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Abstract  
 
Synaptic dysfunction is one of the earliest and most predictive hallmarks of Alzheimer's 

disease (AD), preceding overt neurodegeneration and cognitive decline. While numerous 

genetic risk factors have been linked to AD, the molecular mechanisms through which 

they modulate synaptic vulnerability to amyloid-beta (A) peptide remain largely 

unresolved. This thesis aimed to identify the genes that promote synaptic protection 

under A-induced stress and to dissect the mechanisms by which such factors preserve 

synaptic structure and function. 

 

To address this question, a multi-scale experimental pipeline was developed that 

combines gene screening, compartment-specific validation, and microelectrode array 

(MEA)-based functional analysis. Using a medium-throughput microfluidic screening co-

culture system, a set of AD-associated genes was systematically tested for their ability to 

modulate synaptic connectivity in the presence of cell-secreted A. Among the top 

candidates, ARFRP1 (ADP-ribosylation factor-related protein 1) appeared to mitigate A-

induced synaptic loss, identifying it as a potential regulator of synaptic resilience. 

Subsequent validation experiments suggested that ARFRP1 may function as a 

postsynaptic trafficking modulator that maintains AMPA-type glutamate receptor 

(AMPAR) dynamics under toxic conditions. Silencing ARFRP1 reduced GluA1 intensity 

and phosphorylation at Ser845 residue –a modification leading to AMPAR internalisation 

and long-term depression (LTD)– while overexpression promoted a shift toward GluA1-

enriched receptor composition associated with long-term potentiation (LTP)-like 

mechanisms and synaptic strengthening. 

 

Compartment-specific manipulations using microfluidic devices demonstrated that 

ARFRP1's protective role may originate primarily from the postsynaptic compartment, 

where it could support the recycling and surface retention of AMPARs within dendritic 

spines. By stabilising endosome-Golgi trafficking and maintaining receptor availability at 

excitatory synapses, ARFRP1 may counteract the A-induced internalisation and 

degradation of AMPARs that typically drive A-induced LTD-like processes. 
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Functional recordings from microfluidic-coupled MEAs provided complementary 

network-level evidence. Neurons overexpressing ARFRP1 selectively in the postsynaptic 

chamber appeared to maintain network connectivity despite A-induced 

hyperexcitability, suggesting that molecular stabilisation of postsynaptic trafficking 

translates into preserved communication across neuronal assemblies. This coordinated 

structural and functional protection supports a working model in which ARFRP1 

enhances synaptic resilience by preserving receptor trafficking homeostasis and 

maintaining the balance between synaptic pruning and strengthening. 

 

Beyond its mechanistic findings, this thesis achieved significant methodological 

progress by establishing two complementary microfluidic-based platforms: (1) a co-

culture screening device enabling medium-throughput assessment of gene expression 

modulation on synaptic connectivity, and (2) an integrated microfluidic-MEA hybrid 

system permitting compartment-specific genetic manipulation with simultaneous 

structural and electrophysiological readouts. These tools provide a versatile framework 

for studying gene-dependent mechanisms of synaptic regulation and dysfunction. 

 

In summary, this work identifies ARFRP1 as a potential trafficking regulator that might 

support AMPAR stability and synaptic resilience to A-induced stress, while introducing 

advanced microfluidic approaches for multi-scale analysis of synaptic function. 

Together, these contributions advance our understanding of mechanisms underlying 

early synaptic vulnerability in AD models and open new experimental avenues for 

exploring molecular pathways that sustain synaptic integrity. 

 

Key words: Microfluidic devices, high-content screening, co-culture, microelectrode 

array, ARFRP1, LTP, AMPAR
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Résumé  
 

La perte synaptique constitue l'un des premiers marqueurs prédictifs de la maladie 

d'Alzheimer (MA), précédant la neurodégénérescence et le déclin cognitif 

caractéristiques. Bien que de nombreux facteurs de risque génétiques aient été associés 

à la MA, les mécanismes moléculaires par lesquels ils modulent la vulnérabilité 

synaptique face à la bêta-amyloïde (A) demeurent mal compris. Cette thèse visait à 

identifier les gènes capables de protéger les synapses du stress induit par A et à 

élucider les mécanismes par lesquels ces facteurs préservent la structure et la fonction 

synaptiques. Pour répondre à cet objectif, une approche expérimentale multi-échelle a 

été développée, combinant un criblage en coculture microfluidique, des validations 

compartiment-spécifiques et des enregistrements fonctionnels sur réseaux neuronaux à 

l'aide de microélectrodes (MEA).  

 

À l'aide d'un système de coculture microfluidique à moyen débit, un ensemble de facteur 

de risque associés à la MA a été testé de manière systématique pour leur capacité à 

moduler la connectivité synaptique en présence d'A sécrété par des cellules. Parmi les 

candidats, ARFRP1 (ADP-ribosylation factor-related protein 1) s'est distingué par sa 

capacité à atténuer la perte synaptique induite par A, suggérant un rôle de régulateur 

potentiel de la résilience synaptique. Les expériences de validation suggèrent qu'ARFRP1 

agit comme un modulateur postsynaptique du trafic des récepteurs AMPA (AMPAR) sous 

conditions toxiques. L'inhibition d'ARFRP1 réduit l'intensité et la phosphorylation de 

GluA1 sur le résidu Ser845 - une modification favorisant l'internalisation des AMPAR et la 

dépression à long terme (LTD) des synapses - tandis que sa surexpression induit un profil 

enrichi en GluA1, associé à des mécanismes de potentialisation à long terme et à un 

renforcement synaptique.  

 

Les manipulations compartiment-spécifiques dans des dispositifs microfluidiques ont 

montré que l'effet protecteur d'ARFRP1 provient principalement du compartiment 

postsynaptique, où il soutient potentiellement le recyclage et la rétention membranaire 

des AMPAR au sein des épines dendritiques. De ce fait, ARFRP1 pourrait contrer 
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l'internalisation et la dégradation des AMPAR responsables des processus LTD-like 

induits par A. Les enregistrements fonctionnels réalisés sur des MEA couplées à des 

microfluidiques ont apporté une confirmation au niveau du réseau : la surexpression 

postsynaptique d'ARFRP1 semble maintenir la connectivité malgré l'hyperexcitabilité 

induite par l’A, indiquant que la stabilisation des récepteurs postsynaptiques se traduit 

par une communication neuronale préservée. Cette protection structurale et 

fonctionnelle coordonnée soutient un modèle selon lequel ARFRP1 renforce la résilience 

synaptique en préservant l'homéostasie du trafic des récepteurs et l'équilibre entre 

élagage et consolidation synaptiques. 

 

Cette thèse a également permis des avancées méthodologiques majeures avec le 

développement de deux plateformes microfluidiques complémentaires : (1) un dispositif 

de criblage en coculture permettant une analyse à moyenne échelle des effets de 

modulation de l’expression génique sur les synapses, et (2) un système hybride 

microfluidique-MEA autorisant des manipulations compartiment-spécifiques couplées 

à des mesures structurales et électrophysiologiques. Ces outils constituent un cadre 

polyvalent pour l'étude des mécanismes de régulation synaptique dépendants des 

gènes. En conclusion, ce travail identifie ARFRP1 comme un nouveau régulateur 

postsynaptique du trafic des AMPAR favorisant la stabilité et la résilience des synapses 

face au stress induit par A, tout en introduisant des approches microfluidiques 

avancées pour l'analyse multi-échelle de la fonction synaptique. Ces contributions 

approfondissent la compréhension des défaillances synaptiques précoces dans la MA et 

ouvrent de nouvelles perspectives pour cibler les voies moléculaires soutenant l'intégrité 

synaptique. 

 

Mots clés : dispositifs microfluidiques, dépistage à haut contenu, coculture, réseau de 

microélectrodes, ARFRP1, AMPAR
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Lay Summaries (French & English) 
 
Alzheimer's disease is the most common cause of dementia, affecting nearly 45 million 

people worldwide. In patients' brains, two hallmark proteins, beta-amyloid (Aβ) and Tau 

abnormally aggregate, becoming toxic to neurons. This thesis focuses on the effect of Aβ 

on synapses, the neuronal connections essential for brain communication. Large genetic 

studies have identified over 300 genes linked to the risk of developing Alzheimer's, 

although their roles remain unclear. Using innovative cell models and microfluidic 

devices, we assessed the impact of these genes on synapses. The goal is to identify 

protective genes that could become new therapeutic targets, improving our 

understanding of the disease and guiding future efforts to block Aβ toxicity and protect 

synapses. 

 

La maladie d’Alzheimer est la cause la plus fréquente de démence et touche près de 45 

millions de personnes dans le monde. Dans le cerveau des patients, deux protéines clés 

: la bêta amyloïde (Aβ) et Tau s'agrègent anormalement et deviennent toxique pour les 

neurones. Cette thèse s'intéresse à l'effet de l’Aβ sur les synapses, les connexions entre 

neurones indispensables à la communication cérébrale. De grandes études génétiques 

ont identifié plus de 300 gènes associés au risque de développer la maladie d'Alzheimer, 

sans que leur rôle ne soit clair. À l'aide de modèles cellulaires innovants et de dispositifs 

micro fluidiques, nous avons évalué l'impact de ces gènes sur la communication entre 

neurones. L'objectif est d'identifier des gènes protecteurs pouvant devenir de nouvelles 

cibles thérapeutiques, afin de mieux comprendre la maladie et, à terme, développer des 

traitements capables de bloquer la toxicité induite par l’Aβ et ainsi de protéger les 

synapses.  
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Articles and communication 
 
The work presented in this thesis is currently being expanded into a dedicated research 

article, for which I will be the first author. The article will be structured to reflect the 

experimental and conceptual progression developed throughout this thesis. It will begin 

with an introduction positioning the study within the broader context of Alzheimer’s 

disease (AD) genetics, synaptic vulnerability, and Aβ-induced synaptotoxicity. The first 

section will present the gene selection strategy and medium-throughput screening 

pipeline, outlining how AD-associated candidates were shortlisted and evaluated using 

the microfluidic co-culture system. This section will also summarise the screening 

outcomes and describe the identification of ARFRP1 as a synaptoprotective hit, based 

on its ability to preserve synaptic connectivity in the presence of CHO-secreted Aβ. 

 

The second section will detail the characterisation of ARFRP1 modulation on 

glutamatergic synapses, integrating the structural and biochemical analyses performed 

in this thesis. This will include the effects of ARFRP1 silencing and overexpression on 

AMPAR composition, subunit-specific phosphorylation states (e.g., GluA1-Ser845), and 

synaptic connectivity, as well as the impact of cLTP induction on these parameters. 

Together, these experiments will define ARFRP1 as a postsynaptic trafficking regulator 

influencing LTP-related AMPAR dynamics and synaptic resilience. 

 

The third section will present the functional validation of ARFRP1’s protective effect 

against Aβ-induced synaptotoxicity using both CHO-APP conditioned medium and the 

microfluidic–MEA hybrid system, which enables compartment-specific manipulation 

combined with simultaneous structural and electrophysiological readouts. This will 

include the pre–post synaptic drive measurements and the demonstration that 

postsynaptic ARFRP1 overexpression maintains functional connectivity despite Aβ-

induced network hyperexcitability. The manuscript will conclude with a discussion 

integrating these findings into a unified model of ARFRP1-dependent synaptic protection. 

 



12 
 

In parallel, complementary experiments currently underway will reinforce and extend the 

scope of the article. These include: (1) testing whether ARFRP1 influences LTP-

associated AMPAR trafficking under Aβ exposure; and (2) exploring whether ARFRP1 

interacts with Rab11/Rab7-mediated endosomal trafficking pathways. These additional 

analyses aim to provide mechanistic depth to the proposed model and strengthen the 

overall conclusions of the study. 

 

Together, these elements will form a cohesive and comprehensive manuscript that 

extends the thesis findings into a fully developed, publication-ready research article. 

 

The work accomplished during this thesis also led to the following publications: 

 
▪ Lambert, E.†, Gelle, C.†, Leclerc, V.†, Freire-Regatillo, A.†, Barois, N., Malfoi, T., 

Hermant, X., Demiautte, F., Lafont, F., Amouyel, P., Blary, K., Kuenen, S., Najdek, 
C., Versteken, P., Siedlecki-Wullich, D., Yger, P., Lambert, J.-C., Kilinc, D.*, Dourlen, 
P.* BIN1 expression in the presynaptic compartment leads to isoform-specific 
synaptotoxicity; bioRxiv 2025.08.11.669624; doi: 10.1101/2025.08.11.669624 (in 
revision) 
† Co-first authors 
* Co-corresponding authors 

 
The study explores the impact of presynaptic BIN1 expression on neuronal 

communication and synaptic stability. Using both Drosophila and rat neuron models, we 

show that over-expression of BIN1 isoform 1 (BIN1iso1) leads to pronounced synaptic 

loss and disrupts synaptic vesicle dynamics. In Drosophila photoreceptor and 

neuromuscular junction systems, electrophysiological recordings revealed early 

functional deficits accompanied by accumulation of abnormally large vesicles and 

altered bouton morphology. In rat primary neurons grown in microfluidic devices, only 

presynaptic over-expression of BIN1iso1 induced a reduction in synaptic connectivity, 

confirming the compartment-specific effect. Multi-electrode array recordings further 

demonstrated that BIN1iso1 over-expression decreases overall functional connection 

between pre- and postsynaptic neuronal populations without affecting network activity, 

indicating impaired synaptic communication at the circuit level. Together, these results 

show that presynaptic BIN1iso1 expression disrupts both the structural integrity and 

https://doi.org/10.1101/2025.08.11.669624
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functional output of neuronal networks, suggesting a role in early synaptic vulnerability 

relevant to AD. 

 

I contributed to this project by developing a functional readout of synaptic connectivity 

tailored to the microfluidic–MEA platform and by performing the MEA experiments that 

supported the study’s conclusions. This included preparing the MEA chips, establishing 

and maintaining primary neuronal cultures, executing electrophysiological recordings, 

and subsequent processing and analysis of the acquired datasets, as well as contributing 

to the writing of the resulting manuscript. Building on this foundational work, the same 

analytical approach was subsequently adapted and applied within the context of my 

thesis, as detailed later in the Results section. The established pipeline is described in 

Section 3.18. Combined with morphological synaptic puncta co-localisation readouts, I 

ensured the generation of a coherent multi-modal evaluation of synaptic function. 

Through optimisation of acquisition parameters, analysis thresholds, and experimental 

scheduling, this work resulted in a robust and reproducible functional synaptic 

connectivity assay that was essential both for the BIN1 study and for the experimental 

framework of this thesis. 

 
▪ Lefebvre, C., Vreulx, A. C., Dumortier, C., Bégard, S., Gelle, C., Siedlecki-Wullich, 

D., Colin, M., Kilinc, D., & Halliez, S. (2024). Integration of Microfluidic Devices 
with Microelectrode Arrays to Functionally Assay Amyloid-β-Induced 
Synaptotoxicity. ACS Biomaterials Science & Engineering, 10(3), 1856–1868. 
https://doi.org/10.1021/acsbiomaterials.3c00997 

 
This study aims to develop a reliable and physiologically relevant model to investigate 

Aβ-induced synaptotoxicity, a central process in the progression of AD. Because 

synaptic loss closely correlates with cognitive decline, we sought a method capable of 

assessing functional synaptic integrity with precision. To achieve this, we integrated a 

tricompartment microfluidic device, allowing physical separation of neuronal 

compartments, with microelectrode arrays to measure neuronal communication. 

Primary cortical neurons formed synapses within the central chamber, which was 

selectively exposed to Aβ-containing conditioned media. Exposition to high Aβ levels led 

to a marked reduction in interchamber connectivity after 48 hours, despite preserved 

https://doi.org/10.1021/acsbiomaterials.3c00997
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neuronal activity within presynaptic and postsynaptic chambers. This indicates a 

specific impairment of synaptic function rather than general neuronal dysfunction. 

Overall, the study introduces a robust platform for evaluating Aβ-driven synaptic deficits 

and for testing candidate therapeutic strategies targeting synapse vulnerability. 

 

I contributed to this project by performing the alignment and bonding of microfluidic 

devices onto 59-electrode MEA chips, ensuring precise positioning, secure sealing, and 

compatibility with downstream electrophysiological recordings. In addition, I was 

responsible for producing and characterising the Aβ-conditioned medium used in the 

study. This included preparing the necessary biological material, generating the 

conditioned medium under standardised conditions, and quantifying Aβ concentration 

using AlphaLISA.  

 

In addition to the two projects described above, I also contributed to three studies 

through my involvement in all key stages of the primary neuronal culture workflow. My 

responsibilities included weekly animal care, coordination of mating, monitoring and 

replacing animals as needed, and performing the euthanasia and dissection of the 

relevant brain regions, as well as contributing to the preparation and routine 

maintenance of primary neuronal cultures.  

 
▪ Coulon, A., Rabiller, F., Takalo, M., Roy, A., Martiskainen, H., Siedlecki-Wullich, D., 

Mendes, T., Lemeu, C., Carvalho, L.-I., Ehrardt, A., Melo de Farias, A. R., Hulsman, 
M., Najdek, C., Lannette-Weimann, N., Freire-Regatillo, A., Amouyel, P., 
Charbonnier, C., Dols-Icardo, O., Jeskanen, H., Willman, R.-M., Kuulasmaa, T., 
Kurki, M., Hardy, J., Wagner, R., Heikkinen, S., Holstege, H., Mäkinen, P., Nicolas, 
G., Mead, S., Wagner, M., Ramirez, A., Rauramaa, T., Palotie, A., Sims, R., 
Soininen, H., van Swieten, J., Williams, J., Bellenguez, C., Grenier-Boley, B., Gelle, 
C., Lambert, E., Ayral, A.-M., Demiautte, F., Costa, M. R., Deforges, S., Kilinc, D., 
Mulle, C., Chapuis, J., Hiltunen, M., Dumont, J., Lambert, J.-C. Neuronal 
downregulation of PLCG2 impairs synaptic function and elicits Alzheimer disease 
hallmarks; bioRxiv 2024.04.29.591575; doi: 10.1101/2024.04.29.591575 (in 
revision) 

 
This study examines the role of the gene PLCG2 in neuronal function and its implications 

for AD. Using high-content screening in rodent primary neurons and human-induced 

https://doi.org/10.1101/2024.04.29.591575
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neurons, we show that shRNA-mediated downregulation of PLCG2 significantly impairs 

dendritic morphology, reduces synaptic activity, and increases levels of both Aβ and tau 

phosphorylation. The effects appear to involve the AKT/GSK3β signalling axis. The 

findings suggest that loss-of-function variants of PLCG2 may elevate AD risk by inducing 

early synaptic dysfunction and accelerating hallmark neuropathology. We propose that 

maintaining adequate PLCG2 expression in neurons could be protective, highlighting 

PLCG2 as a potential target for early intervention in AD. 

 
▪ Najdek, C., Walle, P., Flaig, A., Ayral, A. M., Demiautte, F., Coulon, A., Buiche, V., 

Neuro-CEB Brain Bank, Lambert, E., Amouyel, P., Gelle, C., Siedlecki-Wullich, D., 
Dumont, J., Kilinc, D., Eysert, F., Lambert, J. C., & Chapuis, J. (2025). Calpain and 
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This study identifies a new regulatory mechanism linking FERMT2, an AD–associated 

gene, to Aβ production. We show that KINDLIN2, the protein encoded by FERMT2, is 

cleaved by both calpain I and caspases. These proteolytic events separate the F0 and F1 

domains of KINDLIN2, disrupting its normal role in modulating amyloid precursor protein 

(APP) processing. Loss of intact KINDLIN2 consequently alters APP cleavage dynamics 

and increases Aβ peptide production. By demonstrating that calpain- and caspase-

dependent cleavage of KINDLIN2 negatively affects APP metabolism, we provide a 

mechanistic link between FERMT2 genetic risk and amyloid pathology, highlighting 

KINDLIN2 stability as a potential therapeutic target in AD. 
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This technical paper describes a high-content screening approach to quantify synaptic 

density in primary hippocampal neurons following gene silencing. Using shRNA-

mediated knockdown of AD–associated genes, we demonstrate that the high-throughput 
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provides a scalable tool for probing synaptic regulation and vulnerability in 

neurodegenerative contexts. 
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1. INTRODUCTION 
 
1.1 Alzheimer’s disease  

 
1.1.1 Disease presentation 

Alzheimer's disease (AD) was first described in 1906 by the German physician and 

neuropathologist Alois Alzheimer. He studied a 51-year-old patient named Auguste 

Deter, who exhibited severe memory loss, confusion, and behavioural changes that were 

unusual for her age. After her death, Alzheimer examined her brain and reported a 

significant decrease in brain mass1 along with other characteristic abnormalities that 

distinguished her condition from other known forms of dementia2. In modern terms, AD 

patients typically show a 20 to 25% reduction in cortical volume compared to healthy 

individuals. Hippocampal volume can also be decreased by up to 40% depending on 

disease stage3. Widened cortical sulci and gyral atrophy in the frontal and temporal 

cortices are usually observed while primary motor and somatosensory cortices are 

relatively spared4. Additionally, enlargement of the frontal and temporal horns of the 

lateral ventricles is common and reflects cortical atrophy4. Alongside this significant 

brain loss, Alzheimer found two microscopic brain lesions that were later recognised as 

the major pathological hallmarks of the disease: extracellular senile plaques (now known 

to be composed of amyloid-beta, Aβ), and intracellular neurofibrillary tangles (NFTs, later 

identified as aggregates of hyperphosphorylated Tau protein)2 (Figure 1.1).  

 

Initially, AD was considered a rare condition, often referred to as ‘presenile dementia’ 

because it was thought to primarily affect individuals under 65. However, during the 

1970s and 1980s, researchers recognised that similar pathological changes also 

occurred in older patients, then referred to as senile dementia. Today, AD is the most 

common type of dementia and has a profound impact on society. In France in 2020, 

around 1.3 million individuals were affected, with more than 200,000 new cases every 

year5. Due to increasing life expectancy and demographic shift, the number of people 

living with AD is projected to double by 20506, placing immense economic pressure on 

healthcare systems, which already spend billions of euros annually on dementia care7. 

Additionally, millions of informal caregivers, often family members, provide unpaid 

support impacting workforce productivity and mental health8. These numbers 
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underscore the urgent need for effective interventions and societal preparedness to 

address the growing AD burden9. 

 

Figure 1.1. Pathological hallmarks of AD. (A) Post-mortem brain sections of healthy individuals and 
AD patients, highlighting the cortical atrophy observed in AD patients. (B, C) Immunohistochemistry 
of brain tissue from AD patients illustrating extracellular Aβ plaques (B), and intracellular NFTs (C). 
Adapted from Morales et al., 2010 (panel A); Querol-Vilaseca et al., 2019 (panel B); and Moloney et al., 
2021 (panel C)10–12.  
 
 
1.1.2 Clinical stages as a function of symptoms and biomarkers   

AD is a slowly progressive neurodegenerative disease that causes irreversible memory 

loss, cognitive decline and language impairment, often described in three main clinical 

stages (Figure 1.2).   

 

The preclinical phase is the earliest stage of AD and is characterised by the gradual 

accumulation of hallmark biomarkers in the absence of clinical symptoms13–15. A 

peptides start to accumulate in the basal temporal and orbitofrontal neocortex while pre-

tangled Tau develops first in the locus coeruleus and then spreads as NFTs to the 

entorhinal cortex16,17. This silent stage, that can last 10 to 20 years, has become a critical 



28 
 

focus for the development of disease-modifying therapies since significant 

neurodegeneration has often occurred by the time symptoms emerge14,18. 

 

The second clinical stage of AD is characterised by mild cognitive impairment (MCI) 

which involves deficits in memory, particularly episodic memory, and/or non-memory 

domains, such as executive tasks, including planning and organisation skills19. Additional 

neuropsychiatric symptoms such as depression or apathy may also emerge and are 

increasingly recognised as early indicators of underlying pathology20. At this stage, key 

biomarkers  can be reliably detected14,21 (e.g., positron emission tomography imaging 

detecting Aβ and Tau; and/or quantification of Aβ1-42 and phosphorylated Tau proteins 

concentration in the cerebrospinal fluid), with Aβ spreading throughout the neocortex, 

hippocampal formation and amygdala while NFT pathology progresses from limbic 

cortex to association cortex17,22. Despite these changes, individuals in the MCI stage 

typically maintain functional independence and can still have a preserved quality of life23.  

The final stage of AD is the dementia phase, marked by significant cognitive decline that 

interferes with daily functioning. Clinical features include progressive memory loss, 

language impairment and often neuropsychiatric disorders like irritability or anxiety14. 

Although AD can be detected as early as the MCI stage, diagnosis is often made during 

the mild dementia stage when symptoms become more pronounced and begin to affect 

independence14. Diagnosis relies on a combination of neuropsychological assessments, 

neuroimaging and consideration of genetic and clinical history which also help to assess 

disease progression rate24,25. At this advanced stage, NFTs are typically widespread 

across most of the neocortex. As dementia progresses, many individuals require 

institutional care, particularly in the late stages, which are associated with loss of 

functional independence and severe cognitive impairment. At this point, patients often 

experience difficulties with eating, swallowing, walking, and other essential activities, 

necessitating constant medical care26.  
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Figure 1.2. Temporal progression of AD hallmarks across to clinical stages. Schematic representation 
of the temporal evolution of Aβ (blue), Tau (red) and brain atrophy (green), in relation to cognitive 
decline (purple) across disease stages. Adapted from Kim et al., 202127. 
 

