Mécanobiologie de la maladie d'Alzheimer : approches de dépistage à haut contenu pour caractériser les mécanismes de mécanotransduction synaptique et les rôles des facteurs de risque génétique d'Alzheimer

Un nombre croissant de preuves suggère que la signalisation mécanique participe à la formation et la plasticité des synapses. Considérant qu'un certain nombre de facteurs de risque génétiques de la maladie d'Alzheimer (MA) forme tardive sont impliqués dans l'adhésion cellulaire et que la perte de synapse est l'un des premiers événements de la physiopathologie de la MA, il est supposé que l'identification des voies de signalisation de mécanotransduction en aval des molécules d'adhésion cellulaire (MAC) synaptiques aidera comprendre comment les facteurs de risque génétiques contribuent à la MA et définir de nouvelles approches thérapeutiques. L'objectif global de ce projet est de découvrir les mécanismes mécanobiologiques de la formation et de la perte des synapses dans les conditions physiologiques et de la MA en développant des approches de dépistage à haut contenu. D'abord, les voies de signalisation intracellulaires en aval de la stimulation mécanique de certaines MAC synaptique seront déterminées en développant un dépistage à haut débit basé sur la spectroscopie de force à micro-pinces magnétiques dans des lignées cellulaires modèles qui expriment de manière stable des biocapteurs fluorescents pertinents.

Ensuite, un criblage à débit moyen basé sur des dispositifs de co-culture microfluidiques qui imitent la perte de synapse dans la MA sera développé pour déterminer si les médiateurs de la mécanotransduction MAC affectent la synaptotoxicité induite par la bêta-amyloïde (Aβ) ou tau et si ces effets dépendent des facteurs de risque génétiques de la MA. Enfin, la formation de structures pré-et post-synaptiques sur les neurones induits humaine sera démontrée en stimulant mécaniquement les MAC synaptiques et/ou en interférant pharmacologiquement avec les voies de mécanotransduction identifiées et pour évaluer comment ces processus sont modulés pendant la toxicité induite par Aβ et tau. Au-delà de la nouveauté méthodologique, ce projet améliorera considérablement la réflexion actuelle sur les mécanismes de mécanotransduction synaptique et leurs rôles potentiels dans la MA. Sur le plan de l'application, ce projet est une étape majeure vers la mise à disposition de cultures de neurones compartimentées pour le criblage de composants et éventuellement pour des applications de découverte de médicaments.

Mechanobiology of Alzheimer's disease: High-content screening approaches to characterize synaptic mechanotransduction mechanisms and the roles of Alzheimer's genetic risk factors therein

A growing body of evidence suggests that mechanical signaling takes part in synapse formation and plasticity. Considering that a number of genetic risk factors of the late-onset Alzheimer's disease (AD) are involved in cell adhesion and that synapse loss is one of the earliest events in AD pathophysiology, it is hypothesized that identifying mechanotransduction signaling downstream of synaptic adhesion molecules (CAMs) will help understand how genetic risk factors contribute to AD and define novel therapeutic approaches. The overall aim of this project is to discover the mechanobiological mechanisms of synapse formation and loss in physiological and AD conditions through developing highcontent screening approaches. First, intracellular signaling pathways downstream of mechanical stimulation of select synaptic CAMs will be determined through developing a high-throughput compound screen based on magnetic tweezers force spectroscopy in model cell lines that stably express relevant fluorescent biosensors. Then, a medium-throughput screening based on microfluidic co-culture devices that mimic synapse loss in AD will be developed to determine if the mediators of CAM mechanotransduction affect amyloid beta (Aβ)-or tau-induced synaptotoxicity and whether these effects depend on AD genetic risk factors. Finally, the formation of pre-and postsynaptic structures on human induced neurons will be demonstrated by mechanically stimulating synaptic CAMs and/or pharmacologically interfering with the identified mechanotransduction pathways and to assess how these processes are modulated during Aβ and tau-induced toxicity. Beyond the methodological novelty, this project will considerably enhance the current thinking of synaptic mechanotransduction mechanisms and their potential roles in AD. On the translational aspect, this project is a major step towards making compartmentalized neuron cultures available for compound screening and eventually for drug discovery applications.

RESEARCH EXPERIENCE

My research experience spans over a 16-year period and consists of a number of interdisciplinary research projects, often involving multiple laboratories. For simplicity and clarity, only most significant projects and projects that are pertinent to the research perspective are presented. This section is divided into four subsections each corresponding to a doctoral or postdoctoral training period. Context and hypothesis: Diffuse axonal injury (DAI), a major component of traumatic brain injury, is a manifestation of microstructural cellular trauma and various ensuing neurochemical reactions that leads to secondary neuron death. DAI was suggested to result from the initial increase in the membrane permeability caused by the mechanical forces acting on the axons. We hypothesized that resealing damaged membranes with a tri-block co-polymer would block the injury sequelae and protect axons.

Methodology: A fluid shear stress injury model was developed to investigate the consequences of mechanical trauma in primary central nervous system (CNS) neurons. Changes in axonal morphology, Ca 2+ and calpain dynamics, and microtubule structure were investigated. An interactive image analysis program was written to correlate morphological changes (live imaging) with microtubule loss (immunocytochemistry). A cell physiological model was developed to describe the focal Ca 2+ hot spots observed.

Results: Our in vitro model reproduced important features of in vivo DAI including membrane permeability increase and axonal beading (hallmark morphology). Axonal beading colocalized with focal microtubule loss (Fig. 1). We showed that Ca 2+ increase and calpain activity were the underlying phenomena in the injury process and exhibited hot spots that later developed into beading. Post-injury application of Poloxamer 188, a polymer that reseals damaged membranes, blocked the injury sequelae, suggesting membrane repair as a therapeutic strategy in DAI. Finally, a spatiotemporal axon model was developed to simulate post-injury Ca 2+ and calpain dynamics, which suggested a role for mitochondrial Ca 2+ buffering.

Significance: These findings suggested that mechanoporation is the initiating mechanism resulting in ensuing Ca 2+ fluxes and subsequent calpain activity and that post-injury membrane repair may be a valid therapeutic approach for DAI. These results strengthened the "mechanoporation-Ca 2+ -calpain" hypothesis of traumatic axonal injury.

Scientific output: This project resulted in 1 refereed conference proceeding 1 and 3 journal articles, [2][3][4] which together received over 260 citations.

Skills acquired: Chick forebrain neuron culture; live-cell fluorescence imaging; immunocytochemistry; Matlab programming for quantitative image analysis; VCell for cell physiological modeling. This project initiated collaboration between engineering and neurobiology labs located in separate campuses and involved no other student, postdoc, or technician, thus providing me with skills in planning/organization. Context and hypothesis: Degeneration of CNS axons may occur following injury or due to various diseases and it involves complex molecular mechanisms that need to be elucidated. Existing in vitro axotomy models were difficult to perform, and they provided limited information on the localization of events along the axon. We hypothesized that neurons undergoing axotomy in a microfluidic device would exhibit distal axon degeneration, which could be probed by locally applying potential therapeutics.

Methodology: A microfluidic neuron culture device was developed (through collaboration with physicists at CNRS UMR 168), comprising three distinct chambers, interconnected by parallel microchannels. Microchannels allowed axon outgrowth but blocked cell bodies, hence providing exclusive access to subcellular regions. The 50-100 μm wide central chamber enabled the simultaneous axotomy of hundreds of axons with a brief flux of detergent without affecting distal and proximal segments (Fig. 2). Results: Axotomized neurons exhibited no cell death but rapid distal degeneration leading to axonal beading and fragmentation. We observed asynchronous and anterograde degeneration -key features of in vivo Wallerian degeneration. Axonal fragmentation was significantly delayed with nicotinamide adenine dinucleotide (NAD + ) pretreatment, but not with calpain or caspase inhibitors. However, locally exposing somata to proapoptotic stimuli triggered caspase-dependent axonal degeneration (dying-back), which could be prevented by NAD + treatment.

Significance: These findings, consistent with previous work in vivo, demonstrated the power and biological relevance of subcellular microfluidic compartmentalization for neuroscience. We were among the small number of labs that democratized this technique in late 2000's, which is much more common today.

Scientific output: This project resulted in 1 refereed conference proceeding 5 and 2 journal articles, [6][7] which together received over 100 citations.

Skills acquired: Microfluidic (mouse) neuron culture; ImageJ programming for quantitative image analysis. I was involved in multiple projects during this 6-year long postdoctoral training. I will discuss three major projects that I led and that are closely related to my future research aims.

Probing Cell Adhesion Molecule (CAM) Biophysics with Magnetic Tweezers (MTW)

Context and hypothesis: Immunoglobulin (Ig) superfamily CAMs, e.g., neural CAM (NCAM) play a crucial role in cell-cell interactions during nervous system development and function; however, the biophysics of their homophilic bonds was poorly understood. We hypothesized that MTW force spectroscopy and mathematical modelling of Ig domain interactions would better describe these mechanisms.

