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Zusammenfassung 
Die Alzheimer-Krankheit (AD) ist eine sich weltweit rasch ausbreitende Gesundheitskrise, 

deren Fallzahlen sich aufgrund der steigenden Lebenserwartung bis 2050 voraussichtlich mehr 

als verdoppeln werden. Früher fälschlicherweise als einfache senile Demenz diagnostiziert, 

wird AD heute durch eine Kombination aus klinischen Untersuchungen, Bildgebung des 

Gehirns (MRT, PET) und spezifischen Biomarkern wie Amyloid-beta (Aβ) und Tau diagnostiziert. 

Die Pathologie umfasst Neurodegeneration, die durch die Ansammlung fehlgefalteter Proteine 

und chronischer Entzündungen verursacht wird. 

AD manifestiert sich hauptsächlich in zwei Formen: der seltenen, früh auftretenden familiären 

AD (FAD) und der weitaus häufigeren, spät auftretenden sporadischen AD. Die vorherrschende 

Erklärung, die Amyloid-Hypothese, geht davon aus, dass die Anhäufung von Aβ die primäre 

auslösende Ursache ist. Dieser toxische Prozess erfolgt über den amyloidogenen 

Stoffwechselweg der Verarbeitung des Amyloid-Vorläuferproteins (APP), dem der schützende 

nicht-amyloidogene Stoffwechelweg gegenübersteht. Dieser schützende Weg wird durch 

positive Lebensstilfaktoren wie gesunde Ernährung und regelmäßige Bewegung unterstützt. 

Aktuelle Forschungsbemühungen gehen über Aβ und Tau hinaus und untersuchen die Rolle 

spezifischer Proteasen im Gehirn, wie z. B. Meprin β, welches als Risikofaktor für AD 

identifiziert wurde. Während aktuelle Therapien weitgehend nur eine Linderung der 

Symptome bieten, konzentrieren sich zukünftige Strategien auf Interventionen, die frühzeitig 

im Krankheitsverlauf auf die Kernpathologie abzielen können. 

Hier berichten wir, dass die Überexpression von Meprin β das Lernverhalten von Mäusen auf 

verhaltensbezogener und elektrophysiologischer Ebene beeinflusst. Wir zeigen, dass die 

NMDA- und AMPA-Rezeptorlevel unverändert bleiben, wobei die N-Terminomik-Analyse 

Brevican als potenziellen Kandidaten für die beobachteten Effekte identifiziert. Gleichzeitig 

zeigt die Überexpression von Meprin β in einem AD-Mausmodell (APP/Ld) keine 

beobachtbaren Unterschiede im Lernverhalten. Die Analyse von löslichem Aβ im Kortex und 

Hippocampus ergab, dass Mäuse mit Meprin-β-Überexpression in einem APP/Ld-Hintergrund 

mehr Aβ produzieren als APP/Ld-Tiere. Die höheren Aβ-Spiegel führen nicht zur Bildung von 

Plaques, während wir eine intrazelluläre Akkumulation beobachten.  
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Summary 
Alzheimer's Disease (AD) is a rapidly growing global health crisis, with case numbers projected 

to more than double by 2050 due to increasing life expectancy. Historically misdiagnosed as 

simple senile dementia, AD is now diagnosed through a combination of clinical assessments, 

brain imaging (MRI, PET), and specific biomarkers like amyloid-beta (Aβ) and tau. Pathology 

involves neurodegeneration caused by the accumulation of misfolded proteins and chronic 

inflammation. 

AD primarily manifests in two forms: the rare, early-onset familial AD (FAD), driven by gene 

mutations that lead to the overproduction of Aβ, and the far more common, late-onset 

sporadic AD, which results from the impaired clearance of Aβ from the brain. The dominant 

explanation, the amyloid hypothesis, posits that the accumulation of is the primary initiating 

pathological event. This toxic process occurs via the amyloidogenic pathway of amyloid 

precursor protein (APP) processing, which is contrasted by the protective non-amyloidogenic 

pathway. This protective pathway is supported by beneficial lifestyle factors, including healthy 

diets and regular exercise. 

Current research efforts extend beyond Aβ and tau to explore the role of specific proteases in 

the brain, such as meprin β, which has been identified as a risk factor for AD. While current 

treatments largely offer only symptomatic relief, future strategies are focused on interventions 

that can target the core pathology early in the disease course to modify or prevent its 

progression. 

Here, we report that the overexpression of meprin β affects learning in mice on the behavioral 

and electrophysiological level. We show that NMDA- and AMPA receptor levels are not altered, 

while N-terminomics analysis reveals brevican as a potential candidate to explain the observed 

effects. Simultaneously, overexpression of meprin β in an AD mouse model background 

(APP/Ld) shows no observable differences in learning and behavior. Analysis of soluble Aβ in 

the cortex and hippocampus revealed that meprin β-overexpressing mice in an APP/Ld 

background produce more Aβ than APP/Ld animals. The higher Aβ levels do not translate into 

the formation of plaques, whereas we observe intracellular accumulation.  
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1. Introduction 

1.1 Alzheimer’s Disease: History, Diagnosis, and the Growing Dementia Crisis 

Alzheimer’s disease (AD) is becoming more common worldwide. Typically, the risk of 

developing AD increases sharply with age, especially after 65. As life expectancy rises and more 

people reach older ages, the number of Alzheimer’s cases grows accordingly (Li et al., 2022; 

Hebert et al., 2001; Monfared et al., 2022). Projections show that the number of people with 

AD will more than double by 2050, mainly because of the increasing age of the population, not 

because the disease is becoming more common at younger ages (Javaid et al., 2021; 

Stevenson-Hoare et al., 2023). Nonetheless, some studies suggest that the risk of developing 

AD at a given age may be declining in some high-income countries, likely due to better 

education and improved management of cardiovascular risk factors (Langa, 2015).  

Before AD was formally identified in the early 20th century, symptoms were described in more 

general terms as part of “senile dementia” or age-related mental decline. There was no clear 

distinction between different types of dementia, and the condition was often seen as a natural, 

inevitable part of aging. Dementia-like symptoms were noted in ancient texts, often described 

as a general decline in memory and reasoning in old age. For example, the Old Testament 

references being kind to elders whose minds fail them (Bonid et al., 2017). Medieval 

physicians, such as Avicenna (980–1037 CE), already tried to distinguish between different 

forms of cognitive decline. Still, the concept of “senile dementia” persisted, and there was little 

attempt to separate what we now call AD from other causes of cognitive impairment (Taheri-

Targhi et al., 2019; Vatanabe et al., 2020). Additionally, without brain imaging or pathology, 

descriptions relied on observable symptoms like memory loss, confusion, and behavioral 

changes. Only from the 20th century onward AD was recognized as a distinct disease thanks to 

advances in medical science and pathology. 

AD is diagnosed by combining an assessment of symptoms with tests that help rule out other 

causes and detect changes in the brain. It is based on evaluating memory and thinking 

problems, supported by brain scans and sometimes lab tests. Clinicians usually look for gradual 

and progressive memory loss and other cognitive problems by applying interviews and simple 

mental tests to check thinking, memory, and daily functioning (McKhann et al., 1984). 

Simultaneously, blood tests and other lab work are performed to rule out other conditions that 
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might cause similar symptoms, such as vitamin deficiencies or thyroid problems (Weller & 

Budson, 2018). Lastly, scans like MRI or CT are used to look for brain changes typical of AD and 

to exclude other brain diseases. These advanced imaging techniques (like PET scans) and 

biomarker tests (from spinal fluid or blood) can provide more specific evidence of Alzheimer’s 

but are not always used in routine practice (Kim et al., 2022). AD biomarkers include CSF 

markers (like amyloid-beta and tau), blood and fluid biomarkers (such as specific proteins and 

microRNAs) and ocular biomarkers like retinal thickness changes detected by imaging (Zabel 

et al., 2025). Brevican, for example, is a brain-specific protein that is part of the extracellular 

matrix (ECM) and perineuronal nets (PNN). Recent research suggests that fragments of 

brevican in blood or cerebrospinal fluid may serve as potential biomarkers for distinguishing 

between different types of dementia, including AD (Jonesco et al., 2020). There, tests were 

developed to detect two brevican fragments - N-brevican (N-Brev) and brevican-A (Brev-A). 

The ratio of these fragments can help distinguish AD from other dementias, but unfortunately 

does not clearly separate AD from healthy controls (Jonesco et al., 2020). Some brevican 

peptides are lower in vascular dementia compared to AD and controls, suggesting brevican 

may help differentiate between these two specific dementia types (Minta et al., 2020; 

Morawski et al., 2012).  

Research funding for age-related diseases, including AD and other chronic conditions, has 

significantly increased in recent years (Jin et al., 2015; Li, 2019). This shift reflects growing 

recognition of the health and economic impact of an aging population, leading to more 

resources and attention for research in this area (Katiyar et al., 2020). The National Institute 

on Aging in the US, for example, has seen its budget triple from 2015 to 2020, with much of 

this new funding directed toward AD and related dementias (Bernard et al., 2020). As funding 

for AD research has increased overall, support for other age-related diseases has likewise 

expanded, since growth in AD research tends to draw resources into the broader field of age-

related illnesses South and East Asia are seeing the quickest increases in the number of people 

with AD, while high-income countries in Western Europe and Japan have the highest 

prevalence rates due to their older populations (Ji et al., 2024; Javaid et al., 2021). 

Nevertheless, a large study from Stephan et al. (2018) shows that among these high-

prevalence countries, age-standardized dementia incidence rates have actually decreased by 

over 50% in both men and women over the last decade, even as overall prevalence remains 

high. China is experiencing a dramatic increase in AD cases, driven by its large and rapidly aging 
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population. The total number of people affected is rising faster here than anywhere else, and 

similar trends are seen in India and neighboring countries (Ji et al., 2024; Javaid et al., 2021). 

By 2040, 71% of people with dementia will live in low- and middle-income countries, especially 

in Asia (Kalaria et al., 2024).  

AD is typically dependent on several different lifestyle factors such as diet, physical activity and 

gut health. A healthy diet, regular movement, and a balanced gut microbiome can help protect 

the brain and may delay or reduce the risk of AD. Diets rich in vegetables, fruits, whole grains, 

legumes, fish, and healthy fats (like the Mediterranean, DASH, or MIND diets) are associated 

with a lower risk of AD (Baranowski et al., 2020; Kepka et al., 2022; Zhang et al., 2020). These 

diets provide antioxidants, polyunsaturated fatty acids, and polyphenols, which reduce 

inflammation and oxidative stress - key contributors to AD. At the same time, unhealthy diets 

high in saturated fats and simple sugars increase AD risk (Stefaniak et al., 2022). Regular 

exercise reduces AD risk and slows cognitive decline by improving blood flow, reducing 

inflammation, and increasing brain-derived neurotrophic factor (BDNF), which supports 

brain health (Khemka et al., 2023; De La Rosa et al., 2020). A healthy gut microbiome, shaped 

by diet and exercise, supports brain health via the gut-brain axis. Gut dysbiosis is linked to 

increased inflammation and AD pathology, while a diverse microbiome may protect 

against neurodegeneration (Zhou et al., 2023; Kesika et al., 2020).  

To fully understand how these health benefits work and to evade the risk of getting sick, we 

need to understand the pathology of this disease in detail. Neurodegeneration refers to 

the progressive loss of structure and function of neurons, ultimately leading to their death. 

This process underlies many disorders, including AD, Parkinson’s disease (PD), Huntington’s 

disease (HD) and amyotrophic lateral sclerosis (ALS). These diseases share several core 

features, despite differences in symptoms and the brain regions affected: the accumulation of 

misfolded proteins, impairment of critical cellular processes, chronic activation of 

inflammatory pathways and ultimately neuronal death (Hou et al., 2019; Sanghai & Tranmer, 

2023; Noori et al., 2020; Gao et al., 2018). In all cases, toxic protein buildup, such as amyloid-

β and tau in AD, α-synuclein in PD, and TDP-43 in ALS, drives protein aggregation and cellular 

dysfunction (Spires-Jones et al., 2017). A major contributing mechanism is the failure of 

protein clearance systems, which disrupt proteostasis and allow harmful aggregates to persist 

(Sanghai & Tranmer, 2023; Noori et al., 2020; Tan et al., 2019). This is compounded by reduced 
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energy production, increased oxidative stress and chronic activation of brain immune cells, 

which altogether fuel persistent neuroinflammation (Singh et al., 2023). The incidence of these 

disorders rises sharply with age, reflecting the gradual decline of cellular repair mechanisms 

over the lifespan (Sanghai & Tranmer, 2023; Hou et al., 2019). Ultimately, these converging 

processes trigger inflammasome activation, progressive loss of neuronal function, and 

defective protein folding or clearance. 

However, the most common treatment procedures focus on symptom relief, slowing disease 

progression and improving quality of life. Standard pharmacological treatments include 

cholinesterase inhibitors like Donepezil and are widely used to improve or stabilize memory 

and cognitive symptoms in mild to moderate AD. Then NMDA receptor antagonists 

like Memantine are prescribed for moderate to severe AD to help with memory, attention, and 

daily functioning (Buccellato et al., 2023; Breijyeh & Karaman, 2020). Recently, monoclonal 

antibodies (Aducunumab and Lecanemab) were conditionally approved by the FDA, which 

target amyloid β (Aβ) plaques in the brain. These drugs aim to slow disease progression, 

though their clinical benefits are modest and they require careful patient selection 

and monitoring (Rahman et al., 2023; Beshir et al., 2022).  

Unfortunately, these treatment options are very limited and only improve symptoms for a 

short period, leading to growing interest in alternative and complementary therapies. Several 

non-drug and non-invasive options, herbal remedies, lifestyle interventions, and repurposed 

medications show promise for managing AD symptoms and potentially slowing disease 

progression. Focused Ultrasound (FUS) and Transcranial Pulse Stimulation (TPS) are non-

invasive brain stimulation techniques that have shown benefits in animal and early human 

studies, potentially improving cognitive function and altering disease progression by affecting 

the blood-brain barrier and brain activity (Sovrea et al., 2025). Infrared light therapy or 

photobiomodulation (PBM), especially during sleep, may enhance brain waste clearance and 

reduce amyloid buildup, with preclinical and early clinical evidence supporting its safety and 

potential effectiveness (Semyachkina-Glushkovskaya et al., 2023; Wang et al., 2024). Ayurvedic 

and traditional Chinese medicine herbs such as turmeric, Brahmi, Ashwagandha, and Ginkgo 

biloba contain compounds with antioxidant, anti-inflammatory, and neuroprotective effects. 

These may improve memory, reduce neurodegeneration, and enhance quality of life, though 

more rigorous clinical trials are needed (Kumar, 2019; Peng et al., 2024). 
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As described, multiple factors contribute to the onset of AD. Although the variants share core 

pathological features and clinical manifestations, it is essential to distinguish between the two 

major forms.  

1.2 Pathophysiology of AD  

Familial Alzheimer’s disease (FAD) is a rare, inherited form of Alzheimer’s disease caused by 

specific genetic mutations, as it accounts for only 1–5% of all Alzheimer’s cases. FAD is 

characterized by an early age of onset (often before age 65, sometimes as early as the 30s or 

40s) and is passed down in families in an autosomal dominant pattern, meaning each child of 

an affected parent has a 50% chance of inheriting the disease (Breitner et al., 1984). FAD is 

caused by mutations in one of three genes: APP (amyloid precursor protein), PSEN1 (presenilin 

1), or PSEN2 (presenilin 2). These mutations lead to abnormal processing of APP, resulting in 

amyloid β (Aβ), a protein that accumulates in the brains of people with AD (Andrade-Guerrero 

et al., 2023; Bird, 1994). The clinical symptoms of FAD are similar to those of sporadic 

Alzheimer’s, including progressive memory loss, cognitive decline, and behavioral changes. 

However, FAD often progresses more rapidly and may include additional neurological 

symptoms such as seizures or myoclonus (involuntary muscle jerks) in some families (Tang et 

al., 2016). 

Sporadic AD is the most common form of AD, accounting for about 95% of all cases. Unlike 

familial AD, sporadic AD does not result from inherited gene mutations and typically develops 

later in life. Its exact cause is unknown, but it is believed to arise from a complex interplay of 

aging, genetic risk factors, and environmental influences (Piaceri et al., 2013; Theron et al., 

2023). Most cases occur in people over 65 years old, often referred to as late-onset AD 

(Masters et al., 2015). While certain genetic alleles (like APOE ε4) increase the risk, there is no 

deterministic single mutation as seen in FAD. Furthermore, genome-wide association studies 

(GWAS) have identified many risk genes, including TREM2, SORL1, ABCA7 or PICALM, that have 

substantial effects but not as severe as the APOE ε4 variant (Theron et al., 2023; Rajabli et al., 

2023; Bellenguez et al., 2022; Karch et al., 2015).  

However, some factors have a protective effect against AD. There is strong evidence that 

certain genetic mutations and variants can protect against both familial and sporadic AD. The 

most well-established protective mutations are the APOE allele ε2 and the APP A673T 

(Icelandic) mutation. The APOE ε2 variant is associated with a significantly lower risk of 
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developing AD compared to the common ε3 and high-risk ε4 alleles, due to more efficient 

clearance of Aβ from the brain. Its protective effect is seen in both sporadic and familial cases, 

and it may also slow disease progression (Corder et al., 1994). The rare mutation A673T in APP 

reduces the formation of Aβ, the peptide that accumulates in AD brains. It protects against 

both sporadic and familial forms, even when other pathogenic mutations are present 

(Shimohama et al., 2024). Carriers of the mutation additionally show reduced levels of soluble 

APPβ (sAPPβ) in cerebrospinal fluid and plasma, while levels of sAPPα (a product of the non-

amyloidogenic pathway) are increased (Wittrahm et al., 2023). Also, the mutation is associated 

with better cognitive performance in old age and protection against age-related cognitive 

decline, even in the absence of AD (Maloney et al., 2014; Jónsson et al., 2012). Another very 

interesting factor is the APOE ε3 Christchurch (R136S) mutation. It was identified in a person 

with a high-risk familial AD mutation (PSEN1 E280A) who did not develop dementia. This rare 

variant appears to confer resilience against tau pathology via inhibition of the cGAS-STING-IFN 

pathway (Naguib et al., 2025). 
The amyloid hypothesis has been the dominant model for explaining AD for decades. It 

proposes that the accumulation of Aβ peptides in the brain is the primary cause of AD, 

triggering downstream events like tau pathology, neurodegeneration, and cognitive decline. 

Aβ plaques appear early in AD, and low cerebrospinal fluid Aβ1-42 and amyloid-PET positivity 

precede symptoms by years (Selkoe & Hardy, 2016; Karran & De Strooper, 2022). Recent anti-

amyloid antibody therapies (e.g., aducanumab) can remove amyloid plaques and have shown 

modest slowing of cognitive decline in some patients, though the clinical benefit is debated 

and may require early intervention (Selkoe & Hardy, 2016; Karran & De Strooper, 2022). This 

suggests Aβ accumulation is an initiating event in the disease cascade (Kametani & Hasegawa, 

2018), which may explain why many anti-amyloid therapy trials have failed when treatment is 

given after significant neuronal damage (Hamm et al., 2017; Samaey et al., 2019). The most 

effective window for Aβ-targeted therapies may be during the preclinical phase, before 

extensive neurodegeneration, so before neuroinflammation starts and the disease course 

cannot be prevented anymore (Hamm et al., 2017; Samaey et al., 2019). Because said 

processes are so closely linked and flow into one another, it’s hard to pinpoint exactly where 

one ends and the next begins, making them difficult to explain clearly. 
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In FAD, Aβ accumulation is mainly the result of higher APP processing, whereas in late-onset 

AD, studies indicate that Aβ clearance rates are markedly impaired (Jack et al., 2010; Korte et 

al., 2020). Therefore, addressing excessive Aβ production is particularly relevant for FAD, while 

improving clearance is the key challenge in sporadic AD. Although abnormal processing or 

clearance of APP is recognized as the earliest sign, there remains no reliable theory explaining 

why this occurs. However, new hypotheses are emerging: there is growing evidence that viral 

DNA is frequently found in the brains of people with AD and may contribute to disease risk 

and pathology. The relationship remains under active investigation. Herpes simplex virus 

(HSV)-1 DNA has been detected within amyloid plaques in AD brains, with studies showing up 

to 90% of plaques containing HSV-1 DNA in AD patients. This association is much stronger in 

AD brains than in normal-aged brains (Wozniak et al., 2009). Consequently, HSV-1 infection 

can trigger Aβ accumulation and tau hyperphosphorylation - both hallmarks of AD - in cell and 

animal models (Wozniak et al., 2009; Harris & Harris, 2018). The risk appears to be higher in 

individuals carrying the APOE-ε4 gene variant, which may make the brain more susceptible to 

viral effects.  

Interestingly, there is a well-documented inverse relationship between cancer and AD: cancer 

patients have about a 35–40% lower risk of AD, and vice versa (Zhang et al., 2015). This 

phenomenon has been observed in multiple large epidemiological studies and meta-analyses. 

The inverse association holds across different types of cancer and persists after adjusting for 

confounding factors such as age, education, and genetic risk (e.g., APOE status) (Ospina-

Romero et al., 2020; Musicco et al., 2013). A possible reason could be that cancer and AD 

involve opposite cellular processes. Cancer is characterized by uncontrolled cell growth and 

reduced cell death (apoptosis), while AD features increased cell death and impaired cell 

survival (Bhardwaj et al., 2023; Shafi, 2016). Proteins like p53 and PIN1 are implicated in both 

diseases but act in opposite directions, respectively. For example, high PIN1 activity promotes 

cancer but protects against AD, while low PIN1 increases AD risk but reduces cancer risk (Lanni 

et al., 2020). Further, some genes are upregulated in AD but downregulated in cancer, and 

vice versa, suggesting a genetic basis for the phenomenon (Anyomi et al., 2025). Hence, the 

inverse relationship between cancer and AD is robust and supported by strong 

epidemiological evidence. This insight is driving new research into shared mechanisms and 

potential therapeutic targets that are used in both diseases. 
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Figure 1 – Sequential cleavage of APP generates different metabolites through two main routes. In the non-
amyloidogenic pathway, APP is first cleaved by α-secretase, releasing soluble APPα (sAPPα) and producing the 
membrane-bound fragment C83. Subsequent cleavage by γ-secretase precludes amyloid-β (Aβ) formation and is 
regarded as protective against AD. In contrast, the amyloidogenic pathway begins with β-secretase cleavage, 
yielding soluble APPβ (sAPPβ) and a longer C-terminal fragment that is further processed by γ-secretase to 
release Aβ peptides, which are prone to aggregation. BACE1 and other alternative β-secretases cleave at different 
positions of the Aβ domain, generating the full-length and N-terminally truncated Aβ species. 

1.3 Aspects of Alzheimer's Disease 

As noted earlier, certain factors can be protective against AD. To determine what makes these 

mutations “protective,” it is essential to understand their underlying molecular mechanisms. 

The dominant view in current research is that Aβ accumulation is the earliest detectable 

pathological event in AD, with changes detectable in the brain years before symptoms appear 

(Jack et al., 2010). There is growing evidence that other changes, such as reduced cerebral 

blood flow, may occur in parallel, potentially triggered by not-accumulated Aβ oligomers (Korte 

et al., 2020). Other early changes, such as white matter disruption and hippocampal network 

activity alterations, are closely linked to Aβ but do not precede it (Collij et al., 2021; Goutagny 

& Krantic, 2013). Early changes in theta and gamma rhythms in the hippocampus may serve as 

a potential early biomarker for Alzheimer's disease, aiding in early diagnosis and treatment 

(Goutagny & Krantic, 2013).  

Non-amyloidogenic processing of APP is a key pathway that prevents the formation of Aβ 

peptides, which are central to AD pathology. This pathway not only avoids toxic Aβ production 
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but also generates neuroprotective fragments. In the non-amyloidogenic pathway, APP is first 

cleaved by α-secretase, producing a soluble fragment called sAPPα. This prevents the 

formation of Aβ because the α cleavage site is within the Aβ region of APP, making further 

processing impossible (Jacobsen & Iverfeldt, 2011; Al-Kuraishy et al., 2023).  The remaining 

membrane-bound fragment is then cleaved by γ-secretase, resulting in non-toxic peptides 

(Coronel et al., 2018) (Figure 1). Compounds like NSAIDs, statins, flavonoids, and caloric 

restriction can promote non-amyloidogenic processing, often by inhibiting pathways that favor 

amyloidogenic cleavage or by activating SIRT1 and related gene expression (Tang, 2005). 

Induction of autophagy (e.g., by Terminalia chebula extract) can shift APP processing toward 

the non-amyloidogenic pathway, again potentially reducing Aβ generation. sAPPα, the main 

product of non-amyloidogenic processing, supports neuronal survival, growth, and synaptic 

function, and may protect against neurodegeneration unrelated to AD (Coronel et al., 2018; 

Zhao et al., 2022). In addition, non-amyloidogenic APP fragments can positively influence 

metabolism in both the brain and peripheral tissues (Al-Kuraishy et al., 2023). By enhancing 

this pathway, it may be possible to simultaneously reduce Aβ burden and promote neuronal 

health, a strategy supported by several molecular targets and interventions currently under 

investigation (Jacobsen & Iverfeldt, 2011; Tang, 2005; Zhao et al., 2022). 

As already mentioned, on the other side, we have the amyloidogenic pathway. Amyloidogenic 

processing of APP is the pathway that leads to the production of Aβ peptides, which are central 

to AD pathology. This process involves sequential cleavage of APP by β-secretase and γ-

secretase, resulting in several distinct molecular species, including the neurotoxic Aβ peptides. 

APP exists in several isoforms due to alternative splicing of its mRNA. The main human APP 

isoforms are APP695 (which is also the most common form and exists predominantly in 

neurons) and APP751 & APP770 (which are more abundant in non-neuronal tissue) (Multhaup, 

1994; Zhang et al., 2011).  

APP and Aβ, while central to AD, have key physiological roles in the healthy brain and body. 

APP supports brain development, synaptic function, and neuroprotection by promoting 

neurite outgrowth, neuronal migration, synaptogenesis, and acting as a cell adhesion molecule 

for network formation (Al-Kuraishy et al., 2023; Müller & Zheng, 2012, Sosa et al., 2017). Its 

non-amyloidogenic fragments (P3, C83, sAPPα) protect neurons from apoptosis and oxidative 

stress (Al-Kuraishy et al., 2023). At normal levels, Aβ aids homeostatic synaptic plasticity, 
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supports neuronal survival, protects against excitotoxicity, and may function as an 

antimicrobial peptide (Galanis et al., 2020). APP expression is largely neuron-specific, 

especially at synapses (Guo et al., 2011), but can change with mutations (e.g., presenilin 1) or 

after nerve injury, affecting distribution and highlighting its role in damage response (Woodruff 

et al., 2014; Rodkin et al., 2021). 

During amyloidogenic processing, APP is first cleaved by the β-site of APP cleaving enzyme 

(BACE1), producing a soluble fragment (sAPPβ) and a membrane-bound C-terminal fragment 

(C99) (Cho et al., 2022), while the acidic environment of endosomes is particularly important 

for β-secretase activity (Sinha et al., 1999). The C99 fragment is subsequently cleaved by γ-

secretase, producing Aβ peptides - most notably Aβ1/11-40 and Aβ1/11-42 (Vetrivel & 

Thinakaran, 2006), as well as the APP Intracellular Domain (AICD), a small fragment with 

potential signaling functions (Kienlen-Campard et al., 2008). The Aβ1-42/Aβ1-40 ratio is a key 

factor in pathology, with FAD mutations often elevating this ratio and thereby promoting 

disease (Kienlen-Campard et al., 2008; Kim & Bezprozvanny, 2021; Zhao et al., 2020). 

Importantly, plaques contain a diverse range of truncated and post-translationally modified Aβ 

peptides, including N-terminal variants (e.g., Aβ2-40/42, Aβ3-40/42, Aβ4-40/42), C-terminal 

variants (e.g., Aβ1-37, Aβ1-38, Aβ1-39, Aβ1-43), and chemically altered forms such as 

pyroglutamylated, isomerized, and oxidized species (Drummond et al., 2022; Güntert et al., 

2006). For the N-truncated peptides, alternative proteases have been described, such as 

ADAMTS4 or meprin β (Bien et al., 2012; Schönherr et al., 2016; Marengo et al., 2022).  Meprin 

β, for example, fulfills numerous proteolytic functions in the body and was recently identified 

as a risk factor for AD (Patel et al., 2017). Interestingly, meprin β is not only able to produce N-

truncated x-40/42 species but also the ‘full-length’ 1-x peptides (Schönherr et al., 2016). 
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Figure 2 – Two different pathways lead to AD. Early-onset AD is mainly driven by genetic mutations that alter the 
production of Aβ. In contrast, late-onset AD involves mutations that act as risk factors, primarily affecting 
clearance mechanisms and Aβ transport rather than its production. Both pathways result in the extracellular 
buildup of Aβ, ultimately forming plaques. Once plaque accumulation triggers tau pathology, inflammation, and 
degeneration of brain tissue, targeting Aβ becomes merely symptom-relieving without the potential to cure the 
disease. As neurons degenerate, inflammation increases, creating a vicious cycle. Immune cells become activated, 
further degrading tissue, which eventually leads to the severe and phenotypic symptoms of AD. 