While clinical stages of AD are defined by symptomatic progression, biomarker dynamics 

follow their own temporal trajectory, with only partial overlap between the two. Among 

these biomarkers, Aβ and Tau accumulation exhibit distinct patterns of spatial and 

temporal spreading. While the progression of NFTs shows a stronger correlation with 

clinical stages of AD than Aβ deposition28, several post-mortem studies have 

demonstrated that synaptic degeneration has the strongest correlation with cognitive 

deficits29–32. Although both Aβ and NFTs contribute to neuronal dysfunction and disease 

progression, this thesis focuses specifically on Aβ-induced synaptic toxicity. Given that 

Aβ is the earliest reliably detectable biomarker in AD, it is widely hypothesised to play a 

central role in disease pathogenesis. However, the molecular determinants that confer 

synaptic vulnerability or resilience to Aβ remain poorly understood, justifying the focus 

of this work. 

 

 
1.1.3 The amyloid pathology  

1.1.3.1 APP processing  

APP is a type I transmembrane protein that can be proteolysed into various fragments, 

through several pathways, each generating metabolites that play distinct roles in the 

neuron (Figure 1.3). In the non-amyloidogenic pathway, APP is first cleaved by α-

secretase, releasing sAPPα extracellularly and preventing the production of Aβ as the 
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cleavage site is located within the Aβ domain. sAPPα is generally considered 

neuroprotective against excitotoxicity33 and is implicated in neurite outgrowth and 

synaptogenesis34,35. The remaining carboxyterminal fragment (CTF) is then cleaved by the 

γ-secretase, generating p3 and the APP intracellular domain (AICD). While p3 has no 

identified physiological role to date36, AICD is a transcriptional regulator of apoptosis and 

cytoskeletal dynamics37. In physiological conditions, the non-amyloidogenic pathway 

represents the predominant pathway with ca. 90% of APP processing38.  

 

In the remaining cases, APP is processed through the amyloidogenic pathway, leading to 

the production of Aβ peptides39. Here, APP is first cleaved by β-secretase releasing a 

sAPPβ fragment, which is similar to sAPPα, but lacks the Aβ1-16 region at its C-terminal 

end, and therefore does not retain the sAPPα-associated neuroprotective effect40. The 

remaining APP CTF is then cleaved by the γ-secretase, generating Aβ peptides of varying 

length (mainly Aβ1-40 and Aβ1-42) and an AICD fragment39. In AD, an imbalance between the 

amyloidogenic and non-amyloidogenic pathways, together with impaired clearance 

mechanisms, favours the accumulation of Aβ peptides, which aggregate into oligomers 

and eventually deposit as plaques 41.  

  

Figure 1.3. APP processing in the brain through non-amyloidogenic and amyloidogenic pathways, 
including the generated metabolites. Created in https://BioRender.com. 
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1.1.3.2 Aβ aggregation and toxicity 

Once produced as soluble monomers, Aβ can adopt several different aggregation states, 

forming dimers, trimers, soluble oligomers, and protofibrils, before assembling into 

fibrils that deposit as plaques42 (Figure 1.4). As monomers assemble into low molecular 

weight oligomers, their solubility decreases, promoting aggregation and contributing to 

enhanced toxicity43. Aβ peptides range from 37 to 43 amino acids and Aβ1-40 is the most 

abundant type of Aβ peptide found in the healthy brain, while the relative concentration 

of Aβ1-42 peptides is significantly increased in AD brains44,45. Characteristic fibrils and 

plaques that are observed in AD patient brains result from the accumulation of Aβ 

peptides and are enriched in Aβ1-42, whose higher hydrophobicity compared to Aβ1-40 

promotes self-aggregation 46. 

 

Soluble Aβ oligomers (Aβo) have been found in human brain extracts and can range from 

small assemblies such as dimers and trimers to higher-order species including 

dodecamers (Aβ56) 47. Among these, low molecular weight oligomers, particularly dimers 

and trimers, are established as the most toxic forms, and synaptic dysfunction correlates 

more strongly with Aβo than with plaque load48. Indeed, a study using patient brain 

extracts and hippocampal slice cultures suggested that Aβ dimers are the most potent 

form of Aβo to disrupt synaptic connections between neurons49,50. In parallel, higher 

molecular weight Aβo and insoluble fibrils are less acutely toxic and primarily contribute 

to the formation of plaques that could serve as Aβo reservoirs and indirectly sustain long-

term toxicity51,52. Accumulation of Aβ, particularly in aggregated forms, also triggers 

chronic microglial activation resulting in sustained neuroinflammation, which further 

contributes to synaptic impairment53–55.   

 

Given that Aβo primarily target synapses, elucidating synaptic organisation and function 

is crucial to understanding their contribution to Aβo-associated deficits in learning and 

memory.  
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Figure 1.4. Aβ peptide oligomerisation and relative toxicity in AD. Aβ peptides can assemble into 
soluble oligomers that aggregate into protofibrils and fibrils to eventually form insoluble plaques. Low 
molecular weight oligomers are the most toxic forms of Aβ. Adapted from Dresser et al., 202156. 
 
 
1.2 Synapse vulnerability in AD 

 
1.2.1 Synapse structure and function  

Santiago Ramón y Cajal was the first scientist to propose that the brain is composed of 

individual cells, later called neurons. His work also suggested that neurons served as 

‘memory units’ interconnected to form a dynamic network that could be modulated57,58. 

The connections between neurons were later named ‘synapses’ by Charles Scott 

Sherrington59. While early theories were initially dominated by the idea of purely electrical 

transmission, it is now established that most synapses rely on chemical transmission58.  

 

In the hippocampus, pyramidal neurons interconnected through excitatory glutamatergic 

synapses represent ca. 85 to 90% of the neuronal population, whereas inhibitory 

GABAergic interneurons account for the remaining 10 to 15%60–64. In the presynaptic 

terminal, vesicular glutamate transporters (VGLUTs) fill synaptic vesicles with 

neurotransmitters (e.g., glutamate in excitatory synapses) via an electrochemical 

gradient generated by the proton pump activity65. Vesicles then translocate and dock at 

the active zone of the presynaptic membrane, thereby becoming primed for release66. 

Upon stimulation, an action potential is generated at the axon initial segment and 

propagates along the axon to the presynaptic terminal67,68. There, membrane 

depolarisation triggers the opening of voltage-gated calcium channels, resulting in Ca²⁺ 

Soluble oligomers 
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influx that leads to the fusion and exocytosis of docked synaptic vesicles and the 

subsequent release of neurotransmitters into the synaptic cleft69,70. Emptied vesicles 

undergo endocytosis and are either recycled via endosomes or directly refilled with 

neurotransmitters71.  

 

In the synaptic cleft of excitatory synapses, glutamate binds to ionotropic receptors such 

as α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors (AMPARs) and N-

methyl- D-aspartate receptors (NMDARs) located on dendritic spines72,73. Activation of 

these receptors induces excitatory postsynaptic potentials (EPSPs) which depolarises 

the postsynaptic membrane74. Conversely, inhibitory synapses generate inhibitory 

postsynaptic potentials (IPSPs) which hyperpolarise the postsynaptic membrane75. 

EPSPs and IPSPs are graded events and vary in amplitude and duration, depending on 

multiple factors including the amount of neurotransmitter released into the synaptic cleft 

and the availability and distribution of postsynaptic receptors76–82. Since a single 

postsynaptic neuron can receive input through multiple synapses, these potentials are 

summed to integrate all incoming signals. If the net depolarisation exceeds a threshold, 

the postsynaptic neuron generates an action potential; otherwise, it fails to fire an action 

potential83,84. Inhibitory inputs can prevent spiking by hyperpolarising the membrane or 

increasing conductance (shunting), thereby reducing excitatory drive. 

 

For reliable signalling and to prevent excitotoxicity, neurotransmitters need to be quickly 

removed from the synaptic cleft85. In excitatory synapses, glutamate is cleared through 

excitatory amino acid transporters (EAAT1/GLAST and EAAT2/GLT-1) located on nearby 

astrocytes, which account for the majority of glutamate clearance86. Glutamate 

clearance is essential for synaptic health as inefficient clearance could cause 

postsynaptic receptors overstimulation, leading to excessive Ca2+ influx, oxidative stress 

and eventually neuronal death87.  

 
 
1.2.2 Synaptic plasticity 

Synapses are fundamental units of neuronal communication and play a critical role in 

learning and memory. Throughout their lifespan, synapses undergo continuous structural 
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and functional remodelling in response to synaptic activity and experience-dependent 

stimuli, a process known as synaptic plasticity88,89. While long-term depression (LTD) 

weakens synaptic connections, long-term potentiation (LTP) strengthens them providing 

a bidirectional and dynamic balance essential for cognitive processing90.  

 

Synaptic response enhancement during LTP is tightly regulated by the number, 

localisation and properties of AMPA and NMDA receptors91. While AMPARs mediate rapid 

excitatory synaptic transmission, it is the activation of NMDARs that initiates the 

molecular cascade underlying LTP92,93. If presynaptic activity generates sufficient 

summed AMPAR-mediated EPSPs to induce a strong postsynaptic depolarisation, the 

voltage-dependent block of NMDARs by Mg2+ is removed, allowing substantial Ca2+ flow 

into the postsynaptic neuron92,93. This influx induces early-phase LTP (E-LTP) and 

activates several protein kinases like protein kinase A (PKA), protein kinase C (PKC) and 

calcium/calmodulin-dependent protein kinase II (CaMKII)94–99. These kinases then 

phosphorylate AMPARs at distinct sites, with PKA and CaMKII/PKC acting through 

complementary mechanisms that promote receptor recruitment and increase their 

conductance, amplifying the postsynaptic response100–102. While CaMKII is usually 

considered the central mediator of E-LTP by driving rapid phosphorylation and 

recruitment of AMPARs to the postsynaptic membrane, PKA also plays a prominent role 

in late-phase LTP (L-LTP) by promoting gene transcription and new protein synthesis 

required for long-term stabilisation of synaptic changes98,103,104. In this case, prolonged 

Ca²⁺ influx through NMDARs activates adenylyl cyclase, increasing cyclic adenosine 

monophosphate (cAMP) levels and subsequently activating PKA, which translocates to 

the nucleus to phosphorylate cAMP-responsive element-binding protein (CREB). 

Transcription of immediate early genes is then triggered, which directly reshapes 

synaptic structure (AMPARs recycling, dendritic remodelling, synaptogenesis) or serves 

as a transcriptional regulator required for synaptic strengthening105–112. Downstream of 

CREB phosphorylation, brain-derived neurotrophic factor (BDNF) and other transcription 

factors are also upregulated to sustain long-term synaptic changes and memory 

consolidation113.   
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Overall, NMDAR-dependent LTP induces long-lasting synaptic changes by promoting (1) 

the recruitment and stabilisation of AMPARs at the postsynaptic membrane; (2) an 

enhanced synaptic response due to increased AMPAR-mediated currents; and (3) 

structural remodelling including dendritic spine enlargement and, under some 

conditions, synaptogenesis92,93,114–116. Indeed, several electron microscopy studies have 

established the correlation between spine size and synaptic AMPAR number73,117,118. 

Thus, the availability of AMPARs serves as a critical molecular switch governing the 

direction and persistence of synaptic plasticity.  

 

Postsynaptic AMPARs are key players in the maintenance of L-LTP as the main kinases 

driving LTP have a downstream effect on AMPAR number, conductance or 

phosphorylation state119 (Figure 1.5). AMPARs are tetrameric structures assembled from 

combinations of four different subunits (GluA1/2/3/4)120. The combination of these 

subunits defines the receptor properties such as ion permeability and agonist 

affinity121,122. In adult hippocampal neurons, the majority of AMPARs, ca. 80%, are 

composed of GluA1/GluA2 heterodimers, while the remaining AMPARs consist 

predominantly of GluA2/GluA3 heterodimers123. The C-terminal regions of AMPAR 

subunits are highly divergent and undergo post-translational modifications, such as 

phosphorylation/dephosphorylation, which are essential determinants of synaptic 

potentiation119.  

 

Indeed, AMPAR trafficking during synaptic potentiation is known to be regulated by the 

PKA-dependent phosphorylation of the Serine 845 (Ser845) residue of the GluA1 subunit, 

which promotes surface expression and availability124–128. In the absence of neuronal 

activity, AMPARs undergo constitutive recycling between the synaptic membrane and the 

cytosol, where they are either marked for degradation or reinserted into synapses129,130. 

However, during E-LTP, this recycling becomes more active and is routed through an 

endosomal pathway at extrasynaptic sites to enhance exocytosis and promote receptor 

insertion128,131. This also allows the synapse to have a pool of ‘primed receptors’ ready to 

be incorporated into the synaptic membrane132. Upon NMDARs activation, Ser845-

phosphorylated extrasynaptic AMPARs diffuse to the synapse site to be integrated into 

the postsynaptic density (PSD)131. Anchored AMPAR receptors can also be 
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phosphorylated at the Serine 831 (Ser831) residue by CaMKII or PKC, which further 

enhances synaptic transmission by increasing receptor conductance via improving the 

coupling efficiency between glutamate binding and channel opening94–96,99. 

 

In contrast, long-term depression (LTD), typically triggered by low-frequency stimulation, 

leads to the internalisation and removal of AMPARs from the postsynaptic membrane, 

resulting in weakened synaptic transmission and potentially contributing to synapse 

elimination90. This occurs through dephosphorylation of GluA1 by the calcium-

dependent phosphatase calcineurin128,133,134 and/or phosphorylation of Serine 880 

(Ser880) residue on the GluA2 subunit135,136, which disrupts receptor anchoring to the 

PSD and thereby favours endocytosis137,138. 

Figure 1.5. AMPARs trafficking during LTP. (1) In basal conditions, AMPARs are constantly inserted at 
extra-synaptic sites and recycled in endosomes. (2) Upon stimulation (i.e. HFS), NMDARs allow Ca2+ 
flow into the dendritic spine which induces E-LTP and activates several kinases. (3) PKA is first 
activated and phosphorylates Ser845 of the AMPAR-GluA1 subunit on the spine membrane, which 
then laterally diffuses to the synaptic site towards the PSD. (4) PKC and CaMKII then phosphorylate 
Ser831 residue to enhance receptor conductance and contribute to their anchoring to the PSD. (5) 
The resulting increase in Ca2+ influx also allows PKA to phosphorylate CREB, and initiate the 
transcription of several synaptic proteins, which is necessary for L-LTP induction and synaptic 
maintenance. Note that events 3, 4 and 5 happen simultaneously. Created in https://BioRender.com. 
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Synapses, which are essential for neuronal communication and the encoding of learning 

and memory, are also the earliest structures to be affected in AD30,31. Numerous 

proteomic and genomic analyses using samples from AD patients and transgenic mouse 

models have revealed early downregulation of critical genes for synaptic maintenance 

and function, encompassing multiple of signalling pathways including synaptic vesicle 

machinery, exocytosis and endocytosis, calcium binding and cytoskeletal dynamics139–

145. Specifically, it has been shown that Aβo disrupts PKA-dependent AMPAR 

phosphorylation and trafficking, leading to synaptic plasticity impairment, a major 

feature of AD pathogenesis.  

 

1.2.3 Aβo-induced synaptic dysfunction 

Multiple studies have demonstrated that Aβo are highly detrimental for synapses where 

the number and volume of dendritic spines are often greatly reduced29,146–148. 

Consistently, levels of the presynaptic marker Synaptophysin (SYP) were reported to be 

decreased by 25%-55% in the hippocampus and neocortex of AD patients compared to 

healthy controls149. Notably, Aβo appear to bind preferentially to synaptic sites, with a 

particular affinity for the postsynaptic compartment. In cultured hippocampal neurons 

exposed to Aβo derived from synthetic preparations, AD brain extracts, or cerebrospinal 

fluid (CSF), the majority of Aβo puncta colocalise with PSD95, a key postsynaptic 

scaffolding protein150,151. This morphological observation was complemented by sub-

fractionation and ELISA assays, reinforcing the association of Aβo to PSD, rather than to 

presynaptic active zones152. Prolonged exposure to Aβo induces major loss of PSD95152,153 

and abnormal spine morphology, including a temporary increase in the proportion of 

long, thin spines and a decrease in mushroom-shaped spines, which are characteristics 

of mature, stable spines152. Additionally, transient enlargement of synaptic boutons was 

observed as some dendritic spines become elongated, suggesting that Aβo may 

contribute to a maladaptive, transient compensatory response in synapses152,154. This 

aligns with the idea that early stages of synaptic dysfunction in AD involve an adaptive 

enlargement of presynaptic terminals155.  
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This structural disruption extends beyond dendritic spines as neurite dystrophy can be 

found near Aβ plaques154,156,157. It remains unclear whether the accumulation of 

pathological peptides causes neurite swelling or if the malformed neurites promote 

plaque formation and expansion. It is most likely that the soluble Aβ1-42 in the vicinity of 

the plaques increases the abundance of dystrophic neurites156,158. Amyloid pathology 

disrupts the balance between spine formation and elimination, ultimately leading to 

decreased spine density159–161. Both neurite dystrophy and spine loss may be attributed 

to disturbances in Ca2+ homeostasis –an essential regulator of dendritic development 

and synaptic plasticity162,163. In AD, dendrites located near plaques exhibit elevated 

intracellular Ca2+ levels, resulting in the reduction of glutamate receptors essential for 

synaptic plasticity and LTP164. 

 

Comparative transcriptomic studies across three different AD transgenic mouse models 

at two disease stages have revealed a strong concordance between transcriptional up- 

and down-regulation observed in human brains139,145. Upregulated genes include those 

involved in calcium homeostasis, kinase-mediated signalling, growth factor pathways, 

transcription regulation, oxidative stress defence, lysosomal function and inflammation. 

On the other hand, downregulated genes affect kinase and phosphatase signalling, ion 

channel proteins, metabolic and mitochondrial enzymes, transcription and translation, 

as well as synaptic vesicle transport. Particularly relevant to the synapse failure 

hypothesis, early downregulation of genes encoding postsynaptic NMDA and AMPA 

receptors, in addition to potassium and calcium channels were observed 139,165–167.  

 

Aβo-induced synaptic toxicity is mainly induced by the increased postsynaptic 

intracellular Ca2+ levels through two separate mechanisms: disruption of the glutamate 

homeostasis and recruitment of extrasynaptic NMDARs. First, glutamate homeostasis is 

compromised due to impaired astrocytic glutamate uptake, notably via EAAT2 (GLT-1), 

the main astrocytic glutamate transporter, resulting in the sustained accumulation of 

extracellular glutamate within the synaptic cleft168,169. Concurrently, Aβo interacts with 

presynaptic calcium channels, altering their gating properties and causing abnormal 

rises in intracellular calcium170. This leads to excessive spontaneous neurotransmitter 

release followed by depletion of the readily releasable vesicle pool, thereby disturbing 
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the balance between spontaneous and evoked glutamate release and impairing reliable 

synaptic transmission171,172. Second, Aβo binds to cell-surface prion protein (PrPC), 

recruiting Fyn kinase173,174. Fyn then phosphorylates extrasynaptic NMDARs containing 

the GluN2B subunit, enhancing receptor conductance and promoting its trafficking to the 

synaptic membrane175. Increased number and redistribution of NMDARs amplify Ca2+ 

influx upon glutamate activation176,177. Taken together, the reduced glutamate clearance 

and excess presynaptic release raise glutamate levels and set the stage for AMPA and 

NMDA receptors’ overactivation and excitotoxicity, which is exacerbated by enhanced 

NMDARs surface retention 171,178–180. 

 

The resulting excessive Ca2+ influx profoundly alters the balance of kinase, phosphatase 

and protease dynamics causing an initial increase in postsynaptic receptors activation 

followed by a synaptic desensitisation and internalisation eventually leading to synaptic 

depression181 (Figure 1.6). Calcium-dependent proteases like calpains are activated and 

cleave cytoskeletal proteins and neurofilaments, disrupting dendritic spines and axon 

terminals182. Calpains also degrade key synaptic scaffold proteins that are essential for 

postsynaptic receptor anchoring, such as PSD95183.  

 

In parallel, phosphatases such as phosphatase 2A and calcineurin become overactive 

and dephosphorylate Ser845 on the AMPAR GluA1 subunit166, while PKC phosphorylates 

Ser880 on GluA2184. Taken together, these post-translational modifications reduce 

receptor conductance and promote receptor internalisation, which decreases available 

AMPARs185. Calcineurin also dephosphorylates CREB, diminishing transcriptional 

support for synaptic proteins and spine maintenance186. As CREB directly regulates 

BDNF expression, its downregulation reduces activation of TrkB receptors on dendritic 

spines, impairing multiple downstream pathways required for synaptic strength and 

survival187. Moreover, Ca2+ overload disrupts mitochondrial function by impairing ATP 

synthesis and increasing reactive oxygen species (ROS) production, which further drives 

synaptic dysfunction188. Oxidative modifications damage glutamate receptors, 

transporters, mitochondria, and cytoskeletal proteins needed for spine integrity further 

amplifying the cycle of synaptic dysfunction189. 
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In summary, Aβo-induced synapse dysfunction is largely driven by synaptic 

overstimulation and excitotoxicity which trigger endocytosis, ubiquitination and 

degradation of AMPARs and thereby weakens the postsynaptic response166,190–192.  

Figure 1.6. Aβo-induced synaptotoxicity. (1-4) Aβo induces excitotoxicity via multiple mechanisms. 
(1) Aβo modulates presynaptic voltage-gated Ca²⁺ channels, resulting in enhanced Ca2+ influx, (2) 
which increases the probability of presynaptic vesicle release, leading to elevated glutamate levels in 
the synaptic cleft. (3) Aβo interacts with PrPC which activates Fyn and recruits additional NMDARs to 
the postsynaptic membrane. (4) NMDAR-driven Ca2+ influx rises intracellular Ca2+ levels. (5-8) 
Excitotoxicity decreases synaptic output and impairs synaptic transmission. (5) Spine structure is 
destabilised due to calpain-mediated cleavage of neurofilaments and PSD95. (6) AMPARs are 
internalised through dephosphorylation of GluA1 subunits and phosphorylation of GluA2 subunits. (7) 
CREB is dephosphorylated which inhibits the transcription of synaptic maintenance proteins. (8) 
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Mitochondrial respiration is impaired leading to the production of pro-inflammatory ROS. Adapted 
from Tzioras et al., 2022193. Created in https://BioRender.com. 
 
 
1.2.4 Therapeutic approaches targeting synaptic dysfunction and Aβ pathology  

AD treatment includes a range of therapeutic strategies designed to alleviate symptoms, 

slow down disease progression, and target the underlying pathological processes. Until 

2021, only four symptomatic treatments had received US Food and Drug Administration 

(FDA) approval, either aimed at facilitating synaptic transmission or alleviating Aβo-

induced synaptic dysfunction. These drugs primarily offered temporary improvements in 

cognition and memory, without halting or reversing disease progression. Additionally, as 

the disease progresses, higher doses are often required, increasing the risk of secondary 

neuropsychiatric, cardiovascular and gastrointestinal side effects. 

 

Among these, Donepezil, Galantamine and Rivastigmine – all acetylcholinesterase 

inhibitors – are prescribed for the mild to moderate stages of AD194–196. These agents work 

by inhibiting cholinesterase, thereby increasing the availability of acetylcholine in 

cholinergic synapses, enhancing synaptic transmission197. In contrast, Memantine, an 

uncompetitive NMDAR antagonist, is used to treat symptoms of moderate to severe 

forms of the disease198. Memantine preferentially blocks pathological NMDAR activation, 

reducing excessive Ca2+ influx and downstream neuronal loss, while sparing normal 

synaptic transmission. 

 

In 2021, Aducanumab, the first disease-modifying treatment for AD, was approved by the 

FDA199. This selective monoclonal antibody targets aggregated Aβ species, including 

soluble oligomers and insoluble fibrils, facilitating clearance200. However, despite the 

significant reduction of Aβ in the brain at high doses, clinical benefits of Aducanumab 

were unclear, and treatment was associated with a substantial incidence of amyloid-

related imaging abnormalities (ARIA), sparking major controversy about its safety and 

efficacy 201,202. 

 

More recently, promising monoclonal amyloid immunotherapies have emerged that 

significantly reduce brain amyloid load. Indeed, Lecanemab and Donanemab have been 
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shown to slow cognitive decline by 27% and 35% respectively, compared to 

placebo203,204. Both drugs have been approved by both the FDA and the European 

Medicines Agency (EMA), but the latter approved the use of Donanemab only in APOE- 

ε4 heterozygotes or non-carriers203–205. 

 

Even though substantial advances have been made in AD treatment over the past 

decade, the available therapies are still unable to cure the disease, and only decelerate 

its progression at best. Given the complex and multifactorial nature of AD pathogenesis, 

combination therapies that target multiple molecular and cellular pathways will likely be 

essential to achieve meaningful clinical benefit. Maximising therapeutic efficacy will 

depend on early intervention, which in turn requires a more comprehensive 

understanding of the genetic and molecular mechanisms underlying disease risk and 

progression. Indeed, AD genetic studies have been essential for clarifying AD aetiology, 

revealing both rare, high-penetrance mutations that cause familial forms and common 

risk variants that influence susceptibility in the general population.  

