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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-β (Q3-42), which is 

post-translationally modified to pyroglutamate Amyloid-β (pEAβ) in TBA2.1 mice. Here, the 

histological and behavioral alterations of TAPS mice were analysed. pEAβ staining showed 

that pEAβ 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 pEAβ positive plaques in the striatum. 

Amyloid-β (Aβ) 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 Aβ 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 Aβ1-42 and Dutch/Iowa 

(D/I) Aβ, prevent Aβ and D/I Aβ fibril formation and eliminate toxic Aβ and D/I Aβ 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 Aβ and D/I Aβ 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. 
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Kurzfassung 

Die Alzheimersche Krankheit (AD) ist eine komplexe neurodegenerative Erkrankung mit 

vielfältigen Merkmalen. Mithilfe von Tiermodellen wird versucht die Pathophysiologie dieser 

Krankheit zu verstehen. Um die so gewonnenen Erkenntnisse von Tiermodellen auf den 

Menschen zu übertragen, ist ein ausführliches Verständnis des Tiermodelles wichtig. Des 

Weiteren spielen die Entwicklung neuer Tiermodelle, sowie Längsschnittstudien 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-Mäusen und das verkürzte 

Amyloid-β-peptid (Q3-42) von TBA2.1-Mäusen, welches posttranslational zu Pyroglutamat-

Amyloid-β (pEAβ) modifiziert wird, kombiniert. 

In dieser Arbeit wurden Veränderungen in der Histologie und im Verhalten von TAPS-Mäusen 

analysiert. Immunohistochemische Färbungen von pEAβ zeigten, dass pEAβ im Kern von 

senilen Plaques im Kortex und Hippocampus der TAPS- und APP/PS1-Mäuse vorhanden ist. 

Interessanterweise zeigten die TAPS-Mäuse auch pEAβ-positive Plaques im Striatum. Die Aβ-

Färbung zeigte eine progressive Plaquebildung bei TAPS-Mäusen zunächst in Hippocampus, 

Striatum und im Kortex. Im SHIRPA-Test zeigten TAPS-Mäuse im Vergleich zu Wild Typ (WT)-

Mäusen ab einem Alter von 12 Monaten progressive phänotypische Veränderungen. Beim 

Offenfeldtest schienen TAPS-Mäuse im Vergleich zu WT-Mäusen 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-Mäuse in der Lage, ein neues Objekt von einem 

bekannten zu unterscheiden. Im Gegensatz dazu untersuchten TAPS-Mäuse neue und 

bekannte Objekte auf ähnliche Weise, was auf Defizite im Erkennungsgedächtnis hinweist. 

Dies wurde auch bei der spontanen Veränderung des T-Labyrinths beobachtet, bei der nur die 

WT-Mäuse signifikant häufiger die Laufrichtung wechselten als die transgenen Mäuse. Zur 

Testung von konditionierter und kontextbezogener Angst erstarrten lediglich die TAPS-Mäuse 

weniger als die WT-Mäuse. Im sogenannten „Morris water maze“ (MWM) benötigten die TAPS-

Mäuse am letzten Trainingstag mehr Zeit, um die Plattform zu finden, als die WT-Mäuse. 

Außerdem wiesen TAPS-Mäuse eine frühere Aβ-Pathologie im Kortex, Hippocampus, sowie 

im Striatum auf. Des Weiteren zeigten die TAPS-Mäuse auch phänotypische Veränderungen 

und kognitive Defizite in verschiedenen Verhaltenstests, was ihr Potenzial als Mausmodell für 

die Untersuchung der Pathophysiologie der Alzheimer-Demenz, sowie für 

Behandlungsstudien aufzeigt. 