Generation of Aβ1–40 and Aβ1–42 peptides requires several cleavage steps that are separated 

from each other. To produce Aβ1–40 peptides, the γ-secretase sequentially cleaves at positions 

Aβ49, Aβ46, Aβ43 and finally at Aβ40. Similar to this sequence, Aβ1–42 is obtained by 

sequential γ cleavage at Aβ48, Aβ45 and Aβ42 (Steiner et al., 2008). In the brains of AD 

patients, the Aβ1–42 to Aβ1–40 ratio is usually skewed toward Aβ1–42, with this peptide 

serving as the aggregation-prone core of plaques due to its increased hydrophobicity (Jenkins 

et al., 1996; Xu et al., 2022; Wall et al., 2016; Nguyen et al., 2016). Interestingly, this ratio is 

altered in people with the Icelandic mutation (A673T). In vitro genome editing to introduce 

A673T in human cells with familial AD mutations also lowers Aβ secretion (Tremblay et al., 

2021). Some studies suggest that the mutant Aβ forms fewer oligomers and has a much lower 

binding affinity to synaptic receptors, resulting in reduced neurotoxicity and aggregation 

(Limegrover et al., 2020). Interestingly, meprin β, one of the alternative β-secretases, is not 

able to cleave APP with the Icelandic mutation because the mutation disrupts the sequence 

specificity required for meprin β’s enzymatic activity at this site (Schönherr et al., 2016). The 

inability of meprin β to cleave and form Aβ peptides could be the reason for less Aβ production 

and, therefore, be responsible for the protective effect. 

A central paradox in AD research is that Aβ peptides are generated inside neurons, yet the 

hallmark amyloid plaques are found outside cells. As described, Aβ is produced intracellularly 

through sequential cleavage of APP primarily in endosomes and the trans-Golgi network 

(Sinha & Lieberburg, 1999; Vassar et al., 1999; Mañucat-Tan et al., 2018). After its generation, 

Aβ is actively transported and secreted into the extracellular space through several 

mechanisms. Mostly, it is directly secreted via the classical secretory pathway involving 

vesicular trafficking and exocytosis. Additionally, Aβ is packaged into intraluminal vesicles 

within multivesicular bodies (MVBs), which fuse with the plasma membrane to release 

exosomes containing Aβ into the extracellular space. Endocytic recycling also plays a role, 

where APP and its fragments, including Aβ, are internalized and recycled back to the cell 

surface for release. Moreover, autophagy-dependent pathways facilitate Aβ secretion, with 
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impaired autophagy leading to reduced extracellular Aβ and increased intracellular 

accumulation (Rajendran et al., 2006; Selkoe et al., 1996; Arbo et al., 2019; Deng et al., 2021). 

Active transporters, such as ABC transporters and LRP1, further assist in exporting Aβ across 

the plasma membrane and the blood-brain barrier (BBB), aiding in its clearance from the brain 

(Sinha & Lieberburg, 1999; Vassar et al., 1999; Nilsson et al., 2013; Storck et al., 2018). 

Disruption of these transporters can result in Aβ buildup and plaque formation. Once in the 

extracellular space, Aβ can aggregate into oligomers and protofibrils, eventually forming 

insoluble amyloid plaques, a hallmark of AD pathology (Takahashi et al., 2002). The presence 

of exosomal proteins within plaques supports the significant role of exosome-mediated export 

in plaque formation (Deng et al., 2021; Nilsson et al., 2013). 

Additionally, Aβ is found in several tissues of the body outside the brain. Aβ is present in the 

blood, liver, kidneys, skin, skeletal muscle, aorta, platelets, and other peripheral tissues. These 

peripheral sites play important roles in Aβ metabolism, clearance and may even contribute to 

its production in the brain, since peripheral tissues not only clear brain-derived Aβ but can 

also produce it, as demonstrated in skin fibroblasts (Shigemori et al., 2022). The liver plays a 

particularly important role in Aβ clearance, with liver disease linked to increased blood Aβ 

levels (Tsoy et al., 2024). In the periphery, Aβ interacts with various proteins that can influence 

its aggregation and toxicity (Yi et al., 2024). These peripheral Aβ levels can impact the brain’s 

Aβ burden, as Aβ from the periphery is able to enter the brain and exacerbate pathology. 

Notably, peritoneal dialysis has been shown to effectively reduce Aβ levels in both humans 

and mice, highlighting a promising peripheral strategy for AD therapy (Bu et al., 2018; Jin et 

al., 2017). 

Aβ metabolism in the liver is a critical component of systemic Aβ clearance, with the liver 

acting as the primary peripheral organ responsible for removing circulating Aβ from the blood. 

This process involves rapid hepatic uptake, endocytosis by hepatocytes, enzymatic 

degradation, and excretion into bile, thereby maintaining low plasma Aβ levels and influencing 

brain Aβ burden in the brain (Ghiso et al., 2004). The liver rapidly removes Aβ from the 

bloodstream, accounting for over 60% of plasma Aβ clearance in animal models. Hepatocytes 

capture Aβ primarily via endocytosis, with the low-density lipoprotein receptor-related protein 

1 (LRP1) playing a central role in mediating Aβ uptake from the circulation (Ghiso et al., 2004). 

After degradation, Aβ and its fragments are excreted into the bile and eliminated via the 
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gut. Biliary excretion becomes especially relevant at higher Aβ concentrations, and 

enterohepatic recirculation may influence systemic Aβ levels. Hepatobiliary and enterohepatic 

cycles are modulated by transporters such as ABCA1, ABCG2, and MDR1, which can be 

targeted pharmacologically to enhance Aβ clearance (Ghiso et al., 2004; Bhattacharjee & Roy, 

2022). Recent research also highlights the interplay between hepatic cholesterol metabolism 

and Aβ processing, as well as the impact of liver steatosis and inflammation on Aβ degradation 

(Hone et al., 2003). Liver steatosis, non-alcoholic steatohepatitis (NASH), and other hepatic 

pathologies impair Aβ clearance by downregulating LRP1 and altering the expression of Aβ-

degrading enzymes. Restoration of normal hepatic cholesterol metabolism and targeting 

hepatic Aβ clearance pathways are emerging as potential therapeutic strategies (Huang et al., 

2022). Studies in animal models and primates show that circulating Aβ crosses the BBB and 

accumulates in the brain, co-localizing with amyloid plaques, making the BBB is not a complete 

barrier to Aβ. Specialized transport systems, such as the receptor for advanced glycation end 

products (RAGE), allow Aβ from the blood to enter the brain, while other systems (like LRP1) 

help remove Aβ from the brain to the blood (Petrushanko et al., 2023; Zlokovic et al., 1993; 

Mackic et al., 2002). 

AD has long been recognized as a neurodegenerative disorder characterized by the 

accumulation of misfolded proteins, primarily Aβ plaques and tau neurofibrillary tangles. In 

recent years, a substantial body of research has demonstrated that these proteins exhibit 

“prion-like” properties: they can misfold, self-propagate, and spread from cell to cell within 

the brain, templating the misfolding of native proteins and driving disease progression (Walker 

et al., 2016; Watts & Prusiner, 2018). This mechanism is strikingly similar to that of classical 

prion diseases, such as Creutzfeldt-Jakob disease, where the prion protein (PrP) misfolds and 

induces further misfolding in a self-perpetuating cycle (Fornari et al., 2019). However, unlike 

classical prion diseases, there is no strong evidence that AD is infectious among individuals 

under natural conditions. Nevertheless, the prion-like hypothesis has unified the 

understanding of neurodegenerative diseases, highlighting shared mechanisms of protein 

misfolding, aggregation, and propagation. Experimental models show that injection of Aβ or 

tau aggregates into the brains of transgenic mice induces the formation and spread of plaques 

and tangles, recapitulating key features of AD pathology (Goedert et al., 2015; Duyckaerts et 

al., 2019). That’s why it is of particular interest to stop or interfere with the disease in its initial 

stages, because later intervention only lightens the symptoms. 
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1.4 The APP/swe-BACE1 Research Bias 

Early therapeutic strategies indicate that eliminating Aβ plaques or preventing their formation 

can yield beneficial outcomes, such as improved cognitive function (Fani et al., 2021; Van Dyck 

et al., 2023). However, currently approved FDA treatments do not cure the disease; they only 

slow its progression during the early stages (Fani et al., 2021; Van Dyck et al., 2023). 

Many of these studies focus on the protease BACE1, as it plays a central role in the 

development of Aβ and amyloid plaques and is the major β-secretase (Sims et al., 2023; Cole 

et al., 2008). As described, Aβ peptides are formed by the proteolytic processing of APP 

through the sequential action of β- and γ-secretases (Ridler, 2018). In addition to the classical 

‘full-length’ Aβ species (Aβ1-40, Aβ1-42), numerous variants with different N-terminal 

modifications have been described (Sergeant et al., 2003; Dunys et al., 2018; Bayer, 2021). The 

exact physiological role of these N-terminally truncated Aβ species (Aβx-40/x-42) is still 

controversially discussed. At the same time, they have been identified as major components 

of extracellular amyloid deposits in the human brain (Bayer et al., 2014). In fact, N-terminally 

truncated species account for up to 70 % of the Aβ forms detected in brain samples from 

patients with advanced Alzheimer's disease (Wildburger et al., 2017; Wiltfang et al., 2001; 

Wirths & Zampar, 2019). As BACE1 is not able to generate N-terminally truncated Aβ peptides, 

but only peptides with 1- and 11-x start positions, mouse models facilitating BACE1 cleavage 

might not be an optimal solution to address AD pathology, due to the absence of a large 

portion of plaque species.  

The leading mouse model utilized in current AD research is the APP/swe (K670N/M671L) 

mouse model, which may overlook important pathological factors, because of favored BACE1 

cleavage (Armbrust et al., 2022). Therefore, focusing on APP/swe mouse models alone is not 

sufficient and might be partially misleading for the study of AD. 

Interestingly, meprin β cannot proteolytically process APP with the Swedish mutation (Thal et 

al., 2022). The Swedish mutation alters the amino acid sequence around the β cleavage site, 

leading to the loss of a large proportion of potential N-truncated Aβ species. Instead, these 

models focus heavily on enhanced processing by BACE1, resulting in a biased representation 

of Aβ diversity compared to the full spectrum of Aβ in patient brains. To reduce the influence 

of BACE1-derived Aβ, we employed an AD mouse model with a γ-secretase-site mutation: 

APP/V717I (APP/Ld). Of note, the plaque-causing mutation in APP/Ld animals is not due to a 
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mutation in Presenilin, but rather due to a mutation in the sequence and the expression of the 

APP protein (Dewachter et al., 2000). 

1.5 Proteases in the Brain  

Proteases are vital enzymes in the central nervous system that regulate protein breakdown, 

playing key roles in both normal brain functions and disease processes. Important protease 

families include matrix metalloproteinases (MMPs), calpains, the ubiquitin-proteasome 

system (UPS), serine proteases, caspases, and lysosomal proteases. Physiologically, they 

support synaptic remodeling, axon guidance, protein turnover and are essential for learning, 

memory, and neural circuit formation (Vafadari et al., 2016; Baudry et al., 2016; Bingol et al., 

2011; Yoshida et al., 1999; Bai & Pfaff, 2011). Accordingly, dysregulated protease activity 

contributes to protein aggregation, synaptic loss, neuronal death and neuroinflammation, 

which are key features of neurodegenerative diseases like Alzheimer’s and Parkinson’s. The 

UPS and lysosomal proteases maintain synaptic plasticity by degrading proteins (Bingol et al., 

2011; Baudry et al., 2024), while certain MMPs are critical for dendritic spine remodeling and 

long-term potentiation (Vafadari et al., 2016; Ferrer-Ferrer & Dityatev, 2018; Hedge & 

Upadhya, 2007). This dual role of proteases in both supporting neural health and driving 

degeneration makes them important therapeutic targets and biomarkers in CNS disorders 

(Davidson & Pickering, 2023; Lech et al., 2019; Church et al., 2025; Wang et al., 2020). 

Figure 3 – The perineuronal net is important in stabilizing neuronal outgrowth and synapse stability. Proteases 
and mutations can lead to disruption of PNN components, resulting in inflammation and learning impairments. 

As already mentioned, α- and β-secretases are key enzymes in the brain that control how APP 

is processed. While BACE1 is widely recognized as the principal β-secretase responsible for 

initiating Aβ production in AD, research has identified several alternative β-secretases that can 

also process APP. Notably, BACE2, a close homolog of BACE1, and other proteases such as 

cathepsin B, have been shown to cleave APP at or near the β-secretase site, sometimes 



17 
 

generating distinct Aβ species or influencing amyloidogenic and non-amyloidogenic pathways 

(Hussain et al., 2000). Also, meprin β is an alternative β-secretase that is responsible for N-

terminally truncated Aβ species (Schönherr et al., 2016). These alternative enzymes contribute 

to the diversity of Aβ peptides found in the brain, impacting disease progression and 

representing additional therapeutic targets. Understanding the roles, substrate specificities, 

and physiological relevance of these alternative β-secretases is crucial for developing more 

effective AD interventions.  

Meprin β is an extracellular metalloprotease with unique roles in the brain, particularly in 

neurodegeneration and is directly implicated in AD pathology. Truncated Aβ species (Aβ2-x) 

that were cleaved by meprin β are highly prone to aggregation and may accelerate amyloid 

plaque formation (Gindorf et al., 2020; Schönherr et al., 2016). However, recent studies reveal 

an increasingly broad role for meprin β in the brain, extending beyond its known functions to 

include synaptic and behavioral effects. For example, overexpression of meprin β in mouse 

brains leads to mild cognitive impairment, hyperactivity, and altered exploratory behavior, 

effects partly linked to its role in APP processing but also involving cleavage of other neuronal 

proteins such as latrophilin-3 (Armbrust et al., 2025). Additionally, meprin β influences blood-

brain barrier (BBB) regulation by modulating tight junction proteins in brain endothelial cells: 

overexpression decreases these proteins and increases BBB permeability, whereas knockout 

mice exhibit tighter barriers and reduced brain water content. Meprin β also activates other 

proteases, including ADAM10 - the primary α-secretase - highlighting complex interactions 

within protease networks that are relevant to neurodegeneration (Broder & Becker-Pauly, 

2013; Becker-Pauly & Pietrzik, 2017; Armbrust et al., 2025). 

Overexpression of proteases such as BACE1, ADAM10, and ADAM17 has been shown to 

profoundly impact processes like cell signaling, inflammation, tissue remodeling, and 

neurodegeneration. These enzymes regulate the shedding of membrane proteins and cytokine 

activity, with clear links to diseases such as AD, cancer, and fibrosis (Luo et al., 2011; Buchanan 

et al., 2017; Gnosa et al., 2022; Li et al., 2018; Katakowski et a., 2009). Despite the growing 

understanding of how overexpressed proteases contribute to disease, no study has yet 

examined the effects of meprin β overexpression in neurons in an AD animal model. Given that 

a previous study showed that meprin β knockout alters Alzheimer’s pathology (Marengo et al., 

2022), the novel aim is to investigate what happens when meprin β is overexpressed, in order 
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to better understand its role in the context of neurodegeneration and protease network 

dynamics. 

1.6 Meprins  

Over the last few years, other enzymes, such as ADAMTS4 and meprin β, have been described 

to act as alternative β-secretases and generate Aβ peptides. For instance, knockout of 

ADAMTS4 in mice abolished the production of Aβ peptides starting at position 4 (Walter et al., 

2019). Likewise, APP cleavage by meprin β was shown to generate soluble N-terminally 

truncated Aβ peptides starting mainly at position 2, giving this secretase a role in the 

amyloidogenic pathway (Bien et al., 2012).  

Meprins are oligomeric proteases that can be either anchored in the plasma membrane or 

secreted into the extracellular space. They are composed of one or two evolutionarily related 

subunits, α and β (Jiang et al., 2000). The genes encoding these subunits are located on 

separate chromosomes: in humans, the meprin α gene resides on chromosome 6, whereas its 

murine ortholog is on chromosome 17. In contrast, the meprin β gene is found on chromosome 

18 in both humans and mice (Gorbea et al., 1993). 

Meprin α occurs in two forms: a membrane-bound heterooligomer containing both α and β 

subunits, and a secreted homooligomer composed exclusively of α subunits (Bertenshaw, 

Norcum, & Bond, 2003). Oligomers containing the β subunit are generally membrane-

associated but can also be cleaved, producing an active soluble form.  

Meprin β is a metalloprotease, but its cleavage specificity differs from that of other matrix 

metalloproteinases (MMPs): meprin β preferentially targets acidic amino acids, MMPs cleave 

primarily between neutral and hydrophobic residues (Schönherr et al., 2016; Bickenbach et 

al., 2025). Their active sites also differ in zinc coordination and overall structure, influencing 

substrate recognition. Both enzyme families can degrade extracellular matrix proteins such as 

collagen IV, nidogen-1, and fibronectin; however, unlike MMPs, meprin β does not act on intact 

collagen I (Kruse et al., 2004, Bien et al., 2012, Jefferson et al., 2012). The distinctive substrate 

preference for glutamate (E) and aspartate (D) makes meprin β essential in the brain, as no 

known other protease has this specific motif sequence. 

Certain proteases are involved in AD and their flawed control may contribute to the onset and 

progression. The expression of cerebral proteases, involved in APP processing and extracellular 
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matrix remodeling, shows that ADAM10, ADAMTS1, Cathepsin D, and meprin β have 

significantly higher mRNA expression in sporadic AD subjects versus controls, while ADAMTS1, 

Cathepsin D, and meprin β also show an increase at the protein level. This indicates that 

transcriptional events affecting brain proteases are activated in AD patients (Medoro et al., 

2019).  

Additionally, hinting at meprin β as a risk factor for AD, we came across a study checking for 

polygenic risk scores in AD (Patel et al., 2018). This study used whole-exome sequencing to 

investigate genetic risk factors for sporadic AD. Specifically, the protein-coding regions of DNA 

were analyzed, which are most likely to carry disease-causing mutations. The study involved 

132 individuals with AD and 53 cognitively normal controls, using postmortem brain samples 

from the Brains for Dementia Research (BDR) program in the UK. One gene highlighted was 

meprin β (MEP1B). A specific genetic variant in MEP1B, known as rs173032, was found to occur 

significantly more often in individuals with AD than in controls. This gene was found in a 

nonsingleton variant analysis, meaning that this is a specific trait in a wide part of the 

population rather than being a specific mutation in an individual. The association of MEP1B-

rs173032 with AD was identified through a method called ‘burden analysis’, which tests 

whether multiple variants of many genes collectively occur more often in cases than controls. 

It's particularly useful for detecting the cumulative effect of rare or subtle variants that might 

not show up as significant on their own. Intriguingly, the MEP1B-rs173032 variant codes for a 

synonymous mutation, meaning that both versions translate into the same amino acid at 

position 537 (S537). However, even though the protein sequence is identical, synonymous 

mutations can still have functional effects. For example, they can affect how efficiently or 

accurately the protein is made, alter mRNA stability or folding, or influence splicing. 

Conclusively, the difference between rs173032 and wt MEP1B isn’t in the protein’s structure, 

but potentially in how much, how fast, or when the meprin β protein is produced. These subtle 

regulatory effects can still contribute to disease pathology, especially in a complex disorder like 

AD. 

Meprin β‘s cellular localization, regulation, and isoforms are well characterized in several 

tissues, especially the kidney and skin. Meprin β is primarily expressed on the plasma 

membrane of epithelial cells, especially in the brush border of kidney proximal tubules and 

intestinal epithelial cells. It is also found in certain leukocytes, cancer cells, and in the stratum 
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granulosum of the human epidermis, just beneath the stratum corneum (Bond et al., 2005; 

Becker-Pauly et al., 2007). For the brain, no reliable data about the localization of meprin β has 

been published yet. The expression of meprin β is tightly controlled at both gene and protein 

levels and regulatory elements and transcription factor binding sites have been identified in 

the gene’s promoter regions. Additionally, alternative splicing generates different mRNA 

isoforms, which produce at least two mRNA isoforms: the standard β (2.5 kb) and the β′ (2.7 

kb) isoform, with β′ mostly found in carcinoma cells. These isoforms arise from the alternative 

use of 5′ exons in the MEP1B gene (Jiang et al., 2000). Additional protein variants (e.g., G45R, 

G89R, E110G and R238Q) have been identified in association with cancer, affecting activity, 

stability, invasion and cellular localization (Gellrich et al., 2021; Bickenbach et al., 2025). 

Although overexpression is uncommon, it can occur following disease or injury. Expression 

levels and localization may shift in response to tissue damage, inflammation, or cancer, often 

correlating with disease severity (Bond et al., 2005; Becker-Pauly et al., 2007), and have also 

been observed in patients at risk for AD (Patel et al., 2018). 

Additionally, it was shown that meprin β is also responsible for TREM2 cleavage, a risk protein 

in AD patients (Berner et al., 2020). Building on the findings of Marengo et al. (2022) on meprin 

β knockout models, along with studies such as the one identifying the MEP1B-rs173032 

variant, the literature provides strong evidence that meprin β has a broader role in the brain.  

1.7 The Delicate Balance of Proteolytic Regulation 

Proteases in the brain have dual roles because they are involved in both normal physiological 

processes and pathological conditions. Their activity can support healthy brain function or 

contribute to disease, depending on context, concentration, and regulation. While proteases 

are crucial in neuronal development (e.g., Reelin) (Fatemi et al., 2005), synaptic plasticity, 

memory formation (Yoshida et al., 1999; Almonte et al., 2011) and protein quality control 

(Türker et al., 2021), their disruption triggers harmful pathological effects such as cell death 

(apoptosis, necrosis, neurodegeneration) and inflammation (Mathews & Levy, 2016). One 

illustrative example is thrombin, a protease whose effects are context-dependent. At low 

concentrations, thrombin may promote cell survival, whereas elevated levels or prolonged 

exposure can induce cell death or trigger inflammatory responses (Bae et al., 2009). By 

analogy, this thesis proposes that meprin β may similarly exhibit dual roles. 
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Moreover, the interconnected roles between proteases can be illustrated through the 

molecular mechanisms underlying learning. Proteases are critical for learning and memory, as 

they regulate synaptic plasticity. Through controlling protein synthesis and degradation at 

synapses, they support long-term potentiation (LTP) and long-term depression (LTD), the 

fundamental cellular processes underlying cognitive functions. The UPS contributes both to 

the formation of new memories and to the destabilization of old ones during retrieval, 

enabling memory updating (Patrick et al., 2023; Hedge et al., 2017). Subsequently, serine 

proteases and MMPs reshape the extracellular environment, facilitating the structural synaptic 

changes required for learning (Tsilibary et al., 2014; Salazar et al., 2015). The dual roles of 

proteases, supporting both neural plasticity and degeneration, highlight their importance as 

both therapeutic targets and biomarkers in CNS disorders. We think that, based on its 

established functions in other tissues, there is a promising chance that meprin β contributes 

to extracellular matrix (ECM) remodeling also in the brain (Kronenberg et al., 2010). 

1.8 Perineuronal Nets 

As previously noted, numerous proteases have the capacity to remodel the ECM, of which the 

PNN is a key component. PNNs are specialized, lattice-like structures made of extracellular 

matrix molecules that wrap around certain neurons in the central nervous system (Sorg et al., 

2016). They play a crucial role in regulating brain plasticity, stabilizing neural circuits, and 

protecting neurons (Steulet et al., 2017). In more detail, PNNs are composed primarily of 

chondroitin sulfate proteoglycans (CSPGs), hyaluronan, tenascins, and link proteins. These 

components assemble into a stable, reticular sheath surrounding the soma and proximal 

dendrites of select neurons, particularly parvalbumin-expressing (PV+) inhibitory 

interneurons, while leaving openings for synaptic contacts (Figure 3) (Fawcett et al., 2019; 

Testa et al., 2019). This unique molecular composition enables them to act as both a physical 

barrier and a signaling interface, influencing memory formation and neuroprotection (Li et al., 

2023). The molecular architecture is highly conserved but shows regional and cell-type 

specificity, with variations in sulfation patterns and protein composition influencing PNN 

function (Fawcett et al., 2019; Testa et al., 2019).  

PNN formation occurs late in postnatal development, coinciding with the closure of critical 

periods of heightened plasticity, by stabilizing mature neural circuits (Mirzadeh et al., 2018). 

Experimental removal or enzymatic digestion of PNNs in adults reopens these critical periods, 
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reinstating juvenile-like plasticity, learning, and memory, but may also increase vulnerability to 

excitotoxicity and maladaptive plasticity (Testa et al., 2019). Additionally, PNNs are essential 

for the maintenance of long-term memories and the regulation of synaptic homeostasis. They 

protect neurons from oxidative stress and neurotoxicity, partly by acting as ion exchangers and 

scavenging redox-active molecules (Morawski et al., 2015).  

Alterations in PNN structure or expression are implicated in a range of neurological and 

psychiatric disorders, including schizophrenia and bipolar disorder (Steulet et al., 2017). 

Moreover, PNN loss is an early and progressive event in AD, driven largely by microglial 

activation and neuroinflammation (Crasper et al., 2020). Consequently, activated microglia in 

AD brains engulf and degrade PNNs, especially near amyloid plaques. This loss is proportional 

to plaque burden and precedes the loss of PV+ interneurons, further exacerbating 

neurodegeneration and inflammation.  Also, disrupted PNNs make neurons more susceptible 

to toxic insults and impair their ability to maintain normal brain rhythms and memory (Reichelt 

et al., 2020).  

Due to the immense influence of PNNs, they are increasingly recognized as promising 

therapeutic targets. Modifying PNNs to enhance plasticity may help restore memory and 

learning in AD and age-related cognitive decline (Li et al., 2024). Additionally, disrupting or 

remodeling PNNs can reactivate plasticity in the adult brain, facilitating recovery after spinal 

cord injury or stroke (Li et al., 2024).  

1.9 Learning and Memory 

PNNs are specialized ECM structures that surround certain neurons and play a crucial role in 

regulating brain plasticity. Their influence on learning and memory is significant, as they help 

balance the brain’s need for both stability and adaptability. PNNs mature during development 

and are closely linked to the closure of critical periods - windows when the brain is highly 

plastic and able to form new connections. Once PNNs form, they stabilize existing synapses 

and restrict further plasticity, which helps consolidate learned information but limits new 

learning in adulthood (Sanchez et al., 2023). By enwrapping neurons, PNNs promote the 

stabilization of synaptic contacts, supporting the retention of long-term memories (Carulli et 

al., 2019). PNNs are essential for the recall of remote (long-lasting) memories. Disrupting 

PNNs, by enzymatic removal or genetic modifications, can impair the retrieval of established 
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memories but may enhance relearning or the formation of new memories through PNN 

receptor PTPσ-signalling (Carulli et al., 2019; Lesnikova et al., 2021; Thompson et al., 2017). 

For example, the KO of Brevican, a main building block of the PNN, shows a strong impairment 

in LTP formation, seen in electrophysiological experiments (Brakebusch et al., 2002).  

Learning at the molecular level involves activity-dependent changes in synaptic strength, a 

process called synaptic plasticity. Central to this are NMDA and AMPA receptors, which 

mediate glutamatergic transmission. During learning, repeated activation of a synapse leads 

to the removal of the magnesium block in NMDA receptors, allowing calcium influx, which 

then triggers intracellular signaling cascades that strengthen the synapse - often by inserting 

more AMPA receptors into the postsynaptic membrane (Brown et al., 2022). PV+ interneurons, 

a class of fast-spiking inhibitory GABAergic neurons, regulate the timing and synchronization 

of excitatory neuron firing, shaping the temporal window for NMDA receptor activation 

(Wingert et al., 2021; Klimczak et al., 2021). By controlling network oscillations and excitatory-

inhibitory balance, PV+ interneurons, which are primarily surrounded by the PNN, help gate 

plasticity, ensuring that only specific patterns of activity result in lasting changes (Sigal et al., 

2019). Thus, learning emerges from a finely tuned interplay between excitatory signaling, 

NMDA/AMPA receptor dynamics, and inhibitory control by PV+ interneurons.  

An aspect particularly interesting and relevant to our study is that the brain employs activity-

dependent release of proteases to remodel synapses, thereby facilitating learning and 

memory. Established key proteases like MMPs, tPA, neurotrypsin, neuropsin, calpains, and the 

UPS are activated by neuronal activity and regulate synaptic plasticity, dendritic spine growth, 

and synaptogenesis (Meighan et al., 2006; Madani et al., 1999; Nagy et al., Frischknecht et al., 

2008; Bingol & Schumann, 2006). These enzymes act on the ECM and synaptic proteins to 

promote structural and functional changes essential for long-term potentiation (LTP) and new 

neural connections. Proper regulation is critical: both insufficient and excessive protease 

activity can impair cognitive function.  