 
 
1.3 Genetics of AD: from risk factors to synapse pathology 

 
1.3.1 Familial and sporadic forms  

Despite the extensive knowledge of AD pathology, less than 1% of cases described in 

developed countries have a clear and definite cause and are associated with rare 

autosomal dominant mutations with Mendelian inheritance in three genes linked to the 

generation of Aβ peptides: APP, presenilin 1 (PSEN1) and presenilin 2 (PSEN2)206–209. 

These monogenic forms of the disease are termed familial AD (fAD), whereas the 

remaining vast majority of cases make up the so-called sporadic AD (sAD). fAD forms are 

typically characterised by an early age of onset (EOAD, often expressing itself before 55 

years of age) and are associated with faster disease progression210. Mutations in APP 

linked to fAD are primarily concentrated around the γ-secretase cleavage site, with codon 

717 representing a frequent mutational hotspot206,211,212. Valine-to-Isoleucine missense 

mutation (V717I), referred to as the London mutation (LDN), was one of the first 

described APP mutations associated with fAD206. This mutation promotes the production 

of longer Aβ1-42 peptides, which are more prone to aggregation and neuronal toxicity44. 
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Indeed, Aβ quantification in both in vitro and in vivo models showed that both cellular and 

transgenic mouse models carrying the LDN mutation display an increase in Aβ1-42/Aβ1-40 

ratio, since Aβ1-42 production is greatly enhanced213–215. In contrast, sAD forms usually 

present as a late-onset form of the disease (LOAD), which affects adults over 65 years 

with no familial aggregation216. 

 

AD is the most common type of dementia and is a multifactorial disease resulting from 

the combination of environmental and genetic risk factors217. Indeed, a recent study 

identified up to 14 modifiable risk factors for dementia regardless of APOE genetic status. 

Sedentary and unhealthy lifestyle habits including excessive alcohol consumption or 

smoking, history of head injury, and untreated, common, age-related comorbidities, 

such as diabetes, hypercholesterolemia, hypertension and depression, greatly increase 

the risk of developing age-related dementia 218 – including AD.  

 

However, the greatest risk factor of AD remains age, followed by sex, as a recent meta-

analyses reported that disease prevalence is significantly higher in women (ca. 7%) than 

in men (ca. 3%)219. Genetic background is also an essential factor influencing an 

individual’s risk of developing AD, with genetic heritability estimated between 58% and 

79%, as demonstrated by a twin study217.  

 

Further evidence for the role of genetic predisposition in AD risk is provided by the 

Apolipoprotein E (APOE) gene, which exists in three common allelic forms: ε2, ε3, and ε4. 

The ε4 allele significantly increases the risk of developing AD in a dose-dependent 

manner—heterozygous carriers (ε3/ε4) have an approximately 3-fold increased risk 

compared to non-carriers, whereas homozygous carriers (ε4/ε4) have up to a 12-fold 

increase220. Conversely, the ε2 allele appears to exert a protective effect, while ε3 is 

considered neutral with respect to disease risk221. Notably, around 40% of sporadic AD 

cases carry at least one ε4 allele, despite its relatively low frequency (ca. 15%) in the 

general population 222,223. Identification of genetic risk factors is therefore essential for the 

early detection of individuals at risk and for the development of adequate preventive 

therapies. APOE was the only confirmed genetic risk factor for AD until 2009, when 
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genome-wide association studies (GWAS) became available and revolutionised the 

understanding of AD genetics.  

 
1.3.2 Contributions of GWAS to our understanding of AD genetics  

GWAS is a research approach used to identify genetic variants across the entire genome 

that are statistically associated with a specific phenotype (i.e., AD in this case). This 

involves comparing the frequencies of single nucleotide polymorphisms (SNPs) between 

patient genomes and healthy individuals’ genomes. Unlike previous technologies used 

for genetic variant identification, GWAS does not require preconceived functional 

hypotheses and rely on genome-wide SNP arrays to assess hundreds of thousands of 

SNPs at once. The first two GWAS for AD involved between 8,000- 10,000 individuals and 

identified 3 genomic loci within CLU, CR1 and PICALM regions –in addition to APOE– that 

were associated with the risk of developing AD224,225. Several other GWAS were 

independently conducted after this, identifying many more risk loci, including BIN1226, 

SORL1227 and TREM2228,229. Finally, in 2022, the host laboratory published the most 

comprehensive list of genetic risk factors associated with AD to-date230. This meta-GWAS 

analysis contained almost 800,000 samples and had a stronger statistical power due to 

the inclusion of a new dataset from the European Alzheimer & Dementia Biobank (EADB) 

consortium and proxy cases (i.e., individuals with at least one parent with dementia). In 

this study, a total of 75 risk loci (including 42 new ones), encompassing more than 350 

genes, have been identified (Figure 1.7).  
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Figure 1.7. Genetic risk loci associated with the risk of developing AD. Manhattan plot displaying the 
genetic variants identified via GWAS according to their position along chromosomes (x-axis) and 
corresponding p-value (y-axis). The red and black dotted lines represent genome-wide (p < 5×10−8) 
and suggestive (p < 1×10−5) significance respectively. Newly identified loci are shown in red. For 
plotting purposes, p-value for APOE is shown at a lower value. From Bellenguez et al., 2022230. 
 
 
1.3.3 From the amyloid cascade hypothesis to synapse-centred models  

At least a third of the 75 risk loci contain genes that are directly associated with the 

amyloid pathology which re-emphasises the amyloid cascade hypothesis230. This 

hypothesis suggests that the accumulation of Aβ peptides drives AD development and 

acts upstream of other AD hallmarks. According to this hypothesis, abnormal processing 

of APP leads to the overproduction of Aβ while impaired clearance mechanisms further 

contribute to Aβ peptide accumulation resulting in plaque formations that trigger a series 

of downstream events, such as NFTs aggregation, neuroinflammation, synaptic 

dysfunction and eventually neuronal death231 (Figure 1.8).  
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Figure 1.8. AD genetic risk factors involved in the amyloid cascade hypothesis. Numerous risk factors 
identified through GWAS modulate the amyloid pathology by influencing Aβ production, clearance or 
toxicity. Genes responsible for the familial forms of AD are underlined. Adapted from Dourlen et al., 
2019 209. Created in https://BioRender.com. 
 
However, given the complex, multifactorial and polygenic nature of AD, a simple linear 

cause-effect model appears overly reductive. For instance, the severity of cognitive 

decline in AD patients does not correlate well with the Aβ deposition pattern28. This is 

underscored by the observation that many elderly individuals with substantial cerebral 

Aβ accumulation remain cognitively intact232,233. Moreover, transgenic mouse models 

engineered to overproduce Aβ through APP mutations or overexpression have reliably 

developed amyloid plaques but failed to recapitulate the core AD hallmarks such as NFTs 

and widespread neuronal loss, indicating that Aβ accumulation alone is not sufficient to 

drive the full pathological cascade234. 
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Therefore, a more comprehensive and dynamic framework for understanding AD 

pathology has been proposed, in which dysfunction of the focal adhesion pathway has 

been suggested to play a key role in synaptic dysfunction209 (Figure 1.9). Indeed, a 

considerable group of GWAS-identified risk genes, including APP, are involved in this 

pathway, which regulates actin remodelling, dendritic spine morphology, and synaptic 

stability235,236. This perspective highlights APP's physiological role in synaptic plasticity, 

beyond its role as a source of Aβ. In this model, synaptic dysfunction is considered the 

primary driver of AD pathology, aligning with the strong correlation between synaptic loss 

and cognitive decline observed in patients28. Importantly, synaptic failure may arise from 

a distinct set of factors, such as impaired APP metabolism, Aβ overproduction or reduced 

Aβ clearance, or Tau-mediated excitotoxicity, each capable of triggering the others, in a 

self-reinforcing cycle209. 

 

Figure 1.9. From the amyloid cascade hypothesis to a synapse-centred disease pathology. Adapted 
from Dourlen et al., 2019 209. Created in https://BioRender.com. 
 
Taken together, even if the amyloid cascade hypothesis is based on strong biochemical, 

genetic and histopathological evidence, it remains an incomplete model of AD as it fails 

to fully account for the complexity of sporadic forms. This is why an alternative circular, 

multi-entry model has been proposed, linking the different pathologies and hallmarks of 

AD to synapse degeneration and cognitive decline. In this thesis, I investigated the impact 
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of GWAS-defined genetic risk factors on synaptic dysfunction induced by Aβ through 

medium-throughput, high-content gene screening.  

 
 
1.3.4 High-content screening approach for post-GWAS studies  

The development of GWAS has substantially expanded the number of genes of interest 

for AD, which in turn requires new approaches to determine their contribution to disease 

mechanisms. The high-content screening (HCS) approach is a relevant and powerful 

strategy to systematically characterise the pathological functions of these genes237. HCS 

is an automated, microscopy-based technique that combines medium- or high-

throughput screening with quantitative image analysis to assess multiple cellular 

parameters simultaneously. Unlike traditional assays that usually measure a single 

endpoint, HCS enables the extraction of multiparametric data such as cell morphology, 

protein localisation or organelle integrity, at the single-cell level across thousands of 

conditions. This makes HCS particularly powerful for functional genomics, drug 

discovery, and the systematic characterisation of gene functions in complex biological 

processes238. 

 

Therefore, the host laboratory conducted a high-content shRNA screen to investigate the 

potential role of previously GWAS-identified genetic risk factors in AD pathology, focusing 

particularly on synaptic effects209,230,239. This study generated a priority list of AD genetic 

risk factors whose knockdown leads to a significant beneficial or detrimental change in 

synapse density. Another study from the host laboratory defined synaptic connectivity as 

the proportion of co-localised pre- and postsynaptic puncta with greater overlap 

indicating more robust synapses and demonstrated that exposure of Aβo decreases 

synaptic connectivity240. Based on the hypothesis that the modulation of AD risk genes 

may be protective for synapses, the overall objective of this thesis is to further screen 

these risk factors in an AD-relevant in vitro model, by exposing synapses to Aβo, to 

uncover their potential contribution to disease mechanisms. Protective genes identified 

in this study will ultimately be considered as therapeutic targets in the future. 
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2. OBJECTIVES 
 

Within this context, the overall aim of this thesis is to determine the role of AD genetic 

risk factors in Aβ-induced synaptic toxicity. My hypothesis is that modulating the 

expression levels of potential AD risk genes, whose knockdown impacts synaptic 

connectivity, may protect synapses from Aβ-induced impairment of synaptic structure 

and function. This thesis is divided into three aims:  

 

• AIM 1: To identify genes that protect synapses against Aβ-induced synaptic 

dysfunction by screening the top 10% of AD risk genes whose silencing had the strongest 

impact on synaptic connectivity in the initial shRNA screen, through modulation of their 

expression in neurons co-cultured with Chinese hamster ovary (CHO) cells that actively 

secrete Aβ in microfluidic devices. 

 

• AIM 2: To validate the protective effect of candidate genes identified in Aim 1 by 

assessing their ability to block Aβ-induced synaptic dysfunction, using high-resolution 

confocal microscopy in microfluidic devices and, whenever possible, via 

pharmacological inhibition of the gene product. 

 

• AIM 3: To functionally characterise the validated hits using microelectrode arrays 

(MEAs) to assess network activity and plasticity-like responses, induced experimentally 

by high-frequency stimulation of presynaptic neurons or by chemical long-term 

potentiation (cLTP). 
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3. MATERIALS & METHODS  
Composition of buffers in boldface are detailed in Table S2 in the Appendix.  
 
3.1 Gene selection from the shRNA screening 
 
The shRNA screen had been conducted in two parts, namely Screen #1 and Screen #2, 

each at two different MOIs (MOI = 2 and MOI = 4). The genes in Screen #1 originate from 

a list of 175 genes previously identified as potential risk factors for AD through GWAS209. 

Using the data from the Allen Brain Atlas Middle Temporal Gyrus Data Set (“Human MTG 

SMART-seq”; brain-map.org), only genes expressed in the brain had been selected. Non-

coding genes and genes without any rat orthologues had been excluded, resulting in a 

total of 105 selected genes assessed in Screen #1. The genes in Screen #2 originate from 

a list of 31 loci encompassing 145 additional genes identified by the EADB consortium230. 

Due to budget restrictions, only genes with an average neural and/or astrocytic 

expression level (i.e., the ratio of expression level of a gene compared to the total 

expression level of all the other genes in these cell types) greater than 0.1 had been 

selected. As for Screen #1, non-coding genes and genes without any rat orthologues had 

been excluded, resulting in a total of 93 genes assessed in Screen #2. A total of 198 genes 

(105 genes from Screen #1 and 93 genes from Screen #2) had thus been selected for this 

high-content shRNA screening (see Coulon et al., 2024241 for details).  

 

As defined under Aim 1, the medium-throughput screen was based on the co-culture of 

primary neurons with CHO cells overexpressing APP. Previous work from the host lab 

determined that Aβo-induced synaptotoxicity in the co-culture model decreased the 

distance-based assignment of postsynaptic puncta to presynaptic puncta 

(%SYP_assigned), without impacting the density of presynaptic puncta (SYP density)240. 

For this reason, AD risk genes from the shRNA screen were shortlisted based on their 

impact on %SYP_assigned, with minimal impact on SYP density. The following criteria 

were defined: (i) SYP density should be within median ± 3 × median absolute deviations 

(MAD) and (ii) %SYP_assigned should be above or below the quadratic curve that passes 

through intersection of median ± 3 × MAD for %SYP_assigned and median ± 3 × MAD for 

SYP density and has its apex at ± 1.9 × MAD for %SYP_assigned (see Figure 4.2). The use 

of a quadratic curve instead of simple cut-off lines (as in the case for SYP density) 
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permitted us to keep the number of genes shortlisted within the range imposed by 

feasibility and cost constraints, while remaining objective. 

 
3.2 Microfluidics preparation 
 
Microfluidic devices used are summarised in Table S3 in the Appendix. Master patterns 

were fabricated at the Institute of Electronics, Microelectronics and Nanotechnology in 

Lille using two-step photolithography as previously described242,243. Master microfluidic 

devices were cast in polydimethylsiloxane (PDMS) via soft lithography. Master devices 

were then used to create reusable replicates made of polyglass 26/71 resin (Esprit 

Composite, France). These replicates were then used to generate copies of PDMS 

microfluidic devices for cell culture. The standard microfluidic design (referred to as the 

U-device) is composed of two 750-μm-wide, 3.6-mm-long neuronal chambers (named 

pre- and postsynaptic chambers) interconnected with a 300-μm-wide, 7.4-mm-long 

central chamber (the synaptic chamber) by two sets of parallel microchannels240. All 

three chambers are ca. 100-μm-high. 4-μm-high, 450-μm-long parallel microchannels 

that narrow from an entry width of 10 μm to an exit width of 3 μm connect the presynaptic 

chamber and the synaptic chamber. Parallel microchannels with identical height and 

width but shorter length (75-μm-long) connect the postsynaptic chamber to the synaptic 

chamber.  

 

The co-culture version of the U-device is referred to as the X-device and contains two 

neuronal chambers interconnected to a central synaptic chamber, as well as an 

additional 8 mm2 co-culture chamber, positioned on one end of the synaptic chamber 

(Table S3). The co-culture chamber was fluidically connected to the synaptic chamber 

via 4-μm-high, 10-μm-wide and 100-μm-long parallel microchannels. For the medium-

throughput screening, a co-culture screening device (referred to as the D-device) was 

adapted from the X-device to reduce overall footprint. The D-device consists of two 

identical microfluidic units, each combining four X-devices into one microfluidic circuit. 

In this combined circuits, the co-culture chambers of the X-devices were replaced by a 

common, 14.2 mm2 diamond-shaped co-culture chamber. This chamber was fluidically 

connected to the four synaptic chambers via parallel microchannels with similar 
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dimensions to the ones of the X-device (Figure 3.1).  

Figure 3.1. Design of the microfluidic co-culture system adapted for screening applications. (A) 
Microfluidic co-culture screening device (D-device) consists of two identical 4-in-1 X-devices, each 
comprising pre- and postsynaptic chambers interconnected to a central synaptic chamber which is 
further fluidically linked to a central, diamond-shaped co-culture chamber. (B) 2 magnification of the 
boxed area in panel A, showing the device layout with left, middle and right chambers corresponding 
to presynaptic, synaptic and postsynaptic chambers, respectively. (C) 10 magnification of the lower 
boxed area in panel B, illustrating the microchannels dimensions. (D) 8 magnification of the upper 
boxed area in panel B, showing the microchannels connecting the synaptic and the co-culture 
chambers. (E-G) Electron micrographs of the long (E), short (F) and co-culture chamber (G) 
microchannels. 
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Access wells were punched in the D-device at the extremities of the pre- and 

postsynaptic chambers using a Ø4-mm biopsy punch and of the synaptic and co-culture 

chambers using a Ø3-mm biopsy punch (Ted Pella, Inc., Redding, USA). The devices were 

washed with isopropanol before being permanently bonded onto 36 mm × 60 mm glass 

coverslips (260460-100, Ted Pella) using an O2 plasma generator (Diener; Ebhausen, 

Germany). The devices were then sterilised under ultraviolet light (Light Progress; 

Anghiari, Italy) for 30 min, treated with 0.1 mg/ml poly-D-lysine (Sigma) overnight and 

rinsed with PBS.  

 
3.3 Microfluidic device integration with MEAs 

 
We used 256-electrode MEA chips (256MEA100/30iR-ITO-w/o, MultiChannel Systems, 

Reutlingen, Germany) where electrodes form a 16×16 Cartesian grid, except for the 

corners where the tips of large, triangular reference electrodes are positioned. As 

previously done for 60-electrode MEA chips244, we adapted the U microfluidic device 

layout by adding a triangular chamber between the flow channels connecting synaptic 

and postsynaptic chambers to their respective medium reservoirs. This chamber 

corresponds to the tip of one reference electrode of the MEA chip such that the reference 

electrode is fluidically connected to the rest of the device. To minimise the effect of this 

reference electrode chamber on fluid flow in the aforementioned channels, we used sets 

of parallel microchannels (18-μm width; 7-µm separation) for the connections. These 

MEA-adapted microfluidic devices (called the V-device; Figure 3.2) were prepared in the 

same way as the U- and D-devices and align-bonded to MEA chips using O2 plasma.  

 

To position similar numbers of microelectrodes underneath pre- and postsynaptic 

chambers, we used a mechanical tool to precisely align the microfluidic device over the 

MEA chip244. Briefly, after O2 plasma exposure, the MEA chip was placed on a manual 

stage allowing rotation and two-axis translation in the xy-plane (Newport; Irvine, CA). The 

microfluidic device was held above the MEA chip with a vacuum pen (Virtual Industries 

Inc.; Colorado Springs, CO) that was attached to manual z-axis translational stage. Using 

binoculars, the microfluidic device was then aligned with the MEA chip in a way that pre- 

and postsynaptic chambers were covered by ca. 50 electrodes each. The device was then 



54 
 

lowered onto the MEA chip until contact was established, and the integrated device was 

placed in a 70°C oven for 2 min to strengthen the bond. The MEA-integrated V-devices 

were placed in Ø100 mm polystyrene Petri dishes and sterilised and coated in the same 

way as other microfluidic devices. A Ø35-mm Petri dish containing sterile Milli-Q water 

was placed next to the MEA chips to minimise evaporation.   

Figure 3.2. Microfluidic integration with MEA. (A) Cartoon showing the overlay of a V-device and the 
256-electrode MEA layout. Reference electrodes are marked with ‘R’. (B) Mosaic image of the MEA-
integrated V-device seeded with rat hippocampal neurons. Scale bar = 2 mm. (C) Boxed area in panel 
C at higher magnification showing the distribution of electrodes across pre- and postsynaptic 
chambers (i.e., ca. 50 electrodes per chamber). Scale bar = 500 µm. (C’) Zoomed area is 3.4× 
magnified and showing axons from the presynaptic chamber exiting the “long” microchannels. 
Adapted from Lefebvre et al., 2024244. 
 
3.4 CHO cells transfection and maintenance  
 

CHO-K1 (CCL61, ATCC) were transfected with pcDNA4 vectors containing hAPP695WT 

or hAPP695LDN to generate stable line of CHO cells overexpressing the wild-type form of 

APP (CHO-APP-WT) or the APP variant carrying the LDN mutation (CHO-APP-LDN). The 

plasmid construct was a kind gift of Frédéric Checler’s laboratory243. Plasmids were 

amplified using chemically competent E. coli One Shot Stbl3 (C737303, Invitrogen) 

according to manufacturer’s instructions. Following recovery, 200 μL of the 

transformation mixture was plated on Lennox L Broth (LB) Agar (37 g/L, 22700025, 

C 
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Invitrogen) plates supplemented with 50 μg/mL ampicillin and left overnight at 37°C. The 

following day isolated colonies were inoculated into 100 mL of LB Broth (12780029, 

Invitrogen) containing 50 μg/ml ampicillin and left overnight at 37°C with 200 rpm 

agitation. Plasmid DNA was then extracted using Nucleobond Xtra Midi (740410.100, 

Marcherey-Nagel) high copy protocol according to manufacturer’s instructions. 

 

In parallel, CHO cell lines were grown in 75 cm2 tissue culture flasks (353136, Corning) in 

CHO growth medium until 80% confluence, at which point the cells were washed with 

PBS and incubated with 0.05% Trypsin (25300-054, Gibco) for 3 min at 37°C. 

Trypsinisation was then inhibited with CHO growth medium, and cells were 

resuspended, counted using a haemacytometer and 100,000 cells were seeded in fresh 

flasks. Cells were then stably transfected with 6 µg of cDNA construct using 

Lipofectamine 2000 (11668019, ThermoFisher) according to supplier’s instructions. 

Clones were then selected using 250 µg/mL Zeocin (Invitrogen). Isolated colonies were 

then picked, and clones were grown in individual wells to be later characterised.  

 
3.5 CHO-clone characterisation    
 
When clones reached confluency, cells were lysed in ice-cold lysis buffer and 

immunoblotted to quantify APP protein levels. Clones with the highest APP expression 

were chosen to produce conditioned media (CM) to investigate Aβ production. 

Concentration of total amyloid (Aβ1-X) was then quantified using AlphaLISA (AL288C, 

Revvity) according to manufacturer’s recommendations. When necessary, samples were 

diluted in the dilution buffer provided with the kit to remain within the linear range of the 

standard curve. The APP-LDN clone was chosen for its pronounced increase in total Aβ 

levels compared to the APP-WT clone.  

 
3.6 Primary culture  
 
Culture media and supplements were purchased from ThermoFisher unless specified 

otherwise. Primary neurons were obtained from P0 (postnatal day 0) rats as previously 

described245. Cortices and hippocampi were isolated and washed with ice-cold 

dissection medium and treated with 2.5% Trypsin at 37°C for 10 min. The trypsin was 
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then inactivated using MEM/FBS medium supplemented with DNase (0.08 mg/mL; 

DN25-100MG, Sigma) for 1 min to minimise cell clumping, followed by 3 washes with 

MEM/FBS medium. The cells were then dissociated in NBA culture medium before being 

centrifuged at 200× g for 8 min to remove debris. Cells were then resuspended in culture 

medium and counted. Cortical cells were then plated in poly-D-lysine (PDL) pre-coated 

plates or dishes for immunoblotting or synaptic fractionation, respectively. Cell seeding 

densities for cortical cultures are given in Table 3.1. 

 
Table 3.1. Cortical cell seeding densities in multi-well plates and Petri dishes. 

 Ø10-cm dishes 12-well plates 24-well plates 
Cells per dish / well 1.0×107 2.5×105 1.9×105 
Cell density (cells/cm2) 1.3×105 6.6×104 1×105 

 
Hippocampal cells were concentrated at 2.5×107 cells/mL and seeded both in the pre- 

and postsynaptic chambers (5.0×104 cells per chamber). Culture medium was half 

replaced the next day to remove cellular debris and replenish nutrients. Water 

supplemented with 0.1% ethylenediaminetetraacetic acid (EDTA), to limit bacterial 

growth, was added to the Petri dishes containing microfluidic devices to minimise 

evaporation. At DIV4, neurons were treated with 1.5 µM cytosine arabinoside (Ara-C; 

C1768-100MG; Sigma Aldrich) to limit astrocyte proliferation. All neuronal cultures were 

maintained in a humidified tissue culture incubator (Panasonic; Osaka, Japan) at 37°C 

and 5% CO2 for up to 21 days and medium was half replaced every week. 

 
3.7 Neuron / CHO cell co-cultures  
 
CHO cells (1.0×104 cells per chamber) were seeded in the co-culture chamber of the D-

device and maintained in CHO growth medium two to three days prior to neuron seeding 

to ensure uniform cell distribution in the whole co-culture chamber. Primary neurons 

were then plated in the pre- and postsynaptic chambers as described previously for 

monocultures and maintained in CHO-NBA medium, allowing chronic exposure of the 

synaptic network to physiologically secreted Aβ forms. Media in the reservoirs of the 

presynaptic, postsynaptic and synaptic chambers were half replaced every week, while 

medium in reservoirs of the co-culture chamber was replaced fully twice a week. Co-

cultures were maintained at 37°C and 5% CO2 for up to 21 days. 
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3.8 Lentiviral transduction  
 
Plasmid design and subsequent virus production was outsourced to Vector Builder 

(Chicago, IL, USA). When plasmid glycerol stock was readily available from other 

sources, lentiviral production was outsourced to VECT’UB (Bordeaux, France). Vectors 

were designed according to the plasmid diagram shown in Figure 3.3.  

