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Titre : Rôles différentiels des composants pré-et postsynaptiques dans le contrôle de la plasticité synaptique à court terme à haute fréquence

Résumé:

Au cours de la plasticité synaptique à court terme à haute fréquence (HF-STP), l'amplitude des réponses synaptiques change lors d'une série de stimulations présynaptique appliquée entre environs 1 et 100 HZ, ce qui est crucial pour le traitement de l'information par le cerveau. Cependant, les fonctions précises de la HF-STP restent inconnues. La HF-STP est régulée principalement par des mécanismes présynaptiques, mais également par des mécanismes postsynaptiques, bien que leur rôle ici reste à

des AMPAR fortement exprimée dans le cortex mais pas dans le CA1, peut réguler la mobilité des AMPAR et le HF-STP. Ensuite, nous montrons que la mobilité des AMPAR règle l'intégration synaptique du calcium et l'activité du réseau neuronal. Enfin, nous démontrons que l'immobilisation des AMPAR en aval de l'activation de paCaMKII et de l'induction du LTP entraîne une augmentation de la dépression synaptique.

Dans la dernière partie du projet, je montre que l'immobilisation des AMPAR peut également favoriser la facilitation synaptique à certaines synapses, un effet constaté dans la synapse SC-CA1 juvénile ainsi que dans la synapse LPP-DG du le gyrus dentelé adulte. Ce résultat souligne les effets spécifiques de l'immobilisation des AMPAR sur l'HF-STP au niveau de la synapse et du développement. Mon étude a ainsi permis d'analyser les rôles respectifs des transmetteurs présynaptiques, de la biophysique et de la mobilité des AMPAR dans la HF-STP, ainsi qu'à identifier les processus physiologiques régulant leur cinétique et mobilité. De plus, l'immobilisation des AMPAR pourrait servir d'outil pour bloquer spécifiquement la HF-STP, validant ainsi son rôle fonctionnel via des preuves expérimentales.

Mots clés : AMPAR, diffusion de surface de l'AMPAR, plasticité synaptique à court terme, intégration synaptique Title: Differential contributions of pre-and postsynaptic components in tuning highfrequency short-term synaptic plasticity Abstract:

Activity-dependent plasticity of synaptic transmission is a key mechanism underlying learning and memory. During high-frequency short-term synaptic plasticity (HF-STP), the amplitude of synaptic responses changes upon presynaptic stimulation on a timescale of milliseconds. HF-STP is important for information processing in the brain, serving particularly for temporal integration. However, the precise functions of HF-STP, and its impact on information processing, remain unknown. It is widely accepted that HF-STP is regulated primarily by presynaptic mechanisms. However, postsynaptic mechanisms have been shown to also regulate HF-STP, although their role here remains to be fully understood. Previously, we demonstrated that AMPA receptors (AMPARs), the main excitatory receptors in the brain, are trafficked between the extrasynaptic and synaptic compartments through surface diffusion that complements endoand exocytosis. Here, I studied the functional role of AMPAR surface diffusion in HF-STP in integrated slice tissue models with intact synaptic connectivity. I use the AP-GluA2 knock-in (KI) mouse model, we developed, where GluA2 subunits of AMPARs are tagged with a 15 amino acid biotinylation acceptor peptide (AP-tag) and can be specifically biotinylated when co-expressed with an endoplasmic reticulum resident biotin ligase (BirA ER ), and immobilized on the cell surface with a biotin-binding protein NeutrAvidin. Using this toolset, I show that immobilization of endogenous AMPARs modulates HF-STP by increasing synaptic depression in the Schaffer collateral-CA1 synapse of organotypic hippocampal slices. This effect is reversed when AMPAR desensitization blockers are applied, suggesting that the modulation of HF-STP is achieved by preventing the replacement of desensitized AMPARs in the synapse.

