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Abstract I 
 

Abstract 
With the aging population, neurodegenerative diseases such as Alzheimer's disease (AD) are 

becoming a major health problem worldwide. AD is a multifactorial neurodegenerative disorder 

associated with the development of cognitive impairment due to neuronal cell loss. Neuropatho-

logically, AD is characterized by extracellular amyloid-β (Aβ) plaques, intracellular neurofibrillary 

tangles and neuroinflammation in the brain. In addition, Aβ can also accumulate in cerebral blood 

vessels, which is referred to as cerebral amyloid angiopathy (CAA). CAA is associated with the 

degeneration of the vessel wall, resulting in decreased cerebral blood flow and progressive cog-

nitive impairment. Platelets are key players in the regulation of hemostasis and are involved in 

acute and chronic inflammatory processes through their interaction with inflammatory and endo-

thelial cells. In recent years, there has been increasing evidence for platelets to be involved in the 

progression of AD. In this context, short-term treatment of the transgenic APP23 mouse model of 

AD with the platelet antagonist clopidogrel resulted in a reduction of CAA burden.  

The aim of the present study was to further investigate the role of platelets and, in particular, the 

role of the major platelet collagen receptor GPVI, in the progression of AD. In the present study, 

GPVI was identified as a direct binding partner of Aβ40 at the platelet surface. Binding of Aβ40 to 

GPVI triggered GPVI surface externalization, ATP release and platelet aggregation. In addition, 

GPVI is critically involved in platelet-mediated formation of amyloid-β aggregates in vitro. Thus, 

blocking or deletion of GPVI led to a significant reduction of Aβ aggregation in vitro. Moreover, 

platelet stimulation with Aβ40 has been shown to trigger, in part via GPVI receptor, the release of 

fibrinogen that co-localized with amyloid-β aggregates in vitro. Furthermore, the present study 

investigated the influence of Aβ40 on platelet-triggered inflammation and neutrophil recruitment. 

Stimulation of murine platelets with Aβ40 induced the formation of platelet-neutrophil aggregates. 

Subsequent in vitro analysis of human and murine neutrophils revealed increased platelet-medi-

ated neutrophil adhesion after Aβ40 and ADP stimulation. However, the formation of neutrophil 

extracellular traps was not observed under these conditions. In contrast to platelets, murine neu-

trophils were not substantially involved in the formation of amyloid-β aggregates in vitro. Stimula-

tion of platelets with Aβ40 triggered GPVI-dependent ROS production and, to some extent, GPVI-

dependent TGF-β1 release. Moreover, this work describes for the first time an age-dependent 

migration of platelets into the brain parenchyma in WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice, with an earlier onset in the hippocampus of 

APP23mT/mG;PF4Cre+ mice. In the brain of aged APP23-mT/mG;PF4Cre+, platelets were lo-

calized around amyloid plaques and in close contact to microglia.  

Taken together, this work identified the GPVI receptor as binding partner for Aβ40 at the platelet 

surface that contributes to the formation of amyloid-β aggregates by platelets in vitro. Moreover, 

the results of this work suggest that Aβ40 impact  the platelet-mediated inflammation. In addition, 

platelets were detected around amyloid plaques in the brain parenchyma of aged 

APP23mT/mG;PF4Cre+ mice. This work provides further knowledge about the role of platelets in 

AD and suggests that anti-thrombotic therapy might be beneficial of patients with AD. 
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Zusammenfassung 
Mit der alternden Bevölkerung werden neurodegenerative Erkrankungen wie die Alzheimer-

Krankheit (AK) weltweit zu einem großen Gesundheitsproblem. Die AK ist eine multifaktorielle 

neurodegenerative Erkrankung, die mit der Entwicklung kognitiver Beeinträchtigungen aufgrund 

des Verlusts neuronaler Zellen einhergeht. Neuropathologisch ist die AK durch extrazelluläre 

Amyloid-β (Aβ) -Plaques und intrazelluläre neurofibrilläre Ablagerungen im Gehirn, sowie Neuro-

inflammation gekennzeichnet. Darüber hinaus kann sich Aβ auch in den Blutgefäßen des Gehirns 

ablagern, was als zerebrale Amyloidangiopathie (ZAA) bezeichnet wird. Die ZAA kann mit einer 

Degeneration der Blutgefäßwände einhergehen. Dies führt zu einem verminderten zerebralen 

Blutfluss und einer fortschreitenden kognitiven Beeinträchtigung. Thrombozyten spielen eine 

Schlüsselrolle bei der Regulierung der Blutstillung und sind durch ihre Interaktion mit Entzün-

dungszellen und dem Endothel auch an akuten und chronischen Inflammationsprozessen betei-

ligt. In den letzten Jahren mehren sich die Hinweise auf eine Beteiligung der Thrombozyten an 

der Progression der AK. In diesem Zusammenhang führte eine kurzfristige Behandlung des trans-

genen APP23Mausmodells der AK mit dem Thrombozytenantagonisten Clopidogrel zu einer Re-

duktion der ZAA im Gehirn dieser Tiere.  

Ziel der vorliegenden Studie war es, die Rolle der Thrombozyten und insbesondere die Rolle des 

wichtigsten Kollagenrezeptors der Thrombozyten, GPVI, beim Fortschreiten der AK weiter zu un-

tersuchen. In der vorliegenden Studie wurde GPVI als direkter Bindungspartner von Aβ40 an der 

Thrombozytenoberfläche identifiziert. Die Bindung von Aβ40 an GPVI löste die Externalisierung 

von GPVI an die Oberfläche, die Freisetzung von ATP und die Aggregation der Thrombozyten 

aus. Darüber hinaus ist GPVI entscheidend an der durch Thrombozyten-vermittelten Bildung von 

Amyloid-β-Aggregaten in vitro beteiligt. So führte die Blockierung oder Deletion von GPVI zu einer 

deutlichen Reduktion der Aβ-Aggregation in vitro. Weitergehend hat sich gezeigt, dass die Sti-

mulation von Thrombozyten mit Aβ40, zum Teil über den GPVI-Rezeptor, die Freisetzung von 

Fibrinogen auslöst, welches in vitro mit Amyloid-β-Aggregaten kolokalisiert. Darüber hinaus 

wurde in der vorliegenden Studie der Einfluss von Aβ40 auf die durch Thrombozyten ausgelöste 

Inflammation und die Rekrutierung von Neutrophilen untersucht. Die Stimulation von murinen 

Thrombozyten mit Aβ40 induzierte die Bildung von Thrombozyten-Neutrophilen-Aggregaten. Die 

anschließende in vitro Analyse humanerund muriner Neutrophilen zeigte eine erhöhte Throm-

bozyten-vermittelte Adhäsion von Neutrophilen nach Aβ40- und ADP-Stimulation. Jedoch wurde 

keine Bildung von Neutrophil Extracellular Traps (NETs) unter diesen Bedingungen festgestellt. 

Im Gegensatz zu Thrombozyten waren Neutrophile nicht wesentlich an der Bildung von Amyloid-

β-Aggregaten in vitro beteiligt. Die Stimulation von Thrombozyten mit Aβ40 löste eine GPVI-ab-

hängige ROS-Produktion und eine GPVI-abhängige TGF-β1-Freisetzung aus. Darüber hinaus 

wird in dieser Arbeit erstmals eine altersabhängige Migration von Thrombozyten in das Hirnpa-

renchym von WTmT/mG;PF4Cre+ und APP23mT/mG;PF4Cre+ Mäusen beschrieben, die im Hip-

pocampus von APP23mT/mG;PF4Cre+ Mäusen früher einsetzt. Im Gehirn von gealterten 

APP23-mT/mG;PF4Cre+ Mäusen wurden Thrombozyten um die Amyloid-Plaques und in engem 

Kontakt mit den Mikroglia nachgewiesen.  
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Zusammenfassend konnte in dieser Arbeit der Kollagenrezeptor GPVI als neuer Bindungspartner 

von Aβ40 identifiziert werden, der zur Thrombozyten- vermittelten Bildung von Amyloid-β-Aggre-

gaten in vitro beiträgt. Erste Untersuchungen dieser Arbeit legen nahe, dass Thrombozyten in 

Gegenwart von Aβ40 sowie zur Inflammation beitragen könnten. Darüber hinaus wurden Throm-

bozyten in amyloidreichen Regionen des Gehirnparenchyms von APP23mT/mG;PF4Cre+ Mäu-

sen nachgewiesen. Diese Arbeit trägt daher zum Verständnis über die Rolle von Thrombozyten 

in der AK bei und legt nahe, dass eine antithrombotische Therapie für Patienten mit AK von Nut-

zen sein könnte. 
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1 Introduction  

1.1 Alzheimer’s disease  

1.1.1 Epidemiology and public health impact of Alzheimer´s disease  

World Health organization (WHO) estimates around 55 million people living with demen-

tia and nearly 10 million new cases every year worldwide [1]. In Germany approximately 

1.6 million people are affected from dementia with an increasing tendency up to 2.4-2.8 

million in 2050 [2]. Alzheimer's disease (AD) is a progressive neurodegenerative disease 

and the leading cause of age-related dementia, accounting for 70-80% of all dementia 

cases [3].  

The U.S. National Institute of Aging [NIA] ranked AD on place 6 of the leading causes of 

death in the United States. Among citizens age 65 or above it is ranked on place 5 [4]. 

While deaths from stroke, human immunodeficiency virus (HIV) and heart disease de-

creased between 2000 and 2018, it is expected that the incidence of people with AD will 

increase in the next decades [4]. The economic burden of Alzheimer's disease treatment 

is estimated to be approximately $305 billion in the United States by 2020 and will con-

tinue to increase as the population ages [5]. To date, no effective treatment exists that 

could cure Alzheimer's disease or effectively stop its progression. Numerous Phase 3 

clinical trials have failed, making AD one of the biggest world health burdens in the next 

decades and emphasizing the importance of new therapeutic strategies [6].  

1.1.2 Genetic predisposition  

AD is a multifactorial disease with genetic and environmental causes [7]. Most of the AD 

cases could be classified in three subtypes: The smallest subgroup is the autosomal 

dominant familial AD (FAD) with an average age onset of 46.2 years. FAD only causes 

less than 1% of all AD cases [8] and requires the patient to have a positive family history 

for AD and usually implies multiple affected persons in more than one generation [9]. To 

date, three genes have been associated with FAD: amyloid precursor protein (APP; 

1.1.3), Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2) [10]. The other type with an early 

onset is early onset Alzheimer’s disease (EOAD), which defines affected individuals un-

der the age of 65. This group accounts for about 5% - 6% of the pathologically diagnosed 

AD cases.  

https://dict.leo.org/englisch-deutsch/approximately
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EOAD also includes a large genetic predisposition for example familial mutations or 

summed polygenic risk [11, 12]. Patients with trisomy 21 for example often develop clin-

ical AD symptoms after the age of 50. Here the triplication of the APP gene on chromo-

some 21 has been linked to increased brain amyloid levels [13-15].  

The most common form of AD is late onset AD (LOAD), defined by those affected at age 

65 or above.  LOAD is considered as sporadic and to be multifactorial, however the large-

scale genome-wide association studies (GWAS) identified more than 30 genes involved 

in LOAD pathogenesis. These genes not only affect APP and tau but also influence lipid 

(cholesterol) metabolism, endocytosis and synaptic function as well as immune response 

and inflammation [15-17]. To date, the most considered genetic risk factor for LOAD is 

the apolipoprotein E (ApoE) gene, which plays a key role in lipid metabolism. The ApoE 

gene is encoded by three genetic different allele variants (ε2, ε3, and ε4) resulting in 

three ApoE E2/E3/E4 protein isoforms, leading to isoform-specific differences in total 

serum cholesterol levels [18, 19]. One ε4 allele increases the risk of developing AD up 

to three times greater than persons with two copies of the ε3 allele [19]. Moreover genetic 

variation of the ApoE gene has also been linked to differential risk factors of cardiovas-

cular diseases like atherosclerosis or hypertension [20]. In addition to genetic risk factors 

and increasing age studies demonstrated that the risk of developing AD or vascular de-

mentia increases by conditions like heart disease, diabetes, stroke, high blood pressure 

and high cholesterol [21]. Also lifestyle factors like diet, social activity, education, smok-

ing or alcohol and exercising might influence the risk of developing LOAD [22].  

1.1.3 Neuropathology of Alzheimer’s disease 

In 1906 Alois Alzheimer described a neurodegenerative disorder, giving it the name Alz-

heimer’s disease. He first reported the two neuropathological features, extracellular am-

yloid-β (Aβ) plaques and intracellular neurofibrillary tangles (NFT) [23]. For a long time, 

the definitive diagnosis of AD was just possible post mortem by histological staining of 

these two neuropathological features. But since Magnetic resonance imaging (MRI) and 

Positron emission tomography (PET) scans become more common, biomarkers of AD 

are able to detect molecular changes in vivo to analyze AD pathologies [24]. Here, pa-

tients are categorized based on biomarker evidence of pathology using the so-called 

ATN classification system: The presence of amyloid-β (A), hyperphosphorylation of Tau 

(T) and neurodegeneration (N) [25]. 
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Amyloid-β plaques mostly contain Aβ40 and Aβ42 peptides, produced by an abnormal 

processing of the APP (section 1.1.4) and an imbalance of the production and clearance 

pathway in the brain.  

Many types of nonvascular amyloid deposits have been described, but diffuse plaques 

and dense core plaques are mostly seen in AD brains [26, 27]. Diffuse plaques contain 

fine fibrillary Aβ protein, mostly Aβ42 and to a lesser degree Aβ40. They are free of 

swollen neurites and do not show accumulation of activated microglia and reactive as-

trocytes in their surroundings [28]. Core plaques contain Aβ42 and additionally more 

Aβ40. Core plaques have compact dense amyloid structures, implicating more fibrillo-

genic forms of Aβ [26]. Most of these dense core plaques are associated with activated 

microglial cells as well as hyperphosphorylated-tau-positive and dystrophic neurites [27, 

29].  

NFT are aggregates of abnormally phosphorylated tau proteins in neurons. Under phys-

iological condition tau is located mainly in axons of neurons, associated to the microtu-

bule for cytoskeleton stabilization or acting as a cross bridge which enables microtubules 

to interconnect with other cytoskeletal components such as actin and neuro-filaments 

[30]. Under pathophysiological conditions an increased tau phosphorylation results in a 

decreased tau binding to microtubules leading to dissociation. This process produces 

detached tau proteins which in turn undergo self-aggregation, forming oligomers and tau 

aggregates, leading to neuronal cell death [31, 32].  

 
Figure 1: Neuropathological features of Alzheimer's disease.  
(A) Extracellular senile plaques, mainly consisting of aggregated Aβ peptides (arrowheads), and intracellular 
neurofibrillary tangles (NFTs) of hyperphosphorylated tau protein aggregates (arrows) in brain tissue of Alz-
heimer's disease patients stained by Bielschowski silver staining. (B) Specific antibody staining of paired 
helical filaments (PHF) of hyperphosphorylated tau protein (arrows), and Aβ-aggregates (arrowheads). 
Shown are PHF-containing neurites associated with Aβ deposits. Aβ=amyloid-β peptide; NFTs = neurofibril-
lary tangles; PHF = paired helical filaments (Adopted from Nixon et al., 2007 [33];ISSN: 0021-9533). 
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1.1.4 Amyloid precursor protein processing in Alzheimer’s disease 

APP is a ubiquitous expressed transmembrane protein, consisting of a long extracellular 

N-Terminus and a short intracellular C-Terminus. The transmembrane domain is more 

hydrophobic. In humans, APP is encoded by a single gene located on chromosome 21, 
containing 18 exons [34, 35]. Three major isoforms produced by alternative splicing of 

APP are possible: APP695, APP751 und APP770. While APP695 is predominantly ex-

pressed in neurons in the central nervous system (CNS), APP751 and APP770 have 

been shown to be the predominant isoforms expressed by platelets and many other tis-

sues [36, 37]. To date, various pathogenic APP mutations have been identified (Italian 

mutation: A713T) which are associated with an early-onset of AD and one APP mutation 

which is associated with a protective function (Icelandic: A673T) [38]. The physiological 

function has not been fully elucidated; however, it is suggested that APP may modulate 

synapse formation and function [39, 40] or act as a cell surface receptor [41].  

Once APP is translocated from the endoplasmic reticulum to the cell surface it can be 

cleaved by two different processing pathways, the amylogenic und non amylogenic, pro-

ducing biologically active fragments.  

During the physiologically predominant non-amylogenic pathway APP is cleaved by the 

α-secretases within the amyloid-β region. In neurons, the major α‑secretase is the met-

alloprotease ADAM10 (disintegrin and metalloproteinase domain-containing protein 10) 

[42]. The cleavage produces two peptides: The extracellular soluble APPα (sAPPα) and 

the C-terminal fragment (CTF-α). sAPPα has been shown to induce the upregulation of 

neuroprotective signaling pathways. For example, it supports neuronal resistance to 

acute hypoxia [43] or enhances neuronal resistance to brain injury [44]. CTF-α consists 

of a transmembrane and intracellular domain. It is cleaved by γ-secretase producing the 

extracellular P3 fragment and the APP intracellular domain (ACID) [45]. The role of these 

two peptides are not completely clear but it is supposed that ACID might play a role in 

regulating synaptic plasticity [40].  

As previously reported (section 1.1.3), Aβ is the major component of senile plaques and 

is formed by proteolysis of APP during the amylogenic pathway. APP is cleaved by a β-

secretase, namely APP-cleaving enzyme 1 and 2 (BACE1; BACE2), between Met596 

and Asp597, producing a soluble APP N-terminal fragment (sAPPβ) and a C-terminal 

fragment (CTF-β) [45]. The remaining C-terminal fragment (CTF-β) is cleaved by the γ-

secretase. The γ-secretase cleaving side is between the amino acid residues 37 to 43 of 

the Aβ domain, resulting in the generation of different Aβ proteins [46].  
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Here, Aβ40 and Aβ42 are the dominant products while other minor cleavage products 

include Aβ38, Aβ39, and Aβ43 [47].  

 

 
Figure 2: Schematic representation of amyloid precursor protein (APP) processing.  
APP processing can occur via the non-amyloidogenic pathway (blue) and the amyloidogenic pathway (red). 
During the nonamyloidogenic process, APP is cleaved by α- and γ-secretase into APPsα, p3, and ACID. 
During the amyloidogenic pathway, cleavage occurs by β- and γ-secretase. The cleavage products are 
APPsβ, AICD, and Aβ. Aβ can then form oligomers and accumulate into amyloid plaques. Aβ (amyloid-β 
peptide); APP (amyloid precursor protein); sAPP (soluble APP fragment); AICD (intracellular APP domain); 
CTFα/β (C-terminal fragment α/β). Created with biorender.com (Modified from Spies et al. 2012 [48]). 

1.1.5 The amyloid hypothesis  

Despite many years of research and development of different drugs, the ultimate etiology 

of AD remains not fully understood and no effective medication is found. There are many 

descriptive hypotheses regarding the causes of AD, including the tau hypothesis, the 

inflammatory hypothesis, the cholinergic hypothesis, vascular hypothesis and the oxida-

tive stress hypothesis, but the most common is the amyloid hypothesis [49].  

In 1991 the amyloid cascade hypothesis was first described by Selkoe, Hardy and Allsop 

[50, 51]. They discovered a mutations in APP gene and suggested that APP mismetab-

olism and amyloid-β deposition are the primary events in the disease process. They pos-

tulated the pathogenic pathway for the progression of AD as follows: 1.  
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1.1.6 The role of inflammation in Alzheimer’s disease 

Additionally to extracellular amyloid-β plaques and intracellular neurofibrillary tangles, 

inflammation is another underlying mechanism of AD pathophysiology. Under physiolog-

ical conditions acute inflammation is a temporary, self-resolving process and essential 

for the repair process of infection or injury. However, chronic inflammation can be detri-

mental to brain function. The sustained release of cytotoxic factors and the excessive 

activation of pro-inflammatory responses are implicated in many neurodegenerative dis-

ease, including Alzheimer's disease [57].  

Several studies show that AD patients have increased microglial activation in the brain 

and that some markers of glial activation are elevated even before the development of 

amyloid deposition [58]. The presence of soluble Aβ is thought to be the primary driver 

of microglial activation [59]. Activated microglia are able to phagocytose Aβ, however at 

some point these microglia are no longer able to process Aβ while the capacity for pro-

ducing pro-inflammatory cytokines is unaffected. This results in an accumulation of Aβ 

and chronically activated microglia which release many pro inflammatory and toxic prod-

ucts, as reactive oxygen species (ROS), nitric oxide and cytokines which serves to ex-

acerbate neuro-inflammation and contribute to neurodegeneration [60, 61]. Pro-inflam-

matory cytokines such as TNF-α or IL-1β released from microglia increase Aβ load by 

upregulating β-secretase and γ-secretase activity, leading to increased Aβ production. 

Moreover, Aβ can directly stimulate microglial production of TNF-α by activating the tran-

scription factor NFκB [62-65]. These events create a self-repeating cycle in which in-

creased Aβ stress leads to further microglial activation and cytokine production.  

Similar to microglia, activated astrocytes are also observed in early stages of AD [66]. 

Under physiological conditions, astrocytes are important for neurotransmitter secretion 

and recycling, ion homeostasis, regulation of energy metabolism, synaptic remodeling 

and modulation of oxidative stress, information processing, and signal transduction [67, 

68]. In the presence of amyloid, activated astrocytes begin to degrade Aβ by phagocyto-

sis. However, the constant activation of astrocytes by amyloid manifests itself in an in-

crease in the number, size, and motility of astrocytes. These changes ultimately lead to 

a disruption of the normal activities, which can then cause cytotoxic damage to neurons 

[69].  

In addition, systemic inflammation can cause changes and compromise the integrity of 

the blood–brain barrier (BBB), allowing peripheral inflammatory factors to diffuse into the 

brain. However, the exact mechanisms involved are still unclear and the subject of cur-

rent research.  
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Recent studies have shown that cells of the innate immune system contribute to disease 

development. For example, peripheral macrophages and neutrophils may adhere to cer-

ebral veins, extravagate into the brain parenchyma, and be present in areas of amyloid-

β deposition where they exacerbate the effects of sustained inflammation [70-72]. More-

over neutrophils are able to release neutrophil extracellular traps (NETs), consist of chro-

matin fibers, citrullinated histones, and cytoplasmic enzymes such as myeloperoxidase 

(MPO) and neutrophil elastase (NE) which could potentially harming the BBB and neural 

cells [73]. NETs were first described as a first line of defense against infection by tracking 

and killing bacteria, but in recent years they have also been detected in Alzheimer's pa-

tients and in AD mouse models [74]. In addition, Zenaro et al. showed that depletion of 

neutrophils improved cognitive function and reduced the AD pathology in an AD mouse 

model [70]. 

