center and border p < 0.0001,
Figure 5a). By analyzing the travelled duration, Tg-SwDI covered an almost two-times
longer distance than WT mice (two-tailed t-test, p < 0.0001, Figure 5b). Furthermore, Tg-
SwDI mice were moving much faster than WT mice (two-tailed t-test, p < 0.0001, Figure 5c).
Moreover, by analysis of single time slots (each slot 5 min) WT mice showed a clear
habituation effect to the arena (Figure 5d). At the beginning of the test period, the center
had an aversive effect to the mice, since they tended to avoid open areas. After a while, the
WT mice explored the center of the arena more and more. In contrast, Tg-SwDI mice do
not show this habituation effect (two-way RM ANOVA, genotype p = 0.002, Fisher LSD
post hoc analysis, WT vs. Tg-SwDI slot one p = 0.047, slot two n.s. (p = 0.052), slot three
p = 0.034, slot four p < 0.014 and slot five p < 0.001).

In order to analyze spatial memory, we conducted an MWM. On the first day of
training, WT and Tg-SwDI mice performed almost equally (Figure 5e,f). Starting at day
two, WT mice found the hidden platform significant faster than Tg-SwDI mice (two-way
RM ANOVA, genotype p = 0.001, Fisher LSD post hoc analysis, WT vs. Tg-SwDI day one
ns. (p =091), day two p = 0.018, day three p = 0.091, day four p < 0.001 and day five
p = 0.004, Figure 5e). A slight learning effect could be seen for both WT and Tg-SwDI
mice. However, this effect was much more pronounced in the WT mice. During the probe
trial, WT mice spent more time in the platform zone than Tg-SwDI mice, indicating an
improved memory retrieval (two-tailed t-test, p = 0.073, Figure 5f). Concluding, Tg-SwDI
mice developed distinct cognitive deficits as detected by the MWM with 12 months of age.

2.3. RD2D3 Showed Superior Efficacy to Improve Phenotypic Deficits over cRD2D3

All mice, regardless of treatment, showed no changes in their general appearance.
Compared to D-peptide treated mice, placebo treated mice displayed a decrease in body
weight (before vs. after treatment: placebo 351 =0.5gvs. 323 04 ¢g,RD2D333.2 £ 26¢g
vs. 34.3 0.6 g and cRD2D3 35.1 4= 1.4 g vs. 33.2 & 1.0 g), but not to a significant extent
(Figure 6a). There was no difference in the behavior of RD2D3 or cRD2D3 treated mice
compared to placebo treated mice, neither in the nesting behavior, nor in the marble
burying test. (Figure 6b,c).
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Figure 5. Tg-SwDI mice developed phenotypic deficits in the open field test and showed cognitive
spatial impairment in the Morris water maze. In order to analyze some general aspects of the behavior
of Tg-SwDI compared to wild type (WT) mice, an open field test was conducted, where mice were
allowed to explore a square shaped arena freely for 30 min. The analysis of the test revealed that
Tg-SwDI mice explored less the center of the arena (a) (two-way ANOVA genotypes p <0.0001, Fisher
LSD post hoc analysis WT vs. Tg-SwDI center and border p < 0.0001). Furthermore, they showed
a reduced covered distance (b) and a reduced velocity (c) (both two-tailed f-test p = 0.0001). By
analyzing the habituation effect of WT and Tg-SwDI mice to the arena, it was obvious that transgenic
mice explored the center of the arena less than WT mice, indicating a reduced habituation effect
to the arena (d) (two-way RM ANOVA, genotype p = 0.002, Fisher LSD post hoe analysis, WT vs.
Tg-SwDI slot one p = 0.047, slot two n.s. (p = 0.052), slot three p = 0.034, slot four p < 0.014 and slot
five p < 0.001). In the Morris water maze, a significant difference was detectable in the performance
during the training of WT and Tg-SwDI mice starting at day 2, indicating spatial memory deficits
(e) (two-way RM ANOVA, genotype p = 0.001, Fisher LSD post hoc analysis, WT vs. Tg-SwDI day
onen.s. (p=0.91), day two p = 0.018, day three p = 0.091, day four p < 0.001 and day five p = 0.004)).
During the probe trial, WT mice spent more time in the platform zone than Tg-SwDI mice, indicating
impairments with memory retrieval (f). Data are shown as mean + SEM, * p < 0.05, * p < 0.01 and
# p < 0.001 (WT N=13 and Tg-SwDI N =12).
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Figure 6. General behavior of RD2D3 and ¢cRD2DS3 treated tg-SwDI mice compared to placebo. There
were no significant differences in all analyzed groups, neither in the body weight (a) nor in the
nesting behavior (b) or marble burying (c). Data are represented as mean + SEM (placebo N =13,
RD2D3 N =14 and cRD2D3 N = 12).

During the total open field test duration, no difference between treated or non-treated
Tg-SwDI was detectable (Figure 7). Neither in the time the treatment groups spent in the
center or border zone (Figure 7a) nor in the covered distance or in the velocity (Figure 7b,c).
Taken a closer lock, it was also possible to analyze the habituation effect of all mice to the
arena. RD2D3 treated mice showed a slight but significant habituation effect to the arena
compared to placebo treated mice (two-way RM ANOVA, p = 0.056, Fisher LSD post hoc
analysis, placebo vs. RD2D3 slot 1 n.s,, slot 2 p = 0.045, slot 3n.s,, slot 4 n.s. and slot 5
p = 0.44), this effect was completely absent in cRD2D3 treated mice. During each analyzed
time slot, they spent almost the same time in the center or border, respectively (Figure 7d).

In this study, a MWM was performed to investigate, whether a treatment with RD2D3
or cRD2D3 improves the spatial memory or cognitive abilities of Tg-SwDI mice compared
to placebo treated mice. As can be seen from Figure 7e, both compounds were able to
improve the performance of Tg-SwDI mice in the MWM during the training phase. For
RD2D3, this effect was statistically significant compared to placebo treated mice (two-way
RM ANOVA treatment p = 0.11, Fisher post-hoc analysis placebo vs. RD2D3 day 1 n.s., day
2n.n, day 3 p =0.004, day 4 n.s. and day 5 p = 0.029). In order to test memory retrieval, a
probe trial was conducted. Although not to a significant extent, there was a preference of
RD2D3 treated mice spending more time in the platform zone (Figure 7f).

In order to investigate, whether treatment with RD2D3 or cRD2D3 change the patho-
logical characteristics of Tg-SwDI mice, several histological analyses were conducted. As
demonstrated in Table 1 and Figure 8, neither RD2D3 nor cRD2D3 were able to reduce the
amount of AP deposits as shown by 6E10 staining, nor reduce the number of activated
astrocytes or microglia, as shown by GFAP or Iba-1 staining, respectively.

Table 1. Immunohistochemical investigations of RD2D3 and ¢cRD2D3 treatment on Ap deposits and neuroinflammation.
Treatment with neither RD2D3, nor cRD2D3 did reveal any increase or decrease in AP deposits (6E10), activated astrocytes
(GFAP) or microglia (Iba-1). IR: immunoreactivity. Data are represented as mean + SEM. IR: immunoreactivity (placebo
N =13, RD2D3 N = 14 and cRD2D3 N = 12).

6E10 IR (%) GFAP IR (%) Iba-1 IR (%)
Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus
Placebo 1.8£07 25+07 438 +2.0 398+ 1.0 87+17 11.65+1.1
RD2D3 1.0+02 25+05 406 +2.2 380+1.2 81+t1e6 86+13
cRD2D3 1102 42+07 431+ 1.8 395+1.0 81+16 102+18
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Figure 7. Treatment with RD2D3 significantly improved the phenotype of Tg-SwDI mice compared
to placebo and cRD2D3 treated mice. An open field test was conducted to analyze and compare the
exploratory and anxiety related behavior of RD2D3 and cRD2D3 treated Tg-SwDI mice compared
to placebo treated mice (a-d). Mice were allowed to freely explore a square shaped arena for
30 min (imaginarily divided into center and border zone (a)). While there was no difference in the
exploratory behavior or in the traveled distance or velocity, there was a significant habituation effect
of RD2D3 treated mice to the arena (d). This effect was completely absent in cRD2D3 treated mice (d).
Additionally, a Morris water maze (MWM) was performed in which mice were trained for 5 days to
find a hidden platform (e). Both treatment groups (RD2D3 and ¢RD2D3) found the hidden platform
faster than placebo treated mice and spent more time in the platform zone during the probe trial (f).
Data are shown as mean + SEM (placebo N = 13, RD2D3 N =14 and cRD2D3 N = 12). ** p < 0.01 and
*p <0.05.
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Figure 8. Immunohistochemical analysis of AR deposits and neurcinflammation. Representative
images of hippocampus of placebo, RD2D3 and ¢RD2D3 treated mice (placebo N = 13, RD2D3 N = 14
and cRD2D3 N = 12).

3. Discussion

More than 100 years have passed since AD was first described by Alois Alzheimer [19].
Meanwhile, many efforts have been made to find a curative or even disease modifying treat-
ment for this devastating neurodegenerative disease [20]. One of the major pathological
hallmarks of the disease are deposits of the so called AB-peptide. No toxic properties are
attributed to Af in its monomeric, native form. Only a soluble intermediate product, the
so-called Ap-oligomers, are considered to be the disease-causing agent [3,18,21]. Our group
has focused on the development of compounds, which directly destroy toxic Ap-oligomers.
These therapeutic substances are so-called D-peptides, consisting of 12-24 D-enantiomeric
amino acid residues. The most promising compound so far is RD2. In the recent years, RD2
has been studied extensively [10-13]. The efficacy of this compound has been demonstrated
in several studies in different mouse models, so RD2 is now in the process of proving its
efficacy in humans in clinical trials [9]. Out of several drug optimization approaches, the
linear tandem-D-peptide RD2D3 and its cyclic equivalent, cRD2D3, came forth [12,14,15,22].
Tandemization and cyclization of the developed D-enantiomeric peptides were postulated
to increase the binding affinity to A3(1-42), to increase the efficacy to eliminate toxic Af3-
oligomers and to increase BBB penetration. This last pointin particular was demonstrated
by Schartmann et al. [22]. After the pharmacokinetic and some in vitro analyses of the
D-peptides were conducted recently, we here performed an in-depth comparison of the
in vitro potency of both D-peptides on wild type A[3(1-42) and on the D /I AP mutation
and a direct comparison of the D-peptide’s in vivo efficacy in Tg-SwDI mice.

During the last years, we could demonstrate that our developed D-peptides bound
(mostly) to Af3(1-42) in the micromolar range. This was also already proven for RD2D3 [14].
However, it was never analyzed if these compounds also bind to different Ap-variants, e.g.,
the D/I mutation, although there have been several treatment studies conducted with a
mouse model harboring this and other mutations [14,16,18,23]. In this study, we analyzed
the binding affinity of both RD2D3 and cRD2D3 to Ap(1-42) for a direct comparison, and
the binding affinity of the abovementioned D-peptides to D/I Ap. The results showed that
both D-peptides exhibit similar binding affinities to AB(1-42) and D/I AB. However, this
binding is at least twice as strong to D/I AP in comparison to AB(1-42).
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Taking a closer look into the in vitro functionality of both D-peptides, we performed
a ThT and a QIAD assay. Both D-peptides are capable to efficiently inhibit the ApB(1-42)
fibril formation at equimolar concentrations. One might speculate that RD2D3 was slightly
more efficient since it also shifted the lag phase of the initial aggregation of A3(1-42). By
analyzing the ability of both D-peptides to inhibit the D/I AP fibril formation, we could
not detect a meaningful difference between the potency of both D-peptides. RD2D3 and
cRD2D3 inhibit the D/I A fibril formation at equimolar concentrations. Despite the higher
binding affinity to D/I A of both D-peptides compared to A[3(1-42), both D-peptides show
a superior potency to inhibit the A(3(1-42)- than the D/1 AB-fibril formation. AB-oligomer
elimination efficacy was already proven for RD2D3 on A[5(1-42) [12]. Here, we performed
an additional QIAD assay to directly compare the Af-oligomer elimination efficacy of
RD2D3 with cRD2D3. We were able to confirm that RD2D3 and ¢RD2D3 eliminate A{3(1-42)-
oligomers in vitro especially effective to about 90% or 80%, respectively. For the first time,
we also conducted a QIAD assay with an A} mutation—D/1 Aff. We could demonstrate
that both D-peptides can eliminate (more) efficiently D/I Ap-oligomers in vitro to about
95% or 100%, respectively.

In order to verify the already demonstrated proteolytic stability of RD2D3 and cRD2D3
with a more sensitive method (HPLC analysis instead of thin layer chromatography with
3H-labeled D-peptide) and to extend the analysis, proteolytic stability tests in different
(simulated) human body fluids were done. Analysis of the proteolytic stability of ?H-
RD2D3 [15] and *H-cRD2D3 [22] in human liver microsomes revealed that both D-peptides
appeared to be completely stable. In contrast, the D-peptides were metabolized up to 25%
after 8 h when analyzed by HPLC. This discrepancy can probably be explained by the
fact that analysis by HPLC is many times more sensitive and accurate than analysis by
thin-layer chromatography.

In the aforementioned study [22] it was described that cRD2D3 has an extraordinary
superior pharmacokinetic profile in C57BL/6 mice compared to its linear equivalent RD2D3
after i.v. and i.p. administration [15,22]. One of the most outstanding properties of the
cyclic D-peptide is its enormously long terminal half-life in plasma of more than 2 days
(58 h). In comparison, the terminal half-life in plasma of RD2D3 was 2.3 h. Moreover,
it was shown that cRD2D3 reached its site of action, the brain as a target organ, with
concentrations up to four to five times higher than RD2D3.