Methodology: Substrates and superparamagnetic (SPM) microparticles were first coated with polyethylene glycol (PEG) and then functionalized with ectodomains of apCAM, the vertebrate homolog of NCAM. Particles were let interact with substrates, before piconewton (pN)-level, constant forces were applied via MTW. Kinetics of bond breakage was analyzed as a function of force magnitude and apCAM density. A mathematical model was developed to simulate bond formation/breakage (Fig. 3).

Results:

The average bond lifetime decreased with increasing external force, as predicted by theory. Mathematical simulations suggested that the apCAM homophilic bond is mediated by two distinct bonds, one involving all five Ig domains in an antiparallel alignment and the other involving only two Ig domains.

Significance: This study provided biophysical evidence that apCAM homophilic bond is mediated by distinct domain interactions and demonstrated that MTW force-clamping is a simple yet robust method for characterizing relatively weak CAM interactions.

Low Piconewton Towing of CNS Axons towards Repulsive Cues (Marie Curie Intra-

European Fellowship; 2011-2013)

Context and hypothesis: It is known that CNS axons are capable of regeneration, but the glial scar that forms following spinal cord injury (SCI) not only imposes a physical boundary for elongating axons, but also a chemical one for it secretes repulsive cues. It is also known that axons can be towed long distances by pulling on their growth cones. We hypothesized that simultaneously pulling on growth cones and blocking the repulsive signaling mechanisms would guide axons towards a source of repulsive cues. Methodology: We developed a microfluidic device to expose isolated axons to gradients of repulsive molecules and to target their growth cones with SPM particles functionalized with an antibody against NCAM ectodomain (Fig. 4). We minimized the distance between the central chamber and the magnet assembly, which acted as the magnetic field source. Concentration gradients of diffusing (Semaphorin 3A, Sema3A) and surface-bound (chondroitin sulfate proteoglycan, CSPG) axon repellents were established in the central chamber by adding these molecules to the distal chamber. Isolated axons were pretreated with a panel of inhibitory molecules and MTW forces were applied to tens of individual growth cones in parallel.

Results: Gradients of both Sema3A and CSPG repelled axons, which manifested itself as a reduction in axon velocity and a deviation from the elongation direction. Consistent with previous studies, forces less than 80 pN did not affect axon behavior. However, when 5-10 pN force per microparticle (acting on a few NCAM molecules) was combined with local treatment of RhoA kinase inhibitor Y-27632, axons were successfully towed against Sema3A gradients. Similarly, combining force with local treatment of Y-27632 or kinesin-5 inhibitor monastrol promoted axon towing against CSPG gradients.

Significance: We demonstrated -for the first time-that forces in the range of a single molecular motor force are able to modulate axonal growth behavior and override chemotactic signals. This is highly significant since low pN forces may be delivered by magnetic nanoparticles, suggesting that mechanochemical stimulation may be a non-invasive therapeutic approach for SCI.

Specific Targeting and Mechanochemical Stimulation of Cancer Cells to Induce Death

Context and hypothesis: Magnetically and optically active nanoparticles are of particular interest for cancer diagnosis and treatment because they enable multiple imaging modalities and physically modulated therapies, such as magnetic hyperthermia. We hypothesized that cancer cells can be specifically targeted and mechanically stimulated with tip-functionalized magnetic nanorods to induce cell death.

Methodology: We synthesized Fe-Au composite nanorods that have a long iron segment, coated with PEG, and a short gold tip functionalized with heregulin (HRG), a known ligand of ErbB family of receptors. We measured in-flow cell targeting by inducing a flux of nanorods over breast cancer cells cultured in microfluidic chips. We used a custom-built electromagnet to apply forces to targeted receptors (Fig. 5). Separately, nanorod-targeted cells were exposed to high frequency alternating magnetic fields.

Results: HRG-functionalized nanorods preferentially targeted MCF7 cells over MDA-MB-231 cells, and targeting rates correlated with ErbB2/3 receptor expression. HRG-nanorod binding stimulated the extracellular signal-regulated kinase 1/2 (ERK) activation in MCF7 cells due to receptor clustering. Periodically stretching cells via MTW further activated ERK. Mildly inhibiting B-Raf also led to ERK activation. Significant MCF7 cell death was achieved when B-Raf inhibition was combined with periodic mechanical stimulation of ErbB receptors. Magnetic hyperthermia resulted in a relatively lower degree of cell death.

Significance: Our results showed -for the first time-nanoscale targeting and localized mechanochemical treatment of specific cancer cell lines based on their receptor expression using multifunctional nanoparticles. This finding is significant as it highlights mechanochemical stimulation as a novel therapeutic approach, where circulating tumor cells may be specifically targeted by magnetic nanoparticles.

Scientific output: Cumulatively, these three projects resulted in 1 book chapter 8 and 11 journal articles 9-18 -including 3 reviews-which together received over 210 citations.

Other studies during this period I initiated or took part in a number of multidisciplinary studies: (i) a microfluidic chip to expose cells to two perpendicular concentration gradients to test drug synergy in cancer; 19 (ii) signaling mechanisms in human mesenchymal stem cells in response to substrate stiffness;

(iii) axonal growth on lithium niobate, a ferroelectric material embellished with charge patterns and nanotopography; 20 (iv) growth cone uptake and axonal retrograde transport of nanoparticles as a function of particle surface charge and cell type. 21 For the latter study, we used SH-SY5Y neuroblastoma cells, whose neuronal differentiation was accelerated in microfluidic chips, resulting in exceptionally long (~1 mm) axons in 10 days. Context and hypothesis: Pyk2 was identified as a genetic risk factor of Alzheimer's disease (AD) and is involved in synaptic plasticity; [22][23][24] however, its role in synaptic failure is not fully understood. [25][26] We hypothesized that Pyk2 signaling played roles in synapse maturation and maintenance in physiological and pathophysiological conditions and Pyk2 overexpression in postsynaptic neurons could be protective against AD-related synaptotoxicity.

Hard skills acquired:

Methodology:

We have developed a microfluidic device (Fig. 6), where two distinct sets of neurons, plated in so-called pre-and postsynaptic chambers, extend neurites through narrowing microchannels, which connect in the "synaptic" chamber. 27 Neurons in either chamber can be exclusively transduced with lenti/adenoviruses to under-or overexpress genes of interest. As a novel design feature, the synaptic chamber is fluidically connected to a remote co-culture chamber, where Chinese hamster ovary (CHO) cell lines overexpressing human wild-type APP (CHO-APP WT ) or APP with V717L (London) mutation (CHO-APP LDN ) [START_REF] Guillot-Sestier | alpha-Secretase-derived fragment of cellular prion, N1, protects against monomeric and oligomeric amyloid beta (Abeta)-associated cell death[END_REF] are housed. We quantified Aβ species in the synaptic chamber via Alpha-LISA measurements. We analyzed synaptic connectivity through confocal microscopy following immunolabeling of pre-and postsynaptic markers and by developing an Imaris-and Matlabbased image processing workflow, where each post-synaptic spot was assigned to the nearest presynaptic spot (within a distance threshold pre-determined using a training set).

Results: We determined that the synaptic chamber receives dendrites only from the postsynaptic chamber, and contains 83.2% ± 6.1% of all synaptic connections between preand postsynaptic chambers. Immunostaining pre-and postsynaptic markers, Synaptophysin-1 and Homer-1, respectively, revealed mature synapses in the synapse chamber at 14 days in vitro (DIV14), as evidenced by the presence of dendritic spines and corresponding presynaptic spots along dendrite shafts.

Immunoblots of CHO cell media collected off-chip revealed the formation of low-molecular weight oligomers in CHO-APP LDN , but not in CHO-APP WT media. CHO-APP WT and CHO-APP LDN cells secreted Aβ species that diffused into the synaptic chamber, reaching nM concentrations, as confirmed by Alpha-LISA measurements using culture media collected from the synaptic chamber. No Aβ was detected when CHO cells were treated with a γsecretase inhibitor (not shown). Relative to CHO-APP WT co-cultures, the ratio of Aβ 1-42 to other Aβ forms was 4.4-fold higher in CHO-APP LDN co-cultures, as expected for the mutant APP. We conducted off-chip experiments to assess the availability of cell-secreted Aβ forms following the addition of the conditioned media to primary neurons. Aβ concentration decreased logarithmically from 6 h to 7 d (not shown), suggesting that the peptides degraded or were consumed by the cells. In contrast, the concentration of synthetic Aβ 1-42 oligomers did not decrease over time when added to neurons (not shown). These observations further support the idea that without a co-culture model, cell-secreted Aβ forms need to be periodically supplied to the neurons. Exposing synapses to secreted Aβ forms for 14 d in the co-culture device induced a strong decrease (45.6%) in synapse connectivity in CHO-APP LDN , but not in CHO-APP WT co-cultures, as evidenced by decreased fraction of presynaptic spots with a postsynaptic assignment (Fig. 7a).