1.10 Therapeutic Potential  

In AD, changes in PNN composition and dysregulation of protease activity contribute to 

impaired plasticity, memory loss, and neuronal damage. Targeted therapeutic strategies 

involving PNNs and proteases have shown promise in restoring cognitive function and reducing 
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pathology in preclinical models, but the therapeutic window is narrow due to the need to 

balance enhanced plasticity with preservation of neuroprotection (Reichelt et al., 2019). 

With age and in AD, PNNs undergo modifications that increase their inhibitory effect on 

plasticity. These changes involve altered glycan sulfation patterns - specifically, an increase in 

chondroitin-4-sulfate (C4S) and a decrease in chondroitin-6-sulfate (C6S) - which are 

associated with diminished synaptic adaptability and memory impairments. Both human and 

animal studies demonstrate that disruption or loss of PNNs correlates with cognitive decline 

and synaptic dysfunction in AD (Yang et al., 2021; Yang et al., 2017). 

MMPs, ADAMTS, cathepsins, and components of the UPS are also dysregulated in AD. Some 

of these enzymes exacerbate disease by promoting amyloid and tau accumulation, whereas 

others, like protease nexin-1 (PN-1), are neuroprotective and support synaptic health. Reduced 

activity of these protective proteases is associated with increased neuronal degeneration and 

hindered neurite outgrowth (Li et al., 2020). 

Therapeutically, modulating PNNs through enzymatic digestion, antibody targeting of 

inhibitory glycan motifs, or restoring permissive sulfation patterns has been shown to recover 

synaptic plasticity and memory in experimental AD models (Reichelt et al., 2019). Similarly, 

correcting protease imbalances has reduced amyloid and tau pathology while improving 

cognitive outcomes. However, such interventions require caution, as excessive degradation of 

PNNs or uncontrolled protease activity may lead to further neurodegeneration (Chocron et al., 

2022; Crasper et al., 2020). 

While these findings offer encouraging possibilities for therapy, their translation into clinical 

practice remains complex. Human applications must account for the regional and cell-type-

specific functions of PNNs and proteases, as well as the delicate trade-off between promoting 

plasticity and maintaining neuronal protection. Ongoing advancements in biomarker 

development and high-resolution proteomic and glycomic profiling are helping to define 

patient subgroups and optimal therapeutic windows, bringing these novel strategies closer to 

clinical relevance. 
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1.11 Aim of Study  

AD is a complex neurodegenerative disorder driven by Aβ accumulation, tau pathology, 

synaptic dysfunction, and neuroinflammation. Research has historically focused on BACE1 as 

the primary β-secretase, largely due to the widespread use of APP/swe mouse models, which 

favor BACE1 cleavage and fail to capture the diversity of N-terminally truncated Aβ species 

present in human AD brains. Meprin β, an alternative β-secretase, generates these N-

terminally truncated peptides and is implicated in ECM remodeling, PNN integrity, and synaptic 

regulation. Evidence from genetic studies and KO mice indicates that meprin β contributes to 

AD pathology, but its broader physiological and pathological roles in neurons remain poorly 

understood. 

Proteases in the brain play dual roles, supporting both normal neuronal function and 

neurodegeneration. Additionally, the BACE1-focused research bias limits our understanding of 

the full proteolytic network, including the interactions between meprin β and other enzymes 

that modulate neurodegeneration. Exploring these pathways is crucial for capturing the 

complexity of AD pathology and for identifying protease-mediated mechanisms that may 

influence both disease progression and neuronal resilience. 

We previously demonstrated that meprin β is able to cleave APP (Schönherr et al., 2016), and 

subsequent research in APP/Ld x mepCre;KO/KO animals confirmed that Aβ levels are lower 

compared to APP/Ld mice (Marengo et al., 2022). Meprin β also performs important functions 

in other tissues, such as the kidney and intestine, particularly in ECM remodeling. Although 

the ECM composition in the brain differs from these peripheral tissues, likely, some brain ECM 

proteins are also substrates for meprin β, given its endogenous expression in the central 

nervous system. 

Keeping this in mind, the aims of this study were: 

• To move beyond BACE1-centered mouse models and investigate a model with a more 

balanced expression of alternative proteases capable of cleaving APP. 

• To confirm that meprin β can cleave APP in vivo, contributing to increased Aβ levels, 

building on previous findings from meprin β knockout studies. 

• To explore additional potential functions of meprin β in the brain, particularly its role 

in extracellular matrix remodeling. 
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2. Materials 

2.1 Chemicals 

• 4′,6-diamidino-2-phenylindole (DAPI) - Thermo Fisher Scientific 

• 40% Acrylamide 19:1 Bis-Acrylamide - BioRad, Munich, Germany 

• 40% Acrylamide 29:1 Bis-Acrylamide - BioRad, Munich, Germany 

• Acetic acid - Merck, Darmstadt 

• Amersham™Protran® Nitrocellulose Blotting Membrane 0.45µm - Roth, Karlsruhe 

• Ammoniumpersulfate (APS) - Sigma-Aldrich 

• Bicine - Carl Roth 

• BioRad Precision Plus Protein™ All Blue Prestained Protein Standards, 10 to 250kDa - 

BioRad Laboratories 

• Biozym Agarose 

• Bis-Tris - Carl Roth 

• Bovine Serum Albumin (BSA) - Sigma-Aldrich 

• Bromphenol blue - Roth, Karlsruhe 

• Chondroitinase Buffer (ChABC) - Sigma-Aldrich 

• cOmplete™, EDTA-free Protease inhibitor - Roche 

• Cryoprotective solution - AG Lutz, Mainz 

• CutSmart® Buffer - New England BioLabs 

• Deoxycholate - Sigma-Aldrich 

• Desoxynucleotide-tri-phosphate (dNTP) - NEB 

• Diethanolamine (DEA) 

• Dimethyl sulfoxide (DMSO) - Sigma-Aldrich 

• Doxycycline hyclate - Sigma-Aldrich 

• Dulbecco’s Modified Eagle Medium (DMEM) - Gibco 

• Ethanol - Roth 

• Ethylenediaminetetraacetic acid (EDTA) - Carl Roth 

• EZ link™ sulfo-NHS-LC-LC-Biotin - ThermoFisher 

• Fetal Calf Serum (FCS) - Invitrogen 

• FluoromountTM Aqueous Mounting Medium - Sigma Aldrich 

• Formic acid 98-100% - Merck 
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• Glutamax (100x) - Gibco 

• Glycerol - Carl Roth 

• Glycine - Merck 

• HEPES - Invitrogen 

• Hydrochloric acid (HCl) - Carl Roth 

• Iodoacetamid - Sigma-Aldrich 

• Isofluran-Piramal - Piramal Critical Care Deutschland GmbH 

• Isopropanol - Carl Roth 

• Ketamine (HCl)/Xylazin in 0.9% NaCl 

• L-Glutamine - Invitrogen 

• Lipofectamine®2000 - Invitrogen 

• Magnesium chloride (MgCl2) - Carl Roth 

• Methanol - Carl Roth 

• Midori Green - NIPPON Genetics EUROPE GmbH 

• Na-Pyruvate - Sigma-Aldrich 

• NaCl - Roth 

• NeutrAvidin 29201 - ThermoFisher 

• Nonidet-P40 - Roche 

• Opti-MEM - Invitrogen 

• OrangeG 6x - New England BioLabs 

• PageRuler™ prestained Protein Ladder, 10 to 180kDa - ThermoFisher Scientific 

• Paraformaldehyde (PFA) - Sigma-Aldrich 

• PhosSTOP™ - Roche 

• Phosphate buffered saline (PBS) - Life Technologies 

• Polyethyleneimine (PEI) MAX - Polysciences, INC 

• Ponceau S - Sigma-Aldrich 

• Potassium chloride (KCl) - Sigma-Aldrich 

• Powdered milk - Roth 

• Roti Load® (4x protein loading buffer) - Carl Roth 

• Roti® Histofix 4% - Roth 

• Skim Milk Powder - Carl Roth 
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• Sodium azide (NaN3) - Carl Roth 

• Sodium chloride (NaCl) - Carl Roth 

• Sodium di-hydrogen phosphate (NaH2PO4) - Merck 

• Sodium dodecyl sulfate (SDS) - BioRad 

• Sodium hydroxide (NaOH) - Merck 

• Sodium pyruvate - Invitrogen 

• Sucrose - Roth 

• Synthetic Aβ peptides - VCPBIO 

• TEMED (N,N,N+,N+-Tetramethylendiamine) - BioRad 

• Trichloroacetid acid (TCA) - Sigma-Aldrich 

• Tris-hydrochloride (Tris-HCl) - Carl Roth 

• Tris(hydroxymethyl)aminomethan (TRIS) base - Roth 

• Triton-X 100 - Sigma-Aldrich 

• TRIS-HCl - Roth 

• Trypan blue - Gibco 

• Trypsin/EDTA - Invitrogen 

• Tween20 in TBS - Roth 

2.2 Antibodies (against): 

• ABCB1/MDR1 (rabbit, 1:1000 (WB), sc-8313, Santa Cruz) 

• ADAM10 (rabbit, 1:1000 (WB), Ab19026, Millipore) 

• AKT (rabbit, 1:1000 (WB), 9272, Cell Signaling) 

• AMPA (rabbit, 1:500 (WB), 2460, Cell Signalling) 

• ApoE (rabbit, 1:500 (WB), Ab83) 

• Aβ (mouse, 1:500 (WB) 1:100 (IP), IC16, Jäger et al., 2009) 

• Aβ (mouse, 1:100 (WB), mabn639, Millipore) 

• Aβ2-x (rabbit, 1:500 (IHC), pAb77, Savastano et al., 2015) 

• α-tubulin (mouse, 1:1000 (WB), 62204, Invitrogen) 

• β-Actin (rabbit, 1:5000 (WB), A5060, Sigma-Aldrich) 

• Dynabeads® M-280 Mouse IgG (sheep, 11202D, Invitrogen) 

• FOXO1 (rabbit C29H4, 1:1000 (WB), 2880, Cell Signaling)  

• GAPDH (mouse GA1R, 1:1000 (WB), Invitrogen)  
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• GSK3β (mouse, 1:1000 (WB), 610202, BD Biosciences) 

• HA-tag (mouse, 26183, Thermo) 

• LDL-R (rabbit, 1:1000 (WB), C500291, LSBio) 

• LRP1 (rabbit, 1:1000 (WB), β-chain, Pietrzik et al., 2002) 

• meprin β (goat, 1:3000 (WB), AF2895, R&D Systems) 

• Neurexin-3 (rabbit, 1:1000 (WB), 48004, Cell Signaling) 

• Neurocan (rabbit, 1:500, PA5-79718, Thermo) 

• NMDAR1a (mouse, 1:1000 (WB), clone 54.1, 32-0500, Thermo) 

• NMDAR2a (mouse, 1:1000 (WB), MA5-27692, Invitrogen) 

• NMDAR2b (mouse, 1:1000 (WB), MA1-2014, Invitrogen) 

• PCSK9 (rabbit, 1:1000 (WB), 31762, abcam) 

• PSD95 (mouse, 1:2000 (WB), 610495, BD) 

2.3 Secondary Antibodies (against): 

• mouse IgG (goat-AlexaFluor488, 1:1000 (IF), 150077, abcam) 

• mouse IgG (donkey-HRP, 1:5000 (WB), Jackson Immunoresearch) 

• rabbit IgG (goat-HRP, 1:10000 (WB), Sigma-Aldrich) 

• rabbit and mouse IgG (goat-IRDye 680CW, 1:5000 (WB), Licor Biotech LLC) 

• rabbit and mouse IgG (goat-IRDye 800CW, 1:5000 (WB), Licor Biotech LLC) 

• goat IgG (donkey-IRDye 800CW, 1:5000 (WB), Licor Biotech LLC) 

• goat IgG (rabbit-HRP, 1:3000 (WB), Sigma-Aldrich) 

2.4 Kits 

• ELISA Aβ1-40 - IBL, Hamburg, Germany 

• ELISA Aβ1-42 - IBL, Hamburg, Germany 

• NucleoBond® Xtra Midi EF - MACHEREY-NAGEL GmbH & co. KG, Düren 

• Pierce™BCA Protein Assay Kit - Thermo Scientific, Rockford 

• Syn-PER™ Synaptic protein extraction reagent - Thermo Fisher, Darmstadt, Germany 

2.5 Antibiotics 

• Ampicillin 

• Penicillin/Streptomycin (Pen/Strep) - Invitrogen 
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2.6 Laboratory Equipment 

• Agarose gel documentation imager - INTAS, Göttingen, Germany 

• Agarose gel electrophoresis chamber - Biometra, Göttingen, Germany 

• Amersham™ Nitrocellulose membrane 0.2μm - Sigma-Aldrich, Taufkirchen, Germany 

• Anthos microplate reader 2010 - Anthos Labtec, Salzburg, Austria 

• Aspirator - StarLab 

• BioRad Mini Trans-Blot® Cell - BioRad Laboratories 

• BioRad Mini-PROTEAN® Tetra Cell Casting Module - BioRad Laboratories 

• BioRad power Pac 300 - BioRad, Munich 

• Biometra compact - AnalytikJena 

• Blotting paper - A.Hartenstein 

• Bunsen burner Campingaz Labogaz 470 

• Cell culture dishes (10 cm) - Sarstedt, Nümbrecht 

• Centrifuge 54150 - Eppendorf 

• Centrifuge Biofuge stratos (rotor #3335 and #8172) - Hereaus, Hanau 

• Centrifuge Heraeus Fresco - Kendro, Langenselbold, Germany 

• Centrifuge Mikro200R - Hettich 

• Centrifuge universal 32 - Hettich, Tuttlingen 

• ChemiDoc MP - BioRad Laboratories 

• CM2050S Cryostat - Leica 

• CO2 Incubator HERACell 240 - New Brunswick, USA 

• Countess 3 FL - Thermo Fisher Scientific 

• CryoTube™ Vials - Thermo Scientific 

• Dewar vessel - KGW isotherm 

• DYNAL magnetic bead seperator - Invitrogen 

• Falcons - GreinerBio One GmbH, Frickenhausen 

• Freezer -20°C - Liebherr, Germany 

• Freezer -80°C - Heraeus, Hanau, Germany 

• Fridge +4 °C – Liebherr, Germany 

• Fridge +4 °C - Privileg, Germany 

• Glass pipettes - Hirschmann®Techcolor, Germany 
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• Glassware - Schott, Mainz, Germany 

• Gloves - StarLab International GmbH 

• Heating Block - Grant, Berlin, Germany 

• HeraSafe 2030i sterile bench - Thermo Fisher 

• Hotplate VMS-A - VWR 

• Immobilon-P Membrane, PVDF 0.45μm - Millipore, Schwalbach, Germany 

• ImmersolTM 518 F - Zeiss 

• Incubator (bacteria) - Binder, Tuttlingen, Germany 

• Integra VacuSafe sterile bench - Nunc, Wiesbaden 

• KL1500LCD Lichtquelle - Schott 

• Leica DM5500B - Leica microsystems, Wetzlar, Germany 

• LSM710 Confocal Microscope - (Zeiss, Jena, Germany) 

• Magnetic stirrer - Heidolph, Kehlheim, Germany 

• Micropipette puller model P-97 - Sutter instruments 

• Microscope CKX41 - Olympus 

• Microwave - Micromaxx, Real 

• Mini Centrifuge - Starlab International GmbH 

• Mini Protein III, Western Blotting System - BioRad, Munich, Germany 

• Mini-Peristaltic Pump 2 - Harvard Apparatus 

• MiniTrans-Blot® Cell - Biorad, Munich, Germany 

• Mr. Frosty™ freezing container - Thermo Fisher, Darmstadt, Germany 

• NanoDrop™ - Thermo Fisher Scientific 

• Olympus BX-51 microscope - Olympus, Hamburg, Germany 

• Optima™ MAX-XP Ultracentrifuge - (Beckman Coulter, CA, USA) 

• Pasteur pipettes - Roth, Karlsruhe 

• pH meter - inoLab, Weilheim 

• pH-meter - Mettler Toledo, Gießen, Germany 

• Pipette controllers accu jet ® S - VWR 

• Pipettes 1 µl-1 ml - Eppendorf, Hamburg 

• Plastic pipettes - Sarstedt, Nümbrecht 

• Precellys24 - PeqLab 
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• Reaction tubes - Shaker Infors, Boltmingen Schweiz 

• Rocky® 3D - Labortechnik Frödel 

• Scale - Sartorius Kissling 

• Scale PCB - Kern 

• T3 Thermocycler - Biometra, Göttingen, Germany 

• Table Centrifuge Minifuge plus - StarLab 

• Test-tube rotator 34528 - Snijders 

• Thermomixer 5436 - Eppendorf 

• Timer TR118 - Roth 

• TipOne - Starlab International GmbH 

• TLA120.2 rotor - Beckman Coulter, CA, USA 

• Trans-Blot® SD Semi-dry transfer - Biorad, Munich, Germany 

• Ultrasonic Cleaner - VWR 

• Vacusafe - Integra Biosciences 

• Ventana Benchmark XT - Roche, Basel, Switzerland 

• Vortex - StarLab International GmbH 

• Vortex-Genie 2TM - Bender & Hobein AG 

• Vortexer IKA Labortechnik VF2 - Janke & Kunkel 

• Water Bath - Grant Instruments 

• Water Bath GFL1086 - GFL, Burgwedel, Germany 

• WIS shaking incubator - Witeg, Germany 

2.7 Programs (Software) 

• ADAP software - Anthos 

• GraphPad Prism 8.0.2 - GraphPad Software, La Jolla 

• ImageJ 1.54g 

• Leica LAS X  

• MEROPS peptidase database 12.5 - Rawlings et al., 2018 

• Microsoft Office 2016 

• SnapGene V5 

• SnapGeneViewer 5.0.5 - GSL Biotech LLC 

• Zeiss ZEN microscopy software 14.0.24.201 – Zeiss 
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3. Methods 

3.1 Molecular Methods 

3.1.1 Genomic DNA Preparation for Genotyping 

To prepare genomic DNA for genotyping, we began by collecting a small piece of tissue (e.g., 

ear punches) and placing it into an Eppendorf tube. We added 0.5 ml of Tail Lysis Buffer (100 

mM Tris-HCl, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, pH 8) to the tube containing the tissue 

piece. Next, we added 5 µL of a 20 mg/ml Proteinase K solution to each sample, mixed 

thoroughly and incubated the samples overnight at 50–55°C with shaking. Efficient digestion 

is essential for successful DNA extraction; incomplete digestion can result in poor DNA yield. 

To enhance digestion, we ensured vigorous shaking throughout the incubation. After 

digestion, we centrifuged the tubes at maximum speed for 10 minutes to pellet undigested 

material such as hair. Lastly, we transferred the supernatant to a new Eppendorf tube.  

To precipitate the DNA, we added 0.5 ml of isopropanol to each tube. The tubes were gently 

reversed a few times to mix. Next, the samples were centrifuged at top speed for 10 minutes 

at 4°C to pellet the DNA. The supernatant was discarded and the DNA pellet was washed by 

adding 70% ethanol. Subsequently, the samples were centrifuged again at top speed for 10 

minutes. After centrifugation, we carefully removed the ethanol (by decantation). The DNA 

pellet was dried at room temperature for 1 h. Once dry, the DNA was resuspended in 50 µL of 

nuclease-free water (dH₂O) by pipetting up and down with a P200 pipette. For genotyping by 

PCR, we used 2 µL of the resuspended DNA as the template in a 20 µL PCR reaction. 

3.1.2 PCR/Genotyping 

To accurately determine the genotype of each mouse and to support the establishment of 

new strains or the maintenance of existing colonies, we used a polymerase chain reaction 

(PCR) assay to amplify specific regions of the extracted genomic DNA. PCR is a widely adopted 

molecular biology technique that enables the selective amplification of DNA sequences 

through the enzymatic action of DNA polymerase. 

Each PCR reaction contained a pair of sequence-specific single-stranded primers, 

deoxynucleoside triphosphates (dNTPs) as the building blocks for DNA synthesis, a reaction 
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buffer to maintain optimal conditions and the DNA template extracted from mouse tissue. 

Typically, a 2 µL aliquot of the DNA extract was used for each reaction. 

PCR amplification generally involves 30 to 40 thermal cycles, each comprising specific 

temperature steps that allow for DNA denaturation, primer annealing, and strand elongation. 

The reaction is initialized by heating the double-stranded DNA to 95 degrees Celsius for 

approximately 40 seconds to separate the strands into single-stranded templates. 

Next, the annealing step is carried out by lowering the temperature to between 55 and 65 

degrees Celsius for about 30 seconds, allowing primers to hybridize to their complementary 

sequences on the single-stranded DNA. The precise annealing temperature and duration 

depend on the specific sequence and base composition of the primers used. 

The elongation step follows, during which DNA polymerase extends the primers by 

incorporating dNTPs, synthesizing a new DNA strand complementary to the template. The 

temperature for this step varies depending on the enzyme used, but typically falls between 72 

and 80 degrees Celsius. A final elongation step is sometimes included to ensure that any 

remaining single-stranded DNA is fully extended. This step is usually conducted at a 

temperature of 70 to 75 degrees Celsius for 5 to 15 minutes. 

For each genotyping assay, primers were designed using SnapGene software. The 

corresponding sequences and PCR reaction schemes are described in detail below. 

To detect transgenic animals harboring a heterozygous NEX-Cre mutation, we used the 

following primers: 

Primers  Sequence Gene 

Forward (fwd) transgenic (TG) 5’ TCTTTTTCATGTGCTCTTGG 3’  NEX 

Reverse (rev) TG 5’ CGCGCCTGAAGATATAGAAGA 3’  NEX 

Fwd CB1 (wt) 5’ CAAGAAATGAGAACCGTGTC 3’  CB1 

Rev CB1 (wt) 5’ GTTCTCCTTGAACGATGAGA 3’  CB1 

Table 1 – Sequence of primers used to detect the NEX-Cre mutation in mice. CB1 primers were used to detect the 

wild-type sequence of the gene, while the NEX Primers hybridized to the mutation. 
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Primers for CB1 were used as an internal PCR control (IPC). Bands for IPC were at the height of 

543bp. Detected bands at the height of 390 bp indicated the presence of the transgene for 

NEX. The reaction scheme was as follows: 

Component µl per reaction 

Nuclease-free water 10.25 

10x VWR key buffer (with 15 mM MgCl2) 2.5 

MgCl2 (25 mM) 3.5 

dNTPs (10 mM) 0.5 

Primer NEX fwd 1 

Primer Nex rev 1 

Primer CB1 fwd 1.25 

Primer CB1 rev 1.5 

Taq DNA Polymerase (5 U/µL) 0.5 

DNA template 2 

Total amount per reaction 24 

Table 2 – Ingredients needed for PCR reaction. A master mix containing all components except the DNA was 
prepared first and distributed into all tubes. The DNA of each sample was then added to each tube and mixed 
thoroughly. 

PCR-cycler program for DNA synthesis:  

Cycles Time Temperature 

1x 3 min 95°C 

27x 45 s 95°C 

27x 45 s 55°C 

27x 45 s 72°C 

1x 3 min 72°C 

Table 3 – To compare wild-type and transgenic animals, the samples were incubated according to the protocol 
outlined in this table. The steps highlighted in gray were repeated 27 times, followed by a final elongation step. 
Subsequently, the samples were either stored at 4 °C or immediately loaded onto an agarose gel. 
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To detect animals harboring a Mep1b-KI Rosa26 knock-in, we used the following primers: 

Primers  Sequence Gene 

Fwd TG and wt 5’ AAAGTCGCTCTGAGTTGTTATC 3’  Rosa26 

Rev TG 5’ TGTCGCAAATTAACTGTGAATC 3’  Rosa26 

Rev wt 5’ GATATGAAGTACTGGGCTCTT 3’  Rosa26 

Table 4 - Sequence of primers used to detect the ROSA26 mutation in mice, which was the promoter for the 

knock-in of the meprin β gene. The first reverse primer was hybridizing to the wt sequence, while one hybridized 

to the transgenic region. Genotyping of heterozygous animals therefore resulted in two bands (fwd TG/wt + rev 

TG and fwd TG/wt + rev wt) and one band for wt animals (fwd TG/wt + rev wt).  

The forward primer was used as an initiation point of synthesis, both for the resulting TG and 

wt band. Detected bands at the height of 380 bp indicated the presence of the Rosa26 

transgene, while bands at the height of 570 bp originated from wt DNA. The reaction scheme 

was as follows: 

Component µl per reaction 

Nuclease-free water 16.6 

10x VWR extra buffer 2.5 

dNTPs (10 mM) 0.4 

Primer Rosa26 fwd (TG and wt) 1 

Primer Rosa26 rev (TG) 1 

Primer Rosa26 (wt) 1 

Taq DNA Polymerase (5 U/µL) 0.5 

DNA template 2 

Total amount per reaction 25 

Table 5 - Ingredients needed for PCR reaction. A master mix containing all components except the DNA was 

prepared first and distributed into all tubes. The DNA of each sample was then added to each tube and mixed 

thoroughly. 
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PCR-cycler program for DNA synthesis:  

Cycles Time Temperature 

1x 3 min 95°C 

35x 30 s 95°C 

35x 30 s 56°C 

35x 50 s 72°C 

1x 3 min 72°C 

Table 6 - To compare wild-type and transgenic animals, the samples were incubated according to the protocol 
outlined in this table. The steps highlighted in gray were repeated 35 times, followed by a final elongation step. 
Subsequently, the samples were either stored at 4 °C or immediately loaded onto an agarose gel. 

To detect transgenic animals heterozygously expressing human APP/Ld, we used the following 

primers: 

Primers  Sequence Gene 

Fwd TG 5’ CCGATGGGTAGTGAAGCAATGGTT 3’  APP/Ld 

Rev TG 5’ TGTGCCAGCCAACAGAGAAAA 3’  APP/Ld 

Table 7 - Sequence of primers used to detect the London mutation for APP in mice. 

The reaction scheme was as follows:  

Component µl per reaction 

Nuclease-free water 13.3 

10x VWR extra buffer 2 

dNTPs (10 mM) 0.4 

PrimerAPP/Ld rev 0.8 

Primer APP/Ld fwd 0.8 

Taq DNA Polymerase (5 U/µL) 0.2 

DNA template 2 

Total amount per reaction 19.5 

Table 8 - Ingredients needed for PCR reaction. A master mix containing all components except the DNA was 

prepared first and distributed into all tubes. The DNA of each sample was then added to each tube and mixed 

thoroughly. 
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PCR-cycler program for DNA synthesis:  

Cycles Time Temperature 

1x 10 min 95°C 

35x 20 s 95°C 

35x 30 s 64°C 

35x 30 s 72°C 

1x 7 min 72°C 

Table 9 - To compare wild-type and transgenic animals, the samples were incubated according to the protocol 
outlined in this table. The steps highlighted in gray were repeated 30 times, followed by a final elongation step. 
Subsequently, the samples were either stored at 4 °C or immediately loaded onto an agarose gel. 

3.1.3 Gel Electrophoresis 

Separation of DNA fragments for genotyping was performed by agarose gel electrophoresis. 

Depending on the size of the DNA fragments, different percentages of agarose were used in 

the gel. Appropriate amounts of agarose powder were dissolved in TAE (40 mM Tris-acetate, 1 

mM EDTA, pH 8.0) by boiling. For the visualization of the DNA, the intercalating agent Midori 

Green Advance (Nippon Genetics, MG04) was added to a final concentration of 0.5 μl/100 ml 

and the agarose solution was cast into a cast frame. The DNA samples were supplemented 

with a loading dye solution (5x Orange G) and separated at 80 V for an appropriate amount of 

time. 

3.1.4 Transformation of Competent Bacteria 

For co-transfection experiments with meprin β and NDMA1a receptor, we needed to amplify 

the Mep1b plasmid. For this, we utilized competent E. coli DH5α bacteria that were 

transformed with a vector (pLBCX-Meprin-β-HA) containing the Mep1b gene. Transformation 

refers to the introduction of exogenous DNA into competent bacterial cells, a naturally 

occurring process that can be exploited for plasmid amplification. In this experiment, 5 μL of 

KLD reaction mix containing the purified DNA product was added to 50 μL of chemically 

competent DH5α cells. The mixture was incubated on ice for 20 minutes, followed by a heat 

shock at 42°C for 45 seconds to facilitate DNA uptake. Subsequently, 500 μL of LB medium was 

added to the cells, and the suspension was incubated at 37°C for 1 hour in a thermocycler 

(Biometra, Göttingen, Germany) to allow recovery and expression of antibiotic resistance. 
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Finally, 100 μL of the transformed cell suspension was plated onto LB agar plates and 

incubated overnight at 37°C to enable colony formation. 

3.1.5 Midi Prep 

Following transformation, single colonies were selected from LB agar plates and inoculated 

into 5 ml of LB medium supplemented with 100 μg/ml ampicillin. The cultures were incubated 

at 37°C for 6 hours with vigorous shaking. For large-scale plasmid preparation, the starter 

cultures were diluted 1:1000 into 300 ml of fresh LB medium containing 100 μg/ml ampicillin 

and incubated overnight at 37°C under constant agitation. The following day, plasmid DNA was 

purified using the NucleoBond Xtra® Plasmid DNA Purification Kit (Macherey-Nagel), following 

the manufacturer's instructions for the endotoxin-free Midi Plus protocol. 