Moreover, when imaging glutamate release with the iGluSnFr sensor we find no change in presynaptic glutamate release upon AMPAR immobilization. Altogether this strongly suggests a postsynaptic contribution of AMPAR mobility in regulating HF-STP. Surprisingly, AMPAR cross-link has no effect on HF-STP in SC-CA1 synapses in ex vivo brain slices. Next, I demonstrate that AMPAR immobilization strongly increases synaptic depression in the L4-L2/3 synapse in the primary somatosensory cortex (S1) of ex vivo brain slices, with no consecutive change in glutamate release measured with iGluSnFR. We find that the rate of AMPAR surface diffusion is higher in the L2/3 than CA1 synapses. This points to a synapsespecific effect of AMPAR mobility on shaping HF-STP that depends on the mutual contribution of presynaptic glutamate release, AMPAR desensitization and surface diffusion. I demonstrate that GSG1L, an AMPAR auxiliary protein expressed highly in the cortex but not CA1, can regulate AMPAR surface diffusion and HF-STP. Next, we show that AMPAR mobility tunes synaptic calcium integration and network activity. Finally, we demonstrate that AMPAR immobilization downstream of paCaMKII activation and LTP induction results in increased synaptic depression in intact tissue. In the last part of the project, I show that AMPAR immobilization can also produce an opposing effect and promote synaptic facilitation, an effect found in juvenile SC-CA1 synapse as well as the lateral perforant path to granule cell synapse in the adult dentate gyrus. This finding further emphasizes the synapse and development specific effects of AMPAR immobilization on HF-STP. Altogether, I determined the respective contributions of presynaptic transmitter release, postsynaptic AMPAR biophysics and mobility in HF-STP and identified physiological processes which act upon AMPAR kinetics and mobility to regulate HF-STP in the brain.

Moreover, AMPAR cross-link is a promising tool to achieve cell-specific blockade of HF-STP that may allow the transition from modeling-based evidence of HF-STP roles in brain function to experimental evidence.
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Summary

Short-term synaptic plasticity (STP) is a process where the amplitude of synaptic response changes upon high-frequency presynaptic stimulation on a timescale of milliseconds to seconds. The effect on synaptic transmission can be either facilitating or depressing 1 . STP is viewed as a dynamic information processing filter optimized for transmission of certain frequencies and patterns, and is involved in brain functions such as decision making and working memory [START_REF] Rotman | Short-term plasticity optimizes synaptic information transmission[END_REF] . STP has been attributed largely to presynaptic mechanisms 1,[START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] . However, postsynaptic mechanisms, such as receptor saturation, desensitization, and polyamine unblocking, have also been shown to regulate STP [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF][START_REF] Von Gersdorff | Short-term plasticity at the calyx of Held[END_REF] , although their role in this process remains to be fully understood.

In 2002 we demonstrated that AMPA receptors (AMPARs), the main excitatory glutamate receptors in the brain, can be trafficked not only by endo-and exocytosis, but also freely diffuse on the cell surface through Brownian diffusion [START_REF] Borgdorff | Regulation of AMPA receptor lateral movements[END_REF][START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF] . We demonstrated that in cultured neurons the rate of recovery from synaptic depression can be modulated by AMPAR surface diffusion through regulating the replacement of desensitized receptors by naïve ones [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF][START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . The overall goal of my PhD project was to examine this phenomenon further, in more complex models of organotypic hippocampal (OHS), cortical slices (OCS) and ex vivo brain slices. I aimed to determine exhaustively the respective contributions of presynaptic transmitter release and postsynaptic AMPAR biophysics and mobility on high-frequency short-term synaptic plasticity (HF-STP), and to examine in what physiological processes and behavioral paradigms the regulation of AMPAR mobility controls STP.

First of all, I developed new experimental methodology and tools to both measure and block the mobility of endogenous AMPARs in selected cell types and measure the effect of these modifications on HF-STP. To do so, I used the AP-GluA2 knock-in (KI) mouse model developed in the lab [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] in which the GluA2 AMPAR subunit is tagged with a biotin acceptor peptide tag (AP-tag). When target neurons express an endoplasmic reticulum resident biotin ligase (BirA ER ), AP-tagged receptors are biotinylated and transported to the cell surface. NeutrAvidin (NA), a tetravalent biotin-binding protein, binds to endogenous biotinylated AP-GluA2 subunits and cross-links AMPARs on the cell surface, blocking their mobility, and preventing the exchange between the synaptic and extrasynaptic pool of receptors. With whole-cell patch clamp electrophysiology, I demonstrate that AMPAR immobilization blocks synaptic facilitation in the Schaffer collateral (SC) to CA1 pyramidal neuron (PN) synapse in OHS. This effect is desensitization-dependent since AMPAR desensitization blockers reversed the cross-link effect on HF-STP. This indicates that the observed decrease in facilitation derives from the trapping of desensitized receptors at the synapse.