To further characterize the CHO cell-secreted Aβ forms, we tested two monoclonal Aβ antibodies, human SAR228810 (8810; Sanofi; 3 μg/mL) and the mouse version of Bapineuzumab (3D6; Janssen; 3 μg/mL). Both antibodies were developed for passive immunotherapy and tested in clinical trials. 8810 antibody targets soluble protofibrillar and fibrillar species of Aβ and is inactive against Aβ monomers and small oligomeric aggregates. [START_REF] Santin | In Vivo Detection of Amyloid Plaques by Gadolinium-Stained MRI Can Be Used to Demonstrate the Efficacy of an Anti-amyloid Immunotherapy[END_REF] In contrast, the 3D6 antibody targets the N-terminal region of Aβ and expected to capture Aβ molecules in the monomeric conformation. [START_REF] Vandenberghe | Bapineuzumab for mild to moderate Alzheimer's disease in two global, randomized, phase 3 trials[END_REF][START_REF] Miles | Bapineuzumab captures the Nterminus of the Alzheimer's disease amyloid-beta peptide in a helical conformation[END_REF] We first conducted off-chip experiments where CHO cells were treated with these antibodies for 5 d (Fig. 7b). Treatment with neither antibody affected the presence of low-MW Aβ 1-42 forms. Interestingly, the 3D6 antibody induced a strong increase in monomeric Aβ 1-42 levels in both CHO-APP WT and CHO-APP LDN media, fitting with the idea that 3D6 arrests the peptide in monomeric form and precludes oligomer formation. We analyzed synaptic connectivity in co-cultures treated with 8810 and 3D6 antibodies for 5 d. Similar to Fig. 7a, untreated CHO-APP LDN co-cultures exhibited a strong (47.7%) decrease in the fraction of Syp puncta assigned by Homer puncta.

Treatment with 3D6 antibody completely blocked the effect of CHO-APP LDN on synaptic connectivity (Fig. 7c).

We then showed that neurons in the presynaptic and postsynaptic chambers can be transduced independently of each other and that transduction with shRNA (lentiviruses) and with cDNA (adenoviruses) successfully under-and overexpress Pyk2 (not shown). Analysis of the localization of Tyr 402 -phosphorylated Pyk2 (p-Pyk2) relative to synapses suggested that p-Pyk2 was more closely associated with postsynapses (Fig. 7d; data not shown).

Synaptic fractionation experiments indicated a decrease in Pyk2 and p-Pyk2 levels in the PSD fraction upon treatment with CHO-APP LDN media, compared to CHO-APP WT media (Fig. 7e). Remarkably, overexpression, but not underexpression of Pyk2 in neurons in the postsynaptic chamber blocked the detrimental effect of CHO-APP LDN co-culture (Fig. 7f).

Significance:

We developed a microfluidic model that mimics AD-related synaptotoxicity in primary neurons through co-culture of cells secreting physiological levels of Aβ 1-42 that form low-MW oligomers. As a proof-of-concept we demonstrated that Pyk2 overexpression in postsynaptic neurons is protective, consistent with the observation that p-Pyk2 levels in the postsynaptic density fraction decrease upon treatment with conditioned media.

Scientific output:

The manuscript reporting these findings has been accepted for publication in Brain Communications. [START_REF] Kilinc | Pyk2 overexpression in postsynaptic neurons blocks amyloid β1-42-induced synaptotoxicity in a microfluidic co-culture model[END_REF] Skills acquired during this period: High-content screening (HCS); high-throughput screening (HTS); compound library design; Imaris and Columbus for image analysis; laser scanning and spinning disk confocal microscopy. Context, hypothesis, and aims: Correct wiring of the nervous system requires guidance cues, diffusible or substrate-bound proteins that steer elongating axons to their target tissues. Netrin-1, the best characterized member of the Netrin family of guidance molecules, is known to induce axon turning and modulate axon elongation rate; however, the factors regulating the axonal response to Netrin-1 are not fully understood. Its best characterized receptor, deleted in colorectal cancer (DCC), is localized to growth cones, but also observed in the cell bodies. We hypothesized that cell bodies sense Netrin-1 and contribute to axon growth rate modulation, mediated by the second messenger system. We sought to characterize the local (at the growth cone) and global effects of Netrin 1 stimulation on axon elongation, receptor cycling, and downstream signal propagation, as well as to investigate the role of cell bodies in the axonal response to Netrin-1 using fluorescence-based techniques.

Since the beginning of my research career I was involved in interdisciplinary projects focused on neuronal mechanobiology, from mechanical injury to mechanical stimulation. My research training provided me with a unique set of specializations -microfluidic neuron culture, magnetic tweezers force application, and high-content screening, in particular-that allows me to propose an original and innovative project as my "Research Perspective".

PHD CO-SUPERVISION

Methodology: We used two-compartmental microfluidic devices to treat fluidically-isolated axons of mouse primary cortical neurons with Netrin-1. We characterized axon elongation behavior and membrane trafficking dynamics of DCC in a large number of axons that were locally exposed to Netrin-1 and treated with drugs that modulate intracellular Ca 2+ dynamics.

In addition, we monitored second messenger signaling via Förster resonance energy transfer (FRET)-based biosensors for cyclic nucleotides and via Ca 2+ imaging.

Results:

The capacity to stimulate and observe a hundreds of individual axons allowed us to conduct distribution analyses, through which we identified two distinct neuron subpopulations based on different elongation behavior and different DCC membrane dynamics (Fig. 8a).

Netrin-1 reduced the elongation rates in both subpopulations, where the effect was more pronounced in the slow growing subpopulation. We showed that the Netrin-1-induced axon slowdown was mediated by complex Ca 2+ dynamics and involves Ca 2+ efflux from the ER via the Ryanodine channels. In parallel, we described the dynamics of DCC, a Netrin-1 receptor, which was rapidly employed to cell membranes upon Netrin-1 stimulation. Interestingly, DCC membrane presence was also increased when the Ryanodine channels were activated pharmacologically, suggesting that second messengers are orchestrating the Netrin-1 response in developing axons (not shown).

Netrin-1 treatment resulted in a rapid membrane insertion of DCC, followed by a gradual internalization. DCC membrane dynamics were different in the central regions of the growth cones compared to filopodia and axon shafts, highlighting the temporal and spatial heterogeneity in the signaling events downstream of Netrin-1 (Fig 8b).

We then analyzed second messenger signaling to decipher local and remote effects of Netrin-1. Compared to isolated axonal treatment, global Netrin-1 treatment caused a stronger decrease in the axon elongation rate (not shown) and affected the dynamics of total and membranous DCC (not shown), calcium (Fig. 8d), and cyclic nucleotides (Fig. 8c). Signals induced by locally applied Netrin-1 propagated in both anterograde and retrograde directions, demonstrated by the long-range increase in DCC and by the increased frequency of calcium transients in cell bodies, evoked by axonal Netrin-1. Blocking the calcium efflux from endoplasmic reticulum suppressed the membranous DCC response.

Significance: Our results demonstrated the power of microfluidic compartmentalization and distribution analysis in describing the complex axonal Netrin-1 response. Apart from its local effects on the growth cone, Netrin-1 is sensed by the cell bodies leading to changes in the second messengers and alteration of the axon growth response to Netrin-1. Through direct measurements of cAMP, cGMP and calcium activity in live neurons, our study shed light on the complex relationship between second messengers and their dynamic responses to Netrin-1 stimulation.

Scientific output: This project resulted in 2 journal articles -with the PhD student as the sole first author-which together received over 20 citations. [START_REF] Blasiak | Neuron subpopulations with different elongation rates and DCC dynamics exhibit distinct responses to isolated netrin-1 treatment[END_REF][START_REF] Blasiak | Neuronal cell bodies remotely regulate axonal growth response to localized Netrin-1 treatment via second messenger and DCC dynamics[END_REF] 2 nd PhD Supervision (Tiago Mendes; 2016-2019; Université de Lille)

High-Content Screening to Identify BIN1-tau Interaction Modulators in Primary Neurons

Context and hypothesis: Bridging integrator 1 (BIN1) is a genetic risk factor of Alzheimer's disease (AD) associated with tau. [START_REF] Chapuis | Increased expression of BIN1 mediates Alzheimer genetic risk by modulating tau pathology[END_REF][START_REF] Dourlen | Functional screening of Alzheimer risk loci identifies PTK2B as an in vivo modulator and early marker of Tau pathology[END_REF] BIN1 is linked to tau pathology and BIN1-tau interaction has been demonstrated in vitro and in vivo. [START_REF] Dourlen | Functional screening of Alzheimer risk loci identifies PTK2B as an in vivo modulator and early marker of Tau pathology[END_REF][START_REF] Malki | Regulation of the interaction between the neuronal BIN1 isoform 1 and Tau proteins -role of the SH3 domain[END_REF] While BIN1 function has been intensively studied, the role of BIN1-tau interaction in the physiological context or in AD remains unknown. We hypothesized that high-throughput, high-content screening (HTS/HCS) approaches were required to describe how this interaction is regulated.