3.1.6 Determination of DNA Concentration 

DNA concentration was measured using the NanoDropOne™ spectrophotometer 

(ThermoFisher Scientific) by applying 1 μL of purified DNA directly onto the measurement 

pedestal. Absorbance was recorded at 260 nm to determine nucleic acid concentration, while 

sample purity was assessed using the A260/A280 ratio. 

3.1.7 Proteomics 

Samples (n = 3 per genotype) were processed according to TMT HUNTER workflow (Weng et 

al., 2019). Precipitated proteins were re-constituted in 1 ml (1% SDS, 1× complete EDTA-free 

Protease Inhibitor Cocktail (Roche), 50 mM HEPES pH 8). Protein concentration was 

determined using Pierce BCA Protein Assay Kit (Thermo). One hundred micrograms of proteins 

of each sample were reduced and alkylated by mixing with 24 mM TCEP, 80 mM 

Chloroacetamide for 1 h at 25°C in the dark. First clean-up was performed with SP3 beads 

(1:20 w/w protein to beads ratio) and ethanol (EtOH) added to 50% (v/v) with mixing for 15 

min at 25°C to induce protein binding. Then, the supernatant was removed and the beads 

were washed three times with 80% EtOH. To commence with TMT labeling, beads were 

resuspended in 22.5 μL6 M Guanidine hydrochloride, 30 μL 0.5 M HEPES (pH 8), and 4.5 μL 

125 mM TCEP at 25°C for 30 min. Isobaric tandem mass tags (0.8 mg TMT6plex reagents 

(Thermo)) were dissolved in 57μL EtOH by occasional vortexing for 5 min. Samples were 

separated with TMT6plex reagents and labeling was performed by adding a label to each bead-

bound protein sample (one tag per sample) and mixing for 1.5 h at 25°C in the dark. Labeling 
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was stopped by adding 8 μL 8% hydroxylamine for 30 min at 25°C. A second clean-up was done 

by combining each group of samples and adding EtOH to 80% for 15 min at 25°C. Then, the 

supernatant was removed, and the beads were washed three times with 80%EtOH. Beads 

were spun down to remove any remaining liquid, then reconstituted in 200 mM HEPES (pH 8). 

Digestion was performed with trypsin (1:50 enzyme to protein ratio) overnight at37°. Ten 

microliters of the supernatant (corresponding to 15 μg of protein) was taken as a pre-HUNTER 

and the rest (HUNTER) was labeled with undecanal by adding EtOH to 40%, 12 μL undecanal 

97% and sodium cyanoborohydride to 30 mM final concentration for 1 h at 37°C. Labeled 

peptide solution was then acidified with Trifluoroacetic acid (TFA) to pH 3 and undecanal 

clean-up was performed using Sep-Pak tC18 Cartridges 1 cc(Waters). Conditioning and 

equilibration were performed with methanol and 40% EtOH, 0.1% TFA, respectively. Samples 

were added and 0.1% TFA and the flow-through was collected. Collected fractions were dried 

in a Speedvac for 3h, then freeze-dried overnight. Desalting of the Pre-HUNTER and HUNTER 

samples was done with 10 μL Pierce C18 Spin Tips (Thermo) and Sep-Pak C18 Cartridges 1 cc 

(Waters), respectively. Eluted peptides were vacuum dried and stored at −20°C until analysis. 

Samples were resuspended in 3% ACN with 0.1% TFA and injected for LC–MS analysis. 

Chromatographic separation was performed on a Dionex U3000 nano HPLC system equipped 

with an Acclaim PepMap100 C18 column (2 μm particle size,75 μm × 500 mm) coupled online 

to a mass spectrometer. The eluents used were eluent A: 0.05% FA, eluent B: 80% ACN + 

0.04%FA. For pre-HUNTER samples, the separation was performed over a programmed 90-

minute run. Initial chromatographic conditions were 4% B for 2 min followed by linear 

gradients from 4%to 50% B over 60 min, then 50%–90% B over 5 min, and 10 min at90% B. 

Following this, an inter-run equilibration of the column was achieved by 13 min at 4% B. For 

HUNTER samples, the separation was performed over a programmed 220-minute run. Initial 

chromatographic conditions were 4% B for 2 min followed by linear gradients from 4% to 50% 

B over 180 min, then 50%–90%B over 10 min, and 13 min at 90% B. Following this, an inter-

run equilibration of the column was achieved by 15 min at 4%B. A constant flow rate of 300 

nL/min was employed. Wash runs were performed between each sample injection. Data 

acquisition following separation was performed on a QExactive Plus (Thermo). Full scan MS 

spectra were acquired (350–1400 m/z, resolution 70 000) and subsequent data-dependent 

MS/MS scans were collected for the 10 or 15 most intense ions (Top10 or Top15) for pre-

HUNTER and HUNTER, respectively, via HCD activation at NCE 33 (resolution 17 500). Dynamic 
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exclusion (40s duration) and a lock mass (445.120025) were enabled. Raw data were analyzed 

against a database containing a re-viewed Uniprot mouse proteome (Mus musculus) (17530 

sequences) and common contaminants (cRAP). The search was performed on Proteome 

Discoverer 2.2 using a SequestHT search engine with 10 ppm and 0.02 Da precursor and 

fragment ion tolerances, respectively. Digestion with Trypsin_R (semi)with a max of two 

missed cleavages was applied. Oxidation of methionine (15.995 Da), acetyl (42.011 Da), and 

TMT6plex(229.163 Da) at the peptide N-terminus was set as a dynamic modification. 

Carbamidomethylation (57.02146 Da) on cysteine and TMT6plex on lysine was set as a static 

modification. For labeling efficiency calculations, TMT6plex on lysine was set as a dynamic 

modification. Strict parsimony criteria have been applied, filtering peptides and proteins at 1% 

FDR 

3.2 Cell Biological Methods 

3.2.1 Primary Hippocampal Neuronal Culture 

Six-well plates were prepared by coating with polyornithine (Sigma, P4538) 1:100 in Hank’s 

balanced salt solution (HBSS) (Gibco HBSS without calcium, without magnesium, without 

phenol red, 14175129) and placed in an incubator for at least 1 hour at 37°C. Each well was 

then washed 3 times with Millipore water and aspirated, before 1ml of plating medium which 

consists of MEM (Gibco, 31095-031), 10% horse serum (Gibco, 26050070), 0.6% glucose (Fluka, 

16646153) and 500μL glutamine (Gibco, 11539876) was added to each well and the plate 

placed back in the incubator. All preparation instruments were autoclaved before use. Mice 

were decapitated at P0 and the brain was removed using curved forceps and eye scissors via 

the foramen magnum and along the sagittal suture. The parietal bones were folded back using 

forceps and the brain was transferred into a 3.5cm petri dish, which was filled with HBSS for 

neurons and placed on ice. Under the dissection microscope, the cerebellum and brain stem 

were removed and the hemispheres were separated. The hippocampi were isolated and 

transferred to tubes with 5ml HBSS on ice. The tissue was washed 3 times with ice-cold HBSS 

under sterile conditions. Activated trypsin (Gibco, Trypsin-EDTA (0,5 %), without phenol red, 

15400-054) was added and the sample was incubated for 20 minutes in a water bath at 37°C. 

DNase (Sigma, DN25100MG) was then added and incubation continued for an additional 5 

minutes. After the tube was removed and the trypsin was aspirated away. The tissue was then 
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washed twice with HBSS and once more with plating medium. The tissue was then 

homogenized with 2ml of plating medium using flamed glass pipettes (Marienfeld) with 

increasingly narrow tips. The cell suspension was added to a 50ml Falcon tube through a cell 

sieve (Greiner, EASYstrainer 40μM, 542040). Live cells were quantified using Trypan blue 

(Sigma-Aldrich, T8154) in the Neubauer chamber. 1 million cells per well of the 6-well plate 

were seeded in plating medium. After 30 minutes, the plating medium was aspirated and 

neuron medium, which consisted of Neurobasal Medium A (Gibco, 10888-022), glutamine 

(Gibco, 11539876) and B27 supplement (Gibco, 17504044), was pipetted in from the edge of 

the well. At approximately 2 days in vitro (DIV), 2.5μL cytosine arabinoside (AraC) per 500μL of 

medium is added to each well. At 7 DIV, a medium change with maturation medium consisting 

of neuronal medium (BrainPhys, 05790) and SM1 Neuronal Supplement (NeuroCult, 05711) 

took place. This medium change occurred weekly. At ~21 DIV, the culture was ready for the 

biotinylation assay.  

3.2.2 Standard Cell Culture  

Cells were maintained at 37 °C in a humidified incubator with 5% CO₂ in 10 cm culture dishes. 

Subculturing was performed under sterile conditions using the manufacturer-recommended 

medium for each specific cell line. Adherent cells were detached by trypsinization, 

resuspended in fresh culture medium, and seeded at appropriate dilutions depending on the 

growth characteristics of the respective cell line. 

3.2.3 Cryopreservation and Thawing of Cells 

To minimize morphological and genetic alterations, cells were cryopreserved following 

standard protocols. Adherent cells were washed with phosphate-buffered saline (PBS) after 

removal of the culture medium. Subsequently, cells were incubated with sufficient trypsin 

solution at 37 °C for approximately 2-5 minutes to achieve detachment. Cells were then 

resuspended in culture medium and centrifuged at 1200 rpm for 4 minutes. The resulting cell 

pellet was resuspended in fresh culture medium supplemented with 10% dimethyl sulfoxide 

(DMSO) and transferred to cryovials. 

Cryovials were placed in a Mr. Frosty™ freezing container to ensure a controlled cooling rate 

of approximately 1 °C per minute, which is optimal for preserving cell viability during freezing. 

For thawing, cryopreserved cells were rapidly warmed in 37 °C culture medium, followed by 

centrifugation at 160g for 4 minutes to remove residual DMSO and minimize cytotoxic effects. 
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The pelleted cells were then resuspended in fresh culture medium and seeded onto 6 cm² 

culture plates for continued growth. 

3.2.4 Transient Transfection with PEI 

HEK293T cells were seeded into 6-well plates at a density of 0.3 × 10⁶ cells per well. After 24 

hours of incubation under standard culture conditions, cells were transiently transfected with 

plasmid DNA encoding Mep1b. 

To optimize transfection efficiency, the culture medium was first replaced with serum-free 

Opti-MEM™ 30 minutes before transfection, allowing cells to adapt to serum-free conditions. 

Plasmid DNA and polyethylenimine (PEI) were prepared in a 1:4 ratio (w/w) and diluted in 

60 μL of serum-free medium per well. The DNA-PEI complexes were then added to the cells 

and incubated for 4 hours. Following this incubation period, the transfection medium was 

replaced with standard growth medium consisting of DMEM supplemented with 10% fetal calf 

serum (FCS) and 1% penicillin/streptomycin.  

3.2.5 Cell Lysis and Protein Extraction 

Twenty-four hours after transfection or compound treatment, cells were harvested for protein 

extraction. Lysis was performed using NP-40 lysis buffer composed of 50 mM Tris-HCl (pH 7.4), 

150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40 (v/v), and 0.02% sodium azide (v/v). The buffer 

was freshly supplemented with a protease inhibitor cocktail (Complete, Roche) to prevent 

protein degradation during the extraction process. 

1 ml of ice-cold PBS was added to the wells of the 6-well plate. Cells were scraped and collected 

in an Eppendorf tube, kept on ice. Cell suspension was washed and resuspended in 40 µl lysis 

buffer. The lysate was left on ice for 20 min. Following lysis, cell debris and insoluble material 

were removed by centrifugation at 20,000g for 20 minutes at 4 °C using a refrigerated 

microcentrifuge. The resulting clear supernatants, containing the soluble protein fraction, 

were carefully transferred to fresh microcentrifuge tubes and stored on ice or at −80 °C until 

further analysis. 

3.2.6 TCA Precipitation of Secreted Proteins 

Cell culture supernatants were collected at 24 or 48 h post-transfection, before the addition of 

protease inhibitors. To remove cellular debris and larger particles, supernatants were first 
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centrifuged at 500g for 5 minutes at 4 °C, followed by a second centrifugation step at 5,000g 

for 5 minutes at 4 °C. 

To facilitate protein aggregation, 2% (v/v) sodium deoxycholate (DOC) was added to each 

sample, followed by brief vortexing. Samples were then incubated on ice for 30 minutes. 

Subsequently, 200 μL of 100% trichloroacetic acid (TCA) was added to 1 ml of the sample, 

vortexed thoroughly, and incubated on ice for an additional 30 minutes to allow protein 

precipitation. After incubation, samples were centrifuged at 15,000g for 15 minutes at 4 °C. 

The supernatants were carefully aspirated and discarded. The resulting protein pellets were 

washed three times with 500 μl of ice-cold acetone to remove residual TCA. Each wash was 

followed by centrifugation at 15,000g for 5 minutes at 4 °C, and the supernatants were 

discarded after each step. The final pellet was air-dried at room temperature. For SDS-PAGE 

analysis, pellets were resuspended in 95 μL of 1x PAP buffer. To improve solubilization, 2 μL of 

2 N NaOH was added, followed by vortexing and incubation at room temperature for 15 

minutes. Proteins were then denatured by heating at 95 °C for 5 minutes and subsequently 

loaded onto an SDS-PAGE gel for analysis. 

3.2.7 Uptake Experiments (Huntingtin) 

On Day 1, 7.5 × 10⁵ cells were seeded per well in a 12-well plate and incubated overnight under 

standard culture conditions. On Day 2, a 0.1 nM solution of ¹²⁵I-labeled Aβ (¹²⁵I-Aβ) was 

prepared in OptiMEM by adding 156 µl of the radioactive stock to 4 ml of OptiMEM medium. 

To initiate the experiment, the cells were starved by replacing their growth medium with 

OptiMEM and incubating for 1 hour at 37 °C. If possible, the growth medium was replaced 

with OptiMEM the evening before to enhance starvation. After the starvation period, the 

medium was carefully removed from each well, and 1 ml of the 0.1 nM ¹²⁵I-Aβ solution was 

added to each well. The cells were then incubated for 1 hour at 37 °C to allow ligand binding 

and internalization. 

During the incubation, two aliquots of the radioactive medium were collected to serve as input 

samples by transferring 1 ml of medium into labeled tubes and keeping them on ice. 

Meanwhile, 2 ml Eppendorf tubes for precipitation were prepared by adding 1 µl of 

trichloroacetic acid (TCA) and 50 µl of bovine serum albumin (BSA, 2 mg/ml) to each tube, and 

the tubes were labeled according to the corresponding samples. 
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After the 1-hour incubation, the culture plate was placed on ice to halt further internalization. 

The cells were washed five times with 1 ml of ice-cold phosphate-buffered saline (PBS), 

carefully aspirating the wash solution each time to remove unbound ligand. Following the 

washes, 0.8 ml of PBS adjusted to pH 2.0 was added to each well and incubated for 5 minutes 

at 4 °C to elute surface-bound but non-internalized ligand. The supernatant was collected into 

the corresponding pre-labeled tubes and kept on ice. The PBS pH 2.0 wash was repeated by 

adding another 0.8 ml to each well, incubating for an additional 5 minutes at 4 °C, then 

collecting the supernatant and pooling it with the first wash. This pooled fraction represented 

ligand bound to the cell surface but not internalized. 

To collect internalized ligand, 1 mL of 0.2 N sodium hydroxide (NaOH) was added to each well 

to lyse the cells. The lysate from each well was transferred into the corresponding labeled 2 

ml Eppendorf tube. Then, 0.8 ml of PBS was added to each lysate and mixed thoroughly by 

pipetting. This combined lysate represented the internalized fraction. 

To separate free iodine from protein-bound ¹²⁵I-Aβ, proteins were precipitated by adding TCA. 

For the PBS fractions (surface-bound ligand), 900 µl of 15% TCA was added to each tube 

containing the pooled PBS pH 2.0 washes. For the lysate samples, 80 µl of 100% TCA was added 

to each tube. All samples were incubated at 4 °C for 30 minutes to allow complete protein 

precipitation. Following incubation, the samples were centrifuged at 10,000g for 20 minutes 

at 4 °C. The supernatants, which contained free radioactive iodine, were carefully transferred 

into fresh pre-labeled Eppendorf tubes, leaving behind the pellets containing protein-bound 

¹²⁵I-Aβ. 

All fractions were retained in their respective tubes for subsequent analysis. The second 

measurement consisted of the combined supernatants from the PBS pH 2.0 washes and 

corresponded to ¹²⁵I-Aβ bound to the cell surface but not internalized. The third measurement 

involved the lysate samples and reflected internalized ¹²⁵I-Aβ. The fourth measurement 

corresponded to the input medium containing the original 0.1 nM ¹²⁵I-Aβ used for incubation. 

All samples were quantified using γ-counter protocol #6, with each sample measured three 

times for 180 seconds to ensure accuracy and reproducibility. 
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3.3 Biochemical Methods 

3.3.1 BCA Assay  

To quantify the total protein concentration in cell or tissue lysates, we performed a 

bicinchoninic acid assay (BCA) using the Pierce™ BCA Protein Assay Kit (Thermo Fisher). Briefly, 

peptide bonds in the proteins reduce Cu²⁺ ions from copper (II) sulfate to Cu⁺ ions. 

Subsequently, two molecules of bicinchoninic acid chelate each Cu⁺ ion, resulting in the 

formation of a purple-colored complex. The intensity of this color change correlates directly 

with the protein concentration and can be quantified by measuring the absorbance of the 

purple complex at 562 nm using a plate reader. For the assay, 1 ml of a 50:1 mixture of solutions 

A and B was added to 50 μL of a 1:10 dilution of each sample, as well as to a standard curve 

prepared with known concentrations of bovine serum albumin (BSA). The reaction mixtures 

were incubated for 30 minutes at 60°C. Absorbance values of samples and standards were 

recorded at 562 nm using a plate reader and analyzed using ADAP version 1.6 software (Anthos 

Labtec Instruments). 

3.3.2 Synthetic Aβ Solubilization 

Synthetic Aβ1-40 and Aβ1-42 peptides (PSL, Heidelberg) were used as controls for Aβ 

quantification. Peptides were solubilized using the 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) 

method. Briefly, lyophilized peptide vials were equilibrated to room temperature prior to 

solubilization. HFIP (100%, Sigma-Aldrich) was added at a ratio of 1 ml per 1 mg of peptide to 

achieve a final concentration of 1 mg/ml. The suspension was incubated at room temperature 

for 1 hour with intermittent vortexing to ensure complete dissolution. Samples were 

subsequently sonicated in a water bath sonicator for 10 minutes, with tubes maintained in an 

upright position throughout the process. 

Following solubilization, the peptide solution was aliquoted into 10 µL portions and dried using 

a SpeedVac concentrator at room temperature for approximately 6 hours. The aliquots were 

again reconstituted in 1x PAP buffer (0.36M Bis-Tris, 0.16M Bicine, 15% w/v Sucrose, 1% SDS, 

0.0075% Bromphenolblue), resulting in a concentration of 1 µg/µL, and stored at −80 °C until 

further use. 

For immunoblot analysis, individual 10 µL peptide aliquots in 1xPAP buffer were loaded onto 

an 8M urea SDS-PAGE gel without prior heating. Proteins were separated electrophoretically 
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and transferred onto a PVDF membrane. The membrane was then immersed in MilliQ water 

and boiled for 3 minutes to enhance epitope exposure. Subsequent immunodetection was 

carried out according to the standard protocol described under “Urea SDS-PAGE and Western 

Blotting”. 

3.3.3 Immunoprecipitation of Aβ 

Soluble fractions from mouse protein extracts were used for immunoprecipitation (IP). 

Magnetic Dynabeads (M-280 Sheep Anti-Mouse IgG, 11201D, Invitrogen), coated with sheep 

anti-mouse IgG, were activated with the monoclonal antibody (mAb) IC16 following the 

manufacturer’s protocol (direct IP method) and subsequently added to the lysates. IC16, which 

recognizes residues 1–16 of the human Aβ sequence, was used at a final concentration of 

1:10028. 

For immunoprecipitation, total Aβ was extracted from soluble brain lysates by mixing each 

sample with concentrated detergent buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 

0.5% (v/v) Nonidet P-40, 0.05% (w/v) SDS, and a protease inhibitor cocktail (Roche Applied 

Science), resulting in a 1X dilution. After overnight incubation at 4 °C, the samples were 

washed three times with 1× PBS containing 0.1% (w/v) BSA, followed by a final wash in 10 mM 

Tris–HCl (pH 7.5). 

The samples were then heated to 95 °C in 25 μL of sample 1x PAP buffer (0.36 M Bis–Tris, 0.16 

M bicine, 1% [w/v] SDS, 15% [w/v] sucrose, and 0.0075% [w/v] bromophenol blue), and the 

resulting supernatants were loaded for analysis which is further described in the "Urea SDS 

PAGE" section. 

3.3.4 Urea Sodium Dodecyl Sulfate (SDS) Polyacrylamide Gel Electrophoresis (PAGE) and 

Western Blotting 

Immunoprecipitated Aβ peptides from soluble fractions were separated using 1 mM 10% 

polyacrylamide 8 M urea SDS gels, as previously described in Marengo et al. (2022). To 

distinguish Aβ40 from Aβ42, resolving gels were prepared with a final concentration of 0.3 M 

H₂SO₄. Peptides were then transferred onto an Immobilon-P PVDF membrane via semi-dry 

western blotting (Bio-Rad) at 47 mA per membrane for 30 minutes. 
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Membranes were boiled in MilliQ water for 3 minutes, then blocked in 5% powdered milk in 

TBST (20 mM Tris, 137 mM NaCl, 0.1% [v/v] Tween-20) for at least 30 minutes. 

Immunostaining was performed overnight using the IC16 antibody (1:1000). Following washes 

in TBS-T, membranes were incubated with a fluorescent secondary goat anti-mouse antibody 

(1:5000, IRDye680, Li-COR). Immunoreactive bands were detected using a fluorescence 

imager (BioRad, ChemiDoc™, Imaging System, USA). 

3.3.5 Standard SDS PAGE and Western Blotting 

Samples for analysis were prepared in SDS loading buffer (4X Roti-Load, Carl Roth, Germany) 

and boiled at 95 °C. Protein extracts were separated by standard SDS PAGE, transferred onto 

nitrocellulose membranes (Amersham Hybond ECL), and then blocked in 5% (w/v) milk powder 

in TBS-T. The percentage of the gel was determined based on the size of the protein of interest. 

Soluble fractions were used to detect total soluble N-APP (sAPP), using an anti-N-terminal APP 

antibody (22C11, MAB348, Millipore). Moreover, the following antibodies were used for 

detection: HA-tag for meprin β (Sigma-Aldrich, H6908), sAPPβ (gift from Becker-Pauly lab), 

sAPPα (Biolegend, 805701), IC16 (own production), GAPDH (Invitrogen, PA1-987), α-tubulin 

(Invitrogen, 62204), and meprin β antibody (R&D, AF2895).  

For Western blotting of synaptosome proteins, 20-30 μg of lysate was loaded. Soluble (S2) 

fraction samples were incubated in Chondroitinase ABC buffer (50 mM Tris-HCl, 50 mM 

Sodium Acetate, 50 mM NaCl, 2 mM MgCl2, 0.1% BSA, pH 8) from Proteus vulgaris (Sigma 

Aldrich, C3667) for 30 min at 37°C. Chondroitinase ABC digests the perineural nets and aids 

the visualization of the protein bands in Western blotting experiments. Then, synaptosome or 

S2 fraction samples (pooled Hippocampi and single Cortices) were prepared in 1x SDS loading 

buffer (4X Roti-Load, Carl Roth, Germany) and boiled at 95 °C. Protein extracts were separated 

by SDS PAGE, transferred onto nitrocellulose membranes (Amersham Hybond ECL), and then 

blocked in 5% (w/v) milk powder in TBST. The samples were analyzed for the expression of 

several different synaptic proteins using the following antibodies: NMDAR1a (Invitrogen, 32-

0500), NMDAR2a (Santa Cruz, sc-515148), NMDAR2b (Invitrogen, MA1-2014), AMPAR 2/3/4 

(Cell Signaling, 2460), brevican (Invitrogen, PA5-31444), Neurocan (Thermo, PA5-47563), α-

tubulin (Invitrogen, 62204), GAPDH (Invitrogen, PA1-987) and anti-HA-tag (Roche, 

11867427001). To visualize multiple proteins at once, we utilized fluorescent secondary 
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antibodies. Depending on the specific antibody’s species, we paired the secondary antibodies 

accordingly with a combination of the following dyes: IRDye800CW and IRDye680CW (both for 

goat@mouse, Li-COR). This approach allowed us to see multiple proteins of interest efficiently 

on a single membrane.  

3.3.6 Sandwich Enzyme-Linked Immunosorbent Assay (ELISA) 

Human Aβ1–42 concentrations were determined using the commercially available ELISA kit 

(27718, IBL International) following the manufacturer’s instructions. In brief, the soluble 

fraction was diluted at a ratio of 1:50 before being added to wells coated with anti-human 

Aβx–42 (44A3) antibody and incubated overnight at 4 °C. After washing, the wells were 

incubated for 1 hour with HRP-conjugated anti-human Aβ1–x (82E1). Following additional 

washing steps, TMB solution was added as a substrate, and the reaction was stopped using 

1N H₂SO₄. Optical density (OD) values were measured at 450 nm using a microplate reader 

(Anthos, 2010). 

3.3.7 Biotinylation 

To assess changes in protein expression on the cell surface of primary neurons, surface 

biotinylation was performed. To start, cells were placed on ice to inhibit endocytosis, and 

medium was aspirated. Cells were washed three times with ice-cold PBS, then incubated for 

40 minutes at 4°C in a solution containing 0.3 mg/ml sulfo-NHS-LC-LC-biotin (ThermoFisher, 

21335) in PBS to biotinylate surface proteins. Following biotinylation, cells were washed four 

times with 50 mM NH₄Cl solution to neutralize and remove any unbound biotin. 

After a final wash with PBS, cells were lysed with RIPA buffer (150 mM NaCl, 10 mM TRIS-HCl, 

1 mM EDTA, 1% Triton X-100, 0,1% SDS, 0,1% Sodium deoxycholate), and total protein 

concentration was measured to ensure equal protein loading. Equal protein amounts were 

incubated overnight at 4°C with 30 μl NeutrAvidin agarose beads (ThermoFisher, 29201) for 

specific binding and precipitation of biotinylated proteins. The beads were subsequently 

washed twice with RIPA buffer, and bound proteins were eluted by boiling at 95°C in SDS 

loading buffer. Finally, proteins were analyzed by SDS-PAGE followed by Western blotting to 

quantify changes in surface protein expression. 
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3.4 Microscopy & Imaging 

3.4.1 Immunofluorescence – Free-Floating Slices (Aβ Plaques and Meprin β Expression) 

Mouse brains were first perfused with PBS and then 4% paraformaldehyde (PFA) and 

subsequently embedded in Tissue Freezing Medium (Leica). Sagittal sections of 30 µm 

thickness were prepared using a CM3050S cryostat (Leica) and transferred into 48-well plates 

containing cryoprotective solution (25% glycerol, 25% polyethylene glycol, 50% PBS). Sections 

were stored at 4 °C until further processing. For IF, cryosections of mouse brains were post-

fixed in 4% paraformaldehyde overnight and processed as free-floating slices. All washing steps 

were carried out using 0.01 M phosphate-buffered saline (PBS). To block non-specific binding 

and permeabilize the tissue, sections were incubated for 2 hours at room temperature in PBS 

containing 0.8% Triton X-100 and 7% normal donkey serum (Dianova, 017-000-121). 

Primary antibody incubation was performed for three days at 4 °C in PBS supplemented with 

2% bovine serum albumin (IgG-free, protease-free; Jackson ImmunoResearch, 001-000-161, 

via Dianova), 0.05% sodium azide, and 0.3% Triton X-100. The following primary antibodies 

were applied: goat anti-meprin β (1:40, Thermo Fisher Scientific, PA5-47474), rabbit anti-

VGLUT1/2 (1:500, Synaptic Systems, 135503), and an alpaca-derived FluoTag®-X2 anti-PSD95-

AZDye 568 nanobody (1:200, NanoTag/Synaptic Systems, N3702-AF568-L). 

Following primary incubation, sections were washed with PBS and incubated for 2 hours at 

room temperature with the respective secondary antibodies and DAPI (0.5 µg/ml, AppliChem, 

A4099,0005) in PBS containing 2% bovine serum albumin and 0.05% sodium azide. Secondary 

antibodies used were IRDye 680RD donkey anti-goat IgG (1:200, Li-COR) and Alexa Fluor 488-

conjugated donkey anti-rabbit IgG (H+L) (1:200, Jackson ImmunoResearch). 