1.1.7 Oxidative stress and mitochondria dysfunction in the 
pathogenesis of Alzheimer’s disease  

The occurrence of oxidative stress and mitochondrial dysfunction is strongly associated 

with the pathogenesis of neurodegenerative diseases [75]. The human brain has a high 

energy demand and neurons have a limited glycolytic capacity making these cells ex-

tremely dependent on mitochondrial energy production [76, 77]. Mitochondria are semi-

autonomous organelles and producers of adenosine triphosphate (ATP) by deriving and 

storing energy through the respiratory chain by oxidative phosphorylation [78]. During 

this process the unavoidable electron leakage leads to the constant production of super-

oxide anions. Therefore, mitochondria have an efficient mitochondrial/cellular antioxidant 

system. Abnormalities in mitochondrial function could lead to less production of ATP but 

more production of reactive oxygen species (ROS), caused by an imbalance between 

the generation and detoxification. ROS can act as signaling molecules under carefully 

controlled conditions, but excess production can cause damage by oxidizing all major 

biomolecules including nucleic acid (DNA, RNA), proteins, and lipids [79].  

To date, mitochondrial dysfunction has been established as an early and prominent fea-

ture of AD. Several studies show that neurons of patients suffering from AD or neurons 

of AD transgenic mouse models exhibit increased ROS generation, resulting in mito-

chondrial dysfunction [80, 81]. Altered expression of mitochondrial oxidative phosphory-

lation genes or decreased levels of antioxidant enzymes in patients with AD could cause 

dysregulation of the mitochondrial respiratory chain, leading to a decrease in ATP pro-

duction and an increase in ROS [82]. Additionally, in different AD mouse models it were 

shown, that Aβ can progressively accumulate in neuronal mitochondria.  
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This event is also associated with reduced oxidative respiration and cell death [83]. In 

2004, Aβ was shown to interact with alcohol dehydrogenase in the mitochondria of Alz-

heimer's patients and transgenic mice, triggering apoptosis and free radical formation in 

neurons [84]. Thus, increased mitochondrial ROS generation, enhanced oxidative stress 

and the occurrence of mitochondrial dysfunction, play an essential role in the pathogen-

esis and progression of AD. 

1.1.8 Vascular contribution to Alzheimer’s disease: Cerebral amyloid 
angiopathy 

In the last decades many studies suggested that cognitive impairments in the aging brain 

is also driven by cerebrovascular pathologies [85]. For example Aβ cannot only accumu-

late in the brain parenchyma, but also within the leptomeninges and small to medium-

sized cerebral blood vessels, known as cerebral amyloid angiopathy (CAA) [86]. CAA is 

increasingly recognized as a major contributor of AD pathogenesis and affects 80% to 

95% of all AD patients [87, 88]. The accumulation of amyloid-β could lead to changes in 

the integrity of the blood-brain barrier, extravasations of plasma proteins, edema for-

mation, release of inflammatory mediators and matrix metalloproteinases (MMPs) which, 

in turn, produce partial degradation of the basal lamina with the potential to develop 

hemorrhagic complications [88]. Moreover the Honolulu-Asia Aging Study showed that 

men with both CAA and AD had greater cognitive impairment than those individuals with 

either CAA or AD, implicating that CAA may contribute to the clinical presentation of 

dementia by interacting with other neuronal pathologies [89]. In a mouse model of CAA 

it was shown that vascular dysfunction reduces perivascular Aβ clearance creating a 

vicious cycle of vascular and parenchymal Aβ accumulation [90, 91]. Additionally, Aβ 

can interact with fibrin(ogen), which is inter alia released by platelets and fibrin is the 

major protein component of blood clots. This interaction leads to increased formation of 

structurally abnormal Aβ-fibrin clots that are resistant to degradation. Furthermore, fi-

brin(ogen) is deposited in human and murine CAA-positive vessels and may contribute 

to vascular occlusion and inflammation [92-94]. Moreover, Cortes-Canteli and colleges 

showed that fibrin(ogen) is present in areas of dystrophic neurites and that a decrease 

of fibrinogen levels improves neuronal health and ameliorates amyloid pathology of AD 

mice [95]. These examples demonstrate the complex interaction between vascular pa-

thologies and AD which could possibly affect neuronal cells and cognition.  
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1.2 Platelets  

1.2.1 Platelet physiology and pathophysiology 

Platelets are small (3.6 ± 0.7 µm in diameter), anucleate blood cells which circulate in 

the bloodstream, numbering of 150.000 – 400.000/µl of blood in healthy individuals and 

0.4-1.6 x 106/μl in mice [96, 97]. Platelets are derived from megakaryocytes, which are 

produced in the bone marrow or lung by haematopoiesis [98]. Megakaryocytes are pol-

yploid cells and release 2000-3000 platelets into the bloodstream over their lifespan. 

After the platelets enter the bloodstream, the pro-platelets are shed into platelets by de-

veloping their characteristics, such as high content of α and dense-granules, lysosomes, 

and the open intracanalicular system. The approximate lifespan of a platelet is ~10 days 

for human platelets and ~4-5 days for murine platelets [99].Young platelets have a high 

content of RNA, which decreases during maturation. Therefore, platelets have only a 

limited capacity for protein synthesis. In the spleen and liver senescent platelets are de-

stroyed by phagocytosis mediated by macrophages [100].  

Platelets are originally described as main actors in wound healing and hemostasis 

through different activation mechanisms (section 1.2.2). Upon vascular injury platelets 

instantly get activated and form a hemostatic plug in order to prevent massive blood loss. 

This mechanism requires stringent regulation, as uncontrolled platelet aggregation could 

lead to vascular occlusion resulting in myocardial infarction and stroke. Without vessel 

injury, the inhibitory compounds prostacyclin and nitric oxide limit platelets activation and 

keeps them in a resting (inactivated) state [101]. In the last decades many additional 

physiological and pathophysiological functions have been reported like angiogenesis, 

tumor growth, inflammation, and tissue regeneration [102]. In addition, altered platelet 

activation pathways and dysfunction have recently been described in the context of aging 

and neurodegenerative diseases, particularly in Alzheimer's disease [103].  

1.2.2  Platelet function and signaling in primary hemostasis 

There are two main components of hemostasis: Primary and secondary. During the pri-

mary hemostasis platelets get activated and an unstable platelet plug is built. During the 

secondary hemostasis insoluble fibrin is generated by the proteolytic coagulation cas-

cade which forms a mesh that is incorporated into and around the platelet plug resulting 

in stable thrombus formation [104]. 
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In the event of blood vessel injury, components of the subendothelial extracellular matrix 

(ECM), such as collagen, laminin or vitronectin are exposed to the blood flow. Conse-

quently the plasma glycoprotein von Willebrand factor (vWF) binds specifically to the 

exposed collagen type I and III which in turn allows vWF to bind to the platelet glycopro-

tein-Ib-V-IX (GPIb-V-IX) complex during rapid blood flow. The initial binding cause’s 

platelets to slow down and results in initial platelet activation and adhesion (tethering) to 

the vessel wall surface. Now the platelet receptor glycoprotein (GP) VI is able to bind to 

the exposed collagen. These events induce various intracellular signaling pathways: In-

tegrin activation, release of granules, cytoskeletal reorganization and recruitment of 

more platelets to the site of injury [105].  

One essential receptor for stable platelet adhesion and aggregation is the integrin αIIbβ3. 

Integrin αIIbβ3 is highly expressed in platelets and located at the platelet surface and in 

α-granules. In resting conditions, integrin αIIbβ3 adopts an inactive conformation. The 

platelet activation via GPVI induces the externalization of more integrin αIIbβ3 to the 

platelet surface and the transformation of integrin αIIbβ3 to switch from a low- to high-

affinity state for fibrinogen and collagen bound vWF [106]. The ligand binding to integrin 

αIIbβ3 then promotes outside-in signaling. In detail, one more conformation change re-

sults in a trans-phosphorylation of the cytoplasmic tail of the receptor and downstream 

signaling as well as integrin clustering. This outside-in signaling initiates and amplifies a 

range of cellular events to drive essential platelet functions such as spreading and fibrin-

mediated stabilization as well as platelet aggregation via fibrinogen binding [104].  

 

As mentioned above, the activation of inter alia GPVI leads to the release of α- and dense 

granules. These granules contain platelet agonists which are important for further feed-

back activation. α-granules contain coagulation factors like vWF, fibrinogen or thrombos-

pondin, but also cytokines like tumour growth factor β 1 (TGF-β1). Moreover, α-granules 

express the adhesion molecule P-selectin and Integrin- β 3 which are translocated to the 

plasmamembrane and externalized on the platelet surface during the release [107]. In 

contrast dense granules store small molecules such as adenosine 5′-diphosphate (ADP), 

adenosine 5′-triphosphate (ATP), Ca2+ and serotonin [108]. Furthermore, platelets im-

mediately generate and release thromboxane A2 (TxA2), converted from arachidonic 

acid by cyclooxygenase-I [109].  

The molecules ADP, TxA2 and thrombin act as secondary mediators to reinforce platelet 

activation and induce complete platelet activation via stimulation of G protein-coupled 

receptors. ADP for example activates the two platelets G protein–coupled receptors 

(GPCRs) P2Y1 and P2Y12 [104]. The activation of P2Y1 leads to the activation of phos-

pholipase Cβ and to a subsequent increase in cytosolic calcium [110].  
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The activation of P2Y12 induces the inhibition of adenylyl cyclase and the activation of 

PI3-kinase. These two events are necessary for platelet activation by ADP, to induce 

shape change and so stabilizing platelet thrombi in vivo [110]. The P2Y12 receptor is a 

target of many clinically effective antithrombotic drugs, like clopidogrel or ticagrelor [111]. 

  

TxA2 activates the thromboxane A2 receptor (TP), which is coupled to the G proteins Gq 

and G12/13. The TP receptor act as a positive feedback loop to promote platelet adhe-

sion, aggregation, degranulation and platelet-induced blood clotting-responses[112].  

The transformation of prothrombin to thrombin occurs at the surface of activated platelets 

[113]. Thrombin is among the most effective activators of platelets and induces the acti-

vation of the protease-activated receptors (PAR), PAR1 and PAR4 on human platelets 

and PAR3 and PAR4 on murine platelets. These receptors link to the G proteins Gq and 

G12/13 to induce further platelet activation  [114].  

 

 
Figure 4: Platelet activation and aggregation during primary hemostasis.  
Binding of the GPIb-V-IX complex to the collagen bound vWF and leads to initial platelet adhesion. Binding 
of the GPIb-V-IX complex to collagen-bound vWF leads to initial platelet adhesion. Binding of GPVI to col-
lagen induces platelet activation through the release of granules and activation of integrin αIIbβ3. Degranu-
lation of α- and dense granules leads to local release of secondary mediators such as ADP and further 
platelet recruitment. The cross-linking of integrin αIIbβ3 with fibrinogen leads to further platelet aggregation. 
Created with biorender.com. 
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1.2.3 The major collagen receptor glycoprotein (GP) VI   

The immunoglobulin receptor GPVI was first described in 1989 as the major collagen 

receptor on the platelet surface with a size of 61-kD [115]. GPVI is selectively expressed 

on megakaryocytes and platelets. The gene GP6, is located at 19q13.4 in the human 

genome [116]. Today it is known that GPVI binds not only collagen but also a variety of 

other plasma and vascular proteins, including fibrin, fibrinogen and fibronectin [117-119]. 

GPVI as a member of the immunoglobulin (Ig)-superfamily of receptors, consists of two 

Ig domains (D1, D2), an O-glycosylated mucin-like stalk and a cytoplasmic tail containing 

calmodulin- and Src kinase–binding sites [120]. Intracellular GPVI is associated with the 

dimeric Fc receptor γ-chain (FcRγ), which has an immunoreceptor tyrosine–based acti-

vation motif (ITAM) containing two YxxL sequences.  

Collagen is an important physiological ligand that binds to the extracellular D1 domain 

of GPVI through its recurrent GPO (glycine-proline-hydroxyproline) motif. Collagen 

binds to dimeric GPVI but not monomeric [121]. To date it is suggested that the dimeri-

zation occurs through the D2 domain [122]. The synthetic peptide, known as CRP (col-

lagen-related peptides), mimics the triple-helical structure of collagen by repeating the 

GPO sequence to trigger platelet activation via GPVI[123].   

During GPVI activation, the two Src family kinases, Fyn and Lyn, induce recruitment, 

docking, and phosphorylation of the SH2 domain of Syk by phosphorylating the two con-

served tyrosines in cytosolic ITAM. Syk, in turn, activates an adaptor transmembrane 

protein, called the linker of activated T cells (LAT). LAT has a long cytosolic tail with 9 

tyrosines residues, which get phosphorylated by activation and in turn induces the acti-

vation of phospholipase Cγ2 [116, 124]. Downstream of this signaling complex the for-

mation of the secondary messengers like inositol 1,4,5-trisphosphate (IP3) and 1,2-di-

acylglycerol (DAG) as well as intracellular calcium mobilization occur. These events in-

duce the secretion of intracellular α-granules and dense granules and inside-out activa-

tion of platelet integrins, including αIIbβ3, leading to platelet aggregation [116].  
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Figure 5: Glycoprotein VI (GPVI) signaling cascade.  
GPVI is associated with the Fc receptor γ (FcRγ). Clustering by ligands such as collagen triggers phosphor-
ylation of the FcRγ chain in the ITAM motif by Src family kinases (Fyn/Lyn). These induce recruitment and 
subsequent activation of splenic tyrosine kinase (Syk). Recruitment of Syk to the ITAM motif initiates a sig-
naling cascade involving numerous kinases, adaptor and effector molecules, including the linker for T cell 
activation (LAT) and phospholipase C γ2 (PLCγ2), which together with other proteins form the GPVI signal-
osome. Activation of the GPVI signalosome induces indegrin activation, calcium mobilization, and degranu-
lation, leading to platelet aggregation. Created with biorender.com (Modified from Watson et al. 2015 [125]).  

1.2.4  Platelets in inflammation  

At sites of inflammation, platelets become activated and the release of inflammatory me-

diators from the granules initiates an inflammatory cascade with the common goal to 

increase leukocyte recruitment to the endothelium. These mediators include adhesion 

molecules for example P-selectin or CD40L, fibrinogen as coagulation factor and inflam-

matory cytokines such as TNF-α, IL-1β, IL-6, IL-8 or TGF-β1. Platelets contribute to 

about 45 % of TGF-β found in peripheral blood plasma and contain 40 to 100 times more 

TGF-β than other cells [126, 127]. TGF-β1 acts as a chemoattractant for monocytes, 

fibroblasts and neutrophils. Sreeramkumar et al. reported that platelets are essential for 

neutrophil recruitment to sites of inflammation [128]. Especially under increasing shear 

rates the direct neutrophil adhesion to activated endothelial cells becomes less efficient, 

making platelets more important. Once activated, platelets are able to form neutrophil-

platelet aggregates promoted by the interaction of platelet P-selectin and Glycoprotein 

Ligand-1 (PSGL-1) on the neutrophil surface [129].  
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Additionally the release of fibrinogen and the increase expression of the integrin αIIbβ3 

receptor on the platelet surface induce a crosslinking with neutrophils. Here, fibrinogen 

binds to platelet integrin αIIbβ3 receptor and to integrin receptor Mac-1 on neutrophils 

[130]. Once recruited, neutrophils migrate into the surrounding tissue to carry out their 

inflammatory functions like phagocytosis, generation of reactive oxygen species or re-

lease of NETs [131]. Increased and uncontrolled activation of platelets results in a 

chronic inflammatory reaction that can induce endothelial cell stress. Endothelial cells in 

turn could promote more platelet activation and neutrophil recruitment creating a vicious 

circle that causes increased inflammation [132].  

Recent studies have shown that platelet surface GPVI plays a key role in inflammatory 

and thrombotic pathomechanisms, such as stroke, ischemia-reperfusion or rheumatoid 

arthritis. Inhibition of GPVI by antibody treatment or with Revacept improves cerebral 

infarct volume and functional outcome in the MCAO model of stroke. The beneficial effect 

of GPVI blockade is probably due to a reduction in the inflammatory response, possibly 

through reduced release of cytokines and attenuation of inflammatory cell recruitment, 

because inhibition of thrombus formation by αIIbβ3 blockers dramatically increases in-

tracranial hemorrhage and infarct growth without any beneficial effect [133]. Going fur-

ther, inhibition of platelet GPVI by Revacept has been shown to protect against myocar-

dial injury and reduce the number of leukocytes in reperfused myocardium in a mouse 

model of ischemia-reperfusion  [134] Moreover, in a mouse model of autoimmune rheu-

matoid arthritis, GPVI was shown to be an important trigger for the formation of pro-

inflammatory platelet microparticles in the pathophysiology of arthritis [135]. Interest-

ingly, in humans, increased plasma levels of sGPVI are reported in situations with pro-

thrombotic tendency and during inflammatory processes, such as acute ischemic stroke, 

thrombotic microangiopathy, or rheumatoid arthritis, suggesting a prominent role of GPVI 

in thrombotic and inflammatory diseases [136].   

1.3  The role of platelets in the progression of 
Alzheimer’s disease  

1.3.1 Amyloid precursor protein and Aβ peptides in platelets 

The most important function of platelets is to prevent bleeding, but in recent decades it 

has become increasingly clear that they also play a role in pathological conditions such 

as AD. Human platelets express high levels of APP and also store APP mRNA derived 

from megakaryocytes [137].  
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Moreover, platelets express the entire enzymatic machinery for APP metabolism in the 

form of α-, β-, and γ-secretases and therefore produce metabolites such as sAPPα, 

sAPPβ, and Aβ. Upon activation by agonists such as thrombin or collagen, platelets are 

able to release APP and Aβ and thus represent an important peripheral source of circu-

lating APP and Aβ in blood plasma [138].  

The physiological role of APP in platelets has not been fully elucidated, but the relatively 

high concentration of APP in platelets (9300 copies/platelet) suggests a role in events 

associated with coagulation. Approximately 10 % of APP is expressed as a glycoprotein 

on the platelet surface where it acts as a receptor for sulfated proteoglycans, laminin, 

collagen and integrin-like receptors [139]. Recently in our working group it was also 

shown that platelet APP is an important receptor for Reelin mediating platelet activation 

by interacting with GPIb and thus has an influence on arterial thrombosis [140]. Moreover 

APP is cleaved during platelet activation and recent studies implicated an inhibitory effect 

of soluble APP of the blood coagulation factors IXa, XIa, and Xa [141, 142].  

The major Aβ species produced by platelets is Aβ40, and increasing evidence suggests 

that Aβ40 is capable of inducing platelet activation, adhesion, and aggregation, leading 

to increased thrombus formation in vitro and in vivo [103, 143].  

In 2014, Gowert et al. showed that treatment of platelets with Aβ40 induced platelet ac-

tivation in addition to increased ROS formation and stimulated platelet Aβ production. 

Furthermore, platelets cultured with Aβ40 were able to modulate soluble Aβ40 into fibril-

lar structures [143]. In 2016, Donner et al demonstrated that monomeric Aβ40 can bind 

to the integrin-αIIbβ3 receptor on the platelet surface, triggering the release of ADP. 

ADP, in turn, activates P2Y1 and P2Y12 receptors, which further enhances platelet acti-

vation and thus increases platelet-induced Aβ aggregation in vitro. Furthermore, inhibi-

tion of platelet P2Y12 receptor with Clopidogrel was shown to reduce platelet-induced Aβ-

aggregation in vitro [103].   

In vivo Gowert et al. demonstrated that platelets adhere to vascular amyloid plaques and 

that sustained platelet recruitment could lead to full occlusion of the vessel in an AD 

mouse model in cerebral vessels [143]. In addition to binding Aβ40 to integrin-αIIbβ3, 

fibrinogen can also bind platelet-bound Aβ40, indicating an important role in the occlu-

sion of CAA-affected vessels.  More recently Donner et al. found that treatment with the 

platelet activation inhibitor Clopidogrel decreased the CAA burden in an AD mouse 

model [103]. These findings suggest an important role of platelets in the development of 

CAA by promoting the formation of Aβ-aggregation.  
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1.3.2 Platelet alteration in Alzheimer’s disease patients and mouse 
models 

Already in 1998 Sevush et al. first revealed that platelets of patients with AD exhibit 

greater unstimulated activation profiles than those of control. Here the number of platelet 

aggregates, P-selectin expression and leukocyte-platelet complexes were increased 

[144]. Recently, a one-year follow-up study measured baseline expression of the two 

platelet activation biomarkers, activated integrin αIIbβ3 and P-selectin, in patients with 

AD, which correlated positively with the rate of cognitive decline [145]. In 2021 a system-

atic review and meta-analysis gave evidence that the incidence rate of stroke of all types 

in patients with AD was higher than in matched controls without AD [146]. Activated 

platelets act as a catalytic surface for thrombin generation and this leads to thrombus 

stabilization by an insoluble fibrin plug. As mention above, in vitro and in vivo experi-

ments done by Cortes-Canteli and colleagues demonstrated that fibrin clots formed in 

the presence of Aβ are structurally abnormal and resistant to degradation [147]. Sug-

gesting a mechanism by which the pre-activation state in platelets could be one cause 

for the increased prevalence of stroke in AD patients. In addition, Johnston et al found 

that platelet β-secretase activity is increased in AD patients, which may lead to increased 

peripheral Aβ production [148]. Going further, AD patients exhibit a decreased APP 120-

130 kDa to 110 kDa ratio, which may be due to increased activity of β-secretase cleav-

age. This ratio is correlated to the progression of the disease and moreover it is already 

present in preclinical stages of AD, suggesting that this can be used as a biomarker for 

AD [149]. As in humans, pre-activated platelets and a pro-thrombotic phenotype were 

detected in an aged AD mouse model. These mice show increased expression of integrin 

αIIbβ3 and P-selectin in baseline and after activation with CRP, ADP, or thrombin and 

increased ATP release on stimulation with CRP, promoting the formation of amyloid-β 

aggregates in vitro. In addition, these mice show accelerated vascular occlusion in vivo, 

indicating an increased risk of arterial thrombosis, which can lead to cardiovascular and 

cerebrovascular complications, as also observed in Alzheimer's disease patients [150]. 

Patients in early stages of AD show increased levels of coated platelets. Coated platelets 

are a subpopulation of cells observed after dual agonist stimulation of platelets with col-

lagen and thrombin. These cells express high levels of several procoagulant proteins 

including fibrinogen, vWF, phosphatidylserine on their surface and so strongly support 

prothrombinase activity. Moreover these cells have been shown to potentiate inflamma-

tion [151]. As mentioned already inflammatory reaction are a key event in the pathogen-

esis of AD and platelet activation with consequent degranulation results in secretion of 

inflammatory mediators like interleukins (IL-1β, IL-7, and IL-8), fibrinogen or CD40 ligand 

(CD40L).  
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These mediators could enhance leukocyte adhesion and the release of pro inflammatory 

cytokines from endothelial cells and trigger CAA related perivascular inflammation [152, 

153].  In addition to cytokines, increased ROS levels and decreased cytochrome c oxi-

dase activity in platelet mitochondria have been reported in AD patients. Furthermore, 

many other platelet changes are observed in AD patients, including alterations in sero-

tonin metabolism, an increase in tau protein, and increased GSK3β activity, which is one 

of the major tau kinases [154-157].   