After analyzing the in vitro profile of the compounds, we wanted to investigate
whether the superior pharmacokinetic profile of cRD2D3 was also reflected in improved
efficacy in the Tg-SwDI mouse model. For this purpose, we first performed a small in-
house characterization of the mouse model. This served the purpose of confirming that
the Tg-SwDI mice also develop the expected (cognitive) deficits in our hands and in our
experimental setup. The implemented behavioral experiments (nesting behavior, marble
burying, open field test and Morris water maze) gave proof that the Tg-SwDI mouse
model develops general and cognitive phenotypic deficits in our hands at 12 months of
age. Although development of pathology and especially of cognition impairment is often
dependent on breeding cohorts and lab environments, our results are in good accordance
with those reported previously [24-27]. After completion of the characterization study,
we performed an ip. treatment study with RD2D3 and ¢cRD2D3 compared to placebo
treated mice by use of Alzet osmotic minipumps. Treatment started with 11 months of
age and mice were sacrificed after the pump duration of 28 days (at 12 months of age).
The treatment start was based on the results of the characterization study, where cognition
deficits were detected at 12 months of age. One might speculate that a treatment with an
earlier age and a prolonged treatment duration might have also been sufficient. During
the last days of treatment, several behavioral tests were conducted. Those tests indicated
that RD2D3 had a more pronounced effect on the phenotypic deficits of Tg-SwDI mice
than cRD2D3. The analysis of the open field test revealed a clear habituation effect of
RD2D3 treated mice to the arena, comparable with the behavior of non-transgenic mice. In
contrast, this effect was completely absent in cRD2D3 treated mice. The performed MWM
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suggested that both RD2D3 and cRD2D3 treatment improved the cognitive performance of
Tg-SwDI mice compared to placebo treated mice. However, this effect reached significance
only in the RD2D3 treated Tg-SwDI mice. The use of a larger number of mice would
probably have resulted in this effect also being significant in the cRD2D3 treated Tg-
SwDI mice. Histological analysis of the brains of all mice revealed no difference between
the treatment groups, neither on AB-deposits nor on activated astrocytes or microglia.
One might speculate that a administering a higher dose of the D-peptide concentration
or a longer treatment duration would have resulted in a reduction of AD-associated
pathology. Previous pharmacokinetic analyses of RD2D3 and cRD2D3 have shown that
both D-peptides do reach the brain [6,7]. Summarized, RD2D3 appears to have a superior
efficacy to ameliorate the phenotype of Tg-SwDI than cRD2D3 compared to placebo
treated mice.

Referring to the hypothesis that cyclized D-peptides also show improved in vivo
efficacy compared to linear D-peptides due to a more favorable pharmacokinetic profile [22]
could not be confirmed in this study. In all tests performed, cRD2D3 treated Tg-SwDI mice
showed similar or slightly worse behavior than RD2D3 treated mice. In conclusion, the
superior pharmacokinetic profile of cRD2D3 was not sufficient to translate into improved
in vivo efficacies.

4. Materials and Methods
4.1. Peptides

The D-peptides RD2D3 (ptlhthnrrrrrrprirlhthrnr) and ¢cRD2D3 (ptlhthnrrrrrrprirl-
hthrnr) with amidated C-terminus were purchased as lyophilized powder with >95% purity
from peptideséeelephants (Henningsdorf, Germany) and Cambridge peptides (UK), respectively.

Synthetic AB(1-42) and (GIn??, Asn®)-Amyloid B-Protein (1-40) (D/I AB) with >95%
purity were purchased as lyophilized powder from Bachem (Bubendorf, Switzerland).
Lyophilized Ap-species were dissolved overnight in HFIP (1,1,1,3,3,3-hexafluoro-2-propanol,
Sigma-Aldrich, Darmstadt, Germany). Aliquots were stored at —20 °C until further pro-
cessing. Before usage, AP} was lyophilized and dissolved in 10 mM sodium phosphate
buffer, pH 7 4.

4.2. In Vitre Potency
4.2.1. Binding Affinity

The dissociation constant (Kp) of RD2D3 and cRD2D3 binding to Ap(1-42) and D/I
AP was determined by SPR spectroscopy using a Biacore T200 instrument (Biacore, GE
Healthcare, Uppsala, Sweden). A{3(1-42) or D/I A3 was used as the ligand, while RD2D3
and cRD2D3 were used as the analyte or vice versa.

By using AB(1-42) or D/I AP as a ligand, it was immobilized onto a series S CM-5
sensor chip (GE Healthcare, Uppsala, Sweden) by amine coupling. In short, the flow cells
were activated by a mixture of 50 mM N-hydroxysuccinimide (NHS) and 16.1 mM N-Ethyl-
N’-(dimethylaminopropyl)carbodiimide (EDC) (XanTec, Diisseldorf, Germany) for 7 min.
APB(1-42) or D/T AP were dissolved to a final concentration of 50 pg/mL in 10 mM sodium
acetate pH 5 (AppliChem, Darmstadt, Germany) and injected over one of the activated flow
cells to a final signal of 1700 RU. After the immobilization, the ligand and reference flow
cells were quenched by injecting 1 M ethanolamine pH 8.5 (XanTec, Diisseldorf, Germany)
for 7 min. For the determination of the Kp, multicycle kinetic experiments were performed
with 10 mM HEPES + 50 mM NaCl (AppliChem, Darmstadt, Germany) pH 7.4 as the
running buffer at 25 °C and at a flow rate of 30 uL/min. The peptides were diluted in the
running buffer to the following concentrations: 20 uM, 10 uM, 5 uM, 2.5 uM, 1.25 uM and
0.625 puM. All samples were injected over the flow cells for 180 s, followed by a dissociation
step of 600 s with running buffer. Regeneration of the sensor chip was accomplished by a
45 s injection of 2 M of guanidinium hydrochloride (AppliChem, Darmstadt, Germany).
The reference flow cell and buffer injections (c = 0 nM) were used for double referencing

56



Int. J. Mol. Sci. 2021, 22, 6553

13 of 18

of the sensorgrams. For data evaluation, the sensorgrams were fitted by the steady-state
affinity model implemented in the Biacore T200 Evaluation Software 3.2.

By using the compounds (RD2D3 and cRD2D3) as ligands, they were immobilized on
two separate channels on a series S CM-5 sensor chip (Cytiva, GE Healthcare, Uppsala, Swe-
den) by amine coupling. Both flow cells on each channel were activated with a mixture of
50 mM N-hydroxysuccinimide (NHS) and 16.1 mM N-ethyl-N'-(dimethylaminopropyl)car-
bodiimide (EDC) (XanTec, Diisseldorf, Germany) for 7 min. The peptides were diluted to
50 pg/mL in 10 mM maleic acid pH 6 (AppliChem, Darmstadt, Germany) and injected over
flow cell two of each channel to a final signal between 600 and 900 RU. After the peptides
were immobilized, the ligand and reference flow cells of each channel were quenched
by injecting 1 M ethanolamine pH 8.5 (XanTec, Diisseldorf, Germany) for 7 min. For
the determination of the Kp multicycle kinetic experiments were performed with 10 mM
HEPES + 50 mM NaCl (AppliChem, Darmstadt, Germany) pH 7.4 as the running buffer at
25 °C and at a flow rate of 30 uL/min. AP(1-42) or D/I AP were diluted in the running
buffer to the following concentrations: 10 uM, 3.3 uM, 1.1 uM, 0.37 uM, 0.12 uM, 0.045 M,
0.014 pM and 0.0045 pM. All samples were injected over the flow cells for 180 s, followed
by a dissociation step of 600 s with running buffer. Regeneration of the sensor chip was ac-
complished by a 45 s injection of 2 M guanidinium hydrochloride (AppliChem, Darmstadt,
Germany). The reference flow cell of each channel and the buffer injections (¢ = 0 nM) were
used for double referencing of the sensorgrams. For data evaluation, the sensorgrams were
fitted by the steady-state affinity model implemented in the Biacore Insight Evaluation
Software version 3.0.

4.2.2. Thioflavin-T Assay

Using the ThT assay, the potency of RD2D3 and cRD2D3 to inhibit the fibril formation
of AB(1-42) and D/T AB was analyzed. For this purpose, 10 uM A(1-42) or D/T AP were
incubated with 10 uM of the corresponding D-peptide and 5 uM ThT. ThT fluorescence
was monitored over 24 h every 6 min at Aex = 440 nm and Aem = 490 nm in a fluorescence
plate reader (Clariostar, BMG Labtech, Ortenberg, Germany) at RT. Correction was done
using all supplements without A3 and D-peptide (blank).

4.2.3. QTIAD Assay

According to Brener et al., a QIAD assay was performed in order to evaluate the AB(1-
42) or D/T AP oligomer elimination efficacies of RD2D3 and ¢cRD2D3 [18]. In short, 80 pM
lyophilized AB(1-42) or 40 uM D/I A was preincubated for 2 h or 15 min, respectively,
to enrich Af-oligomers. Afterwards, either 20 uM RD2D3 or cRD2D3 for A3(1-42) or
10 uM RD2D3 or cRD2D3 for D/I Ap were added to the preincubated solution and
coincubated for additional 30 min. Subsequently, the samples were loaded on the top of a
density gradient (5-50% (w/v) iodixanol (OptiPrep, Sigma-Aldrich, Darmstadt, Germanyy))
followed by an ultracentrifugation step (3 h at 4 °C and 259000x g (Optima TL-100,
Beckman Coulter, Brea, CA, USA)). Following the ultracentrifugation, 14 fractions (140 puL.
each) were harvested by upward displacement. Fraction 15 contains the dissolved pellet
in 6 M guanidine hydrochloride solution. Top fractions 1-2 contained Ap-monomers,
fractions 4-6 contained the Af-oligomers, which are of special interest, and the bottom
fractions 11-14 contained high molecular weight (co-)precipitates or aggregated Ap. Ap(1-
42) or D/1 ApB concentrations of each fraction were determined via analytical RP-HPLC
and UV absorbance detection at 214 nm.

4.2.4. Proteolytic Stability

Both compounds have already been extensively studied with respect to their in vivo
pharmacokinetic profiles [15,22]. Here, we performed some additional test to investigate
the proteolytic stability of the compounds in simulated gastric (SGF) and intestinal fluid
(SIF) and human plasma and human liver microsomes. The experiments were performed
as described previously [28]. According to the guidelines of the European Pharmacopoeia
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7.0, SGF and SIF were prepared. Plasma was purchased from Biotrend with K3-EDTA as
an anticoagulant (Biotrend, Kéln, Germany). Human liver microsomes were pooled from
different donors and purchased from Sekisui XenoTech (Kansas City, KS, USA).

In order to determine whether the compounds RD2D3 and cRD2D3 are stable or
would be metabolized, 150 M of each compound was incubated in triplicate for defined
time points slightly shaking at 37 °C in the media described above (SGF and SIF: 4 and
8 h, plasma: 8, 24 and 48 h and microsomes: 8 and 24 h). Incubation was stopped
by precipitating the proteins. For this, 3% trichloroacetic acid (w/v) was added to the
respective sample under vortexing followed by a centrifugation step (14,000 g at 4 °C
for 5 min). For analysis, supernatants containing the compounds were collected. The
precipitated media without compound was used as a control and as reference for the
quantification served each medium with compound where the reaction was stopped
immediately by precipitating the proteins. All samples were analyzed by RP-HPLC as
previously described [28].

4.3. In Vivo Efficacy
4.3.1. Animals

In this study, the Tg-SwDI AD mouse model was used. Tg-SwDI were first described
by Davis et al. in 2004 and carried the human APT gene (isoform 770) with the Swedish
(K670N /M671L), Dutch (E693Q) and lowa (D694N) mutations under the control of the
mouse Thyl promoter [24]. AB-depositions can be found starting with three months of
age and cognition deficits can be detected as early as three months of age in the Barnes
maze [24,26]. Tg-SwDI mice are known to show distinct AD-associated pathology. This
includes ApB-deposition in various areas of the brain (particularly in the cortex and hip-
pocampus) and associated gliosis. Gliosis is characterized by the presence of activated
microglia and astrocytes, especially in those regions where A3-deposits are also found.
In addition to Af3-deposits in the tissue, this mouse model is particularly characterized
by a so-called cerebral amyloid angiopathy (CAA). This means that Tg-SwDI mice show
increased Af3-deposits in cerebral vessels.

Tg-SwDI mice were ordered by the Jackson Laboratory (C57BL/6-Tg(Thy1-APPSw-
Dutlowa)BWevn/Mmjax, Jackson Laboratory, Bar Harbor, ME, USA) and bred in-house
in a controlled environment on a light/dark cycle (12/12 h), with 54% humidity and a
temperature of 22 °C. Food and water were available ad libitum.

4.3.2. Ethical Approval

All animal experiments were done in accordance with the German Law on the protec-
tion of animals and approved by the Landesamt fiir Natur, Umwelt und Verbraucherschutz
(LANUYV) North-Rhine-Westphalia, Germany (AZ84-02.04.2016.A523).

4.3.3. Characterization

In order to perform a short in-house characterization of the Tg-SwDI mouse model,
we used 12 months old female homozygous (1 = 12) and corresponding wild type (1 = 13)
mice to verify cognition deficits at the same age at which the treatment study should be
performed. Mice were tested in several behavioral tests to identify differences between
Tg-SwDI and WT mice.