Um die Rolle der Tau-Pathologie in einem Mausmodell der Tauopathie besser zu verstehen, 

wurde eine Längsschnittstudie durchgeführt, um die phänotypischen, sowie die histologischen 

Veränderungen im transgenen Tau-P301L-Mausmodell zu charakterisieren. 
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Geschlechtsgleiche WT- und homozygote Tau-P301L-Mäuse 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 

durchgeführt. Beim olfaktorischen Habituations-/Dishabituationstest rochen die Tau-P301L-

Männchen im Alter von sechs Monaten weniger an dem neuen Geruch als altersgleiche WT-

Männchen. Im SHIRPA-Test zeigten die Tau-P301L-Männchen phänotypische 

Veränderungen ab einem Alter von vier Monaten. Motorische Defizite wurden bei den 

männlichen Tau-P301L-Mäusen ab dem sechsten Lebensmonat im „Pole-Test“ und bereits im 

Alter von zwei Monaten im Offenfeldtest beobachtet. Im NOR waren Tau-P301L-Männchen ab 

einem Alter von sechs Monaten nicht mehr in der Lage, ein neues Objekt von einem bekannten 

zu unterscheiden. Interessanterweise zeigten weibliche Tau-P301L-Mäuse keine motorischen 

Veränderungen in diesen Tests, obwohl sie phänotypische Veränderungen im SHIRPA-Test 

und kognitive Defizite im NOR aufwiesen. Die Tau-Pathologie wurde ebenfalls nur bei 

männlichen Tau-P301L-Mäusen im Hirnstamm, im Kortex, sowie im Kleinhirn beobachtet. Im 

Hirnstamm der männlichen Tau-P301L-Mäuse wurde ein Neuronenverlust ohne 

Veränderungen der Gliose beobachtet. Zusammenfassend lässt sich sagen, dass das 

TauP301L-Mausmodell bereits im Alter von zwei Monaten geschlechtsabhängige 

phänotypische Veränderungen aufweist, die wahrscheinlich auf eine Tau-Pathologie im Gehirn 

zurückzuführen 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-Mäusen 

untersucht. Um das bestmögliche Studiendesign zu erstellen, wurde zunächst eine interne 

Charakterisierungsstudie durchgeführt, bei der die SwDI-Mäuse Defizite in diesen Tests 

zeigten. Beide Peptide zeigten Bindung an Aβ(1-42) und Dutch/Iowa (D/I) Aβ, verhinderten die 

Bildung von Aβ- und D/I Aβ-Fibrillen und eliminierten toxische Aβ- und D/I Aβ-Oligomere. In 

vivo verbesserte die Behandlung weder die Defizite im Nestbauverhalten noch im „Marble-

Burying-Test“. Beim Offenfeldtest gewöhnten sich die mit RD2D3 behandelten SwDI-Mäuse 

besser an die Arena als die mit Placebo behandelten Mäusen. Bei Mäusen, die mit RD2D3 

und cRD2D3 behandelt wurden, verbesserte sich das räumliche Gedächtnis bei den MWM-

Trainingsversuchen. Bei der Anzahl der zerebralen Plaques, dem neuronalen Verlust und der 

Gliose wurden jedoch keine Veränderungen beobachtet. Daher kann gesagt werden, dass 

beide D-enantiomeren-Peptide effizient bei der Verhinderung der Aβ- und D/I-Aβ-Aggregation 

in vitro und bei der Verbesserung der kognitiven Defizite in vivo waren. 

Insgesamt wurden die unterschiednlichen Mausmodelle in verschiedenen Verhaltenstests 

erfolgreich charakterisiert. Darüber hinaus wurden die pathologischen Veränderungen intensiv 

analysiert. Daher sind diese Modelle, zusammen mit den bekannten Mausmodellen, für 
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künftige Behandlungsstudien geeignet. Was die Behandlungsstudie betrifft, können sowohl 