   

Figure 3.3. Representative lentiviral vector construction. (A) Overexpression vector with Synapsin1 
(Syn1) promotor and Myc tag fused to the protein of interest. (B) Knockdown vector with U6 promotor 
used in the previous HCS241. (C) Knockdown vector with Syn1 promotor and BFP2/Myc tag used in the 
hit validation experiments. 
 
At DIV7, neurons in microfluidic devices and well plates were transduced as previously 

described246. The transduction was performed at optimal MOI (ranging from MOI 0.5 to 

10) depending on the virus construct. Optimal MOI was determined as the lowest MOI 

that significantly increased target protein expression without causing evident axonal 

degeneration. Lentiviral particles were diluted in pre-warmed appropriate medium – i.e., 
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CHO-NBA for co-cultures and NBA for well plates and other microfluidic experiments. 

Viral particles were first diluted in fresh culture medium to prepare a 5× viral suspension. 

For transduction, this suspension was added to both well-plates and microfluidic 

devices at 1:4 ratio. Neurons were incubated with viral particles for 6 h and then the wells 

were topped up with the remaining collected medium.  

 

In microfluidic devices, to prevent viral particles from diffusing into the co-culture 

chamber or to the non-transduced neuron chamber, a hydrostatic pressure gradient was 

imposed across the microchannels that connect the chamber intended for transduction 

and the adjacent synaptic chambers. To this end, media from pre- post- and synaptic 

wells were collected and pooled in a common tube. A total of 25, 15 and 20 µL of the 

collected media were returned to non-transduced, synaptic, and transduced chambers, 

respectively. Medium from the co-culture chamber was discarded to avoid cross-

contamination of CHO cell secretion to neuronal chambers and 25 µL of fresh CHO-NBA 

was added to each well. It should be noted that, due to ca. 2-fold difference in the surface 

area between the reservoirs of synaptic and neuronal chambers, 15 µL medium volume 

in a synaptic well corresponds to a greater medium height (and thus greater hydrostatic 

pressure) than that of 20 µL medium volume in a neuronal well. 

 
3.9 Conditioned media generation and exposure to neurons  
 
CHO-APP-WT and CHO-APP-LDN cells were plated in Ø10-cm Petri dish (353003, 

Corning) and maintained in CHO growth medium. At 80% confluency, CHO-growth 

medium was replaced with CHO-NBA medium and collected 48 h later. CM was 

centrifuged at 3000× g at 4°C for 10 min to remove cell debris. The supernatant was then 

concentrated 50-fold using a 3-kDa spin column (Amicon ultra, UFC900324, Merck) by 

centrifugation at 3000× g at 4°C for 1 h. Total protein concentration was measured using 

Pierce BCA protein assay kit (23225, ThermoFisher). Total Aβ concentration was then 

quantified using AlphaLISA Aβ-1X kit (AL288C, Revvity) after adjusting for total protein 

mass among different samples. CM was then aliquoted in microcentrifuge tubes to avoid 

freeze/thaw cycles between experiments and kept at -80°C for until use. Several Aβ 

toxicity paradigms were applied on neurons differing in CM Aβ concentration and 
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treatment duration and frequency (Table 3.2).  

 
Table 3.2. Experimental paradigms for Aβ treatment using CHO-APP CM.  

Paradigm # Aβ1-X concentration Duration 
Treatment 
frequency 

1 60 nM 6 days 
Every 24h 

2 120 nM 3 days 
3 500 nM 24 hours One-time 

 
On the first treatment day, i.e., DIV15; DIV18 or DIV20 for 60 nM; 120 nM or 500 nM 

treatments, respectively, aliquots of both CHO-APP-WT and CHO-APP-LDN CM were 

thawed on ice and vortexed for 30 s immediately before use. NBA medium from the 

synaptic chambers was collected and pooled into a common tube. The CM was then 

diluted in the collected NBA medium to reach the desired final Aβ1-X concentration. A total 

of 30 µL of diluted CM was added back into each synaptic chamber. 

 

As demonstrated previously in the host laboratory, the half-life of endogenously secreted 

Aβ is about 24 hours240. Therefore, paradigms 1 and 2 required Aβ replenishment every 24 

h to maximise treatment effectiveness and reduce fluctuations in Aβ concentration. 

Cultures were then maintained until fixation at DIV21. 

 

3.10 Synaptic stimulation 
 
For both cLTP and cLTD induction, NBA medium was replaced with pre-warmed 

complete artificial cerebrospinal fluid (ACSF) containing MgCl2 for 30 min to stabilise 

baseline ionic conditions and minimise variability in basal phosphorylation levels. At 

resting membrane potential, extracellular Mg²⁺ blocks the NMDAR channel pore in a 

voltage-dependent manner, thereby preventing Ca2+ influx. cLTP and cLTD were then 

induced with distinct compounds.  

 

3.10.1 cLTP induction 

cLTP was induced by treating the cells for 10 min with forskolin (FSK; 50 µM in DMSO; 

1099, Tocris) and rolipram (Rol; 0.1 µM in DMSO; 0905, Tocris) in Mg2+-free ACSF, to 

remove the voltage-dependent block of NMDARs and facilitate permissive calcium 
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signalling, although the primary induction mechanism relies on cAMP/PKA activation. 

cLTP treatment was then replaced with complete ACSF for the 50-min-long recovery 

period prior to cell lysis or cell fixation, to allow stabilisation of downstream signalling 

and receptor trafficking before analysis247. While FSK directly activates adenylyl cyclase, 

the enzyme that converts ATP to cAMP, Rol inhibits phosphodiesterase-4, an enzyme that 

breaks down cAMP. When used together, these two drugs produce a strong and sustained 

elevation of cAMP levels, leading to robust PKA-mediated phosphorylation of the Ser845 

residue of the GluA1 subunit127,248–250. DMSO in Mg2+-free ACSF was used as vehicle. For 

microfluidic devices, FSK/Rol or DMSO solutions were introduced selectively to the 

postsynaptic chamber, while presynaptic and synaptic chambers were treated with 

vehicle.  

 
3.10.2 cLTD induction  

cLTD was induced by treating the cells for 5 min with N-methyl-D-aspartic acid (NMDA; 50 

µM in H2O; M3262-25MG, Merck) and Glycine (Gly; 10 µM in H2O; G8790, Sigma) in Mg2+-

free ACSF. The resulting  moderate and transient elevation of intracellular calcium levels 

through the NMDAR channels is widely interpreted to preferentially engage the 

calcineurin/PP1 phosphatase cascade rather than kinase pathways leading to the 

dephosphorylation of AMPAR subunits and endocytosis of surface AMPARs, a hallmark 

of LTD251,252. Following treatment, cells rapidly returned to complete ACSF for a 15-min-

long recovery period prior to cell lysis. This brief NMDA/Gly pulse is widely used to 

reproduce an NMDA-dependant cLTD in neuronal cultures without inducing 

excitotoxicity, allowing the detection of early phosphorylation changes and subsequent 

AMPAR trafficking events by Western blot253. 

 

3.11 Synaptic fractionation  
 
To verify the presence of ARFRP1 in pre- and postsynaptic compartments, we performed 

subcellular fractionation as previously described254. All steps were done on ice. At DIV14, 

cortical neurons were resuspended and scraped from the culture dish in a neutral 

buffer, which preserves organelle integrity, and centrifuged at 1000× g for 10 min to 

remove nuclei and cellular debris. The resulting supernatant was centrifuged at a higher 
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speed (12,000× g for 20 min) to eliminate the cytosolic fraction, leaving a pellet enriched 

in synaptic components. This pellet was then resuspended in an EDTA buffer and 

centrifuged twice at 12,000× g for 20 min to minimise residual cytosolic contamination. 

The washed pellet was subsequently reconstituted in a HEPES-Triton buffer and was 

gently agitated at 4°C for 1 h, and centrifuged at 12,000× g for 20 min. The resulting 

supernatant represented the non-PSD fraction (Triton-soluble). The remaining pellet was 

finally resuspended in a denaturation buffer containing a combination of detergents that 

promote protein denaturation, thereby solubilising the highly crosslinked PSD. After 

agitation at 4°C for 1 h and centrifugation at 12,000× g for 15 min, the supernatant was 

collected as the PSD fraction (Triton-insoluble). 

 
3.12 Immunoblotting  
 
Cell lysates were first sonicated at 80% amplitude (FB120EUK-220, ThermoFisher) for 15 

s before being centrifuged at 10,000× g at 4°C for 10 min to remove cellular debris. Total 

protein concentration of the supernatant was quantified using Pierce BCA protein assay 

kit (23225, ThermoFisher). Lysates were mixed with 4× LDS sample buffer (Novex; 

ThermoFisher) and 10× reducing agent (Novex), then heated at 95°C for 10 min to 

denature proteins.  

 

A total of 8 µg of protein was loaded into 1.0-mm-thick, 12-well or 1.5-mm-thick, 15-well, 

4-12% Bis-Tris precast NuPage gel (Novex; ThermoFisher) along with 5 μl of molecular 

weight marker (Novex Sharp pre-stained protein standard). The gel was run with 3-(N-

Morpholino) propanesulfonic acid running buffer (MOPS) at 120 V constant voltage for 1 

h and transferred to a 0.22-μm nitrocellulose membrane using the Trans-Blot Turbo 

transfer system (BioRad, Hercules, CA, USA) using mixed molecular-weight method 

(1.3 A and 25 V for 7 min). Protein transfer was then checked with Ponceau S before being 

washed with H2O. Membranes were blocked with 5% non-fat dry milk diluted in Tris-

buffered saline (TBS) at RT for 1 h to prevent non-specific antibody binding and then 

washed three times with TBS containing 0.1% Tween20 (TBS-T). All membranes were cut 

at the 60 kDa marker, allowing simultaneous incubation of antibodies: the upper portion 

of the membrane was probed for the protein of interest, while the lower portion was 
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incubated with the antibody against the protein used as loading control (e.g., β-actin). 

Primary antibodies were diluted in the appropriate buffer (see Tables S4 in Appendix) and 

incubated overnight at 4°C. The next day, membranes were washed three times with TBS-

T and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies in 

TBS containing 5% non-fat dry milk for 1 h at RT (see Tables S5 in Appendix). After three 

final TBS-T washes, membranes were developed by chemiluminescence (Luminata 

Classico, EMD Merck Millipore) and imaged with Amersham Imager 600 (GE Healthcare, 

Mississauga, Canada). Band intensities were quantified by densitometric analysis using 

ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). 

 
3.13 Immunofluorescence  
 
Cells in microfluidic devices were fixed in 4% PFA as previously described and 

permeabilised in 0.3% Triton X-100 in PBS for 5 min. After blocking non-specific antibody-

binding sites in 5% normal donkey serum in PBS, samples were incubated overnight at 

4°C with the primary antibodies diluted in PBS (see Tables S4 in Appendix). Cells were 

then rinsed with PBS, incubated with the secondary antibodies at RT for 2 h and rinsed 

twice more in PBS (see Tables S5 in Appendix). Devices were mounted with 90% glycerol 

(G5516-1L, Sigma) and kept at 4°C, protected from light, for short term imaging. Due to 

host-species mismatch, a pre-conjugated synaptophysin (101011c2; Synaptic System) 

antibody was used when staining cultures in D-devices by incubation at RT for 2 h after 

incubation with secondary antibodies.  

 
3.14 Imaging and image processing  
 
For the medium-throughput screening, microfluidic devices were imaged using the 

automated IN Cell Analyzer 6000 with a 60× objective in the confocal mode at 5 different 

z-levels, taking a mosaic of 64 fields per synaptic chamber in four different wavelengths 

(405 nm, 488 nm, 594 nm and 647 nm) to image Tau, SYP, Homer and PSD95 respectively. 

Up to four screening devices could be imaged at once by fitting four coverslips into a 

custom coverslip holder with the same outer dimensions of a standard multi-well plate 

(Figure 3.4). Maximum intensity projections of each stack were generated for synaptic 

connectivity quantification. Then, unwanted areas from each field (e.g., microchannels, 
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astrocytes or neuronal cell bodies that crossed through the microchannels) were masked 

out using a custom ImageJ macro, before importing masked images into the Columbus 

software (Revvity, USA) for quantitative image analysis.  

For other experiments, microfluidic devices were imaged using a spinning disk confocal 

microscope (Nikon XLightV3, Crest Optics) equipped with a 60× 1.42 NA oil-immersion 

objective. Five images per microfluidic device were acquired in the synaptic chamber 

close to the short microchannels, where dendrites extending from the postsynaptic 

chamber are found. Z-stacks with 0.2 µm step were taken at several emission 

wavelengths (405 nm, 488 nm, 594 nm and 647nm). Images were then deconvolved using 

Huygens Professional (Scientific Volume Imaging B.V., Hilversum, Netherlands) to 

enhance signal-to-noise ratio. Then, signals in each channel were segmented into 

distinct volumes using the “surfaces” tool of the Imaris software (Bitplane, Zurich, 

Switzerland) in batch mode, allowing for the detection of puncta using identical 

parameters across all images to ensure unbiased quantification.  

 
3.15 Synaptic readouts  
 
3.15.1 Synaptic connectivity  

As described, pre- and postsynaptic puncta were defined using Columbus and Imaris 

software, by analysing SYP and Homer signals, respectively. The generated data, i.e., the 

coordinates and other properties of all puncta, were then analysed using custom MATLAB 

codes (MathWorks, Natick, Massachusetts, USA), which assigned postsynaptic puncta 

to presynaptic puncta based on their relative proximity240. Briefly, each Homer1 spot was 

assigned to the nearest SYP spot within a fixed cut-off distance (Figure 3.5A). The 

distance cut-off was chosen to ensure that the percentage of SYP spots with at least one 

Homer1 spot assigned (%SYP_assigned) remains in the linear range of the curve, i.e., 

before %SYP_assigned vs. distance cut-off curve reaches saturation (Figure 3.5B). 

Unless mentioned otherwise, a distance cut-off of 0.8 µm was used.  

 

Similarly, PSD95 assignment to SYP puncta was also assessed exclusively during 

screening as it is one of the most studied postsynaptic scaffold proteins and plays an 

essential role in synapse integrity via the anchoring of AMPARs to the post-synaptic 
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membrane255. Therefore, any differences in synaptic connectivity between SYP 

assignment by Homer and SYP assignment by PSD95 in our screen could shed further 

light on the underlying mechanisms of Aβ-induced synaptotoxicity. 
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Figure 3.4. Medium-throughput screening overview. Four coverslips containing four D-devices were 
placed on a custom-made coverslip holder, allowing the screening of up to 12 genes in the same 
imaging session. Presynaptic and postsynaptic chambers are coloured labelled with green and red 
dyes, respectively, while CHO chambers that are fluidically connected to the synaptic chambers are 
coloured blue. Synaptic chambers are then imaged using the IN Cell 6000 automated microscope as 
a mosaic of 64 fields. Unwanted areas (i.e., cell bodies, astrocytes, microchannels) are masked out 
using a custom ImageJ macro. Synaptic puncta are then detected in Columbus before synaptic 
assignment using a custom MATLAB code.  

 

 

Figure 3.5. Proximity assignment of postsynaptic puncta (Homer1) to presynaptic puncta (SYP). (A) 
Visual representation of the assignment of Homer1 to SYP spots. (B) Fraction of assigned puncta as a 
function of distance cut-off. Highlighted in red is the chosen cut-off distance, close to the end of the 
linear segment, before %SYP_assigned reaches a plateau.  
 

 
3.15.2 Synaptic density 

Synaptic density and synaptic connectivity were assessed based on the same datasets, 

after pre- and postsynaptic puncta detection and assignment. Basically, %SYP_assigned 

was multiplied by the total number of detected SYP spots to obtain an integrated 

measure of synapse number. To account for differences in the density of the neural 

network, this value was then normalised to the network integrated density, calculated as 

the total fluorescence intensity of the neuronal network over the entire network area. The 

resulting metric, referred to as synaptic density, reflects the abundance of assigned 

presynaptic sites (synapses) relative to network size.  
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3.16 AMPAR subunit phosphorylation analysis  
 
Similarly to the quantification of pre- and postsynaptic markers, GluA1 and GluA2 

subunits of AMPARs (both total and phosphorylated forms) were segmented using Imaris 

software. The generated data included the volume, position and intensity of each 

detected spot and were analysed using a custom MATLAB code to quantify the number 

and total intensity of AMPAR subunits. Mean signal intensity of detected spots was then 

calculated by dividing the total spot intensity by the number of detected spots for each 

image. Separately, the number of spots was assessed and normalised to total Homer1 

spot intensity to account for the local variation of the synaptic network.  

 
3.17 MEA recordings 
 

At DIV19, the spontaneous neuronal activity in each MEA chip was recorded using a 

MEA2100-System equipped with a single 256-channel head stage and an integrated 

temperature controller (MultiChannel Systems, Reutlingen, Germany). First, the head 

stage was preheated to 37°C. A plastic ring with ethylene-propylene membrane was 

placed over the microfluidic device to ensure sterility during transport and recordings. 

The MEA chip was placed on the head stage and left there for 5 min for the neurons to 

adjust to the new environment. Spontaneous activity was recorded from all channels 

(microelectrodes) for 5 min at 25 kHz sampling rate. After this baseline recording, the 

MEA chips were treated with CHO-APP-WT or CHO-APP-LDN CM as previously described 

(Section 3.8). A second recording was performed 24 h later to assess the impact of CM 

on network-level synaptic connectivity. The recordings were exported into .h5 format for 

further analysis. For each MEA-integrated microfluidic device, a chip map was manually 

generated to identify the electrodes corresponding to pre- and postsynaptic chambers.  

 
3.18 MEA analysis  
 
This methodology is adapted from Lambert et al., 2025256.  
 
3.18.1 Spike sorting 

The extracellular recordings were analysed using SpikeInterface257, and the SpyKING 

CIRCUS 2 spike sorting pipelines, conceived as an extension of our spike sorting 
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toolbox258. Briefly, the spike sorting procedure to extract the single unit activities started 

with a preprocessing step, as follows: bandpass filter (frequency [150Hz, 7kHz]), then a 

common median reference filter (to remove shared fluctuations across channels) before 

whitening (to remove shared noise across channels). Then, negative threshold crossings 

are detected, aligned, and a subset is projected into a lower dimensional space via 

Principal Components (see258 for details). Density-based clustering is then launched on 

these projected spikes to detect the templates, i.e., the motifs regularly occurring in the 

data. Once the dictionary of templates is constructed, a proper orthogonal matching 

pursuit algorithm259 reconstructs the signal as a linear sum of these templates to identify 

all the spike times. After spike sorting, only the putative units with a refractory period 

violation < 0.1 and a signal-to-noise ratio > 2 were kept as valid neurons. 

 

3.18.2 Unit positions 

The putative positions of the units kept after spike sorting are estimated from the 

extracellular templates, assuming that units could be considered as monopoles (Figure 

3.6A and 3.6B)260,261. All the units that would be found within the presynaptic chamber 

(according to the chip map) are labelled as belonging to the pre population, while those 

found within the postsynaptic chamber are labelled as post. Note that while all 

electrodes were analysed simultaneously during the spike sorting process (to make use 

of spatiotemporal information to disambiguate sources), very few units were found 

between the two chambers, in accordance with the experimental setup. The pre-post-

drive readout was previously established to be independent of the number of units 

detected256. MEA chips showing more than a 5-fold difference between pre- and 

postsynaptic unit numbers were excluded.  

 
3.18.3 Drive between pre and post populations 

To assess the directionality of the functional connectivity between pairs of units, we 

defined a metric called the pre-post-drive that measures to what extent the units in the 

pre population are leading the activity of the units in the post population. The assumption 

behind such a metric is that assuming monosynaptic, direct connections between pre 

and post neurons, an increase in activity in the post population following spikes emitted 

by the pre population should be observed. To quantify this functional effect, for each pair 
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of unit i belonging to the pre population and of unit j belonging to the post population, we 

measured the cross-correlogram 𝐶𝐶𝑖𝑝𝑟𝑒,𝑗𝑝𝑜𝑠𝑡
(𝑡) of their spiking activity with a given time 

bin 𝑇𝑏𝑖𝑛 = 2 𝑚𝑠 and during a time window 𝑇𝑤𝑖𝑛𝑑𝑜𝑤 = 20 𝑚𝑠. The drive Φ(𝑖𝑝𝑟𝑒, 𝑗𝑝𝑜𝑠𝑡) was 

then computed as the ratio of the integral of 𝐶𝐶𝑖𝑝𝑟𝑒,𝑗𝑝𝑜𝑠𝑡
(𝑡) for positive times (i.e., how 

much the activity of 𝑖𝑝𝑟𝑒 drives the one of 𝑗𝑝𝑜𝑠𝑡) divided by the integral of 𝐶𝐶𝑖𝑝𝑟𝑒,𝑗𝑝𝑜𝑠𝑡
(𝑡) for 

negative times (i.e., how much the activity of 𝑗𝑝𝑜𝑠𝑡 drives the one of 𝑖𝑝𝑟𝑒). If the two units 

were firing independently, as Poisson-like sources, then Φ(𝑖𝑝𝑟𝑒, 𝑗𝑝𝑜𝑠𝑡) should be close to 

1. If, on the other hand, Φ(𝑖𝑝𝑟𝑒, 𝑗𝑝𝑜𝑠𝑡) is larger than 1, it means that, on average, spikes of 

𝑖𝑝𝑟𝑒 is more likely to precede the ones in 𝑗𝑝𝑜𝑠𝑡 (Figure 3.6C). Such an asymmetry in the 

cross-correlogram is often used to infer putative directional connectivity 262. Then, at the 

population level, the drive between pre and post populations is simply obtained as 

Φ(𝑝𝑟𝑒, 𝑝𝑜𝑠𝑡) = 𝑚𝑒𝑎𝑛𝑖∈𝑝𝑟𝑒,𝑗∈𝑝𝑜𝑠𝑡Φ(𝑖𝑝𝑟𝑒, 𝑖𝑝𝑜𝑠𝑡).  

 

Figure 3.6. Analysis of MEA recordings and definition of pre-post drive. (A) A representative map of 
units identified through the spike-sorting algorithm (grey). One presynaptic unit and three 
postsynaptic units are color-coded for demonstration purposes. (B) Spike waveform patterns 
corresponding to these four color-coded units. (C) Cross-correlograms and the calculated pre-post-
drive parameters for the three pre-post unit pairs that can be formed using these four units. Adapted 
from Lambert et al., 2025256.  
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3.19 Statistical analysis  
 
Outliers were detected using several approaches depending on the dataset. For 

experiments with a small sample size and wide data range (e.g. Western blotting 

quantification), values exceeding 1.5 × the interquartile range above the 75th percentile or 

below the 25th percentile were excluded (hereafter referred to as the interquartile range -

IQR- method of exclusion). For experiments with larger sample size (e.g. microfluidics 

datasets), outliers were defined as values outside the interval defined by the median ±  

× median absolute deviation (MAD). The scaling factor  was adjusted according to the 

overall data range: the broader the range, the smaller the  value, resulting in a more 

stringent outlier detection.  

 

For the screening experiments, the fraction of SYP spots assigned by at least one Homer1 

spot (or by at least one PSD95 spot) were first calculated in the MOCK control groups, 

i.e., neurons transduced with the MOCK vector and co-cultured with CHO cells 

overexpressing APP-WT or APP-LDN (MOCK-APPWT and MOCK-APPLDN groups). This 

confirmed that co-culturing primary neurons with CHO-APP-LDN cells significantly 

reduced synaptic connectivity. For each D-device, %SYP_assigned was normalised to 

the mean %SYP_assigned of the control group (MOCK-APPWT) and processed as follows: 

(i) within the MOCK-APPWT group, any value outside the interval defined by the median ± 

2 × MAD was considered an outlier and excluded; (ii) within the MOCK-APPLDN group, any 

normalised value greater than 0.85 was excluded, as the effect of CHO-APP-LDN co-

culture was considered toxic only when synaptic connectivity was decreased by at least 

15% based on previously described APP-LDN effect240; (iii) if a device from the MOCK 

control group (MOCK-APPWT or MOCK-APPLDN) was excluded, all genes linked to the 

excluded control were also excluded from the analysis. Once all experimental data were 

subjected to this process, all devices in the MOCK-APPWT control group were pooled to 

identify outliers (outside the median ± 2 × MAD interval). %SYP_assigned values obtained 

for different conditions (AD risk gene knockdown or overexpression) in each experiment 

were then normalised to the mean %SYP_assigned of the MOCK-APPWT control group of 

that particular experiment.  
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For the assessment of ARFRP1 compartmental protective effect against synaptotoxicity 

induced by CHO-APP-LDN CM exposure, due to the wide range of values, normalised 

“per field” data (as opposed to “per synaptic chamber” data) from all five experiments 

were pooled and any values falling outside of the interval defined as the median ± 2× MAD 

were excluded. Then, for each device, a mean %SYP_assigned value was calculated 

using the remaining “per field” data. Finally, device means from all five experiments were 

pooled and a second, less stringent, outlier check (median ± 3× MAD) was applied to 

exclude any extreme values.  