After final washes in PBS, sections were mounted using Fluoromount-G (Thermo Fisher 

Scientific) and stored protected from light until further processing for microscopy. The 

subcellular localization of meprin β in hippocampal neurons of wild-type and meprin β-

overexpressing mice in sagittal brain slices from the CA3 region of the murine hippocampus 

was imaged using a Zeiss LSM 710 confocal laser scanning microscope. Quantification of 

colocalization of observed proteins was performed in ImageJ by splitting RGB channels, 
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thresholding (triangle method), and using the “Image Calculator” to determine overlap area 

fractions (in %).  

To assess Aβ plaque deposition in meprin β-overexpressing mice in an APP/Ld background, 

brain sections were processed according to the standard protocol described before, with the 

following modification for antigen retrieval: prior to permeabilization, sections were treated 

with 88% formic acid for 10 minutes at room temperature to enhance epitope accessibility by 

disrupting protein cross-links. 

Following antigen retrieval, permeabilization and blocking, sections were incubated with the 

primary antibody IC16 (mouse monoclonal, 1:500) to detect Aβ. Nuclear counterstaining was 

performed using DAPI (1 µg/ml). For visualization of IC16 labeling, a goat anti-mouse AF 488-

conjugated secondary antibody (1:1000) was applied. Fluorescence signals were acquired and 

analyzed accordingly. Meprin β-overexpressing APP/Ld mice were compared to control animals 

expressing only the APP/Ld transgene. 

3.4.2 Immunohistochemistry and DAB Staining of Sagittal Brain Sections 

Sagittal brain slices were fixed in 4% paraformaldehyde, cryoprotected in sucrose, and cut at 

30 µm thickness using a cryostat. Free-floating sections were rinsed in phosphate-buffered 

saline (PBS), permeabilized with 0.3% Triton X-100, and incubated in a blocking solution 

containing 5% normal serum. Slices were then incubated overnight at 4 °C with the primary 

antibody (pAB77) diluted in blocking buffer. Antibody pAb77 was raised against residues 2-14 

of the Aβ peptide, detecting N-truncated Aβ2-x peptides (Savastano et al., 2015). After 

washing in PBS, sections were incubated with a biotinylated secondary antibody followed by 

the avidin–biotin complex (ABC) reagent. Diaminobenzidine (DAB) was used as the 

chromogenic substrate, and the reaction was monitored under a microscope to achieve 

optimal signal intensity. Sections were rinsed thoroughly, mounted on glass slides, dehydrated 

through graded alcohols, cleared in xylene, and coverslipped with mounting medium for 

microscopic analysis. 
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3.5 In Vivo Methods (Animal Work) 

3.5.1 Animals Breeding 

hAPP[V717I]31 mice (APP/Ld) were crossed with NEXCre;TG/wt × ROSA26Mep1b-HA animals 

(mepβCre;TG/wt), resulting in animals overexpressing meprin β in an APP/Ld background 

(mepβCre;TG/wt x APP/Ld). Overexpression was specific to the cortex and hippocampus. APP/Ld, 

mepβCre;TG/wt × APP/Ld and mepβCre;wt/wt (wt) animals were maintained on a 12h light/dark 

cycle with food and water ad libitum. During our experiments, we did not detect any gender-

specific differences; therefore, we used mixed genders for all experiments. All animal studies 

were conducted in compliance with European and German guidelines for the care and use of 

laboratory animals and were approved by the Central Animals Facility of the University of 

Mainz and the ethical committee on animal care and use of Rhineland-Palatinate, Germany.   

Meprin β-overexpressing (mepβCre;TG/wt) and wild-type (mepβCre;wt/wt) mouse strains were 

maintained on a 12 h light/dark cycle with food and water ad libitum. NEXCre;TG/wt × Rosa26Mep1b-

HA (mepβCre;TG/wt or mepβCre;wt/wt) mice were generated by crossing Rosa26Mep1b-HA mice 

(Armbrust et al., 2025) with NEXCre;TG/wt mice (Peters et al., 2021). The animals were a gift from 

Christoph Becker-Pauly (Institute of Biochemistry - Kiel), have a C57BL/6 background and 

breeding was genetically refreshed every 4-6 generations with wild-type C57BL/6 animals. All 

animal studies were conducted in compliance with European and German guidelines for the 

care and use of laboratory animals and were approved by the Central Animal Facility of the 

University of Mainz and the ethical committee on animal care and use of Rhineland–Palatinate, 

Germany. 

3.5.2 Behavioral Experiments – Morris’ Water Maze 

To minimize potential experimenter-induced stress, animals were habituated to the presence 

of the experimenter. This was achieved by daily visits to the animal facility for four consecutive 

days prior to the start of behavioral testing. During these sessions, the experimenter interacted 

gently with the animals to allow them to become familiar with handling and presence, thereby 

reducing anxiety-related responses. Following this habituation period, behavioral experiments 

were initiated. 
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For behavioral analysis, 8-month-old mice were tested (n=5/7 animals per group). Spatial 

learning and memory were assessed by the Morris’ Water Maze hidden platform task 

performed as previously described with minor modifications28. Briefly, the water maze 

(diameter 120 cm) was filled with clear water (21-22 °C) one centimeter above the platform. 

Prominent symbols around the maze provided abundant extra-maze cues. The platform stayed 

in the same quadrant from day 1 to 4, and the animals were released from four different 

positions at the pool perimeter. Mice performed four trials per day on 4 consecutive days with 

a maximum length of 90 seconds. Each day, the animals were released into the water from 

different locations outside the platform (d1 – north, south, east, west; d2 – W-E-S-N; d3 – S-

W-N-E; d4 – E-N-W-S). If mice did not find the platform within the given time, they were gently 

guided to the platform. Mice were allowed to stay on the platform for 10 s to memorize the 

surrounding cues. On the fifth experimental day, a probe trial (60 s) without the platform was 

performed. Basal motor activity was evaluated by swimming speed. Learning was assessed by 

measuring the escape latency to find the platform. Memory capabilities were characterized by 

the number each mouse crossed the former platform location at the probe trial and the latency 

to reach the former location. To further assess the ability to memorize the location of the 

platform, the time spent in the right quarter of the platform was measured. For vision abilities, 

a visible platform task was done after the learning assessment on day 6. It consisted of three 

trials in a row, starting opposite the platform that was indicated by a table tennis ball 15 cm 

above the platform. No mouse failed this task, showing that all tested mice were capable of 

seeing the cues. 

A computerized video recording system registered the moving path and duration in water 

maze tests automatically. The hardware consisted of an IBM-type AT computer combined with 

a video digitizer and a CCD video camera. The software used for data acquisition and analysis 

was EthoVision XT® release 8.0 (Noldus Information Technology, Utrecht, the Netherlands). 

3.5.3 Organ Dissection and Lysis 

Animals were anesthetized by intraperitoneal injection of ketamine solution at a dose of 10 µL 

per gram of body weight. Depth of anesthesia was assessed by testing the pedal withdrawal 

reflex. Animals that showed no response to toe pinch and additionally no reaction to spraying 

70% ethanol onto their face were considered deeply anesthetized. 
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Blood was collected via cardiac puncture into the left ventricle while the heart was still beating. 

Approximately 0.5 ml of blood was drawn and allowed to coagulate at room temperature. 

During this period, cerebrospinal fluid (CSF) was obtained by puncturing the cisterna magna 

using a glass capillary. 

Following blood and CSF collection, organs of interest, including the brain, liver, and kidney, 

were harvested. After 5 minutes, the coagulated blood was centrifuged at maximum speed to 

separate the serum, which was then transferred to a fresh tube. All tissues and CSF samples 

were immediately flash-frozen in liquid nitrogen and stored at −80 °C until further processing. 

For protein extraction, tissues were homogenized in RIPA buffer supplemented with protease 

inhibitors at a 1:10 (w/v) ratio, using a glass dounce homogenizer. The homogenates were 

incubated on ice for 30 minutes and subsequently centrifuged at maximum speed for 10 

minutes at 4 °C. The resulting supernatants were collected, and protein concentrations were 

determined using the BCA assay. 

3.5.4 Dissection of Organs and Animals: Tissue Lysis for Aβ Analysis 

Animals were euthanized by cervical dislocation, and their brains were extracted. For meprin 

β characterization, the brains were dissected to isolate the cortex and hippocampus. Brain 

regions from three to five mice per group were pooled and homogenized in a buffer containing 

320 mM sucrose, 10 mM HEPES, and 1 mM EDTA at a 1:6 (weight-to-volume) ratio. The 

homogenates were centrifuged at 18,000g for 30 min, after which the soluble extract was 

removed, and the pellet was resuspended in 1% NP-40 lysis buffer (150 mM NaCl, 50 mM Tris–

OH, pH 8.0). Lysates were then centrifuged again at 18,000g for 30 minutes, and the 

supernatants were collected for further analysis. 

For Aβ analysis, hemispheres of the cortex and the pooled hippocampi were mechanically 

homogenized in 0.04% DEA buffer (0,4% DEA, 0.1 M NaCl) using the same ratio described 

above and subsequently ultracentrifuged at 120,000g for 60 minutes (TLA120.2 rotor, 

Beckman Coulter). The DEA buffer-extracted supernatant (soluble fraction) was collected, 

while the pellet was resuspended in 800 µL of 0.01 M PBS containing 2% SDS for further use. 

PBS and SDS protein extracts were either analyzed directly or stored at –80 °C until further 

use. All buffers were supplemented with protease (cOmplete, Roche) and phosphatase 

inhibitor cocktails (PhosSTOP, Roche) before use. 
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3.5.5 Perfusion of animals 

Perfusion was not performed in experiments involving blood and CSF collection, as sufficient 

vascular and intracranial pressure is required for their extraction, which is only maintained 

while the animal is physiologically alive. In contrast, perfusion was conducted for 

immunofluorescence applications to reduce background signal from blood-derived 

autofluorescence. 

Mice were anesthetized with ketamine as described previously. The left ventricle was 

cannulated and connected to a peristaltic pump set to deliver ice-cold phosphate-buffered 

saline (PBS) at a flow rate of 2 ml/min. Simultaneously, the right atrium was incised to allow 

efflux of blood and perfusate. The perfusion was carried out for 5–7 minutes, depending on 

the size of the animal, resulting in effective replacement of blood with PBS. This step was 

critical to minimize background fluorescence that could interfere with subsequent 

immunofluorescent labeling. 

3.5.6 Synaptosome isolation 

Animals (n=9) were sacrificed by cervical dislocation and their brains were removed. For 

further characterization, brains were dissected into the cortex and hippocampus. To obtain 

enough protein, three hippocampi from each group were pooled. Functional synaptosomes 

were isolated as recommended by the manufacturer (ThermoFisher, 87793). Briefly, brain 

regions were weighed and mechanically homogenized in an appropriate amount of Syn-PER 

reagent. First, the homogenate was centrifuged at 1200g for 10 minutes. The supernatant was 

transferred to a fresh tube. After centrifugation at 15,000g for 20 minutes, the pellet was 

resuspended in Syn-PER reagent to a final concentration of 4-5 µg/µl, resulting in the 

synaptosome fraction. The synaptosome fraction was aliquoted and snap frozen for further 

analysis. The homogenate after the first centrifugation step and an aliquot of the supernatant 

after the last centrifugation step were snap frozen as well, resulting in the homogenate and S2 

(cytosolic) fraction, respectively. The Syn-PER reagent was supplemented with protease 

inhibitor cocktails prior to use (cOmplete, Roche). 

3.5.7 Electrophysiology 

Mice were deeply anesthetized with 4 vol% isoflurane until loss of involuntary reflexes. Then 

they were quickly decapitated, the brain immediately removed and put into the ice-cold (4°C) 
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choline-based artificial cerebrospinal fluid (cACSF) perfused with carbogen (95% oxygen [O2] 

and 5% carbon dioxide [CO2]). This cutting solution contained (in mM): NaCl (87), KCl (2.5), 

NaH2PO4 + H2O (1.25), choline chloride (37.5), NaHCO3 (25), and D-glucose (25), CaCl*2H2O 

(0.5), MgCl2 (7) and at a pH of 7.4. Next, the brain was placed on the stage of a vibratome 

(VT1200 S, Leica) in an orientation to cut horizontal brain slices with a thickness of 400 μm. 

Slices containing the distinctive hippocampal structures were selected and put into a storage 

chamber filled with normal, carbonated ACSF containing (in mM): NaCl (125), NaH2PO4 (1.25), 

KCl (2.5), NaHCO3 (25), D-glucose (25), CaCl2*2H2O (2), MgCl2 (1) and kept at room 

temperature. Slices rested in ACSF for at least 40 min before individual slices were transferred 

onto a multi-electrode array (MEA) chip of a two-chamber MEA system (MEA2100 System, 

Multi-Channel Systems MCS GmbH), which was constantly perfused with normal ACSF at 32°C. 

Each glass MEA chip consisted of 60 electrodes, each with a diameter of 30 μm and spaced 

with a 200 μm interelectrode distance (60MEA200/30iR; Multi-Channel Systems MCS GmbH). 

Each brain slice was placed optimally to have well-positioned stimulating electrodes in the CA3 

region and recording electrodes in the CA1 region of the hippocampus. A platinum grid was 

placed on top of the slices to stabilize their position. Slices were allowed to settle on the MEA 

chip for a minimum of 30 min before any recordings began. The electrophysiological recording 

protocols were generated and applied by Multi Channel Experimenter 2.2 software (Multi 

Channel Systems MCS GmbH) using a 50 kHz sampling rate and a Butterworth highpass 2.0 

Order Filter with a 200 Hz cutoff. 

Input/output (I/O) curves of extracellularly recorded field postsynaptic potentials (fEPSPs) 

were generated by electrical stimulation of one MEA electrode, starting with a voltage pulse 

of 500 mV at a stimulus duration of 100 μs, then gradually increasing the pulse intensity by 

+500 mV until a maximum stimulation intensity of 5000 mV was reached. The duration 

between each voltage pulse stimulation was 40 s. 

The paired-pulse protocol used a stimulation intensity that resulted in a fEPSP equal to 

approximately 30% of the maximum evoked fEPSP amplitude from the input/output curve 

protocol. Paired pulses had a 50 ms interstimulus interval. 

To test the strength of synaptic long-term potentiation (LTP), fEPSPs were recorded with the 

same stimulus intensity selected for the paired-pulse protocol, on a slice-wise basis. Baseline 
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stimulations for LTP were applied for 10 min, consisting of one stimulation per minute. Then, 

LTP was induced by applying a high-frequency stimulation (HFS) at 100 Hz for 1 s, followed by 

60 min of baseline stimulation every 60 s. The level of HFS-induced LTP was analyzed by 

normalizing the mean amplitudes from the last 10 min of baseline recordings after HFS (50–

60 min) to the mean of the amplitude of the initial 10 min baseline recordings before HFS. 

These data were compared to recordings against the independent control pathway that was 

generated by a second stimulation electrode located in the direction of the subiculum, as it 

cannot generate long-term plasticity changes in CA1. The Multi-Channel Analyzer 2.2 (Multi-

Channel Systems MCS GmbH) software was used to record the peak value of each fEPSP 

amplitude. 

All electrophysiological data were analyzed using the Multi-Channel Analyzer 2.2 software, 

Microsoft Office Excel (Microsoft), and GraphPad Prism (GraphPad Software). 

3.5.8 Statistical analysis and illustrations 

All graphs and statistical analyses were prepared using GraphPad Prism 8 software (La Jolla, 

CA). Western blots were quantified by densitometry analysis using ImageJ v.1.52 (NIH, USA). 

The individual statistical tests were described in the respective figure descriptions (ns: p > 0.05; 

*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001). The figures were created with Microsoft PowerPoint, 

BioRender.com and/or GraphPad. 
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4. Results 

4.1 Part l:  

Meprin β Modulates Brevican Proteolysis Impairing 

Neural Plasticity and Memory Formation 

4.1.1 Generation of a Targeted Meprin β-Overexpressing Mouse Model 

Figure 4 - Generation of a targeted meprin β overexpression in cortical and hippocampal neurons. (A) 

Homozygous transgenic Rosa26Mep1b-HA mice were crossed with heterozygous NEXCre mice, yielding NEXCre;wt/wt × 

Rosa26Mep1b-HA (mepβCre;wt/wt) and NEXCre;TG/wt × Rosa26Mep1b-HA (mepβCre;TG/wt) offspring. (B) For cortex- and 

hippocampus-specific overexpression of meprin β, we employed the NEX-Cre mouse model, where Cre 

recombinase expression is directed by NEX regulatory sequences. This was achieved by substituting the NEX 

coding region with a Cre cassette via homologous recombination. (C) Western blot analysis across different brain 

regions of NEXCre;wt/wt × Rosa26Mep1b-HA (wild-type) and NEXCre;TG/wt × Rosa26Mep1b-HA of 8-month-old mice showed 

elevated meprin β expression specifically inside the cortex and hippocampus of NEXCre;TG/wt × Rosa26Mep1b-HA 

transgenic animals. (D) Densitometric quantification of meprin β in cortex and hippocampus of NEXCre;wt/wt × 

Rosa26Mep1b-HA and NEXCre;TG/wt × Rosa26Mep1b-HA mice from several experiments, normalized to tubulin. 

We previously described a learning and memory-related effect of meprin β in the brain beyond 

its role in APP processing (Marengo et al., 2022). Behavioral analysis revealed that meprin β 

KO animals outperformed their wild-type littermates, suggesting an enhanced ability for 

memory consolidation. To further investigate this, we established a mouse model that 

overexpresses meprin β in neurons of the hippocampus and cortex, the brain regions primarily 

responsible for learning and memory formation (Figure 4A). 
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To generate a targeted meprin β-overexpression in the cortex and hippocampus, we utilized 

the previously described NEX-Cre mouse model, where the Cre recombinase is expressed 

under control of the regulatory sequences of NEX, a gene that encodes a neuronal basic helix-

loop-helix protein. The coding region of NEX (exon 2) was replaced by a Cre cassette using 

homologous recombination (Figure 4B) (Goebbels et al., 2006). Animals harboring this 

mutation were crossed with meprin β knock-in animals as described in (Peters et al., 2021). 

The knock-in was generated by cloning murine meprin β cDNA into STOP-EGFP-ROSA-CAG 

targeting vector and inserting it into the Rosa26 locus of embryonic stem cells by homologous 

recombination. 

This breeding resulted in heterozygous meprin β-overexpressing offspring (mepβCre;TG/wt) with 

consistent expression of meprin β specifically in the hippocampus and cortex. Figure 4C shows 

the expression of meprin β in wild-type mice and the novel mepβCre;TG/wt mouse model: apart 

from low endogenous meprin β expression in mepβCre;wt/wt (wild-type) animals and the 

cerebellum of mepβCre;TG/wt mice, we can see a significant increase in meprin β expression in 

the cortex and hippocampus of mepβCre;TG/wt animals. 

Densitometric analysis of Western blots revealed that meprin β was overexpressed 

approximately threefold in the cortex and fivefold in the hippocampus of transgenic mice 

compared to endogenous meprin β levels in wild-type controls (Figure 4D). 

4.1.2 Meprin β Overexpression in Cortex and Hippocampus Leads to Severe Impairment 

in Learning and Memory 

After generating the mouse model, we aimed to compare learning and memory performance 

in a behavioral experiment between mepβCre;wt/wt and mepβCre;TG/wt animals. To investigate this, 

we utilized the Morris Water Maze (MWM) paradigm test (Figure 5A). 

Clear differences between mepβCre;TG/wt and mepβCre;wt/wt animals emerged as early as the third 

day of training. MepβCre;wt/wt animals could locate the platform significantly faster by the fourth 

training day, whereas meprin β-overexpressing mice showed no evidence of learning (Figure 

5B). The time required to locate the platform remained constant from the first to the last 

training day for mepβCre;TG/wt mice, indicating a pronounced learning impairment (Figure 5B). 

Furthermore, during the probe trial (PT), these animals took significantly longer to find the 

former platform location compared to mepβCre;wt/wt counterparts (Figure 5C). Although the 
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time to locate the platform decreased for mepβCre;TG/wt animals during the probe trial, 

suggesting minimal learning, this effect was likely coincidental: analysis of the time spent in 

the correct quadrant of the water tank revealed that meprin β-overexpressing mice failed to 

exhibit directed swimming towards the platform's original location (Figure 5D). 

Figure 5 - Meprin β overexpression leads to severe cognitive impairment. Spatial learning and memory tests 
utilizing the Morris water maze (MWM) paradigm were carried out on 8-month-old meprin β-overexpressing 
mice and their wild-type counterparts (n=7). (A) Schematic overview of the MWM paradigm test: the platform is 
submerged under water, but the animals have visual cues on the wall of the water tank for navigation. Training 
lasts for four days, with four trials per day. (B) The average escape latency in each trial was measured for the four 
training days. On day four, the meprin β-overexpressing animals showed a significant learning deficit compared 
to mepβCre;wt/wt mice (p=0.006). The data shown is the mean ±SEM of four different trials performed on each day. 
Statistical analysis was performed using an unpaired parametric t-test. (C) On probe trial (PT) day, the platform 
was removed and the latency to reach the former platform location was measured. Similar to the final training 
day, significant cognitive deficits can be observed for meprin β-overexpressing mice compared to mepβCre;wt/wt 
animals (p=0.0466). Statistical analysis was conducted using an unpaired Mann-Whitney U test due to the data’s 
non-normal distribution, as determined by the Shapiro-Wilk test. (D) The water tank was divided into four equal 
quarters, with the platform located in the NWQ quarter. The time spent by the animals in each of the four quarters 
or circling the water tank (grey area) was measured. It is observable that after the second day, the mepβCre;wt/wt 
animals spent significantly more time in the correct quarter, although this difference is not directly reflected in 
latency for finding the platform. Additionally, after the second day, mepβCre;wt/wt animals spent significantly less 
time circling the platform. Statistical analysis was performed using an unpaired parametric t-test. 

In contrast, mepβCre;wt/wt animals displayed a clear preference for the correct quadrant, 

indicating effective learning and spatial memory already on day two. Additionally, mepβCre;wt/wt 

animals spent significantly less time circling the water tank compared to meprin β-

overexpressing animals (Figure 5D).  

Additionally, we did not observe any differences in swimming velocity between the animals, 

indicating that the mutation did not cause locomotor deficiencies and that the observed 
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effects were not due to impaired swimming abilities (Figure 6). The higher swimming speed on 

probe trial day is likely due to the shortened swimming time (60 instead of 90 seconds), since 

the animals are swimming faster in the first seconds of the experiment compared to the last 

seconds. 

In summary, transgenic mice exhibit substantial learning impairments in the MWM paradigm 

test. Together with prior findings showing beneficial effects of meprin β KO on learning 

(Marengo et al., 2022), these results suggest that meprin β may play a significant role in 

learning and behavioral processes. 

Figure 6 - Mean velocity does not change between the tested groups in the MWM test. During the training 
phase, mice swam for 90 seconds per session, while during the PT, they swam for 60 seconds. Analysis of 
swimming speed revealed no significant differences between the wt and transgenic groups across all testing days 
in the MWM paradigm test. These findings indicate that the animals exhibit no locomotor impairments, 
suggesting that observed differences in performance are unrelated to motor function. 

4.1.3 Meprin β Localizes to Axons and Synapses and Co-localizes with PSD-95 in 

Overexpressing Neurons 

Identifying the subcellular localization of meprin β in neurons has been technically challenging, 

largely due to low endogenous expression levels and limited sensitivity of available antibodies. 

Using a transgenic mouse model that overexpresses meprin β in cortical and hippocampal 

neurons, we employed confocal microscopy to examine its distribution in sagittal brain slices, 

focusing on the CA3 region of the hippocampus (Figure 7C). This area was selected based on 

findings showing that meprin β-overexpressing mice exhibit impairments in spatial learning in 
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the MWM and because higher endogenous protein levels of meprin β were detected in the 

hippocampus compared to other brain areas (Marengo et al., 2022). To determine the precise 

localization of meprin β overexpression in neurons, we took advantage of the fact that meprin 

β was tagged with an HA epitope. We could observe that meprin β is mostly overexpressed at 

the cell soma, with low axonal and synaptic expression as well, when compared to controls 

that had no expression of HA-tagged meprin β (Figure 7A). Control stainings, only incubated 

with the secondary antibody, showed an acceptable background signal (Figure 7B).  

Next, to compare overexpression to endogenous expression, we stained with an antibody 

directed against meprin β (Figure 8A). In wild-type animals, the meprin β signal was primarily 

perinuclear, likely reflecting retention in the endoplasmic reticulum. In contrast, 

overexpressing mice showed stronger staining intensity throughout the soma, with additional 

localization in axons and synaptic regions, as already shown in the anti-HA-tagged staining. To 

assess synaptic distribution more specifically, we performed co-staining with the presynaptic 

marker VGLUT and the postsynaptic marker PSD-95 (Figure 8B). The overlap between meprin 

β and VGLUT appeared as yellow, while the overlap between meprin β and PSD-95 was 

visualized as magenta, and between VGLUT and PSD-95 as cyan. While the yellow and cyan 

signals did not differ substantially between wild-type and overexpressing animals, the magenta 

signal was notably more prominent in the overexpression condition, indicating an increased 

postsynaptic presence of meprin β (Figure 8C). These findings align with previous behavioral 

data suggesting a synaptic mechanism underlying the cognitive impairments observed in these 

animals. For control stainings (Figure 9), brain slices were incubated only with secondary 

antibodies used in Figure 8 to exclude background staining. No significant background signal 

was detected. PSD95 was labeled using a primary antibody directly conjugated to a 

fluorophore. 

 



63 
 

Figure 7 – Meprin β overexpression in neuronal cell bodies, synapses, and axons of transgenic animals 
compared to animals not expressing HA-tagged meprin β. (A) Immunofluorescent staining of HA-tagged 
transgenic meprin β in mepβCre;wt/wt and mepβCre;TG/wt animals with an anti-HA tag antibody to visualize the 
overexpression of meprin β. Pseudo-colors: Grey (DAPI, 1:200), red (mouse anti-HA, 2-2.2.14 Invitrogen, 1:100; 
donkey anti-mouse IgG-IRDye680RD, Li-Cor Biosciences, 1:200). (B) Control stainings that were incubated only 
with the secondary antibody IRDye680RD (925-68074, Li-Cor Biosciences, 1:200, rabbit). 

Figure 8 - Subcellular localization of meprin β in hippocampal neurons of wild-type and meprin β-

overexpressing mice. Sagittal brain slices (thickness: 30 µm) from the CA3 region of the murine hippocampus 

were imaged using a Zeiss LSM 710 confocal laser scanning microscope. The following acquisition settings were 

used: DAPI (grey) was excited at 405 nm (pinhole 41.9 µm, gain 850), VGLUT (green, Alexa Fluor 488) at 488 nm 

(pinhole 51.4 µm, gain 750), PSD-95 (blue, Alexa Fluor 568) at 543 nm (pinhole 59.4 µm, gain 900), and meprin β 

(red, IRDye 680 detected via the Atto680 channel) at 633 nm (pinhole 67.8 µm, gain 1200). Pixel dwell time was 

54.93 µs, frame size 1912 × 1912 pixels, and line averaging was set to 16. Images were processed in ImageJ by 

subtracting background (rolling ball radius = 50 pixels), applying Gaussian blur (1 px), and slightly enhancing 

contrast. Scale bar: 20 µm. (A) Representative confocal images show meprin β (red) and DAPI (grey) staining in 

wild-type (mepβCre;wt/wt) and meprin β-overexpressing (mepβCre;TG/wt) animals, revealing increased signal and 

extended axonal and synaptic distribution in the latter, indicated by arrows. (B) Single-channel and merged 

images of DAPI (grey), VGLUT (green), PSD-95 (blue), and meprin β (red) in wild-type and overexpressing animals. 

Merged signals appear as yellow (meprin β + VGLUT), magenta (meprin β + PSD-95), and cyan (VGLUT + PSD-95). 

Zoomed-in views highlight overlapping patterns, indicated by arrows. (C) Schematic diagram of the CA3 region 

indicating the anatomical site of image acquisition. (D) Quantification of co-localization was performed in ImageJ 

by splitting RGB channels, thresholding (triangle method), and using the ‘Image Calculator’ to determine overlap 

area fractions (in %). Increased meprin β + PSD-95 co-localization was observed in overexpressing animals, with 

no observable changes in the other combinations. 
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(Figure caption on previous page)  



65 
 

Figure 9 - Control stainings that were incubated only with the secondary antibody. PSD95 is absent, because it 

was stained only with a fluorophore-attached primary antibody. Pseudo-colors: Grey (DAPI), green (rabbit anti-

VGLUT, 1:40, donkey anti-rabbit-AF488, 711-545-152 Jackson Lab. Biozol, 1:200), red (goat anti-meprin β, PA5-

47474; ThermoFisher Scientific, 1:40; donkey anti-goat IgG-IRDye680RD, 925-68074, Li-Cor Biosciences, 1:200). 

4.1.4 Meprin β-Overexpressing Animals Show Significantly Impaired Hippocampal LTP 

As we have detected severe learning and memory differences in meprin β-overexpressing mice 

and additionally a higher presence at the post-synapse, we tested the impact of meprin β 

overexpression on long-term synaptic plasticity, a cellular model of learning and memory. 