4.3.4. Nesting Behavior

Building a nestis a core behavior of mice, not just for maternal nesting. It is crucial for
mice for shelter from the environment and protection against predators. Here, a protocol
after Deacon was used. In brief, 1 h before the dark phase of the animal house, mice were
single placed in a new cage with a fresh nestlet (Snitf, Soest, Germany). The next morning,
built nests were scored from 1 to 5, whereby 1 represents no nest and 5 represents a perfect
nest [29].
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4.3.5. Marble Burying

Digging and burrowing is a fundamental behavior of mice to find and hide food and to
build a nest. Several drugs or genetic modifications may alter the digging behavior of mice.
For analysis of digging behavior, the marble burying test was performed after Deacon.
Mice were single placed in a new cage with approximately 5 cm deep wood chip bedding,.
On the bedding, 12 glass marbles (diameter: 1.6 cm and weight: 5.3 g) were laid down ina
predefined pattern. After 30 min, the number of marbles buried was counted [30].

4.3.6. Open Field Test

Analysis of explorative and anxiety related behavior of mice can be done by use of the
so-called open field test [31]. Following a 30 min habituation phase in the experiment’s
room, the mice were placed in a square-shaped arena (45 cm x 45 cm x 45 cm) for an
additional 30 min, imaginarily divided into two zones: center and border zone (center:
19 ecm x 19 em and border: space around the center zone). During the 30 min exploration,
mice were recorded with a camera driven tracking system (Ethovision 15, Noldus, Wa-
geningen, The Netherlands). For analysis, the duration the mice stayed in each zone was
evaluated. Moreover, several time slots (1: 0-5 min, 2: 5-10 min, 3: 10-15 min, 4: 15-20 min
and 5: 20-25 min) were analyzed independently to determine habituation behavior of
the mice.

4.3.7. Morris Water Maze

Investigation of spatial learning can be conducted by the use of the MWM. The MWM
is one of the most widely used tests to investigate cognitive impairments, especially spatial
memory, in neuroscience [32]. The water maze we have used consists of a circular white
pool (120 em in diameter and 60 cm in height). Rendering of the water was ensured by
adding a non-toxic white coloring solution. To conduct the test, the pool is imaginarily
subdivided into four quadrants (north-east, south-east, south-west and north-west). In
the middle of the target quadrant, an invisible round platform was placed 1 cm below
the surface. The used protocol was modified after the original one from Morris et al. [33].
During the training period, mice were allowed to swim for 60 s or until they found the
hidden platform. If they did not find the hidden platform, they were set on the platform
for 10 s to orient themselves before they were returned to their cages. On each of the
five training days, the mice had to swim four trials, each trial starting from a different
quadrant, with the order changing each day. To avoid a decrease of body temperature of
the mice, they were placed under a heating lamp for 60 s between each trial. On the sixth
day, the mice had to swim freely without a hidden platform (probe trial). During each
trial, the mice were recorded with a video driven tracking system (Ethovision 15, Noldus,
Wageningen, The Netherlands). The following parameters were analyzed: escape latency
to find the hidden platform during the training phase or duration in platform zone during
the probe trial.

4.4, Treatment

Eleven months old Tg-SwDI were treated for 28 d i.p. by use of an osmotic minipump
(Alzet osmotic pumps, Modell 1004, Charles River, Wilmington, MS, USA) with a daily
dosage of 8 mg/kg peptide (RD2D3 (n = 14) or cRD2D3 (n = 12)) in PBS (pH 7.4) or
vehicle (Placebo (n = 13), PBS, pH 7.4). The minipumps and the i.p. application route
have been used to achieve continuous application of the study drug. After surgery, mice
were monitored daily the following three days and twice each week until the end of the
treatment. A loss of body weight and severe conspicuities were defined as exclusion criteria.
No mouse was affected by these exclusion criteria. During the last one and a half weeks of
treatment, different behavioral tests (nesting behavior, marble burying, open field test and
MWM) were conducted with all mice.
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Since RD2D3 did not show any efficacy in vivo after oral administration [12], but
after i.p. administration [14], we decided to perform an i.p. treatment study for the direct
comparison of the linear and cyclic D-peptide.

4.5. Histology

After the treatment duration was finished, the mice were anesthetized (intraperi-
toneal injection of 100 mg/kg ketamine (bela-pharm, Vechta, Germany) and 0.3 mg/kg
medetomidine (Dormilan, alfavet, Neumiinster, Germany) and transcardially perfused
with ice-cold PBS. Subsequently, brains were removed and one hemisphere was frozen. The
other hemisphere was fixed overnight in 4% paraformaldehyde, followed by a post-fixation
and cryoprotection in 30% sucrose for an additional day. For histological analysis, 40 pm
free floating sections were prepared on a cryostat. In total, eight series of six sections each
were cut sagittally through the brain. One series of each brain was used for the following
stainings: 6E10 (Biolegend, San Diego, CA, USA) for Af-deposits, GFAP (Agilent, Santa
Clara, CA, USA) for reactive astrocytes and Iba-1 (Fujifilm, Neuss, Germany) for activated
microglia. In brief, sections were washed in TBST (TBS with 1% Triton X-100), followed
by an overnight incubation with the primary antibody (6E10 1 pug/mL, GFAP 1 pg/mL
and Iba-1 0.5 pg/mL). The very next day, sections were washed in TBST, followed by the
incubation with the secondary antibody (6E10 goat anti-Mouse IgG (H + L) secondary
antibody 1.3 ng/mL, GFAP and Iba-1 goat anti-rabbit IgG (H + L) secondary antibody,
1.5 pg/mL, all Thermo Fisher, Germany) for 2 h at RT. After an additional washing step in
TBST, stainings were visualized with the use of 3,3’ diaminobenzidine (DAB) enhanced
with saturated nickel ammonium sulphate solution. Afterwards, sections were mounted
with DPX Mountant (Sigma-Aldrich, Darmstadt, Germany).

To avoid any irregularities in the staining results, all stainings were performed in
one batch and in one microscopy session. Zeiss SteREO Lumar V12 microscope and the
according software (Zeiss AxioVision 6.4 RE) was used for visualization. Quantification
was done with Image] (NIH, USA) and CellProfiler (Broad Institute, Cambridge, MA, USA).

4.6. Statistics

All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software,
Inc., San Diego, CA, USA) or SigmaPlot Version 11 (Systat Software, Diisseldorf, Germany).
In vitro data are represented as mean =+ SD and in vivo data as mean + SEM. Normal
distributed data were analyzed by use of an unpaired one- or two-tailed -test or one-way
analysis of variance (ANOVA) with Tukey post hoc analysis. Not normal distributed data
were analyzed by use of the Kruskal-Wallis test with Dunn’s multiple comparison test.
The MWM and open field test were analyzed by a repeated measure ANOVA with Fisher
or Bonferroni post hoc analysis. Data with p < 0.05 were stated as significant.

5. Conclusions

In this study, we analyzed the in vitro potency of two of our developed D-enantiomeric
D-peptides on an artificial contribution of two familial mutations within the A sequence,
namely the Dutch and Towa mutations, for the first time. The analysis of the in vitro profile
revealed that RD2D3 and cRD2D3 have a similar potency on both analyzed A 3-species,
regarding the potency to inhibit the A3-fibril formation and the potency to eliminate toxic
Ap-oligomers. Referring to the hypothesis that a cyclization of our D-peptides might show
superior in vivo efficacy could not be confirmed in this study. Compared to linear RD2D3,
cyclic cRD2D3 failed to show superior efficacy.

Author Contributions: The overall study was planned by S.5. and D.W. In vivo study was planned
by S.S., D.W, J.K., and A.W. In vitro experiments were carried out by L.G. and 5.5. In vivo experiments
were done by D.H. and L.C.C. Histological analysis were done by D.H. and 5.5. Data were analyzed
by S.S. All authors contributed to writing. All authors have read and agreed to the published version
of the manuscript.
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Abstract: The contribution of mouse models for basic and translational research at different levels
is important to understand neurodegenerative diseases, including tauopathies, by studying the al-
terations in the corresponding mouse models in detail. Moreover, several studies demonstrated that
pathelogical as well as behavioral changes are influenced by the sex. For this purpose, we performed
an in-depth characterization of the behavioral alterations in the transgenic Tau-P301L mouse model.
Sex-matched wild type and homozygous Tau-P301L mice were tested in a battery of behavioral tests
at different ages. Tau-P301L male mice showed olfactory and motor deficits as well as increased Tau
pathology, which was not observed in Tau-P301L female mice. Both Tau-P301L male and female
mice had phenotypic alterations in the SHIRPA test battery and cognitive deficits in the novel object
recognition test. This study demonstrated that Tau-P301L mice have phenotypic alterations, which
are in line with the histological changes and with a sex-dependent performance in those tests. Sum-
marized, the Tau-P301L mouse model shows phenotypic alterations due to the presence of neuro-
fibrillary tangles in the brain.

Keywords: tauopathy; Tau-P301L mouse models; behavior; phosphorylated Tau, motor deficits,
cognitive deficits, sex-related deficits.

1. Introduction

Tau protein is a microtubule associated protein, located in the axons, which plays a
major role in the stabilization of microtubules [1] and trafficking [2-4]. It is expressed by
the microtubule associated protein Tau (MAPT) gene located on the chromosome 17. In
total, six isoforms can be produced by the presence/absence of exon 2, 3 (N-terminal) and
10 (microtubule-binding domain). Therefore, the isoform expression varies from 0N3R,
which is the shortest form, to 2N4R, which is the longest form. In humans, the 3R is more
frequent during the development, while both, 3R and 4R, are present in similar amount
in the adult brain [5, 6]. Phosphorylation of the Tau protein can occur at different sites by
different kinases, a process that assists in Tau physiological function. Under pathological
conditions, the Tau binding site to the microtubules is hyperphosphorylated and results
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in loss of its function. Hyperphosphorylated Tau then assembles into paired helical fila-
ment (PHF) forming the neurofibrillary tangles (NFTs) in the dendrites [7, 6]. Pathological
Tau is present in different neurodegenerative diseases called tauopathies.

Tauopathies in turn are a heterogeneous class of diseases that can be classified as
primary and secondary tauopathies. In secondary tauopathies, the presence of NFTs oc-
curs as a second event probably due to the toxicity downstream of another event, e.g.
aggregation of amyloid-f3 (Ap) into neuritic plaques in Alzheimer’s disease (AD). In pri-
mary tauopathies, the presence of NFTs occurs first and is mainly responsible for the aris-
ing neurodegeneration, e.g. in frontotemporal dementia (FTD)[8]. In those dementias, the
formation of NFTs in a specific region is correlated with progression of the disease and
brain atrophy [9, 10]. Considering that brain atrophy and cognitive deficits are a conse-
quence of neurodegeneration and synaptic dystrophy, it is postulated that the presence of
NFTs induce synaptic deficits and neurodegeneration [11, 12]. Besides in dementias,
pathological Tau can also be found in patients with epilepsy, chronic traumatic encepha-
lopathy and other neurological disorders [13]. Similar to AD, most of the FTDs and other
tauopathies are sporadic and, unlike AD, different mutations can cause the familial FTDs.
The mutations in the MAPT gene are genetic causes of FTDs with parkinsonism linked to
chromosome 17 (FTDP-17) [14, 15]. Those mutations prevent Tau from binding to micro-
tubules due to the hyperphosphorylation [16].

Many transgenic mouse models have been developed with ditferent Tau mutations.
Those models provide a more detailed understanding of how hyperphosphorylated Tau
and NFTs affect the pathophysiology, depending on the type of mutation and the isoform.
The most common transgenic models of tauopathy are constructed with the human Tau-
P301L mutation [17], [18]. The Tau-P301L mouse models only include the 4R Tau isoform,
since this mutation is located in the exon 10. Terwel and collaborators [19] developed a
transgenic mouse model expressing human Tau-P301L (homozygous) under the regula-
tion of a thy1 gene promoter at moderate levels. This mouse model did not develop severe
motor deficits, but a strong paralysis in the limbs, starting at nine months of age. They
died before the age of 12 months due to respiratory problems [19, 20]. Moreover, Tau-
P301L mice showed NFTs at nine months of age in the brainstem and cortex [19]. The
presence of NFT’s in different areas of the brainstem was postulated to be the cause of the
respiratory deficits and the strong moribund conditions [20]. At earlier ages, this mouse
model also showed increased long-term potentiation (LTP) in the dentate gyrus (DG) [21].