Methodology:

We developed a semi-automated, agnostic HCS approach, using primary neuron cultures in 384-well plates and proximity ligation assay (PLA) as the read-out (Fig. 9). HCS was conducted in triplicate (one well per compound in each screen) using independent cultures. We screened 1126 compounds (at 10 μM) mainly targeting key elements of canonical pathways and devised an image analysis workflow to quantify PLA spots in the neuron network. We further characterized the shortlisted compounds via complementary biochemistry techniques. Separately we conducted NMR measurements to determine the role of T348 phosphorylation on BIN1 conformation.

Results: 79 out of 1126 compounds exhibiting potential toxicity, as assessed by tau and MAP2 network densities, were excluded. We applied several selection criteria to identify most promising compounds: (i) only compounds showing an effect in the same direction in all three independent screens were retained for further investigation; (ii) we selected the 10% of compounds showing the strongest variations (5% increasing PLA and 5% decreasing PLA). This led to 72 compounds for validation in dose-response experiments (Fig. 10a). Following this validation step, we were able to retain 12 compounds that consistently exhibited the strongest variations in PLA signals. As BIN1-tau interaction has been shown to be modulated by phosphorylation, [START_REF] Sottejeau | Tau phosphorylation regulates the interaction between BIN1's SH3 domain and Tau's proline-rich domain[END_REF] we focused on two compounds (Fig. 10b) whose targets are regulators of phosphorylation: (i) the Calcineurin inhibitor Cyclosporin A (CsA), which, at 10 nM, increased PLA:tau ratio by 42.6% (EC 50 = 51 nM); and (ii) the MEK inhibitor U0126, which, at 10 μM, decreased PLA:tau ratio by 36.2% (EC 50 = 5.9 pM). In conclusion, our results showed that CaN and MEK-dependent signaling pathways -among others -are able to modulate the complex BIN1-tau interaction in neurons.

We tested CsA and U0126 in PNC for their effect on BIN1 T348 and tau phosphorylation. We observed that CsA -but not U0126 -was able to significantly increase BIN1 T348 phosphorylation in PNC (85±26% vs. 4±26%, respectively) suggesting that CaN is indeed able to dephosphorylate BIN1 at T348 (Fig. 10c). Remarkably, CaN inhibition did not impact tau T231 phosphorylation, which we had previously described as a major modulator of the BIN1-tau interaction, [START_REF] Sottejeau | Tau phosphorylation regulates the interaction between BIN1's SH3 domain and Tau's proline-rich domain[END_REF][START_REF] Lasorsa | Structural basis of Tau interaction with BIN1 and regulation by Tau phosphorylation[END_REF] suggesting that the BIN1 T348 phosphorylation alone drives the impact of CsA on PLA. Conversely, U0126 likely modifies the BIN1-tau interaction through tau T231 phosphorylation, without any impact on BIN1 T348. Notably, T231 is one of the 15 Ser/Thr sites where tau gets phosphorylated by ERK2, downstream of MEK [START_REF] Hong | Complement and microglia mediate early synapse loss in Alzheimer mouse models[END_REF] .

Complementary nuclear magnetic resonance data showed that Thr348 phosphorylation increased the availability of BIN1 SH3 domain for tau interaction, which we confirmed in neurons (Fig. 10d). We assessed whether the open/closed conformation may impact the formation of the BIN1-tau complex by controlling the availability of the BIN1iso1 SH3 domain in neurons and thus its ability to interact with tau. For this purpose, we transduced at DIV8 hippocampal PNC with lentiviruses overexpressing wild-type BIN1iso1 and its mutated form, BIN1iso1-T348E, which, leads to a systematically open form of BIN1iso1. We observed a 2.1-fold increase in PLA volume in PNC transduced with BIN1iso1-T348E when compared to BIN1iso1 (after normalization with respective BIN1 immunofluorescence) (Fig. 10e).

Significance: Together with complementary data from a mouse model of tauopathy and from AD brain samples our data supported the notion that BIN1 modulates the AD risk through an intricate phospho-regulation of its interaction with tau. Alteration of BIN1 expression or activation may disrupt the regulatory balance with direct effects on learning and memory.

Scientific output: This study resulted in one major research paper and one protocol paper in which the PhD student is first or co-first author. 

RESEARCH PERSPECTIVE

The research perspective section is written in the form of a major grant proposal. Several sections of this proposal have already been submitted to various funding calls and some of these submissions were successful.

Project title: Mechanobiology of Alzheimer's disease: High-content screening approaches to characterize synaptic mechanotransduction mechanisms and the roles of Alzheimer's genetic risk factors therein Background and state of the art: AD is a major global health issue without cure. [START_REF] Crous-Bou | Alzheimer's disease prevention: from risk factors to early intervention[END_REF] Two types of pathological lesions coexist in AD: Intraneuronal tangles of hyper-phosphorylated tau and parenchymal deposits of β-amyloid (Aβ) peptide, cleavage product of amyloid precursor protein (APP). Association of rare mutations responsible for the familial form of AD with altered APP metabolism and with overproduction of longer Aβ peptides (thought to be the more neurotoxic) gave rise to the amyloid cascade hypothesis, which places Aβ at the core of the AD process. [START_REF] Hardy | The amyloid hypothesis of Alzheimer's disease: progress and problems on the road to therapeutics[END_REF] Overproduction or underclearance of Aβ peptides may lead to (or accentuate) the neuron-to-neuron propagation of tau pathology by an unknown mechanism. [START_REF] Small | Linking Abeta and tau in late-onset Alzheimer's disease: a dual pathway hypothesis[END_REF] Accordingly, the majority of the 105 compounds currently in the drug development pipeline are disease modifying therapies acting on APP metabolism. [START_REF] Cummings | Alzheimer's disease drug development pipeline: 2017[END_REF] However, monogenic forms represent less than 1% of all AD cases and genome-wide association studies (GWASs) identified over 30 genomic loci as AD risk factors, [START_REF] Freudenberg-Hua | The role of genetics in advancing precision medicine for Alzheimer's disease-a narrative review[END_REF] casting doubt on the applicability of amyloid cascade hypothesis to common, late-onset forms of AD. Unfortunately, how GWAS-defined genes are involved in AD is not known, delaying potential therapies. Relevant in vitro model systems and drug screening approaches are desperately needed. [START_REF] Arber | Stem cell models of Alzheimer's disease: progress and challenges[END_REF] The role of mechanics in synapse formation and plasticity is poorly understood. [START_REF] Kilinc | The Emerging Role of Mechanics in Synapse Formation and Plasticity[END_REF] Synapses require unique mechanisms involving the cytoskeleton, motor proteins, and CAMs, all of which are either force-bearing or force-generating. For example, dendritic spines employ a series of mechanical events as they undergo activity-dependent structural change. However, it is not clear if mechanically-induced signaling also takes place. N-cadherin (an important synaptic CAM) stabilizes filopodial actin filaments by counteracting the actomyosin pulling force -a process associated with the transition of the dendritic filopodia into dendritic spines. [START_REF] Chazeau | Mechanical coupling between transsynaptic N-cadherin adhesions and actin flow stabilizes dendritic spines[END_REF] Cadherin mechanotransduction is complex and involves the force-induced structural change of its binding partners. [START_REF] Hoffman | Towards a dynamic understanding of cadherin-based mechanobiology[END_REF] Remarkably, pulling on N-cadherins at dendritic filopodia tips via optical tweezers resulted in rapid actin accumulation and mushroom-like spine morphology, [START_REF] Chazeau | Mechanical coupling between transsynaptic N-cadherin adhesions and actin flow stabilizes dendritic spines[END_REF] suggesting that cadherin mechanotransduction alone can trigger synapse remodeling. Nevertheless, to what degree mechanotransduction and signal transduction mechanisms overlap, whether their activation is synchronized, and whether they operate synergistically (e.g., to strengthen synaptic signaling) remain open questions.