Normality was first assessed using the Shapiro-Wilk test. When data deviated from 

normal (or Gaussian) distribution (p<0.05), they were analysed using the non-parametric 

Kruskal-Wallis test, followed by Dunn’s post-hoc correction for pairwise comparisons. 

For normally distributed datasets, the difference between the equality of variances of 

each experimental group was then assessed using Brown-Forsythe’s test. Datasets with 

significant differences in variances were then analysed using Welch’s ANOVA with 

Tamhane’s T2 post-hoc test. For normally distributed data with equal variances, one-way 

ANOVA followed by Dunnett’s post-hoc test was performed. Data with only two 

experimental groups were analysed using parametric unpaired t-test or non-parametric 

Mann-Whitney U-test.  

 

Each microfluidic device was considered an independent experimental unit (n), as the 

devices were seeded, treated, and imaged separately. Neuronal cultures were prepared 

from pooled wild-type animals using identical protocols and reagents, minimising 

biological variability across preparations. Indeed, variability between devices is expected 

to be greater than that between neuronal preparations due to the inter-device 

heterogeneity in microenvironmental factors such as local cell density, neuronal 

maturation, or microchannels geometry. In addition, one microfluidic device relies on the 

analysis of five distinct fields, which serve as technical replicates to account for intra-

device variability and ensures that the reported value accurately represents the overall 

cellular behaviour within each device. Experiments were conducted with at least three 

independent neuronal preparations (N). Device numbers (n) and number of cultures (N) 

are indicated in the corresponding figure legends. 
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4. RESULTS & DISCUSSION 
 
4.1 AIM 1: Screening top AD risk factors against Aβ-induced synaptotoxicity  
 
The first aim of this project was to evaluate the impact of AD risk factor expression levels 

on synaptic connectivity via medium-throughput screening using microfluidic co-

cultures. To fulfil this aim, we first selected the AD risk genes that showed the strongest 

impact on synaptic connectivity, based on the previous high-content shRNA screening 

results (Section 4.1.1), then designed and tested the necessary lentiviral constructs 

(Section 4.1.2) and conducted a medium-throughput screening to assess Aβ-induced 

loss of synaptic connectivity (Section 4.1.3).  

 
4.1.1 Gene selection based on previous shRNA screening results  

A total of 198 brain-expressed AD risk genes were selected for a high-content shRNA 

screening (see Section 3.1 for gene selection criteria) which was conducted in two parts 

(Screen #1 and Screen #2) and at two different MOIs (MOI2 and MOI4)239. This screen 

aimed to evaluate the effect of gene knockdown on synaptic connectivity, assessed 

through the assignment of postsynaptic to presynaptic puncta (refer to Section 3.15.1 for 

details). Plotting the effects of 198 shRNA on %SYP_assigned after normalising them to 

the effect of the non-targeting shRNA (shNT) revealed considerable differences between 

Screen #1 and Screen #2 in terms of median effect size and variance (Figure 4.1, Table 

4.1). We therefore selected genes separately from each screen, as pooling the datasets 

could bias the gene selection. We also observed that some genes significantly reduced 

%SYP_assigned at MOI2, but were deemed toxic at MOI4 (i.e., induced a significant 

decrease in total network area compared to control conditions), while other genes had a 

significant impact only at MOI4. To be as objective as possible in our gene selection 

process, we integrated the data obtained at MOI2 and MOI4 by using a synthetic variable 

called MOImix, a computed MOI that accounts for the effect of the silencing of the 

common control gene SYP (shSYP) at MOI2 relative to MOI4, according to the following 

formula: 

𝑙𝑜𝑔2 (𝑠ℎ𝑅𝑁𝐴|𝑀𝑂𝐼𝑚𝑖𝑥) =  [
𝑙𝑜𝑔2 (𝑠ℎ𝑅𝑁𝐴|𝑀𝑂𝐼2) +  𝑙𝑜𝑔2 (𝑠ℎ𝑅𝑁𝐴|𝑀𝑂𝐼4) × 𝑟𝑎𝑡𝑖𝑜

2
] , 

 

where “ratio” is defined as (1 − 𝑠ℎ𝑆𝑌𝑃|𝑀𝑂𝐼2) / (1 − 𝑠ℎ𝑆𝑌𝑃|𝑀𝑂𝐼4). 
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Figure 4.1. Distribution of shRNA effect on synaptic connectivity. Previous high-content screening 
results were reanalysed to show the effect of gene silencing on synaptic connectivity 
(%SYP_assigned). Individual data points indicate mean effect size for each shRNA, normalised by the 
mean %SYP_assigned value in control wells that received non-targeting shRNA. The MOImix dataset 
was defined to pool the screens conducted at MOI2 and MOI4, based on the effect of shRNA against 
Syp gene, which was included in both screens. In box plots, red lines indicate sample median and 
black squared indicate sample mean. N=4 independent cultures for each screen. Number of non-
cytotoxic shRNAs and the quartile information are provided in Table 4.1. 

 
The aim of our screening was to assess the potential synaptoprotective effects of these 

risk genes under pathological conditions using cell-secreted Aβ to disrupt synapses. It 

was previously demonstrated that the Aβ peptides secreted by CHO-APP-LDN cells 

decrease %SYP_assigned and Homer1 density without impacting SYP density240. It was 

also shown that %SYP_assigned is a more sensitive read-out than Homer1 density for 

detecting subtle effects on synaptic connectivity240. We therefore aimed to shortlist the 

genes that had a strong impact on %SYP_assigned and a minimal impact on SYP density, 

when knockdown in rat hippocampal neurons. Figure 4.2 shows %SYP_assigned vs. SYP 

density plots for the two screens using the criteria defined in Section 3.1. Here, all genes 

that satisfied the criteria for MOImix were labelled, but, among them, only those that also 

satisfied the same criteria based on experimental data obtained at MOI2 or at MOI4 were 

eventually shortlisted. This corresponds to a total of 24 genes: 18 genes that are 
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detrimental to synapses when knockdown and 6 genes that promote synaptic 

connectivity when knockdown (Figure 4.2). 
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Figure 4.2. %SYP_assigned vs. SYP density plot for the shortlisting of genes. MOImix data from the 
previous high-content screening were plotted separately for Screen #1 and Screen #2, after translating 
the median effect size to 1 for better visualisation. Vertical and horizontal green lines indicate median 
± 3 × MAD. Blue curves show quadratic fits intersecting the green lines with apexes at median ± 1.9 × 
MAD for %SYP_assigned. Genes showing SYP densities within the range of median ± 3 × MAD and 
%SYP_assigned values above or below the quadratic curve were shortlisted if they also met these 
criteria in either MOI2 or MOI4 datasets (black labels). Genes that satisfied the criteria only for MOImix 
but not for MOI2 or MOI4 were not shortlisted (grey labels).  

 
 
Table 4.1. Gene numbers and quartile information for the shRNA effect on synaptic connectivity as a 
function of MOI (see Figure 4.1). 

 
 
4.1.2 Optimisation of lentiviral gene expression for genes detrimental to synapses 

As described, 18 genes that were detrimental to synapses when knocked down were 

shortlisted. Because Aim 1 sought to test whether their overexpression could counteract 

Aβ-induced synaptotoxicity, these genes were overexpressed in rat hippocampal neurons 

via lentiviral transduction (refer to Section 3.8 for virus constructions). We could not 

obtain a lentiviral vector for ABCA7 as the cDNA is exceptionally large, exceeding the 

packaging limit of lentiviral particles. For the remaining 17 genes, expression levels were 

qualitatively evaluated in rat cortical neurons at varying MOIs via Western blotting. Myc-

tags fused to each protein of interest were used to determine target protein levels, while 

GAPDH, a housekeeping protein, served as loading control. For each virus, the optimal 

MOI was defined empirically as the lowest MOI that induced sufficient protein 

overexpression while maintaining normal cell morphology and overall culture integrity. 

Gene overexpression was successful for 14 out of 17 genes (Figure 4.3). For the remaining 

three genes, Myc-tag signal was weak for ICA1 and MAF, despite using very high MOIs, 

and undetectable for WDR81 (Figure 4.3). This likely resulted from the large size of the 

 MOI2 MOI4 MOImix 
 Screen #1 Screen #2 Screen #1 Screen #2 Screen #1 Screen #2 

# genes 85 89 55 66 85 89 
min 0.812 0.780 0.824 0.731 0.812 0.818 
Q1 0.970 1.007 0.965 1.058 0.969 1.026 

median 1.017 1.106 1.005 1.164 1.019 1.121 
Q3 1.063 1.183 1.062 1.220 1.054 1.179 

max 1.173 1.338 1.211 1.406 1.140 1.278 
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WDR81 cDNA, which may have hindered efficient lentiviral packaging. These genes were 

excluded from the screening. 

 

The MOIs for shRNAs targeting the 6 genes that were knocked-down (APH1B, HBEGF, 

CNPY4, CCNH, FLII and YWHAQ) were already optimised in the previous shRNA 

screening241. The final list of genes to be screened, along with their respective validated 

MOIs is shown in Table 4.2.  

Figure 4.3. MOI optimisation for the lentiviral transduction of overexpression constructs. 
Immunoblots show Myc-tag expression levels as a read-out for target gene expression. GAPDH was 
used as a loading control. Considering the strong expression of Myg-tag for Src, MOI was decreased. 
Chosen MOIs are shown in boldface. N=1. Myc-Tag abundance was weak for ICA1 and MAF vectors 
despite using very high MOIs and undetectable for WDR81 vector. 
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Table 4.2. List of genes selected for the medium-throughput screening, with the corresponding type 
of genetic modulation and used MOI. OE = overexpression; KD = knockdown.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
4.1.3 Medium-throughput screening against Aβ-induced synaptic dysfunction  

While these AD risk genes impact synaptic connectivity when knocked-down, they may 

not be directly implicated in amyloid pathology. Therefore, an additional screening was 

performed to identify their involvement in Aβ-induced synaptotoxicity by exposing them 

to CHO cell-secreted Aβo using microfluidic co-culture devices (refer to Section 3.14 for 

screening methodology overview). The number of genes to be screened (20) made it very 

difficult to use the individual co-culture device (X-device) where Aβ-induced 

synaptotoxicity due to CHO-APP-LDN co-culture was first demonstrated240, as long 

microscopy times emerged as the major experimental bottleneck. To benefit from a high-

throughput imager optimised for rapid, automated scanning of multi-well plates, we 

generated a new microfluidic layout (D-device). Four standard X-devices were integrated 

into one single device into which one shared co-culture chamber connects to four distinct 

synaptic chambers, thereby decreasing the overall footprint (see Section 3.2 for details). 

This design permitted us to screen three different genes in both control (CHO-APP-WT) 

and toxicity (CHO-APP-LDN) conditions per device (Figure 4.4) and up to 12 genes across 

four D-devices in a single automated microscopy session.  

 
 
 
 

Gene Modulation MOI 

APH1B KD 2 
ARFRP1 OE 2 
CCNH KD 2 

CIAO2A OE 2 
CLU OE 4 

CNPY4 KD 2 
CSTF1 OE 6 
EPHA1 OE 4 

FLII KD 2 
FNBP4 OE 10 

Gene Modulation MOI 

HBEGF KD 2 
MAPK3 OE 1 

MTHFSD OE 8 
PPIB OE 1 

SAP25 OE 6 
SRC OE 0.5 

TBC1D20 OE 4 
TRF2 OE 4 

WWOX OE 1 
YWHAQ KD 2 
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Figure 4.4. Experimental design of the medium-throughput screening. Three genes can be screened 
simultaneously under control and toxic conditions using a single D-device. Here, gene expression is 
highlighted only in presynaptic chambers (black shading) for demonstration purposes. 
 
As a prerequisite for interpreting synaptic effects, we first validated Aβ secretion profiles 

across devices by quantifying total Aβ levels via AlphaLISA in media collected from the 

co-culture chambers. Pooled Aβ1-X Alpha counts were used to calculate global mean and 

standard deviation (SD), enabling identification of devices with aberrant Aβ secretion 

patterns. Only experiments in which CHO-APP-LDN cultures secreted significantly higher 

Aβ than CHO-APP-WT were retained for further analysis (Table 4.3). All experiments met 

this criterion, except for experiment #7. This particular experiment included less 

coverslips from the start, and after outlier exclusions, only 3 data points remained per 

group, preventing Mann-Whitney test from reaching significance. Therefore, this 

experiment was retained for further analysis. 
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Table 4.3. Aβ1-X Alpha counts in culture media collected from CHO-APP-WT and CHO-APP-LDN 
chambers. D-devices with CHO-APP-WT medium Aβ1-X

 Alpha count higher than median + 4 × MAD or 
with CHO-APP-LDN medium Aβ1-X

 Alpha count lower than median – 4 × MAD were excluded. For each 
CHO genotype, data show the number of quantified medium samples collected from a single CHO 
chamber (referred to as coverslip), the mean values per experiment with corresponding SD and the 
associated p-value (Mann-Whitney test, M-W). Non-significant result is highlighted in red. 
 

Experiment 
# 

APP-WT APP-LDN 
M-W p- 
value coverslip 

# 
α 

counts SD coverslip# α 
counts SD 

1 6 2778 1588 6 147110 61262 0.0022 
2 3 894 200 5 184076 104152 0.0357 
3 5 918 209 6 206685 86531 0.0043 
4 5 445 31 8 89321 33081 0.0016 
5 5 1945 1011 5 76346 24756 0.0079 
6 4 983 772 5 87770 3638 0.0159 
7 3 704 98 3 139984 20694 0.1 
8 4 815 560 5 48792 6368 0.0159 
9 6 592 368 6 20195 11749 0.0022 

10 3 696 433 5 33228 12837 0.0357 
11 3 273 95 6 14228 12904 0.0005 

 
 
Screening data were analysed for the potential synaptoprotective effect of each AD risk 

gene using experimental sets in which the toxic effect of the CHO-APP-LDN co-culture 

was validated (Figure 4.5). However, due to lower-than-expected synaptotoxicity of the 

CHO-APP-LDN co-culture, most genes could not be evaluated with a sufficient high 

number of independent experiments to permit robust statistical testing. After data 

exclusion (described in Section 3.19), only two genes were tested in three independent 

cultures, 14 genes were assessed in two experimental replicates while four genes were 

tested in a single culture. Despite these limitations, it appeared that PSD95 assignment 

to SYP puncta as a read-out was comparable to those obtained with Homer1 assignment 

to SYP puncta. Therefore, we report assignment by Homer1 in the subsequent results.  
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 Continued on the next page 
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Figure 4.5. Medium-throughput screening of AD risk factors against Aβ-induced synaptic dysfunction. 
For each target gene, the percentage of SYP assigned by either Homer1 (red) or PSD95 (green) is 
reported for CHO-APP-WT (WT) and CHO-APP-LDN (LDN) co-cultures with or without genetic 
modulation. Each data point represents one microfluidic device (n; given on the bars) obtained from 
1-3 independent cultures (N; shown next to the gene name). Data are normalised against the mean of 
the MOCK-APPWT group and displayed as mean ± SEM.   
 
Among the screened genes, only ARFRP1 and CNPY4 had three independent 

experimental replicates, allowing for statistical testing. Analyses using Welch’s ANOVA, 

followed by Tamhane’s T2 multiple comparison test, revealed no significant differences 

for CNPY4, suggesting no detectable effect on synaptic connectivity (Figure 4.5). In 

contrast, ARFRP1 showed a clear pattern consistent with a synaptoprotective effect 

(shown in Figure 4.6 after normalisation with MOCK-APPWT and statistical analysis). In the 
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MOCK-APP-LDN group, a significant reduction in synaptic connectivity was observed 

compared with MOCK-APP-WT (0.78±0.009; p<0.01), confirming the expected Aβ-

induced synaptotoxicity. When ARFRP1 was overexpressed in neurons co-cultured with 

CHO-APP-LDN cells, synaptic connectivity increased from 0.78±0.009 to 0.96±0.04, 

showing a trend towards recovery (p=0.06). In addition, no significant difference was 

observed between MOCK-APP-WT and ARFRP1-APPLDN groups (p>0.05), indicating that 

the toxic effect associated with CHO-APP-LDN cells is abolished under these conditions. 

 

These observations suggest that ARFRP1 overexpression may counteract Aβ-induced 

synaptic loss. Importantly, ARFRP1 overexpression did not alter baseline connectivity in 

the CHO–APP–WT condition (0.96±0.09; p>0.05), indicating that its effect is specific to 

the toxic Aβ context rather than general synaptic strengthening. Although replication was 

limited for the other genes, CIAO2A also appeared to partially restore synaptic 

connectivity under CHO-APP–LDN conditions (0.73±0.02 to 1.00±0.11), with no effect 

under control conditions (0.99±0.07; shown in Figure 4.6 after normalisation with MOCK-

APPWT). This trend points to CIAO2A as another potential protective candidate against Aβ-

induced synaptic dysfunction. 

Figure 4.6. Identification of ARFRP1 and CIAO2A as potential screening hit genes. Impact of ARFRP1 
(left) and CIAO2A (right) overexpression in neurons co-cultured with CHO-APP-WT (WT) or CHO-APP-
LDN (LDN) cells. Each data point represents the mean assignment of SYP by Homer1 for one 
microfluidic device normalised by the mean of the control group (MOCK-APPWT). The dotted lines (y=1) 
indicate the baseline. Device number (n) is reported per condition within each data bar. Number of 
independent cultures (N) is provided for each gene. Data represented as mean ± SEM. Welch’s ANOVA 
test with Tamhane’s T2 multiple comparisons test.  
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Overall, the proportion of coverslips with successful synaptotoxicity induced by co-

culture with CHO-APP-LDN was low, despite the reproducible Aβ secretion (as measured 

via AlphaLISA in the medium collected from the co-culture chamber; Table 4.3) across 

the several sets. We observed that both CHO cell lines began to show stress signs in CHO-

NBA co-culture medium, as evidenced by pronounced cell clustering, where CHO-APP-

WT cells appeared to be more strongly affected (Figure S1 in the Appendix). Therefore, 

stressed CHO-APP-WT cells could have induced some form of synaptotoxicity, 

independently of secreted Aβ, leading to decreased synaptic connectivity in the control 

condition, hence reducing the expected detrimental effect of the experimental group 

(CHO-APP-LDN). We conducted further tests to mitigate this technical issue, namely the 

impact of experimental timeline, on CHO cells viability with the aim of optimising overall 

culture conditions (see Section A in the Appendix). A new stable CHO cell line was also 

established to attempt to solve cell viability issues (see Section B in the Appendix). 

Unfortunately, we were unable to overcome these problems and decided to use CHO-

APP-LDN CM in the remaining experiments, in which CM from CHO-APP-WT served as the 

toxicity control condition. Indeed, during a previous collaboration, we had shown that 

exposing neurons to CHO-APP-LDN CM caused a detrimental effect on the firing 

synchronicity in mouse embryonic cortical neurons244.  

 

Even though we could not assess the impact of all genes on Aβ-induced synaptic 

dysfunction, two potential protective genes were identified in the screening: ARFRP1 and 

CIAO2A. CIAO2A (Cytosolic Iron-Sulfur Assembly Component 2A) is involved in iron-

sulphur cluster biogenesis and has been linked to cellular redox regulation and iron 

metabolism, process known to influence oxidative stress in AD pathology263,264. However, 

given its indirect relationship to synaptic trafficking mechanisms, CIAO2A was not 

pursued further in this study. Its contribution remains nonetheless relevant, and future 

assays focusing on redox balance or mitochondrial function could help determine 

whether CIAO2A affects synaptic resilience through metabolic pathways. In contrast 

ARFRP1 (ADP-ribosylation factor Related Protein) plays a direct role in vesicular 

trafficking, including trans-Golgi network (TGN)-to-plasma membrane and endosome-to-

TGN transport265–267. Since both synaptic stability and plasticity depend critically on 

presynaptic vesicle cycling and postsynaptic receptor trafficking 268, ARFRP1 represents a 
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mechanistically relevant target. Given its function and the host laboratory's expertise and 

tools, we selected ARFRP1 for further investigation.  

 

We therefore hypothesised that the protective effect of ARFRP1 overexpression against 

Aβ toxicity could either be postsynaptic, through modulation of postsynaptic receptors 

availability and recycling, or presynaptic, via effects on vesicle processing269–273. Thus, 

studying ARFRP1 could offer a new mechanistic window into how Aβ toxicity translates 

into synaptic failure, a defining feature of AD progression.  

 
 
4.2 AIM 2: Validation of synaptoprotective effects of ARFRP1, identified in the 

screening  
 
The second aim of the project was to validate the potential synaptoprotective effects of 

ARFRP1 using high-resolution confocal microscopy. We also investigated the 

physiological role of ARFRP1 at the synapse to gain further mechanistic insight. 

 
4.2.1 Synaptoprotective effect validation using CHO-APP conditioned medium  

In order to confirm the potential protective effect observed during the screening, we used 

CM from CHO-APP-WT and CHO-APP-LDN cells as a model of Aβ-induced stress (refer to 

Section 3.9). Briefly, after 48 h of incubation, CM was collected and concentrated, and 

secreted Aβ levels were quantified using AlphaLISA. Subsequently, we tested three 

treatment paradigms varying in Aβ1-X concentration and exposure duration and frequency 

(see Table 3.2) to establish the most reproducible model of synaptic connectivity 

impairment. In a collaborative study using microfluidic devices coupled with MEA 

recordings, 85 nM Aβ treatment for 48 h markedly impaired inter-chamber connectivity 

(i.e., synaptic connections between pre- and postsynaptic neurons)244. Based on these 

findings, we adopted comparable paradigms to evaluate Aβ-induced synaptotoxicity 

under different exposure regimes. The three different paradigms, 60 nM for 6 days (from 

DIV14 to DIV21), 120 nM for 3 days (from DIV17 to DIV21), and 500 nM for 24 h (from DIV20 

to DIV21), were designed to encompass both chronic, low-dose, and acute, high-dose Aβ 

exposure conditions. In the acute model, treatment was initiated at a later developmental 

stage, when neuronal networks are denser and more stable compared to the stage at 

which chronic treatment began 274. These differences in network maturation are therefore 
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expected to introduce variability in both the extent and the nature of Aβ-induced synaptic 

alterations 274. We therefore chose to assess both synaptic connectivity and synaptic 

density, as the latter readout is indicative of structural synapse abundance, providing 

complementary information to synaptic connectivity by revealing whether observed 

changes arise from structural remodelling or functional pairing modulation. 

 

ARFRP1 overexpression was assessed in parallel, given that the mechanisms underlying 

Aβ-induced toxicity can vary depending on the exposure paradigm and neuronal network 

maturity. Consequently, the molecular pathways through which ARFRP1 may exert its 

synaptoprotective effect could also differ between paradigms, potentially leading to 

distinct effects on synaptic readouts. Although paradigms 1 and 2 (60 nM and 120 nM) did 

not induce any detrimental effect on synaptic density or on synaptic connectivity, some 

minor, yet statistically significant changes were detected for the MOCK-APPLDN condition 

in paradigm 1. However, given the small magnitude of these changes and the absence of 

a clear toxic phenotype, these paradigms were not further considered for Aβ-induced 

synaptic impairment analysis.  

 

Only paradigm 3, a non-physiological, acute high-dose Aβ treatment (500 nM for 24 h), 

induced a significant and reproducible decrease in synaptic density (0.73±0.04; p<0.001), 

without a parallel reduction in synaptic connectivity (0.95±0.02; p>0.05), in neurons 

treated with CM from CHO-APP-LDN cells compared to CM from CHO-APP-WT. Under 

these conditions, ARFRP1 overexpression did not prevent the observed decrease in 

synaptic density (0.74±0.05; p<0.01; Figure 4.7), indicating that its previously observed 

protective effect could not be confirmed in this acute exposure model.  
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Figure 4.7. Conditioned medium paradigms and ARFRP1 overexpression effects on synapses. Effect 
of 60 nM, 120 nM and 500 nM Aβ of CM from CHO-APP-LDN cells on (A) synaptic density and (B) 
synaptic connectivity. Each data point represents one microfluidic device, obtained from N=4 
independent cultures. The dotted lines (y=1) indicate the baseline. Device numbers (n) are given per 
condition. Data represented as mean ± SEM. Values outside of the median ± 3× MAD interval were 
excluded. Welch’s ANOVA followed by Tamhane T2 multiple comparison test. **p<0.01; ***p<0.001.  

 
 
4.2.2 The physiological role of ARFRP1 at the synapse 

4.2.2.1 ARFRP1 modulation impact on synaptic connectivity  

To further understand the role of ARFRP1 at the synapse we first assessed the impact of 

gene expression modulation (silencing and overexpression) in neurons in the presence or 

absence of cLTP induction. Therefore, we designed and optimised an shRNA lentivirus to 

selectively knockdown ARFRP1 expression in neurons (Supplementary Figure S7). To 

overexpress the gene, we re-used the lentivirus obtained for the medium-throughput 

screening. We detected no significant effect of ARFRP1 modulation on synaptic 

connectivity, regardless of cLTP induction (Figure 4.8).  
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Similarly, cLTP treatment alone did not significantly alter synaptic connectivity in control 

groups. This could be explained by a limited sensitivity of the readout on E-LTP phase. By 

contrast, structural changes associated with L-LTP typically emerge on longer time scale 

(>2-3 h post induction), when an increase in postsynaptic puncta and consequently a 

possible increase in synaptic connectivity would be expected during this later window275.  