Moreover, using iGluSnFr imaging, a biosensor for measuring glutamate release, we observe no change in presynaptic glutamate release upon AMPAR cross-link. Altogether, this supports the hypothesis that AMPAR surface mobility regulates HF-STP by enabling the replacement of desensitized receptors by naïve ones.

Next, I sought to examine the effect of AMPAR immobilization on HF-STP in synapses with different release probability (Pr). We hypothesized that the effect of AMPAR mobility on HF-STP should be most important in synapses with high Pr where AMPARs would be more likely to be exposed to sequential release of glutamate and thus more prone to desensitization. We compared the effects of mobility on HF-STP in the SC -CA1 pathway and L4 -L2/3 synapses in the primary somatosensory cortex (S1) of ex vivo brain slices, where Pr is high. Combining whole-cell patch clamp electrophysiology, iGluSnFR and FRAP imaging of surface AMPARs, I analysed the reciprocal involvement of receptor mobility and presynaptic glutamate release on shaping HF-STP. In acute brain slices, I found no effect of AMPAR mobility on HF-STP in the CA1, and a strong increase in synaptic depression after receptor immobilization in the S1 synapses, with no consecutive changes in glutamate release in both synapses. Moreover, we observed that AMPAR surface diffusion was higher in the L2/3 neurons.

Then, I looked for molecular players that could modulate the effect of receptor mobility in different synapses, focusing on the involvement of AMPAR auxiliary proteins in regulating AMPAR kinetics and mobility. I identified GSG1L, an auxiliary subunit expressed at high levels in the primary somatosensory cortex, that strongly slows down AMPARs recovery from desensitization and promotes increased surface AMPAR diffusion, as a key postsynaptic player to tune postsynaptic responses to high-frequency activity.

Next, I sought to identify the functional role of mobility in HF-STP. Using 2-photon imaging with the jGCaMP8m calcium sensor, we observed a decrease in spine calcium influx during high-frequency activity trains when AMPARs are immobilized. AMPAR cross-link also affected synaptic integration and neuronal network activity. Furthermore, we discovered that synaptic trapping of AMPARs with the photoactivatable CaMKII produced a similar increase in synaptic depression during HF-STP trains to that observed with NA cross-link. Searching for physiological mechanisms that would act upon AMPAR mobility to regulate HF-STP, we looked at the effect of LTP induction on HF-STP. After LTP induction, surface AMPARs are immobilized [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF][START_REF] Petrini | Endocytic trafficking and recycling maintain a pool of mobile surface AMPA receptors required for synaptic potentiation[END_REF] and preventing receptor diffusion blocks LTP induction [START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF] .

Accordingly, I found that LTP induction in the L4-L2/3 of S1 produced a transient increase in short-term

Introduction

In this chapter I will first present a brief introduction to the history of the studies on the brain, what later became known as neuroscience. Subsequently, I will lead the reader through the fundamental principles of synaptic transmission, with a particular emphasis on chemical synaptic transmission-a central aspect of my work. As in this project I focus on the reciprocal involvement of pre-and postsynaptic mechanisms in shaping high-frequency short-term synaptic plasticity, I will present both presynaptic and postsynaptic molecular mechanisms underlying how the information is processed between neurons. Next, I will focus on describing the glutamatergic synapse, its molecular composition, nano-organization and introduce the concept of receptor diffusion, which is the core of this PhD thesis. In the next section, I will present AMPA receptors, the main excitatory receptors in the central-nervous system, which involvement in shaping synaptic transmission I was studying in the course of this project. I will focus on the receptors kinetics and protein interactors which will be important to understand the contribution of various pre-and postsynaptic factors and the time-course of events during HF-STP. Finally, I will introduce the concept of synaptic plasticity, initially addressing the well described long-term synaptic plasticity, followed by a description of the somewhat enigmatic short-term synaptic plasticity-an area I've dedicated the past four years to studying. I will present the various known induction mechanisms of STP, focusing on postsynaptic contributors, as I studied the role of postsynaptic receptor mobility in shaping HF-STP.

A brief history of the brain

The brain still remains the most mysterious part of our body. How an organ weighing approximately 1,3 kg 14 can control all our basic life functions, movement, memory, behavior and overall contain the essence of our existence? For centuries, neuroscientists have tried to understand how this single organ can control every aspect of our life. However, the brain has not always been seen as the central organ.