Multiple synaptic CAMs are involved in Aβ synaptotoxicity, including integrin, [START_REF] Caltagarone | Focal adhesions regulate Abeta signaling and cell death in Alzheimer's disease[END_REF] N-cadherin, [START_REF] Andreyeva | C-terminal fragment of N-cadherin accelerates synapse destabilization by amyloid-beta[END_REF] NCAM, [START_REF] Leshchyns'ka | Abeta-dependent reduction of NCAM2-mediated synaptic adhesion contributes to synapse loss in Alzheimer's disease[END_REF] and the neurexin-neuroligin pair. [START_REF] Brito-Moreira | Interaction of amyloid-beta (Abeta) oligomers with neurexin 2alpha and neuroligin 1 mediates synapse damage and memory loss in mice[END_REF] In fact, APP itself is a transsynaptic CAM that regulates presynaptic active zone (PAZ) organization [START_REF] Laßek | APP is a context-sensitive regulator of the hippocampal presynaptic active zone[END_REF] and dendritic spine shape. [START_REF] Weyer | Comparative analysis of single and combined APP/APLP knockouts reveals reduced spine density in APP-KO mice that is prevented by APPsalpha expression[END_REF] Moreover, APP dimerization is regulated by N-cadherin, [START_REF] Asada-Utsugi | N-cadherin enhances APP dimerization at the extracellular domain and modulates Abeta production[END_REF] further suggesting a link between synapse mechanics and synaptic failure in AD. In addition, a number of GWAS-defined genes are linked to the focal adhesion (FA) pathway, which transmits contractile actomyosin forces to the extracellular matrix via integrins, further suggesting that mechanotransduction downstream of synaptic CAMs may be highly relevant to AD pathophysiology. Despite these links, mechanical signaling in synapses has not been explored in physiological or AD conditions. A cartoon summarizing the mechanically-active components and events in synapses is provided in Fig. 11.

Microfluidic neuron culture devices are powerful in vitro tools as they permit the precise control of the neuron microenvironment. A particularly beneficial feature is the subcellular compartmentalization that provides exclusive access to different parts of the neuron that are fluidically isolated (as in Fig. 2). [START_REF] Taylor | A microfluidic culture platform for CNS axonal injury, regeneration and transport[END_REF] This feature gave way to the formation of descriptive neuronal networks, where synapses can be treated independently of neuronal cell bodies. 27 These in vitro models can be used to decipher potential mechanisms by which the GWASdefined genes contribute to AD, by systematically under-or overexpressing them in preand/or postsynaptic neurons. Despite its potential, subcellular compartmentalization of neurons via microfluidics remains a limited capacity research tool with limited accessibility. Added capacity would require HTS approaches: For example, a recent HTS study was able to screen ~3,200 shRNAs using classical (i.e., not compartmentalized) cultures in 96-well plates, to identify the regulators of synapse formation. [START_REF] Sharma | Highthroughput genetic screen for synaptogenic factors: identification of LRP6 as critical for excitatory synapse development[END_REF] Increasing the throughput of microfluidic neuron culture devices offering exclusive access to subcellular regions will therefore drastically increase their capacity and popularity as research tools.

Working hypothesis: A growing body of evidence suggests that mechanical signaling takes part in synapse formation and plasticity. Considering that a number of genetic risk factors of the late-onset AD are involved in cell adhesion and that synapse loss is one of the earliest events in AD pathophysiology, we hypothesize that identifying mechanotransduction signaling downstream of synaptic CAMs will help us understand how genetic risk factors contribute to AD and define novel therapeutic approaches.

Objective:

The overall aim of this project is to discover the mechanobiological mechanisms of synapse formation and loss in physiological and AD conditions, by developing highcontent screening approaches based on microfluidic subcellular compartmentalization and MTW force spectroscopy.

Specific aims:

Three specific aims are envisioned that are inter-connected at some level. Each of these aims will be reformulated into PhD proposals supplemented by complementary experiments.

Aim 1: To determine the intracellular signaling pathways downstream of mechanical stimulation of select synaptic CAMs, through developing a high-throughput compound screen based on MTW force spectroscopy in model cell lines that stably express relevant fluorescent biosensors.

A HCS/HTS method will be developed based on magnetic particle force application to synaptic CAMs expressed in model cell lines cultured in a custom multi-well device that is integrated with a motorized magnet holder carrying an array of hollow cylindrical magnets. Cell lines stably expressing FRET-based biosensors or other fluorescent probes will be generated and transfected to co-express synaptic CAMs of interest. SPM particles will be  occasionally invade spines and interact with the PSD, but the role of neurofilaments is not clear. Actin and microtubule polymerization creates tensile forces (green arrows) favoring the expansion of the spine head. Myosin motors pull on F-actin filaments to generate actomyosin contractile forces (red arrows) favoring the shrinkage of the spine head. Kinesin and dynein motors transport cargo on microtubules anterograde and retrograde, respectively. The latter also interacts with the PSD. A select set of CAMs are depicted, most of which form transsynaptic homophilic bonds. N-cadherin and SynCAM bonds encircle the presynaptic active zone (PAZ) and the postsynaptic density (PSD). βcatenin links N-cadherin to the F-actin cytoskeleton directly or via α-catenin and vinculin. This linkage pulls on transsynaptic CAM bonds, which potentially induce signaling in pre-and postsynaptic compartments, i.e., mechanotransduction. Powered by actomyosin contractile forces, integrins pull on the extracellular matrix (ECM), in which force is transmitted via focal adhesion complex (of which vinculin is a member). The force balance between CAMs and actin cytoskeleton results in actin retrograde flow, allowing for the rapid expansion/shrinkage of the spine structure. Not drawn to scale.

functionalized with antibodies targeting the ectodomains of expressed CAMs. HTS will be performed by pre-incubating cells with a commercial library of small-molecule inhibitors and by monitoring the biosensor activity real-time during force application to identify intracellular signaling pathways that mediate CAM mechanotransduction in synapses.

Aim 2: To determine if the mediators of CAM mechanotransduction affect Aβ-or tau-induced synaptotoxicity and whether these effects depend on AD genetic risk factors, through developing a medium-throughput HCS based on microfluidic co-culture devices that mimic synapse loss in AD.

We have recently developed a lab-on-a-chip device (Fig. 6) that recapitulates physiologicallyrelevant Aβ synaptotoxicity through co-culturing neurons with Chinese hamster ovary (CHO) cells that overexpress APP, wild-type and V642I (London) mutation (APP WT and APP LDN , respectively), and secrete Aβ peptides. [START_REF] Del Prete | Localization and processing of the amyloid-β protein precursor in mitochondriaassociated membranes[END_REF] An extended lab-on-a-chip is proposed that would pack 48 such devices into a standard multi-well plate format to be used in HTS. Cells overexpressing mutant tau will be considered as an alternative way to induce synaptotoxicity. Human induced pluripotent stem cells, differentiated into specific neuronal subtypes (human induced neurons; hiNs) to better mimic disease conditions and to induce human mutations, will be used to screen the compounds identified in Aim 1, to determine the mediators of synaptic mechanotransduction that also modulate Aβ-induced synaptotoxicity. Compounds affecting synaptic read-outs will be further characterized in hiNs under-or overexpressing AD genetic risk factors to establish causal links between AD genetics, synaptotoxicity, and mechanotransduction. Identified mechanisms will eventually be assessed via complementary electrophysiology experiments: Microfluidic neuron co-cultures will be integrated with a custom multi-electrode array (MEA) to reconstruct well-characterized brain circuits by dictating the connectivity rules between hiN subtypes. This model will be used to assess the combined effects of Aβ (and tau) toxicity and AD risk factors on synaptic mechanotransduction mechanisms.

Aim 3: To demonstrate the formation of pre-and postsynaptic structures on neurondifferentiated hiNs by mechanically stimulating synaptic CAMs and/or pharmacologically interfering with the identified mechanotransduction pathways and to assess how these processes are modulated by Aβ and tau.

Having identified the key signaling pathways that mediate synaptic CAM mechanotransduction and modulate Aβ-induced synapse failure, it remains to demonstrate that synapses can be formed (and potentially protected) through combined mechanochemical stimulation. hiNs will be cultured in microfluidic devices to isolate their axons and dendrites. Magnetic particles will be targeted to synaptic CAMs and forces will be applied according to parameters defined in Aim 1. Separately, these axons and dendrites will be treated with compounds that mediate mechanotransduction (including those that also modulated synaptotoxicity) and potential synergy will be assessed. Formation of pre-and postsynaptic structures will be determined via immunostaining and electron microscopy. Mechanochemically-induced synaptic structures will then be exposed to cell-secreted Aβ 1-42 peptides (or mutant tau) to identify the molecular mechanisms of Aβ (and tau) toxicity separately in pre-and postsynapses. Finally, AD genetic risk factors that are known to take part in cell adhesion will be tested for their involvement in the mechanochemical induction of synaptic structures and in the molecular mechanisms of synaptotoxicity.