RD2D3 als auch cRD2D3, ebenso wie andere D-enantiomere-Peptide als eine wirksame 

Behandlung für 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-β (Aβ) and Tau are constitutes of neuritic 

plaques and NFTs, respectively [7, 8]. Those pathological structures are proposed to be 

responsible for the last hallmark, which is the neurodegeneration. Unlike Aβ, 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].  
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Figure 1: Alzheimer’s disease pathology. In Alzheimer’s disease, two proteins are neurotoxic and responsible for 
brain atrophy. Amyloid-β 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 Aβ 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, Aβ 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 Aβ 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 Aβ, 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]. 
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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 Aβ, Tau or brain metabolism. The Pittsburg compound (PiB) is a tracer for 

positron emission tomography (PET) developed to detect Aβ in the brain. The alterations in 

the PiB-PET also happens in earlier stages of AD and correlate inversely with Aβ 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 18F-AV1451 and 18F-

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].  

 
Figure 2: Relationship of biomarkers alterations and Alzheimer’s disease progression. In the preclinical stage, 
Amyloid-β (Aβ42), phosphorylated (p-Tau) and total Tau (T-Tau) in cerebrospinal fluid (CSF) and plasma start being 
altered. Aβ42 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 
Aβ 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, α-secretase complexes 

cleave APP into two peptides, sAPPα and C83, both of which have physiological roles. In the 

amylogenic pathway, three peptides are formed by first the cleavage of β-secretase (BACE1), 
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which will produce the sAPPβ 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 γ-

secretase and produces Aβ11-x peptide fragment in the trans-Golgi network [68, 69].  

 The C99 fragment is also later cleaved by γ-secretase into γCTF and Aβ peptide 

fragment in the transmembrane domain. The latter is the main component of neuritic plaques 

[70]. The γ-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 PSEN2 genes, respectively. 

Different catalytic sites in the C-terminal Aβ fragment can be cleaved by the γ-secretase 

protease complex [74-77]. The cleavage in those sites produces different Aβ lengths, varying 

form Aβx-37 to Aβx-42. Among the different forms of Aβ, Aβx-42 is the most toxic and Aβx-40 is the 

most abundant [78, 79]. 

After the cleavage, some fragments of Aβ also suffer posttranslational modification 

(PTM). The Aβ peptide can be truncated by other proteases and/or aminopeptidades [80]. 

Those cleavages can expose the glutamate in the 3rd amino acid residue of the Aβ fragment. 

Pyroglutamate Aβ (pEAβ) 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 Aβ charge. In addition, this Aβ 

species corresponds to 25% of the neuritic plaques and is mainly located in the core of neuritic 

plaques [82, 83]. Moreover, pEAβ is more neurotoxic and facilitates Aβ 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 α-secretase, producing sAPPα and C83. C83 can then be further 
cleaved by γ-secretase. In the amylogenic pathway, APP is cleaved by the β-secretase, producing sAPPβ and C99. 
C99 is then further processed by γ-secretase, which produces Amyloid-β (Aβ).  The monomeric Aβ peptide formed 
assembles into oligomers, which then further assembles into fibrils. Those Aβ fibrils are the main component of 
neuritic plaques. The Aβ oligomers are toxic and responsible for the neuronal death as well as synaptic dysfunction.  
Adapted from [85] 

1.1.4. Amyloid cascade hypothesis 
Once Aβ fragments (monomers) are produced from the amylogenic pathway, they 

assemble into oligomers by forming β-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, Aβ fibrils forms the 

neuritic plaques, which are the structure described by Alois Alzheimer [88]. Researchers 

postulate that Aβ 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 Aβ has been widely accepted in the research community 

lately. By definition, prions can self-propagate; form β-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 Aβ, moreover, Aβ 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]. 
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Once Aβ is produced, it can be cleared in the brain by both APOE4 and microglia. The 

microglia binds to Aβ through different receptors, e.g. toll-like receptors, which induces 

inflammation via liberation of proinflammatory cytokines. Under pathological conditions, 

microglia are unable to provide Aβ 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 Aβ [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 Aβ deposits. Moreover, neuroinflammation also 

plays a role in the activation of β- and γ-secretase as well as the increased production of APP 

in the membrane [104]. 