Therefore, we carried out electrophysiological long-term potentiation (LTP) recordings of acute 

mepβCre;wt/wt and mepβCre;TG/wt mouse hippocampal tissue slices by use of the microelectrode 

array (MEA). A representative slice on the MEA chip can be seen in Figure 10A. First, we 

recorded baseline extracellular field excitatory postsynaptic potentials (fEPSPs) in the CA1 

region at a stimulation intensity that evoked approximately 30% of the maximum evoked 

response from the input/output (I/O) curve, on an individual slice basis.  

Following 10 minutes of stable baseline recordings, we applied electrical high-frequency 

stimulation (HFS) of 100Hz for 1 second at the Schaffer collaterals in area CA3. As an additional, 

independent control input, HFS of equal intensity was also exerted from another, second 

pathway onto CA1. As expected, this independent, second input failed to reveal any 

potentiation of synaptic fEPSPs in area CA1 (Figure 10B, grey dots). Representative evoked 

fEPSP traces from before and after the HFS for mepβCre;wt/wt (green) and mepβCre;TG/wt (blue) 

slices, and the control stimulation pathway (grey), can be seen in Figure 10C. Statistical analysis 

mepβ
Cre;wt/wt 

 

mepβ
Cre;TG/wt 
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of the fEPSPs was carried out based on the mean potentiation values of the last 10 minutes of 

the 60-minute recording period following HFS for each slice, relative to each of their baseline 

fEPSP amplitudes (Figure 10D). As expected, and shown in Figure 10D, LTP was successfully 

induced at CA1 synapses from mepβCre;wt/wt mice. The LTP induction after HFS in mepβCre;TG/wt 

mice, however, was significantly impaired. Meprin β overexpression resulted in a significantly 

lower hippocampal potentiation compared to the mepβCre;wt/wt mice, as well as having no 

statistical difference from the independent control pathway (Figure 10D).   

In summary, mepβCre;TG/wt mice have a significantly impaired LTP in the CA3-CA1 pathway, 

which indicates functional impairment of the synaptic properties normally inducing NMDAR-

dependent type of LTP. This further suggests potential behavioral deficits in hippocampal-

dependent learning and memory tasks in these animals, and it might link those changes to 

functional alterations of postsynaptic AMPA and/or NMDARs. 

(Figure caption on next page) 



67 
 

Figure 10 - Meprin β-overexpressing mice show an impaired hippocampal LTP. MepβCre;wt/wt mice (green) achieve 
a level of LTP that is significantly larger than both the control recordings (grey) and the mepβCre;TG/wt (blue) 
recordings. (A) Example of the location of stimulating electrode (red), recording electrode (yellow) and 
stimulating electrode of the independent control pathway (grey) along the Schaffer Collaterals. (B) Long-term 
potentiation (LTP) was induced at the Schaffer collaterals using a 100 Hz high-frequency stimulation (HFS) protocol 
and recorded in area CA1 using a microelectrode array (MEA) in mepβCre;wt/wt and mepβCre;TG/wt mice. Green dots 
represent the mepβCre;wt/wt recordings, blue dots represent mepβCre;TG/wt recordings and the grey dots represent 
the recordings taken from the independent control pathway. The graph shows mean +/- S.E.M. of the relative 
strength of potentiation of fEPSPs. MepβCre;wt/wt n=7 slices from 6 mice. MepβCre;TG/wt n = 7 slices from 4 mice. 
Control pathway n=6 slices from 5 mice. (C) Representative fEPSP traces from both mepβCre;wt/wt (green) and 
mepβCre;TG/wt (blue) genotypes, along with the traces from the independent control pathway (grey). The darker of 
each color shows fEPSPs before the 100Hz stimulation, the lighter of each color shows fEPSPs 60 minutes after 
the tetanic stimulation. (D) The relative strength of potentiation of the fEPSPs recorded at 50 to 60 minutes after 
the 100Hz stimulation shows that the mepβCre;TG/wt genotype has a significantly lower LTP than mepβCre;wt/wt, as 
well as revealing no significant difference compared to the independent control pathway (p = 0.05). Statistical 
analysis using one-way ANOVA with post-hoc Tukey's multiple comparisons test. Graph shows mean +/- S.E.M. 

4.1.5 Glutamatergic Receptor Expression at the Synapse is not Altered in Meprin β 

Overexpressing Animals 

Glutamatergic signaling is central to excitatory neurotransmission and LTP, the cellular 

correlate of learning and memory. Meprin β commonly exhibits peak activity on the outer 

cellular membrane of the cell and in its soluble form, within the ECM (Arolas et al., 2012; 

Huguenin et al., 2008). Accordingly, we focused on membrane-bound key mediators in 

synaptic transmission to explain the observed effects. The two main regulators of synaptic 

excitatory transmission are the glutamatergic receptors, NMDA and AMPA. While NMDA 

receptors are required for LTP establishment, AMPA receptors are responsible for baseline 

synaptic transmission. Both receptors were examined by SDS PAGE and Western blotting to 

explore the potential variability in receptor expression between wild-type and meprin β-

overexpressing mice, which might contribute to the establishment of cognitive impairment. 

For a more accurate assessment of these receptors, we isolated and enriched synaptic 

proteins. We focused on the synaptosome fraction due to enriched membrane-bound synaptic 

proteins (Figure 12). To prove that synaptic proteins were enriched, the brain lysates before 

and after enrichment were analyzed using Western blotting. Figure 12 shows clearly that the 

synaptosome fraction had a significantly higher expression for NMDAR2a and NMDAR2b 

compared to non-synaptosome-enriched brain lysates, which was also underlined by 

densitometric analysis. The synaptosome isolation process involved dissecting the 

hippocampus and cortex and performing gradient centrifugation, resulting in the isolation of 

the cytosolic (S2) and synaptosome fractions (Figure 11A).  
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Next, we assessed levels of several different NMDA receptor subunits and the AMPA receptor. 

Western blot analysis revealed no significant differences in the expression levels of NMDA 

receptor subunits 1A, 2A, or 2B within this fraction (Figures 11B & 11C – data were collected 

in collaboration with Dayan Taghighah). 

Figure 11 - Meprin β overexpression has no effect on NMDA- or AMPA-receptor expression at cortical or 

hippocampal synapses. Due to low yield in isolating the hippocampal synaptosome fraction, samples from two 

to three animals of the same genotype were pooled. Thus, each data point for the hippocampus represents 

multiple animals. For statistical analysis unpaired Student’s t-test was used. (A) Schematic overview of the 

synaptosome isolation of the murine cortex and hippocampus. We used nine mice in three independent 
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experiments that were normalized to GAPDH. All animals used for Western analysis were 8 months of age. (B) 

Western blot targeting NMDAR subunit 1 and GAPDH for normalization. The dotted red line separates the 

mepβCre;wt/wt from the transgenic mepβCre;TG/wt samples. (C) Densitometric quantification of three different 

experiments using different animals. The respective subunit was normalized to GAPDH. (D) Representative 

Western blot of AMPA receptor subunits 2/3/4 and PSD-95 for normalization. The dotted red line separates 

mepβCre;wt/wt from mepβCre;TG/wt animals. (E) Densitometric quantification of three different experiments using 

different animals, normalized to PSD-95.  

After examining the NMDA receptor subunits, we shifted our focus to the AMPA receptor, as it 

also plays an important role in learning and memory. Similar to the NMDA receptor, there was 

no difference in expression of the AMPA receptor between mepβCre;wt/wt mice and meprin β-

overexpressing animals. A quantification across three independent experiments, each with 

distinct animal samples, did not reveal any statistically significant changes (Figure 11D&E – 

data were collected in collaboration with Dayan Taghighah). We observe a tendency towards 

a higher expression of the AMPA receptor in meprin β-overexpressing animals. However, this 

data indicates that the behavioral and electrophysiological effects of meprin β are not likely 

mediated by changes in NMDA or AMPA receptor expression. Instead, perhaps a more subtle 

synaptic alteration is responsible for the observed phenotype. 

After establishing that the overall levels of glutamatergic receptors at the synapse remained 

unchanged, we next aimed to determine their more detailed subcellular localization. To this 

end, we employed a surface biotinylation assay. Synaptic surface proteins were biotinylated at 

4 °C to prevent endocytosis, then cells were washed and surface-biotinylated proteins were 

compared with total protein levels (Figure 13).  

Figure 12 - Enrichment of synaptic proteins. The brains of mice were dissected into the cortex and hippocampus 
and homogenized. To address synaptic proteins more clearly, synaptic proteins were enriched using the Syn-PER 
extractions reagent as recommended by the manufacturer. Western blotting confirmed an enrichment of synaptic 
proteins (represented are NMDAR2a and NMDAR2b receptor subunits). Also, densitometric analysis revealed a 
clear enrichment after isolation with the Syn-PER reagent.  
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Figure 13 - Biotinalytion assay of glutamatergic receptors. Primary hippocampal neurons were extracted from 
P1 mice. For 72 hours, we inhibited the cells with meprin β inhibitor actinonin (final concentration 15 µg/ml) prior 
to the biotinylation. Western blotting reveals no differences in neither the AMPA- nor the NMDA-receptor 
expression (red boxes) on the surface of primary hippocampal neurons (A), which is also observed over all four 
experiments (B). 

Due to breeding constraints, we were unable to generate primary neuronal cultures from 

meprin β-overexpressing animals and therefore used wt hippocampal neurons in both 

experimental conditions. One set of wt neurons was treated with the meprin β inhibitor 

actinonin for three consecutive days (with fresh addition every 8 hours, final concentration 15 

µg/ml). Our working hypothesis was that meprin β influences the trafficking of glutamatergic 

receptors to the neuronal surface. In this scenario, meprin β inhibition should increase 

receptor surface expression, whereas in in vivo conditions, the normal expression of meprin β 

would decrease glutamatergic receptor levels and therefore impair LTP. 

As shown in Figure 13, no significant differences in surface expression of AMPA- nor NMDAR1a 

receptors were observed between untreated wt neurons and actinonin-treated neurons. 

These results suggest that meprin β does not affect the membrane trafficking of these receptor 

subtypes. 

We further analyzed the internalization dynamics of these receptors. Surface proteins were 

biotinylated at 4 °C and subsequently allowed to internalize during re-incubation at 37 °C. 

Samples were collected at defined time points, after which residual surface proteins were 

stripped to ensure that only internalized receptors retained biotin labeling. Western blot 

analysis demonstrated that AMPARs presumably undergo more rapid internalization than 

NMDAR1a receptors (Figure 14). For AMPARs, internalization reached near-maximal levels 

within 15 min, with no substantial increase detected up to 60 min (Figure 14A). In contrast, 
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NMDAR1a internalization continued to progress between 15 and 60 min, indicating a slower 

internalization rate compared to AMPARs (Figure 14B). 

Figure 14 – Internalization dynamics of glutamatergic receptors. Primary hippocampal neurons were surface-
biotinylated and re-incubated at 37 °C to allow receptor internalization. AMPARs (A) exhibited faster 
internalization than NMDAR1a (B), reaching near-60 min levels within 15 min. For quantification, band intensities 
at 15 min and 60 min were normalized to the total surface protein expression of hippocampal neurons. 

4.1.6 Assessment of IL6R, EAAT-2, and α-neurexin-3 Expression in Meprin β–

Overexpressing Mice 

Given that the experimental model involves overexpression of meprin β, a protease known to 

shed the interleukin-6 receptor (IL6R) (Arnold et al., 2017), we next focused on IL6R together 

with other proteins implicated in synaptic plasticity. In particular, EAAT-2, the main astrocytic 

glutamate transporter, is critical for maintaining extracellular glutamate homeostasis and 

preventing excitotoxicity (Kim et al., 2011), while α-neurexin-3 contributes to synapse 

organization and the regulation of excitatory transmission (Zhang et al., 2022). Together, these 

proteins provide a more complete perspective on how protease activity might influence 

neuroinflammatory signaling and plasticity-related processes. In our initial Western blot 

analyses, we did not detect consistent expression differences for α-neurexin-3 or IL6R (Figure 

15). EAAT-2, however, exhibited considerable variability across animals, particularly in the 

cortex when comparing wild-type and meprin β-overexpressing groups. Moreover, preliminary 

data suggest lower EAAT-2 levels in the hippocampus of wild-type animals compared to meprin 

β overexpressors (Figure 15), though this observation is based on a single pooled sample and 

requires further validation. 
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 Figure 15 – Expression of further potential meprin β substrates. Western blots showing Neurexin-3 (~170 kDa), 
IL-6 receptor (soluble form ~55 kDa, membrane-bound form ~70 kDa), and EAAT-2 (~70 kDa). Molecular weight 
markers are indicated on the left for size reference. GAPDH (~37 kDa) and α-tubulin (~50 kDa) were used as 
loading controls and are shown below the respective blots. 
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4.1.7 Utilization of N-Terminomics for the Identification of Novel Substrates of Meprin β 

in the Murine Brain  

 

Figure 16 - Utilization of N-terminomics for the identification of novel substrates of meprin β within the brain. 

(A) Schematic overview of the N-terminomics process: N-terminal peptides were enriched using the TMT HUNTER 

protocol before spectroscopic analysis (n=3). (B) Quantification of enriched peptides pre- and post-HUNTER. (C) 

Volcano plot visualization of potential substrates: red dots show the overrepresented peptides in meprin β-

overexpressing brains, and the blue dots show the underrepresented peptides. The threshold was set at log2 
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(difference) = ±0.5 and –log10 (p-value) = 2. Additionally, depicted are the P4-P4' amino acid residues surrounding 

the N-terminal cleavage site of the respective brevican peptide. The green dots in the center represent the 

detected peptides of NMDA and AMPA receptor subunits, confirming the absence of overrepresentation, 

consistent with the results from Western blotting experiments. (D) Categorization of obtained overrepresented 

peptides in different functional areas for visual overview. (E) Schematic overview of murine brevican and potential 

cleavage sites indicated by blue arrows as predicted by N-terminomics analysis. With a black arrow, an additional 

potential cleavage site by meprin  based on alpha fold modeling (G) is shown. (F) Predicted protein structure of 

brevican generated with AlphaFold 3 (Abramson et al., 2024) using the UniProt Consortium 2021 sequence (ID: 

Q61361) and illustrated with UCSF Chimera. Cleavage sites identified for meprin β by N-terminomics are labeled 

in blue, additional potential cleavage site is labeled in black. (G) Predicted structure of brevican (uniprot ID: 

Q61361) together with meprin β homodimer (uniprot ID: Q61361) generated with AlphaFold 3 using the UniProt 

Consortium 2021 sequence and illustrated with UCSF Chimera. The cleavage site E461↓E462 within brevican, 

identified by N-terminomics for meprin β, nicely fits into the first active site of the meprin β homodimer. The 

second active site aligns with the sequence QEAM392↓393ESES, suggesting a potential additional cleavage by 

meprin β at this site. 

Our investigations into meprin β overexpression in cortical and hippocampal neurons led us to 

hypothesize that additional substrates for meprin β may exist in the brain, influencing learning 

and memory. To address mechanisms affected by meprin β processing and identify additional 

substrates, we employed N-terminomics using HUNTER analysis on brain lysates from meprin 

β-overexpressing and respective Cre-negative control animals (Figure 16A). A key benefit of 

this method is that it enables the enrichment of N-terminally truncated peptides from minimal 

sample quantities, allowing for a robust, sensitive, and scalable analysis. The HUNTER 

approach identified substantially more peptides than pre-HUNTER analysis, demonstrating the 

effectiveness of N-terminal peptide enrichment prior to MS analysis (Figure 16B). Using this 

approach, we discovered a set of N-terminal peptides that are significantly increased in meprin 

β-overexpressing animals (Figure 16C – red dots). Criteria for significant overrepresentation 

were defined as -log10 = 3 (p-value) and log2 = ±0.5 (expression difference) (Figure 16C). 

We observed particularly high enrichment values for brevican (Q61361), aligning with 

observations in astrocytes reported by Armbrust et al. (2025). Brevican is long known to affect 

synaptic plasticity (Brakebusch et al., 2002). Additionally, the cleavage site of the discovered 

overrepresented brevican peptides aligns well with the established meprin β cleavage motif 

(Schäffler et al., 2019) as meprin β prefers negatively charged residues, such as aspartate (D) 

and glutamate (E), at the P1 and P1’ positions. Given brevican's established involvement in LTP, 

this protein emerges as a potential proteolytic substrate for meprin β, supporting the observed 

behavioral and electrophysiological results. 
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Following the categorization of overrepresented peptides in meprin β-overexpressing animals, 

we observed a marked increase in potential substrates associated with the scaffolding of the 

cell (Figure 16D, ‘protein category’ - orange), the plasma membrane (Figure 16D, ‘subcellular 

location’ - green), influence in neurological pathologies (Figure 16D, ‘pathological connection’ 

- orange/yellow/red) and the scaffolding mechanism (Figure 16D, ‘mechanism’ – yellow). 

Additionally, NMDA- and AMPA-receptor subunits showed no significant overrepresentation 

nor underrepresentation in meprin β-overexpressing mice, further suggesting that both 

receptors play no substantial role in meprin β processing as indicated by Western blot analysis 

(Figure 16C – green dots).  

N-terminomics analysis revealed multiple brevican peptides overrepresented in meprin β-

overexpressing animals. Brevican is a dumbbell-shaped molecule comprising N-terminal (G1) 

and C-terminal (G3) domains, separated by a polar, negatively charged central spacer (Figure 

16E). This spacer contains chondroitin sulfate (CS) attachment sites and meprin β cleavage 

sites identified by N-terminomics (indicated by blue arrows) (Figure 16E, F). Utilizing AlphaFold 

3 (Abramson et al., 2024) and the UniProt Consortium 2021 sequence, we modeled brevican 

(ID: Q61361) with a meprin β homodimer (ID: Q61361) (Figure 16G). The cleavage site 

E461↓E462 within brevican, identified by N-terminomics for meprin β, aligns with the first 

active site of the meprin β homodimer, supporting our experimental N-terminomics data. The 

additional cleavage site at K464↓E465, in proximity, suggests that meprin β may shift the 

cleavage site by three amino acids or that cleavage at K464↓E465 occurs following initial 

cleavage at E461↓E462. The second active site aligns with the sequence QEAM392↓393ESES, 

indicating a potential additional cleavage by meprin β at this site. The absence of this cleavage 

site in the N-terminomics data could be due to methodological limitations or further 

downstream processing of brevican cleavage products by other proteases like ADAMTS4. 

Additionally, N-terminomics identified cleavage at E584↓T585. Although our AlphaFold 

modeling lacks validation for this site, it is considered probable, as it aligns with the cleavage 

preference of meprin β (Schäffler et al., 2019) and is likely accessible based on the predicted 

structure. However, our AlphaFold modeling does not account for glycosylation, which may 

impact accessibility and proteolytic processing by meprin β. 

https://d.docs.live.net/118828dc9bc17be1/Desktop/MepB%20paper%20031224/FinalManuscript_latest_version_041224_CP_KB_CBP_TM.docx#_msocom_46
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4.1.8 Meprin β Influence on PNN Proteins Brevican and Neurocan 

The identification of brevican in the N-terminomics analysis of potential meprin β substrates 

provides a plausible explanation for the phenotype observed in transgenic meprin β-

overexpressing mice. To assess the possibility of brevican proteolysis in meprin β-

overexpressing animals, as well as potential accumulation in the absence of meprin β, we 

analyzed hippocampal and cortical samples from wild-type (mepβCre;wt/wt), meprin β knockout 

(mepβKO/KO), and meprin β-overexpressing (mepβCre;TG/wt) mice using Western blotting (Figure 

17). Given that brevican is an extracellular matrix protein, we examined the soluble “s2” 

fraction from the synaptosome isolation procedure to determine brevican levels. Our results 

revealed reduced brevican levels in mepβCre;TG/wt mice, whereas no significant differences were 

detected between mepβCre;wt/wt and mepβKO/KO mice, indicating that brevican does not 

accumulate in the absence of meprin β. Consistently, the same reduction in protein levels was 

observed in both cortex and hippocampus (Figure 17A&B). 

The observation that we have no accumulation of brevican in meprin β KO brains can be 

attributed to the presence of alternative proteolytic enzymes capable of processing brevican. 

Notably, members of the ADAMTS (A Disintegrin and Metalloproteinase with Thrombospondin 

Motifs) family, such as ADAMTS4 and ADAMTS5, have been identified as key brevican-

degrading enzymes (Nakamura et al., 2000). Studies have shown that these proteases can 

cleave brevican at specific sites, contributing to its turnover in the ECM. Furthermore, research 

indicates that in the context of spinal cord injury, the proteolysis of brevican is not significantly 

altered in ADAMTS4 or ADAMTS5 KO mice, suggesting compensatory mechanisms by other 

proteases (Stanton et al., 2011). These findings support the notion that brevican degradation 

is mediated by a network of proteolytic enzymes, ensuring its regulation even in the absence 

of meprin β.  
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Figure 17 - Western blotting of brevican in the cytosolic fraction (S2) of cortical and hippocampal brain lysates, 
normalized to tubulin. pC; positive control (A) Western blot of hippocampal brain lysates. Different genotypes 
are indicated by horizontal bars: meprin KO (mepβKO/KO), wild-type (mepβCre;wt/wt) and meprin β-overexpressing 
(mepβCre;TG/wt) animals. On the right side, the densitometric quantification of detected brevican bands was 
conducted. We can see significant differences in brevican levels between wild-type & KO animals compared to 
meprin β-overexpressing brain lysates. (B) Western blot of cortical brain lysates. Different genotypes are indicated 
by horizontal bars: meprin KO (mepβKO/KO), wild-type (mepβCre;wt/wt) and meprin β-overexpressing (mepβCre;TG/wt) 
animals. On the right side, the densitometric quantification of detected brevican bands was conducted. We can 
see significant differences in brevican levels between wild-type & KO animals compared to meprin β-
overexpressing brain lysates. 
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In addition to brevican, our N-terminomics analysis identified further extracellular matrix 

proteins associated with PNNs, including neurocan. While brevican remained the central focus 

of this study, we also performed initial investigations into neurocan, a related chondroitin 

sulfate proteoglycan and established PNN component. Our Western blot analyses revealed 

increased neurocan levels in meprin β-overexpressing (mepβCre;TG/wt) animals, whereas wild-

type (mepβCre;wt/wt) and knockout (mepβKO/KO) mice displayed comparable expression. 

Interestingly, this expression pattern contrasted with that of brevican, which was reduced in 

meprin β-overexpressing brain lysates (Figure 18). 

The observed increase in neurocan in meprin β-overexpressing animals may reflect broader 

alterations in extracellular matrix composition or stability induced by heightened meprin β 

activity. Given neurocan’s reported roles in synaptic plasticity and memory regulation (Müller-

Bühl et al., 2025), its upregulation could contribute to remodeling of PNNs in these mice, 

potentially compensating for or counterbalancing the reduction of brevican. Nevertheless, 

these findings should be considered preliminary and require further validation. 

It is important to note that no positive control was available for neurocan detection, as we 

lacked access to a plasmid encoding neurocan and were therefore unable to generate an 

overexpression control in cell culture. Moreover, due to neurocan’s large isoforms (~120–130 

kDa and >200 kDa) and extensive posttranslational modifications, including glycosylation and 

proteolytic processing, multiple bands were detected within the relevant molecular weight 

range. To maintain consistency and avoid potential misinterpretation, we quantified only the 

upper band, which we interpret as representing the undigested, full-length protein. Lower 

bands likely reflect processed forms of neurocan, consistent with prior reports (Rauch et al., 

1992). 

Together, these experiments highlight distinct regulatory effects of meprin β on two major PNN 

components, brevican and neurocan, suggesting that meprin β overexpression may influence 

PNN organization through multiple molecular pathways. 
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Figure 18 - Western blot analysis of neurocan in the cytosolic fraction (S2) of cortical and hippocampal brain 
lysates, normalized to tubulin. Please note that no positive control was available for these experiments. (A) 
Western blot of hippocampal brain lysates from animals of different genotypes: meprin β knockout (mepβKO/KO), 
wild-type (mepβCre;wt/wt) and meprin β-overexpressing (mepβCre;TG/wt). Densitometric quantification of neurocan 
bands is shown on the right. Increased neurocan levels are observed in meprin β overexpressing animals 
compared to both wild-type and meprin β KO mice. (B) Western blot of cortical brain lysates from the same 
genotypes. Quantification on the right similarly shows elevated neurocan levels in the meprin β-overexpressing 
group, suggesting altered regulation of neurocan expression. 
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4.1.9 Meprin β-Overexpressing Mice Display a Higher Hippocampal Network Excitability 

than MepβCre;wt/wt Mice 

 

Figure 19 - Meprin β-overexpressing mice display a significantly higher evoked network activity than 

mepβCre;wt/wt mice. (A) Multi-Electrode Array (MEA) recordings displaying input/output (I/O) curves with the 

stimulation input ranging from 0.5V to 5V in 0.5V steps. The output was recorded as field excitatory postsynaptic 

potentials (fEPSPs). Statistical analysis using two-way ANOVA with post-hoc Šídák's multiple comparisons test. 

Graph shows mean +/- S.E.M. MepβCre;wt/wt n = 10 slices from 4 mice. mepβCre;TG/wt n = 9 slices from 4 mice. p = 

0.05. (B) Representative fEPSP traces were recorded from the gradually increasing stimulus intensity from the I/O 

curve for mepβCre;wt/wt (green) and mepβCre;TG/wt (blue) mice. 

As changes in the brain ECM have been documented to influence AMPAR-dependent 

excitability, we next investigated whether an overexpression of meprin β in the mouse 

hippocampus affects the AMPAR-dependent excitability of the hippocampal neuronal 

network. We performed electrophysiological recordings of acute hippocampal slices by use of 

the MEA in the mepβCre;TG/wt and mepβCre;wt/wt mice. A series of electrical stimulations ranging 

from 0.5V to 5V, with step increases of 0.5V, was applied to one electrode of the MEA located 

below the Schaffer collaterals in the CA3 region of the brain slice. The resulting extracellular 

fEPSPs were recorded with the MEA electrode below the target region in CA1. The amplitude 

of these fEPSP signals allowed us to determine the excitability in the CA3 to CA1 signaling 

pathway. 

Interestingly, the amplitude of the fEPSPs obtained from the mepβCre;TG/wt mice was 

significantly larger than those from mepβCre;wt/wt mice at stimulation intensities from 4V 

through to 5V (Figure 19A). Representative fEPSP traces with overlaid outputs from the 

input/output curve can be seen in Figure 19B.  
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4.1.10 Hippocampal Paired-Pulse Ratio is Unaffected by Meprin β Overexpression  

Figure 20 - Hippocampal Paired-Pulse Ratio is unaffected by meprin β overexpression. (A) Representative 
evoked fEPSPs from a paired-pulse stimulus in wild-type mepβCre;wt/wt (green) and mepβCre;TG/wt (blue) with a 50 
ms interstimulus interval (ISI). (B) Analysis (unpaired t-test) of the ratio of the second evoked fEPSP to the first 
evoked fEPSP showing no difference between genotypes.  

To further investigate whether the synaptic alterations observed in our model arise from pre- 

or postsynaptic mechanisms, we performed paired-pulse ratio (PPR) recordings in both wild-

type and transgenic animals. The PPR is a classic electrophysiological approach to probe 

presynaptic release probability. In this paradigm, two stimuli are applied to the same afferent 

pathway in quick succession (interstimulus interval - ISI), and the amplitudes of the two 

corresponding postsynaptic responses are compared (Figure 20A). If the probability of 

neurotransmitter release at the presynaptic terminal is high, the readily releasable vesicle pool 

is more likely to be depleted by the first stimulus, resulting in a reduced second response 

(paired-pulse depression). Conversely, if release probability is low, the second response is 

often facilitated relative to the first, as residual calcium in the terminal enhances transmitter 

release (paired-pulse facilitation). The ratio between the first and second response amplitudes, 

therefore, serves as an indirect but reliable indicator of presynaptic release dynamics. By 

applying this measure, we sought to clarify whether the differences we observe at the synapse 

A B 
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originate primarily from presynaptic changes in release probability or whether they are instead 

mediated postsynaptically. 

Our results showed no significant difference in PPR between wild-type and transgenic animals 

(Figure 20B). We concluded that overexpression of meprin β in the mouse hippocampus 

significantly increased neuronal network excitability between CA3 and CA1, and these changes 

are likely due to changes in brevican expression and alterations at the postsynapse. This 

interpretation integrates well with our broader dataset and working hypothesis, even though 

NMDA and AMPA levels did not change.  
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4.2 Part ll:  

Meprin β Elevates Hippocampal Soluble Aβ in an 

APP/V717I Mouse Model 

4.2.1 Generation of the MepβCre;TG/wt × APP/Ld Mouse Model  

Figure 21 - Generation of a novel AD-mouse model overexpressing meprin β in cortical and hippocampal 
neurons. (A) Homozygous transgenic ROSA26Mep1b-HA mice were crossed with heterozygous NEXCre mice, yielding 
NEXCre;TG/wt × ROSA26Mep1b-HA (mepβCre;TG/wt) offspring. Double-transgenic mepβCre;TG/wt animals were crossed with 
hAPP[V717I]TG/wt (APP/Ld) animals, resulting in the triple-transgenic novel animal model NEXCre;TG/wt × 
ROSA26Mep1b-HA × hAPP[V717I]TG/wt (mepβCre;TG/wt × APP/Ld). (B) Schematic depiction of the non-amyloidogenic and 
the amyloidogenic pathway. sAPPα is a product of the non-amyloidogenic pathway, whereas sAPPβ is a product 
of the amyloidogenic pathway. 