Novelty and significance:

The proposed methodology is highly novel in multiple aspects: (i) High-throughput approaches in cell mechanotransduction are rare and limited to ligand-free methods; targeting and stimulating CAMs on cells via MTW is unprecedented (in HTS). (ii) Compound screening using compartmentalized neuron cultures is unprecedented. [START_REF] Wevers | High-throughput compound evaluation on 3D networks of neurons and glia in a microfluidic platform[END_REF] (iii) Exposing synapses to physiologically-relevant Aβ peptides (low-dose, long-term, juxtamembrane cleavage) is novel, as opposed to high-concentration, synthetic peptides currently used. [START_REF] Li | Investigation of the subcellular neurotoxicity of amyloid-beta using a device integrating microfluidic perfusion and chemotactic guidance[END_REF] (iv) Mechanical induction of synaptic structures have been demonstrated, [START_REF] Chazeau | Mechanical coupling between transsynaptic N-cadherin adhesions and actin flow stabilizes dendritic spines[END_REF] but the underlying process has not been considered for probing synaptotoxicity, nor combined with compound treatments. (v) hiNs are not commonly implemented in microfluidics [START_REF] Bigler | Messenger RNAs localized to distal projections of human stem cell derived neurons[END_REF] and hiN subtypes have not been used to address subtype-specific Aβ/tau toxicity. [START_REF] Yu | Modeling hippocampal neurogenesis using human pluripotent stem cells[END_REF] Beyond the methodological novelty, this project will considerably enhance our understanding of synaptic mechanotransduction mechanisms, [START_REF] Kilinc | The Emerging Role of Mechanics in Synapse Formation and Plasticity[END_REF] and their potential roles in AD. On the translational aspect, this project is a major step towards making compartmentalized neuron cultures available for compound screening and eventually for drug discovery applications.

Preliminary results

Development of Medium-Throughput Screening based on the Microfluidic Co-Culture Model

Context and problem statement: The microfluidic co-culture device described above can be used as single experimental unit, where typically one or two devices are bonded on the same coverslip and thus be imaged consecutively. This imposes a major limitation on the experiment design, due to considerable person-hours required to process large sets of experiments from device making to culture to imaging. This calls for the development of a medium-throughput version of the device, which would pack together many individual devices and facilitates parallelized experiments and imaging.

Methodology:

We designed an extended version of the co-culture device where each coculture chamber supplies four separate, yet identical synaptic chambers (Fig. 12). This 4-in-1 device has minimal footprint, such that three of them form a single unit, fitting a 36×50 mm glass coverslip. We 3D-printed a custom coverslip carrier whose external dimensions match a standard multi-well plate. This carrier supports four coverslips, thereby packing together twelve 4-in-1 devices, corresponding to 48 experiments.

Results: We conducted preliminary work to optimize the imaging process at the IN Cell 6000 high-throughput microscope with an aim to image 48 synaptic chambers automatically. This system has inherently lower spatial resolution than the confocal microscope used to obtain the image shown in Fig. 6g. We thus assessed the applicability of our synaptic connectivity analysis to this system by culturing primary neurons in 384-well plates. Despite the low resolution and plastic substrate, we were able to segment pre-and postsynaptic signals and successfully analyze synapse connectivity to observe the effects of BIN1, an AD risk gene (not shown). A comparative analysis of synaptic connectivity is underway that compares synaptic connectivity read-outs (as well as densities of pre-and postsynaptic markers) using images of the medium-throughput microfluidic device acquired by two different microscopes, i.e., the IN Cell 6000 and Zeiss LSM 880.

Adaptation of the Microfluidic Co-Culture Model to Micro-Electrode Arrays

Context and problem statement: A major limitation of the microfluidic co-culture model is that it essentially provides image-based read-outs, via live-cell imaging or immunocytochemistry. Synapses, however, are mostly studied via electrophysiology. Patch-clamp recordings in microfluidic neuron culture devices have been demonstrated, but are extremely difficult to conduct. Many research teams instead focused on integrating microfluidic chips with microelectrode arrays (MEAs) that measure extracellular field potentials on a dense grid of electrodes. This can be done by developing an MEA system and a matching microfluidic design or by adapting the microfluidic design to match a commercial MEA system.

Methodology: We adapted the microfluidic co-culture device to accommodate a fluidic connection to the reference electrode and to restrict the outer dimensions to a Ø22 mm circle (Fig. 13). We then built a mechanical tool to precisely align the microfluidic devices to MEAs during irreversible bonding, which allowed us to consistently obtain similar numbers of electrodes in synaptic as well as pre-and postsynaptic chambers (11-15 electrodes per chamber). We have also developed a cleaning protocol such that the irreversibly-bonded devices can be used multiple times, considering the high cost of MEA chips. Results: The electrical activity of the neurons can be recorded from cell bodies in the chambers as well as from axons in the microchannels, despite the high level of background noise in the latter. We generated preliminary data by culturing mouse embryonic neurons in MEA-bonded devices for 38 days. These data revealed that electrical activity of the neurons can be detected in presynaptic, synaptic, and postsynaptic chambers, as well as in the microchannels. Experiments are now underway to compare the level and speed of synchronization in neuron cultures on MEAs with and without microfluidic confinement.

Work packages (WPs):

WP1 Development of a high-content, high-throughput screening method based on MTW force application to cell surface molecules in a custom-built multi-well device

The multi-well device will be fabricated via soft lithography and bonded to thin coverslips to obtain shallow (~1 mm deep), glass-bottom cell culture chambers. Coverslips will be carried in a custom, 3D-printed coverslip holder whose outer dimensions match that of a standard multi-well plate. The multi-well device will be coupled with a custom-designed magnet holder carrying an array of hollow cylindrical magnets that are aligned with the wells, such that vertical MTW forces can be applied in a parallel fashion (Fig. 14). A motorized stage will control the magnet holder's z-position, which defines the distance between the magnet and the cells. PEG-coated, carboxyl-functionalized SPM particles (~1 µm in diameter) will be obtained. EDC/NHS chemistry will be used to conjugate antibodies to particle surfaces to target the ectodomains of the following synaptic CAMs: SynCAM, Ncadherin, and neurexin/neuroligin. Functionalization will be confirmed via colorimetry using a horseradish peroxidase-tagged IgG antibody. 9 Forces acting on a particle as a function of bead-magnet distance will be measured according to established methods. 9 WP2 Screening of small-molecule inhibitors for their effects on synaptic CAM mechanotransduction PC12 cell lines will be generated that stably express (i) FRET-based Src activity sensor, [START_REF] Wang | Visualizing the mechanical activation of Src[END_REF] (ii) FRET-based vinculin tension sensor, 65 or (iii) LifeAct which tags actin filaments. Cells will be induced to also express aforementioned synaptic CAMs. First, optimum mechanical stimulation paradigms will be determined for each CAM by varying three force parameters: magnitude, application frequency, and stimulation duration. Cells will be imaged before, during, and after force application using the IN Cell 6000 high-throughput reader available incampus. Mechanical stimulation paradigms that induce the strongest change in biosensor signals and in actin organization will be determined via high-content image analysis. Commercially-available small-molecule inhibitor libraries, such as the Screen-Well Phosphatase Inhibitor Library (Enzo Scientific; 33 compounds) and the Tyrosine Kinase Inhibitor Library (SelleckChem; 224 compounds) will be obtained. Alternatively, a custom library will be cherry-picked from larger compound libraries. Screening will be performed by (i) pre-incubating cells with compounds, (ii) incubating magnetic beads with the cells to allow specific CAM targeting, (iii) applying the optimum mechanical stimulation paradigm, and (iv) periodically imaging biosensor activity (or actin cytoskeleton). Shortlisted compounds will help identify candidate signaling pathways that mediate CAM mechanotransduction in synapses. Proposed HCS/HTS model to probe CAM mechanotransduction using parallel MTW. PC12 cells stably expressing fluorescent biosensors and probes will be cultured in custom microwells that are aligned with an array of cylindrical magnets. Co-expressed synaptic CAMs will be targeted by magnetic particles. Force magnitude will be controlled by adjusting the distance between magnet holder and the cells.

WP3. Development of a medium-throughput screening device that isolates synapses and exposes them to physiologically-relevant Aβ toxicity

As described in the Research Experience section, we have developed a lab-on-a-chip device that recapitulates physiologically-relevant Aβ synaptotoxicity through microfluidic coculture of primary neurons and CHO cells overexpressing wild-type or mutated APP (Fig. 6 and Fig. 7). This design was modified, such that each CHO cell chamber supplies four separate, yet identical synapse chambers. This 4-in-1 device has a minimal footprint, such that 3 of them are fabricated as a single unit fitting onto a 36×50 mm thin glass coverslip. A custom coverslip carrier (with external dimensions of a standard multi-well plate) was 3Dprinted. This carrier holds 4 such coverslips, thereby packing together 12 individual 4-in-1 devices, corresponding to 48 independent experiments (Fig. 12). We are currently assessing the feasibility of this device and the screening approach by co-culturing rat postnatal hippocampal neurons with CHO cells. Coverslips will be transferred onto the coverslip holder and introduced to the IN Cell 6000 system. We optimized the imaging process at the IN Cell 6000 high-throughput reader to image 48 synaptic chambers automatically (Fig. 6c-e). The 48 access wells will be supplied with compounds of interest and the 48 synapse chambers will be imaged automatically. Pre-and postsynaptic proteins will be immunostained (along with neuronal and glial markers as necessary). The existing image analysis workflow that assigns postsynapses to presynapses based on their distance will be used to quantify synapse connectivity. Common synapse quantification approaches, such as the postsynaptic spine density and morphology will be used to validate the image analysis workflow.