These results differ from the well-plate-based shRNA screening previously conducted, 

where silencing ARFRP1 decreased synaptic connectivity by 22%. Biologically, this 

discrepancy could stem from differences in the developmental stage and in the 

experimental context. In the screening assay, ARFRP1 silencing was initiated at DIV1 

under the control of a strong, ubiquitous U6 promoter, leading to broad knockdown in 

both neurons and astrocytes during an early period of neuronal polarisation, neurite 

extension, and synapse formation 276,277. In contrast, in our microfluidic experiments, gene 

modulation occurred later (DIV7) in neuronal cultures that had already established a 

basic network architecture. Consequently, ARFRP1 knockdown at this stage would be 

less likely to interfere with initial synaptogenesis and may instead affect processes 

associated with synaptic maturation, receptor trafficking, or activity-dependent 

remodelling. Furthermore, microfluidic systems differ from plate cultures in their spatial 

organisation and local environment as they impose directional connectivity and limit 

medium exchange. These conditions may buffer subtle developmental perturbations 

detectable in bulk cultures while emphasising compartment-specific and functional 

aspects of synaptic regulation.  

 

Taken together, these findings suggest that ARFRP1 may be dispensable for baseline 

synapse formation in more mature networks but could become critical under conditions 

of elevated trafficking demand or cellular stress, such as during cLTP induction or Aβ 

exposure, when it could modulate presynaptic vesicle release and/or postsynaptic 

receptor dynamics and contribute to synaptic resilience.  
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Figure 4.8. Impact of ARFRP1 modulation on synaptic connectivity. Representative images (top) of the 
synaptic chamber at DIV21 showing SYP (green), Homer1 (red) and Tubulin (blue) immunostaining. 
Scale bar = 5 µm. Quantification of synaptic connectivity (bottom). Each data point represents device 
mean of %SYP_assigned of all images taken. Error bars show standard error. The dotted line (y=1) 
indicates the baseline. Device number (n) is reported per condition. Data obtained from N=3 
independent cultures. Values outside of the median ± 3× MAD interval were excluded. Welch’s ANOVA 
followed by Tamhane T2 multiple comparison test (separate tests for knock-down and over-
expression). NS = not significant. 

 
 
4.2.2.2 ARFRP1 modulation effect on postsynaptic receptors  

As ARFRP1 regulates secretory and endosomal pathways, we hypothesised that its 

potential synaptoprotective effect might modulate AMPAR dynamics – either by altering 

surface delivery and recycling or by promoting local dendritic retention. Given that Aβ 

toxicity has been shown to disrupt AMPAR trafficking166, these pathways represent a 
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plausible point of convergence between ARFRP1 function and Aβ-induced synaptic 

dysfunction. To explore this possibility, we measured total and phosphorylated forms of 

AMPARs subunits GluA1 and GluA2 by Western blotting (Figure 4.9) and examined 

dendritic labelling by immunofluorescence in microfluidic cultures after cLTP induction 

(Figures 4.10 and 4.11). 

 

Analysis of lysates from primary cortical cultures (Figure 4.9) confirmed successful cLTP 

induction, evidenced by a robust increase in GluA1 phosphorylation across both control 

groups (p<0.05 for both shNT and MOCK) and experimental groups (p<0.05 for shARFRP1; 

p<0.01 for ARFRP1). However, ARFRP1 modulation did not significantly alter total or 

phosphorylated GluA1 levels under basal or LTP conditions. cLTP also significantly 

reduced total GluA2 levels in MOCK and ARFRP1 groups (0.72±0.03; p<0.05 and 

0.77±0.14; p<0.05 respectively) but not in shNT. Although Kruskal-Wallis indicated an 

overall effect within the shARFRP1 group on GluA2 levels, Dunn’s post-hoc analysis did 

not reveal a specific pairwise difference. Finally, neither genetic modulation nor cLTP 

treatment affected phosphorylated GluA2 abundance. The ratio of pGluA1 to total GluA1 

was significantly higher following cLTP in all experimental groups (p<0.05) whereas 

pGluA2/GluA2 ratio remained unchanged across conditions. 

 

We observed some discrepancies in the effect of cLTP on GluA2 levels between control 

groups. Indeed, cLTP reduced GluA2 levels in MOCK control condition (0.71±0.03; 

p<0.05) but not in shNT (0.89±0.12; p<0.99). This variation is unexpected since total 

GluA2 protein typically remains stable during the early phases of LTP induction278. These 

differences are likely related to vector-specific factors rather than genuine biological 

variability. The shNT vector relies on the miRNA/shRNA backbone, engaging the 

endogenous RNA-interference machinery and potentially producing a mild 

transcriptional load, whereas the MOCK vector lacks this cassette and could therefore 

display a divergent phenotype279. Moreover, the MOCK vector was transduced at a higher 

MOI (MOI2) compared to the shNT vector (MOI1). Although elevated viral load can in 

principle trigger some innate immune signalling, this MOCK inconsistency was only 

observed once in all our experiments, so any potential adverse effect of MOI difference 

should be considered with caution280.  



89 
 

 

 



90 
 

Figure 4.9. ARFRP1 modulation effect on AMPARs subunits phosphorylation in cortical neurons. 
Representative immunoblots and quantification of AMPAR subunits and their phosphorylated forms 
in primary cortical neurons. Neurons were stimulated with FSK and Rol to induce cLTP or treated with 
DMSO vehicle control. Values were normalised within vector family: shRNA conditions were 
normalised with shNT/DMSO mean; overexpression conditions were normalised with MOCK/DMSO 
mean. The dotted lines (y=1) indicate the baseline. N=5 independent cultures. Data are presented as 
mean ± SEM where each data point correspond to an independent culture. Outliers were excluded 
using the IQR method. Kruskal-Wallis followed by Dunn’s multiple comparison test. *p<0.05; 
**p<0.001; NS = not significant. 
 
Overall, the data validated cLTP induction but did not support ARFRP1-dependent-

changes in AMPAR subunits. However, because Western blotting reflects bulk protein 

abundance in cortical population averaged across all cell types (i.e., neurons and 

astrocytes) and subcellular compartments, potential synapse-restricted alterations in 

AMPARs distribution could have been masked. To resolve such compartment-specific 

effects with higher spatial precision, we next used hippocampal neurons in microfluidic 

devices combined with immunofluorescence analysis to selectively examine dendritic 

and synaptic localisation of AMPARs. It allows the investigation of whether ARFRP1 

modulates the trafficking and retention of GluA1- and GluA2-containing AMPARs in a 

neuronal population inherently susceptible to Aβ-driven plasticity defects. Thus, using 

hippocampal neurons provides both mechanistic specificity and translational value in 

understanding how ARFRP1 contributes to synaptic resilience in the AD context. 

 

Indeed, hippocampal neurons differ from cortical neurons in their AMPAR subunit 

composition, trafficking dynamics, and plasticity profiles, features that are directly 

relevant to AD-related synaptic mechanisms126,281,282. Hippocampal networks exhibit a 

higher proportion of GluA1-containing AMPARs and display pronounced activity-

dependent insertion and removal of these receptors during LTP and LTD respectively – 

processes that are highly sensitive to Aβ-induced disruption283. In contrast, cortical 

neurons generally maintain more stable AMPAR populations with less dynamic subunit 

turnover, reflecting their predominant role in long-term information storage rather than 

rapid synaptic remodelling283. Given that Aβ oligomers preferentially impair LTP and 

facilitate LTD in hippocampal circuits, the hippocampal microfluidic model provides a 

particularly relevant framework to assess ARFRP1 function119,158.  
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As described in Section 3.10.1, neurons were transduced at DIV7, and cLTP was induced 

at DIV21 selectively in the postsynaptic chamber. Cells were then aldehyde-fixed and 

both total and phosphorylated forms of AMPAR subunits were immunolabelled (Figures 

4.10 and 4.11). ARFRP1 silencing significantly reduced GluA1 mean spot intensity under 

both basal (0.69±0.07; p<0.05) and cLTP conditions (0.66±0.10; p<0.01). pGluA1 mean 

spot intensity was also reduced in basal conditions (0.82±0.02; p<0.0001), whereas no 

significant changes were observed in GluA2 or pGluA2 mean spot intensity (p>0.05 for 

both read-outs). Such reductions in GluA1 and in its phosphorylated form suggest 

enhanced receptor internalisation and reduced synaptic incorporation, consistent with a 

shift towards LTD-like mechanisms that may weaken synaptic transmission126. 

Conversely, ARFRP1 overexpression significantly increased GluA1 intensity after cLTP 

(1.70±0.24; p<0.05) and was close to significance in basal conditions (1.69±0.26; p=0.07), 

suggesting moderate effects under basal conditions. ARFRP1 overexpression also led to 

a significant decrease in GluA2 mean spot intensity in both basal and LTP conditions 

(0.72±0.04 and 0.76±0.06, respectively) but had no impact on pGluA1 or pGluA2 readouts 

(p<0.05 for both read-outs). This pattern of GluA1 enrichment and GluA2 reduction 

indicates a shift towards mechanisms supporting E-LTP expression and enhanced 

synaptic plasticity dynamics126,129.  
 

Regarding cLTP effects, pGluA1 mean spot intensity showed an close-to-significance 

increase in the MOCK condition (1.48±0.17; p=0.0503) and a significant increase in the 

ARFRP1-overexpresion group (1.48±0.15; p<0.05), while no significant change was 

detected in the shNT condition, possibly explained by the strong variation in the data. We 

also observed a significant decrease in GluA1 mean intensity after cLTP induction in shNT 

(0.53±0.05; p=0.001) while the MOCK group was not affected. Although both constructs 

are designed as controls, the miR20-based shRNA cassette introduces additional cellular 

demands such as transcriptional load, and regulatory interactions absent in the MOCK 

vector. This could lead to subtle off-target and/or mild toxic effects induced by the non-

targeting shRNA279. However, since this effect was only observed in a single readout and 

did not consistently impact other parameters, it is unlikely to reflect genuine endogenous 

toxicity and does not compromise the validity of the shNT construct as an experimental 

control.  
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Figure 4.10. ARFRP1 modulation affects the phosphorylation of the GluA1 subunit of AMPAR in 
hippocampal neurons in microfluidics. Representative images (top) of the neuronal network acquired 
from the synaptic chamber showing total GluA1 (red), pGluA1 (green) and tubulin (blue). Scale bar = 5 
µm. Quantification of fluorescence intensity (bottom) for the given conditions. Values were normalised 
within vector family: shRNA conditions were normalised with shNT/DMSO mean; overexpression 
conditions were normalised with MOCK/DMSO mean. The dotted lines (y=1) indicate the baseline. 
Device number (n) is reported per condition. N=5 independent cultures. Data are presented as mean 
± SEM where each data point correspond to an independent culture. Values outside of the median ± 
2.5 × MAD interval were excluded. Welch’s ANOVA followed by Tamhane T2 multiple comparison test. 
*p<0.05; **p<0.01; ****p<0.0001; NS = not significant. 
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Figure 4.11. ARFRP1 modulation affects the phosphorylation of the GluA2 subunit of AMPAR in 
hippocampal neurons in microfluidics. Representative images (top) of the neuronal network acquired 
from the synaptic chamber showing total GluA2 (red), pGluA2 (green) and tubulin (blue). Scale bar = 5 
µm. Quantification of fluorescence intensity (bottom) for the given conditions. Values were normalised 
within vector family: shRNA conditions were normalised with shNT/DMSO mean; overexpression 
conditions were normalised with MOCK/DMSO mean. The dotted lines (y=1) indicate the baseline. 
Device number (n) is reported per condition. N=5 independent cultures. Data are presented as mean 
± SEM where each data point correspond to an independent culture. Values outside of the median ± 
2.5 × MAD interval were excluded. Welch’s ANOVA followed by Tamhane T2 multiple comparison test. 
*p<0.05; **p<0.01; NS = not significant. 

  

Together, these results suggest that ARFRP1 differentially regulates AMPAR subunit 

composition in ways that may modulate synapses toward either LTD-like or LTP-like 

states, thereby shaping their susceptibility to Aβ-induced synaptic dysfunction. Silencing 

ARFRP1 significantly reduced GluA1 and pGluA1 mean spot intensity, consistent with a 

shift toward an LTD-like molecular profile284. Since GluA1 and its phosphorylation are 

critical for AMPAR insertion and synaptic potentiation, these reductions are likely to 
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impair synaptic signalling by limiting GluA1-enriched receptor availability and activity-

dependent signalling285. Such a state may also render synapses more vulnerable to Aβ, 

which preferentially exploits LTD-associated pathways to promote AMPARs 

internalisation and synaptic weakening. In contrast, ARFRP1 overexpression significantly 

decreased GluA2 and tended to increase GluA1, producing a more GluA1-rich, LTP-like 

receptor profile that might be beneficial for strengthening synaptic connections114. This 

configuration can stabilise AMPARs at postsynaptic sites and counteract Aβ-driven 

receptor loss, explaining why ARFRP1 overexpression could preserve synaptic 

connectivity in the chronic CHO-APP-LDN co-culture model. However, under acute high-

dose Aβ exposure, the same GluA1-enriched, GluA2-depeleted composition likely 

increases the fraction of calcium-permeable AMPARs, enhancing excitotoxic risk and 

limiting the protective capacity of ARFRP179. Altogether, these findings suggest that 

ARFRP1 could modulate synaptic vulnerability to Aβ in a context-dependent manner: 

protective under chronic-low dose Aβ exposure by maintaining AMPARs trafficking and 

synaptic stability, but less effective when acute, high-dose Aβ treatment overwhelms 

calcium homeostasis.  

 

To further elucidate the mechanisms underlying ARFRP1-mediated protection, we aimed 

(i) to assess its subcellular localisation within the synaptic compartment, and (ii) to 

selectively express ARFRP1 in pre- and/or postsynaptic neurons in the presence of Aβ, to 

determine whether its effects arise primarily from modulation of presynaptic trafficking 

or postsynaptic AMPAR regulation.  

 
 
4.2.3 ARFRP1 compartmental protective role  

4.2.3.1 Synaptic localisation of ARFRP1 

The localisation of ARFRP1 protein at the synapse was assessed by Western blotting after 

synaptic fractionation of cortical neurons following cLTP or cLTD induction (Figure 4.12). 

As expected, PSD95 was predominantly detected in the PSD fraction, while SYP was 

present in the non-PSD fraction, confirming successful compartmental separation. A 

minor PSD95 signal was also observed in the non-PSD fraction, which reflects limited 

post-to-presynaptic contamination. Finally, ARFRP1 was strongly enriched in the non-

PSD fraction, which suggests that ARFRP1 is not tightly associated or stably cross-linked 
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with the postsynaptic density under basal conditions. However, this does not exclude the 

potential postsynaptic expression of the protein. Rather, these results suggest that 

ARFRP1 is present within synaptic compartments but is not firmly retained within the PSD 

scaffold at rest.  

 

Synaptic stimulation did not noticeably affect the distribution of PSD95 or SYP across 

fractions, which is expected. In contrast, LTD induction appeared to increase the amount 

of ARFRP1 detected in the PSD fraction. Because Aβ-induced synaptic depression shares 

key molecular features with LTD, particularly AMPAR internalisation, this redistribution 

suggests that ARFRP1 may be recruited to the PSD under conditions of synaptic 

weakening.  

Figure 4.12. Synaptic localisation of ARFRP1. Immunoblot of cytosolic, non-PSD and PSD fractions 
showing PSD95 and SYP as post and presynaptic control proteins, respectively, and ARFRP1 after LTP 
and LTD induction with respective DMSO or H2O vehicle controls.  

 
Combined with previous results showing that ARFRP1 overexpression in both 

compartments modulated postsynaptic AMPAR subunits and appeared to limit synaptic 

vulnerability from Aβ-induced toxicity, this observation is consistent with a postsynaptic 

protective mechanism, in which ARFRP1 may contribute to AMPAR trafficking and 

retention, enhancing GluA1-rich receptors availability and counteracting Aβ-induced 

receptor internalisation, thus preserving synaptic responsiveness and connectivity. 

Nevertheless, a distinct presynaptic contribution cannot be excluded: ARFRP1 may also 

sustain endosomal and secretory trafficking at the presynaptic terminal, thereby 

maintaining vesicle recycling and neurotransmitter release, which would indirectly 

stabilise postsynaptic activity and receptor composition. These mechanisms are not 

mutually exclusive; indeed, presynaptic maintenance of activity could synergise with 
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postsynaptic AMPAR regulation to confer dual protection. To disentangle these 

possibilities, compartment-specific modulation of ARFRP1 is required to determine the 

relative contribution of presynaptic versus postsynaptic processes to the potential 

synaptoprotective effect. 

 

 
4.2.3.2 Compartmental effect of ARFRP1 against Aβ 

In order to assess the potential protective mechanism against Aβ-induced synaptic 

dysfunction, we transduced microfluidic devices with MOCK control vector or ARFRP1 

selectively in the presynaptic, in the postsynaptic or in both compartments. At DIV21, the 

synaptic chamber was treated with CM from CHO-APP-WT or CHO-APP-LDN cells and 

synaptic density and connectivity were assessed (Figure 4.13). 

 

Under basal conditions (without Aβ exposure), ARFRP1 overexpression alone induced 

compartment-specific effects. Dual (pre- and postsynaptic) transduction decreased 

synaptic connectivity (0.88±0.03; p<0.05) without altering synaptic density (1.04±0.08; 

p>0.99), consistent with postsynaptic functional impairment. Presynaptic ARFRP1 

overexpression reduced synaptic density (0.79±0.08; p<0.01) without affecting 

connectivity (0.93±0.04; p>0.05), suggesting structural presynaptic loss. Conversely, 

postsynaptic ARFRP1 overexpression decreased synaptic density (0.70±0.03; p<0.0001) 

but significantly increased connectivity (1.09±0.01; p<0.01), indicating fewer presynaptic 

terminals but enhanced alignment or retention of postsynaptic puncta – a pattern 

consistent with selective synaptic strengthening 286–288. 

 

After treatment with CHO-APP-LDN CM, synaptic alterations were evident in all control 

(MOCK) configurations. In cultures transduced with the MOCK vector in both chambers, 

Aβ exposure led to a reduction in synaptic connectivity (0.87±0.03; p<0.01), while 

synaptic density remained stable (1.01±0.10; p>0.99). This pattern suggests a decrease 

in the number of functional synapses, likely reflecting postsynaptic receptors impairment 

rather than presynaptic loss. In cultures with MOCK transduced only in the presynaptic 

chamber, CHO-APP-LDN CM significantly reduced both synaptic density (0.72±0.04; 

p<0.0001) and connectivity (0.77±0.04; p<0.001), indicating a global synaptotoxic effect 

involving both pre- and postsynaptic compartments. Conversely, in cultures with MOCK 
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transduction only in the postsynaptic chamber, Aβ treatment decreased synaptic density 

(0.73±0.04; p<0.001) without affecting connectivity (0.89±0.04; p=0.33), suggesting a 

primarily presynaptic alteration, such as reduced bouton density or impaired axonal 

integrity. 

 

When ARFRP1 was overexpressed in the presence of Aβ, its effects were compartment 

dependent. ARFRP1 overexpression in both chambers or selectively in the presynaptic 

chamber, showed no protection against Aβ-induced dysfunction for either synaptic 

density (0.61±0.09; p<0.05 and 0.67±0.02; p<0.0001 respectively) or connectivity 

(0.70±0.02; p<0.0001 and 0.75±0.03; p<0.0001 respectively). ARFRP1 overexpression in 

both compartments also exacerbated Aβ-induced detrimental effects (p<0.05 for 

synaptic density; p<0.001 for synaptic connectivity). This effect likely reflects a loss of 

compartmental balance, as simultaneous modulation of presynaptic and postsynaptic 

trafficking could disrupt the coordination between vesicle release and receptor recycling. 

Given that the applied Aβ treatment paradigm represents a non-physiological, high-dose 

paradigm likely to saturate trafficking pathways, additional ARFRP1 activity may have 

further overloaded the system, thereby amplifying synaptic dysfunction rather than 

preventing it. In contrast, postsynaptic ARFRP1 overexpression maintained both 

parameters at levels comparable to the MOCK-WT group (0.94±0.10; p=0.99 for density 

and 0.92±0.06; p>0.05 for connectivity), suggesting that postsynaptic ARFRP1 expression 

may mitigate Aβ-induced synaptic vulnerability. 

 
These findings are consistent with a context-dependent role for ARFRP1 in synaptic 

regulation and highlight how the temporal pattern of Aβ exposure critically shapes 

synaptic outcomes. Indeed, ARFRP1 presynaptic overexpression did not rescue Aβ 

induced impairment, while ARFRP1 postsynaptic overexpression showed no significant 

protection but a mild tendency to preserve synaptic connectivity. In our earlier CHO co-

culture model, neurons were exposed to a chronic, low-level release of Aβ from the onset 

of development, a condition that better mimics the gradual accumulation occurring in the 

early stages of AD289. Under such circumstances, synapses may engage slower 

homeostatic mechanisms, including AMPAR trafficking and recycling128,290, which could 

allow ARFRP1 to support vesicle trafficking and/or receptor delivery, thereby contributing 

to long-term synaptic stability.  
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In contrast, the present experiments involved acute, high-dose Aβ exposure of mature 

networks, a setting known to trigger rapid AMPAR removal and dendritic spine loss within 

minutes to hours166,291. Such swift receptor internalisation and structural disassembly 

likely outpace the trafficking and membrane-stabilising processes possibly influenced by 

ARFRP1, limiting its protective potential. This interpretation aligns with evidence that 

acute Aβ exposure provokes immediate synaptic depression through NMDA-dependent 

signalling292,293, whereas chronic and lower concentrations may allow compensatory 

plasticity and gradual remodelling. Nevertheless, ARFRP1 postsynaptic overexpression 

effect on synaptic readout is consistent with postsynaptic structure stabilisation and 

synapse strengthening, further reinforcing its potential role in maintaining synapses 

under stress conditions.  

 

Together, these considerations suggest that ARFRP1 could acts primarily as a 

developmental or maintenance factor, potentially capable of counteracting the slow 

synaptic erosion caused by long-term Aβ stress, but largely ineffective against the rapid 

synaptic dysfunction elicited by late-stage, high-concentration of Aβ. To test this 

hypothesis in a functional manner, we combined MEA chips with microfluidic devices to 

selectively transduce postsynaptic neurons to investigate network function connectivity 

before and after Aβ treatment. 
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Figure 4.13. Compartment-specific effect of ARFRP1 overexpression on Aβ-induced synaptotoxicity. 
(A) Representative images of the neuronal network acquired from the synaptic chamber showing total 
Homer1 (red), SYP (green) and tubulin (blue). Scale bar = 5 µm. (B-C) Quantification of synaptic density 
(B) and connectivity (C) in neurons transduced with MOCK or ARFRP1 in both pre- and postsynaptic 
chambers (left), presynaptic chamber only (middle), or postsynaptic chamber only (right) and exposed 
to CHO-APP-WT (WT) or CHO-APP-LDN (LDN) CM. Data were normalised against the mean of the 
MOCK-APPWT group. The dotted lines (y=1) indicate the baseline. Device number (n) is reported per 
condition. N=5 independent cultures. Data are presented as mean ± SEM where each data point 
correspond to an independent culture. Welch’s ANOVA followed by Tamhane T2 multiple comparison 
test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
 
 

4.3 AIM 3: Functional characterisation of the validated genes using MEAs 
 
In the last aim of this project, we sought to assess the functional impact of ARFRP1 and 

Aβ toxicity using microfluidic devices integrated with MEA chips. To achieve this, we 

developed a readout for functional synaptic connectivity called pre-post-drive (see 

Sections 3.17 and 3.18 for more details). This analytical framework was previously 

developed and optimised in the context of a parallel project, resulting in a manuscript 

currently under peer review, on which I am co–first author256 (see Appendix, section D for 

the complete article manuscript). In this work, BIN1 – the second strongest genetic risk 

factor for AD after APOE230 – was investigated for its synaptic function and isoform-
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specific toxicity. In Drosophila, BIN1iso1 expression (brain specific isoform) produced 

isoform-specific synaptic defects, including impaired transmission in photoreceptor 

neurons and altered neuromuscular junction morphology, highlighting a toxic gain-of-

function that is not shared by BIN1iso8 (muscle specific) or BIN1iso9 (ubiquitous). 

Extending these findings to a mammalian context, microfluidic culture systems revealed 

that BIN1iso1 is specifically toxic when expressed presynaptically, leading to reduced 

synaptic connectivity. To directly assess the functional consequences of this structural 

loss, microfluidic devices were integrated with MEAs, enabling live readout of network-

level synaptic communication. 