1.4 Mouse models 

1.4.1 The APP23 transgenic mouse as a model for human 
Alzheimer’s disease 

Mice are adequate model organisms to investigate genetic and biomedicine questions in 

vivo. The murine genome is between 95 –98% comparably similar to the human genome 

and since genetically modified mice develop diseases comparable to human diseases, 

the examination of mouse strains became a more powerful tool for research [158]. Fur-

thermore, the development of AD is a multifactorial neurodegenerative disease in which 

the initial steps in pathogenesis are often inaccessible in human patients, making it nec-

essary to use model organisms to understand the cause and progression of this disease 

[159]. The hemizygous APP23 mouse is a widely-used and extensively characterized 

model of AD. These mice have a 7-fold overexpression of mutant human APP bearing 

the pathgenic Swedish double mutation K670N/M671L driven by the murine Thy-1 pro-

moter [160]. This mutation is immediately adjacent to the β-secretase cleavage site in 

App gene and results in increased production of total Aβ [161]. The hemizygous APP23 

mouse develop an extensive amyloid-β pathology starting at an age of 6-8 months and 

increase in size and number with age. Congophilic plaques can occupy up to 25% of the 

neocortex and hippocampus in two-year-old mice and are surrounded by activated mi-

croglia, astrocytes, and dystrophic neurites containing hyperphosphorylated tau. This 

mouse model does not develop neurofibrillary tangles, but neuronal loss in the CA1 re-

gion of the hippocampus has been reported [162, 163]. In the Morris water maze, these 

mice show memory and learning deficits starting at 3 months of age, which increase with 

age [164, 165]. The APP23 mice also develop a cardiovascular phenotype. At 12 months 

of age, these mice develop vascular amyloid resembling human CAA. In addition, these 

mice exhibit cerebral amyloid angiopathy-associated vasculitis and blood vessel ruptures 

ranging from microbleeds to large hematomas [166]. 
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1.4.2 The ROSAmT/mG PF4-Cre reporter mice  

The homozygous ROSAmT/mG Cre reporter mice is a mouse model that can visualize re-

combinant and non-recombinant cells with a double fluorescent marker system at single 

cell resolution. These mice exhibit strong red fluorescence in all tissues and cell types 

by expressing the loxP-flanked tdTomato (mT) cassette with the following stopcodon. 

When crossed with the megakaryocyte/platelet-specific PF4-Cre mouse, the mT cas-

sette in Cre-expressing tissues (platelets and megakaryocytes) is deleted in the progeny, 

allowing expression of the membrane-directed EGFP cassette (mG), which is located 

directly downstream of the mT cassette. In our group, it was shown that in mT/mG; PF4-

Cre+ mice, platelets and megakaryocytes can be followed by their specific fluorescence 

in blood smear, hematopoietic organs and thrombus formation. In addition, the mT/mG; 

PF4-Cre-positive mice do not exhibit alterations in platelet activation and thrombus for-

mation [167]. For the present study, the mT/mG; PF4-Cre-positive was additionally 

crossed with the heterozygous APP23 mice, providing a novel phenotypic analysis of 

platelet localization in an AD mouse model. 

 

1.5 Aim of the study 

Despite the most intensive research, there is still no effective therapy that could prevent 

Alzheimer's disease or effectively attenuates its progression. Numerous clinical trials 

have failed so far. It is therefore likely that multiple cofactors contribute additively or syn-

ergistically to the development of AD, underscoring the importance of new therapeutic 

strategies. In addition to neuronal changes, processes in the vascular system also con-

tribute to the pathogenesis of AD. In this context, the occurrence of CAA in AD patients, 

which is characterized by deposits of fibrillary Aβ in cerebral blood vessels, plays an 

important role in the progression of AD. In recent years, increasing evidence suggests 

that platelets play an important role in the development of CAA. In our group, platelets 

have been shown to modulate soluble Aβ40 into fibrils and that Aβ40 can bind to integrin 

αIIbβ3 resulting in platelet activation and aggregation. Moreover we could show that 

platelet inhibition with Clopidogrel decreased CAA burden in the APP23 mouse model of 

AD.  

The aim of the present study was to further elucidate the impact of platelets in the path-

ogenesis of Alzheimer's disease, with the following research topics:  
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(1) To investigate the influence of Aβ40 on platelets GPVI collagen receptor in terms 

of amyloid-β fibril formation and platelet activation  

(2) Analysis of the influence of Aβ40 on platelet-triggered inflammation and neutro-

phil recruitment   

(3) To analyze the impact of Aβ40 on platelet mitochondrial function and platelet–

mediated amyloid-β aggregation in Alzheimer´s disease 

(4) Studies on platelet migration into the brain parenchyma in APP23 and WT mice 

at different ages 
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2 Material and methods  

This section includes only those materials and methods which have not already been 

described in the publications. 

2.1 Material 

2.1.1 Experimental animals 

For the investigations, mice were either obtained from commercial animal suppliers, gen-

erated in the animal facility of the Heinrich Heine University of Düsseldorf (ZETT) back-

crossed to C57BL/6 mice (Jackson Laboratory) or provided by J. Ware; University of 

Arkansas.  

Heterozygous APP23 mice and APP noncarrier were used to generate WT and hetero-

zygous APP23 mice. Littermates of APP23 mice were used for used for analyses. Off-

spring (mT/mG;PF4Cre+) of ROSA mT/mG-Cre mice crossed with PF4Cre+ mice were 

used to generate the APP23mT/mG;PF4Cre+; and the WTmT/mG;PF4Cre+; mice by 

crossing them with heterozygous APP23 mice (1.4.2; Table 1).  

All mice had ad libitum access to water and a standard chow diet and were kept under 

standard laboratory specific pathogen-free (SPF) conditions according to the guidelines 

of FELASA (Federation of European Laboratory Animal Science Association). All animal 

experiments were conducted according the Declaration of Helsinki and approved by the 

Ethics Committee of the State Ministry of Agriculture, Nutrition and Forestry State of 

North Rhine-Westphalia, Germany (reference numbers O 86/12, AZ 84-02.05.40.16.073 

AZ 81-02.04.2019.A232 and LANUV AZ 81-02.05.40.21.041). 

Table 1: Mouse strains. 

Strain Term Supplier Objective 
Hemizygous B6.Cg-
Tg(Thy1-APP)Somm/J 

APP23  
WT  

The Jackson 
Laboratory 

Breeding 
Analysis 

Mice with targeted deletion 
of GPVI 

Gp6-/- 

WT 
provided by 
J. Ware; Uni-
versity of Ar-
kansas 

Breeding 
Analysis 

C57BL/6-Tg(Pf4-
icre)Q3Rsko/J 

PF4Cre+ 
 

The Jackson 
Laboratory 

Breeding 

Gt(ROSA)26Sortm4(ACTB-
tdTomato,-EGFP)Luo/J 

ROSA mT/mG Cre The Jackson 
Laboratory 

Breeding 
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PF4-Cre transgenic mice 
crossbred with 
ROSAmT/mG Cre  

mT/mG;PF4Cre+ 
mT/mG;PF4Cre- 

ZETT Breeding 

57BL/6J mice 
 

C57BL/6J The Jackson 
Laboratory 

Breeding 
 

mT/mG;PF4Cre+ 
crossbred with APP23  

APP23mT/mG;PF4Cre+; 
WTmT/mG;PF4Cre+; 

ZETT Breeding 
Analysis 

2.1.2 Ethic vote 

The collection of human blood, as well as the experiments, were reviewed and approved 

by the Ethics Committee of Heinrich Heine University. Volunteers gave informed consent 

(patient consent) prior to their participation in the study: Permission/Study Number 2018-

140-KFogU. 

2.1.3 Antibodies  

Table 2: Antibodies for flow cytometry. 

Antibody Clone Cat. number Company 
Human GPVI-PE HY101 565241 BD BioSciences 
Mouse CD42b-APC Xia.G5 M040-3 Emfret analytics 
Mouse CD42b-PE Xia.G5 M040-2 Emfret analytics 
Mouse CD45-APC 30-F11 559864 BD BioSciences 
Mouse GPVI-FITC JAQ1 M011-1 Emfret analytics 
Mouse Ly6g-APC 1A8 127614 BioLegend 

 

Table 3: Primary antibodies 

Antibody Term Cat. number Company 
Anti-NeuN antibody - Neuronal 
Marker NeuN ab104225 abcam 

Goat Anti-Mouse IgG Antibody 
(H+L), Biotinylated, 1.5 mg IgG VEC-BA-9200 Biozol 

IBA1 Recombinant Rabbit 
Monoclonal Antibody (JM36-
62) 

IBA-1 
MA5-41239 Invitrogen by 

Thermo Fisher Sci-
entific 

Purified anti-β-Amyloid, 1-16 
Antibody 

Aβ 803001 Biolegend 

Purified Mouse IgG1 κ Isotype 
Control 

IgG-control 554121 BD Biosciences 

Purified Rat Anti-Mouse GPIbα 
(CD42b GPIb M42-0 Emfret 

Purified Rat Anti-Mouse Ly-6G Ly6G 551459 
 

BD Biosciences 

Purified Rat anti-mouse Plate-
let endothelial cell adhesion 
molecule (PECAM1) 

CD31 
 
550274 

 
BD Biosciences 
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Purified Rat IgG2a, κ Isotype 
Control IgG-control 553927 BD Biosciences 

Rabbit (DA1E) mAb IgG XP® 
Isotype Control IgG-control 3900s Cell Signaling 

Technology 
Recombinant Anti-Myeloperox-
idase antibody (human and 
mouse) 

MPO 
ab208670 abcam 

Recombinant rabbit anti-human 
GP9 antibody GPIX orb167288 biorbyt 

 
Recombinant Rabbit IgG, mon-
oclonal [EPR25A] - Isotype 
Control 

 
IgG -control 

ab172730 abcam 

Monoclonal mouse Anti-p-tyro-
sine clone 4G10 

4G10 05-321 Sigmaaldrich 

 

Table 4: Secondary antibodies 

Antibody Cat. number Company 
Alexa Fluor® 488 Goat anti-
mouse IgG (minimal x-reactivity) 
Antibody 

A11001 Invitrogen by Thermo 
Fisher Scientific 

Goat anti-Rabbit IgG (H+L) 
Highly Cross-Adsorbed Second-
ary Antibody, Alexa Fluor™ Plus 
647 

A32733 Invitrogen by Thermo 
Fisher Scientific 

Goat anti-Rabbit IgG (H+L) 
Cross-Adsorbed Secondary An-
tibody, Alexa Fluor™ 555 

A-21428 Invitrogen by Thermo 
Fisher Scientific 

Goat anti-Rabbit IgG (H+L) 
Cross-Adsorbed Secondary An-
tibody, Alexa Fluor™ 488 

A-11008 Invitrogen by Thermo 
Fisher Scientific 

eBioscience™ Streptavidin 
eFluor™ 660 Conjugate 

50-4317-80 Invitrogen by Thermo 
Fisher Scientific 

Goat anti-Mouse IgG (H+L) 
Highly Cross-Adsorbed Second-
ary Antibody, Alexa Fluor™ Plus 
660 

A21055 Invitrogen by Thermo 
Fisher Scientific 

Goat anti-Rat IgG (H+L) Highly 
Cross-Adsorbed Secondary An-
tibody, Alexa Fluor™ Plus 647 

A21247 Invitrogen by Thermo 
Fisher Scientific 

Anti-rabbit IgG, HRP-linked Anti-
body 

7074 Cell signaling 

Anti-mouse IgG, HRP-linked An-
tibody 

7076 Cell signaling 

2.1.4 Enzyme-linked immunosorbent assays kits 

Table 5: Enzyme-linked immunosorbent assays kits. 

Kit Catalog No. Company 
 
Mouse TGF-β Duo Set ELISA 
 

DY1679-05 R&D Systems 
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Mouse Soluble Glycoprotein VI 
(SGPVI) ELISA Kit 
 

 
MBS109240 

 
MyBioSource 
 

 
Mouse fibrinogen  ELISA Kit 
 

 
MBS721901C 

 
MyBioSource 
 

Mouse Neutrophil Elastade 
(ELA2) 

 
MELA20 
 

 
R&D Systems 

human Neutrophil Elastease 
(ELA2) 

 
DY9167-05 

 
R&D Systems 

Human Soluble Glycoprotein VI, 
SGPVI ELISA Kit 
 

 
MBS9390142 

 
MyBioSource 
 

 

2.1.5 General devices 

Table 6: General devices and equipment  

Equipment Model Company 

Benchtop, pH-Meter WTW pH526 Xylem Inc. 

Bench scale AE166 Mettler -Toledo 

Bench scale Practum® Sartorius 

Bench scale Secura® Sartorius 

Centrifuge, cooling 5424-R Eppendorf 

Centrifuge, mini D-6020 neoLab 

Centrifuge, tabletop 5415-C Eppendorf 

Centrifuge, tabletop 2-16 Sigma-Aldrich 

Cell culture bottle (250 mL) 658175 Greiner Bio-One™ 

Laminar flow hood BSB 3A Gelaire Flow Laboratories 

Magnetic stirrer RET basic IKA laboratory technology 

Micropipettes Research plus Starlab & Eppendorf 

Microwave NN-E201WM Panasonic 

Multichannel pipette Peqpette Peqlab 

Multipipette Multipette® plus Eppendorf 

Parafilm PM-996 Bemis® 

Pipettor Pipetboy acu Integra Biosciences 

Roll mixer RM5 CAR 

Thermo shaker TS-100C Biosan 

Vortexer 444-0994 VWR 

Waterbath 1000W GFL 1052 GFL 
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Chemiluminescence imager Fusion-FX6-EDGE 
V.070 Vilber Lourmat 

Double gel system PerfectBlue™ Peqlab 
Filter paper  Whatman 

Horizontal agarose gel PerfectBlue™ Wide 
Format Gel System Peqlab 

Microscope, inverse Axio Observer D1 Zeiss 
Microscope- color camera Axiocam 503 color Zeiss 
Microscope Axioskop Zeiss 
Microscope- color camera Axiocam 105 color Zeiss 

Nitrocellulose membrane  GE Healthcare 
Semi-Dry blotsystem PerfectBlue™ Peqlab 
Universal power supply PowerPac™ BioRad Laboratories 
Flow cytometer FACS Calibur BD BioSciences 
Hematology analyzer KX-21N Sysmex 
Mikrotiter plate reader GloMax® Multi+ Promega 

 

2.1.6 Chemicals and buffers 

Table 7: Chemicals 

Chemical Company 
4′,6-diamidino-2-phenylindole (DAPI) Roche 
Acetic acid (CH3COOH) Sigma-Aldrich 
Acrylamide Carl ROTH GmbH 
Adenosine diphosphate (ADP) Sigma-Aldrich 
Ammonium persulfate (APS 10%) Sigma-Aldrich 
Apyrase Sigma-Aldrich 
Bovine serum albumin Sigma-Aldrich 
Calcium chloride (CaCl) Sigma-Aldrich 
Citric acid (C6H8O7) Sigma-Aldrich 
Convulxin (Cvx) Santa Cruz Biotechnology 
Collagen (Horm) Takeda 
Collagen related peptide (CRP) University of Cambridge, UK 
Dithiothreitol (DTT) Sigma-Aldrich 
DMEM (High glucose # 41965062) Life Technologies  
DNaseI recombinant RNAse - free Roche 
EDTA (ethylenediaminetetraacetate) Sigma-Aldrich 
Ethanol 100% (EtOH) Merck Millipore 
Fetal calf serum (FCS) Life technologies 
Glucose Carl ROTH GmbH 
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Glycine Carl ROTH GmbH 
Goat serum Bio & Sell 
Heparin-Natrium-25000 Braun 
IGEPAL® CA-630 Sigma-Aldrich 
Isoflurane Piramal critical care 
L-glutamine Life technologies 
Magnesium chloride (MgCl) Carl ROTH GmbH 
Ethanol 100% (EtOH) Merck Millipore 
Mounting medium #S3023 Dako 
Paraformaldehyde 4% Carl ROTH GmbH 
Penicillin/Streptomycin Life technologies 
Phosphate buffered saline (PBS) Sigma-Aldrich 
Ponceau S solution Sigma-Aldrich 
Potassium perrmanganate (KMnO4) Merck Millipore 
Powdered skim milk Frema Reform 
Phorbol myristate acetate (PMA) Merck Millipore 
Precision Plus Protein Dual Color Standards BioRad Laboratories 
Prostaglandin Merck Millipore 
Proteinase-inhibitor (cOmplete Tablets Mini Easy-
pack) Roche 

Protein blocking solution #X0909 Dako 
Sodium chloride (NaCl) Sigma-Aldrich 
Sodium orthovanadate (Na3VO4) Sigma-Aldrich 
Sodium nitroprussid (SNP) Merck Millipore 
Sodium phosphate dibasic (Na2HPO4) Carl ROTH GmbH 
Sodium dihydrogenphosphate(NaH2PO4) Carl ROTH GmbH 
Sodium acid (NaN3) Carl ROTH GmbH 
Sodium hydrogencarbonate (NaHCO3) Merck Millipore 
Tetramethylethylenediamine (TEMED) Carl ROTH GmbH 
Thrombin 20U Roche 
Tumor necrosis factor (TNF-α) Peprotech 
Trisodium citrate Carl ROTH GmbH 
TritonTM X-100 Sigma-Aldrich 
Trizma®-base Sigma-Aldrich 
Trizma®-HCl Sigma-Aldrich 
Trypsin-EDTA  Life technologies 
Tween20 Merck Millipore 
0.9% NaCl solution  Fresenius Kabi 

 

Table 8: Buffer and solutions 

Buffer/Solution Recipe 

Blot buffer A 

36.3 g Trizma-base 
200 mL MeOH 
800 mL ddH2O 
pH 10.4 



2 Material and methods 27 
 

Blot buffer B 

3.03 g Trizma-Base 
200 mL MeOH 
800 mL ddH2O 
pH 10.4 

Blot buffer C 
5.2 g ε-aminocaproic acid 
200 mL MeOH 
800 mL ddH2O 

Heparin-solution (20 U/mL) 40 µL heparin natrium 5000 I.E 
10 ml PBS 

Human Tyrode's buffer 
 

137 mM NaCl 
12 mM NaHCO3 
2.8 mM KCl 
0.4 mM NaH2PO4 
5.5 mM glucose 
pH 7.4 

Laemmli (6x) 

0.93 g DTT 
1 g SDS 
7 mL 4x stacking gel buffer 
3 mL glycerine 
0.02% bromphenol blue 

Lysis buffer (human) 
(5x stock solution) 

145 mM NaCl, 
20 mM Tris-HCl, 
5 mM EDTA, 
0.5% sodium deoxycholat, 
1% TritonTM X-100 
1x Proteaseinhibitor cOmplete plus 
Roche 

Lysis buffer (murine) 
(5x stock solution) 

5 x IP-Puffer (2mL) 
5% IGPAL 
5 mM Na3VO4 

1x Proteaseinhibitor cOmplete plus 
Roche 

Murine Tyrode’s buffer 
 

134 mM NaCl 
12 mM NaHCO3 
2.9 mM KCl 
0.34 mM Na2HPO4 
20 mM HEPES 
10 mM MgCl2 
5 mM glucose 
0.2 mM CaCl2 
pH 7.35 

SDS-PAGE running gel buffer 
(4x stock solution) 

91 g Trizma-Base 
400 mL dH2O 
pH 8.8 
ad 500 mL ddH2O 

SDS-PAGE stacking gel buffer 
(4x stock solution) 

6.05 g Trizma-base 
80 mL dH2O 
pH 6.8 
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ad 100 mL ddH2O 
0.4 g SDS 

SDS-PAGE-running buffer 
(5x stock solution) 

15.1 g Trizma-base 
72 g glycine 
5 g SDS 
ad 1 L ddH2O 
pH 8.3 

TBS-T 
100 mL 5x TBS-Puffer 
500 µL Tween 
400 mL ddH2O 

Tris buffered saline 
(TBS, 5x stock solution) 

15.8 g Trizma-HCl 
45 g NaCl 
ad 1 L ddH2O 
pH 7.6 

2.1.7 Software 

Table 9: Software 

Software Company 

Microsoft Office 360  Microsoft Corporation 
FlowJo Single Cell Analysis v10 FlowJo LLC 
ViiA™ 7 Software Thermo Fisher Scientific 
ZEN 2012 (blue) Zeiss 
Biorender  BioRender.com 
QuPath 0.4.1 i Open Software for Bioimage Analysis 
Graph Pad Prism 8.0.2 GraphPad Software 
Endnote X8 Clarivate 

2.2. Methods  

2.2.1 Cell biological methods 

2.2.1.1 Murine platelet lysate and releasates preparation 
For Lysates platelets (50×106 cells) from whole blood taken from WT or GP6-/- mice were 

isolated as described by Donner; Toska et al. 2020 [3.1; 168] and stimulated with CRP 

[5 µg/mL] or Aβ40 [20 µM] in Tyrode’s buffer (Table 8) for 30 or 120 s at 37 °C and 250 

rpm respectively. Platelet activation was stopped by addition of the lysis buffer. Lysis 

was performed on ice for 30 min. Subsequently, the cell lysates were centrifuged at 

10,000x g for 10 minutes at 4°C and the supernatant was collected. For Western blot 

analyses Laemmli buffer (Table 8) was added.  
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For releasates platelets (30×106 cells) from whole blood taken from WT or GP6-/- mice 

were isolated as described by Donner; Toska et al. 2020 [3.1; 168] and stimulated with 

CRP [5 µg/mL], Aβ40 [10 µM], Aβ16 [10 µM] and Thrombin  [0.1 U/ml] in Tyrode’s buffer 

(Table 8) for 10 min at 37 °C and 250 rpm respectively. Platelet activation was stopped 

by centrifugation at 2800x g, and the supernatant was collected. The supernatant was 

centrifuged at 13,000x g and stored at -80 °C until analysis by ELISA. 

2.2.1.2 Murine neutrophil preparation 
Neutrophils were isolated from mouse bone marrow cells. WT mice were sacrificed by 

cervical dislocation and muscles from the femur and tibia were removed. The bones were 

placed in a Petri dish containing ice-cold RPMI 1640 1X supplemented with 10% Fetal 

Bovine Serum (FBS) and 1% Penicillin/streptomycin. The following steps were per-

formed under sterile conditions in a cell culture hood. The epiphyses were cut off from 

the bones and the bone marrow was flush onto a 50 ml screw top Falcon tube fitted with 

a 100 μm filter using a 25-gauge needle and a 12 cc syringe filled with RPMI 1640 1X  

(supplemented with 10% FBS and 2 mM EDTA). The cell suspension was centrifuged at 

200 x g for 7 min at 4 °C. The red blood cells were lysed by resuspending the cell pellet 

in 20 ml of 0.2% NaCl for approximately 20 sec followed by addition of 20 ml of 1.6% 

NaCl. The cell suspension was centrifuged at 200 x g for 7 min at 4 °C to collect the 

remaining cells. Cells were washed with RPMI 1640 1X supplemented with 10% FBS 

and 2 mM EDTA at 200 x g for 7 min at 4 °C. Afterwards bone marrow cells were resus-

pended in 1 ml of ice-cold sterile PBS. For Density Gradient Centrifugation 3 ml of His-

topaque 1119 (density, 1.119 g/ml) was added in a 15-ml conical tube and overlaid with 

3 ml of Histopaque 1077 (density, 1.077 g/ml). Afterwards the bone marrow cell suspen-

sion was added on the top of the Histopaque 1077. For neutrophil isolation the gradient 

solution was centrifuged for 30 min at 450 x g at 25 °C without brake. The neutrophils 

were collected at the interface of the Histopaque 1119 and Histopaque 1077 layers. Two 

wash steps with RPMI 1640 1X supplemented with 1% Penicillin/streptomycin were per-

formed and the cell count was determined by a hematology analyzer (Sysmex - KX21N, 

Norderstedt, Germany).  