WP4. Optimization of hiN differentiation, for their use in medium-throughput microfludic devices

Human induced pluripotent stem cells will be obtained from public repositories, where control and AD-specific lines are available, [START_REF] Engle | Best practices for translational disease modeling using human iPSC-derived neurons[END_REF] and differentiated into specific neuronal subtypes to better mimic AD pathophysiology. This way, descriptive brain circuits, such as the neural connections from the entorhinal cortex to the dentate gyrus, can be modeled in microfluidic devices, by culturing these hiNs subtypes in pre-and post-synaptic chambers, respectively. According to the literature, differentiation process will take 4 weeks off-chip and 2-4 weeks on-chip [START_REF] Bigler | Messenger RNAs localized to distal projections of human stem cell derived neurons[END_REF][START_REF] Tao | Neural subtype specification from human pluripotent stem cells[END_REF] . An alternative strategy to accelerate neuronal maturation could be synergistically combining small-molecule and transcriptional patterning. [START_REF] Nehme | Combining NGN2 programming with developmental patterning generates human excitatory neurons with NMDAR-mediated synaptic transmission[END_REF] First, hiN culture conditions in microfluidic devices will be optimized using the prototype co-culture device without CHO cells. hiNs will then be co-cultured with CHO cells in medium-throughput microfluidic devices. We will confirm if hiNs also exhibit synapse loss due to CHO-APP LDNsecreted Aβ peptides. As a complementary approach to induce synaptotoxicity, we will coculture human embryonic kidney 293 (HEK) cells that overexpress wild-type or mutant tau, [START_REF] Reilly | Novel human neuronal tau model exhibiting neurofibrillary tangles and transcellular propagation[END_REF] which is known to be hyper-phosphorylated in AD.

WP5. Identification of the modulators of synaptic mechanotransduction that also mediate Aβ-or tau-induced synaptotoxicity and determination of potential roles of AD genetic risk factors in these processes

The medium-throughput screening platform will be used to screen the kinase and phosphatase inhibitors that were shortlisted as modulators of synaptic CAM mechanotransduction in WP2 for their capacity to block or exacerbate Aβ (or tau)-induced synapse loss in hiNs. CHO-APP WT (or HEK expressing wild-type tau) co-cultures will serve as control. The screen will be conducted in triplicate, with one synapse chamber per compound in each run. The best hits will be validated by using different inhibitors with the same targets, as well as by underexpression of the target kinase/phosphatase via shRNA. Validated pathways will be further characterized in hiNs under-or overexpressing relevant AD genetic risk factors (in pre-and/or postsynaptic neurons) to potentially establish causal links between mechanotransduction, synaptotoxicity, and genetic risk factors. AD genetic risk factors that are known to take part in cell adhesion (e.g., Kindlin-2, Pyk2, and ADAM10) will be considered. Identified mechanisms will ultimately be addressed in complementary electrophysiology experiments, by integrating the microfluidic co-culture device with a custom-design MEA. [START_REF] Lopes | Interfacing microfluidics with microelectrode arrays for studying neuronal communication and axonal signal propagation[END_REF] It is possible to customize the electrode positions in commerciallyavailable MEA systems (within spatial limits). Due to the low sensitivity inherent in such systems, it may be necessary to measure electrical fields in neuron chambers (and not in synapse chambers). In that case, a simplified microfluidic device with multiple neuron chambers interconnected via unidirectional microchannels [START_REF] Courte | Reconstruction of directed neuronal networks in a microfluidic device with asymmetric microchannels[END_REF] will be developed to mimic the brain circuit defined in WP4. This system will be used to assess the combined effects of Aβ toxicity and AD risk factors on synaptic mechanotransduction mechanisms highlighted in this WP. Ultimately, we will explore collaborations with electrophysiology specialist to obtain pathclamp analysis to validate our observations. WP6. Formation of pre-and postsynaptic structures upon mechanical stimulation of synaptic CAMs and/or upon interfering with related signaling pathways in hiNs hiNs will be differentiated in microfluidic devices to direct their axons and dendrites to separate chambers using chemotactic gradients (Fig. 15). [START_REF] Li | Investigation of the subcellular neurotoxicity of amyloid-beta using a device integrating microfluidic perfusion and chemotactic guidance[END_REF] Synaptic CAMs on axons and dendrites will be targeted by functionalized SPM particles, [START_REF] Chazeau | Mechanical coupling between transsynaptic N-cadherin adhesions and actin flow stabilizes dendritic spines[END_REF] and subjected to mechanical stimulation paradigms (determined in WP2). Separately, isolated axons and dendrites will be treated with compounds identified as modulators of mechanotransduction (shortlisted in WP2 or WP5). Formation of PAZ and postsynaptic density, characteristic structures of mature synapses, will be assessed via immunostaining against specific markers. Structural changes in the postsynaptic compartment towards a dendritic spine shape will be assessed via electron microscopy using the immuno-gold method. Potential synergy between direct mechanical stimulation and interference with mechanotransduction pathways will be explored by combining the two stimulation modes. If axonal and dendritic isolation cannot be achieved in hiNs, e.g., due to lack of chemotaxis, these experiments will be conducted with primary rodent neurons. Regardless of the stimulation mode (mechanical, pharmaceutical, or combination), artificially-induced pre-and postsynaptic structures on isolated axons and dendrites of differentiated hiPSCs will provide excellent model systems to explore the mechanistic details of synapse formation and maintenance. These structures will be locally exposed to CHO-APP LDN -secreted Aβ species (or HEK cell-secreted mutant tau) to dissect the mechanisms of toxicity separately in pre-and postsynapses. Similarly, these structures will be induced in cells under-or overexpressing relevant AD genetic risk factors (as defined in WP5) to identify the involvement of these genes in the mechanochemical induction of synaptic structures. Finally, the expression of genetic risk factors will be multiplexed with local Aβ/tau exposure to determine the potential effect(s) of genetic risk factors in pre-and postsynapse-specific toxicity mechanisms.

WP7. Determination of the effects of Aβ (or tau) toxicity and AD genetic risk factors on mechanochemically-induced pre-and postsynaptic structures

  PhD work (2003-2008; Drexel University, Philadelphia, PA) Mechanisms and Prevention of Axonal Damage in Response to Mechanical Trauma to Cultured Neurons
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 1 Figure 1. Uniform fluid shear stress injury was induced via a cone-and-plate device. Injury causes mechanoporation and leads to rapid axonal beading in primary neurons. Axonal beadings co-localized with focal microtubule loss, preceded by focal calpain activity (not shown).
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 1 Postdoctoral work (2008-2009; CNRS UMR 7102, UPMC, Paris, France) Microfluidic Neuron Culture Devices for Mass Axotomy to Study Degeneration and Death
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 2 Figure 2. Microfluidic neuron culture device for parallel axotomy. Axons from neurons cultured in the somatic chamber (blue) traverse the central channel (red) and invade the axonal chamber (green). Distal axon degeneration is evident following axotomy induced by brief flow of detergent.
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 2 Postdoctoral work (2010-2016; University College Dublin, Dublin, Ireland)
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 3 Figure 3. MTW-based force spectroscopy of homophilic CAM bonds. Particles attach to the substrate through immunoglobulin (Ig) domain interactions. Magnetic force (F) decreases bond lifetime causing particles to break free from the surface. Analyzing bond lifetime under force helps predict bond types.
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 4 Figure 4. Mechanochemical promotion of axon growth. Microfluidic device enables magnetic tweezers force application to axonal growth cones under a diffusion gradient (red shade). 5-10 pN mechanical force can direct CNS axons against a gradient of axon repellent Sema3A only if axonal Rho kinase is locally inhibited with Y27632.
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 5 Figure 5. Mechanical stimulation to induce cell signaling. Gold tips of Ø 200 nm FeAu nanorods (NR) were functionalized with heregulin (HRG). Binding of NR-HRG to Erb2/3 receptors resulted in focal ERK activation in MCF7 cells, which was enhanced upon periodic (0.5 Hz) force application.
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 6 Figure 6. Microfluidic co-culture device. a. Photograph of the device with color dyes (ruler unit: cm). b. Schematics of the device identifying presynaptic (pre), synaptic (syn), postsynaptic (post), and coculture chambers. c. Narrowing microchannels isolate neurites in the synapse chamber (green: MAP2; red: β3-tubulin; blue: nuclei). d. CHO cells in the co-culture chamber. e. Aβ 1-42 oligomers in CHO-APP LDN media collected off-chip. f. Detection of Aβ forms in media collected from synapse and co-culture chambers. g. Presynaptic (Synaptophysin; green) and postsynaptic (Homer; red) puncta on dendrites (MAP2; blue) from the postsynaptic chamber show mature synapses at DIV14.

Figure 7 .