 

We performed 40 MEA recordings from seven independent neuronal cultures (14 MOCK, 

15 BIN1iso1, 11 BIN1iso9; presynaptic expression only). Five devices showed no 

detectable presynaptic units meeting the quality criteria and five more were excluded as 

outliers based on post:pre unit ratio (Supplementary Figure S8). The remaining datasets 

(12 MOCK, 8 BIN1iso1, 10 BIN1iso9) were used to evaluate functional connectivity. Pre-

post-drive showed no correlation with the number of detected units in either chamber, 

confirming that it reflects network-level connectivity independently of unit count 

(Supplementary Figure S9). BIN1iso1 presynaptic overexpression significantly reduced 

pre-post-drive (0.94±0.06) value compared to control (1.35±0.11; p<0.05) and BIN1iso8 

(1.35±0.02; p<0.05) expressing neurons, reflecting a loss of directional transmission from 

presynaptic to postsynaptic neurons (Figure 4.14A). Despite BIN1iso1 being expressed 

exclusively presynaptically, we also observed fewer postsynaptic units meeting quality 

criteria (4.71±0.87 for BIN1iso1; 14.27±2.63, p<0.05 for control; 17.86±2.82, p<0.01 for 

BIN1iso8), consistent with decreased synaptic connectivity between compartments 

(Figure 4.14B). Notably, firing rate and spike amplitude were unaffected, suggesting that 

BIN1iso1 alters synaptic communication rather than intrinsic neuronal excitability 

(Figures 4.14C and 4.14D). In summary, MEA-based activity analysis confirms that 

presynaptic BIN1iso1 expression impairs synaptic communication at the network scale, 

offering functional validation of the synaptic defects identified morphologically in both 

Drosophila and rat systems. 
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Figure 4.14. Presynaptic overexpression of BIN1iso1 perturbs the network-level connectivity in 
hippocampal neurons. Pre-post-drive (A), number of detected units meeting quality criteria (B), mean 
firing rate for these units (C) and mean amplitude for these units (D) as a function of BIN1 isoform (or 
Mock vector) expression in the presynaptic chamber. In box plots, data points refer to individual 
devices. N=6 independent cultures. Kruskal–Wallis ANOVA with Tukey-Kramer correction. * p<0.05; ** 
p<0.005. 
 

Building on this established MEA–microfluidic framework, we used the same approach to 

investigate ARFRP1 and Aβ-related synaptotoxicity, enabling direct comparison of their 

impact on neuronal connectivity and synapse function. Briefly, neurons were seeded in 

the microfluidic device coupled to the MEA and transduced at DIV7 in the postsynaptic 

chamber. At DIV19, a first recording was made as baseline before 500 nM Aβ treatment 

for 24 h. A second recording was performed at the end of this period to assess the 

combined impact of ARFRP1 expression and Aβ treatment on synaptic pre-post-drive, an 

optimised readout for functional synaptic connectivity (see Sections 3.17 and 3.18 for 

more details)256.  

 

We first assessed the effect of ARFRP1 overexpression on the pre-post-drive and unit 

properties under basal conditions (i.e., prior to Aβ treatment; Figure 4.15). Overexpression 

of ARFRP1 in the postsynaptic compartment did not significantly affect pre-post-drive 

(0.95±0.04; p>0.05; Figure 4.15.A). Similarly, spike amplitude (signal to noise ratio; SNR) 

was not altered (1.17±0.09; p>0.05 for presynaptic units and 0.84±0.11; p>0.05 for 

postsynaptic units; Figure 4.15.C). However, the firing rate of transduced postsynaptic 

units was significantly reduced (0.56±0.11; p<0.01; Figure 4.15.B), whereas presynaptic 

unit firing rate remained unchanged (1.09±0.11; p>0.05; Figure 4.15.B).  
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Figure 4.15. ARFRP1 overexpression impact on synaptic drive in basal conditions using microfluidics-
coupled MEAs. Effect of ARFRP1 overexpression in basal conditions on (A) synaptic drive, (B) firing rate 
and (C) spike amplitude of presynaptic (white bars) and postsynaptic (grey bars) units. Device number 
is reported per condition within each data bar. Data normalised against the mean of the MOCK control 
group. Values outside of the median ± 2 × MAD interval were excluded. The dotted line indicates the 
reference value of y=1. N=4 independent cultures. Data displayed as mean ± SEM. MEA chip number 
(n) is reported per condition. Unpaired t-test. *p<0.05; **p<0.01; ns = non-significant. 
 

We then evaluated the protective impact of ARFRP1 on these same parameters following 

Aβ exposure. Figure 4.16 illustrates the fold change of each readout after treatment with 

Aβ.  Exposure to CHO-APP-LDN CM significantly reduced pre-post-drive compared to the 

control group (0.75±0.06; p<0.05 for MOCK-APPLDN). In contrast, ARFRP1 overexpression 

attenuated this reduction, suggesting a partial rescue of the synaptic connectivity 

readout (0.90±0.05; p>0.05 for ARFRP1-APPLDN). Notably, ARFRP1 overexpression alone 

also significantly decreased pre-post-drive (0.71±0.06; p<0,05 for ARFRP1-MOCKWT; 

Figure 4.16A). Treatment with CHO-APP-LDN CM also significantly increased the firing 

rate of postsynaptic units when compared to the control group (2.94±0.32-fold; p<0.01 

for MOCK-APPLDN units; Figure 4.16B). Although a similar trend was observed in ARFRP1-

overexpressing units, this effect did not reach statistical significance, likely due to the 

variability in the data distribution (5.53±1.70-fold; p=0.11 for ARFRP1-APPLDN units; Figure 

4.16B). Interestingly, ARFRP1 overexpression alone significantly increased postsynaptic 

units firing rate (3.28±0.52-fold for ARFRP1-APPWT). Finally, spike amplitude (SNR) was 

largely unaffected by either ARFRP1 overexpression or Aβ treatment (Figure 4.16C). 
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Figure 4.16. ARFRP1 overexpression impact on synaptic drive after Aβ treatment using microfluidics-
coupled MEAs. Effect of ARFRP1 overexpression after Aβ treatment on (A) synaptic drive, (B) firing rate 
and (C) spike amplitude of presynaptic (white bars) and postsynaptic (grey bars) units. Device number 
is reported per condition within each data bar. Data normalised against the mean of the MOCK-APPWT 
control group. Values outside of the median ± 3 × MAD interval were excluded. The dotted line indicates 
a reference value of y=1. N=4 independent cultures. Data displayed as mean ± SEM. MEA chip number 
(n) is reported per condition. Welch’s ANOVA followed by Tamhane T2 multiple comparison test. 
*p<0.05; **p<0.01; ns = non-significant. 
 
 
The presented data showed that units firing rate is significantly increased after CHO-APP-

LDN treatment, which is consistent with previous reports that high concentrations of Aβ 

(hundreds of nanomolar) induce neuronal hyperactivity294. Indeed, Aβ (particularly Aβ1-42-

rich oligomers) within minutes, initially depresses synaptic transmission by reducing 

available postsynaptic receptors at the synapse which in turn reduces synaptic 

transmission and neuronal firing295. However, over the course of several hours to one day, 

neurons can undergo intrinsic compensatory changes such as lowered action-potential 

threshold, reduced afterhyperpolarisation, and altered membrane conductance that 

enhance excitability296. At an elevated concentration or longer exposure, these 

compensatory adjustments can become excessive, resulting in increased firing rate and 

bursting. In parallel, Aβ-mediated weakening of interneuron function disrupts 
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excitation/inhibition balance, further driving network hyperactivity and irregular firing 

patters that can manifest in bursts and eventually lead to epileptic discharges over 

several days of exposure295,297. Because recordings were performed after 24 h of Aβ 

exposure, the observed increase in firing rate likely reflects this later compensatory 

hyperexcitable phase rather than the initial depression phase described in acute 

paradigms. While Aβ primarily affected firing dynamics, its impact on circuit-level 

connectivity required further evaluation. 

 

Interestingly, ARFRP1 overexpression does not seem to prevent the CHO-APP-LDN CM-

induced increase in neuronal firing but showed a tendency to restore pre-post-drive 

which was otherwise decreased with CHO-APP-LDN CM treatment. Pre-post-drive is a 

readout relying on the temporal synchronicity of firing activity between the pre- and 

postsynaptic chambers and thus represents a circuit-level property, rather than a mere 

reflection of firing frequency. Despite a 5-fold increase in the firing rate of the ARFRP1-

APPLDN group compared to MOCK-APPWT group of postsynaptic units, these groups 

exhibited comparable pre-post-drive values. This highlights that the pre-post-drive metric 

captures coordinated cross-chamber activity independently of spike frequency and that 

ARFRP1 overexpression may help preserve network synchrony despite Aβ-induced 

hyperexcitability.  

 

Notable discrepancies were observed regarding the effect of ARFRP1 overexpression 

alone on pre-post-drive and postsynaptic unit firing rate when comparing basal 

conditions to post CHO-APP-WT treatment. Specifically, ARFRP1 overexpression did not 

affect pre-post-drive under basal conditions, whereas it significantly reduced this 

parameter following exposure to CHO-APP-WT CM. Similarly, ARFRP1 overexpression 

significantly decreased postsynaptic unit firing rate in basal conditions, while a significant 

increase was observed after CHO-APP-WT CM exposure. These opposing effects suggest 

that CM derived from APP-WT cells may exert intrinsic biological activity independent of 

Aβ overproduction, potentially influencing neuronal excitability or synaptic dynamics. 

Therefore, to evaluate the direct impact of ARFRP1 prior to Aβ exposure, we focused 

primarily on the results obtained under basal conditions. 
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The reduction in postsynaptic firing rate observed upon ARFRP1 overexpression, in the 

absence of changes in spike amplitude or pre–post-drive, suggests that ARFRP1 does not 

impair synaptic connectivity or action potential generation per se, but rather modulates 

neuronal excitability. The preserved spike amplitude indicates intact membrane integrity 

and sodium channel–dependent spike generation298, while the unchanged pre–post-

drive, combined with previous morphological synaptic assignment results (Section 

4.2.2.1) argue against synaptic disconnection or loss of functional coupling between 

compartments299. Interestingly, the concomitant increase in postsynaptic AMPA receptor 

levels further supports the notion that synaptic structure and receptor availability are 

maintained or even enhanced. Together, these results are consistent with a model in 

which ARFRP1 reduces intrinsic excitability while promoting postsynaptic receptor 

accumulation, potentially reflecting a homeostatic compensatory mechanism aimed at 

stabilizing network activity. Rather than inducing synaptotoxic effects, ARFRP1 

overexpression therefore appears to modulate the functional state of the postsynaptic 

neuron without compromising synaptic integrity. 

 

Together with our previous results, these findings are compatible with a working 

hypothesis where ARFRP1 could modulate postsynaptic receptor trafficking and 

contribute to maintaining synaptic function under Aβ-induced stress. Acute, high-dose 

Aβ exposure appears to transiently increase neuronal firing while disrupting functional 

connectivity between synapses across the network. Under these conditions, ARFRP1 

overexpression seems to stabilise postsynaptic receptor composition and preserve 

network coordination. These results are therefore consistent with the possibility that 

ARFRP1 acts as a postsynaptic trafficking regulator that helps limit Aβ-driven synaptic 

disorganisation. 
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5. IMPLICATIONS & PERSPECTIVES 
 

5.1 Integrative overview and link to research aim  
 
The central objective of this thesis was to identify AD genetic risk factors that could 

prevent Aβ-induced toxicity to synapses. Based on a previous high-content shRNA 

screening that had identified genes impacting synaptic density, this work aimed to 

identify those genes that are capable of protecting synapses when exposed to Aβ. To 

address this, a multi-scale experimental strategy was developed: a medium-throughput 

microfluidic co-culture system for gene screening, followed by compartment-specific 

validation of promising candidates and, finally, functional evaluation of network 

dynamics using microfluidic-coupled MEAs. 

 

This integrative pipeline identified ARFRP1 as a potential modulator of synaptic 

resilience. Although the observed protective effects were moderate and dependent on 

the toxicity paradigms, they were consistent across morphological and 

electrophysiological readouts, suggesting a context-dependent but tentative role of 

ARFRP1 in maintaining synaptic function under pathological stress.  

 

In parallel, this work established two complementary technical models that together 

advance the study of synaptic mechanisms in AD. The first model is a microfluidic co- 

culture screening platform designed for medium-throughput identification of gene-

dependent modulation of synaptic connectivity under Aβ exposure. This system 

combines directional synaptic compartmentalisation and high-content imaging enabling 

systematic and physiologically relevant evaluation of candidate protective factors. The 

second model is an integrated microfluidic-MEA hybrid setup, optimised for 

compartment-specific manipulation while providing immunocytochemical and 

electrophysiological readouts. Despite variability and culture limitations, these two 

models constitute a meaningful methodological advance and represent a solid step 

toward reproducible, compartmentalised assays bridging molecular and functional 

levels in AD research. Beyond experimental value, these platforms also hold translational 

potential for screening small molecular that modulate ARFRP1 function or AMPAR 

trafficking, particularly when combined with human iPSC-derived neuronal models.  
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5.2 Interpretation of findings: from genetic screening to synaptic resilience  
 

The progression of this project, from gene screening to mechanistic characterisation, 

offers an integrated view of how receptor trafficking processes can shape synaptic 

vulnerability to Aβ-induced toxicity. The medium-throughput microfluidic screen 

provided the first layer of insight by revealing that modulating the expression of certain 

AD risk genes can affect Aβ-induced decrease in synaptic connectivity. Among the top 

candidates, ARFRP1, a relatively uncharacterised gene appeared to preserve the 

proportion of assigned presynaptic and postsynaptic puncta, indicating a potential 

stabilising effect on mature synapses. 

 

Subsequent validations using CM from CHO-APP cells further supported the possibility 

that ARFRP1 might modulate synaptic vulnerability or resilience against Aβ-induced 

dysfunction. Our findings are consistent with ARFRP1 acting as a potential postsynaptic 

AMPAR modulator as silencing ARFRP1 reduced both GluA1 intensity and GluA1 

phosphorylation at Ser845, changes known to impair AMPAR insertion and favour LTD-

like depression state in synapses. Conversely, ARFRP1 overexpression decreased GluA2 

with a strong trend toward increased GluA1, a profile associated with Ca2+-permeable 

AMPARs and E-LTP114. Although transient enrichment of Ca2+-permeable AMPARs could 

also increase Ca2+ load and vulnerability under Aβ exposure, the net outcome likely 

depends on local buffering and temporal dynamics. These effects suggest that ARFRP1 

can promote a synaptic environment biased toward potentiation. Compartment-specific 

manipulations in microfluidic devices further suggested that ARFRP1’s potential 

protective role appears to originate predominantly from the postsynaptic side, where its 

overexpression may reduce synaptic vulnerability to Aβ exposure, whereas presynaptic 

modulation alone did not confer synaptic protection. However, a presynaptic 

contribution cannot be excluded. 

 

Functional recordings using MEAs further reinforced the potential role of ARFRP1 at the 

postsynaptic membrane in the regulation of synaptic receptor trafficking and 

postsynaptic protein organisation. Overexpressing ARFRP1 selectively in the 

postsynaptic chamber appeared to stabilise pre-post-drive without preventing the Aβ-



108 
 

induced hyperactivity, suggesting that ARFRP1 could maintain network synchronicity 

despite Aβ-induced stress. This is further supported by the structural data previously 

described that showed a potential beneficial effect of ARFRP1 on synaptic connectivity 

and density in the presence of Aβ.  

 

Together, these converging observations support a model in which ARFRP1 could act as 

a trafficking regulator that sustains receptor availability, spine integrity and synaptic 

communication during pathological stress. Although the observed rescue effects did not 

reach statistical significance, the consistent trends observed across several 

experimental paradigms highlight ARFRP1 as a credible candidate for further 

investigation.  

 

Beyond ARFRP1, this thesis underscores the value of combining compartmentalised 

models with functional assays to bridge the gap between gene-level modulation and 

emergent circuit behaviour. The modest but reproducible effects observed across 

different readouts reflect the multifactorial nature of AD pathology, where subtle changes 

in trafficking or signalling cascades may collectively determine synaptic resilience or 

vulnerability. 

 
 
5.3 Model limitations and experimental constraints  

 
5.3.1 CHO cells for modelling AD 

CHO cells remain the most widely used mammalian host for the industrial production of 

therapeutic proteins and other biological compounds. Their dominance stems from 

several key advantages: (i) the ability to perform complex post-translational 

modifications, including proper protein folding and human-compatible glycosylation, 

which are essential for the bioactivity and safety of many biopharmaceuticals; (ii) 

regulatory acceptance, as CHO-derived products have a long record of safety in clinical 

use; and (iii) stability of transfection and robust growth in suspension with adaptability 

to serum-free, chemically defined media that facilitate large-scale production300. In the 

context of AD, CHO cells have been widely used to produce organic Aβ peptides using 

mutant APP (typically Indiana, Swedish and London mutations) all leading to an 
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increased Aβ production206,301,302. It is also important to note that CHO cells express the 

full complexity of mammalian secretase, yielding human-like Aβ species. As a result, CM 

typically contains a mixture of monomers and low molecular weight oligomers, which is 

biologically relevant. Finally, many studies reported the use of CHO-APP lines paired 

with primary neuronal cultures or brain slices to study synaptotoxicity, dendritic spine 

loss or electrophysiological changes caused by endogenously produced Aβ 177,302–306.  

 

However, CHO cells also present limitations. They are genetically heterogeneous, prone 

to genomic instability and can accumulate mutations or epigenetic changes over long 

passages, leading to variable productivity and product quality307,308. Their metabolism 

differs from that of neurons or other primary cells, which may complicate their use as co-

culture partners in disease models. Such variability in CHO cells viability and secretory 

capacities can confound the interpretation of neuronal responses, making it difficult to 

distinguish genuine Aβ-driven toxicity from secondary effects arising from CHO cells 

stress or degeneration. These constraints were particularly evident in our co-culture 

experiments, where CHO cells exhibited poor viability in NBA medium and in the 

microfluidic format. Despite supplementation with HT additives and L-proline, which are 

not present in standard NBA medium, CHO cells progressively clustered and died. 

Indeed, NBA was optimised for primary neurons and lacks several nutrients and growth 

factors required by CHO cells, such as higher concentrations of amino acids and serum-

derived factors309. Partial replacement of CHO-NBA with DMEM alleviated some stress 

but did not fully rescue viability, highlighting the intrinsic incompatibility of this medium 

with CHO cell metabolism.  

 

CM from CHO cells expressing human APP is typically collected after 12 to 24 h in serum-

free medium and applied directly to neuronal preparations as a source of endogenously 

processed Aβ. In the literature, primary hippocampal neuron cultures are usually treated 

with 25-100 % CM for 16 to 48 h, which delivers low-picomolar to sub-nanomolar Aβ1-42 

equivalents (ca. 50-500 pM) and slightly higher Aβ1-40, concentrations sufficient to induce 

dendritic spine loss, AMPAR internalisation, and LTP deficits177,303,304. Acute hippocampal 

slices perfused with fresh CM typically receive 0.5-2 nM Aβ1-42 for 1-3 h to impair LTP49, 

while in vivo infusion studies using concentrated CM rarely exceed ca. 100 nM total Aβ310. 
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Against this backdrop, the ca. 500 nM total Aβ used in our experiments is two to three 

orders of magnitude higher than physiological levels, placing it within the "high-dose 

acute" range commonly employed with synthetic Aβ to ensure strong and rapid toxicity. 

Such a supraphysiological dose is expected to produce more robust synaptic 

impairment, but may also engage mechanisms such as nonspecific aggregation or 

membrane disruption-that are not prominent at the picomolar to low-nanomolar levels, 

which are thought to prevail in early AD. This approach likely overestimates physiological 

toxicity and may explain the lack of clear protective effect observed in more physiological 

assays. Future work using lower, more physiological Aβ concentrations and prolonged 

exposure paradigms will be valuable to assess whether ARFRP1’s potential protective 

role is maintained under more disease-relevant conditions.  

 

Overall, this finding illustrates both the strength and limitations of CHO-APP systems as 

models for Aβ toxicity. While they remain highly valuable for generating endogenously 

processed and physiologically relevant Aβ species, their metabolic incompatibility with 

neuronal culture conditions limits their sustainability as long term co-culture partners. 

Consequently, CHO-APP lines are best suited as Aβ-producing sources for CM-based 

paradigms, rather than stable long-term co-culture partners. This methodological insight 

emphasises the importance of developing more compatible human-derived cellular 

systems for sustained modelling of Aβ neuron interactions. 

 
 
5.3.2 Limitations of microfluidic models 

A key limitation of using microfluidic devices is the inherent variability at multiple stages 

of the workflow. Variability could arise from cell seeding as using small volumes ranging 

from 1.6 to 2 µL may lead to differences in cell density. This, in turn, can influence both 

the efficiency of viral transduction and the effect of subsequent treatments. Additional 

variability comes from the development of the neuronal network within the microfluidic 

chambers, which can differ both within and between devices.  

 

Imaging introduces further challenges, as it can be difficult to consistently locate regions 

with well-defined dendrites while avoiding cell bodies or astrocytes that sometimes 
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cross the microchannels. These imaging inconsistencies also complicate automated 

batch analysis. Although several approaches are applied to minimise these factors like 

using ARA-C to limit to limit glial overgrowth and preserve the neuronal composition of 

the network, or device tracking to ensure consistency in the use of microfluidic replicas, 

many factors remain difficult to fully control. Importantly, statistical analysis of data 

obtained from microfluidic cultures is improved markedly when data are normalised and 

analysed at the device level rather than at the neuronal preparation level. Indeed, each 

device functions as a relatively independent microenvironment, where subtle 

differences in local cell density, microchannel geometry or neuronal maturation 

introduce variability despite identical manipulation across devices. Consequently, 

device-level normalisation not only tends to reflect true experimental replication and 

improves robustness but also strengthens the precision and interpretability of functional 

and structural read-outs in microfluidic assays.   

 

As a consequence, a relatively large number of independent experiments are often 

required to obtain reliable results. Nevertheless, despite its complexity, this model 

represents a powerful and unique approach, enabling the investigation of synaptic 

compartment-specific mechanisms that cannot be addressed with conventional 

models. Importantly, when significant effects are observed, the results can be regarded 

as particularly robust as the microfluidic approach offers greater sensitivity and precision 

in detecting sometimes subtle but biologically meaningful changes in synaptic functions.  

 
 
5.4 ARFRP1 as a regulator of AMPAR trafficking and synaptic vulnerability: a 

proposed working model  
 
The present findings suggest that ARFRP1 functions as a postsynaptic modulator of 

receptor trafficking and synaptic stability. ARFRP1 belongs to the ADP-ribosylation factor 

(ARF) family of small GTPases involved in vesicular transport between the trans-Golgi 

network and endosomal compartments. Through this function, ARFRP1 is strategically 

positioned to influence the recycling and surface expression of key synaptic proteins 

such as AMPARs. 
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AMPAR trafficking is a highly dynamic process that underlies both synaptic potentiation 

and depression247. Following activation, AMPARs undergo constant cycles of 

endocytosis, recycling, and reinsertion into the postsynaptic membrane, a balance that 

determines synaptic strength and plasticity282. This recycling relies heavily on the 

coordinated activity of endosomal Rab GTPases, which regulate discrete trafficking 

steps. Rab5 mediates early endosomal internalisation of AMPARs during LTD induction, 

Rab7 controls transport to late endosomes and degradation, whereas Rab11 governs 

recycling to the plasma membrane and receptor reinsertion during LTP272,273,311,312. 

Disruption of these cascades by Aβ oligomers has been shown to trigger excessive 

AMPAR endocytosis and loss of surface receptors, leading to dendritic spine retraction 

and synaptic weakening166. 

 

Given its established role in endosome-to-Golgi transport, ARFRP1 may act upstream or 

in concert with Rab-dependent trafficking cascades to maintain the correct balance 

between AMPAR internalisation and recycling. Under Aβ exposure, enhanced or 

preserved ARFRP1 activity could help sustain receptor recycling and surface delivery, 

counteracting the pathological shift toward receptor degradation. In this model, ARFRP1 

could serve as a molecular safeguard that sustains AMPAR availability at excitatory 

synapses, thereby maintaining functional transmission and protecting against Aβ-

induced synaptic depression. 

 

Importantly, this trafficking-centric interpretation in agreement within the broader 

genetic landscape of AD, as many of the risk loci identified by GWAS encode proteins 

involved in endosomal, vesicular or synaptic trafficking pathways. For instance, isoform 

1of BIN1, a strong genetic risk factor for late-onset AD, has recently been shown in a 

neuron-specific context to impair early endosome dynamics and presynaptic 

function256,313. Likewise, PICALM encodes a clathrin-adaptor protein central to clathrin-

mediated endocytosis and has been directly implicated in neuronal and microglial 

trafficking and homeostasis processes in AD314. By positioning ARFRP1 alongside BIN1 

and PICALM, we thus propose that ARFRP1 may represent one more node in a convergent 

trafficking network that modulates synaptic vulnerability in AD. If ARFRP1 indeed 

supports endosomal-Golgi routing or recycling of AMPAR-containing vesicles, its 
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modulation would influence synaptic resilience in the face of Aβ-induces stress, just as 

isoform-specific alterations in BIN1 or loss of PICALM function may predispose synapses 

to degeneration. Framing our findings in this context enhances their translational 

relevance, suggesting that ARFRP1 may represent one additional component of the wider 

endosomal trafficking system that collectively shapes synaptic resilience in AD.  