Nowadays, mouse models are considered a method to represent human disease and
to test newly developed substances to treat it. Mouse models, especially for neurodegen-
erative diseases, are coming under criticism, in part because many clinical trials failed
even though the compounds did previously show promising results in animal models.
Very often in these cases, however, treatment studies in mice often had an insufficient
study design, which does not mimic the human situation very well. It is essential to know
your animal model as good as possible, especially concerning the selection of behavioral
tests and to characterize them in longitudinal studies, instead of just analyzing deficits at
one certain age, and to do this also in a sex-specific manner. The objective of this study
was to carry out a longitudinal and sex-related characterization of the Tau-P301L model
to clarify the onset of the disease with a broader behavioral test battery and to have an in-
depth understanding about the deficits of the model. As described before, the Tau-P301L
mode] was evaluated in few behavior experiments (beam walk, rotarod and novel object
recognition) and some studies were cross-sectional. A longitudinal study is advantageous
since the onset of each behavior deficit occur at different time points; therefore, the cross-
sectional studies have limited information regarding the course of the disease. Thus, the
present study focused on the characterization of general, motor and cognitive alterations
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induced by the pathological Tau in the Tau-P301L mouse model at different ages and 9%

sexes. 97
2. Materials and Methods 98
2.1. Animals 99

Tau-P301L mice were first described by Terwel et al [19] and were backcrossed from 100
a FVB to a C57BL/6] background. Mice were maintained in a homozygous colony. In this 101
study, we compared homozygous Tau-P301L mice with age and sex-matched wild type 102
(WT) mice from a parallel breeding,. 103

Mice were bred in-house with a 12/12 h light/dark cycle. In each cage, 3 to 5 mice 104
were housed and food and water were available ad libitin. All behavioral experiments 105
were approved by the responsible authorities (Landesamt fiir Natur, Umwelt und Ver- 106
brancherschutz (LANUV), North Rhine-Westphalia, Germany, number 84-02.04.2014. A362, 107
81-02.04.2018.A400, 81-02.04.2019.A304 approval was received on 05/02/2019, 21/02/2019 108
and 21/01/2019, respectively) and were performed longitudinal at different ages (2, 4, 6 109
and 8 months). For all behavioral tests, seven female and 12 male mice of both genotypes 110

were included. 111
2.2. Behavioral tests 112
2.2.1. Habituation/dishabituation olfactory test 113

Olfactory deficits from Tau-P301L mice were evaluated by performing the habitua- 114
tion/dishabituation olfactory test [22]. Three different aromas (bacon, cheesecake and ha- 115
zelnut) (Perfumer's Apprentice, Scotts Valley, USA) were sprayed on a cotton pad which 116
was placed into an embedding cassette. The bacon aroma was placed in the cage for 24h 117
before the test for habituation. Later, the bacon aroma was presented again to the mice for 118
six times for 30 s each. Next, the bacon aroma was replaced by cheesecake and hazelnut 119
aroma once (30 s each). The time that the mice sniffed the embedding cassette was taken 120
for analysis. 121

2.22. Nesting behavior test 122

Nesting behavior was performed as previously described [23]. One hour before the 123
dark cycle of the animal facility, the mice were single caged with new nesting material. 124
On the next morning, the built nest was scored from 1 to 5, whereby 1 wasnonest and 5 125
was a complete built nest. 126

2.2.3. Marble burying test 127

In the marble burying test [24], mice were placed in a cage with 5 cm of bedding 128
material with 12 equally distant marbles for 30 min, which were placed on the top of the 129
bedding material. Later, the mice were placed back in the habituation cage and the num- 130
ber of marbles each mouse had buried was counted for analysis. 131

2.2.4. SHIRPA test battery 132

To evaluate the phenotypic alterations of Tau-P301L mice in comparison to the WT 133
mice, the SmithKline Beecham Pharmaceuticals; Harwell, MRC Mouse Genome Centre 134
and Mammalian Genetics Unit; Imperial College School of Medicine at 5t Mary’s; Royal 135
London Hospital, St Bartholomew’s and the Royal London School of Medicine; Phenotype 136
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Assessment (SHIRPA)-test battery was performed (protocol adapted from [25]). In this
test, the different parameters described in table 1 were evaluated in a scoring system from

0 to 3 (0 =no alteration; 1 = slightly altered; 2 = altered; 3 = strongly altered).

Table 1: Evaluated Parameter on the SHIRPA test.

Parameters

Description

Restlessness

Apathy

Stereotyped behaviour
Convulsion

Abnormal body carriage
Alertness

Abnormal gait

Startle response

Loss of righting reflex

Touch response
Pinna reflex
Cornea reflex

Forelimb placing reflex

Hanging behaviour

Pain response

Ditficulty staying in one body position for an extended
period of time
Motionless and lowered head

Body posture

Response to object proximity

Uncommon walk, e.g. paddling, waddling, running
Response to an acoustic signal

Time when the mouse return to standing position when

turned on its back

Response to stretch their front paws when hanged in
proximity to the surface
Mouse stay on the rod or fall

Response to tail pinch

Grooming Overall fur condition

2.2.5. Open field test

In the open field test, mice were placed in a cubicle arena (40 cm) for 30 min. During
this time, mice were allowed to freely explore the arena, imaginarily divided into different
zones (border, center, corner). For evaluation, a tracking software was used (EthoVision
XT15, Noldus Information Technology, Wageningen, The Netherlands). The following pa-
rameters were analyzed: velocity, locomotion, exploration time, time spent in center, bor-
der and corner zone.

2.2.6. Accelerating Rotarod

The accelerating Rotarod (Ugo Basile, Gemonio, Italy) test consisted of 4 trials. In the
first trial, the mice were placed onto the rod and should stay there for at least 60 s at 10
rpm (habituation to the apparatus). It they fell, the trial was repeated. In the last three
trials, the mice should stay on the rod for 300 s at 4 to 40 rpm. For evaluation, the latency
time to fall was noted and the mice were placed back into their home cages. Three sessions
in each trial with an interval of 15 min were performed [26].
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2.2.7. Modified pole test 155

In order to gain a deeper understanding of the developed motor deficits, a modified 156
version of the so-called pole test was performed [27]. For this, mice were placed facing 157
down on the top of a pole and the way they walk down was scored three times. The scor- 158
ing system was: 0 = running, 1 = partly running, 2 = slipped and 3 = fallen. This procedure 159
was repeated three times with an interval of 15 min between each trial. For the final eval- 160
uation, the sum of the three scores was calculated. 161

2.2.8. Novel object recognition test 162

For the novel object recognition test (NOR), two identical objects (familiar object) 163
were presented to the mice during 10 min in the same arena used for the open field test. 164
In the intertrial interval of 20 min, the mice were placed back in their home cages. After- 165
wards, the mice were placed back into the arena where one familiar object was replaced 166
by a new object (novel object). The time of exploration was evaluated as the time the 167
mouse spent with the nose at least 2 cm from the object. This was analysed by EthoVision 168
XT15 (Noldus Information Technology, Wageningen, The Netherlands). 169

For evaluation, the discrimination index was calculated by the following formula: 170
Tnovel-Tfamiliar
Tnovel+T familiar’
the time the mice explore the familiar object. 172

which Tnovel was the time the mice explored the novel object and Tfamiliar 171

2.29. T-maze spontaneous alternation 173

In the T- maze spontaneous alternation [28], the mice were placed in the start arm in = 174
an arena with three arms (start, left and right arm) (31 cm x 10 cm) in a “T” format. In the 175
first trial, only the left or right arm was free to be explored and the opposite one was closed 175
by a gate. Once the mice came back to the start arm, both arms were free to be explored 177
and the second trial started. The same procedure was performed for 14 trials or a maxi- 178
mum of 15 min. If the mouse did not reach seven trials, it was excluded from the experi- 179
ment. 180

The spontaneous alternation was calculated by the following formula: 181
number of correct choices
total of trials

site arm which the mouse previously entered. 183

. Correct choices are considered as the alternations from the oppo- 182

2.2.10. Fear conditioning test 184

In order to evaluate the associative memory deficits, the cued and contextual fear 185
conditioning was performed [29] starting with 4 months of age. On the habituation day, 186
mice were placed in the apparatus (Ugo Basile, Gemonio, Italy) for 120 s of habituation. 187
Afterwards, a sound (50%; 2000 Hz) was presented for 30 s and during thelast 2s, amild 188
shock (0.35 mA) was also given. The mice stayed in the cage for additional 60 s before 189
returning to their home cage. 190

On the next day, the contextual fear conditioning was evaluated. The mice were 191
placed in the same cage for 5 min and neither the shock nor the sound were presented. 192
After 25 min, the cued fear conditioning was evaluated. The walls and floor of the cage 193
were changed and only the sound was presented three times to the mice. The freezing (%) 194
was analyzed with a tracking software (EthoVision XT15, Noldus Information Technol- 195
ogy, Wageningen, The Netherlands). 196

2.2.11. Morris water maze 197
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The performance of the Morris water maze (MWM) [30] was divided into three 198
stages: training, probe and reversal test. For the MWM training, the mice were placedin 199
a pool (diameter of 120 cm x 60 cm height) filled with water divided into four quadrants 200
(NE, NW, SE, SW) with a hidden platform (diameter of 10 cm x 31.5 cm height). An opaque 201
non-toxic liquid was added into the water to prevent the mice from seeing the platform. 202
For a maximum of 60 s, the mice had to find the hidden platform. In case the mice did not 203
find it, they were placed onto the platform for 10 s for acquisition (to orientate themselves). 204
This trial was then repeated four times per mouse. Also, at each trial, the mice were placed 205
in a different start position. Those trials were performed for four consecutive days. On the 206
fifth day, the platform was removed and the probe trial was performed. Moreover, the 207
reversal test was also performed, similar to the training, for three consecutive days and 208
the platform was placed in a ditferent position (opposite position). Similar to the previous 209
cognitive tests, the evaluation and tracking was analyzed by a tracking software (Etho- 210
Vision XT15, Noldus Information Technology, Wageningen, The Netherlands). In the 211
training and reversal test, the time the mice needed to find the hidden platform (escape 212
latency) was analyzed. In the probe trial, the time spent in the platform zone was ana- 213
lyzed. The MWM was performed only at 8 months of age. One female mouse developed 214
a forelimb paralysis and was therefore excluded from the MWM experiment. 215

2.3. Histology 216

After the performance of the last behavioral tests (MWM), mice were deeply anes- 217
thetized for tissue collection. The brains were snap frozen and one hemisphere was cut 218
into 20 um sagittal sections using a Cryotome (Leica Biosystems Nussloch GmbH, Wetz- 219
lar, Germany). Before the staining procedure, the brain slices were placed in 4% formalin 220
and washed three times with TBS for 5 min. Antigen retrieval was performed in citrate 221
butter, pH 6 at 85 °C for 30 min and slides were washed three times with TBS for 5 min. 222
In order to remove the endogenous peroxidases, the sections were incubated in 0.6% H202 223
in methanol for 15 min and washed once with deionized water and two times with TBS 224
for 5 min. Then, the sections were blocked in 10% horse serum for 1 h and incubated over- 225
night with the primary antibody (AT8 (1:500; MN1020, Thermo Fisher scientific, Waltham, 226
MA, USA) or AT100 (1:500; MN1060, Thermo Fisher scientific, Waltham, MA, USA)in1% 227
horse serum in TBS at 4 °C. At the subsequent day, the sections were washed and incu- 228
bated with the secondary antibody (biotinylated goat anti-mouse, 1:1000; Extra2, Sigma- 229
Aldrich, Darmstadt, Germany) for 2 h. Afterwards, slides were again washed and incu- 230
bated with ExtrAvidin® (1:1000; Extra2, Sigma-Aldrich, Darmstadt, Germany) for addi- 231
tional 2 h, followed by a washing step. Finally, the sections were colored with DAB and 232
saturated nickel ammonium sulphate solution, washed, dehydrated in an ascending alco- 233
hol series and covered with DPX (Sigma-Aldrich, Darmstadt, Germany). 234

To evaluate neurodegeneration and neuroinflammation, the following staining pro- 235
cedure was done. The brain slides were placed in 4% formalin and washed three times 236
with TBS-T (1% triton) for 5 min. Antigen retrieval was performed in 70% formic acid and 237
slides were washed. In order to remove the endogenous peroxidases, the sections were 238
incubated in 3% H>» in methanol solution for 15 min and washed. Then, the sections 239
were incubated overnight with the primary antibody (NeuN (1:1000; Merck, Darmstadt, 240
Germany) and GFAP (1:1000; MIN1060, Thermo Fisher scientitic, Waltham, MA, USA) in 241
3% BSA in TBS-T at 4 °C. On the next day, the sections were washed and incubated with 242
the secondary antibody (biotinylated goat anti-rabbit, 1:1000; Thermo Fisher scientific, 243
Dreieich, Germany) for 2 h. Afterwards, the same procedure was performed as described 244
above. For the detection of reactive microglia (CD11b, 1:2000, Abcam, Berlin, Germany), 245
the staining procedure was the same as previously described although the primary anti- 246
body was incubated in 1% normal goat serum (NGS) and 1% bovine serum albumin (BSA) 247
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described to be present in most lines (for a review, see [30]). However, neurodegeneration,
which is a typical feature of human AD, was only observed in a few transgenic amyloidosis
models, including the TBA2.1 line [31]. In an attempt to generate an improved mouse
model harboring a combination of AD-relevant hallmarks, i.e., the aggressive phenotype
produced by pEAp, an abundant formation of neuritic plaques and extensive cognitive
decline, the novel TAPS mouse line was generated. This line was created by cross-breeding
of heterozygous APP/PS1 and TBA2.1 mice and the phenotype of the resulting triple
transgenic mice was followed over a period of 20 months in comparison to the parental
lines. As a result, we demonstrate that by addition of pEAP the amyloid pathology is
further accelerated, with earlier onset and increased deposition of neuritic plaques in the
brain. Furthermore, the TAPS mice displayed a faster and more pronounced cognitive
decline in comparison to the parental lines. Due to its stronger phenotype the novel
TAPS line has qualified itself as a useful new tool to study AD pathophysiology, and for
preclinical studies testing new therapeutic options.