In the brain, Aβ oligomer interacts with different receptors and alters multiple signaling 

pathways. The Aβ oligomers toxicity at synapses occurs especially due to its ability to interact 

with the postsynaptic receptors. Among these receptors, the α-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 Aβ. Consequently, the dendritic spine density and 

long-term potentiation (LTP) are affected. Other receptors are also affected by Aβ oligomers 

inducing synaptic dysfunction and neurotoxicity (for review see: [105, 106]).  

As it is postulated in AD, Aβ also affects the pathological formation of NFT. Besides Aβ 

interactions with synaptic receptors, Aβ also induces the activation of different kinases that 

phosphorylates Tau [107-110]. Hyperphosphorylated Tau is the initial step in the NFTs 

formation [111]. Moreover, Aβ activates caspases that produces truncated Tau, which is more 

prone to aggregates [112].  On the other hand, the formation of hyperphosphorylated Tau 

facilitates Aβ toxicity in synapses via Src family tyrosine kinase (Fyn) in the dendrites. Initially, 

it was thought that Aβ 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 Aβ 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 Aβ peptide fragment in the APP, and it facilitates the formation of Aβ by β-

secretase. The mutations occur in the position 670 and 671 of APP that substitutes lysine to 
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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 Iowa mutations, occur inside the Aβ fragment 

in the APP and increase the Aβ toxicity by the loss of negatively charged residues, without 

increasing the overall Aβ 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 Aβ42. Hence, those 

patients have been described to develop cerebral hemorrhages due to the cerebral amyloid 

angiopathy (CAA), which is characterized by Aβ deposition in the brains’ vascular system [115-

117]. Harboring the Iowa 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 

Aβ40 and Aβ42 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 

Iowa 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 (PS1ΔE9) is known to produces cotton wool plaques, which are mainly 

composed of Aβx-42 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 Aβ42/Aβ40 [120-122]. Combined with the APPswe mutation 

in transgenic mouse model, the APPswe/PS1ΔE9 has increased pathology compared to only 

APPswe and PS1ΔE9 parental mouse models [123].  

 
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-β (Aβ) fragment. The Swedish mutation (A) 
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occurs outside and plays a role in facilitating the Aβ production by the β-secretase activity. The Dutch (B) and Iowa 
(C) mutation occur inside and induces the Aβ aggregation. The mutation in the presenilin subunit (PS1) of the γ-
secretase complex (PS1Δe9) (E) facilitates the formation of Aβ42. 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 Aβ 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 0N3R 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 0N4R and 0N3R 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.  
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Figure 5: Tau isoforms expressed from the MAPT gene alternative splicing. In the N-terminal (N), three different 
isoforms can be formed, the 0N, 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, 0N3R 1N3R, 
2N3R, 0N4R, 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 β-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 I and II, the NFTs positive cells are located initially in the transentorhinal cortex, where 

the hippocampus is located. In the Braak stages III 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  



 

 
11 

 

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 Aβ 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 Ca2+-

dependent enzymes inducing Ca2+ 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 Ca2+ to enter the neuron [176]. The increased Ca2+-uptake impairs the signaling 

cascade inducing neuronal death [177]. Memantine prevents Ca2+ 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-Aβ 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 Aβ 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. D-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 Aβ monomers or small 

oligomers. D3 was able to prevent the Aβ aggregation, to eliminate Aβ oligomers and to reduce 

Aβ 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 Aβ 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 I trial, PRI-002 also 

was demonstrated to be safe when administered orally in humans [199]. At the present 

moment, a clinical phase II 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 Aβ affinity [192]. Similar to PRI-002, RD2D3 was also able to prevent Aβ 