2.2.1.3 Human neutrophil preparation 
Fresh EDTA-anticoagulated blood was obtained from healthy volunteers (Ages from 18-

50 years). Participants provided their written informed consent to participate in this study 

according to the Ethic Committee and the Declaration of Helsinki (study number 2018-

140-KFogU). In each case, 3 ml of the EDTA-anticoagulated blood was layered on 5 ml 

of Histopaque 1119 (density, 1.119 g/ml) and centrifuged at 800 g for 20 min at 25 °C 

without brake.  
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Granulocytes were collected from interphase, washed with phosphate-buffered saline 

(PBS), and centrifuged at 450 xg for 8 minutes. To lyse the remaining erythrocytes, 2 ml 

of ammonium chloride buffer was added to the tube and incubated for 8 minutes. The 

ammonium chloride buffer was washed out by replenishing with PBS and centrifuged at 

450 x g for 8 min. Another washing step with PBS followed. The pellet was resuspended 

in RPMI 1640 1X supplemented with 1% Penicillin/streptomycin. The cell count was de-

termined by a hematology analyzer (Sysmex - KX21N, Norderstedt, Germany).  

2.2.1.4 Co-culture of murine platelets and neutrophils  
Platelets (5×106 cells) from whole blood taken from WT or GP6-/- mice were isolated as 

described by Donner; Toska et al. 2020 [3.1. 168] and co-incubated with isolated WT 

neutrophils (180,000 cells) (2.2.1.1) in RPMI 1640 1X (10% FBS and 1% Penicillin/strep-

tomycin) for either 3 h or 16 h at 37 °C in a humidified atmosphere with 5% CO2. . For 

inhibition of integrin αIIbβ3 platelets were pre-incubated with the antibody Leo.H4 (3 µg 

per 1 Mio cells; Emfret; cat.number: M021-1) for 15-30 min at RT. Cells were seeded in 

a cell culture dish with a glass coverslip bottom. When indicated, platelets were activated 

with platelet agonist. Neutrophils without platelets stimulated with indicated agonists 

served as negative controls, TNFα [100 ng/mL] served as a positive control for neutrophil 

adhesion. After 3 h of incubation the non-adherent remaining cells in the cell culture dish 

were washed with PBS and the adherent cells were fixed with 4% PFA for 15 min at RT. 

Afterwards cells were stained with immunofluorescence (Method 2.2.3.1) and adherent 

neutrophils were counted using quantitative pathology (DAPI positive cells) and bi-

oimage analysis program QuPath (developed at the University of Edinburgh). 

For analysis of NET formation, the supernatants of the 16-hour co-culture were trans-

ferred to reaction tubes. The non-adherent remaining cells in the cell culture dish were 

washed with PBS. Supernatants were centrifuged at 10000x g for 10 minutes and as-

sayed for neutrophil elastase by ELISA (2.2.2.1). The adherent cells were fixed with 4% 

PFA for 15 min at RT. Afterwards cells were stained with immunofluorescence. NETs 

were visualized by MPO and DAPI staining. NET formation was quantified microscopi-

cally by calculating the percentage of NET formation (extracellular DNA) relative to the 

total number of neutrophils per field of view. 

To analyze the amyloid-β aggregate formation in co-culture, the supernatants of the 16-

hour co-culture were transferred to reaction tubes. Remaining soluble Aβ was analyzed 

via SDS-PAGE and Western blotting described in method 2.2.2.3. The remaining cells 

in cell culture dish were washed with PBS and fixed with 4% PFA for 15 min at RT. 

Afterwards cells were stained with immunofluorescence against Amyloid-β and GPIb.  
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2.2.1.5 Co-culture of human platelets and neutrophils  
Platelets from whole blood taken from healthy volunteers were isolated as described by 

Donner; Toska et al. 2020 [168]. 2.5×106 platelets were co-incubated with 60,000 Neu-

trophils (2.2.1.2) in RPMI 1640 1X medium in a cell culture dish with a glass coverslip 

bottom. The incubation time was 3 h at 37 °C in a humidified atmosphere with 5% CO2. 

When indicated, platelets were activated with platelet agonist. Neutrophils without plate-

lets stimulated with indicated agonists served as negative controls, phorbol myristate 

acetate (PMA) [100 nM] served as a positive control. After co-incubation the remaining 

cells in cell culture dish were washed with PBS and fixed with 4% PFA for 15 min at RT. 

Afterwards cells were stained with Immunofluorescence against MPO, DAPI and GPIX. 

Adherent neutrophils were counted using quantitative Pathology (DAPI positive) and bi-

oimage analysis program QuPath (developed at the University of Edinburgh). 

For analysis of NET formation, the supernatants were transferred to new reaction tubes 

after 3 hours of co-incubation and centrifuged at 10000x g for 10 minutes. Subsequently, 

the supernatants were analyzed for neutrophil elastase by ELISA (2.2.2.1). The adherent 

cells were fixed with 4% PFA for 15 min at RT. Afterwards cells were stained with immu-

nofluorescence. NETs were visualized by MPO and DAPI staining. NET formation was 

quantified microscopically by calculating the percentage of NET formation (extracellular 

DNA) relative to the total number of neutrophils per field of view. 

2.2.1.6 Flow cytometry 
Measurements of the GPVI surface expression in human or murine whole blood were 

performed using a FACSCalibur flow cytometer (BD Biosciences). Data was analyzed 

using CELLQuest Analysis v10 Software (BD Biosciences). Platelets were gated by SSC 

vs FSC, the gate was previously established using a platelets specific antibodies for 

GPIb. Human whole blood was diluted 1:10 in Tyrode’s buffer. Heparinized murine blood 

was washed three times with 500 µL Tyrode’s buffer at 650 x g and washed samples 

were diluted in Tyrode´s buffer supplemented with 1 mM CaCl2. Human and murine sam-

ples were incubated for 15 min or 1 h with the indicated agonist and labeled with a spe-

cific fluorophore-conjugated GPVI antibody in a ratio of 1:10 and with for 15 min at 37 

°C. Reaction was stopped using 400 µL PBS and samples were analyzed.  

To measure platelet-neutrophil aggregates murine whole blood were washed three times 

with 500 µL Tyrode’s buffer at 650 x g and resuspended in 100 µl Tyrode´s buffer sup-

plemented with 1 mM CaCl2. Washed whole blood was then stimulated with indicated 

agonist or kept under resting conditions.  
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Platelets were labeled with fluorophore-conjugated antibodies for CD42b (Table 2; ratio 

1:10) and neutrophils were labeled with fluorophore-conjugated antibodies for Ly6g-APC 

(Table 2 ratio 1:30). After 15 minutes of incubation, the reaction was stopped with 400 µl 

of PBS. Samples were measured and the percentage of GPIb/Ly6G-positive cells was 

analyzed. Measurements were performed using a BD FACSCalibur flow cytometer. Data 

was analyzed using CELLQuest Analysis v10 Software (BD Biosciences). 

To analyze the auto fluorescent of the different blood cell types washed whole blood was 

incubated with APC-labeled rat anti-mouse (CD45 BD, Heidelberg, Germany, final con-

centration 20 µg/mL) or APC-labeled rat anti-mouse CD42b (GPIb-APC; ratio 1:10) and 

a Fc Block antibody (BD Biosciences, ratio1:200). Auto fluorescent was analyzed using 

the PE and the GFP channel. Platelets were gated by SSC vs FSC, the gate was previ-

ously established using a platelets specific antibodies for CD42b. Measurements were 

performed using a BD FACSymphony™ A1 Cell Analyzer. For analyzing and processing 

of the flow cytometry data, FlowJO Single Cell Analysis v10 Software was used (BD 

Biosciences). 

2.2.2 Protein biochemical methods 

2.2.2.1 Plasma preparation for Enzyme-linked immunosorbent assays 
Mouse whole blood of APP23 and WT mice were collected in an EDTA anticoagulant-

treated tube by retrobulbar venous plexus puncture under Isoflurane anesthesia. After 

blood collection, samples were centrifuged for 10 min at 850 x g at 4 °C to sediment all 

cellular blood components. Plasma was then transferred to new reaction tubes and 

stored at -80 °C for further analysis. 

2.2.2.2 Enzyme-linked immunosorbent assays (ELISA) 
To measure soluble substances for example cytokines in mouse plasma (Method 

2.2.2.1), cell culture supernatants (Method 2.2.1.3) and platelet releasates (described in 

Donner; Toska et al. 2020 [168]) the different ELISA kits (Table 5) were used according 

to the manufacturer's instructions. Prior to ELISA analysis, cell culture supernatants and 

platelet releasates were centrifuged at 10000 x g for 5 minutes, and the supernatant was 

transferred to a new reaction tube. The ELISA uses monoclonal antibodies immobilized 

to a special well plate directed against distinct epitopes of the protein. The protein antigen 

of the sample specifically binds to the immobilized primary antibody. A second biotin-

coupled antibody specifically binds to the antigen of the sample forming an antibody-

antigen-antibody complex (= sandwich). By adding a streptavidin-coupled horseradish-

peroxidase (HRP) substrate an enzymatic color reaction occurs.  
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The reaction was stopped by adding 2N sulfuric acid (H2S04).  The concentration was 

determined photometrically with a GloMax microplate reader (Promega) at 450 nm.  

2.2.2.3 SDS-PAGE and semi-dry Western blotting 
To analyze protein abundance in cell culture supernatants or platelet lysates the SDS-

PAGE and Western blotting was used. SDS-PAGE is a method to separate molecules 

due to their molecular weight in an electric field. The separation takes place in a poly-

acrylamide gel. The gel consists of a stacking and a separating part (Table 8). The SDS 

binds to the hydrophobic residues of the proteins whereby the proteins receive a negative 

charge proportionally to their sizes. In an electric field the small proteins move faster 

through the pores of the poly-acrylamide gel than the bigger ones. Laemmli sample 

buffer with SDS and dithiothreitol (DTT; Table 7) was added to the cell culture superna-

tants or lysates for protein linearization. For denaturation the samples were boiled for 5 

min at 95°C before being loaded onto the SDS gel. Protein samples were separated by 

electrophoresis for 2 h at 25 mA per gel using running gel buffer (Table 8).  

The semi-dry Western blot is a transfer system that allows transfer of proteins from gels 

to nitrocellulose membranes. Therefore, Whatman filter papers, gels and nitrocellulose 

membranes were equilibrated and the blotting chamber was constructed as follows: 

Cathode: six Whatman filter papers in buffer C, nitrocellulose membrane in buffer B, 

polyacrylamide gel and six Whatman filter papers in buffer A, anode. Transfer was per-

formed in semi-dry transfer buffer for 1 h at 75 mA per gel. After transfer, the membrane 

was blocked with 5 % skimmed milk powder (SMP) or 5 % BSA dissolved in TBS-Tween 

(Table 7), in order to reduce Non-specific bindings. Target proteins (Aβ; pTyrosine or β-

actin) were coupled to epitope-specific primary antibodies and subsequently with IgG-

binding peroxidase-coupled secondary antibodies (Table 4). Unbound antibodies were 

removed by recurring washing steps with TBS-Tween buffer. For detection, Western 

Lightning ECL Pro Kit or ECL Ultra Kit (Perkin Elmer; Waltham, USA) was used. The 

signal results from the secondary antibody coupled with peroxidase, which oxidates the 

ECL substrate. Quantification of the bands intensity were performed (Optical density, 

OD) using the Bio 1d FUSION-FX7 software (Version 18.02; Vilber Lourmat). For plate-

lets lysates relative protein amounts were normalized loading controls (β-actin) of each 

gel. 
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2.2.3 Immunofluorescence staining  

2.2.3.1 Immunofluorescence (IF) staining from cell culture 
Cell culture slides were washed with PBS to remove non-adherent cells. Cells were fixed 

by adding 4 % PFA for 15 min at RT. For staining the cell culture slides were washed 

twice with PBS. Slides were blocked and permeabilized with 5% protein blocking solution 

(#X0909, Dako) and 0.3% Triton X100 (Sigma) for 1 hour at RT. Target proteins (MPO, 

GPIb, GPIX, Aβ or Ly6G) were coupled to epitope-specific primary antibodies and cor-

responding IgG controls (Table 3 and 6) and subsequently incubated with the corre-

sponding fluorophore (Alexa488; Alexa555; Alexa647 or Alexa660)-coupled secondary 

antibodies (Table 4) in 1% blocking solution. Nuclei were stained with 4′, 6-Diamidino-2-

phenylindole dihydrochloride (DAPI, #10236276001, Sigmaaldrich, 1:3000). Pictures 

were taken with the microscope AX10 Observer.D1 HAL100 (Zeiss; 200 x magnification 

for quantification and 1000 x magnification for representative zoom pictures) and adher-

ent neutrophils were counted using quantitative Pathology (DAPI positive cells) and the 

bioimage analysis program QuPath (developed at the University of Edinburgh). 

2.2.3.2 Blood smear 
Whole blood from mice was collected in an EDTA anticoagulant-treated tube by puncture 

of the retrobulbar arterial venous plexus under isoflurane anesthesia. A drop of blood 

was placed on a slide. A spreader slide was used to disperse the blood as a monolayer. 

Blood fixation was performed with methanol for 10 minutes. Nuclei were stained with 

4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, #10236276001, Roche, 1:3000). 

Slides were carefully rinsed with PBS before embedding the tissue sections with mount-

ing medium (#S3023, Dako) and stored at 4°C in the dark before further use. Images 

were taken with the inverted phase contrast fluorescence microscope Zeiss AxioOb-

server.D1 (400 x magnification, Carl Zeiss, Oberkochem, Germany). 

 

2.2.3.3 Immunofluorescence staining from mouse brain 
All mice were sacrificed after anesthesia with ketamine [100 mg/kg] and xylazine [10 

mg/kg] by opened the thorax and an incision was made in the right atrium followed by 

directly purging of 4 ml cold NaCl solution and afterwards 4 ml of cold 4 % PFA solution 

through the left ventricle of the heart. Brain were directly dissected and stored in 4 % 

PFA overnight. The next day the brain was stored in 30 % sucrose for two days. Brains 

were frozen by adding -40° cold isopentane. For longtime store the tissues were stored 

at -80°. In brains of APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice endothelial 

cells, neuronal nuclei, immunoglobulins or amyloid-β were visualized using IF(Table 10 
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and 6). The frozen brains were cut in 14 µm large sections using a Cryostat-microtom 

(Leica CM1950; Leica Biosystems). The tissue sections were transferred onto a 37 °C 

heating plate for drying. For staining the sections were fixed with ice cold acetone for 10 

min and afterwards washed with PBS. Sections were blocked and permeabilized with 

5% protein blocking solution (#X0909, Dako) and 0.3% Triton X100 (Sigma) for 1-2 hours 

at RT, then washed three times with PBS. Target proteins were coupled to epitope-spe-

cific primary antibodies and corresponding IgG controls and subsequently incubated with 

IgG-binding fluorophore (Alexa660 or Alexa647)-coupled secondary antibodies in 1% 

blocking solution. All secondary antibodies were provided from ThermoFischer (Table 

4). Unbound antibodies were removed by recurring washing steps with PBS. Nuclei were 

stained with 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, #10236276001, Sig-

maaldrich, 1:3000). Slides were carefully rinsed with PBS before embedding the tissue 

sections with mounting medium (#S3023, Dako) and stored at 4°C in the dark before 

further use. Immunofluorescence images were acquired with the Zeiss LSM780 confocal 

microscope system or the Zeiss AxioObserv-er.D1 inverted phase-contrast fluorescence 

microscope (Carl Zeiss, Oberkochem, Germany). 

Table 10: Antibodies and conditions used for immunofluorescence staining. 

Protein Name Supplier Dilution/ 
time 

Secondary anti-
body/ dilution/ time 

platelet endothelial 
cell adhesion mole-
cule (PECAM1) 

 
CD31 

 
BD  
Biosciences 

 
1:75  
2 hours at RT  

Goat anti-Rat IgG 
Alexa Fluor 647 
1:100 
1 hour at RT 

 
Purified anti-β-Am-
yloid (6E10) 

 
Aβ 

 
Biolegend 

 
1:200 
o/n at 4 °C 

Goat anti-Mouse IgG 
Alexa Fluor™ 660 
1:250 
1 hour at RT 

 
Neuronal nuclear 
protein 

 
NeuN 

 
Abcam 

 
1:1000 
o/n at 4 °C 
 

Goat anti-Rat IgG 
Alexa Fluor 647 
1:250 
1 hour at RT 

Lymphocyte anti-
gen 6 complex, lo-
cus (1A8) 

 
Ly6G 

 
BioLegend 

 
1:75 
o/n at 4 °C 
 

Goat anti-Rat IgG 
Alexa Fluor 647 
1:250 
1 hour at RT 

 
Anti-Myeloperoxi-
dase 

 
MPO 

 
Abcam 

 
1:100 
o/n at 4 °C 
 

Goat anti-Rabbit IgG 
Alexa Fluor 488 
1:250 
1 hour at RT 

 
Platelet Glycopro-
tein Ib (CD42b) 

 
GPIb 

 
Emfret 

  
1:50  
o/n at 4 °C 

Goat anti-Rat IgG 
Alexa Fluor 555 
1:250 1 hour at RT 

 
Platelet Glycopro-
tein 9  

 
GPIX 
 

 
biorbyt 
 

 
1:50  
o/n at 4 °C 
 

Goat anti-Rabbit IgG 
Alexa Fluor 555 
1:250 
1 hour at RT 
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Goat Anti-Mouse 
IgG Antibody 
(H+L), Biotinylated 

 
IgG 

 
Vector 

 
1:150 
o/n at 4 °C 
 

Streptavidin-660  
1:50 
1 hour at RT 

 
Ionized calcium-
binding adapter 
molecule 1 

 
IBA1 

 
Invitrogen 

 
1:100 
o/n at 4 °C 
 

Goat anti-Rabbit IgG 
Alexa Fluor 647 
1:250 
1 hour at RT 

 
Rat IgG2bK iso-
type control  

 
CD31- 
IgG 

 
BD  
Biosciences 

 
1:75  
2 hours at RT  

Goat anti-Rat IgG 
Alexa Fluor 647 
1:100 
1 hour at RT 

 
Mouse IgG1, κ iso-
type control 

 
Aβ-
IgG 

 
Biolegend 

 
1:200 
o/n 4 ° 

Goat anti-Mouse IgG 
Alexa Fluor™ 660 
1:250 
1 hour at RT 

 
Rat IgG2a isotype 
control 

 
NeuN- 
IgG 

 
Abcam 

 
1:1000 
o/n 4 

Goat anti-Rat IgG 
Alexa Fluor 647 
1:250 
1 hour at RT 

 
Rat IgG1 isotype 
control 
 

 
GPIb-
IgG 

 
Emfret 

  
1:50  
o/n at 4 °C 
 

Goat anti-Rat IgG 
Alexa Fluor 555 
1:250 
1 hour at RT 

 
Rabbit IgG1 iso-
type control 
 

 
MPO-
IgG 

 
Abcam 

 
1:100 
o/n at 4 °C 
 

Goat anti-Rabbit IgG 
Alexa Fluor 488 
1:250 
1 hour at RT 

 

2.2.3.4 Quantification of Immunofluorescence  
For Quantification of the genetically expressed GFP signal of the mT/mG; PF4-Cre pos-

itive mice the MFI value was measured in similar regions of the brain with the same 

exposure time. 100 x magnification was used for quantification and the fluorescence of 

platelets using a 488 nm laser was evaluated. For the immunoglobulin G the Cy5 signal 

using a 640 nm laser was measured in similar regions of the brain with the same expo-

sure time. The microscope AX10 Observer.D1 HAL100 (Zeiss) was used and the evalu-

ation was carried out via the program Zen2.6 lite blue.   

2.2.4 Software 

BIO-1D 15.08b, GraphPadPrims 8, Zen Software, Biorender.com, QuPath (which was 

developed at the University of Edinburgh), and Microsoft Office 365 were used to analyze 

and graph the data in this paper and to create the figures.  
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The following section 3.1. contains supplementary results that are not published in the 

manuscript: The collagen receptor glycoprotein VI promotes platelet-mediated aggrega-

tion of amyloid-β (section 3.1). 

3.1.1 Murine phosphorylation of tyrosine residues by GPVI in response to 
Aβ40 stimulation 

Binding of collagen or collagen–related peptide (CRP) to GPVI leads to intracellular 

downstream signaling, including the phosphorylation of tyrosine residues and conse-

quent activation or inhibition of adaptor proteins (section 1.2.3). Thus tyrosine phosphor-

ylation plays a key role in cellular signal transduction following ligation of GPVI. In addi-

tion to the analysis of total tyrosine phosphorylation (4G10) upon Aβ40 stimulation in 

human platelets [168], tyrosine phosphorylation was examined in mouse platelets (Fig. 

6). In order to clarify whether mouse platelets exhibit intracellular GPVI-dependent sig-

naling pathways in response to Aβ40 stimulation as observed in human platelets, West-

ern blot analyses were performed with platelets from WT- and Gp6-/- mice.   

resting 30 s 120 s 30 s 120 s
0

2

4

6

8

10

4G
10

 /
 

Ac
tin

[re
la

tiv
e 

to
 W

T 
re

st
in

g 
co

nt
ro

l]

WT Gp6-/-

✱✱✱
✱✱✱

✱ ✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

CRP
[5 µg/ml]

A40
[20 µM]

A B

re
st

in
g

C
R

P 
30

 s
ec

C
R

P 
12

0 
se

c

re
st

in
g

C
R

P 
30

 s
ec

C
R

P 
12

0 
se

c

A
40

 1
20

 s
ec

A
40

 3
0 

se
c

A
40

 1
20

 s
ec

A
40

 3
0 

se
c

WT Gp6-/-

kDA

150

100

75

50
37

42  Actin

4G10

 
Figure 6: Aβ40 stimulates tyrosine phosphorylation in murine platelets in a GPVI-dependent manner. 
(A) Representative image and (B) quantification of tyrosine phosphorylation (4G10) via Western blot analysis 
of isolated platelets from WT and Gp6-/- mice activated with 20 µM Aβ40 or 5 µg/ml collagen-related peptide 
(CRP) for 30 s and 120 s, respectively (n=4). Protein abundance was normalized to WT resting and β-actin. 
β-actin served as a loading control. Statistical analyses were performed using a two-way ANOVA followed 
by a Sidak's multiple comparisons post-hoc test. Bar graphs indicate mean values ± SEM, *p < 0.05; **p < 
0.005; +**p < 0.001. kDA = kilo Dalton, WT = Wild-type. 