2. Results
2.1. TAPS Mice Accumulate Ap Aggregates in the Strintum, Hippocampus, and Cortex as Early as
6 Months

TAPS mice were viable and fertile but showed a 14% increased rate of premature death
in comparison to wild-type (WT) littermates. For comparison, APP /PS1 mice showed a 3%
increased rate of premature death (Table S1). Both, TAPS and APP/PSI mice, developed an
increasing amyloid pathology with neuritic plaques in the brain over time. With an earlier
onset, at the age of 6 months, TAPS mice showed plaque formation starting in the cortex,
hippocampus, and also lateral striatum. Over time, all mentioned regions underwent a
constant increase in plaque density, with the highest amounts in the cortex and slightly
less AP plaques in the hippocampus. In APP/PS1 mice, visibly less plaque formation
could be found at the same age in the cortex and emerged to the hippocampus with
9 months but with nearly no A accumulation in the striatum. Overall, plaque formation
in early ages was visibly lower than in the corresponding TAPS mice, and increasing in the
cortex and hippocampus to a comparable level in later life. The cerebellum showed only
little AB accumulation over time and accumulation in the thalamus could be observed in
both genotypes. In contrast to the previously mentioned mouse lines, the TBA2.1 mice
developed decent amounts of A aggregates in the striatum, already at the age of 6 months
and kept those levels until older ages. However, there was nearly no Aff accumulation
visible in brain regions other than the striatum.

To investigate the composition of the AR plaques in all mouse lines, a double stain-
ing was accomplished with antibodies against truncated pyroglutamate A at position
3 (pE3Af) and total Af3 (antibody 6E10) in 24-month-old mice. TAPS and APP/PS1 mice
showed an intense staining of plaques in the cerebral cortex for both, Ap and pE3Af, as
shown in Figure 1, and comparable results were found also in the hippocampus. It could
be seen that compact neuritic plaques, as well as diffuse A3, were positively stained with
6E10 in both cases. Albeit the 6E10 signal was stronger, in diffuse A, a minor portion of
PE3Af could be observed as well, indicating a possibly lower content of those truncated
AP species than full-length A in diffuse accumulations. In compact plaques, however,
pE3A[ was more prominent in the center core of the plaques than in the surrounding.
In principle, the overall plaque morphology and distribution of pE3Af in the cortex and
hippocampus was comparable between TAPS and APP/PS1 mice. TBA2.1 mice, however,
showed no visible Ap accumulation in the cortex, as well as in the hippocampus, and were
not distinguishable from WT mice in those regions. Differences, however, could be seen in
the striatum (caudate putamen) of the mouse lines, which are shown in Figure 2.
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p = 0.0139, respectively). Tau-P301L male mice were not able to discriminate the cheese- 295
cake and hazelnut from the bacon aroma. At 6 months of age, unlike Tau-P301L male 295

mice, the Tau-P301L female mice did not show any olfactory deficits (Fig 1). 297
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Figure 1: Tau-P301L mice develop olfactory deficits in the habituation/dishabituation olfactory test 299
at 6 months of age. The bacon aroma was presented six times to the mice, the cheesecake and hazel- 300
nut aroma were presented afterwards. The sniffing (exploration) ime was evaluated as the ime the 301
mouse placed the nose on the box with aroma sprayed cotton. Tau-P301L male mice (n=12) smelled 302
less the new aroma (cheesecake and hazelnut) compared to the age-matched WT male mice (n=12) 303
but this was not observed in the females (n=7). The Two-way ANOVA was used as statistical anal- 304
ysis. *; p < 0.05 and **; p < 0.01 compared to the age-matched WT. Data given as mean + SEM. 305

In the SHIRPA test battery, Tau-P301L male mice had phenotypic alterations com- 306
pared to the WT male mice starting at 4 months of age. Those were especially observedin 307
parameters related to motor alterations (Table 2). Tau-P301L mice showed abnormal gait 308
as demonstrated by a waddling walk. Moreover, they appeared less agile; they were 309
slower than WT mice at 8 months of age. Furthermore, Tau-P301L mice showed an abnor- 310
mal body carriage (hunched back) compared to WT male mice starting with 4 months of 311
age. When elevated by the tail, Tau-P301L mice presented clasping of all limbs, especially 312
with increasing age, that can be described as slight paralysis starting with 6 months of 313
age. This paralysis increased dramatically with age. Those findings are in correspondence 314
with those published by Terwel et al [19]. When placed hanging at a rod, Tau-P301L mice 315
were not able to hold nor hang with both forelimbs starting with 4 months of age, but 316
some WT mice showed similar impairments with 6 months of age. Finally, some Tau- 317
P301L mice showed a mild loss of postural reflex when placed on their back (Table 2) 318
starting with 4 months of age. Tau-P301L mice had higher SHIRPA scores compared to 319
WT mice from 4 months onward (Fig 2) (two-way ANOVA; 4 months: p = 0.0008, 6 320
months: p = 0.0009, 8 months: p < 0.0001). Moreover, an age-dependent deterioration of 321
the phenotype was observed starting with 2 months of age (two-way ANOVA; 2 vs. &:p 322
<0.0001; 2 vs. 6: p=0.0003; 2 vs. 8: p=0.0204). Tau-P301L female mice had a higher score 323
compared to WT female mice at 4 months (two-way ANOVA; p =0.0022) as well as an 324
increased score compared to 2 and 6 months (two-way ANOVA; 2 vs. 6: p=0.0002; 6 vs. 325
8: p = 0.0030). Interestingly, Tau-P301L female mice did not showed any of those altera- 326
tions 327
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Table 2: Tau-P301L male mice showed phenotypic alterations in different evaluated parametersin 328
the SHIRPA test starting at 4 months of age 329
Parameters Phenotypic Alterations
Restlessness No alterations
Apathy No alterations
Stereotyped behavior No alterations
Convulsion No alterations
Abnormal body carriage Hunchback
Alertness No alterations
Abnormal gait Waddling walk and slower compared to WT
Startle response No alterations
Loss of righting reflex Some Tau-P301L mice have light loss of righting re-
flex
Touch response Less responsive to touch than WT
Pinna reflex No alterations
Cornea reflex No alterations
Forelimb placing reflex Paralysis (“Clasping”) of the limbs
Hanging behavior Tau-P301L male mice fall faster from the rod than
WT male mice
Pain response No alterations
Grooming The Tau-P301L male mice have very good fur condi-
tion compared to WT
330
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g 2 o
Sa 24 P
(0] 1] # §§
2 2
0 0=
2 4 6 8
Age (months) Age (months)
331
Figure 2: Tau-P301L male mice show phenotypic alteration in the SHIRPA test battery. Both, Tau- 332
P301L mice and WT were evaluated at 2, 4, 6 and 8 months of age. At 4, 6 and 8 months of age, Tau- 333
P301L male mice (n=12) had a higher score compared to the age-matched WT male mice (n =12). 334
Only at 4 months of age, Tau-P301L female mice (n = 7) had a higher score compared to the age- 335
matched WT female mice (n=7). Two-way ANOVA was performed. **: p < 0.01, **: p<0.001 and 336
=% p < 0.0001 compared to the age-matched WT. #: p < 0.05, ###: p <0.001 and ####: p < 0.0001 337
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compared to 2 months genotype-matched. $: p < 0.05 and $$: p < 0.01 compared to 4 months geno- 338
type-matched. §§: p <0.01 compared to 6 months genotype-matched. Data given as mean + SEM. 339

3.2. Tau-P301L male mice display early motor deficits 340

In the open field test, Tau-P301L male mice had motor deficits from to 2 months of 341
age, since they were slower (Two-way ANOVA; 2 months: p=0.0068; 4 months: p=0.0059; 342
6 months: p=0.0015; 8 months: p=0.0298) (Fig 3A) and travelled less (Two-way ANOVA; 343
2 months: p =0.0073; 4 months: p =0.0060; 6 months: p =0.0020; 8 months: p=0.0296) (Fig 344
3B). This deficit persisted until 8 months of age and progressed throughout aging (Two- 345
way ANOVA; 2 vs. 6: p=0.0003; 2 vs. 8: p =0.0003; 4 vs. 8 p = 0.0031). Regarding the 346
exploratory behavior, Tau-P301L male mice also spent less time exploring the arena com- 347
pared to WT male mice beginning with 2 months of age (Two-way ANOVA; 2 months: p 348
=0.0216; 4 months: p = 0.0198; 6 months: p = 0.0011; 8 months: p = 0,.0454) (Fig. 3C). Mice 349
of both genotypes spent the same amount of time in the corner, border and center zone of 350
the arena, demonstrating that Tau-P301L mice do not have increased anxiety levels com- 351
pared to WT (Fig 54). Similar to the previous data, Tau-P301L female mice did not show 352

any differences compared to the WT female mice (Fig 3D, E and F). 353
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Figure 3: Tau-P301L male mice develop motor deficits in the open field test. Both, Tau-P301L mice 355
and WT were evaluated at 2, 4, 6 and 8 months of age. At all ages, Tau-P301L male mice (n=12) 356
were slower (A), travelled less (B) and were less active (C) compared to the age-matched WT males 357
(n=12). Tau-P301L female mice (n = 7) had similar velocity (D), locomotion (E) and active time (F) 358
compared to the age-matched WT females (n=7). Two-way ANOVA was performed. : p<0.05and 359
**: p<0.01 compared to the age-matched WT. #: p<0.05, ##: p<0.01 and ###: p <0.001 compared to 360
2 months genotype-matched. $: p <0.05 and $$: p < 0.01 compared to 4 months genotype-matched. 361
Data given as mean + SEM. 362

Analysis of the modified pole test revealed that Tau-P301L male mice had higher 363
scores compared to the WT male mice starting by 6 months of age (Fig 5) (Two-way 364
ANOVA; 6 months: p = 0.0365 and 8 months: p = 0.0040). This indicates that Tau-P301L 365
mice developed motor deficits in this test and the deficits progressed throughout aging 366
(Two-way ANOVA; 2 vs. 8: p=0.0003; 4 vs. 8: p =0.0031) (Fig 4). Tau-P301L female mice 367
had similar performance as the WT female mice, indicating no motor deficits in this test. 368

73



Biomedicimes 2021, 9, x FOR PEER REVIEW 11 of 23

Males Females
6 o 6
“j’f BWT BwWT
I TauP301L TauP301L

o4 : pd
=] o
Q 1)
n ]

2 2

- T
0
2 4 6 8
Age (months) Age (months)

369

Figure 4: Tau-P301L male mice display motor deficits in the modified pole test. Both, Tau- 370
P301L mice and WT mice were evaluated at 2, 4, 6 and 8 months of age. The test was performed 371
three times with a 15 min intertrial interval and the sum of the three trials was used for analysis. At 372
6 and 8 months of age, Tau-P301L male mice (n = 12) had a higher score compared to the age- 373
matched WT male mice (n = 12) but this was not observed in the females (n="7). Two-way ANOVA 374
was performed. *: p<0.05 and **: p <0.01 compared to the age-matched WT. #2#: p<0.001 compared 375
to 2 months genotype-matched. $$: p < 0.01 compared to 4 months genotype-matched. Data given 376
as mean + SEM. 377

Analysis of the Rotarod performance of both, Tau-P301L male and female mice did 378
not show any motor alteration in the acceleration Rotarod (Fig S3). Similar to the before 379
described paralysis, those results are in correspondence with those published by Terwel 380
etal [19]. 381

3.3. Tau-P301L show mild cognitive deficits in the NOR 382

In order to analyze the development of possible cognitive deficits, several behavioral 383
tests were performed. In the NOR, Tau-P301L mice were not able to discriminate between 384
the novel and familiar object beginning with 6 months of age (Fig 5) (One sample t-test 385
against 0%, 2 months: p=0.0001; 4 months: p=0.0045; 6 months: p =0.2078 and 8 months: 386
p = 0.1365). WT male mice were able to discriminate significantly the novel from the fa- 387
miliar object at all analyzed ages (One sample t-test against 0%, 2 months: p=0.0001; 4 388
months: p<0.0001; 6 months: p =0.0157 and 8 months: p=0.0153). Tau-P301L female mice 389
did not discriminate the novel from the familiar object with 4 months of age (Fig 6) (One 390
sample t-test against, 2 months: p = 0.0266; 4 months: p = 0.1221; 6 months: p=0.1945and 391
8 months: p = 0.1293) unlike the WT female mice (One sample t-test against, 2 months: p 392
=0.0037; 4 months: p =0.0009; 6 months: p =0.0562 and 8 months: p=0.0187). In summary, 393
since Tau-P301L mice did not significantly explore more the novel object, they had deficits 394
in the recognition memory beginning with 6 (males) and 4 (females) months of age. 395
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Figure 5: Deficits in recognition memory in Tau-P301L mice in the novel object recognition test 397
(NOR)._Both, Tau-P301L mice and WT were evaluated at 2, 4, 6 and 8 months of age. Tau-P301L 398
male mice (n=12) were not able to discriminate the novel from the familiar object by 6 months of 399
age and Tau-P301L female mice (n="7) by 4 menths of age. Both WT male (n= 12) and female mice 400
(n =7) were able to discriminate the novel object. The One sample t-test against 0% was used to 401
evaluate the missing discrimination from the novel object. *: p <0.05, **: p < 0.01, **: p<0.001 and 402
@ p < 0.0001. Data is given as mean = SEM. 403

No cognitive deficits were detectable, neither in the T-maze spontaneous alternation 404
(Fig 55), nor in the contextual and cued fear conditioning within the here analyzed ages 405
(Fig S6.). Furthermore, no differences could be detected between Tau-P301L and WT mice 406
in the MWM. During the four days of training, all tested mice showed similar escape la- 407
tencies (Fig 6). In the probe trial, all genotypes spent similar amount of time in the target 408
quadrant (NW). Moreover, no difference was detectable between Tau-P301L mice neither 409
between males, nor between females. During the reversal trial, Tau-P301L mice and non- 410
transgenic mice spent similar amount of time to find the platform. Overall, Tau-P301L 411
mice did not have any cognitive deficits in the MWM at the age of § months. 412

413
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Figure 6: Tau-P301L mice did not have any deticits in the Morris Water Maze (MWM). Tau-P301L
and WT mice were evaluated at 8 months of age. In the training and reversal test, both Tau-P301L
mice (males: n=12; females: n=7) and WT mice (males: n =12; females: n=7) spent similar amount
of time to find the platform throughout the days. In the probe trial, both Tau-P301L mice and WT
male mice explored similarly the target quadrant (NW). Mixed effect and two-way ANOVA were
used for analysis, respectively. Data given as mean + SEM.
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Figure 7: Tau-P301L mice show pathological Tau in different areas of the brain at 8 months of age. The phosphorylated Tau was
detected by ATS antibody. The hindbrain (A and E), cortex (D and H), midbrain (B and F), and cerebellum (C and G) from Tau-
P301L (A, B, Cand D) and Wild type (WT) male mice (E, F, G and H) were analyzed. The positive signal was counted at different
regions of the brain using the Image] software. Two-way ANOVA was used for analysis. *: p < 0.05; #: p<0.05, ##: p<0.01 and
###: p <0.001 compared to sex-matched WT. Scale bar of 125 pum.