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 Aβ 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, Aβ 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 Aβ (or similar) directly into the brain. These induced models manifest cognitive deficits that 
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resemble those observed in humans, but lacks Aβ 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/PS1ΔE9 mice 
  The APPswe/PS1ΔE9 (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-Aβ 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 plaques 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 TBA2.1 line was developed to understand the role of pEAβ 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 Aβ polypeptide Aβ(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 Aβ(Q3–42), those are further 

processed in the trans-Golgi network. The peptide is then modified by the QC, forming the 

pEAβ(3-42). In order to increase the probability of QC processing and pEAβ production, the 

glutamate in position 3 of the Aβ 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 Aβ 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 Aβ aggregation. Regarding the behavioral deficits, the motor-

induced neurotoxicity started as earlier as with two months of age. The cognitive deficits of 

TBA2.1 mice is still unknown. Moreover, homozygous TBA2.1 showed weight loss starting at 

four weeks of age [213] (Table 1).  

Heterozygous TBA2.1 mice, on the other hand, did not develop a strong phenotypic 

alteration as late as 18 months of age. At 21 months, heterozygous TBA2.1 displayed 

phenotypic alterations and a decrease in body weight. At 24 months, the amount of Aβ 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 Iowa (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 Aβ in the cerebral blood vessels 

including microvessels at early ages, especially in the thalamus and subiculum areas of the 

brain. The insoluble Aβ fraction is composed of both Aβ40 and Aβ42 with the mutant Dutch 

and Iowa substitution. Unlike the APP/PS1 mice, SwDI mice develop diffuse Aβ deposits in the 

brain parenchyma rather than fibrillary Aβ plaques. The fibrillary Aβ plaques, though, can be 

found in the vasculatures [216, 217] (Table 1). The homozygous SwDI mice have increased 

Aβ 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 Aβ 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 
(homozygous) 

[213] 

Tau-P301L SwDI 

Amyloidosis Six months [123] 

 

Absent 

(intracellular 

aggregation at 

three months) 

Absent Three months: 

cerebral 

microvascular 

fibrillary amyloid 

[216] 

Tau 
pathology 

Absent Absent Eight months [223] Absent 

Neuronal 
loss 

Eight months: 

neuronal death in 

proximity to the 

plaques 

5 months No data No data 

Gliosis Six months  [210] Three months Seven months Six months [217] 

Synaptic 
loss 

Four months [227] No data No data No data 

Cognitive 
impairment 

12 months: Morris 

water maze [207] 

No data Five months: Passive 

avoidance test [224] 

Seven months: novel 

object recognition test 

[224] 

Three months: 

Barnes maze task 

[218] 
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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 Aβ 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 Jülich, called 

TAPS. The T(TBA2.1)APS(APP/PS1) line harbours the Aβ production from TBA2.1 combined 

with both APPswe and PS1ΔE9 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 pEAβ [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.  
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3. Publications  

3.1. PEAβ Triggers Cognitive Decline and Amyloid Burden in a Novel Mouse 
Model of Alzheimer´s Disease 

Authors:  Luana Cristina Camargo*, Michael Schöneck*, 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 25th, 

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. 
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3.2. In Vitro and In Vivo Efficacies of the Linear and the Cyclic Version of an 
All-D-Enantiomeric Peptide Developed for the Treatment of Alzheimer’s 
Disease 

Authors:  Sarah Schemmert, Luana Cristina Camargo, Dominik Honold, Ian Gering, 

Janine Kutzsche, Antje Willuweit, Dieter Willbold 

Journal: International Journal of Molecular Science (2021), published on June 18th, 

2021 

DOI:  10.3390/ijms22126553 

Impact Factor: 5.923 (2020) 

Contribution: Performance of the in vivo treatment (animal handling) 

Performance after the treatment of behavioral tests (open field, nesting, 

marble burying test and Morris water maze). 
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3.3. Sex-related motor deficits in the Tau-P301L mouse model 

Authors:  Luana Cristina Camargo, Dominik Honold, Robert Bauer, N. Jon Shah, Karl-

Josef Langen, Dieter Willbold, Janine Kutzsche, Antje Willuweit, Sarah 

Schemmert 

Journal: Biomedicines, submitted on July 29th, 2021 

DOI:  

Impact Factor: 6.081 (2020)  

Contribution: Performance and analysis of the behavioral tests; 

Performance and analysis of histological experiments; 

 Writing of the original draft and the manuscript revision. 
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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 pEAβ, 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 Aβ 

(Q3-42) and develop a pEAβ 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, 

PS1ΔE9 mutation combined with the truncated Aβ(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 Aβ and pEAβ. 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).   