 

Beyond receptor recycling, ARFRP1-dependent trafficking may also modulate local 

EPSP-spike threshold and postsynaptic excitability. Indeed, previous studies have shown 

that endosomal and Golgi pathways regulate the membrane delivery of voltage-gated 

channels and postsynaptic scaffolds that set the integrative threshold of dendritic 

spines315,316 . By stabilising these trafficking routes, ARFRP1 could enhance postsynaptic 

responsiveness to presynaptic input without necessarily altering presynaptic release 

probability. In doing so, ARFRP1 would potentially optimise synaptic efficiency rather 

than increase overall firing rate per se, a possibility consistent with, but not directly 

demonstrated by, the observed preservation of connectivity despite Aβ-induced 

hyperexcitability.  

 

Together, these findings support a working model in which ARFRP1 participates in 

endosomal and Golgi trafficking pathways that regulate AMPAR recycling and 

postsynaptic organisation. By preserving receptor homeostasis and structural integrity of 

dendritic spines under pathological stress, ARFRP1 enhances synaptic resilience and 

mitigates Aβ-induced synaptic vulnerability. This conceptual framework links vesicular 

trafficking to synaptic protection and highlights ARFRP1 as a promising molecular target 

for future mechanistic exploration. 

 

 

5.5 Perspectives and future directions  
 

Several directions arise from this work.  

 

From a mechanistic perspective, direct visualisation of AMPAR recycling using live-cell 

imaging under ARFRP1 manipulation would provide causal evidence for its trafficking 
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role. Co-localisation studies with Rab5, Rab7, or Rab11 markers could map the 

endosomal stages influenced by ARFRP1, while biochemical assays could identify 

interacting partners within the Golgi-endosome continuum. Expanding the MEA analysis 

using cLTP or chronic Aβ paradigms would help determine whether ARFRP1 also 

contributes to sustained functional plasticity rather than only baseline stability. 

 

From a modelling perspective, using human-compatible APP-expressing cell lines such 

as HEK293-APP or neuroblastoma-derived APP-expressing cells could offer better 

compatibility with neuronal culture conditions while maintaining human-like Aβ 

processing317–319. More recently, human iPSC-derived neurons or astrocytes carrying 

familial AD mutations have emerged as robust and physiologically relevant sources of 

endogenous Aβ213,320,321. These cells could be co-cultured with WT neurons to model 

paracrine toxicity while preserving long-term viability and intercellular signalling. When 

combined with microfluidic devices, such systems would allow compartmentalised, 

chronic, and physiologically relevant modelling of Aβ effects, bridging the gap between 

reductionist CHO-based assays and complex human neuronal networks. 

 

From a translational standpoint, ARFRP1 and its trafficking network may represent 

emerging candidates for therapeutic modulation. Small molecules or peptides 

enhancing ARFRP1 activity or other targets involved in the protective mechanism could 

be screened using the optimised platform, providing a rapid functional readout of 

synaptic protection. Parallel studies in human neuronal cultures carrying AD-associated 

variants could test whether ARFRP1 expression correlates with differential vulnerability 

to Aβ. 

 
 
5.6 Technical significance and broader impact 
 
Beyond its biological insights, this thesis delivers substantial methodological value.  

 

The development of a microfluidic co-culture screening system is highly significant from 

a technical standpoint. Microfluidic platforms enable precise spatial and temporal 

control of cell-cell interactions, allowing the separation of neuronal and non-neuronal 
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compartments while permitting diffusion of soluble factors such as Aβ. This setup 

closely mimics physiological microenvironments, reduces reagent consumption, and 

supports medium-throughput screening under defined conditions. Importantly, even 

with limitations in CHO cell compatibility, the microfluidic design provides a versatile 

framework adaptable to alternative Aβ-secreting cell types or engineered neuronal-glial 

configurations, enhancing reproducibility and translational relevance of 

neurodegenerative disease models. 

 

The integration of microfluidics with MEAs provides a versatile and scalable platform for 

analysing compartment-specific gene function across morphological, biochemical, and 

electrophysiological dimensions. This dual-readout system enables a level of spatial and 

functional precision rarely achieved in conventional in-vitro models. Its ability to 

manipulate and record pre- and postsynaptic compartments independently makes it 

particularly suited to study synaptic asymmetry and directional signalling, features that 

are central to AD pathology. 

 

Although the protective effects observed here are modest, they were obtained in a 

physiologically constrained environment closely resembling neuronal microcircuits. 

Such realism comes with variability but also with translational value. The microfluidic-

MEA setup, now optimised and validated, offers a strong foundation for future studies 

exploring genetic, pharmacological, or environmental modulators of synaptic function. 
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6. CONCLUSION  
 
This thesis aimed to identify AD genetic risk factors capable of protecting synapses from 

Aβ-induced synaptotoxicity. Using a multi-scale experimental pipeline combining 

microfluidic co-culture screening, compartment-specific validation, and 

electrophysiological assessment with microfluidic-MEA devices, the study identified 

ARFRP1 as a potential modulator of synaptic resilience. Although its protective effects 

were moderate, they were consistent across morphological and functional assays, 

suggesting a context-dependent but meaningful role in maintaining synaptic integrity. 

 

Mechanistically, ARFRP1 appears to regulate AMPARs trafficking and postsynaptic 

stability through its function in endosomal and Golgi-mediated transport. By influencing 

receptor recycling and surface expression, ARFRP1 may help sustain excitatory 

transmission and counteract Aβ-induced synaptic weakening. 

 

Beyond biological findings, this work provides key technical advances, including a 

medium-throughput microfluidic screening system and an integrated microfluidic-MEA 

model, both enabling compartmentalised and functionally relevant studies of synaptic 

mechanisms. These tools bridge molecular and network-level analyses, offering 

scalable, physiologically relevant models for AD research. 

 

Future directions include live-cell imaging of AMPAR dynamics, mapping ARFRP1's 

interaction with Rab GTPases, and extending analyses to human iPSC-derived models for 

improved translational relevance. Ultimately, ARFRP1 and its trafficking network emerge 

as promising targets for therapeutic exploration, while the developed platforms establish 

a robust foundation for investigating gene-dependent modulation of synaptic 

vulnerability in neurodegenerative diseases. 
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APPENDIX 

 
Overall, the Appendices A and B presented here document the technical challenges 

encountered with CHO-APP models and the corresponding methodological refinements 

implemented throughout this study, supporting the robustness and reproducibility of the 

main findings. 

A. Endogenous toxicity of CHO cells  

 

During the screening experiments, several coverslips had to be excluded from the 

analysis as CHO-APP-LDN co-cultures did not consistently display the typical reduction 

in synaptic connectivity, despite reproducible Aβ secretion measured by AlphaLISA. 

Indeed, signs of cellular stress, such as clustering and increased cell death, were 

observed in both CHO cell lines from DIV7 onwards, with CHO-APP-WT cultures showing 

a more pronounced effect (Figure S1). 

 

Figure S1. Stressed CHO-APP cells in co-culture media. Phase contrast images of CHO-APP cells in 
CHO growth media (before neuron seeding) and in CHO-NBA media (7 days after neuron seeding). 
Red frames indicate cell death; orange frames indicate clustering. Scale bar = 200 µm.  
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We therefore hypothesised that CHO-APP-WT cells could reduce synaptic connectivity 

independently of Aβ, thereby depressing the control baseline. To address this, neurons 

were seeded in the screening D-device and co-cultured with either no CHO cells; CHO-

APP-WT; or CHO-APP-LDN (Figure S2). It seemed that co-culture with both CHO-APP-WT 

and CHO-APP-LDN was toxic for the synapses, as synaptic connectivity (0.72±0.07 and 

0.65±0.05, respectively) and network intensity (0.78±0.02 and 0.73±0.03, respectively) 

were greatly reduced compared to neurons in monoculture. Although based on a single 

experiment, these results are consistent with what we observed during screening 

experiment which is a lower-than expected toxicity effect induced by the CHO-APP-LDN 

co-cultures due to a toxic effect of the CHO-APP-WT control cells.  

Figure S2. Impact of CHO-APP-WT and CHO-APP-LDN on synapses and neural network. Mean 
synaptic connectivity and network intensity were normalised to the no-CHO control condition. Data 
are displayed as mean ± SD. N =1 (3 devices per condition).  

 
Collectively, all previous results suggested that CHO-NBA compromises CHO cell 

viability. To mitigate media switch stress, a gradual transition from growth medium to 

CHO-NBA co-culture medium was implemented. In earlier experiments, CHO cells were 

seeded in the screening microfluidic device 3 days before neurons and maintained in 

DMEM supplemented with FBS growth medium until neuron seeding, at which point the 

growth medium was completely replaced with CHO-NBA. To reduce potential stress on 

CHO cells, we hypothesised that a progressive shift from growth medium to CHO-NBA 

might be beneficial (Figure S3). Despite this adjustment, CHO-APP-WT cells continued 

to exhibit clustering and degeneration from DIV6 onwards, whereas CHO- APP-LDN cells 
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showed similar changes at later time points. In addition, synaptic connectivity seemed 

greatly decreased in neurons co-cultured with CHO cells in both genotypes (0.78±0.04 

for APP-WT and 0.73±0.03 for APP-LDN), indicating that improved perfusion did not 

rescue viability or function.  

 

Figure S3. Synaptotoxicity of CHO cells co-culture after progressive media change. (A) representative 
phase contrast images of CHO cells in the CHO chamber from the day prior to neuron seeding to DIV8 
with the respective proportions of CHO growth and CHO-NBA media. Orange-boxed images show 
cellular stress with clustering. Scale bars = 100 µm. (B) %SYP_assigned in co-culture microfluidic 
devices (D-devices) with neurons co-cultured without CHO cells (no CHO) or with CHO-APP-WT (WT) 
or CHO-APP-LDN (LDN) cells seeded at DIV1 with progressive media shift from CHO growth medium 
to CHO-NBA medium. N=2. Each data point represents one microfluidic device. Data were 
normalised to the no CHO condition and displayed as mean ± SEM.  

 
An alternative approach involved seeding neurons first and to introduce CHO cells at 

DIV14, based on the observation that CHO cells appeared to remain stable for about one 

week. Neurons were subsequently fixed at DIV21, as in previous experiments. Under 

these conditions, CHO cells exhibited signs of stress three days post-seeding and began 

to degenerate from DIV19 onward (Figure S4A). As expected, synaptic connectivity was 
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decreased in neurons co-cultured with CHO-APP-WT cells (0.81±0.08), while the effect 

of CHO-APP-LDN cells was less pronounced (0.90±0.12). However, considering cellular 

morphology, it is likely that any apparent toxicity arose from stress-related factors 

released by degenerating CHO cells rather than from secreted Aβ (Figure S4B). 

 

Figure S4. Synaptotoxicity of CHO cells co-cultures seeded at DIV14. (A) Representative phase 
contrast images of CHO cells in the CHO chamber after seeding at DIV14 and maintenance in CHO-
NBA. Orange-boxed images show cellular stress with clustering and red-boxed images show cellular 
death. Scale bar = 200 µm. (B) %SYP_assigned in co-culture microfluidic devices (D-devices) with 
neurons co-cultured without CHO cells (no CHO) or with CHO-APP-WT (WT) or CHO-APP-LDN (LDN) 
cells seeded at DIV1 with progressive media shift from CHO growth medium to CHO-NBA medium. 
N=1. Each data point represents one microfluidic device. Data were normalised to the no CHO 
condition and displayed as mean ± SD. 

 
In summary, co-culture with CHO-APP-WT cells appeared to consistently reduce 

synaptic connectivity by ca. 20%, irrespective of the time point at which the CHO cells 

were introduced. Moreover, CHO cells did not remain viable for more than 5 days in CHO-

NBA medium. Collectively, these findings indicate an inherent synaptotoxicity associated 

with CHO-APP-WT cultures and could account for the reduced dynamic range observed 

during screening experiments. Consequently, new CHO-APP cell lines were generated 

(See Appendix B), as repeated efforts to improve cell viability proved unsuccessful. This 

approach was designed to minimise potential effects of passage history and to provide a 

fresh starting population for subsequent experiments.  
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B. Generation of CHO-APP cell lines and final media tests 

 
To generate new CHO-APP lines, the plasmids previously used for CHO line production 

were kindly provided by our collaborators as dried DNA spots on filter paper. Following 

bacterial transformation, plasmid DNA was amplified, purified and transfected into naïve 

CHO-K1 cells. A total of 24 antibiotic-resistant clones per genotype were isolated, and 

cell lysates were analysed by Western blotting to screen for APP expression levels. 

Lysates from original CHO-APP lines used in prior experiments were included as 

reference control in each gel (Figure S5). Clone selection was guided by total APP protein 

level and APP banding profile, with both genotypes displaying the characteristic doublet 

around 110 kDa. For CHO-APP-LDN cells, the blotting profiles were consistent across 

clones, and those with the highest APP expression were selected for further analysis 

(Figure S5B). In contrast, CHO-APP-WT clones exhibited greater variability in banding 

patterns and relative intensities; therefore, clones with high APP expression but distinct 

banding profiles were selected for subsequent characterisation (Figure S5A).  
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Figure S5. Immunoblot showing APP expression of the different antibiotics-resistant clones for stable 
CHO-APP-WT and CHO-APP-LDN lines production. Expression of APP and β-actin of the (A) CHO-APP-
WT clones and (B) CHO-APP-LDN clones. N=1. Selected clones are highlighted in green and red for 
CHO-APP-WT and CHO-APP-LDN cell lines respectively. Molecular weight for each band is displayed 
on the left of the panel.  

 
In most samples, two distinct protein bands were detected by the APP antibody. The 

upper band likely corresponds to the heavily N- and O-glycosylated, mature form of APP 

(mAPP), while the lower band represents the immature form of APP (imAPP), primarily N-

glycosylated322–324. CHO-APP-WT cells displayed comparable or slightly higher levels of 

mAPP, while CHO-APP-LDN cells were dominated by the imAPP form306,325. This 

observation is consistent with previous reports indicating that the APP-LDN mutation 

impairs endoplasmic reticulum-to-Golgi trafficking, resulting in slower APP maturation 

and reduced delivery of mature APP to the cell surface306,326. The selected clones were 

subsequently cultured in well plates and CM was collected to quantify total secreted Aβ 

(Aβ1-X) using AlphaLISA assay (Table S1).  

 
Table S1. AlphaLISA measurement of total Aβ (Aβ1-X) in CM from selected clones. Aβ concentrations 
are displayed in nM for 8 µg/µL of total protein. N=1, ND = non-detectable.  

 

 

 

 

 
 
 
 
Among the wild-type clones, WT2-8 was selected due to its low level of secreted Aβ and 

a similar protein band profile to the control sample. In contrast, LDN1-8 was chosen from 

the APP-LDN clones as it exhibited higher Aβ secretion concentrations, making it the 

most suitable model for studying Aβ-associated toxicity. The newly generated CHO lines 

were then seeded into the D-device and maintained in CHO growth medium, followed by 

a gradual transition to CHO-NBA medium as previously described. However, CHO cell 

viability on CHO-NBA was not improved under these conditions. CHO-APP-WT cells 

Clone Aβ1-X Clone Aβ1-X 

WT 1-3 ND LDN 1-8 7.149 
WT 1-5 1.408 LDN 2-4 1.343 
WT 1-9 1.167 LDN 2-9 2.685 

WT 1-11 0.615 LDN 2-10 0.366 
WT 2-8 0.039 LDN 2-11 1.804 
WT 2-9 0.412 LDN 2-12 2.362 
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exhibited early clustering and degeneration while CHO-APP-LDN cells also developed 

signs of cellular stress at later stages (Figure S6).  

 

Figure S6. Impact of CHO-NBA media on newly established CHO-APP lines. Representative phase 
contrast images of new CHO-APP cells in CHO growth media and in CHO-NBA media, 6 days after a 
gradual medium switch. Images with a red or orange frame respectively indicate cell death and cell 
clustering. Scale bar = 200 µm.  

 
Despite our extensive efforts to resolve the co-culture viability issues through multiple 

optimisation strategies, including experimental timing and generating new cell lines, 

CHO-APP-WT cells continued to exhibit clustering and cells death within one week of co-

culture, suggesting a potential construct-related issue, although this could not be 

confirmed. Consequently, we decided to discontinue the co-culture approach and 

instead adopted the use of conditioned medium, which allowed us to maintain neuronal 

health while still assessing the effects of CHO cell secretions.  
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C. Additional supplementary figure and tables  
 

 Figure S7. MOI test of shNT and shARFRP1 virus. Immunoblot of cortical cell lysate non transduced 
(control) or transduced with shNT and shARFRP1 virus at different MOIs (1, 2 and 4). ARFRP1 protein 
presence was assessed along with β-actin as a loading control. N=1. 

 

Figure S8. Probability plot comparing the distribution of the fold differences between unit numbers 
detected in presynaptic and postsynaptic chambers to the normal distribution. Each point indicates 
one MEA-integrated microfluidic device, in which the spike sorting algorithm detected at least one unit 
in both chambers (n = 35 devices from 7 independent cultures). Dashed line passes through the lower 
and upper quartiles. Solid lines indicate the limits for 4-fold difference in unit numbers and 
correspond to the exclusion criteria used for this dataset (|z-score| = 1.5). 
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Figure S9. Correlation between detected unit numbers and pre-post-drive. Each point indicates one 
MEA-integrated microfluidic device within the normal distribution of fold differences in unit numbers 
(n = 30 devices from 7 independent cultures). Outlier data points (black dots) were included for clarity. 
Dashed lines show the least-squares fits before (black) and after (blue) outlier exclusion. 

 

 

This section provides detailed buffer formulations, device schematics, and antibody lists 

used throughout the experiments. 

 
Table S2. Buffers composition 
 

Compound Concentration Reference Supplier 
Dissection buffer 

HBSS 1X 14185045 ThermoFisher 
HEPES 10 mM 15630056 ThermoFisher 

Sodium pyruvate 1 mM 11360039 ThermoFisher 
Penicillin/Streptomycin 25 U/mL 15070063 ThermoFisher 

MEM/FBS 
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MEM (no glutamine) 1X 21090022 ThermoFisher 
D-Glucose 3% G8270 Sigma 

Penicillin/Streptomycin 25 U/mL 15070063 ThermoFisher 
GlutaMax 1% 35050038 ThermoFisher 

MEM vitamins 0.80% 11120037 ThermoFisher 
FBS 10% 10270106 ThermoFisher 

NBA culture medium 
 Neurobasal A 1X 10888022 ThermoFisher 

GlutaMax 1% 35050038 ThermoFisher 
B27 2% 17504001 ThermoFisher 

CHO growth 
DMEM/F-12 1X 21331020 ThermoFisher 

FBS 10% 10270106 ThermoFisher 
HT supplement 1X 41065012 ThermoFisher 

Penicillin/Streptomycin 500 U/mL 15070063 ThermoFisher 
L-proline 600 µM P0380 Sigma Aldrich 

L-glutamine 2 mM 25030081 ThermoFisher 
CHO-NBA 

NBA (no phenol) 1X 12349015 ThermoFisher 
HT supplement 1X 41065012 ThermoFisher 

Penicillin/Streptomycin 25 U/mL 15070063 ThermoFisher 
L-proline 600 µM P0380 Sigma Aldrich 

Coating solution 
Boric acid 50 mM B9645 Sigma Aldrich 

Sodium tetraborate 12.5 mM 229946 Merck 
PDL 0.1 mg/mL P6407 5MG Sigma Aldrich 

pH 8.5 
   

Lysis buffer 
Tris 50 mM T1503 Sigma Aldrich 

Sodium chloride 150 mM 1112-A Euromedex 
Nonidet P-40 1% 18896 Sigma Aldrich 

SDS 1% 27923.238 VWR 
Sodium orthovanadate 1 mM 56508 Sigma Aldrich 
Sodium deoxycholate 0.50% D6750 Sigma Aldrich 

Protease inhibitor 1X 469312400 Roche 
Phosphatase inhibitor 1X 4906845001 Roche 

pH 7.4 
   

TBS 
Tris 20 mM T15 03 Sigma Aldrich 

Sodium chloride 150 mM 1112-A Euromedex 
pH 7.4 

   

Complete ACSF 
Sodium chloride 125 mM 1112-A Euromedex 

Potassium chloride 2.5 mM 4933 Merck 
Magnesium chloride 1 mM M8266 Sigma Aldrich 

Calcium chloride 2 mM 433381 Carlo Erba 
D-glucose 33 mM G8270 Sigma Aldrich 

HEPES 25 mM 15630056 ThermoFisher 
pH 7.3    
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Table S3. Microfluidic devices design overview.  
 

Device 
type Code Design 

description Illustration 

Standard U 

3 chambers: 
presynaptic 
(pre), 
postsynaptic 
(post), and 
synaptic (syn) 

 

Co-
culture X 

Same as U, 
plus an extra 
chamber for 
CHO cells co-
culture (CHO) 

 

Synaptic fractionation: neutral buffer 
Sucrose  0.32 M 200-301-A Euromedex 

 
HEPES  10 mM 15630056 ThermoFisher 

Protease inhibitor 1X 469312400 Roche 
Phosphatase inhibitor 1X 4906845001 Roche 

pH 7.4    
Synaptic fractionation: EDTA buffer 

HEPES 4 mM 15630056 ThermoFisher 
EDTA 1 mM EU0007-C Euromedex 

pH 7.4    
Synaptic fractionation: HEPES-Triton buffer 

HEPES  20 mM 15630056 ThermoFisher 
Sodium chloride 100 mM 1112-A Euromedex 

Triton X-100 0.50% T8787-250ML Sigma Aldrich 
pH 7.2    

Synaptic fractionation: denaturation buffer 
HEPES  20 mM 15630056 ThermoFisher 

Sodium chloride 0.15 mM 1112-A Euromedex 
Triton X-100 1% T8787-250ML Sigma Aldrich 

Deoxycholic acid  1% 700247P-10MG Sigma Aldrich 
SDS 1% 27923.238 VWR 

pH 7.5 
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Screening D 

Two sets of 
four X devices 
combined into 
one unit 

 

MEA V 

Same as U, 
plus an extra 
well for the 
MEA reference 
electrode (ref) 

 

 
Table S4. Primary antibodies used for immunoblotting (WB) and immunofluorescence (IF). 
 

Primary antibodies 

Target Host Dilution 
buffer Dilution Supplier Antibody 

reference 
Method 

used 

β-actin Mouse TBS 1/15,000 Sigma 
Aldrich A1978 WB 

APP clone 
22C11 Mouse TBS 1/1,000 Sigma 

Aldrich MAB348 WB 

ARFRP1 Rabbit TBS 1/1,000 Invitrogen 120267 WB 

GluA1 Rabbit TBS 1/1,000 
Sigma 
Aldrich AB1504 WB 

GluA2 Rabbit TBS 1/5,000 Abcam 206293 WB 

pSer845-GluA1 Rabbit 
PBS for 

IF, TBST-
T for WB 

1/100 
for IF; 

1/1,000 
for WB 

Cell 
signalling 8084 WB; IF 

pSer880-GluA2 Rabbit 

PBS for 
IF; TBS 

+1% 
BSA 

1/400 
for IF; 
1/500 

for WB 

Thermo-
Fisher 5359R WB; IF 

PSD95 Guinea 
pig 

PBS for 
IF; TBS 
for WB 

1/300 
for 

IF1/1,00
0 for WB 

Synaptic 
System 124014 WB; IF 
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Synaptophysin Chicken TBS 1/1,000 Synaptic 
System 101006 WB 

GluA1 Rabbit PBS 1/300 
Clini-

Science Ab02178 IF 

GluA2 Guinea 
pig PBS 1/200 Synaptic 

System 182105 IF 

Homer1 Chicken PBS 1/300 Synaptic 
system 160006 IF 

Synaptophysin Guinea 
pig PBS 1/300 Synaptic 

system 101004 IF 

Synaptophysin 
oyster 488 N/A PBS 1/150 

Synaptic 
system 101011 c2 IF 

Tau Rabbit PBS 1/400 Synaptic 
system 314003 IF 

Tubulin-β3 Mouse PBS 1/400 Millipore MAB1637 IF 
 

Table S5. Secondary antibodies used for immunoblotting (WB) and immunofluorescence (IF). 
 

Secondary antibodies (Jackson ImmunoResearch) 

Fluorophore Host Dilution 
buffer Dilution Antibody 

reference 
Method 

used  

HRP  Goat anti-
Rabbit 

5% non-fat 
milk in TBS 1/10,000 111-035-003 WB 

HRP Goat anti-
Mouse 

5% non-fat 
milk in TBS  

1/5,000 115-035-003 WB 

HRP Goat anti- 
Guinea pig 

5% non-fat 
milk in TBS  1/5,000 106-035-003 WB 

Alexa Fluor® 
488  

Donkey anti-
Guinea pig PBS 1/400 706-545-148 IF 

Alexa Fluor® 
488  

Donkey anti-
Chicken PBS 1/400 703-545-155 IF 

Alexa Fluor® 
594  

Donkey anti-
Guinea pig PBS 1/400 706-585-148 IF 

Alexa Fluor® 
594  

Donkey anti-
Chicken PBS 1/400 703-585-155 IF 

Alexa Fluor® 
647  

Donkey anti-
Guinea pig PBS 1/400 706-605-148 IF 

Alexa Fluor® 
647  

Donkey anti-
Rabbit PBS 1/400 711-605-152 IF 

Cy™3   Donkey anti-
Rat PBS 1/400 712-165-153 IF 

DyLight™ 405 
Donkey anti-

Mouse PBS 1/400 715-475-151 IF 

DyLight™ 405  Donkey anti-
Rabbit PBS 1/400 711-475-152 IF 
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D. Articles  
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