Atter performance of the MWM, the brains from all mice were collected. Regarding
the histopathology, AT8 positive signal was found in a significant higher number in the
brains of Tau-P301L male mice compared to WT male mice. AT8 antibody binds to
pSer202 and pThr204 and the phosphorylation of this site increases with age [19]. There-
fore, those phosphorylated sites occur mainly in PHF [31, 32]. In Tau-P301L male mice,
more pathological Tau is found compared to WT male mice in the hindbrain (Two-way
ANOVA; males: p=0.0131), the midbrain (Two-way ANOVA; males: p =0.0032), the cor-
tex (Two-way ANOVA; males: p = 0.0318) and the cerebellum (Two-way ANOVA; males:
p = 0.0009) (Fig 7). Moreover, Tau-P301L male mice (n = 8) had more AT-8 positive signal
than Tau-P30L female mice (n=7) in the midbrain (Two-way ANOVA; p = 0.0452) and
the cerebellum (Two-way ANOVA; p = 0.0412). Finally, Tau-P301L female mice did not
have more pathological Tau compared to WT male mice in any analyzed brain region.

Using the AT100 antibody that recognizes pSer214 and pThr212, which are only pre-
sent in PHF [33] (Fig 8), it was found that Tau-P301L male mice had increased AT100
positive signal in the midbrain (Two-way ANOVA; males: p = 0.0004), the hindbrain
(Two-way ANOVA; males: p =0.0449) and the cerebellum (Two-way ANOVA; males: p=
0.0024) compared to WT male mice. However, in the cortex, the number of positive signal
was not significantly different from WT male mice. Regarding the sex, Tau-P301L male
mice had anincreased amount of AT100 positive signal only in the midbrain compared to
Tau-P301L female mice (Two-way ANOVA; p = 0.0083). Taken together, those regions
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with both AT100 and AT8 positive signal are mainly responsible for the motor coordina- 459
tion response and this could be an explanation for the motor deficits observed in the Tau- 460

P301L male mice and not in the female mice. 161
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Figure 8: Tau-P301L mice had phosphorylated Tau in different areas of the brain at 8 months. The phosphorylated Tau was 463
detected by AT100 antibody. The hindbrain (A and E), cortex (D and H), midbrain (B and F), and cerebellum (C and G) from 464
Tau-P301L male (A, B, C and D) and wild type (WT) male mice (E, F, G and H) were analyzed. The positive signal was counted 465
in different regions of the brain using the Image] software. Two-way ANOVA and Multiple t-test were used for analysis. *: p< 466
0.05; #: p < 0.05, ##: p<0.01 and ###: p < 0.001 compared to sex-matched WT. Scale bar of 125pum. 467

More specifically, pathological Tau is present throughout different nuclei in the 468
hindbrain specially in the locus coeruleus (LC), pontine reticular nuclei, vestibular nu- 469
cleus (medial and spinal) and reticular nudlei (parvicellular and intermediate). In themid- 470
brain, the nuclei with Tau pathology were found in the vestibular tegmental area, sub- 471
stantia nigra reticular, periaqueductal gray (PAG), midbrain reticular nuclei and superior 472
colliculus. In the cerebellum, the main region where pathological Tau is present is the 473
interposed nucleus. The pathological Tau observed in those regions were AT8 and AT100- 474
positive, but as expected, more AT8 signal was observed compared to AT100. In the stri- 475
atum, olfactory bulb and hippocampus, neither AT8 nor AT100 signal was detected, there- 476
fore, there is no pathological Tau in those regions. 477

Table 3: Neuronal loss and gliosis in Tau-P301L mice in different brain regions. Quantification of activated astrocytes (GFAP), 478
reactive microglia (CD11b) and neuronal nuclei (NeulN) of 8 months old Tau-P301L (Tau-P301L) and wild type (WT) mice. The 479
spot count analysis per selected area analysis was done in different brain regions (cortex, cerebellum, midbrain and hindbrain), 480
resulting in a significant decrease of neurons in the Tau-P301L males’ hindbrain. Analysis of gliosis, evaluated as stained area, 481
revealed no differences between groups in different regions. Not statistically significant is represented by n.s. 482
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Staining Brainregion WT Tau-P301L Significance
Males Females Males Females
NeuN (Spot Count) Hindbrain 14347 +1113 13076 +2089 817.1+1817 1286.0 + 246.4 WT males vs.
Tau-P301L
males (p =
0.012)
Midbrain 1376.8+1845 14878 +1089 1191.9+1399 14743+ 2376 ns
Cortex 35451+1970 28791 +262.8 4141.1+2107  3651.3+2857 ns
Cerebellum 18340+83.6 12590 +123.5 2060.1+1582 1461.1 £ 187.0 ns
GFAP (Stained Area) Hindbrain 27010 293+15 31 5:+:3:6 33411 n.s
Midbrain 186+28 21.0+£33 199+28 31221 ns
Cortex 157 LT 23431 217 +44 31817 n.s
Cerebellum 85+13 11.0+18 118+1.6 154+ 1.0 n.s
CD11b (Stained Hindbrain 6.7+09 5.6+04 6506 5.7+08 n.s
Area)
Midbrain 6.0+x04 52+06 5507 51+05 ns
Cortex 6.0+0.5 59+06 69+09 6.0+0.7 ns
Cerebellum 6504 49+07 6.6x03 58+03 ns

Regarding neuronal loss, Tau-P301L male mice had less neurons in the hindbrain
compared to WT (Table 3). The neurodegeneration was detected in the same region where
the presence of AT8 positive signal but not of AT100 positive signal was abundant. One
could speculate that, since NFTs are present mainly intracellular, the neuronal death in
the hindbrain is inversely correlated with AT100 positive signal. Therefore, the increase
of neuronal death would explain the low amount of AT100 positive signal in the hind-
brain. No decrease of neurons was observed in Tau-P301L female mice in any region. In
contrast, the reactive astrocytes and microglia were not increased in any brain region of
Tau-P301L mice.
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4. Discussion 494

Translational research is essential to understand the mechanisms of diseases and 495
mouse models play an important role in this context. Even though mouse models have 496
several limitations, they are still the most complete option to be used in basic and preclin- 497
ical research of neurodegenerative diseases [34]. For this reason, it is essential to charac- 498
terize different mouse models down to the smallest details in order to obtain the most 499
accurate translation and correlation to the corresponding human disease. In most charac- 500
terization studies, only a few aspects of the phenotype are investigated and often only 501
single ages are analyzed, e.g. until first phenotypic ditferences are detectable, which might 502
give limited information regarding the model. In this study, we focused on a longitudinal 503
characterization study of the Tau-P301L. mouse model, which was first described by Ter- 504
wel and colleagues [19]. 505

In summary, we showed that Tau-P301L mice had behavioral alterations in different 506
behavioral tests probably due to the presence of pathological Tau in different brain re- 507
gions. In the habituation/dishabituation olfactory test, Tau-P301L male mice spent less 508
time smelling the newly presented aromas compared to WT male mice at 6 months of age. 509
In the SHIRPA test, Tau-P301L mice had phenotypic alterations starting at 4 months of 510
age. Moreover, the males had more prominent deficits compared to the females, especially 511
regarding the motor alterations. In the moditied pole test, Tau-P301L male mice had mo- 512
tor deficits demonstrated by a higher score compared to WT mice starting at 6 months of 513
age. In the open field test, Tau-P301L male mice also had motor deficits since they were 514
slower, travelled less distance and explored less in an age-dependent manner compared 515
to WT mice starting at 2 months of age. The Tau-P301L female mice did not show any of 516
those alterations, therefore, one can assume they did not develop any motor deficits. Re- 517
garding the cognitive deficits, Tau-P301L male mice were not able to discriminate the 518
novel from the familiar object in the NOR from & months of age. Moreover, Tau-P301L 519
female mice did not discriminate the novel object from the familiar object at 4 months of 520
age. Therefore, the Tau-P301L mouse model also displayed cognitive deficits. Those alter- 521
ations can be explained by the presence of pathological Tau (AT8 and AT100 positive sig- 522
nal) in the hindbrain, cerebellum and midbrain, in which the latter ones are more pro- 523
nounced in the Tau-P301L male mice than in female mice. The presence of pathological 524
Tau induced neurodegeneration in the hindbrain in Tau-P301L male mice. Interestingly, 525
the decrease of neurons seems to occur after the increase of AT8 positive signaling the 526
hindbrain, but an increase of AT100 positive signal was not observed. Since AT100 anti- 527
body detects later stages of pathological Tau, one might speculate that the lack of increase 528
of AT100 positive signal in the hindbrain might be due to the neuronal death of those 529
neurons, which had pathological Tau. Finally, no increased neurcinflammation was ob- 530
served in this study, therefore, pathological Tau does not seem to induce the activation of 531
astrocytes and microglia in Tau-P301L mice brain. 532

In the present study, Tau-P301L mice did not show alterations on the rotarod at any 533
analyzed ages, similar to the results published in previous studies [19, 35]. In one study 534
[35] it was described that Tau-P301L male mice on a C57BL/6] background showed phe- 535
notypic alterations at early ages (2 to 5 months of age) in some behavioral tests. Corrobo- 536
rating to the present study, Tau-P301L male mice did not develop any deficit with 4 537
months of age in the nesting and marble burying test. Moreover, we were able to demon- 538
strate that Tau-P301L mice do not develop any deficits as late as 8 months of age in those 539
tests. In the open field test, Tau-P301L mice travelled less as early as with 2 months of age. 540
This effect can be observed up to the age of 8 months. Again, these results agree with the 541
one published by Samaey et al [35]. In contrast to the study published by Samaey et al 542
[35], we were not able to observe any difference between Tau-P301L and WT mice in the 543
amount of time they explore the different zones (border, center and corner). 544
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Described for the first time, Tau-P301L male mice had phenotypic alterations in the 545
SHIRPA test battery. Starting at 4 months of age, Tau-P301L mice developed postural 546
changes described by a hunched back, mild deficits in the hanging behavior and some 547
mice developed aloss of the postural reflex. Then, beginning with 6 months of age, Tau- 548
P301L mice started to display clasping of the limbs, which can be considered as paralysis, 549
as well as abnormal gait described as a waddling walk. Those alterations progressed 550
throughout the aging. This result contrasts with those shown by other groups, analyzing 551
other mouse models of tauopathy, since they did not describe any differences in the 552
SHIRPA compared to the WT [36, 37]. Only one study described a similar result regarding 553
the hanging behavior. In this study, it was shown that the motor skills of Tau58-2/B mice 554
(Tau-P301L mutation) were so limited regarding this specific subtest that the mice could 555
not perform the test adequately [38]. In the present study, we also conducted a modified 556
pole test. We were able to show that the mice exhibit deficits in this test that become more 557
pronounced with increasing age. The motor deficits in the modified pole test were also 558
described for another mouse model of tauopathy, called SJLB mouse model [39]. Moreo- 559
ver, Tau-P301L mice had olfactory deficits in the habituation/dishabituation olfactory test 560
at 6 months of age. This deficit was also observed in another Tau-P301L mouse model [40]. 561
Regarding the histopathology, neither AT8 nor AT100 positive signal were detected in the 562
olfactory bulb/cortex. Therefore, another pathophysiclogical mechanism might play arole 563
in the olfactory deficits observed in this study. Another explanation for this alterationis 564
that the olfactory deficits bear on cognitive deficits, so one might speculate that Tau-P301L 565
male mice were not able to recognize the new aroma. 566

The pathology described for this Tau-P301L mouse model is similar to the same and 567
others mouse models with this specific mutation [19-21] [41, 42]. Therefore, the strain 568
background and the used promoter do not seem to have any influence on the appearance 569
of NFTs in the brains. Though, the presence of NFTs can occur in different brain regions 570
since the pR5 mouse model also shows tauopathy in the hippocampus [41], which is not 571
observed in the mouse model from this study. The Tau pathology in Tau-P301L mice 572
mainly occurs in the brainstem and it might be an explanation for the behavioral deficits. 573
The presence of pathological Tau in the brainstem, especially in SNr [43-47] and superior 574
colliculus [48, 49] can be related to motor deficits in Tau-P301L male mice. Moreover, the 575
lack of NFTs in Tau-P301L female mice in those regions can be also related to the lack of 576
motor deficits. Sex dimorphism is observed in other transgenic mouse models but the re- 577
sults are contradictory [50]. Therefore, more experiments are needed in order to under- 578
stand this sex-differences more precise. 579