Representative image and quantitative analysis revealed an increase in total tyrosine 

phosphorylation in WT platelets upon CRP (p<0.0001) as well as Aβ40 (30 sec: 

p=0.0005 and 120 sec: p=0.0007) stimulation compared to their respective resting 

control. Comparison of genotypes shows a significant reduction in tyrosine 

phosphorylation in GPVI–deficient platelets after CRP or Aβ40 stimulation compared to 
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WT mice at each time point (Fig. 6 A+B; CRP: 30 sec and 120 sec p<0.0001; Aβ40: 30 

sec p=0.0210 and 120 sec p= 0.0042).   

3.1.2 GPVI externalization and shedding upon Aβ40 stimulation in human 
und murine platelets 

In resting state, human GPVI is localized not only at the surface of the plasma membrane 

but also in membranes of the α-granules and the surface-associated open canalicular 

system (OCS) of platelets. After activation with GPVI-specific ligands, e.g. CRP, GPVI 

can be redistributed to the surface membrane during platelet activation [169]. In addition, 

previous studies have shown that ligand binding to GPVI can lead to metalloproteinase-

mediated cleavage of the GPVI ectodomain (GPVI shedding), resulting in the formation 

of soluble GPVI (sGPVI) in humans and mice [170]. The results in our previous publica-

tion (Donner; Toska et al., Sci Signal 2020, 3.1 [168]) showed that Aβ40 can bind to 

GPVI on the surface of platelets and trigger platelet activation and aggregation. Here, 

the aim was to address the question whether or not the activation of GPVI by Aβ40 leads 

to GPVI shedding or enhanced GPVI externalization at the platelet surface. The agonist 

convulxin (Cvx) and high doses of collagen are known to induce GPVI shedding and 

hence were used as positive controls for GPVI shedding in this study. 

GPVI abundance on the platelet surface was measured by flow cytometry after 15 

minutes (min) or one hour (h) stimulation with the indicated agonists using whole blood 

from healthy volunteers or mice. In addition, sGPVI levels from the supernatant of iso-

lated platelets upon 1 h stimulation with specified agonists were analyzed by ELISA. The 

incubation with CRP (p<0.0001) or Aβ40 (5 µM p=0.0004 and 10 µM p<0.0001) induced 

a rapid increase in GPVI externalization in human platelets compared to resting condi-

tions (Fig. 7 A). After 1 h of incubation with 10 µM of Aβ40 (p=0.0228) an increased GPVI 

surface abundance was measured in comparison to resting conditions (Fig. 7 B). Inter-

estingly, stimulation of the protease-activated receptors (PARs) with thrombin leads to a 

slight increase in GPVI surface abundance after 15 min (p= 0.0329) and 1 h (p= 0.0293) 

of incubation. In contrast, the stimulation with Cvx showed a significant reduction of GPVI 

on the plasma membrane after 1 h (p=0.0008) of incubation (Fig. 7 B). The decreased 

GPVI surface expression is consistent with an increase in sGPVI in the supernatant of 

Cvx (p= 0.0292) stimulated isolated platelets. No increase in sGPVI was detectable upon 

CRP or Aβ40 incubation, suggesting that neither CRP nor Aβ40 are able to induce GPVI 

shedding in human platelets (Fig. 7 C). However, high collagen concentrations resulted 

in an increase in sGPVI (p= 0.0146), which is in line with the published literature [171]. 
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Interestingly, GPVI surface expression was not increased in all tested conditions in 

mouse platelets. Conversely, stimulation with CRP (15 min p=0.0011 and 1 h p<0.0001) 

or Cvx (15 min p=0.0106 and 1 h p<0.0001) resulted in decreased GPVI surface abun-

dance, indicating GPVI shedding (Fig. 7 D and E). Aβ40 showed no effect on GPVI sur-

face abundance in murine platelets. In addition, plasma from 15-month-old APP23 and 

WT mice was analyzed for sGPVI.  No differences were detected between the two gen-

otypes (Fig. 7 F). Overall, these results show that, although Aβ40 caused an increased 

externalization of GPVI at the surface but no GPVI shedding in human platelets in vitro, 

murine platelets do not change their GPVI surface abundance in response to Aβ40. 
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Figure 7: Aβ40 induces an increase in GPVI surface expression in human platelets. 
Human whole blood was analyzed by flow cytometry for GPVI surface expression (GPVI-PE) of platelets 
after stimulation with 5 µg/ml CRP, 5 and 10 µM Aβ40, 0.1 U/ml Thrombin and 1 µg/ml Cvx for 15 min (A) 
and 1 h (B; n=8). (C) Isolated human platelets were stimulated with the indicated agonists for 1 h, and the 
supernatant was used for soluble GPVI (sGPVI) by ELISA (n =4). (D and E) Washed whole blood from WT 
mice was analyzed by flow cytometry to assess GPVI surface expression (GPVI-FITC) after stimulation with 
5 µg/ml CRP, 5 and 10 µM Aβ40, 0.1 U/ml thrombin, and 1 µg/ml Cvx for 15 min (D) and 1 h (E), respectively 
(n=6-7). (F) Plasma sGPVI levels in 15-month-old WT and APP23 mice measured by ELISA (n=9). Statistical 
analyses were performed using an one-way ANOVA followed by a Dunett's post-hoc test (A-E). Bar graphs 
indicate mean values ± SEM, *p < 0.05; **p < 0.005; ***p < 0.001. MFI = mean fluorescence intensity, Cvx= 
Convulxin, CRP = Collagen-related peptide, min = minutes, h= hour, WT = Wildtype. 
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3.2. Impact of Aβ40 on platelet-mediated inflammation and 
neutrophil recruitment 

3.2.1 Analysis of cytokines and inflammatory markers in APP23 and Gp6-/- 

mice 

Many studies indicate that vascular inflammation contributes to neuro-inflammation and 

leads to neuropathological changes in AD (section 1.1.6). Platelets play a key role in 

vascular inflammation through the release of fibrinogen, cytokines, etc. and direct inter-

actions with inflammatory cells leading to the recruitment of neutrophils (section 1.2.4). 

In addition, GPVI on platelets has been shown to play a role in thrombo-inflammatory 

processes as observed in stroke. In this context, it has been previously described that 

the inhibition of GPVI interaction with collagen reduced neuronal damage after cerebral 

reperfusion in the middle cerebral artery occlusion (MCAO) model of experimental 

stroke, most likely due to reduced inflammatory responses [133]. 

In this study, plasma fibrinogen, plasma TGF-β1 as well as platelet-neutrophil aggre-

gates (PNAs) were measured in 15-month-old APP23 and age matched WT mice. The 

results of our previous publication (Donner; Toska et al., Sci Signal 2020, 3.1 [168]) 

showed that the stimulation of platelets with Aβ40 induces fibrinogen release in a GPVI 

dependent manner. However, the analysis of the fibrinogen plasma concentration be-

tween APP23 and WT mice revealed no differences (Fig. 8 A). In contrast to fibrinogen, 

TGF-β1 plasma levels were significantly increased in APP23 mice compared to WT mice 

(p=0.0006) (Fig. 8 B). Next, we investigated whether or not Aβ40 is able to induce the 

release of TGF-β1 in platelets via the GPVI receptor. For this purpose, isolated WT and 

GPVI deficient platelets were stimulated with Aβ40 and the releasates were analyzed for 

TGF-β1 levels via ELISA. CRP, as a common GPVI agonist, was used as a positive 

control. WT platelets showed a significant increase in TGF-β1 release after stimulation 

with CRP (p<0.0001) or Aβ40 (p=0.0141). In contrast, in GPVI-deficient platelets, stimu-

lation with CRP or Aβ40 did not result in a significant increase in TGF-β1 release. When 

Aβ16 was used as a negative control, no TGF-β1 release could be measured neither in 

GPVI-deficient nor in WT platelets. Thrombin, which induced TGF-β1 release in WT and 

GPVI-deficient platelets (p<0.0001), was used as a control to induce GPVI independent 

platelet activation via PAR3 and PAR4 receptors (Fig. 8 C). In addition, the concentration 

of TGF-β1 in whole platelet lysates from Gp6-/- and WT mice showed no alterations in 

total TGF-β1 concentration (Fig. 8 D).  



3. Results 59 
 

The recruitment of neutrophils to sites of inflammation and the formation of PNAs are 

fundamental mechanisms of inflammatory processes (section 1.2.4). In acute inflamma-

tion such as in response to infection, neutrophils are primarily useful for immunoregula-

tion. However, in chronic sterile inflammation, there is evidence that constant activation 

of neutrophils may contribute to tissue damage by releasing inflammatory cytokines or 

NET formation [172]. Furthermore, in 2015, Zenaro et al. demonstrated that neutrophils 

contribute to Alzheimer's disease pathology by causing vascular and neuronal inflamma-

tion [70]. In this study, Aβ40 was previously shown to trigger platelet activation (section 

3.1). Activated platelets are able to recruit neutrophils from the bloodstream, leading to 

neutrophil activation and migration [173]. To study the formation of PNAs upon Aβ40 in 

vitro, washed whole blood was analyzed by flow cytometry. In the resting state, no dif-

ferences in PNA levels were detected between WT and APP23 mice (Fig. 8 E) and WT 

and Gp6-/- mice (Fig. 8 F). Activation of platelets with CRP leads to an increase in PNA 

formation in all genotypes except Gp6-/- mice. Stimulation with Aβ40 significantly in-

creased PNA formation in all genotypes tested (p<0.0001) (Fig. 8 E and F).  

Taken together, these results indicate that TGF-β1 is released from platelets upon Aβ40 

stimulation in a GPVI-dependent manner. In addition, Aβ40 induces the formation of 

PNAs suggesting that platelet-mediated inflammation is triggered by Aβ40. 
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Figure 8: Measurements of an inflammatory cytokine and inflammatory cell recruitment in APP23; 
Gp6-/- and WT mice. 
(A and B) Analysis of plasma levels of fibrinogen (n=9) and TGF-β1 (n=5) in APP23 and WT mice at 15 
months of age via ELISA. (C) Analyses of TGF-β1 release from platelets in Gp6-/- and WT mice upon stim-
ulation with CRP, Aβ40, Aβ16 and thrombin (n=7-8). (D) Analyses of TGF-β1 in platelets lysates of Gp6-/- 
and WT mice. Flow cytometric analyses of platelet (GPIb-PE)-neutrophil (Ly6G-APC) aggregate formation 
in whole blood from APP23 (E) and Gp6-/- (F) mice upon stimulation with Aβ40 or CRP (n=7-9). Statistical 
analyses were performed using an unpaired t test or two-way ANOVA followed by a Sidak's multiple com-
parisons post-hoc test. Bar graphs indicate mean values ± SEM, *p < 0.05; ***p < 0.001. MFI = mean fluo-
rescence intensity, CRP = Collagen-related peptide, WT = Wild-type. 
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3.2.2 Analysis of amyloid-β aggregate formation after co-incubation 
of platelets with neutrophils in vitro  

Previously it was shown that platelets are able to modify soluble Aβ40 into fibrillary Aβ 

aggregates [143] and that inhibition or genetic depletion of GPVI leads to a reduction in 

fibrillary Aβ aggregates in vitro (Donner; Toska et al., Sci Signal 2020, 3.1 [168]). Since 

Aβ40 induces the formation of PNAs, the next step was to analyze whether or not neu-

trophils play a role in modulating soluble Aβ40 to fibrillar Aβ aggregates or contribute to 

platelet-mediated aggregation of Aβ40. Therefore isolated murine neutrophils were incu-

bated with Aβ40 and stimulated with ADP for one day. As control, isolated platelets, as 

well as isolated platelets co-cultured with neutrophils were used. Aβ was visualized by 

immunofluorescence (IF) staining using the antibody 6E10, platelets were stained with 

an antibody against GPIb, and neutrophils were labeled with DAPI since they are the 

only cells with nuclei in this experiment. Single-channel immunofluorescence images are 

shown in supplemental Figure S1. The supernatant was collected and the remaining 

soluble Aβ40 was analyzed via Western blot.   

In this experimental setup, isolated neutrophils were not able to induce the formation of 

fibrillar Aβ-aggregates in vitro, because no formation of amyloid-β aggregates was ob-

served in cell culture with neutrophils alone. Furthermore the addition of ADP did not 

result in a significant increase in the formation of fibrillary amyloid-β aggregates (Fig. 9 

A). Accordingly, quantification of residual soluble Aβ40 in the supernatant of neutrophil 

cell culture was significantly increased compared with cell culture experiments where 

platelets were used (Aβ40: plt vs neu p= 0.0258 and neu vs plt + neu p= 0.0326; Aβ40 

+ ADP: plt vs neu p= 0.0043 and neu vs plt + neu p= 0.0089) indicating that no amyloid-

β aggregation had occurred. A co-culture of platelets and neutrophils did not result in 

increased formation of amyloid-β aggregates compared with platelets alone (Fig. 9 B and 

C). Quantification of residual soluble Aβ40 in the co-culture compared with platelets 

alone showed no further reduction. These data suggest that neutrophils, unlike platelets, 

do not play a role in the formation of amyloid-β fibrils and do not amplify platelet-mediated 

formation of Aβ40 fibrils in vitro.  
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Figure 9: Neutrophils are not involved in the formation of amyloid-β fibrils in vitro.  
Cell culture experiments were performed with isolated murine platelets and neutrophils in the presence of 
Aβ40 or Aβ40 and ADP. Supernatants were collected and analyzed via Western blot against remaining 
soluble Aβ. Amyloid-β aggregates were stained by IF (green=Aβ anti-6E10; orange= plts anti-GPIb) as end-
point analysis. (A) Representative images of cell culture experiments. Scale bar = 20 µm. Corresponding 
Western blot (B) and quantification (C) of soluble Aβ in supernatants from murine cell culture. Scale bar 20 
µm. Statistical analyses were performed using a two-way ANOVA followed by a Sidak's multiple compari-
sons post-hoc test (n= 4-6). Bar graphs indicate mean values ± SEM, *p < 0.05; **p < 0.005. plts = platelets, 
N= neutrophils. 
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3.2.3 Analysis of platelet-induced neutrophil adhesion and 
extracellular trap formation in vitro 

Neutrophil accumulation is a characteristic of Alzheimer's disease because it modulates 

disease-related neuro-inflammatory and vascular signaling pathways [174]. Neutrophil 

depletion has been shown to improve cognitive abilities in an AD mouse model. Recent 

studies AD mouse models have shown that the occlusion of capillaries by neutrophils 

reduces cerebral blood flow and might therefore contribute to the cognitive deficits ob-

served in AD [175]. Here, stimulation with Aβ40 was demonstrated to induce an increase 

in PNA formation (section 3.2.1). Therefore, we next analyzed whether or not Aβ40 stim-

ulation of platelets is able to support neutrophil adhesion in vitro. Murine platelets and 

neutrophils were co-incubated in the presence of Aβ40 for 3 hours. Adherent neutrophils 

were visualized via IF staining (myeloperoxidase and DAPI) and quantified using the 

QuPath bioimage analysis program. Platelets were labeled with the platelet specific 

marker GPIb.  

In order to investigate whether or not the agonists alone exert any effects, neutrophils 

were incubated with the corresponding agonists in the absence of platelets. No increase 

in neutrophil adhesion was observed after the addition of CRP, Aβ40, ADP, or a combi-

nation of Aβ40 and ADP (supplemental Figure S2). Figure 10 A demonstrates adherent 

neutrophils in co-culture with platelets after stimulation with indicated agonists as shown 

by representative images. TNF-α was used as positive control and showed increased 

neutrophil adhesion compared with resting conditions (p=0.0047). The comparison of 

neutrophil adhesion in the absence and presence of platelets shows no alterations in the 

absence of any agonist. Interestingly, only CRP (p=0.0002) and the combination of ADP 

and Aβ40 (p<0.0001) stimulation leads to an increase in platelet-mediated neutrophil 

adhesion. Stimulation with either ADP or Aβ40 alone did not alter neutrophil adhesion 

that might be due to the fact that both ligands are weak platelet agonists (Fig. 10 A and 

B).  
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In addition to the increased accumulation of neutrophils in the vasculature, initial results 

suggest that neutrophils release extracellular traps (NETs) in the CNS of AD patients 

and in experimental mouse models [176]. During the formation of NETs, myeloperoxi-

dase (MPO) and neutrophil elastase are released, which can lead to vascular oxidative 

stress and possible damage the BBB [174]. Therefore, platelet-mediated NET formation 

with ADP and Aβ40 stimulation was examined in vitro in addition to the already observed 

increase in platelet-mediated neutrophil adhesion (Fig 10).  

Isolated platelets were co-incubated with neutrophils and stimulated with the indicated 

agonists. The supernatant was collected and neutrophil elastase, which is released dur-

ing NET formation, was measured by ELISA. Neutrophils were stimulated with phorbol 

12-myristate 13-acetate (PMA), a known inducer of NET formation that served as posi-

tive control. Immunofluorescence microscopy was used to detect NET formation. Rep-

resentative images of NET formation are depicted in figure 11 A. Single-channel immu-

nofluorescence images are shown in supplemental Figure S3. 

Quantification was based on the percentage of neutrophils that formed NETs. PMA in-

duced NET formation in approximately 25% of all neutrophils.  In contrast do PMA treat-

ment, NET formation was not observed with all agonists tested in this experiment. Con-

sistently, no increase in neutrophil elastase concentration was measured in respective 

cell culture supernatants (Fig. 11 C). In addition, the detection of neutrophil elastase in 

the plasma of 15-month-old APP23 and WT mice revealed no differences between 

APP23 and WT mice (Fig. 11 D). In conclusion, activation of platelets with ADP and Aβ40 

triggers neutrophil adhesion in vitro. However, no increased formation of NETs was de-

tected when platelets were stimulated with ADP and Aβ40, suggesting that platelets are 

not involved in the formation of NETs in AD.  
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Figure 11: Stimulation of murine platelets with Aβ40 and ADP does not induce NET formation.  
(A and B) Analyses of NET formation in vitro. Co-culture experiments were performed with the indicated 
agonists for one day (MPO=green, GPIb=orange, DAPI=blue). (A) Representative images of IF staining from 
co-culture experiments and (B) quantification of NET formation by calculating the percentage of NET for-
mation related to the total count of neutrophils per visual field. PMA was used as positive control known to 
induce NET formation (n=3). Scale bar = 30 µm. (C) Quantification of released neutrophil elastase in super-
natants from co-culture via ELISA. (E) Measurement of plasma levels of neutrophil eIastase in 15-month-old 
WT and APP23 mice by ELISA (n=5). Statistical analyses were performed using an ordinary one-way 
ANOVA followed by a Dunnett's post-hoc test. Bar graphs indicate mean values ± SEM, *p < 0.05; **p < 
0.005; ***p < 0.001. NETs = Neutrophil extracellular traps, MPO= Myeloperoxidase, PMA= phorbol 12-
myristate 13-acetate. 
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3.2.4 Effects of platelet inhibition on neutrophil adhesion in vitro 

In this study, Aβ40 was shown to bind to GPVI on the surface of platelets to trigger 

platelet activation and aggregation (Donner; Toska et al., Sci Signal 2020, 3.1 [168]). In 

addition, Donner et al. have already shown that the activation of platelets with ADP and 

Aβ40 leads to an increase in the expression of activated integrin αIIbβ3 and P-selectin 

on the platelet surface, which is important for PNA formation (section 1.2.4) [103, 168]. 

To determine whether platelet-mediated adhesion of neutrophils upon stimulation with 

ADP and Aβ40 is mediated through GPVI or integrin αIIbβ3, co-cultures were performed 

in which GPVI-deficient platelets were used or integrin αIIbβ3 was blocked with the in-

hibitory antibody Leo.H4. Platelets from Gp6-/- and WT mice were stimulated with CRP, 

ADP, Aβ40 or ADP and Aβ40, and where indicated, integrin αIIbβ3 was inhibited with 

Leo.H4. Neutrophils from WT mice were stained with the specific antibody Ly6G and 

platelets were labeled with the platelet specific marker GPIb. Representative images of 

the co-culture are shown in Figure 12 A. Single-channel immunofluorescence images 

are shown in supplemental Figure S4. 

The Quantification reveals that the increase in platelet-mediated neutrophil adhesion af-

ter ADP and Aβ40 stimulation was almost completely inhibited when the integrin αIIbβ3 

was blocked in platelets of WT mice (663.75± 73.42 in WT platelets vs 95.75 ± 41.43 in 

WT platelets + Leo.H4) while it was reduced in GPVI-deficient platelets compared to WT 

platelets (663.75 ± 73.42 in WT platelets vs 263 ± 19.58 in GPVI-deficient platelets). 

However, stimulation with ADP and Aβ40 of GPVI-deficient platelets still showed an in-

crease in platelet-mediated neutrophil adhesion compared with resting conditions (rest-

ing: 62.75 ± 73.42 in GPVI-deficient platelets vs ADP and Aβ40: 263 ± 19.58 in GPVI-

deficient platelets). Additional inhibition of platelet integrin αIIbβ3 in GPVI-deficient plate-

lets completely abrogated neutrophil adhesion in vitro (resting: 54.5 ± 14.94 in WT plate-

lets; ADP+ Aβ40: 663.75 ± 73.42 in WT platelets vs. 65.5 ± 10.69 in GPVI-deficient plate-

lets + Leo.H4). Stimulation of platelets with CRP leads to an increase in the expression 

of activated integrin αIIbβ3 and P-selectin and induces the release of fibrinogen via the 

GPVI receptor on the cell surface [177]. Therefore, CRP as a classical GPVI agonist was 

used as control. In line with ADP and Aβ40 stimulation of platelets, CRP mediated acti-

vation of WT platelets showed an increase in neutrophil adhesion. In contrast, no in-

crease in neutrophil adhesion was measured in GPVI-deficient platelets (Fig. 12 A and 

B; resting: 62.75 ± 15.46 in GPVI deficient platelets; CRP: 434.25 ± 116.83 in WT plate-

lets vs. 49.5 ± 15.91 in GPVI deficient platelets). Stimulation with ADP or Aβ40 alone 

showed no increase in neutrophil adhesion in both WT and GPVI deficient platelets (Fig. 