To generate a novel AD mouse model, we crossed mice overexpressing meprin β with mice 

expressing human transgenic amyloid precursor protein (APP). Since we wanted to specifically 

investigate the function of meprin β, without influencing β-secretase cleavage, we deliberately 

refrained from mutating our animal model at the β cleavage site. Instead, we opted for the 

APP/Ld model, in which the mutation is located at the γ-cleavage site (V717I) (Tanghe et al., 

2010). Furthermore, to demonstrate the specificity of meprin β on the β-secretase cleavage 

side, we additionally could not use any mouse model carrying the Swedish mutation, as the 

Swedish mutation in APP results in a higher affinity towards BACE1, simultaneously 

suppressing the cleavage activity of meprin β (Schönherr et al., 2016).  
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For targeted neuronal overexpression, we utilized the NEX-Cre mouse model, which was 

previously described. These NEX-Cre mice were crossed with previously characterized meprin 

β knock-in mice. The knock-in was created by integrating murine meprin β cDNA into the 

STOP-EGFP-ROSA-CAG targeting vector at the Rosa26 locus in embryonic stem cells via 

homologous recombination. The resulting mice selectively overexpressed meprin β in neurons 

of regions critical for learning and memory, notably the hippocampus and cortex—areas first 

affected in AD pathology. To further confirm the functional role, we bred the meprin β-

overexpressing mice into the APP/Ld (V717I) AD mouse model. This cross yielded triple-

transgenic animals (NEXCre;wt/wt × ROSA26Mep1b-HA × hAPP[V717I]TG/wt, abbreviated as 

mepβCre;TG/wt × APP/Ld), allowing for detailed investigation of amyloidogenic pathway 

dynamics (Figure 21A). 

An increased level of Aβ peptides typically correlates with elevated sAPPβ, a cleavage product 

generated via the amyloidogenic pathway. Previously, we reported that in mice 

overexpressing meprin β, significantly elevated levels of sAPPβ are observed, indicating a 

functional role of meprin β (Dissertation of Liana Marengo). For this analysis, we used a 

specific antibody that detects specifically only meprin β-cleaved sAPPβ. As meprin β truncates 

Aβ N-terminally at P2, it leaves an additional amino acid at the C-terminus of sAPPβ, which is 

recognized by this antibody. In contrast, APP/Ld animals exhibited significantly higher levels 

of sAPPα, reflecting a preferential non-amyloidogenic APP-processing. The shift toward 

increased sAPPβ production in mepβCre;TG/wt × APP/Ld animals demonstrates enhanced 

proteolytic activity of meprin β toward APP, leading to greater amyloidogenic pathway 

activation and higher Aβ production, as illustrated in the Dissertation of Liana Marengo.  
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4.2.2 Elevated Aβ 1-40/42 Levels in the Hippocampus of MepβCre;TG/wt × APP/Ld Animals 

 

Figure 22 - Meprin β-overexpressing animals show elevated levels of soluble Aβ in the hippocampus. (A) UREA 
SDS-PAGE and subsequent Western blotting of cortical and hippocampal brain lysates show elevated levels of 
Aβ1-40 and Aβ1-42 in mepβCre;TG/wt × APP/Ld in the hippocampus compared to APP/Ld mice. (B) Densitometric 
quantification of five different experiments showed a significant increase in soluble Aβ1-40 and Aβ1-42 in 
hippocampal but not cortical neurons between mepβCre;TG/wt × APP/Ld and APP/Ld mice (unpaired t-test, n=5/6). 
(C) ELISA analysis showed increased levels of Aβ1–42 (***p < 0.005, t-test, n = 6/7) in soluble fractions of 
mepβCre;TG/wt × APP/Ld mice compared to APP/Ld mice. (D) Western blot of meprin β in APP/Ld and triple 
transgenic mepβCre;TG/wt × APP/Ld animals in the soluble and insoluble fractions of the brain. A stronger band 
intensity can be observed for meprin β-overexpressing animals in the soluble and membrane-bound fraction. 

To evaluate the impact of meprin β overexpression in the APP/Ld mouse model, we quantified 

Aβ levels in the hippocampus and cortex and compared our novel mepβCre;TG/wt × APP/Ld with 

the APP/Ld model. Brains were isolated from 14-month-old animals, and the hippocampus 

and cortex were dissected separately. Using high-speed ultracentrifugation, we separated 

soluble fractions from insoluble components. Since we were interested in early disease 

pathology, our focus was on the soluble fraction. Insoluble components were only processed 

to check for membrane-bound meprin β.  

Aβ levels in the soluble fraction were immunoprecipitated and analyzed using Urea SDS-PAGE, 

a technique suitable for detecting subtle differences in molecular weight of peptides such as 

Aβ1-40 and Aβ1-42. Figure 22A provides a representative blot illustrating soluble brain lysates 



86 
 

from APP/Ld and mepβCre;TG/wt × APP/Ld animals. In the hippocampus, we observed elevated 

levels of Aβ1-40/42, whereas no significant differences were detected in the cortex. 

Quantitative densitometric analysis across 5 and 6 replicates (APP/Ld and mepβCre;TG/wt × 

APP/Ld groups, respectively) confirmed a significant increase in Aβ1-40/42 levels (Figure 22B) 

specifically in the hippocampus. Subsequently, Aβ1-42-specific ELISA confirmed the increased 

soluble Aβ1-42 levels in the hippocampus, aligning with the Western blot results (Figure 22C). 

Together with the shift to elevated meprin β-specific sAPPβ levels (Dissertation of Liana 

Marengo), this effect is observed likely due to meprin β’s non-canonical APP cleavage. 

Additionally, to validate meprin β overexpression in our mouse model, we analyzed meprin β 

expression levels and observed higher expression in mepβCre;TG/wt × APP/Ld compared to 

APP/Ld animals in the soluble and the membrane-bound fraction (Figure 22D). 

In summary, our findings demonstrate a clear effect of meprin β overexpression on Aβ levels 

specifically in the hippocampus. Interestingly, the cortex did not exhibit increased Aβ levels, 

suggesting region-specific factors influencing protease activity, potentially reflecting 

differences in environmental or regulatory conditions between the hippocampus and cortex 

in a later stage of pathology.  

4.2.3 Intraneuronal Aβ Accumulation Without Plaque Formation in Neurons of 

MepβCre;TG/wt × APP/Ld Mice 

After detecting elevated hippocampal Aβ levels in mepβCre;TG/wt × APP/Ld animals, we next 

investigated whether this increase also translates into plaque deposition within the brain. To 

address this, we performed immunohistochemistry (IHC) on brain slices of 4-month-old 

APP/Ld and mepβCre;TG/wt × APP/Ld mice using an antibody specifically recognizing N-terminally 

truncated Aβ species (Aβ2-x), kindly provided by Prof. Oliver Wirths (University of Göttingen). 

No extracellular plaque deposits could be observed in the brains analyzed, neither in APP/Ld 

nor in mepβCre;TG/wt × APP/Ld brains (Figure 23A&B). Instead, we detected intracellular 

accumulation of Aβ, predominantly localized around the neuronal soma in the pyramidal layer 

of the CA1 region of the hippocampus in mepβCre;TG/wt × APP/Ld animals (Figure 23B(ii)). Such 

intracellular or perinuclear deposits are of particular relevance, as several studies have 

suggested that intraneuronal Aβ is highly toxic and may contribute to early synaptic and 

neuronal dysfunction (Welikovitch et al., 2020). This signal also translated into cortical neurons 
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but was less intense or common (Figure 23B(i)). It is important to note the age of the animals 

used. At this age, the APP/Ld model typically does not yet display extracellular plaque 

pathology, which usually begins to manifest around 10-12 months of age (Kukreja et al., 2014). 

Nonetheless, we had anticipated an accelerated Aβ pathology in the mepβCre;TG/wt × APP/Ld 

mice, similar to 5xFAD animals, due to the overexpression of meprin β, which was not the case.  

Figure 23 – DAB staining of hippocampal brain slices of 4-month-old animals with Aβ2-x-specific antibody 
pAb77 (brown) and counterstaining of nuclei with hematoxylin (blue). (A) No meprin β-derived Aβ plaque 
deposits are visible in APP/Ld animals. The earliest expected plaques in this mouse model are manifested around 
10 months of age. (B) In mepβCre;TG/wt × APP/Ld animals, no plaque deposition was visible. Nevertheless, 
intracellular or perinuclear accumulation could be detected in this novel mouse model, especially in the 
pyramidal cell layer of the CA1 region. Sporadically, also intracellular accumulation of Aβ can be seen in the 
cortical neurons.    

To determine whether Aβ distribution changes in older animals, we extended our analysis to 

12- and 18-month-old mice (Figures 24 & 25). For these experiments, we applied 

immunofluorescence staining with IC16, an antibody detecting Aβ, instead of the Aβ2-x-
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specific antibody. As expected, APP/Ld mice exhibited robust extracellular plaque deposition 

at both 12 and 18 months of age in the hippocampus and cortex. In the 12-month-old group, 

we see many Aβ deposits, especially in the border region between the CA1 and the subiculum 

(Figure 24A(i) – white arrows) and in the cortex (Figure 24A(i) – red arrows). The plaque load 

does not change between the 12-month-old and 18-month-old animals (Figure 24A(i) & Figure 

25A(i)). Surprisingly, similar to the 4-month-old mepβCre;TG/wt × APP/Ld group, we can diffusely 

detect perinuclear accumulation (white arrow) in addition to plaque deposits (red arrows) of 

Aβ in the cortex of 12-month-old APP/Ld animals (Figure 24 A(ii)&(iii)). Intracellular 

accumulation of Aβ in APP/Ld animals appears transient, as it is no longer detectable in 18-

month-old animals.  

Intriguingly, no plaque pathology was detectable in mepβCre;TG/wt × APP/Ld animals, although 

elevated meprin β expression increases amyloidogenic APP processing and thereby should 

promote plaque formation. In turn, we can see pronounced perinuclear Aβ peptide 

accumulation in the pyramidal cell layer of the hippocampus (Figure 24B (ii)&(iii)) and diffusely 

in the cortex (Figure 24B(i)) similar to 4-month-old animals of the same genotype, which is 

exacerbated in 18-month-old mepβCre;TG/wt × APP/Ld brains (Figure 25A(ii)). Further 

examination showed elevated intracellular Aβ in the subiculum, the pyramidal cell layer of the 

hippocampus and the cortex (Figure 25B (i)-(iii)). Interestingly, we saw no accumulation in 

other parts of the hippocampus, such as the granule cell layer of the dentate gyrus (Figure 25 

B(iiii)). Upon closer examination, Aβ expression appears to be localized within vesicles or 

compartmentalized inside the cell (Figure 25C & D – white arrows). 

Thus, the immunofluorescence analysis in older animals confirmed our initial findings: 

overexpression of meprin β drives Aβ accumulation within neurons but does not lead to 

extracellular plaque formation. The most striking observation is therefore the divergence of 

mepβCre;TG/wt × APP/Ld animals from APP/Ld mice, where plaques failed to develop altogether 

despite pronounced intraneuronal Aβ. This unexpected result suggests a fundamentally 

different mechanism of Aβ handling and deposition in the presence of meprin β 

overexpression.  
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Figure 24 - Immunofluorescence staining of hippocampal brain slices of 12-month-old animals with the Aβ-
specific antibody IC16 detecting Aβ (green) and counterstaining of nuclei with DAPI (blue). Brain slices were 
stained primarily with mouse anti-Aβ (IC16; 1:50) and DAPI (Invitrogen - D1306; 1:10000) and secondarily with 
goat anti-mouse-AF488 (Invitrogen - A11001, 1:500). (A) In APP/Ld animals, abundant plaque deposition was 
observed, particularly at the border of the subiculum and the CA1 region of the hippocampus (Ai - white arrows) 
and in the cortex (Ai - red arrows). In addition, sporadic intracellular accumulation of Aβ could be detected in 
cortical neurons (Aii, Aiii). (B) In mepβCre;TG/wt × APP/Ld animals, no extracellular plaques were visible. 
Nevertheless, intracellular or perinuclear accumulation of Aβ was detected, especially in the pyramidal cell layer 
of the CA1 region of the hippocampus (Bii, Biii) and in cortical neurons (red arrows, Bi). Compared to 4-month-
old animals, the intracellular signal appeared more pronounced in this cohort. 
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cortex cortex 
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Figure 25 – Immunofluorescence staining of hippocampal brain slices of 18-month-old animals with the Aβ-
specific antibody IC16, detecting Aβ (green) and counterstaining of nuclei with DAPI (blue). Brain slices were 
stained primarily with mouse anti-Aβ (IC16; 1:50) and DAPI (Invitrogen - D1306; 1:10000) and secondarily with 
goat anti-mouse-AF488 (Invitrogen - A11001, 1:500). (A) In APP/Ld animals, abundant extracellular plaque 
deposition was detected in the cortex and hippocampus (i), whereas mepβCre;TG/wt × APP/Ld animals showed no 
extracellular plaques (ii). Instead, intracellular Aβ accumulation was observed in the subiculum and pyramidal 
cell layer of the hippocampus (ii). (B) Intracellular Aβ was detected in the subiculum, the pyramidal cell layer of 
the hippocampus, and the cortex of mepβCre;TG/wt × APP/Ld animals (i–iii), but not in the dentate gyrus (DT) (iiii). 
(C) Closer examination indicates that Aβ accumulation is confined within vesicular structures inside the cell (red 
box). (D) Enlarged view of the region highlighted in (C). (E) Overview of the area of interest analyzed by 
immunofluorescence staining.  
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4.2.4 APP/Ld × mepβCre;TG/wt Animals Show Increased Hippocampal Excitability, But No 

Change in the Strength of LTP Induction  

Figure 26 - MepβCre;TG/wt × APP/Ld animals show increased excitability of hippocampal neurons but no change 
in LTP induction. (A) (i) Input/output (I/O) curves demonstrating the evoked field excitatory synaptic potential 
(fEPSP) amplitudes in CA1 from wild-type (red), APP/Ld (black) and mepβCre;TG/wt × APP/Ld (blue) mice. (ii) 
Representative traces of the evoked I/O fEPSPs from 0.5 – 5 V stimulations in 0.5 V-step increments. (B) Paired-
pulse ratio (PPR) between the amplitude of the second and the first evoked fEPSP, with a 50 ms inter-stimulus 
interval (ISI), from a stimulation intensity that evoked an amplitude that is ~30% of the maximum evoked 
amplitude for each slice. (C) (i) Long-term potentiation (LTP) induction along the Schaffer collateral pathway using 
a 100 Hz high-frequency stimulation (HFS) protocol and recorded in area CA1 in wt (red), APP/Ld (black) and 
mepβCre;TG/wt × APP/Ld (blue) mice. Grey dots represent the recordings taken from the independent control 
pathway. (ii) Representative LTP fEPSP traces from wt (red), APP/Ld (black) and mepβCre;TG/wt × APP/Ld (blue) 
genotypes, along with the traces from the independent control pathway (grey). The thinner trace of each color 
shows fEPSP before the 100Hz stimulation, while the thicker trace of each color shows fEPSP 60 minutes after the 
tetanic stimulation. (iii) The mean relative strength of potentiation of the fEPSPs recorded at 50 to 60 minutes 
after the 100 Hz stimulation for each genotype, as well as the independent control pathway. Statistical analysis 
using one-way ANOVA with post-hoc Tukey's multiple comparisons test. Graphs show mean +/- S.E.M. p < 0.05.  

In order to clarify the possible contribution of meprin β or APP/Ld to neuronal functional 

alterations, we carried out electrophysiological experiments using the multielectrode array 

(MEA). These experiments consisted of varying protocols along the Schaffer Collaterals from 



92 
 

the hippocampal regions CA3 to CA1. Basal neuronal excitability was first measured by 

generating an I/O curve for each genotype. Input simulations ranging from 0.5 V to 5 V and 

which increased in 0.5 V steps with a 40-second interstimulus interval, were applied to the CA3 

region. Output-evoked fEPSPs were recorded in the CA1 region, where it was found that 

mepβCre;TG/wt × APP/Ld fEPSPs had significantly larger amplitudes at inputs 3.5 – 5V when 

compared to wild-type animals but showed no differences when compared to APP/Ld fEPSPs 

(Figure 26A(i)). Overlaid representative traces for each genotype can be seen in Figure 26A(ii). 

Since these evoked fEPSPs mostly reflect activity from postsynaptic AMPA receptors, we also 

investigated potential presynaptic alterations by performing an electrical paired-pulse 

protocol. The stimulation intensity was decided upon on a slice-by-slice basis and equated to 

the stimulation intensity that produced an fEPSP amplitude that was approximately 30% of the 

maximum evoked fEPSP amplitude from the I/O curve protocol. The paired-pulse had a 50 ms 

interstimulus interval (ISI) and the amplitude of the second response was divided by the 

amplitude of the first to generate the paired-pulse ratios (PPR) for each genotype. PPRs were 

comparable across all three genotypes (Figure 26B), suggesting no major functional 

presynaptic alterations relative to wild-type animals. Finally, we wanted to elucidate any 

possible changes in synaptic long-term plasticity. An LTP protocol, a cellular model for learning 

and memory, was executed. Here, initial baseline fEPSPs were evoked for 10 minutes in the 

CA1 region. Next, a high-frequency stimulation (HFS) of 100 Hz with a duration of 1 second 

was applied to the Schaffer collaterals. Subsequently, baseline stimulation was performed for 

the following 60 minutes to disclose any potentiation of the evoked fEPSPs. The potentiation 

of the fEPSP amplitude for each slice was measured relative to its baseline fEPSPs and the 

mean was plotted for each genotype in Figure 26C(i). The grey dots represent an independent 

control pathway measured in the non-potentiating direction from CA1 to CA3. Representative 

fEPSPs for each genotype before (thin trace) and after (thick trace) the HFS are shown in Figure 

26C(ii). All genotypes showed successful induction of LTP; however, the level of the LTP was 

comparable between all genotypes (Figure 26C(iii)), indicating that the APP/Ld mutation and 

meprin β in animals with an APP/LD background do not significantly influence hippocampal 

LTP induction.  
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4.2.5 MepβCre;TG/wt × APP/Ld mice Show No Impairment in Learning and Memory 

Compared to APP/Ld Animals 

Figure 27 - APP/Ld animals exhibited cognitive impairment compared to wild-type controls in the Morris’ Water 
Maze, but no additional deficits were observed in the mepβCre;TG/wt × APP/Ld group. Spatial learning and 
memory tests utilizing the Morris’ water maze (MWM) paradigm were carried out on 8-month-old meprin β-
overexpressing mice and their wild-type counterparts (n=5). (A) Schematic overview of the MWM paradigm: the 
hidden platform is submerged below the water surface, while visual cues on the tank walls help animals orient. 
Training is conducted over four days, with four trials each day. (B) Average escape latency was recorded for each 
trial across the four training days, but no significant differences were observed between the groups. The data 
shown is the mean ±SEM of four different trials performed on each day. Statistical analysis was performed using 
one-way ANOVA. Additionally, we compared the first and the last training day for each group to assess potential 
improvement using a paired t-test. Here, we could detect that only the latency for the wild-type group 
significantly decreases, whereas no difference could be observed for APP/Ld and mepβCre;TG/wt × APP/Ld, between 
the first and last training day. (C) On probe trial (PT) day, the platform was removed and the latency to reach the 
former platform location was measured. Significant cognitive deficits can be observed for APP/Ld and 
mepβCre;TG/wt × APP/Ld mice compared to wt animals. Statistical analysis was conducted applying one-way ANOVA 

E 
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followed by Tukey’s post-hoc test. (D) The water tank was divided into four equal quarters, with the platform 
located in the north-west quarter (NWQ). No differences were observed in time spent circling the tank (grey area) 
or across quadrants during training. On the probe trial day, significant differences emerged between wt (1) & 
APP/Ld (2) and wt (1) & mepβCre;TG/wt × APP/Ld (3) groups, in line with average latency results. Statistical analysis 
was performed using one-way ANOVA followed by Tukey’s HSD post-hoc test. (E) The numbers shown in the table 
represent the calculated p-values of (D). 

We aimed to compare learning and memory performance in a behavioral experiment 

involving three groups: mepβCre;wt/wt (wt), APP/Ld, and mepβCre;TG/wt × APP/Ld mice, using the 

Morris Water Maze paradigm, where a hidden platform is submerged below the water 

surface, while visual cues on the tank walls help animals orient (Figure 27A). The animals have 

a certain period to find the platform, which is measured, as described in the methods section. 

The animals underwent training over four consecutive days (Figure 27B), during which no 

significant differences emerged among the groups. However, on the fourth training day, a 

measurable yet non-significant trend indicated potential differences between the wt animals 

and the APP/Ld + mepβCre;TG/wt × APP/Ld groups. This observed trend was consistent with the 

results from the probe trial (PT): APP/Ld animals displayed cognitive impairment compared to 

wt controls, while no additional impairment was detected in the mepβCre;TG/wt × APP/Ld group 

(Figure 27C). Thus, the presence of the meprin β overexpression did not further exacerbate 

cognitive deficits. 

Wild-type animals showed significant improvement compared to APP/Ld mice, locating the 

platform faster from the first to the fourth training day (Figure 27B). Conversely, APP/Ld and 

mepβCre;TG/wt × APP/Ld mice showed no improvement, with the time needed to locate the 

platform remaining unchanged across the training days (Figure 27B), indicating substantial 

learning impairment. To confirm that the differences are not due to locomotion impairment, 

the mean swimming velocity of the animals was measured throughout the experiment, 

showing no differences between all groups (Figure 28). 

During analysis, the water tank was divided into four quadrants (Figure 27D). Throughout the 

training sessions, no significant differences were found in either circling behavior (grey area) 

or time spent across the four quadrants (Figure 27D). In the PT, however, wild-type mice 

exhibited a clear preference for the correct quadrant compared to the other groups (Figure 

27E). This preference highlights effective spatial learning and memory, aligning with the 

observed differences in escape latency (Figure 27C&D). 
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In summary, transgenic mice demonstrated significant learning deficits in the MWM test, 

consistent with typical Alzheimer's disease-related symptoms. Nonetheless, introducing 

meprin β-overexpression did not worsen cognitive impairment beyond that observed in 

APP/Ld mice. 

Figure 28 – Mean swimming velocity of mice used for Morris Water Maze experiment. No differences could be 

detected for the swimming speed of the animals, showing that neither the APP/Ld mutation nor the meprin β 

overexpression had any influence on locomotion. 

4.2.6 Identification of Meprin β Substrates in the mepβCre;TG/wt × APP/Ld Mouse Model 

Figure 29 - Utilization of N-terminomics for the identification of substrates within the brain of mepβCre;TG/wt × 

APP/Ld animals. (A) Schematic overview of the TMT HUNTER-based N-terminomics approach: pooled proteins 

from brain lysates from mepβCre;TG/wt × APP/Ld mice and APP/Ld mice (n=3) were extracted and labeled with 

tandem mass tags (TMT) at their N-terminus. Afterward, proteins were digested into peptides with trypsin. In a 

negative selection via hydrophobic tagging, internal tryptic peptides are removed to enrich the neo N-termini 

that are measured via mass spectrometry and quantified. (B) Volcano plots showing all identified proteolytic 

events detected by TMT HUNTER-based N-terminomics approach of brain lysates from mepβCre;TG/wt × APP/Ld 
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mice compared to APP/Ld mice. Grey lines represent threshold values (±0.58 for log2 difference, p = 0.05). 

Selected cleavage events within known substrates are highlighted (light blue). (C) Native protein substrate 

cleavage specificities of meprin β calculated from significantly elevated neo N-termini in lysates from mepβCre;TG/wt 

× APP/Ld mice presented in specificity logos (including P4 to P4’ positions). 

To further investigate the causes of the electrophysiological effects, we performed an N-

terminomics screen to identify cerebral substrates of meprin β in mepβCre;TG/wt × APP/Ld mice. 

We used TMT-based HUNTER analysis to compare brain lysates from mepβCre;TG/wt × APP/Ld 

mice and APP/Ld control mice (Figure 29A). Through this method, we identified 5174 novel N-

terminal peptides and 25 significantly altered neo N-termini when comparing brains from 

meprin β-overexpressing mice to APP/Ld controls (cutoff set at ±0.58 for log2 difference, p = 

0.05) (Figure 29B). Remarkably, one recently validated cerebral substrate of meprin β, 

latrophilin-3 (Armbrust et al., 2025), emerged among the most prominent candidates 

identified in mepβCre;TG/wt × APP/Ld mice. For Latrophilin-3, cleavage sites identical or differing 

by only one amino acid from those found in previous N-terminomic studies were identified, 

reinforcing the notion of enhanced meprin β proteolytic activity specifically in mepβCre;TG/wt × 

APP/Ld mice. Additionally, we identified further potential substrates associated with the 

extracellular matrix (ECM), such as previously described brevican (Q61361), neurocan 

(P55066) and hyaluronan and proteoglycan link protein 1 (Q9QUR5), again suggesting a 

possible role for meprin β in remodeling the extracellular matrix (ECM). Further confirmation 

arises from native substrate specificity profiling, where a cleavage specificity logo derived from 

significantly enriched neo N-termini demonstrates the typical specificity profile for meprin β 

(Becker-Pauly et al., 2011), prominently featuring acidic amino acids near the cleavage site, 

particularly at the P1 and P1′ position (Figure 29C). 

4.2.7 Knock-Out of Meprin β Leads to Weight Gain in Mice 

We additionally investigated knockout (KO) animals that have previously been characterized 

with respect to amyloid-β deposition (Marengo et al., 2022). Interestingly, these mice 

developed a pronounced metabolic phenotype, as they exhibited progressive weight gain 

compared to wild-type controls. To quantify this effect, we monitored body weight over a 

period of several months, beginning at six months of age, and confirmed that KO animals 

became significantly heavier after the fifth month of measuring (Figure 30A). Assessment of 

liver tissue further revealed abundant lipid accumulation, indicative of hepatic steatosis, in 

contrast to the livers of wild-type animals (Figure 30B). These findings raise the possibility that 

the observed phenotype may be linked to alterations in soluble Aβ, which is downregulated in 
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the KO animals on an AD mouse model background. Additionally, a contribution of elevated 

endogenous Aβ levels cannot be excluded. 

Figure 30 – KO animals previously described in the context of amyloid-β deposition developed a metabolic 
phenotype with progressive weight gain compared to wild-type controls. (A) Monitoring of the weight of 6-
month-old animals revealed a significant weight gain after 11 months of age. (B) Liver examination revealed 
pronounced hepatic steatosis with abundant lipid accumulation in KO livers, in contrast to wild-type animals.  

After observing significant weight gain in MepKO animals, we aimed to identify potential 

biochemical mechanisms underlying this phenotype by assessing protein expression levels 

relevant to lipid metabolism using Western blotting. In initial analyses, no differences were 

detected in LRP β-chain, LDLR, PCSK9, or FOXO1 expression between groups. Interestingly, 

however, MepKO animals exhibited reduced expression of GSK3β, MDR1 (ABCB1), and ApoE. 
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Figure 31 – Analysis of proteins involved in lipid metabolism in the liver. (A) Western blot analysis of proteins 
involved in lipid metabolism revealed no differences in LRP β-chain, LDLR, PCSK9, or FOXO1 expression between 
groups. In contrast, MepKO animals showed reduced expression of GSK3β, MDR1 (ABCB1), and ApoE. (B) STRING 
analysis highlighted functional links between these proteins, with GSK3β and AKT emerging as central hubs 
connected to both ApoE and ABCB1. 

Notably, GSK3β is a key regulator of multiple pathways, including glucose uptake and lipid 

metabolism, and plays a central role in the Wnt/β-catenin signaling cascade, which controls 

gene transcription relevant to cell proliferation and metabolism. ApoE, in addition to being a 

well-established genetic risk factor for AD, is also critically involved in lipid transport and 

metabolism. Importantly, these factors are functionally interconnected, with GSK3β emerging 

as a central hub: analysis using the STRING database (Szklarczyk et al., 2024) revealed links 

between GSK3β, ABCB1, and ApoE. While the predicted connection between ABCB1 and 

GSK3β is relatively weak, their interaction cannot be excluded and may contribute to the 

observed phenotype.  