 7 Figure 7. Proof of concept experiments. a. Synaptic connectivity in the co-culture device at DIV 14. b. Exemplary immunoblot of CHO cell media collected after 5 day-long treatment with the indicated compounds (DAPT, 18 μg/mL; antibodies, 3 μg/mL) showing APP and Aβ 1-42 oligomers. c. Synaptic connectivity in antibody-treated co-cultures at DIV 14. d. An exemplary image of the synaptic chamber at DIV14 showing phospho-Pyk2 Tyr402 (p-Pyk2), Synaptophysin 1 (Syp) Homer 1, and MAP2. e. Immunoblot of the postsynaptic (PSD) fraction following synaptosome extraction at DIV14 after CHO cell media treatment for 16 h. f. Synaptic connectivity following Pyk2 overexpression (Pyk2OE) in postsynaptic neurons. N = 6-7 (a), 3-5 (c), or 5-7 (f) devices each from 3 independent cultures. Kruskal-Wallis ANOVA, followed by Wilcoxon rank-sum test. * p < 0.05; ** p < 0.01, *** p < 0.005.
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 8 Figure 8. Local and remote neuronal responses to Netrin-1 (Net-1). a. Normalized axon velocity decreases with increasing Net-1 concentration. Velocity distribution histograms and mean axon velocities of the slow (dashed color) and fast (block color) subpopulations for increasing Netrin-1 concentrations, normalized by the mean velocity of corresponding control group. b. 90 min long axonal treatment with 1.0 μg/mL Net-1 increased the total DCC level in growth cones and filopodia Scale bar = 5 μm. c. cAMP CFP:YFP fluorescence intensity ratio (ΔR), normalized by the baseline ratio (R), in growth cones in response to treatment (arrow) with vehicle (gray) or Net-1 (black). Signals are shown separately for responsive (red) and unresponsive (blue) axons (mean ± 95% confidence interval. d. Representative Ca 2+ activity traces and frequency of calcium transients (mean ± SEM) in response to treatment (pink bar) with 1.0 µg ml-1 Net-1. Signals (F) exceeding 20% of the baseline fluorescence (F0; dashed lines) were considered. In box plots, red plus signs show outliers and yellow bars show population means. Kruskal-Wallis test (p < 0.05) followed by K-S test (*p < 0.05, **p < 0.001). N > 100 axons per condition. N ≥ 2 distinct cultures for c and d. *p < 0.05, **p < 0.01.
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 9 Figure 9. High-content screening (HCS) approach to discover modulators of BIN1-tau interaction. The workflow consists of compound screen (DIV21; 10 μM; 2.5 h) in PNC cultured in 384-well plates, plateby-plate image segmentation and analysis, hit selection, and hit validation via dose-response experiments. 1047 out of 1126 compounds were determined to be non-toxic (based on tau and MAP2 staining). PLA spot density in the neuronal network was analyzed. Graph shows mean ± SD from 3 independent screens. Top/bottom 5% modulators were selected for dose-response experiments.
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 10 Figure 10. BIN1 phosphorylation at T348 regulates BIN1-tau interaction by modulating open/closed conformation of BIN1. a. Top and bottom 5% hits were retained for dose-response experiments (72 compounds; see Fig. 9). 12 compounds that were validated in dose-response experiments are shown in red. b. Dose-response curves for MEK inhibitor U0126 and Calcineurin inhibitor Cyclosporin A (CsA). c. Immunoblots and quantification showing the effects of U0126 and CsA (10 μM; 2.5 h) on BIN1 and tau phosphorylation. Inset shows the effect of 10 nM CsA on BIN1 phosphorylation. d. Titration of BIN1-SH3 domain with concentration of CLAP (334-355) or phospho-T348 CLAP (334-355) peptides. Normalized saturation curves (shown for residue 559) built from the gradual chemical shift changes (normalized; 1 denotes the largest change) are shown. e. Representative images of PNC overexpressing BIN1iso1 and the BIN1iso1 T348E, its systematically open form, showing PLA signals and tau and BIN1 immunolabeling and quantification of PLA density after normalization with respective BIN1 immunofluorescence. N = 3 independent experiments. For a-c, data given as mean ± SD. One-way ANOVA and paired t-test; * p < 0.05; ** p < 0.01. For e, red bars and black squares indicate sample median and mean, respectively. Wilcoxon rank-sum test; *** p < 0.001.
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 11 Figure 11. Mechanically-relevant components of an excitatory synapse. Presynaptic vesicle fusion machinery and postsynaptic receptors are held in place by their respective scaffold proteins, which are physically linked to cell adhesion molecules (CAMs) and the cytoskeleton. Direct interactions are indicated with thin, continuous arrows. Translational movements are indicated with thin, broken arrows. Only postsynaptic cytoskeleton is depicted for simplicity. Major cytoskeletal filaments (F-actin, neurofilaments, microtubules) and a select set of associated molecules (microtubule end-binding protein EB3, actin severing/stabilizing protein cofilin, actin branch inducing Arp2/3 complex) are depicted. Spine base and center are occupied by stable, dense F-actin, whereas the periphery is occupied by dynamic, branched F-actin. F-actin rings line the spine shaft. Microtubules 

Figure 12 .

 12 Figure 12. Medium-throughput device for synaptotoxicity. (a) A microfluidic unit consisting of 3× 4-in-1 devices shown with color dyes: Each co-culture chamber is connected to four synaptic chambers (red), which, in turn, are connected to presynaptic (blue) and postsynaptic (green) chambers via microchannels identical to those in Fig. 1c. (b) 3D-printed coverslip carrier. (c) Imaging process at IN Cell: Purple boxes indicate "wells" covering synaptic chambers. (d-e) Neuronal processes in a synaptic chamber (black box in panel c), immunostained against Homer (red), Synaptophysin (Syp; green), and MAP2 (blue).

Figure 13 .

 13 Figure 13. Microfluidic co-culture device adapted to 59-electrode MEA system. a. Device schematics. Grounding is achieved via fluidic connection to the reference electrode by placing an access well in the marked area. b. Mouse cortical neurons in these devices at DIV21. c. Distribution of electrodes to neuron chambers and microchannels. d. Exemplary raster plot from 14 electrodes (rectangle) corresponding to presynaptic , synaptic , and postsynaptic  chambers, and long  and short  microchannels, showing spike events (data courtesy of D. Kilinc and S. Halliez).

Figure 14 .

 14 Figure 14.Proposed HCS/HTS model to probe CAM mechanotransduction using parallel MTW. PC12 cells stably expressing fluorescent biosensors and probes will be cultured in custom microwells that are aligned with an array of cylindrical magnets. Co-expressed synaptic CAMs will be targeted by magnetic particles. Force magnitude will be controlled by adjusting the distance between magnet holder and the cells.

Figure 15 .

 15 Figure 15. Model for mechanochemical stimulation of CAMs on neurites. Guidance cue gradients will dictate neuron polarity. CAMs targeted by functionalized SPM particles will be mechanochemically stimulated to induce the formation of pre/postsynaptic structures.

3 rd Postdoctoral work (2016-2019; Inserm U1167, Institut Pasteur de Lille, Lille, France) Development

  

MTW technique; electromagnet building; nanorod fabrication; surface chemistry; colorimetry; microfabrication; microfluidic gradient generators; FRET biosensors; electron microscopy; soft hydrogels; population statistics; Comsol for simulations. Soft skills acquired: Writing articles (15, 12 as co-first or co-last) and grant proposals (8; from local to European level; mixed success); student supervision (13; from undergraduates to postdocs); reporting (including financial reporting); leadership (managing a team of 2-4 researches; fostering multidisciplinary collaborations; co-supervising MS and PhD theses). and Characterization of a Microfluidic Co-Culture Model for Alzheimer's Related Synaptotoxicity

  I co-supervised one PhD thesis each during my 2 nd and 3 rd postdoctoral studies. For both students, I provided day-to-day supervision in terms of model development, experiment design, data analysis, reporting, and presentation.The first thesis belongs to Dr. Agata Blasiak (co-supervised with Prof. Gil U Lee) obtained from University College Dublin in 2015. This thesis was funded by an AXA Research Fund PhD fellowship that I tailored from my Marie Curie Intra-European Fellowship proposal. Of note, this was the first and only AXA PhD fellowship awarded to UCD and the first and only awarded to any Irish university in the health domain. After a postdoctoral training at the Singapore Institute for Neurotechnology (SINAPSE), Dr. Blasiak is now a senior research fellow at the N.1 Institute for Health, National University of Singapore.The second thesis belongs to Dr. Tiago Mendes (co-supervised with Dr. Jean-Charles Lambert) obtained from Université de Lille in 2018. This thesis was funded by a CIFRE fellowship (industry-academia partnership mechanism) that had been obtained before my arrival to the research team. Dr. Mendes has recently joined Jean-Antoine Girault's lab at the Institut du Fer à Moulin, Paris, as a postdoctoral fellow.

1 st PhD Supervision (Agata Blasiak; 2011-2015; University College Dublin) Netrin 1-Induced Molecular Signaling in Axonal Growth Cones and its Regulation by Somata
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