12). 
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 In summary, enhanced neutrophil adhesion following platelet stimulation with ADP and 

Aβ40 is mediated by integrin αIIbβ3 and, in part, by GPVI at the platelet surface. 
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Figure 12: Inhibition of integrin αIIbβ3 or genetic deletion of GPVI reduces neutrophil adhesion in 

vitro.  
Representative images of IF staining in co-cultures of platelet and neutrophils (DAPI=blue, Ly6G=purple, 
GPIb= green). Platelets from WT- and GPVI deficient mice were incubated with the indicated agonists in the 
presence or absence of the integrin αIIbβ3 inhibitory antibody Leo.H4 and co-cultured with neutrophils from 
WT mice for 3 hours at 37°C and 5% CO2. (B) Quantification of neutrophil adhesion (n=4-7). Scale bar 20 
µm. Statistical analyses were performed using a two-way ANOVA followed by a Sidak's multiple compari-
sons post-hoc test.  ###p < 0.001; ***p < 0.001. 
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3.2.5 Analysis of human platelet-induced neutrophil adhesion and 
extracellular trap formation  

According to  Zenaro et al. who demonstrated that neutrophils adhere to brain vessels in 

AD patients and are also present in the parenchyma where they form NETs [70], we 

analyzed platelet-mediated adhesion and NET formation of isolated human neutrophils 

in addition to murine experiments.  

The first aim was to investigate whether or not human platelets stimulated with Aβ40 

support neutrophil adhesion in vitro. Therefore, co-culture experiments were performed 

using isolated platelets and neutrophils that were stimulated with the indicated agonist 

for 3 hours. Figure 13 A shows representative images of the co-culture and figure 13 B 

shows the quantification of the experiments. Similar to murine platelets and neutrophils, 

the stimulation of human platelets with ADP and Aβ40 led to an increase in platelet-

mediated neutrophil adhesion (p= 0.0024). Incubation of neutrophils with agonists alone 

did not amplify neutrophil adhesion and served as negative controls (supplemental Fig-

ure S 5). PMA was used as a positive control showing increased NET formation and was 

therefore not included in the quantification analysis.  
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The second aim was to analyze whether or not human platelets are able to induce the 

formation of NETs after ADP and Aβ40 stimulation in vitro. Representative images of 

NET formation are depicted in figure 14 A. Single-channel immunofluorescence images 

are shown in supplemental Figure S 6. Quantification indicate no NET formation of hu-

man neutrophils when incubated with platelets after ADP and/or Aβ40 stimulation (Fig. 

14 B). In addition to the adhesion experiments, the supernatants were collected from co-

cultures and neutrophil elastase levels were analyzed via ELISA (Fig. 14 C). Only the 

stimulation with PMA (positive control) resulted in an increase in soluble neutrophil elas-

tase (p<0.0001), indicating that platelets are not able to induce NET formation after stim-

ulation with Aβ40 in this experimental setup. Consistent with the results of murine exper-

iments, ADP and Aβ40 mediated activation of human platelets stimulates neutrophil ad-

hesion without affecting NET formation. 
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Figure 14: Stimulation of human platelets with Aβ40 and ADP does not induce NET formation.  
(A and B) Analyses of NET formation in vitro. Co-culture experiments were performed using the indicated 
agonists for platelet activation for 3 hours. (A) Representative images of IF staining from co-culture experi-
ments and (B) quantification of NETs as a percentage of adherent neutrophils. PMA was used as positive 
control to induce NET formation (n=3). Scale bar 20 µm. (C) Quantification of released neutrophil elastase 
into the supernatant of co-incubated platelets and neutrophils using ELISA. Statistical analyses were per-
formed using an one-way ANOVA followed by a Dunett's post-hoc test n=3-4. Bar graphs indicate mean 
values ± SEM, ***p < 0.001. NETs = Neutrophil extracellular traps, MPO= Myeloperoxidase, PMA= phorbol 
12-myristate 13-acetate. 
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In conclusion, APP23 mice exhibited increased plasma levels of the cytokine TGF-β1, 

which is released upon platelets stimulation with Aβ40. Moreover the activation of plate-

lets with Aβ40 resulted in the formation of PNAs. Dual stimulation of platelets with ADP 

and Aβ40 supports neutrophil adhesion in vitro, due to the activation of integrin αIIbβ3 

and GPVI at the platelet surface. However, platelet activation does not induce NET for-

mation of neutrophils after stimulation with Aβ40 and ADP in vitro.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Results 73 
 

3.3. Impact of amyloid-β on platelet mitochondrial function 
and platelet–mediated amyloid aggregation in 
Alzheimer´s disease 
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3.4. Investigation of platelet migration into the brain 
parenchyma of APP23 mice 

3.4.1 Phenotypic analysis of fluorescent blood cells in 
WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice 

In this study, the Cre reporter mouse mT/mG was crossed with the megakaryocyte/plate-

let-specific PF4-Cre mouse. These mice exhibit strong red fluorescence in all tissues 

and cell types by expressing the loxP-flanked tdTomato (mT) cassette with the following 

stopcodon. When crossed with the megakaryocyte/platelet-specific PF4-Cre mouse, the 

mT cassette in Cre-expressing tissues (platelets and megakaryocytes) is deleted in the 

progeny, allowing expression of the membrane-directed EGFP cassette (mG), which is 

located directly downstream of the mT cassette. The mT/mG-Pf4-Cre mouse was then 

crossed with the APP23 mouse to obtain a novel phenotypic analysis of platelet locali-

zation in an AD mouse model (section 1.4.2). In this new knockin reporter mouse line, 

platelets in WTmT/mG;PF4Cre+ and in APP23mT/mG;PF4Cre+ mice express a mGFP 

(mG) signal, whereas the remaining cells express a mTomato (mT) signal (Fig. 15 A). 

To investigate the specificity of the autofluorescence of platelets in this reporter mouse, 

blood smears were performed and blood cells were analyzes by flow cytometry. Anal-

yses of the blood smear from WTmT/mG;PF4Cre+, APP23mT/mG;PF4Cre+ and 

C57BL/6J mice (negative controls) showed that platelets express a GFP signal in 

WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ as shown by green fluorescence of 

platelets in the blood smear. In addition, red blood cells and leukocytes express a slight 

mT signal as shown by red fluorescence. In C57BL/6J mice no prominent fluorescence 

signal was detectable (Fig. 15 B).  

Flow cytometric analysis was performed to examine autofluorescence of blood cells in 

more detail. Figure 15 C shows that approximately 98% of platelets in the 

WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice exhibit a GFP signal and only 

0.5% exhibit a mT signal (Fig. 15 C). Given that only a limited number of leukocytes or 

lymphocytes are accessible for analysis in the blood smear, these cells were examined 

in more detail using flow cytometry. CD45 was used as a marker for all hematopoietic 

cells, except erythrocytes and platelets [179]. Approximately 85% of CD45-positive cells 

were found to be mT-positive and thus show red fluorescence. However, 0.5% of CD45-

positive cells were GFP-positive and approximately 10% were mG- and mT-positive in 

WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice (Fig. 15 D) confirming recent re-

sults from our group and others [167, 180]. 
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3.4.2 Analysis of platelet localization and abundance in the brain of 
WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice 

Vascular inflammation and a disrupted blood-brain barrier (BBB) have been linked to the 

development of Alzheimer's disease. Moreover, leukocyte subpopulations derived from 

blood, including neutrophils, have already been detected in the brain of AD patients and 

in mouse models of AD [70, 181]. Whether platelets migrate into the brain of Alzheimer's 

patients or transgenic mice is unclear to date. The first aim in this study was to investigate 

the localization of platelets in the brain of APP23 compared to WT mice at different age 

(6; 16 and 24 months).  

For this purpose, the WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mouse lines 

were used in which platelets express a GFP signal (mG) and thus show green fluores-

cence (Fig. 16). Thus specific staining of platelets in brain tissue was not required (sec-

tion 1.4.2). For better illustration, in the following figures the auto-florescent mTomato 

channel was not shown because all Cre-non-expressing cells exhibit red fluorescence. 

To distinguish between vasculature and parenchyma, endothelial cells were stained with 

an antibody against platelet endothelial cell adhesion molecule-1 (CD31). Two different 

brain regions were analyzed: First, the hippocampus, which plays an important role in 

learning and memory and which is affected earliest and most severely in Alzheimer's 

disease. Second, the cerebral cortex, which is involved in many brain functions such as 

emotions, thinking, memory, language and consciousness. 

Figure 16 A shows representative images of endothelial cell staining in the hippocampus 

of WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice at the age of 6, 16, and 24 

months. Single-channel immunofluorescence images are shown in supplemental Figure 

S 7 and 8. At 6 months of age, platelets were mainly located in the intraluminal space of 

blood vessels in the hippocampus of WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ 

mice. At 16 months of age, some platelets were already located outside the vessels 

(marked with the white arrow head), in APP23mT/mG;PF4Cre+ but not in 

WTmT/mG;PF4Cre+ mice. In 24-month-old APP23mT/mG;PF4Cre+ and 

WTmT/mG;PF4Cre+ mice, a large number of platelets was found outside the blood ves-

sels in the brain parenchyma (Fig.16 A). Quantitative analysis in the hippocampus of 

different mouse lines in relation to their age revealed that WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice  had a higher total platelet abundance per brain section at 

24 than at 6 months of age (p<0.0001 in WTmT/mG;PF4Cre+ mice and p=0.0457 in 

APP23mT/mG;PF4Cre+ mice). In WTmT/mG;PF4Cre+ mice, the platelet abundance 

was significantly lower at 16 months of age compared with 24 months of age (p<0.0001). 

In APP23mT/mG;PF4Cre+ mice, there was already a tendency toward a higher platelet 

abundance observed using 16 months old mice (Fig 16 B). Comparison of genotypes 
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reveals that the abundance of platelets in the hippocampus is significantly increased in 

APP23mT/mG;PF4Cre+ mice compared with WTmT/mG;PF4Cre+ mice at 16 months of 

age (p=0.0389; Fig 16 C). These data suggest a time-dependent increase in platelet 

abundance in the hippocampus in WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ 

mice, but with an earlier onset in APP23mT/mG;PF4Cre+ mice. 
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Figure 16: Platelet localization and abundance in the hippocampus of APP23mT/mG;PF4Cre+  and 
WTmT/mG;PF4Cre+  mice at 6, 16, and 24 months of age.   
(A) Representative images of immuno-fluorescence staining of endothelial cells (antibody against platelet 
endothelial cell adhesion molecule 1, CD31; purple) to visualize cerebral vessels in APP23 mT/mG;PF4Cre+ 
and WT mT/mG;PF4Cre+ mice at different age (n=4-5). Platelets express a GFP signal (mG; green) and 
show green fluorscence. Cell nuclei were stained with DAPI (blue). White arrows indicate platelets outside 
the vasculature. Scale bar = 50 µm (B) Quantification of platelet abundance in the hippocampus of APP23 
mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice at different age (n=5). For quantification of platelets, the 
MFI for mGFP was used.  (C) Comparison of platelet abundance in the hippocampus of 
APP23mT/mG;PF4Cre+   and WTmT/mG;PF4Cre+  mice of the same age (n=5).  Statistical analyses were 
performed using an ordinary one-way ANOVA followed by a Dunett's post-hoc test (B) or an unpaired t test 
(C). Bar graphs indicate mean values ± SEM, *p < 0.05; ***p < 0.0001. MFI = mean fluorescence intensity. 
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Next, platelet localization and abundance was analyzed in the cerebral cortex of 

WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice. Figure 17 A shows representa-

tive images of endothelial cell staining in the cortex of WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice at the age of 6, 16, and 24 months. In 6-month-old mice, 

platelets were located in the cerebral cortex within the intraluminal space of blood ves-

sels in both genotypes. In 16-month-old WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice, some platelets were found outside the vessels (marked 

with the white arrow head), while the majority of platelets was detected within vessels 

(co-localization with CD31). In contrast, in 24-month-old WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice, a great number of platelets were localized in the brain 

parenchyma of the cerebral cortex (Fig. 17 A). Quantification of platelets in the cerebral 

cortex revealed that WTmT/mG;PF4Cre+ mice had a higher total platelet abundance at 

24 months of age compared with 6 months (p=0.0002) and 16 months (p=0.0007)  of 

age. APP23mT/mG;PF4Cre+ mice had a higher total platelet abundance at 24 months 

of age compared with 6 months of age (p=0.0219; Fig. 17 B). In addition, no significant 

differences were observed between genotypes (Fig. 17 C). 
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Figure 17: Platelet localization and abundance in the cerebral cortex of APP23mT/mG;PF4Cre+  and 
WTmT/mG;PF4Cre+ mice at the age of 6, 16, and 24 months.  
(A) Representative images of immuno-fluorescence staining of endothelial cells  (CD31; purple) in 
APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice at different age (n=4-5). Platelets express a GFP 
signal (mG; green) and show green fluorescence. Cell nuclei were stained with DAPI (blue). White arrows 
indicate platelets outside the vasculature. Scale bar = 50 µm. (B) Quantification of platelet abundance in the 
cortex of APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice at different age (n=5). For Quantification 
of platelets in the brain, the MFI for mGFP was used.  (C) Comparison of platelet abundance in the cortex 
between APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice of the same age (n=5). Statistical analyses 
were performed using an ordinary one-way ANOVA followed by a Dunett's post-hoc test (B) or an unpaired 
t test(C). Bar graphs indicate mean values ± SEM, *p < 0.05; ***p < 0.0001. MFI = mean fluorescence 
intensity. 



3. Results 99 
 

3.4.3 Analysis of platelet distribution patterns around amyloid 
plaques in APP23mT/mG;PF4Cre+ mice 

It has been shown that platelets accumulate and bind to cerebrovascular Aβ deposits 

and thus may have an impact on Aβ deposition in cerebral vessel and thus contribute to 

CAA [139]. Furthermore, this work provided first evidence that platelets migrate into the 

brain parenchyma of APP23mT/mG;PF4Cre+ mice as early as 16 months of age. To 

determine whether or not intraparenchymal platelets accumulate in areas with amyloid 

plaques in the brain, the amyloid plaques were stained with a specific antibody against 

amyloid-β (6E10) in 16- and 24-month-old APP23mT/mG;PF4Cre mice. Mice at 6 

months of age were not used for this assay because amyloid pathology is not yet ade-

quately developed at this age in APP23 mice [162]; [182]. 

Figure 18 A shows the hippocampus and cerebral cortex of APP23mT/mG;PF4Cre+ 

mice at 16 and 24 months of age. Single-channel immunofluorescence images are 

shown in supplemental Figure S 9 and 10. At 16 months of age, only a few platelets were 

located in close proximity to amyloid plaques. However, the number of platelets around 

amyloid plaques increased at 24 months of age. The cerebral cortex showed a similar 

result: With increasing age, the number of platelets that localize to amyloid plaques, in-

creases as well (Fig.18 A).  

Quantitative analyses of platelet migration into hippocampal regions of the brain paren-

chyma showed that in 16-month-old APP23mT/mG;PF4Cre+ mice, approximately 12% 

of amyloid plaques had more than 2 mG positive events in their vicinity. In contrast, at 

24 months of age, 70% of amyloid plaques were surrounded by more than 2 mG positive 

events representing migrated platelets. In the cortical brain region of 16-month-old 

APP23mT/mG;PF4Cre+ mice, 38% of the amyloid plaques already showed more than 2 

mG positive events in their vicinity which further increased up to 67% at 24 months of 

age (Fig. 18 B). Next, it was examined whether or not there is a relationship between the 

size of amyloid plaques and the number of mG positive events in the near surrounding. 

Statistical analysis showed that an increased number of mG positive events correlated 

positively with the diameter of amyloid plaques (Fig. 18 C; R=0.7836; p< 0.0001).  
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Figure 18: Analysis of platelet localization near to amyloid plaques in the hippocampus and the cor-
tex of APP23mT/mG;PF4Cre+ mice at the age of 16 and 24 months.  
(A) Representative images of immuno-fluorescent staining of amyloid-β (6E10; red) in the hippocampus 
(upper panel) and the cerebral cortex (lower panel) of 16- and 24-month-old APP23mT/mG;PF4Cre+ mice. 
Platelets express a GFP signal (mG; green) and show green fluorescence. Cell nuclei were stained with 
DAPI (blue). Overview scale bar = 200 µm. Zoom scale bar = 20 µm. White arrows indicate platelets around 
amyloid plaques.  (B) Quantification of platelet abundance around amyloid-β plaques in the hippocampus 
and cerebral cortex of 16- and 24-month-old APP23mT/mG;PF4Cre+ (n=5 mice, each with 3-5 plaques). 
For quantification, the mG positive events around 6E10 positive areas were counted. (C) Spearmen corre-
lation between the diameter of the amyloid plaques and the number of mG positive events in 16 and 24 
months old APP23mT/mG;PF4Cre+  mice (n=5 mice, each with 3- 5 plaques). MFI= mean fluorescence 
intensity. 
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3.4.4 Analysis of the interaction of platelets and microglia in the brain 
of APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice 

Microglia are innate immune cells of the central nervous system (CNS) that arise from 

erythromyeloid progenitor cells. Microglia function as resident phagocytes that dynami-

cally monitor the environment and play a critical role in CNS tissue maintenance, re-

sponse to injury, and defense against pathogens. Amyloid plaques surrounded by acti-

vated microglia are part of the inflammatory processes in AD brains  [183]. It has been 

shown that fibrillar Aβ-peptides are able to activate microglia via TLR2 receptors [184]. 

In addition, microglia are already known to be important for Aβ uptake and degradation. 

However, continuous activation of microglia by Aβ aggregates or fibrils leads to microglial 

production of TNFα, IL-1β and other pro-inflammatory cytokines, that may contribute to 

neurodegeneration [183]. 

In the present study, immunofluorescence was used to investigate the localization and 

activation of microglia by IBA-1 staining in relation to platelet localization. Activation of 

microglia is associated with increased IBA-1 expression, which may be involved in mem-

brane ruffling and phagocytosis. However, it is considered as a marker for all microglia, 

as non-activated microglia also show IBA-1 protein expression [185]. Single-channel im-

munofluorescence images are shown in supplemental Figure S 11 and 12.   

This study demonstrated that APP23mT/mG;PF4Cre+  mice display high numbers of 

IBA-1-positive microglia. High abundance of IBA-1 positive microglia were present in the 

hippocampus and the cerebral cortex of 24-month-old APP23mT/mG;PF4Cre+ mice. To 

a lesser extent, IBA-1 positive microglia were found in 16-month-old 

APP23mT/mG;PF4Cre+ mice. In contrast, only low levels of IBA-1-positive microglia 

were detected in WTmT/mG;PF4Cre+ mice at 16 and 24 months of age. IBA-1-positive 

cells are distributed throughout the parenchyma in WTmT/mG;PF4Cre+  mice. In con-

trast, IBA-1-positive cells are concentrated in specific regions, most likely around amyloid 

plaques in APP23mT/mG;PF4Cre+ mice. Interestingly, in 24 months old 

APP23mT/mG;PF4Cre+ mice, platelet positive fluorescent signals directly merge with 

IBA-1 microglia staining as shown in representative  images in Figure 19. This indicates 

a close proximity of the two cell types in AD transgenic mice (Fig 19).  
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3.4.6 Analysis of the blood-brain barrier permeability of 
APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice 

Another pathological feature of Alzheimer's disease is a disruption of the BBB, charac-

terized, in part, by impaired perivascular Aβ clearance, oxidative stress, and a leaky BBB 

[186]. To analyze whether the increase in platelet count in the brain parenchyma could 

be due to impaired BBB, immunoglobulin G (IgG) staining was performed. Anti-IgG stain-

ing reveals sites of impaired blood-brain barrier in the brain. Areas with a "leaky" BBB 

allow serum proteins such as IgGs to enter the brain parenchyma. Single-channel im-

munofluorescence images are shown in supplemental Figure S 15 and 16.   

Images of IgG staining (red) in the cerebral cortex of 6-, 16-, and 24-month-old 

WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice showed increased IgG abun-

dance in 24-month-old mice compared to 6 and 16 month-old mice, indicating a damaged 

BBB with increasing age in both genotypes (Fig. 21 A and B). A comparison of genotypes 

showed that the number of IgGs entering the brain was strongly increased in 24-month-

old APP23mT/mG;PF4Cre+ mice compared to 24-month-old WTmT/mG;PF4Cre+ and 

tended to increase in 16-month-old APP23mT/mG;PF4Cre+ mice compared to 16-

month-old WTmT/mG;PF4Cre+ mice. In addition, zoom-in images of the vessel wall in-

dicated a high IgG abundance accompanied by platelet positive green fluorescence (mG 

signal). This data indicates that the damaged BBB might allow  cerebral microbleeding 

that might be –at least in part- responsible for the presence of platelets in the brain pa-

renchyma, which is in line with previous data shown by Reuter et al. [187] (Fig. 21 A).   

 



3. Results 105 
 

6 
months

16
months

24
months

0

50

100

150

200

250

300

350

ce
re

br
al

 c
or

te
x

Im
m

un
og

lo
bu

lin
 G

 [M
FI

] ✱
✱

WTmT/mG;PF4Cre+

0

50

100

150

200

250

300

350

ce
re

br
al

 c
or

te
x

Im
m

un
og

lo
bu

lin
 G

 [M
FI

]

WTmT/mG;PF4Cre+ APP23mT/mG;PF4Cre+

0

50

100

150

200

250

300

350

ce
re

br
al

 c
or

te
x

Im
m

un
og

lo
bu

lin
 G

 [M
FI

]

p=0.076

0

100

200

300

400

500

ce
re

br
al

 c
or

te
x

Im
m

un
og

lo
bu

lin
 G

 [M
FI

] ✱✱

WT WT WTAPP23 APP23 APP23

6
months

16
months

24
months

A

B

C
6 

months
16

months
24

months

0

100

200

300

400

500

ce
re

br
al

 c
or

te
x

Im
m

un
og

lo
bu

lin
 G

 [M
FI

]

✱✱
✱✱

APP23mT/mG;PF4Cre+

cerebral cortex

m
T/

m
G

;P
F4

C
re

+;
W

T
m

T/
m

G
;P

F4
C

re
+;

 
AP

P2
3

ov
er

vi
ew

zo
om

ov
er

vi
ew

zo
om

DAPI
IgG
mG

6 months 16 months 24 months

 
Figure 21: Analysis of blood-brain barrier permeability in the cerebral cortex of WTmT/mG;PF4Cre+ 

and APP23mT/mG;PF4Cre+ mice at 6, 16, and 24 months of age.  
(A) Representative images of immuno-fluorescence staining of immunoglubolins G (IgG; red) in the cortex 
of 6, 16- and 24-month-old APP23mT/mG;PF4Cre+  mice. Platelets express a GFP signal (mG). Cell nuclei 
were stained with DAPI (blue). Scale bar overview = 100 µm. Scale bar zoom = 20 µm (B) Quantification of 
IgG abundance (MFI) in the cortex of WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice at different 
age (n=5-7). (C) Comparison of IgG abundance (MFI) in the cortex of WTmT/mG;PF4Cre+ and 
APP23mT/mG;PF4Cre+ mice of the same age (n=5-7). Scale bar 100 µm (overview) and 20 µm (zoom). 
Statistical analyses were performed using an ordinary one-way ANOVA followed by a Dunett's post-hoc test 
(B) or an unpaired t test (C). Bar graphs indicate mean values ± SEM, *p < 0.05; **p < 0.01. MFI = mean 
fluorescence intensity. 
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In addition, the hippocampal region was also examined for BBB permeability using IgG 

staining. Figure 22 A shows different images of the IgG staining in 6, 16 and 24 months 

old WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice. Only a few IgG-positive ar-

eas were observed in the hippocampus, mainly in 24-month-old mice 

APP23mT/mG;PF4Cre+ mice. 