 

 
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 Aβ levels and Aβ 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 Aβ 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, Aβ and pEAβ 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 Aβ or pEAβ 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 Aβ 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 

Aβ 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 Aβ 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 

TBA2.1, motor deficits, as well as intracellular Aβ 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.   



 

 
92 

 

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 
Aβ plaques are an important hallmark of AD. In fact, the latest recommendation for 

specifically diagnosing AD is the detection of altered Aβ levels in the brain [43, 44]. In 

transgenic mice harboring the APP transgene, Aβ 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 Aβ seemed to induce a more 

prominent amyloidosis. In order to evaluate the role of pEAβ in the TAPS mice, an antibody 

which specifically detects truncated pyroglutamate Aβ in position 3 was used. It was shown 

that pEAβ was present in the core of the amyloid plaques while unmodified Aβ, 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 3β (GSK-3 β) 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 β 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 
hallmarks 

Cognitive 
deficits 

Motor deficits General deficits 

TAPS mice + Aβ 

+ pEAβ 

+ Reactive 

astrocytes  

 

MWM 

T-Maze 

NOR  

Fear 

Conditioning 

Open field 

(hyperactivity) 

SHIRPA 

SwDI +Aβ MWM 

Open field 

-- Nesting  

Marble burying  

Tau-P301L + Tau 

+ Neuronal loss 

NOR Open field  

Pole test 

SHIRPA 

Olfactory test 

 

 



 

 
94 

 

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 Aβ oligomers and 

had a high binding affinity for Aβ42 [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 Aβ42, Aβ with two amino 

acid substitutions of glutamate for glutamine at position 22 (Dutch mutation) and of aspartate 

for asparagine at position 23 (Iowa mutation) (D/I Aβ) in vitro and in vivo. Regarding the binding 

affinity of both peptides to Aβ42 and D/I Aβ, cRD2D3 bound similarly to both Aβ species. 

RD2D3, though, bound more effectively to D/I Aβ than to Aβ as shown by surface plasmon 

resonance (SPR) analysis. Both peptides were able to prevent Aβ and D/I Aβ fibril formation 

in the Thioflavin T (ThT) assay and to eliminate oligomers of both Aβ-species in the quantitative 

determination of interference with Aβ 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 Aβ oligomers which is in line with the hypothesis that Aβ 

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 pEAβ. 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 Aβ and D/I Aβ in vitro. 

Finally, RD2D3 and cRD2D3 are both potential new treatment options for AD, since the 

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

 
Ach Acetylcholine 
AchEI Acetylcholinesterase inhibitors 
AD Alzheimer’s diseaase 
ADRD Alzheimer’s disease and related dementias 
AMPAr α-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 Iowa (D694N) 
APPSwe Swedish mutation 
ATP Adenosine triphosphate 
Aβ Amyloid-β 
BACE1 Β-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-3β 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 
pEAβ Pyroglutamate Aβ 
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 Presenilin 
PS1ΔE9 Deletion of exon 9 in the PSEN1 gene 
PSD95 Postsynaptic density protein 95 
PSEN Presenilin genes 
PSP Progressive supranuclear palsy 
p-Tau Phosphorylated Tau 
PTM Posttranslational modification 
QIAD Quantitative determination of interference with Aβ aggregate size distribution 
SHIRPA 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 

SPR Surface plasmon resonance 
SPSN Sociability and preference for social novelty 
sTREM2 Soluble triggering receptor expressed on myeloid cells 2 
ThT Thioflavin T 
TRH Thyrotropin releasing hormone 
WT Wild type 
YKL-40 Chitinase 3-like 1 
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