Regarding the cognitive deficits, both Tau-P301L female and male mice developed 580
deficits in the NOR that are in line with the Tau aggregation in the LC since it also plays 581
a role in cognition, and NFTs in this region induce cognitive deficits [51, 52]. Tau-P301L 582
mice did not have any deficits in the MWM, T-Maze and contextual fear conditioning 583
probably due to the lack of NFTs in the hippocampus, which play a main role in pro- 584
cessing of the spatial memory [53]. Tau-P301L mice also did not show cognitive deficits in 585
the cued fear conditioning, probably also due to the lack of NFTs in the amygdala, which 586
is the region that processes fear memory [54]. 587

Sex differences in neurodegenerative diseases are observed in both, animals and hu- 588
mans. In humans, women have a higher probability to develop AD than men as well as 589
developing a more severe pathology [55, 56]. In AD mice, AP levels are also higher and 590
cognitive deficits are more prominent in females. Regarding Tau pathology, not much 591
information is available about transgenic models. In the present study, Tau-P301L male 592
mice had motor deficits compared to females even though both sexes had cognitive defi- 593
cits. Another study also demonstrated motor deficits in the Tau-P301S males and later 594
cognitive deficits compared to females, but a similar tau pathology in the brain [57]. Ina 595
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triple transgenic mouse model, which develops both Af plaques and NFTs, 3xTg-AD fe- 5%
males had a higher amount of Tau pathology and cognitive deficits compared to males. 597
This discrepancy might be due to the age of the tested mice, since AD mice develop the 598
alterations later than Tau mice [58]. Additionally, female reproductive senescence is 599
reached at 12 months of age, when estrogen levels are decreased [59]. Estrogen is known 600
to have neuroprotective effects and its decrease might explain the severity of tau pathol- 601
ogy in the 3xTg-AD females [60-63]. In this study, reproductive active females were eval- 602
uated and the estrogen levels might explain the milder Tau pathology in females. Alt- 603
hough, it is important to highlight that the comparison of different models must be done 604
with caution since each model has different behavioral and physiopathological outcomes. 605
Moreover, more studies are needed to further explain the remarkable sex differences in 606
the Tau-P301L mouse model as observed in this study. 607

Taking together, this longitudinal study demonstrates that Tau-P301L mice have al- 608
terations due to the presence of pathological Tau in the brain that are in agreement with 609
age and are sex-dependent. Tau-P301L male mice had olfactory deficits, motor deficits 610
and increased Tau pathology in the brain. None of those alterations were observed in Tau- 611
P310L temale mice. Both sexes, though, had phenotypic alterations in the SHIRPA test 612
battery and cognitive deficits in the NOR. Itis possible to determine that the disease onset 613
in the males occurs as early as 2 months of age regarding the motor deficits and 6 months 614
of age regarding the cognitive deficits. 615

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 616
Tau-P301L mice had similar weight compared to WT mice.; Figure S2: Tau-P301L mice had similar 617
performance in the nesting and marble burying test compared to WT mice.; Figure S3: Tau-P301L 618
mice had similar performance in the Rotarod test compared to WT mice,; Figure S4: Tau-P301L mice ~ 619
spent similar amount of time in the border and center of the open field compared to WT mice.; 620
Figure 55: Tau-P301L mice had similar performance in the T-maze spontaneous alternation com- 621
pared to WT mice.; Figure S6: Tau-P301L mice froze similarly compared to WT mice in the cued and 622
contextual fear conditioning. 623
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4. Discussion

The translational research is an important field to understand the underlying mechanisms
of AD, and animal models play an essential role in this field. The advantage of animal models
is that it is possible to study in depth one particularity of the disease under controlled
conditions. However, the disadvantage is that no animal model can recreate all aspects of AD.
In case of transgenic mouse models, different approaches can be implemented in order to
overcome this limitation. Considering AD, the development of new models that develop not
only plaques and tangles, but also neurodegeneration, is desired. Moreover, in order to design
a more precise treatment strategy, a profound understanding of the mouse model is necessary.
Therefore, longitudinal studies with mouse models including animals of both sexes should be
performed for the determination of disease onset, progression and sex-dependent alterations.

The first part of the work presented here describes the characterization of the so-called
TAPS mouse model of amyloidosis. Another approach in this study was to characterize an
already described Tau-P301L mouse model of tauopathy, evaluating the sex-differences and
disease progression in a longitudinal behavioral test battery starting at two months of age.
Besides, the SwDI mouse model was also further characterized in the previous years by other
researchers in our institute, in order to investigate whether the mouse model also develops the
deficits described in the literature in our hands and to ensure the best possible point in time to
start a treatment study. After this initial characterization, the treatment study was performed to

evaluate the treatment efficacy of cRD2D3 in comparison to RD2D3 in SwDI.

4.1. Phenotype of used mouse models

In order to have an AD mouse model that developed an extensive amyloidosis combined
with strong phenotypic alterations induced by pEAR, the TAPS mouse line were created by
crossing heterozygous APP/PS1 mice with heterozygous TBA2.1 mice on a C57/B6J
background. At a high age, APP/PS1 mice show an extensive amyloid plaque formation as
well as cognitive deficits [123]. Homozygous TBA2.1 mice, which express the truncated AR
(Q3-42) and develop a pEAB accumulation in the brain show neurodegeneration and striatal
amyloid aggregation at an early age [213]. Heterozygous TBA2.1 mice do not develop any of
the abovementioned features [213, 215]. Therefore, TAPS mice expressed the APPSwe,
PS1AE9 mutation combined with the truncated AB(Q3-42) which should provide a model with
stronger amyloidosis and pathological alterations.

The TAPS mice developed plaques in the cortex, striatum and hippocampus starting at
six months of age and progressing with age, which is an earlier onset compared to the parental
APP/PS1 line. Moreover, the plaques were composed of both AB and pEAB. Regarding the
behavioral deficits, TAPS mice had higher average scores in the SHIRPA test, increasing with

age. More specifically, they showed deficits in hanging behavior and decreased reflexes
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starting at 12 months of age. In the open field test, TAPS mice had a non-significant tendency
to move faster, travel more and behave more actively overall. In the NOR, T-maze, cued and
contextual fear conditioning and MWM, TAPS mice had cognitive deficits starting at 18 months
of age [230] (Table 2).

The Tau-P301L mice developed NFTs in the brainstem, motor deficits in the beam walk
at nine months of age and cognitive deficits at seven months of age [223, 224]. In this study,
Tau-P301L mice of both sexes were compared to wild type (WT) mice. Tau-P301L male mice
were slower, travelled less and were less active starting at two months of age in the open field
test. Later, starting at four months of age, Tau-P301L female and male mice had higher scores
in the SHIRPA test. More specifically, they developed a waddling walk and a hunchback. Tau-
P310L female mice also developed cognitive deficits in the NOR at this age. Starting at six
months of age, Tau-P301L male mice developed motor deficits in the pole test, clasping of
limbs and hanging behavioral deficits in the SHIRPA as well as cognitive deficits in the NOR
(Figure 6). No behavior alterations were observed in the marble burying, nesting behavior,
cued and contextual fear conditioning and in the T-maze spontaneous alternation tests.
Regarding the histopathology, Tau-P301L mice had NFTs in the brainstem area (hind and
midbrain) and cerebellum, which was also previously described , and neurodegeneration in
the hindbrain [223] (Table 2).

Tau-P301L behavior deficits timeline

—
‘ .‘

‘ !l S Habituation/dishabituation

SHIRPA olfactory test
4
$

Novel object recognition t Novel object recognition
test priy test
Open field test Pole test
I t 1
2 months 4 months 6 months 8 months

Figure 6: Timeline of Tau-P301L phenotypic alterations. From two months of age, Tau-P301L male mice had motor
deficits in the open field test. From four months of age, Tau-P301L mice had phenotypic alterations in the SHIRPA
test and Tau-P301L female mice had cognitive deficits in the novel object recognition test. From six months of age,
Tau-P301L male mice had motor deficits in the modified pole test. Created with BioRender.com.
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The SwDI had increased AR levels and AB accumulation in the brain as early as three
months and cognitive deficits at 12 months of age [216, 218]. In the present study, the SwDI
mouse model was characterized beforehand in order to have a more precise treatment study.
This served the purpose of investigating whether the mouse model also develops the deficits
described in literature in our hands, and to detemine the best possible time to start a treatment
study. Hence, the SwDI mice had deficits in the nesting behavior and marble burying.
Moreover, SwDI mice explored the center of the open field arena less during the total time of
the test, which indicated that they were unable to habituate to the arena. Moreover, they were
faster and travelled more in the arena compared to WT mice. Regarding the cognitive test,
SwDI mice took longer to find the platform on average during the training days in the MWM,

and explored the target quadrant less in the probe trial [231] (Table 2).

4.2. Behavioral alterations of transgenic mouse models of dementia

4.2.1. Cognitive deficits

Behavioral tests are a way to measure brain function and to understand how pathological
changes in the brain can alter the physiology. Hence, it is a valuable asset in the field of
neuroscience [232]. Neuritic plaques and diffuse AB aggregates in the cortex and hippocampus
are known to be neurotoxic and result in cognitive deficits in different behavioral assessments
[54, 233]. The cortex is the region where the executive memory is processed, including the
recognition memory [234, 235]. This type of memory is evaluated by the NOR and T-maze
spontaneous alternation test. The NOR evaluates the ability of rodents to recognize objects.
As rodents have a natural behavior of exploring new environments, once two objects are
presented to them, one of which was already presented previously (familiar), mice would
naturally explore the new object more [236-238]. A similar paradigm occurs in the T-maze
spontaneous alteration, where mice can choose to enter the left or right arm, and they naturally
tend to choose the new arm instead of the previously visited one [239, 240].

The hippocampus is the main region in which memory processing occurs, more
specifically, the spatial memory [234, 240, 241]. Spatial memory can be evaluated in the MWM
and contextual fear conditioning [242, 243]. In the MWM, mice are placed in a pool filled with
opaque water and a hidden, so-called “escape” platform [244]. To find the platform, the mice
must use visual cues in the room to associate with the position of the platform, therefore, during
the training trial, mice learn to associate and find the platform’s location faster. Afterwards, in
the probe trial, the platform is removed to confirm the learning of the platform location. Also,
the reversal trial can be performed to evaluate the re-learning ability of mice to find the platform
when it is placed in a different location. The contextual fear conditioning also uses the same
behavioral paradigm. In the fear conditioning, mice receive an unconditioned stimulus,

normally an electric shock, together with a conditioned stimulus (light or sound). Due to this
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aversive stimulus, they tend to associate the conditioned stimulus with the unconditioned
stimulus when presented repeatedly. Moreover, they also associated the aversive stimulus
with the arena where it is given, therefore, once they are placed in the same arena, mice would
expect the shock [245]. The normal fear response of rodents is to freeze.

Both amyloid plaques in the cortex and impaired recognition memory were observed in the
TAPS mice, therefore, AB and pEAR in the cortex might be inducing the TAPS mice’s cognitive
deficits observed in NOR and T-maze spontaneous alternation [230]. Since TBA2.1 and
APP/PS1 parental lines also had deficits in those test, it is not possible to distinguish the role
of either AB or pEAB in the recognition memory. Finally, cognitive deficits in the fear
conditioning are associated with impairment in the amygdala network [246-249]. TAPS mice
had deficits in this behavioral test, which can be explained by the AB aggregates in the
amygdala [230]. Tau-P301L mice had deficits in the NOR, even though no pathological Tau
was observed in the cortex. Despite the lack of pathological Tau in the cortex, pathological
alterations might still occur in this region. Besides, one region in the brainstem, called locus
coeruleus, has also been shown to play a role in the memory processing [250, 251].
Interestingly, pathological Tau is present in this region, which might explain the cognitive deficit
observed in the Tau-P301L.

4.2.2. General behavior

The general behavior of mice can also be explored when studying new mouse models.
The ability to build nests is a natural behavior for mice since it helps to control the housing
temperature and to secure littermates. This behavior is processed in different regions of the
brain, including the hippocampus. The role of the hippocampus in the nest-building behavior
is related to the conceptual knowledge, also known as semantic memory [252]. Interestingly,
SwDI were not able to build a nest compared to WT, which might also be due to the diffuse
AB aggregates in the hippocampus [231]. The Tau-P301L mice, on the other hand, could build
nests similarly to WT. The lack of alteration in this behavior might occur due to the lack of
pathological Tau in the hippocampus. The burrowing behavior was also observed in rodents
and impairment in this behavior can be induced by hippocampal lesions [253]. Similar to the
observations in the nesting behavior, SwDI also had impairments in the marble burying test,
probably also due to the diffuse A aggregates in the hippocampus [231, 253, 254].

The SHIRPA phenotypic assessment was developed to evaluate the general differences
in transgenic mouse models compared to non-transgenic mice [255]. In this test, different
parameters can be evaluated using a scoring system. The parameters are divided into three
sections: mouse behavior in the home cage, in the arena and during handling. In each section,
different behaviors can be evaluated, ranging from social interactions in the home cage to

some basic physiological features, e.g. pinna and cornea reflexes. TAPS mice had alterations
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in the SHIRPA test starting at 12 months of age, more specifically regarding the reflexes and
the hanging behavior [230]. Those alterations progressed until 18 months of age. WT mice
also showed increased scores when they age, especially in the hanging behavior, but this
might be due to the increase of body weight, which is similar to the TAPS mice [230]. Tau-
P301L mice also had alterations in the SHIRPA test. In this case, Tau-P301L male mice
showed alterations in their body carriage and gait, which progressed to paralysis in the limbs

and slower walking, probably due to the Tau pathology present in the brainstem.