B 

A 
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5. Discussion 

5.1 Part I: 

5.1.1 Brevican Cleavage Influences LTP Formation and Learning Behavior of Meprin β-

Overexpressing Animals  

Brevican is expressed in both neurons and glial cells, where it is predominantly localized at 

perisynaptic sites. Together with other lecticans, hyaluronic acid, and tenascin-R, brevican 

plays a crucial role in the formation of perineuronal nets (PNNs). These nets are structures 

that surround the proximal dendrites and neuronal cell bodies, stabilizing synapses by acting 

as a barrier against the growth of nearby axons or dendrites (Van't Spijker et al., 2017; Karetko, 

2009; Sorg et al., 2016). Moreover, PNNs are essential for long-term memory consolidation 

(Saroja et al., 2014), extending the importance of brevican in the neuronal ECM and its role in 

synaptic transmission to behavioral and cognitive aspects. Brevican is a key contributor to 

spatial memory and memory retrieval function, as found previously through hippocampal 

proteoglycan isolation and characterization in rats that underwent the Morris Water Maze 

(MWM) spatial paradigm test (Saroja et al., 2014). Brevican-deficient mice have also displayed 

impaired hippocampal CA1 LTP in previous studies, with LTP considered the most widely 

established underlying cellular mechanism for learning and memory consolidation 

(Brakebusch et al., 2002). Even within clinical cohorts, patients suffering from vascular 

dementia were found to have significantly decreased serum brevican levels compared to 

those of healthy controls (Pantazopoulos et al., 2020; Minta et al., 2019; Jonesco et al., 2020; 

Minta et al., 2021; Höhn et al., 2023; Chia et al., 2024), which prompted the suggestion of the 

use of fluid brevican as a biomarker for dementia- and cognitive impairment-related brain 

pathologies. In a recent study by Liu et al. (2024), brevican was further implicated in axonal-

cerebral degeneration (ACD), Alzheimer's disease (AD), stroke, and depression, underscoring 

its potential utility as a biomarker for a more diverse array of diseases. Notably, Liu et al. 

demonstrated that brevican exhibited no influence on movement, a finding that aligns with 

our observations, since we cannot detect any locomotion changes between the tested groups. 

To better understand how meprin β overexpression influences synaptic function, we 

examined its subcellular localization using confocal microscopy on sagittal brain slices, 

specifically targeting the CA3 region of the hippocampus. This region was selected due to 



100 
 

previously observed deficits in spatial learning in the MWM in meprin β-overexpressing mice. 

Wild-type animals showed meprin β predominantly localized around the nucleus, likely 

reflecting the endoplasmic reticulum. In contrast, overexpressing mice exhibited strong 

meprin β expression in the soma, axons and notably, at synaptic sites. Co-staining with the 

postsynaptic marker PSD-95 revealed a higher degree of overlap compared to the presynaptic 

marker VGLUT, supporting postsynaptic enrichment of meprin β. This subcellular distribution 

provides a potential anatomical correlation to the observed electrophysiological and 

behavioral changes. 

While LTP induction is primarily an NMDA receptor (NMDAR)-dependent mechanism, 

brevican has also been highlighted for its associations with AMPA receptors (AMPAR); namely, 

their mobility and diffusion (Frischknecht et al., 2009; Pantazopoulos et al., 2020) and the 

capacity at which they can facilitate short-term synaptic plasticity (Yuan et al., 2002; Sonntag 

et al., 2018). Knockout of AMPAR subunit GluR1 in mice exhibits impaired learning and 

memory, which also highlights AMPA's role in synaptic plasticity and associative learning 

(Feyder et al., 2007; Chater et al., 2014). On discovering that overexpression of meprin β 

resulted in the cleavage of such a main component of the neuronal ECM as brevican, the 

electrophysiology and behavioral results also became more coherent. The increase in basal 

excitability, seen by the significantly larger evoked input/output curve amplitudes in meprin 

β-overexpressing mice compared to mepβCre;wt/wt mice, is likely due to the increased AMPAR 

mobility and lateral diffusion in the postsynaptic CA1 pyramidal cells (Frischknecht et al., 

2009). Interestingly, it was shown that the surface compartments formed by the ECM - of 

which brevican is a main component - hinder lateral diffusion of AMPA receptors and may 

therefore decrease the capacity for short-term synaptic plasticity (Frischknecht et al., 2009). 

With the digestion of brevican and therefore an at least partial breakdown of the impeding 

ECM, AMPARs, which are desensitized from use, can quickly be replaced by naïve AMPARs 

moving from the extrasynaptic space to the postsynaptic density (PSD), ready for activation. 

This means that the number of postsynaptic receptors that are available for activation can be 

consistently replenished, enhancing the AMPAR-dependent evoked activity responses seen 

from the input/output curve. A study by Favuzzi et al. (2017) supports previous findings by 

demonstrating that the PNN surrounding parvalbumin (PV+) interneurons plays a critical role 

in regulating plasticity. The authors propose that brevican, a key component of the PNN, 
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modulates cellular and synaptic plasticity by influencing the localization of potassium channels 

and AMPA receptors (Favuzzi et al., 2017). 

5.1.2 Meprin β Overexpression Does Not Affect Glutamatergic Receptor Levels at the 

Synapse 

The fact that meprin β cleaves a protein of the ECM within which the receptors are 

immobilized - allowing a more fluid diffusion of synaptic receptors in the membrane, rather 

than cleaving or affecting those receptors directly - brings with it some further inquiries. This 

assumes that total AMPAR and/or NMDAR subunit protein expression levels in the meprin β-

overexpressing mouse line should not be different from those of the mepβCre;wt/wt controls, 

despite electrophysiological changes which are normally receptor concentration-dependent. 

Indeed, quantitative Western blot analysis confirmed that total expression levels for AMPAR 

and NMDAR subunits were equivalent for both animal groups (Figures 11 & 13), owing to the 

point that it is not about whether the receptors (or their subunits) are increased or decreased 

in expression, but rather where they are in the membrane/ECM at any given moment. If 

meprin β was in fact actively degrading both NMDA and AMPA receptors, it would likely result 

in early mortality, given their developmental roles (Nakazawa et al., 2004). Even if mortality 

did not occur, it would likely cause a distinct phenotype in the transgenic animals, since the 

meprin β overexpression occurs from birth. Meprin β-overexpressing mice, however, exhibit 

no developmental abnormalities and appear phenotypically normal (own observations). The 

absence of a clear phenotype of meprin β-overexpressing mice might relate to the fact that 

the natural increase of brevican expression only normally occurs after birth (Yamada et al., 

1997). Supposedly, brevican is disposable in early development and not essential for fetal 

growth or embryonic development. 

Additionally, the significant intergroup electrophysiological changes could be specifically due 

to receptor expression on the membrane surface, rather than to total expression. This was 

also thoroughly considered. Since there was a significant increase in evoked fEPSPs 

concomitantly with a significant decrease/loss of LTP in the meprin β-overexpressing mice, a 

metaplasticity effect was hypothesized. In order to investigate this, a surface biotinylation 

assay on primary hippocampal neurons from mepβCre;wt/wt and meprin β KO mouse brains was 

undertaken (Figure 13). This assay showed no changes in membrane surface AMPAR subunit 

or NMDAR subunit expression, verifying that membrane surface receptor composition was 
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not quantitatively altered between these groups, as well as implying that meprin β does not 

influence membrane surface receptor expression. Furthermore, we would like to emphasize 

that Brakebusch et al. (2002) reported an impairment in LTP maintenance in brevican KO mice, 

which was attributed to structural and functional changes in the ECM affecting synaptic 

signaling and maintenance. This finding supports our theory, since a similar effect is observed 

in meprin β-overexpressing mice. 

5.1.3 Electrophysiological Effects Are Most Likely Due to Postsynaptic Morphological 

Changes 

While the evoked network excitability and the LTP experiments proved significant differences 

between groups, the additional electrophysiological paired-pulse ratio (PPR) experiments did 

not (Figure 20). Although an increase in synaptic facilitation is generally seen with an 

accompanying increase in PPR, the significant increase of both the first and the second evoked 

response from the PPR protocol in these meprin β-overexpressing mice meant that the overall 

ratio of the second response relative to the first was equivalent across groups. This is, 

however, in line with our hypothesis that the postsynaptic replenishment of naive AMPARs 

causes the significant enhancement of the evoked response amplitudes—something which 

does not concern the presynaptic release probability (which is reflected by the PPR) but rather 

the postsynaptic AMPAR functional efficiency. 

Of course, meprin β overexpression could also be due to morphological changes in neurons or 

their connectivity. The composition of ECM proteins critically impacts neuronal spine density 

and synaptic plasticity, which are vital for learning and memory (Sharma et al., 2023). Enzymes 

like MMP-9 cleave ECM components, enhancing dendritic spine formation and stability 

(Stawarski et al., 2014). Such modifications may, of course, contribute to impairments in 

synaptic function and cognitive processes in the brain, showing the large impact proteolytic 

enzymes have on the ECM. For example, ADAMTS4 - a brevican-cleaving proteolytic enzyme- 

strongly influences neuronal spine density and is essential for synaptic plasticity (Jefferson et 

al., 2013; Gottschall & Howell, 2015) as well as being linked to LTP (Brakebusch et al., 2022). 

Our data strongly reflect these changes: meprin β overexpression leads to lower brevican 

protein levels and ECM proteolysis, which then influences LTP formation and ultimately 

impacts learning and memory. 
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In conclusion, brevican emerges as a pivotal ECM component integral to synaptic plasticity, 

memory formation, and cognitive function. The interplay between brevican and meprin β 

highlights the dynamic regulation of synaptic receptors and neuronal connectivity, 

emphasizing how ECM proteolysis impacts neuronal signaling and plasticity. These findings 

not only underscore meprin β's role in memory and synaptic transmission but also put forward 

its potential as a biomarker for cognitive disorders. 

5.2 Part II:  

5.2.1 Triple-Transgenic MepβCre;TG/wt × APP/Ld Animals Circumvent BACE1-Generated 

Bias 

This part of the thesis aimed to investigate the role of the metalloprotease meprin β in Aβ 

generation using a mouse model overexpressing APP with the London (Ld) mutation, either 

alone or in combination with meprin β overexpression. Rather than modeling AD symptoms 

per sé, our primary objective was to circumvent the common bias introduced by BACE1-

dependent APP processing. Most conventional AD mouse models rely on the use of APP/swe-

based mutations that are characterized by BACE1-dependent Aβ generation (Armbrust et al., 

2022), which primarily generate Aβ species starting at positions 1 and 11 (Aβ1–40/42 and 

Aβ11–40/42) (De Strooper et al., 2021). However, these models do not adequately reflect the 

diversity of N-terminally truncated Aβ variants observed in patients with sporadic AD. Since 

meprin β can generate such N-terminally cleaved Aβ peptides in addition to the Aβ1-x 

peptides, we aimed to establish a more suitable model for studying these variants. To 

circumvent BACE1-biased processing, we used human APP carrying the Ld mutation and 

overexpressed murine meprin β. Interestingly, the murine form of meprin β is also capable of 

cleaving human substrates, such as APP, as demonstrated by Armbrust et al. (2024), and 

therefore generating Aβ1/2-x species. Although there are differences between human and 

murine meprin β, the catalytic domain remains highly conserved. 

5.2.2 Vulnerability to Neurodegeneration is Increased in the Hippocampus Compared to 

Other Brain Tissue in Meprin β-Overexpressing Animals 

We clearly demonstrate that meprin β facilitates the proteolytic cleavage of APP, resulting in 

significantly elevated levels of soluble Aβ peptides in the hippocampus of mepβCre;TG/wt × 

APP/Ld animals when compared to APP/Ld animals. This increase was specific to the 
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hippocampus and absent in the cortex, suggesting region-specific enzymatic activity of meprin 

β. Previously, we showed that the expression of endogenous meprin β is elevated in the 

murine hippocampus compared to cortical areas (Marengo et al., 2022). This likely reflects 

regional differences in substrate availability, expression of co-factors, or metabolic demand in 

the hippocampus (Aldana et al., 2021; Pamplona et al., 2021; Liu et al., 2018). The observed 

pattern aligns with the concept of hippocampal vulnerability, which posits that the 

hippocampus is particularly prone to early AD pathology due to elevated APP expression, 

increased excitability and lower antioxidant capacity relative to other brain regions (Busi et 

al., 2024; Krishnamurthy et al., 2022; Jiang et al., 2020; Duara et al., 2021). This vulnerability 

is further supported by differential gene expression profiles, such as increased levels of 

SERPINA5 in hippocampal neurons (Duara et al., 2021). It has been demonstrated that 

increased expression of SERPINA5 in the hippocampus correlates with greater susceptibility 

to AD pathology, particularly through its interaction with tau protein, potentially representing 

a critical “tipping point” in their development and the progression of hippocampal damage 

(Crist et al., 2020). Increased excitability of neurons was also observed in electrophysiological 

experiments in our study (Figure 26A), which further supports the theory of hippocampal 

vulnerability in our mouse model. 

Moreover, the hippocampus stands out as a focal point for early pathology. Numerous studies 

have identified higher levels of APP expression, increased metabolic stress, and more 

pronounced synaptic decline in this region relative to others (Reddy et al., 2018; Berger et al., 

2023; Aldana et al., 2021; Ostrowski et al., 2024). In disease models, synaptic protein loss is 

more severe in the hippocampus than in the cortex, particularly in aged or epileptic mice 

(Sasaki et al., 2022; Tapia-Rojas et al., 2020; Van Der Kolk et al., 2005). Our study highlights 

the hippocampus as a uniquely susceptible site, making it an ideal target for studying early 

molecular changes in AD. 

5.2.3 Intracellular Accumulation of Aβ in MepβCre;TG/wt × APP/Ld Animals 

The accumulation of Aβ within cells is attributable to differences in Aβ processing, 

aggregation, and clearance pathways. Intracellular deposition of Aβ often precedes and 

promotes the development of extracellular plaques, with impaired degradation and export 

mechanisms playing central roles. In this thesis, we demonstrate that genetic modifications 
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prevented intracellular Aβ from being transported outside the cell, leading to its intracellular 

retention. This accumulation was clearly detectable by histochemical and 

immunofluorescence approaches in different age groups (4-, 12 and 18-month-old). 

Generally, Aβ is derived from APP and can accumulate within late endosomes and lysosomes. 

Among its isoforms, Aβ1–42 is particularly prone to aggregation and exhibits resistance to 

degradation in these compartments, contributing to persistent intracellular buildup. 

Aggregated Aβ species are less susceptible to proteolytic clearance, especially when forming 

high molecular weight assemblies. Their localization in dense organelles such as late 

endosomes and lysosomes further limits enzymatic accessibility (Knauer et al., 1992; 

Takahashi et al., 2017; Gowrishankar et al., 2015). In 18-month-old animals, we can detect 

accumulations of Aβ that appear to be retained within vesicles, possibly endosomes (Figure 

25C), which supports the findings from these studies. Additionally, neurons and other brain 

cell types are capable of internalizing soluble extracellular Aβ, which subsequently 

accumulates in acidic vesicles where it undergoes aggregation. These aggregates may then act 

as nucleation sites for further amyloid formation inside the cell (Hu et al., 2009; Han et al., 

2017). Another noteworthy aspect is the influence of meprin β on the blood-brain barrier 

(BBB). We showed before that meprin β activity leads to increased permeability of the BBB by 

cleavage of Claudin-5, a tight junction protein (Gindorf et al., 2021). In addition to the LRP1-

mediated transport of Aβ into the blood, the leaky BBB may represent an alternative way for 

Aβ clearance from the brain and could explain the absence of plaque formation. 

One possible explanation for the observed intracellular accumulation of Aβ is the presence of 

mutations in the AD mouse model employed in this study. Specifically, the γ-secretase 

cleavage site of APP is mutated, which may delay the second proteolytic cleavage step 

(following α/β cleavage), thereby contributing to intracellular Aβ retention. An additional 

factor could involve meprin β, which may cleave APP in an alternative manner. Supporting 

this, APP/Ld meprin β KO animals display fewer extracellular plaques, indicating that meprin 

β contributes to APP cleavage (Marengo et al., 2022). In this thesis, we provide evidence that 

meprin β indeed cleaves APP, as reflected by elevated levels of soluble intracellular Aβ. 

However, the precise mechanism remains unresolved. Importantly, the reduction in plaque 

deposition observed in KO animals cannot be conclusively attributed to impairment of the 

canonical amyloidogenic pathway. Instead, meprin β may participate in a distinct plaque-
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forming mechanism, which may explain why this protease has received limited attention in 

AD research to date. 

Mutations proximal to the γ-secretase cleavage site of APP are well-established drivers of 

familial AD and are closely associated with intracellular Aβ accumulation. Variants such as 

T714I, V715M, I716V, and V717I/L alter γ-secretase cleavage specificity and efficiency, 

resulting in an elevated Aβ42/Aβ40 ratio and, in some instances, stabilization of APP C-

terminal fragments within neurons (e.g., C99), which also could be detected by the pAb77 and 

IC16 antibodies we used for stainings (Jonghe et al., 2001; Dimitrov et al., 2013; Suzuki et al., 

2023). These fragments, being less efficiently processed, accumulate intracellularly without 

showing a phenotype. Other mutations, such as E693Δ (deletion of E693), enhance Aβ 

oligomerization and promote accumulation in diverse organelles, including the endoplasmic 

reticulum, Golgi apparatus, endosomes, and lysosomes (Jonghe et al., 2001; Schilling et al., 

2023). Evidence suggests that intracellular and secreted Aβ may arise from distinct γ-secretase 

cleavage dynamics, with late Golgi and trans-Golgi network compartments serving as key 

intracellular sites of Aβ generation. Furthermore, some mutations alter the trafficking and 

subcellular localization of APP and its fragments, thereby intensifying intracellular retention 

(Grimm et al., 2003; Schilling et al., 2023). Collectively, these findings underscore the 

mechanistic diversity of APP mutations, ranging from altered cleavage preferences to 

impaired trafficking and degradation, and highlight their pivotal role in shaping disease 

progression (Jonghe et al., 2001; Suzuki et al., 2023; Grimm et al., 2003). 

Intriguingly, mepβCre;TG/wt × APP/Ld mice show no obvious phenotype besides intracellular Aβ 

accumulation and memory deficits, even at advanced ages of up to two years (own 

observation). In contrast, APP/Ld animals develop severe symptoms by that age (Herl et al., 

2009). A possible explanation is that intracellular meprin β-derived, N-truncated Aβ may not 

be pathogenic as long as neurons remain viable. Only once advanced neurodegeneration 

occurs are these intracellular pools released into the extracellular space, where truncated Aβ 

species can aggregate and contribute to plaque formation. This could explain why plaques in 

human AD are rich in N-truncated Aβ, while transgenic meprin β-overexpressing mice show 

only intracellular accumulation and elevated levels in Western blotting experiments, as their 

neurons largely remain intact. In the absence of plaque formation or toxic extracellular Aβ 

levels, microglial activation would be absent, which may explain why these animals do not 
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exhibit neurodegeneration or a distinct phenotype. To better replicate AD pathology, this novel 

mouse model could be crossed with another model that develops age-dependent 

neurodegeneration independent of APP processing. Our findings suggest that while Aβ plays 

a critical role in the early stages of the disease, elevated levels alone are insufficient to trigger 

a pathological response. Instead, the transport of Aβ to the extracellular space may be equally 

important. 

5.2.4 Higher Excitability of Hippocampal Neurons of MepβCre;TG/wt × APP/Ld Animals Does 

Not Translate into Changes in Learning and Memory 

In support of a broader role for meprin β, electrophysiological analyses revealed significant 

changes in synaptic excitability in young mepβCre;TG/wt × APP/Ld mice compared to wt animals. 

These early effects suggest that meprin β impacts neuronal function during development, 

perhaps independently of Aβ. Proteomics analyses identified potential non-APP substrates, 

including brevican, neurocan, HAPLN1, and latrophilin-3. Recent studies have further 

confirmed that brevican and latrophilin-3 are substrates of meprin β in the brain - the former 

playing a crucial role in the structural organization of PNNs. Its cleavage by meprin β leads to 

lower brevican level (Keller et al., 2025). Brevican enwraps synapses and neurons, playing a 

crucial role in regulating neuronal plasticity (Sharma et al., 2023; Yamada et al., 1997; Sorg et 

al., 2016; Brakebusch et al., 2002) and likely influencing AMPA-mediated excitability in 

hippocampal neurons. Additionally, Latrophilin-3 emerged as a potential substrate in our 

proteomic data. It was recently confirmed as a murine meprin β substrate in astrocytes and 

neurons, with potential implications for cognition and links to hyperactivity (Armbrust et al., 

2025). These findings extend our understanding of meprin β’s activity from APP cleavage to 

more generalized roles in ECM remodeling and neuronal physiology.  

Nevertheless, studies have shown that low levels of Aβ during early brain development can 

have beneficial effects on synaptic growth, suggesting that the observed electrophysiological 

changes in the mepβCre;TG/wt × APP/Ld animals might also be attributed to the elevated Aβ 

concentrations in this group (Cai et al., 2023). Additionally, Zott and colleagues (2019) 

reported that soluble Aβ oligomers impair glutamate reuptake, leading to sustained synaptic 

glutamate levels and hyperexcitability in neurons that are already active. This hyperactivation 

establishes a self-reinforcing “vicious cycle”, as excessive neuronal firing further intensifies 

Aβ-dependent dysfunction. Importantly, these effects emerge before amyloid plaques form, 
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implicating early glutamatergic dysregulation as a trigger of hippocampal circuit 

hyperexcitability. Interestingly, we previously showed that the KO of meprin β did not affect 

GFAP protein levels in the brains of animals of an advanced age (15 months), owing to the 

point that genetic modifications of meprin β expression do not alter the inflammatory 

pathology of AD (Dissertation Liana Marengo). It would be interesting to further investigate 

whether meprin β-generated soluble Aβ is influencing this “vicious cycle” and glutamate 

reuptake. Interestingly, we detected EAAT-2, a major glutamate transporter, as a possible 

substrate in our N-terminomics data (Figure 16) and initial Western blot experiments showed 

promising results (Figure 15). 

Another intriguing aspect of our findings is the observation of electrophysiological changes in 

very young animals. These precede behavioral changes and may reflect synaptogenic roles of 

Aβ during development. Our results raise the possibility that overexpression models may 

unintentionally obscure beneficial functions of Aβ by exceeding physiological levels (Cai et al., 

2023). Investigating the effects of moderate Aβ elevations on developing circuits could 

provide new insights into both disease mechanisms and normal neurobiology. 

Interestingly, despite molecular differences between APP/Ld and mepβCre;TG/wt × APP/Ld 

animals, no significant behavioral differences were detected in the MWM test. While both 

groups showed deficits relative to wild-type animals, the mepβCre;TG/wt × APP/Ld group did not 

display additional impairments, implying that the cognitive decline induced by APP/Ld 

overexpression may already saturate the measurable phenotype (Figure 26). This ceiling effect 

may hide subtle behavioral impacts of meprin β activity and the associated increase in Aβ 

levels. Additionally, mice with sole meprin β overexpression exhibit no signs of learning 

behavior or memory formation, further supporting the observation that a ceiling effect 

becomes apparent in this behavioral test (Figure 5). 

5.2.5 Aβ Generation of the Novel MepβCre;TG/wt × APP/Ld Model 

APP/Ld mice express a mutant form of APP that promotes γ-secretase cleavage at the Aβ42 

position of Aβ (Kujoth et al., 2014; Hyman et al., 2021). Generation of Aβ1–40 and Aβ1–42 

peptides requires several previous cleavage steps that are separated from each other. To 

produce Aβ1–40 peptides, the γ-secretase sequentially cleaves at positions Aβ49, Aβ46, Aβ43 

and finally at Aβ40. Similar to this sequence, Aβ1–42 is obtained by sequential cleavage at 
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Aβ48, Aβ45 and Aβ42. This latter process is increased in the APP/Ld model, resulting in an 

elevated amount of Aβ42 (Steiner et al., 2008; Dewachter et al., 2000). Comparison between 

healthy individuals and AD patients shows that the Aβ1–42 to Aβ1–40 ratio is usually skewed 

toward Aβ1–42, with Aβ1–42 serving as the aggregation-prone core of plaques due to its 

increased hydrophobicity (Jenkins et al., 1996; Xu et al., 2022; Wall et al., 2016; Nguyen et al., 

2016). Although our model shows a shift toward a higher Aβ1-42 proportion relative to what 

is commonly seen in AD patients, the Aβ1–42/Aβ1–40 ratio in our triple-transgenic mice did 

not differ substantially, especially when compared to highly aggressive models such as 5xFAD 

(Dewachter et al., 2000). Our results suggest that while meprin β increases the absolute levels 

of Aβ, it does not dramatically alter the peptide profile established by APP/Ld. This supports 

the idea that the mepβCre;TG/wt × APP/Ld model represents a more physiologically relevant 

spectrum of Aβ species. 

It is essential to place these findings in the context of species-specific differences in Aβ 

metabolism. Mouse Aβ differs from its human counterpart by three amino acids—R5G, Y10F, 

and H13R—which reduce its tendency to form β-sheet structures and aggregate into plaques 

(T´Syen et al., 2020; Jiang et al., 2021). This structural difference explains why wild-type mice 

do not spontaneously form amyloid plaques, even at advanced ages. To address this 

limitation, many models incorporate humanized APP sequences, introduce additional 

presenilin mutations, or utilize gene knock-ins targeting various components of AD pathology 

to enhance amyloid formation and better replicate disease features. However, such models 

may introduce confounding variables such as protein overexpression, metabolic overload, and 

ectopic protease activity, complicating data interpretation. Overexpression models, in 

particular, may produce non-physiological levels of APP or Aβ, leading to artifacts unrelated 

to AD, such as increased cellular stress or off-target effects (Saido et al., 2017; Jankowsky et 

al., 2017; Cai et al., 2024; Tatsumi et al., 2022). We successfully developed a mouse model 

showing a moderate increase in Aβ peptides in the hippocampus without severe phenotypic 

effects harming the animal. 
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5.2.6 GSK3β may be Modulated by Meprin β Expression and Could Serve as a Central 

Node in Lipid Metabolism in Meprin β KO Animals 

The systemic deletion of meprin β produced an unexpected effect, as demonstrated by our 

results. Preliminary liver protein analyses revealed reduced levels of GSK3β and ApoE, 

accompanied by a phenotype of increased adiposity and fatty liver in affected animals. This 

raises the question of whether reduced GSK3β expression may underlie these metabolic 

alterations, and, if so, through which mechanisms this connection could be established. 

Loss of GSK3β activity has the potential to promote hepatic lipid accumulation via multiple, 

interrelated mechanisms. Under normal conditions, GSK3β phosphorylates and thereby 

inhibits lipogenic transcription factors such as SREBP1c (Kim et al., 2004). Reduced GSK3β 

activity diminishes this inhibitory effect, leading to enhanced lipogenesis and upregulation of 

enzymes, including fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC) (Brownsey et 

al., 2006). In addition, GSK3β functions downstream of AKT within the insulin signaling 

pathway. Its reduced activity can disrupt feedback regulation, thereby promoting systemic 

insulin resistance and facilitating hepatic triglyceride deposition (Xu et al., 2016; Bo et al., 

2024; Zhang et al., 2022). GSK3β also exerts control over glycogen metabolism by 

phosphorylating and inhibiting glycogen synthase (GS). When this regulatory function is 

impaired, GS remains constitutively active, altering hepatic glucose handling and redirecting 

carbon flux toward lipid storage (Wang et al., 2021; Summers et al., 1999; Oreña et al., 2000). 

Furthermore, GSK3β plays a central role in regulating β-catenin stability; its loss leads to β-

catenin accumulation, which influences hepatocyte metabolic reprogramming and 

proliferation, thereby favoring lipid accumulation (Huang et al., 2017).  

Despite these numerous possibilities, no direct link has been established between reduced 

hepatic GSK3β expression and the development of obesity. In fact, the current evidence 

suggests the opposite: decreased GSK3β activity has been associated with protective 

metabolic effects. Studies in murine models have demonstrated that hepatocyte- or 

adipocyte-specific GSK3β deficiency often results in improved insulin sensitivity, reduced 

inflammatory signaling, and healthier adipose tissue remodeling, thereby diminishing obesity-

related metabolic dysfunction (Wang et al., 2024; Dewidar et al., 2023; Fromenty et al., 2022; 

Ye et al., 2023). These beneficial effects are supported by data showing enhanced AMPK 

activation and increased adiponectin production, both of which promote metabolic resilience 
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(Wang et al., 2024). Consequently, the current literature does not support the hypothesis that 

reduced hepatic GSK3β expression causally drives obesity or fatty liver. Instead, compensatory 

and protective pathways appear to dominate, complicating the interpretation of the observed 

phenotype in systemic meprin β KO animals (Wang et al., 2024; Dewidar et al., 2023; Fromenty 

et al., 2022; Ye et al., 2023). 

Interestingly, in connection with previous electrophysiological results of this thesis, Aβ 

increases neuronal firing by inhibiting K+ currents via caspase and GSK3β activation, 

contributing to network dysfunction (Sciaccaluga et al., 2021; Scala et al., 2015). It would be 

interesting to examine GSK3β protein levels in animals that overexpress meprin β, and to 

assess how KO animals perform in electrophysiological experiments. This could further reveal 

that meprin β has a broader impact in the brain, not only in influencing the AMPA receptor, 

but also in modulating Aβ levels and, consequently, promoting neuronal hyperexcitability. 
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