Figure 22 B shows the corresponding quantification within genotypes with respect to their 

age. The quantification revealed that IgG abundance was significantly increased in 24-

month-old compared to 6- and 16-month-old APP23mT/mG;PF4Cre+ mice. No signifi-

cant increase in IgG abundance was observed in WTmT/mG;PF4Cre+ mice with respect 

to age. Comparison between genotypes revealed that IgG abundance was greatly ele-

vated in APP23mT/mG;PF4Cre+ mice at 24 months of age compared to 

WTmT/mG;PF4Cre+ mice at the same age (Fig 22 C).  
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Figure 22: Analysis of blood-brain barrier permeability in the hippocampus of WTmT/mG;PF4Cre+ 
and APP23mT/mG;PF4Cre+ mice at 6, 16, and 24 months of age.  
(A) Representative images of immuno-fluorescence staining of immunoglobulin G (IgG; red) in the  hippo-
campus of 6, 16- and 24-month-old WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice. Platelets ex-
press a GFP signal (mG). Cell nuclei were stained with DAPI (blue). Scale bar overview = 100 µm. Scale 
bar zoom = 20. (B) Quantification of IgG abundance (MFI) in the hippocampus of WTmT/mG;PF4Cre+ and 
APP23mT/mG;PF4Cre+ mice at different age (n=5-7). (C) Comparison of IgG abundance (MFI) in the hip-
pocampus between genotypes of the same age (n=5-7). Statistical analyses were performed using an ordi-
nary one-way ANOVA followed by a Dunett's post-hoc test (B) or an unpaired t test (C). Bar graphs indicate 
mean values ± SEM, *p < 0.05. MFI = mean fluorescence intensity.  
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4 Discussion  

4.1 Impact of platelet glycoprotein VI in the progression of 
Alzheimer's disease 

Alzheimer's disease (AD) is the most frequently diagnosed neurodegenerative disease 

and characterized by the deposition of amyloid-β plaques and neurofibrillary tangles in 

the brain. In addition to these well-known changes in the brain, there are also cerebro-

vascular changes seen in many patients with AD. Especially the accumulation of Aβ40 

in the vascular walls, called cerebral amyloid angiopathy (CAA), is a commonly observed 

feature in AD. The presence of CAA in patients with AD increases the rate of decline in 

cognition and semantic memory. In addition, an increased risk of developing AD was 

observed after stroke when vascular risk factors such as hypertension or heart disease 

were already present [188]. This points to a complex relationship between age-related 

cerebrovascular changes and AD that is not yet fully understood, as many factors may 

influence each other. For this reason, the elucidation of the pathophysiological mecha-

nisms contributing to the development of AD has been the subject of intensive scientific 

research for decades.  

This study further elucidates the role of platelets in the progression of AD. In the research 

group Experimental Vascular Medicine (Prof. Elvers) it has already been shown that 

platelets are able to bind Aβ40 via the integrin αIIbβ3 receptor on the platelet surface 

and to modify soluble Aβ40 to amyloid-β aggregates in vitro. The binding of Aβ40 to the 

integrin αIIbβ3 receptor induces outside-in signalling and the release of ADP, which in-

duces further activation of platelets by ADP binding to the P2Y12 receptor [103]. Moreo-

ver, Donner et al. already showed that the irreversible inhibition of the P2Y12 receptor by 

clopidogrel reduces CAA burden in APP23 mice, an AD mouse model, and platelet-me-

diated amyloid-β fibril formation in vitro [103]. Epidemiological and imaging studies have 

demonstrated vascular dysfunction in more than 50% of AD patients, manifested by al-

tered BBB permeability, micro- and macroinfarcts, microhemorrhages, and lacunar 

strokes [189]. A disadvantage of clopidogrel therapy as a long-term treatment are side 

effects such as an increased tendency to bleed and, in very rare cases, cerebral hemor-

rhage [190]. Therefore, in the present study, the effect of Aβ40 on the major collagen 

receptor GPVI on platelets with regard to amyloid-β fibril formation and platelet activation 

was analyzed.  
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The first aim of this study was to investigate the influence of Aβ40 on platelet GPVI and 

its role in amyloid-β fibril formation and platelet activation. This study demonstrates in 

different experimental setups that -besides integrin αIIbβ3- Aβ40 also binds to GPVI on 

the platelet surface (section 3.1). Based on the experiments performed in this study, it 

was not possible to conclude whether monomeric or oligomeric Aβ40 binds to GPVI. 

Freshly prepared soluble Aβ40 was used in the experiments, however, Bitan and col-

leagues have already shown that carefully prepared aggregate-free Aβ40 also exists as 

monomers, dimers, trimers, and tetramers in rapid equilibrium [191]. These different 

types of soluble Aβ oligomers have different size ranges, varying from 4 kDa as a mon-

omer, 7 kDa as a dimer, and 11 kDa as a trimer [192]. In this study, some Aβ40 Western 

blot analyses from cell culture experiments show a small additional band above the 4 

kDa band at the level of 10 kDa, suggesting that Aβ40 dimers or trimers were also formed 

within the experiments (section 3.1). Since collagen, the natural ligand of GPVI, is com-

posed of amino acids bound together in a triple helix of elongated fibrils, one might spec-

ulate that the hydrophobic fibrillar Aβ40 binds to GPVI in an increased manner. However 

in recent years, many other endogenous and exogenous ligands have been shown to 

activate GPVI, including a number of snake venom toxins such as convulxin or a variety 

of charged exogenous ligands, including diesel exhaust particles. The conditions and 

modalities of GPVI activation by these ligands are still unknown [193]. For further eluci-

dation of Aβ40–GPVI interaction, experiments such as surface plasmon resonance 

(SPR) or Bio-layer interferometry (BLI) can be used to determine the binding kinetics, 

specificity, affinity, and thermodynamics of biomolecular interactions [194].  

In addition to these binding studies, the incubation of human platelets with Aβ40 leads 

to a rapid externalization of GPVI at the platelet surface (section 3.1.2 Fig.7). This may 

increase the platelet binding capacity for Aβ40 through an increase in GPVI surface 

abundance. As early as 2003, Takayama and colleagues reported that activation of hu-

man platelets with GPVI-specific ligands induces an increasing redistribution of GPVI to 

the surface membrane from the membranes of the surface-connected open canalicular 

system (OCS) and α-granules [169]. Beside increased externalization of GPVI, ligand 

binding could also induce GPVI shedding and thereby contribute to soluble plasma levels 

of GPVI [170]. However, no shedding of GPVI after Aβ40 stimulation in either whole 

blood or isolated platelets was observed (section 3.1.2; Fig.7). This may indicate that 

Aβ40 does not trigger the activation of ADAM10/ADAM17 metalloproteinases or possibly 

blocks the GPVI binding side of these cleavage enzymes. Interestingly, Lake et al. re-

ported that patients with fully developed AD had significantly lower sGPVI plasma levels 

as compared to healthy controls [195].  
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Previously, it was shown that sGPVI can bind to exposed collagen of the injured vessel 

wall [196]. This suggests that in CAA, inflammatory processes might lead to the injury of 

the vessel wall and to the exposure of collagen, resulting in the binding of sGPVI. This 

could be one reason for the decreased sGPVI plasma levels in AD patients. Another 

reason could be that sGPVI is able to bind to Aβ40 at the vascular wall. Mayeux et al. 

found that Aβ40 and Aβ42 plasma levels are increased in some patients before and 

during the early stages of AD, but decrease thereafter [197]. Here, one can speculate 

whether or not plasma Aβ40 is incorporated into CAA and thus binds to platelets via 

GPVI and inhibits GPVI shedding.  

Furthermore, the present study demonstrates that stimulation of platelets with Aβ40 

causes platelet activation. This is evidenced by increased tyrosine phosphorylation and 

LAT activation by phosphorylation (Tyr200), which are both abolished in GPVI-deficient 

mouse and human platelets (section 3.1 and 3.1.2; Fig 6). Aβ40-induced GPVI activation 

ultimately leads to ATP release and platelet aggregation in human platelets and is re-

duced by losartan, which is known to inhibit platelet aggregation after collagen stimula-

tion (section 3.1). In 2017, Elaskalani and colleagues found that oligomeric and fibrillar 

Aβ42 is able to induce platelet aggregation partially through GPVI. Therefore, they also 

used losartan, which reduced platelet aggregation upon Aβ42 stimulation [198]. How-

ever, the exact mechanism how losartan inhibits collagen-induced platelet aggregation 

has not been elucidated yet. Jiang et al. demonstrated that losartan inhibits the clustering 

of GPVI but not the binding of recombinant GPVI to collagen [199]. Losartan is classically 

known as a non-peptidic inhibitor of Ang II AT1 receptors, and platelets also express Ang 

II AT1 type receptors on their surface [200]. Platelet activation by angiotensin II does not 

lead to aggregation and can therefore be neglected. However, losartan has also been 

shown to inhibit platelet aggregation triggered by the thromboxane A2 analog U46619. 

[201]. Therefore, in addition to losartan, platelets from GPVI-deficient patients and mice 

were used to provide further evidence that the reduced aggregation and ATP release 

was due to the interaction of GPVI with Aβ40 rather than nonspecific side effects of 

losartan. Taken together, Aβ40 stimulation induces an increased externalization of GPVI 

at the plasma membrane and the release of ATP/ADP in part via GPVI. ADP in turn 

activates the P2Y12 receptor. This leads to a feed-forward-loop of platelet activation and 

binding of Aβ40 to platelets, resulting in platelet aggregation. With regard to CAA, this 

mechanism could lead to increased amyloid-β and platelet aggregation in the vascula-

ture and, moreover, to an inflammatory environment and occlusion of cerebral vessels 

of AD patients, resulting hypoxia and thus could influence neurodegeneration.  

In line with studies in the past, this thesis shows that platelets modify soluble Aβ40 into 

toxic insoluble amyloid-β aggregates in vitro.  
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The present study is the first to demonstrate that GPVI plays a key role in platelet-medi-

ated formation of amyloid-β aggregates by binding Aβ40 (section 3.1). Furthermore, the 

incubation of platelets with Aβ40 induces ROS production via GPVI (section 3.3). In AD 

brains, ROS has previously been shown to increase the expression of β-secretase 

through activation of p38 mitogen-activated protein kinase 23 and to increase abnormal 

tau phosphorylation through activation of glycogen synthase kinase [202, 203]. In the 

vascular system, excessive ROS production can lead to vascular cell damage by recruit-

ing inflammatory cells, lipid peroxidation, and activating metalloproteinases [204]. 

Chronic damage to the vascular cells could further damage the BBB and may be the 

reason for the increased prevalence of microbleeds in patients with AD [205].  In addition, 

we could show, that ROS in platelets leads to increased activation of integrin αIIbβ3 in 

the presence of Aβ40 and thus may increase the formation of amyloid-β aggregates 

(section 3.3). Vitamin C as a ROS scavenger reduces platelet-mediated amyloid-β ag-

gregate formation (section3.3).  

In vitro, inhibition of GPVI by antibody treatment or genetic deletion can significantly re-

duce platelet-mediated formation of toxic amyloid-β aggregates (section 3.1). It is already 

known that CAA-positive vessels in the brains of APP23 and patients also contain fibrin(-

ogen) deposits [147]. This study could show that stimulation of platelets with Aβ40 in-

duces the release of fibrin(-ogen) in a GPVI depend manner and that platelet-mediated 

formation of amyloid-β aggregates co-localize with fibrinogen in vitro (section 3.1). GPVI 

inhibition or genetic depletion reduces these amyloid-β fibrinogen aggregates in vitro. In 

2016, Donner et al. showed that Aβ40 binds to fibrinogen [103].  Previously, Ahn et al. 

had also found that Aβ42 and, to a lesser extent, Aβ40 can interact with fibrinogen by 

binding near the C-terminus of the β-chain of fibrinogen. Furthermore, Ahn et al. demon-

strated that this interaction leads to abnormal oligomerization of fibrinogen. In addition, 

blood clots formed in the presence of Aβ have been shown to be more resistant to deg-

radation [206]. Thus, thinking about CAA, one might speculate that binding of Aβ to plate-

let GPVI and integrin αIIbβ3 induces platelet activation and the release of ATP/ADP, 

ROS and fibrinogen. Fibrinogen, in turn, binds to integrin αIIbβ3 and Aβ, thereby creating 

cerebral amyloid aggregates that may be more resistant to degradation. Furthermore, 

the blocking or deletion of GPVI reduces Aβ40-induced platelet adhesion in the carotid 

artery ligation model in vivo (section 3.1). However, further studies are required to ad-

dress the question if GPVI inhibition might also reduce CAA burden or even improves 

cognition in vivo. In this study, losartan was used as an off-target GPVI inhibitor in a 

platelet culture assay. No reduction in amyloid-β aggregate formation was observed in 

vitro (section 3.1). As already mentioned, losartan is not specific for GPVI and probably 

does not inhibit the direct binding of Aβ40 to GPVI.  
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Likewise, in 2021, a double-blind, placebo-controlled phase 2 trial demonstrated that 12 

months of losartan treatment did not effectively reduce the rate of brain atrophy in indi-

viduals with clinically diagnosed mild to moderate AD [207]. Previously, in 2016, Donner 

et al. used aspirin as an antiplatelet agent in platelet cell culture with Aβ40 that also failed 

to induce a reduction in platelet-mediated amyloid-β aggregate formation [103]. Interest-

ingly, in 2022 in a nested case-control study within a cerebral small vessel disease cohort 

Pan et al. could show that only clopidogrel reduced the risk of dementia while aspirin and 

cilostazol appeared to have no effect [208]. Platelet inhibition can be achieved either by 

blocking membrane receptors or by interfering with intracellular signaling pathways. As-

pirin and cilostazol inhibit intracellular signaling by blocking platelet cyclooxygenase (as-

pirin) and phosphodiesterase (cilostazol), resulting in a decreased production of throm-

boxane A (aspirin) and increased production of cyclic adenosine monophosphate 

(cAMP; cilostazol) [209, 210]. These findings highlight that platelet inhibition alone may 

not be sufficient to reduce Alzheimer's risk, but selective blockade of key pathways may 

be more promising. Overall, our results show that Aβ40 binds GPVI and increase GPVI 

externalization at the platelet surface. Moreover, Aβ40 triggers platelet aggregation, ac-

tivation, and the release of ROS, ATP and fibrinogen with GPVI playing an important role 

in platelet-induced amyloid-β aggregate formation in vitro. However, further studies are 

needed to clarify whether inhibition of GPVI is able to reduce CAA burden in vivo and, 

moreover, whether GPVI may be a promising target for AD.  

4.2 Influence of Aβ40 on platelet-triggered inflammation 
and neutrophil recruitment in the progression of 
Alzheimer's disease 

There is compelling evidence that Alzheimer's disease-related inflammation develops in 

two distinct but interconnected areas: the blood and the brain. Several reports have sug-

gested that neutrophils may also play a role in the progression of AD beside their role in 

inflammatory responses under pathological conditions [70, 175]. Zenaro et al. demon-

strated that depletion of neutrophils reduces Alzheimer's disease neuropathology and 

improves memory in an Alzheimer's mouse model. [70]. In addition, Hernández et al. 

showed that neutrophil adhesion in brain capillaries reduces cortical blood flow and so 

impairs memory function in an AD mouse model [175]. Platelets are important for neu-

trophil recruitment under inflammatory conditions such as thrombosis or stroke [173]. 

However, the interaction of platelets and neutrophils in AD is not well understood. There-

fore, this thesis investigated the interaction between platelets and neutrophils upon Aβ40 

stimulation and the influence of Aβ40 on platelet-triggered inflammation.  
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The results from this study shows that the activation of platelets with Aβ40 induces the 

formation of platelet-neutrophils aggregates (PNA) in murine whole blood (section 3.2.1; 

Fig. 8). In this series of experiments, PNA formation appears to be GPVI-independent, 

as no differences in PNA formation was observed in GPVI-deficient platelets (section 

3.2.1; Fig. 8). One possible mechanism of this interaction is that the activation of platelets 

with Aβ40 triggers integrin αIIbβ3 activation and subsequent fibrinogen binding that al-

lows binding of neutrophils to fibrinogen via integrin αMβ2 (Mac-1) [103]. Several in vivo 

and in vitro studies have already shown that platelet activation induces stable binding of 

platelets and neutrophils [211], but until to date it is not known whether Aβ40 can influ-

ence this interaction. In blood samples from AD patients, Dong et al. found that neutro-

phils were hyperactive, which was associated with increased production of ROS and 

augmented NETosis suggesting systemic, chronic inflammation [74]. This study ana-

lyzed 15-month-old APP23 mice to investigate if these mice exhibit increased PNA for-

mation. However, we could not detect differences in PNA abundance in whole blood and 

in plasma neutrophil elastase concentrations in APP23 compared to WT mice (section 

3.2. Fig. 8 and Fig. 11). One reason for these differences could be the different ratio of 

the leukocyte subgroups between humans and experimental mice. In human blood, neu-

trophils predominate (50-70% neutrophils, 30-50% lymphocytes), whereas in mouse 

blood, lymphocytes predominate (75-90% lymphocytes, 10-25% neutrophils) [212]. In 

addition, important cross-species differences are evident between human and mouse 

neutrophil activation and signal transduction, such as cytokine release [213], ROS pro-

duction [214], and cytotoxic granule content [215]. Although there are many differences 

between mice and humans, it is still important to study this phenomenon in mice as well 

to better understand the development of AD and to be aware of the differences between 

AD mouse models and AD patients. 

In AD patients it has been reported that fibrinogen levels are positively correlated with 

Aβ40 and Aβ42 plasma levels [216] and that high fibrinogen levels were associated with 

an increased risk of both, AD and vascular dementia [217]. This study reveals that bind-

ing of Aβ40 to GPVI triggers the release of fibrinogen (section 3.1). Therefore, fibrinogen 

was measured in the plasma of 15-month-old APP23 and WT mice (section 3.2.1; Fig. 

8). In this experiment, no differences in plasma fibrinogen levels were detectable in 

APP23 compared with WT mice. Previous studies have shown that fibrinogen can enter 

the brain and accelerate inflammation and neuronal damage [218, 219]. One reason for 

unchanged plasma fibrinogen levels could be that fibrinogen is consumed upon for-

mation of Aβ plaques in the brain parenchyma and vessel walls.  
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In APP23 and WT mice, it has already been shown that plasma levels of Aβ40 and Aβ42 

decrease after 12 months of age, raising the question whether or not fibrinogen plasma 

levels also change after a certain time in AD [220].  

In addition to fibrinogen, the cytokine TGF-β1 was also measured in plasma. APP23 

mice have increased plasma levels of TGF-β1 compared with WT mice (section 3.2.1; 

Fig. 8). Malaguarnera et al. showed that the plasma levels of TGF-β1 were significantly 

elevated in AD patients compared to non-demented age matched controls [221]. TGF-

β1 acts as a chemoattractant for monocytes, fibroblasts, and neutrophils and thus has 

potent inflammatory activity [222]. Platelets contain 40 to 100 times more TGF-β1 as 

other cells and are the major source of plasma TGF-β1 [127, 223]. This study demon-

strates that stimulation of platelets with Aβ40 leads to an increased release of TGF-β1 

that is mediated –at least in part- by GPVI (section 3.2.1 Fig. 8). To date, the effects of 

TGF-β1 on the development of AD have been discussed controversial. Wyss-Cory et al. 

showed that chronic overproduction of TGF-β1 by astrocytes triggers an accumulation 

of basement membrane proteins and results in Aβ deposition in cerebral blood vessels 

and microvascular degeneration [224]. Furthermore, Kato et al. have shown that over-

production of TGFβ1 by astrocytes leads to failure of mural cells in the vessel wall, which 

is accompanied by the dilatation of cerebral vascular lumina [225]. These processes 

could lead to BBB damage and thus play a major role in the progression of AD. In con-

trast, recombinant TGF-β1 was also shown to promote microglial Aβ clearance and to 

reduce parenchymal plaque burden in transgenic mice [226]. These examples demon-

strate that controlled production of TGF-β1 has a protective, anti-inflammatory function, 

but that uncontrolled TGF-β1 production can lead to a proinflammatory environment 

leading to the damage of vascular cells. However, further studies are needed to deter-

mine whether lowering plasma TGF-β1 levels may also have beneficial effects, for ex-

ample, by reducing the degeneration of cells of the vessel wall. In addition, lowering 

TGF-β1 plasma levels could influence neutrophil recruitment and reduce the inflamma-

tory burden in vessels.  

In addition, the results from this thesis show that dual stimulation of human or murine 

platelets with ADP and Aβ40 induces an increase in platelet-mediated neutrophil adhe-

sion in vitro (section 3.2.3; Fig. 10 anf Fig. 13). One reason for an increase in neutrophil 

adhesion only with dual stimulation of platelets could be that the initial interaction be-

tween neutrophils and platelets are mainly mediated by binding of neutrophil P-selectin 

glycoprotein ligand-1 (PSGL-1) to platelet P-selectin [227]. Stimulation of murine plate-

lets with either ADP or Aβ40 alone does not significantly increase P-selectin expression 

on the platelet surface as shown earlier by Gowert et al. [143].  
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In contrast, dual stimulation of platelets with ADP and Aβ40 significantly increases P-

selectin expression at the surface of platelets from mice and humans and thus allows 

binding to PSGL-1 at the neutrophil surface [103, 143, 228]. Another interaction between 

neutrophils and platelets is mediated by the binding of neutrophil αMβ2 integrin with fi-

brinogen that is bound to platelet integrin αIIbβ3 as already mentioned above. This work 

already shows that stimulation of platelets with Aβ40 induces the release of fibrinogen 

via GPVI and integrin αIIbβ3 activation (section 3.1). Fibrinogen, in turn, can bind to in-

tegrin αMβ2 at the surface of neutrophils and thus allows direct interaction of platelets 

and neutrophils [131]. In contrast to the PNA analyses in murine whole blood, where 

Aβ40 alone triggers PNA formation, plasma proteins such as fibrinogen are more limited 

in this cell culture experiment because fibrinogen must be released from activated plate-

lets. Thus, it might be feasible that Aβ40 and fibrinogen, as well as activated platelets 

with P-selectin exposure at the plasma membrane, provide a matrix for the adhesion of 

neutrophils. In addition, the inhibition of platelet integrin αIIbβ3 by antibody treatment 

reduced murine neutrophil adhesion almost to resting levels suggesting that integrin 

αIIbβ3 is required for platelet neutrophil interaction. GPVI deficiency had a lesser effect 

on neutrophil adhesion but still showed a significant reduction. This points to an indirect 

role of GPVI in this process, since activation of GPVI leads to activation of integrin αIIbβ3. 