4.2.3. Motor deficits

The basal ganglia circuitry plays a major role in the motor assessment of mice and occurs
in different regions of the brain. This circuitry is highly regulated; therefore, changes in this
network induce motor deficit as observed in Parkinson’s disease and other motor related
neurodegenerative diseases [256, 257]. To evaluate the motor deficits associated with this
circuitry, the modified pole test was performed. The pole test was designed to evaluate the
alteration in the striatal dopaminergic neurons in an induced model of 6-hydroxydopamine. It
consists of a pole on which the mice are placed on top facing upwards, and the time they take
to go down the pole is recorded [258]. In our institute, a modified version of the protocol was
developed since some mouse lines are severely motor impaired [215]. In the homozygous
TBAZ2.1, motor deficits, as well as intracellular AR aggregates in the basal ganglia network
were observed [215]. These aggregates might induce alterations in the dopaminergic circuitry.
In our study, Tau-P301L male mice also had motor deficits in the modified pole test.
Interestingly, no pathological Tau was observed in the striatum but in the substantia nigra.
The substantia nigra also has dopaminergic neurons and receives input/output in the basal
ganglia circuitry. Therefore, the pole test might also be able to evaluate the alterations in other
areas involved in the basal ganglia network.

TAPS mice seemed to be hyperactive in the open field and this might be due to the fact
that these mice developed amyloid plaques in the striatum [259-265]. Tau-P301L male mice,
on the other hand, had motor deficits in the open field despite not displaying pathological Tau
in the striatum. Alterations in the open field can also be attributed in a certain level to
alterations in the basal ganglia network, though, since those are more complex behavior
experiments, pathological Tau in the cerebellum and brainstem might also explain the deficits
observed there. Another parameter that can be evaluated in the open field is the arena
habituation. During the test time, mice habituated to the arena and therefore explored the
center area more over time [266, 267]. The SwDI mice showed an impairment in habituating
to the arena, since they explored the center of the arena less [231]. This can indicates that

SwDI mice had an increased anxiety compared to WT.
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It is important to note that the relation to brain pathology and behavioral deficits is not
always clear since more than one region can be involved in the same behavioral outcome and
the brain network is complex and highly regulated in rodents. Another important observation
is that, in the characterization of TAPS mice, the number of animals used was not ideal. Since
the TAPS and APP/PS1 mortality rate was 17% and 9% respectively, more than one cohort
was necessary and a longitudinal study was not possible [230]. Moreover, in the behavioral
experiments, it seems that the alteration existed but it did not reach significance probably due

to the low number of mice.

4.3. Histological alterations in transgenic mouse model

AB plaques are an important hallmark of AD. In fact, the latest recommendation for
specifically diagnosing AD is the detection of altered AB levels in the brain [43, 44]. In
transgenic mice harboring the APP transgene, AB plaques are also present. The TAPS mice
also developed plaques at earlier ages compared to APP/PS1, moreover, TAPS mice also had
more plaques compared to APP/PS1 in different areas of the brain at different ages. Therefore,
the combination of APP and PS1 mutations as well as truncated AR seemed to induce a more
prominent amyloidosis. In order to evaluate the role of pEAR in the TAPS mice, an antibody
which specifically detects truncated pyroglutamate AR in position 3 was used. It was shown
that pEAB was present in the core of the amyloid plaques while unmodified AB, which was
detected by the widely used antibody6E10, was more prominent in the surrounding area. No
differences were observed compared the TAPS mice with the APP/PS1, probably, since this
analysis was done in older mice (24 months of age) [230] (Table 2).

In Tau-P301L mice, pathological Tau was evaluated by the detection of
hyperphosphorylated Tau. The hyperphosphorylation of Tau at different sites is postulated to
occur at different stages of the NFTs [268]. Once the NFTs are formed intracellularly, the serine
214 and threonine 212 (AT100 epitope) are phosphorylated mainly by mitogen-activated
protein kinase (MAPK), but also by glycogen synthase kinase 33 (GSK-3 ) and cAMP-
dependent protein kinase (PKA). At this stage, filamentous aggregates are present, the cell
nucleus is displaced and phosphorylated Tau is misplaced in the dendrites at proximal axons.
At later stages, extracellular NFTs can be found. The serine 202 and threonine 205 are
phosphorylated (AT8 epitope) by the MAPK, GSK-3 B and cyclin-dependent protein kinase 5
(CDK5) [269]. Two antibodies can recognize those phosphorylated sites: AT8 and AT100.
Those antibodies have been widely used in research since these phosphorylation sites can be
associated with the formation of NFTs at later stages detected by silver staining. AT8 positive
cells and AT100 positive cells were detected in the brainstem (midbrain and hindbrain) and

cerebellum of Tau-P301L mice but not in WT mice. Therefore, Tau-P301L mutation induced
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hyperphosphorylation of Tau in the transgenic mouse model, as described previously [223]
(Table 2).

Neurodegeneration, synaptic loss and neuroinflammation are also relevant hallmarks of
neurodegenerative diseases. Most of the transgenic mouse models do not develop
neurodegeneration even though they do develop behavioral deficits. Therefore, it has lately
been in discussion that synaptic loss correlates more closely to behavioral deficits than
neuronal loss [270-272]. Moreover, synaptic markers in the CSF have been studied since they
tend to occur in higher concentrations in those fluids in demented patients [273-275]. In TAPS
mice, no neuronal loss was observed in the CA1 region of the hippocampus, therefore, similar
to observations in humans and other mouse models, synaptic loss might be inducing
behavioral alterations [231]. On the other hand, Tau-P301L mice had neurodegeneration in
the hindbrain at eight months of age. Even though these results seem to be in contradiction
with the TAPS result, it is important to highlight that the neurodegeneration in Tau-P301L mice
was evaluated at eight months and the first behavioral alterations started at two months of age,
therefore, the neuronal dysfunction might have progressed with age. Finally, an increased
number of reactive astrocytes was observed in TAPS mice as well as APP/PS1 mice. Those
astrocytes were found in the surroundings of amyloid plaques. The role of astrocytes has
already been described in AD in both humans and mice [101-103, 276]. In Tau-P301L mice,
no increase of reactive astrocytes or microglia was detected; therefore, pathological Tau did

not seem to be sufficient to induce neuroinflammation (Table 2).

Table 2: Overview of the mouse models alterations. The histological hallmarks, cognitive, motor and general
deficits for each transgenic mouse model are described.

Mouse model Histological Cognitive Motor deficits = General deficits
hallmarks deficits
TAPS mice + AB MWM Open field SHIRPA
+ pEAB T-Maze (hyperactivity)
+ Reactive NOR
astrocytes Fear
Conditioning
SwbDI +AB MWM -- Nesting
Open field Marble burying
Tau-P301L + Tau NOR Open field SHIRPA
+ Neuronal loss Pole test Olfactory test

93



4.4. Treatment with RD2D3 and cRD2D3

D-enantiomeric peptides, developed for the treatment of AD, have proven their efficacy in
various AD mouse models [190, 191, 194, 196, 197, 277, 278]. Moreover, these D-peptides
are resistant to degradation and penetrate the BBB efficiently [193, 198, 200]. One of these D
-peptides, named RD2D3, was developed as a combination of D3 and RD2, in order to
increase the in vitro and in vivo potency [192]. RD2D3 was able to eliminate A3 oligomers and
had a high binding affinity for AB42 [195]. In order to improve the pharmacokinetic properties
of RD2D3, a cyclized tandem-D-peptide was developed, named cRD2D3 [200]. The
pharmacokinetic properties of cRD2D3 were increased compared to the linear peptide,
especially its terminal half-life and bioavailability in the brain [200]. In this context, both RD2D3
and cRD2D3 were compared as a potential treatment for AD against AB42, AB with two amino
acid substitutions of glutamate for glutamine at position 22 (Dutch mutation) and of aspartate
for asparagine at position 23 (lowa mutation) (D// AB) in vitro and in vivo. Regarding the binding
affinity of both peptides to AB42 and D/I AR, cRD2D3 bound similarly to both AR species.
RD2D3, though, bound more effectively to D/I AR than to AR as shown by surface plasmon
resonance (SPR) analysis. Both peptides were able to prevent AR and D/l Ap fibril formation
in the Thioflavin T (ThT) assay and to eliminate oligomers of both AR-species in the quantitative
determination of interference with AR aggregate size distribution (QIAD) assay. Moreover, both
peptides were also stable in different simulated body fluids [231].

After treatment of SwDI mice, neither peptide was able to improve the nesting score nor
the amount of buried marbles compared to the placebo treated mice in an i.p. treatment study.
In the open field test, RD2D3 treatment improved the habituation effect to the arena compared
to placebo treatment. In the MWM, RD2D3 and cRD2D3 treatment improved the time the mice
needed to find the hidden platform in the training trial, although only RD2D3 treated mice
reached statistical significance. Altogether, both peptides were able to improve cognitive
deficits in SwDI mice. All in all, no changes were observed in the plaque load and
neuroinflammation in the AD mice’s brains treated with either peptide compared to placebo
[231]. Therefore, the cognitive improvement did not seem to be due to the decrease of plaque
load, but rather the elimination of AR oligomers which is in line with the hypothesis that AR

oligomers are more toxic that fibrils [93].
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5. Conclusion

Summarized, in this study, the behavioral and pathology of different (AD) mouse models
was evaluated. All three mouse lines, TAPS, Tau-P301L and SwDI, are promising mouse
models to be used in future treatment studies. The newly developed TAPS mice had an earlier
and more pronounced phenotype induced by the aggregation of pEAR. In this mouse line,
amyloid plaques are present in the cortex, hippocampus and striatum as early as six months
of age and they displayed robust behavioral deficits. Another model, the Tau-P301L mice had
sex-dependent deficits induced by pathological Tau in different brain regions starting at two
months of age in the longitudinal studies. Tau-P301L male mice had olfactory deficits,
phenotypic alterations, cognitive deficits and motor deficits in different tests at different ages.
On the other hand, Tau-P301L female mice did not display any motor deficits and this result
might be explained by the lack of pathological Tau in the brain.

The SwDI line was also characterized beforehand in order to improve the treatment
design. SwDI mice treated with RD2D3 and cRD2D3 displayed a cognitive improvement
compared to placebo. Both peptides also showed efficacy in binding to AR and D/I AB in vitro.
Finally, RD2D3 and cRD2D3 are both potential new treatment options for AD, since the

peptides proved their efficiency against AR and D/I AB in vitro and in vivo.
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List of Abbreviations

Ach Acetylcholine

AchEl Acetylcholinesterase inhibitors

AD Alzheimer’s diseaase

ADRD Alzheimer’s disease and related dementias

AMPAr a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor
APH-1 Anterior pharynx defective 1

APOE Apolipoprotein E

APP Amyloid precursor protein

APP/PS1 APPswe/PS1dE9
APPSwDI APP Swedish (KM670/671NL) Dutch (E693Q) and lowa (D694N)
APPSwe Swedish mutation

ATP Adenosine triphosphate

AB Amyloid-

BACE1 B-secretase

BBB Blood-brain-barrier

CAA Cerebral amyloid angiopathy
CBD Corticobasal degeneration

CDK5 Cyclin-dependent protein kinase 5
CSF Cephalospinal fluid

EOAD Early onset Alzheimer’s disease
FDA Food and drugs administration
FDG 2-deoxy-2 (18F) Fluoro-D-glucose
FTD Frontotemporal dementia

FTDP-17 frontotemporal dementia with parkinsonism-17
FTLD-Tau Frontotemporal lobar degeneration associated with Tau

Fyn Src family Tyrosine kinase

GFAP Glial fibrillary acidic protein
GSK-3p3 Glycogen synthase kinase-3
LOAD Late onset Alzheimer’s disease
LRP1 Low-density lipoprotein receptor-related protein 1
LTD Long-term depression

LTP Long-term potentiation

MAP Microtubule associated protein
MAPK Mitogen-activated protein kinase
MAPT Microtubule associated protein Tau
MCI Mild cognitive impairment

MRI Magnetic resonance imaging
MWM Morris water maze

Nedd4-1 neural precursor cell expressed, developmentally down-regulated 4-1
NfL Neurofilament light

NFTs Neurofibrilary tangles

NIA National institute of aging

NMDAr N-methyl-D-aspartic acid receptor
NOR Novel object recognition test

pEARB Pyroglutamate AB

PEN-2 Presenilin enhancer 2

PET Positron emission tomography
PHF Paired helix filaments

PiB Pittsburg Compound

PICK1 Protein interacting with C Kinase
PKA cAMP-dependent protein kinase
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PS
PS1AE9
PSD95
PSEN
PSP
p-Tau
PTM
QIAD
SHIRPA

SPR
SPSN
sTREM2
ThT
TRH

WT
YKL-40

Presenilin

Deletion of exon 9 in the PSEN1 gene

Postsynaptic density protein 95

Presenilin genes

Progressive supranuclear palsy

Phosphorylated Tau

Posttranslational modification

Quantitative determination of interference with AR aggregate size distribution
SmithKline Beecham Pharmaceuticals; Harwell, MRC Mouse Genome
Centre and Mammalian Genetics Unit; Imperial College School of Medicine
at St Mary’s; Royal London Hospital, St Bartholomew’s and the Royal
London School of Medicine Assessment

Surface plasmon resonance

Sociability and preference for social novelty

Soluble triggering receptor expressed on myeloid cells 2

Thioflavin T

Thyrotropin releasing hormone

Wild type

Chitinase 3-like 1
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