Furthermore, other signaling pathways also lead to integrin αIIbβ3 activation, such as 

activation of P2Y12 with ADP, so that GPVI defects could be compensated to some ex-

tent. Nonetheless, only dual inhibition of integrin αIIbβ3 and GPVI decreased neutrophil 

adhesion to resting levels (section 3.2.4 Fig. 12). In vivo, GPVI deficiency has already 

been demonstrated to reduce neutrophil recruitment and leukocyte infiltration in the ex-

perimental myocardial ischemia-reperfusion model, thus playing an important role the 

inflammatory process [229]. More recently, it was also shown that blocking of GPVI re-

duces neuro-inflammation during middle cerebral artery (MCA) occlusion by reducing 

neutrophil and T-cell recruitment to the ischemic brain [230]. Further in vivo studies are 

needed to investigate whether or not platelet-induced neutrophil adhesion may also play 

a role in neutrophil infiltration in AD and if the inhibition of either GPVI or integrin αIIbβ3 

has a beneficial effect by reducing the inflammatory response in AD.   

As platelets are able to modify soluble Aβ40 into amyloid-β fibrils, this thesis investigated 

whether murine neutrophils might also play a role in the formation of amyloid-β aggre-

gates in vitro. In this experimental setup, only murine neutrophils were used because 

they have a longer half-life than human neutrophils and the formation of amyloid-β ag-

gregates requires a longer incubation period.  
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No increase in amyloid-β aggregate formation with neutrophils were detected, suggest-

ing that neutrophils were unable to modify soluble Aβ40 in amyloid-β fibrils or to increase 

or decrease platelet-mediated amyloid-β aggregate formation in vitro (section 3.2.2 Fig. 

9). To date, there are few studies published investigating the interaction of Aβ peptides 

and neutrophils. Park et al. found that Aβ40 reduces the apoptotic rate of neutrophils 

[231]. In 2016, Stock and Kasusu-Jacobi demonstrated that neutrophil granule proteins 

such as cationic antimicrobial protein of 37 kDa (CAP37), cathepsin G (CG), and neutro-

phil elastase (NE) directly bind to Aβ42 [232]. In 2021, Kasusu-Jacobi et al. showed that 

neutrophil granule proteins prevent the modulation of Aβ42 aggregation into fibrils.  In 

addition, they showed that the serine proteases CG and NE are able to cleave Aβ42 with 

different catalytic activities [233]. In this context, it could be speculated that neutrophil 

may also have beneficial effects on the progression of Alzheimer's disease, for example, 

by clearing Aβ42 aggregates. 

The process of releasing decondensed chromatin decorated with histones and granular 

antimicrobial proteins, such as neutrophil elastase (NE) or myeloperoxidase (MPO) from 

neutrophils is termed neutrophil extracellular trap (NET) formation. Classically, NETs 

represent an important defense mechanism used by neutrophils against pathogens to 

prevent their systemic dissemination during infection [234]. However, increased and un-

controlled NET formation has the potential to induce significant tissue damage [73]. 

Zenaro et al. showed that in an AD mouse model and in the brain of patients with AD, 

neutrophils migrate into the brain and produce NETs [70] that possibly enhances neuro-

inflammation. Moreover, in a mouse model of stroke, neutrophils were shown to produce 

intravascular and intraparenchymal NETs that damage the blood-brain barrier (BBB) and 

impair revascularization [73]. Given that increased neutrophil adhesion was observed 

after platelet stimulation with ADP and Aβ40, the next step in this work was to investigate 

whether this could trigger the formation of NETs. However, no platelet-induced NET for-

mation was observed with either human or murine platelets with the indicated agonists 

tested in the in vitro experiments (section 3.2.3 and 3.2.5 Fig. 11 and 14). In recent years, 

several studies have investigated the role of platelets to trigger NET formation. Most of 

these studies have examined platelet-triggered formation of NETs in the context of acute 

infectious diseases such as sepsis. For example, Caudriller et al. demonstrated that 

platelets activated by thrombin receptor-activating peptide (TRAP) induce NET formation 

in a mouse model of transfusion-related acute lung injury [235]. Moreover in a sepsis 

model, Clark et al. demonstrated that LPS-stimulated platelets cause NET formation un-

der flow conditions [236]. Considering that the cell culture experiments performed in this 

work were conducted under static conditions with healthy human and mouse blood, this 

could be a reason that no platelet-induced NET formation was observed.  



Discussion 117 
 

Moreover, the phorbol myristate acetate (PMA)  (positive control) induced NET formation 

in murine neutrophils was only observed in 25% of cells; in contrast, PMA stimulation 

induced NET formation in almost all human neutrophils. One reason for the lower reac-

tivity of murine neutrophils could be that they originate from the bone marrow and not 

from the blood. The isolation from bone marrow was necessary because the concentra-

tion of neutrophils in murine blood was not sufficient for their isolation. Mice have a large 

reservoir of functional neutrophils in their bone marrow. However, minor differences were 

observed between cells derived from the bone marrow and blood, e.g. superoxide pro-

duction and primary granule release were increased in blood-derived neutrophils [237]. 

Decreased superoxide production in neutrophils derived from the bone marrow of mice 

could be a reason for reduced NET formation because this process depends on the for-

mation of ROS [238]. Thus, in vivo models might be better suited to further analyze 

whether or not platelets play a role in the induction of NET formation during inflammatory 

responses in AD. In this context, one method could be to cross c-mpl knockout mice, 

which have a 90% decrease in platelet counts, with an AD mouse model to examine the 

brains for NET formation.  

4.3 Migration of platelets into the central nervous system 
under pathological conditions such as found in 
Alzheimer's disease 

The BBB is a barrier between blood and circulating platelets on the one side and the 

brain parenchyma on the other side. Several studies have already shown that early dys-

function of the BBB occurs in AD and other neurodegenerative disorders. In this context, 

increased BBB permeability, microbleeds, perivascular deposition of blood products, and 

cellular infiltration have been observed [186, 205]. In addition, leukocyte subpopulations 

from the blood, including neutrophils, have previously been shown to be present in the 

brain of AD patients and of experimental mice with AD and potentially amplify neuroin-

flammation [70]. In 2005, Stalder et al. demonstrated that hematopoietic cells invade into 

the brain of aged APP23 mice. However, they could not distinguish between the different 

cell types because they used a mouse model in which all bone marrow cells were fluo-

rescent [239]. Therefore, it is still unclear whether platelets migrate into the brain under 

non-pathological and/or pathological conditions as found in AD. To date, there have been 

published controversial studies on platelet migration into the brain parenchyma in AD. In 

2015, a group of researchers led by Prof. Humpel studied platelet migration in a trans-

genic Alzheimer mouse model by infusing fluorescently labeled red (PKH26 dye) plate-

lets into the vein of the AD mouse model APP-PS1.  
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They showed that platelets do not migrate into the brain parenchyma but concentrate in 

the cerebral vasculature. In addition, they also studied platelet migration into the brain of 

AD patients and could not detect platelets in the brain parenchyma as well [240]. In con-

trast, Kniewallner et al. 2018 showed that 14-month-old APP-PS1 mice had an increased 

number of platelets outside the blood vessels in the brain parenchyma compared to WT 

mice [241]. These examples point out that it is yet not clear whether platelets can migrate 

into the brain parenchyma or not.  

For this reason, the current work investigated platelet migration into the brain paren-

chyma in WTmT/mG;PF4Cre+ and APP23mT/mG;PF4Cre+ mice at different ages and 

brain regions,  the hippocampus and the cerebral cortex. This study is the first that uses 

a mouse model in which platelets express a GFP signal, allowing a novel and specific 

analysis of platelet localization in an AD mouse model (section 3.4.1 Fig. 15). In this 

model, the presence of platelets in the brain parenchyma of aged WTmT/mG;PF4Cre+ 

and APP23mT/mG;PF4Cre+ in the hippocampus and the cerebral cortex was examined. 

The results provide evidence for a significantly higher platelet count in the hippocampus 

of 16-month-old APP23mT/mG;PF4Cre+ compared to WTmT/mG;PF4Cre+ mice. In 

young mice (6 months), platelets were not detected outside the vessels regardless of the 

genotype (section 3.4.2 Fig. 16 and 17). These results demonstrate a time-dependent 

onset of the platelet entry into the brain parenchyma in WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice that occurs earlier in the hippocampal region of 

APP23mT/mG;PF4Cre+ mice (section 3.4.2 Fig. 16 and 17). However, platelet migration 

into the brain parenchyma appears to be a common feature of aged brains, at least in 

mice, as platelets were detected at 24 months of age in WTmT/mG;PF4Cre+ and 

APP23mT/mG;PF4Cre+ mice.  

It has been previously shown that platelets from AD mouse models including the APP23 

mice and from AD patients are in a pre-activated state, resulting in increased P-selectin 

exposure and enhanced integrin n αIIbβ3 activation at the platelet surface [150, 241, 

242]. Activated platelets are able to synthesize and secrete a variety of metalloprotein-

ases (MMPs) and, recruit inflammatory cells to the endothelium, including neutrophil 

granulocytes, which can also release MMPs or NETs [243]. NETs and MMPs, especially 

MMP2 and MMP9, are associated with BBB breakdown in neurodegenerative diseases 

because they degrade the extracellular matrix [73, 244]. AD patients exhibited decreased 

MMP-2 levels in platelets, possibly indicating increased release of MMP2 during AD pro-

gression [245].  In 2018, Kniewallner et al. demonstrated that an MMP inhibitor com-

pletely counteracted vascular damage and AD indcued platelet vessel penetration in ex-

perimental APP_SweDI mice [246].  
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This AD mouse model expresses the human APP gene containing the Swedish, Dutch, 

and Iowa mutations and develops amyloid plaque formation along with CAA pathology 

[247]. Furthermore, isolated platelets from APP_SweDI mice were shown to damage 

healthy cortical brain vessels.  However, no damage to brain vessels was observed with 

isolated WT platelets  [246]. Therefore, it is tempting to speculate that platelets from AD 

mice actively contribute to vascular damage and inflammation, which could lead to a 

premature impairment of the BBB and allows early infiltration of platelets into the brain 

parenchyma of APP23mT/mG;PF4Cre+ mice.   

Interestingly, in 24-month-old mice of both genotypes, platelets were observed in the 

brain parenchyma (section 3.4.2 Fig. 16 and 17). The question of whether the migration 

of platelets into the brain parenchyma is active or passive has not yet been completely 

clarified. In this study, immunoglobulin G (IgG) staining was performed to analyze the 

leakiness of the BBB. To enter the brain, IgGs have to cross the (damaged) BBB to enter 

the brain parenchyma. Strongly increased IgG abundance was detected in the cerebral 

cortex and in the hippocampus of 24-month-old APP23mT/mG;PF4Cre+ mice and 

slightly increased IgG abundance was detected in the cerebral cortex but not in the hip-

pocampus of 24-month-old WTmT/mG;PF4Cre+ mice. In the cerebral cortex of 24 

months APP23mT/mG;PF4Cre+ mice, we also detected IgG-positive areas that associ-

ate with high platelet accumulation, indicating passive entry due to microbleeds (section 

3.4.6; Fig. 21 and 22). Reuter et al. previously showed that cerebral microhemorrhages 

in the APP23 mouse model occur earliest at 16 months of age and increase exponentially 

with age. Most of the microhemorrhages were located in the neocortex. However they 

did not analyzed aged matched WT mice [187]. Xu et al. investigated the dynamic 

changes in vascular size and density in the APP23 and WT mice at 3, 6, 9, 14, and 20 

months of age. They could show that in 20-month old APP23 and WT mice, vascular 

density was significantly decreased, while vascular dilatation and diameter were in-

creased, suggesting that cerebrovascular abnormalities, such as BBB disruption, also 

occur in WT mice with increasing age. In addition, they could show that APP23 mice 

exhibited reduced hippocampal vascular density compared to WT mice at 9 months 

[181]. This suggests that the hippocampus is the most susceptible brain region in AD 

and may be another reason for the higher platelet abundance in the hippocampus of 16-

month-old APP23 mT/mG;PF4Cre+  mice (section 3.4.2 Fig. 16). In AD patients, the en-

torhinal area, which is the main entry and exit structure of the hippocampus, is the first 

region where amyloid plaques and tangles are deposited [248]. These examples may 

provide evidence that platelet migration into the brain is passively due to BBB disruption. 

Nevertheless, the group of Prof. Massberg provided evidence for active platelet migra-

tion as an autonomous platelet function at sites of vascular injury and inflammation [249]. 
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Recently, paracrine effects of migrating monocytes were shown to influence the ability 

of platelets to migrate and aggregate through an activated endothelium [250]. Most of 

these experiments were performed in cell cultures of murine or human microvascular 

endothelial cells and by mouse ear microvascular injury. Depending on which organs the 

capillaries supply, they regulate the transport of solutes between the blood and the tis-

sues very differently. The microvasculature of the central nervous system has unique 

properties in being continuous, non-fenestrated vessels with a strong barrier capacity 

that tightly regulates the movement of molecules, ions, and cells between the blood and 

the CNS. However, under inflammatory conditions such as AD, this barrier function is 

disturbed and BBB dysfunction occurs [251]. The extent to which platelets are involved 

in this process requires further investigation. 

Once platelets enter the brain parenchyma, the question arises whether they play a func-

tional role in amyloid formation in the brain parenchyma or in promoting neuroinflamma-

tion and thus progression of AD. Platelets are already associated with enhanced neu-

roinflammation in various neurological disorders, particularly in response to injuries such 

as subarachnoid hemorrhage or stroke [133, 252]. Moreover in a mouse model of multi-

ple sclerosis it has been shown that extravascular platelets in the brain promote leuko-

cyte infiltration as well as CNS inflammation [253]. In the present study, it was clearly 

shown that platelets are located around amyloid plaques in the brain parenchyma. Inter-

estingly, with increasing amyloid plaque diameter and increasing age of 

APP23mT/mG;PF4Cre+ mice, platelet abundance around the amyloid plaques in-

creased as well (section 3.4.3; Fig. 18). Platelets carry the amyloid precursor protein and 

are able to release Aβ40 upon activation. In contrast to diffuse plaques, which consist 

only of Aβ42 and do not show neuritic dystrophy, senile plaques contain a small amount 

of Aβ40 [254]. In addition, other studies have previously shown that fibrinogen co-local-

izes with Aβ deposits outside the vessels in the cerebral cortex of APP23 mice and in 

human AD brains [255, 256]. Fibrinogen is mainly produced by liver hepatocyte cells and 

released into the blood. Platelets are known to take up and store fibrinogen, and release 

it upon activation [257]. Thus, it is tempting to speculate that platelets release Aβ40 

and/or fibrinogen near amyloid plaques after entering the brain parenchyma and thus 

contribute to the growth of senile plaques. However, beside platelets as a source of fi-

brinogen, it cannot be excluded that fibrinogen enters the brain parenchyma via the leaky 

BBB and accumulates around amyloid plaques. Interestingly, in a mouse model of sys-

temic shock, platelets were found to deposit in the brain and return to the circulation after 

degranulation of serotonin [258]. Whether platelets contribute to the enlargement of am-

yloid plaques in the brain parenchyma by releasing Aβ40 and/or fibrinogen has to be 

further investigated.  
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However, short-term treatment of APP23 mice with the antiplatelet agent clopidogrel has 

already been shown to reduce CAA burden [103]. Thus, long-term treatment of APP23 

mice with clopidogrel has to be performed to investigate if anti-platelet therapy is able to 

reduce parenchymal amyloid plaque formation in experimental AD mice as well.  

Interestingly, Bian et al. recently showed that fibrinogen accumulates in NeuN- and Tuj-

1-positive neurons in APP23 mice with chronic cerebral hypoperfusion [255]. In the pre-

sent study, it has been shown that some platelets from 24-month-old 

APP23mT/mG;PF4Cre+ mice were located around NeuN-positive neurons (section 

3.4.5 Fig. 20), suggesting that platelets might contribute to fibrinogen accumulation in 

the brain parenchyma. Furthermore, Schleicher et al. 2015 demonstrated that platelets 

trigger apoptosis in human and mouse neuronal cells via exposure of the Fas ligand 

[259]. In addition to Fas ligand induced (extrinsic) apoptosis, ROS formation is also 

known to trigger neuronal cell death and cell apoptosis. In this study it has already been 

shown that platelets release ROS upon Aβ40 stimulation (section 3.3). Therefore, in the 

vicinity of neurons activated platelets could be a part of the imbalance between ROS 

production and detoxification, and thus might contribute to neuronal cell damage. Fur-

thermore, fibrinogen has been shown to induce rapid and sustained microglial responses 

via the microglial integrin receptor CD11b/CD18 [260]. In addition to Aβ40 or fibrinogen 

(section 3.1), platelets can also release a variety of inflammatory mediators such as TGF-

β1 [127] (section 3.2.1 Fig 8). Inflammatory stimuli induce microglia activation to morph 

from a ramified to an amoeboid shape. Activated microglia become highly motile, secrete 

inflammatory cytokines, and phagocytose apoptotic cells or damaged neurons, and thus 

contribute to neuron loss [261]. In this thesis, platelets have been shown to co-localize 

with activated microglia in 24-month-old APP23mT/mG;PF4Cre+  mice (section 3.4.4 

Fig. 19). One reason for this co-localization might be that activated microglia are able to 

clear platelets from the brain parenchyma by phagocytosis. In 2018, Kniewallner et al. 

demonstrated that platelets in APP-SweDI mice recruit and activate microglia, leading to 

increased TNF-α levels and promoting an inflammatory environment [246]. Whether 

platelets are able to activate microglia and thus promote neuroinflammation and neuro-

degeneration in AD remains elusive. However, microglia are capable of clearing cell de-

bris, and it cannot yet be ruled out that the migrated platelets detected in the brain pa-

renchyma of APP23mT/mG;PF4Cre+ mice are already apoptotic or nonfunctional plate-

lets containing the GFP signal. 

In conclusion, this study provides strong evidence for platelet migration into aged mouse 

brains and platelet accumulation around amyloid plaques in the here established reporter 

knockin mouse model, the APP23mT/mG;PF4Cre+ mice. Further studies on human AD 

brains are pending.  
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However, the presence of platelets in the brain may indicate a new role for platelets in 

AD progression. Understanding of the mechanisms that modulate platelet activation and 

migration in the brain and how platelets affect AD pathology could provide new, promis-

ing therapies for AD and many other neuroinflammatory diseases. 

4.4 Conclusion and Outlook  

Platelets are an emerging issue in neurodegenerative diseases, such as AD. However, 

the functional role of platelets and the underlying molecular and cellular mechanisms are 

not fully understood to date. Therefore, this thesis investigated the role of platelets and 

the major platelet collagen receptor GPVI in the progression of Alzheimer's disease with 

regard to amyloid-β aggregation and platelet-mediated inflammation. It has been clearly 

demonstrated that the major platelet collagen receptor GPVI binds Aβ40 and thereby 

triggers platelet activation and aggregation. In addition, platelets from patients and mice 

with GPVI deficiency do not aggregate upon Aβ40 stimulation. In vitro, GPVI was identi-

fied as a key regulator of platelet-mediated formation of amyloid-β aggregates. Moreo-

ver, this study provides first evidence that GPVI may be involved in the inflammatory 

response triggered by Aβ40 through the release of TGF-1β, ROS and, in part, by stimu-

lation the adhesion of neutrophils. To further analyze whether blocking of GPVI has a 

beneficial effect not only in vitro but also in vivo, the next approach would be to analyze 

APP23 mice with GPVI deficiency. In this in vivo model, inflammatory plasma markers 

as well as the amyloid load, CAA, neuro-inflammation and neurodegeneration in the 

brain can be studied. The overall aim is to determine whether antiplatelet therapy, in this 

case genetic loss of GPVI, can improve cognition and moreover reduce the progression 

of AD. Therefore, in further analysis, behavioral studies such as Morris water maze 

(MWM), Y maze, elevated plus maze, light-dark test, and open-field test might be of great 

interest. The combination of these studies might provide a broad picture not only of cog-

nitive development but also of neuropsychiatric symptoms such as alterations in mood, 

including anxiety and depression. In addition, it may be of future interest to investigate 

the impact of the GPVI inhibitor glenzocimab on Aβ40 induced platelet activation and 

amyloid-β aggregate formation. Glenzocimab is a Fab fragment of a humanized anti-

GPVI monoclonal antibody and has been in a Phase II clinical trial since 2021 to gain 

insights into its safety, tolerability and efficacy in the treatment of acute ischemic stroke 

[262, 263]. In a second part, this thesis analyzed the age-dependent migration of plate-

lets into the brain parenchyma of APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ 

mice. An increased number of platelets were found in the brain parenchyma of 24-month-

old APP23mT/mG;PF4Cre+ and WTmT/mG;PF4Cre+ mice. 
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 In addition, at 16 months of age, more platelets were present in the hippocampus of 

APP23mT/mG;PF4Cre+ compared to WTmT/mG;PF4Cre+ mice, indicating premature 

BBB dysfunction in the experimental AD mice. These data raise the question of whether 

or not the inhibition of platelet activation could reduce inflammatory vascular processes 

leading to decreased vascular cell degradation and disruption of the BBB, which in turn 

might result in less entry of platelets and/or blood components into the brain paren-

chyma. Therefore, it may be of interest to analyze platelet migration in APP23 mice re-

ceiving antiplatelet therapy. In addition, this study was the first to show that platelets 

accumulate around amyloid plaques in the new reporter knockin 

APP23mT/mG;PF4Cre+ mouse model. In future, it will be of interest to determine 

whether platelets are also found in the parenchyma and around amyloid plaques in the 

brain of AD patients. In this study the accumulation of immunoglobulins G in the brain 

suggest a leaky BBB or even microbleeds in aged APP23mT/mG;PF4Cre+ mice. How-

ever, the overall prevalence of microbleeds is consistently higher in people with CAA and 

AD compared to non-demented elderly people [264]. This observation needs to be care-

fully considered when using antiplatelet agents for the treatment of AD, as they might 

increase the risk and frequency of microbleeds. Microbleeds differ from stroke in both, 

their extent and effects. Whereas stroke is considered a so-called macro event, usually 

affecting only one hemisphere of the brain and having immediate effects, microbleeds 

can occur over a longer time period throughout the brain and thus have a cumulative 

effect. In this context, GPVI might be an interesting target for the treatment of AD be-

cause it has already been shown that depletion of GPVI improves the outcome in exper-

imental stroke without increasing the risk of cerebral hemorrhages [133]. 

 
Figure 23: Graphical abstract.  
Binding of Aβ40 to GPVI on the surface of platelets leads to externalization of GPVI and the release of ROS, 
ADP, fibrinogen, and TGF-1β. In addition, Aβ40 stimulation of platelets leads to the recruitment of neutro-
phils.  Neutrophils, TGF-1β, and ROS are proinflammatory stimuli and presumably may damage the BBB, 
thus permitting platelets to invade into the brain parenchyma.  In APP23 mice, platelets were localized near 
amyloid plaques, microglia, and neurons. The influence of platelets in the brain remains to be elucidated in 
further detail in future. 
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