The first notion of the brain occurs in the Edwin Smith Surgical Papyrus dating from the 17th century BC (Figure 1.). At the time, ancient Egyptians underestimated the role of the brain attributing the primary role to the heart, and systematically removing the brain during the preparation for mummification 15 . Alike in ancient Greece, Aristotle saw the heart as the seat of intelligence and considered the brain to be the cooling system for blood 16 . During the Roman Empire, a physician and philosopher Galen started to see the importance of the brain. After conducting brain dissections from animals, he concluded that the cerebellum, because of its dense structure, is responsible for controlling movement, whereas the cerebrum, being softer, is where the senses are processed. He also put forward the idea that specific spinal nerves might control specific muscles in the body. At the same time, he thought that the brain functions due to the movement of animal spirits in the ventricles 16 . The concept of animal spirits controlling brain function persisted for circa 22 1500 years in the form of the balloonist theory, stating that muscles contract by inflating with air -the animal spirits, flowing from the brain, through nerves to muscles 17 . This theory has been overthrown in 1667 by Jan Swammerdam who demonstrated, using frog muscles preparations, that muscles rather decrease than increase in size when they contract, and that nerve irritation is sufficient to produce muscle contraction and concluding by stating that animal spirits do not exist 17 . Later on, in 1791, Luigi Galvani showed that electrical stimulation of the nerve results in muscle contraction and laid the foundation for electrical transmission in the brain 17 . The XIXth century brought popularity to lesion studies, when scientists such as John Martyn Harlow, Paul Broca and others where connecting lesions in specific brain regions to loss of specific cognitive functions which put forward the theory of the specialization of specific brain structures to control precise actions 15 . The real breakthrough came with the discovery of the microscope and Camillo Golgi's silver staining procedure. For the first time in history, this allowed us to observe the structure of a single neuron. Using Golgi's staining technique, Ramon y Cajal meticulously studied the structure and organization of different neuron types. Not only did Cajal observe that the distal dendritic branches of Purkinje cells were covered by protrusions, introducing the term of dendrites and spines, but he also found that both the axons and dendrites of individual neurons end freely, indicating that neurons are individual cells that are adjacent to, but not continuous with, each other 20 (Figure 2a). The work of Cajal and Arthur Van Gehuchten led to the formulation of the neuron doctrine, a theory claiming that the neuron is the functional unit of the brain 21,22 .

The formulation of the neuronal theory brought to light a new question, that hasn't been fully answered to this day. The brain is composed of approximately 100 billion cells 15 . How are these billions of cells connected and how do they communicate with each other to convey and store information, and finally control our behaviour and actions? Ramon y Cajal and Arthur Van Gehuchten postulated that nerve impulses can only flow unidirectionally between neurons 'from dendrite to cell body to axon' 23,24 . In 1897, Charles Scott Sherrington proved them wrong, showing that mammalian axons can conduct electrical stimuli in both directions 25 . He also claimed that the observed unidirectionality of impulse conductance is caused by the existence of valve-like structure in the axon terminals 26 , which we now know as synapses.

Neuroscience in the XXth century focused on the physiology of nerve impulses. In 1902 Julius

Bernstein showed that the action potential results from a change in membrane permeability to ions 27 . Later on, Alan Lloyd Hodgkin and Andrew Huxley used the recently developed voltage-clamp technique to demonstrate how ion currents give rise to action potentials 28 . Shortly afterwards, Bernard Katz, who was studying how neurons transmit information between each other, found that neurons can be activated by neurotransmitters released from presynaptic terminals in discrete quanta 29,30 . However, only the invention of the electron microscope in the 1950s allowed to actually see the synapse as a morphological entity 31 , with its specific elements such as synaptic vesicles and postsynaptic density (PSD), an electron-dense lamina adjacent to the postsynaptic membrane [32][33][34][35] (Figure 2c). The high-electron density visible on EM micrographs is a result of high protein density within the PSD. Of note, classical EM sample preparation relies on chemical fixation, dehydratation, resin embedding, and heavy-metal staining, it thus tends to produce aggregation artefacts and artificial contrast which is visible as this dark cloud in classical EM preparations 36 . Cryo-EM preparations together with protein tracking have now established that the PSD is not quite as dense as previously thought, as we'll see later in this introduction. Anyhow, EM imaging of synapses has not only validated the neuron doctrine but also pushed it a step further and established the synapse, with its distinct molecular organization, as the functional unit of neurotransmission. Early electron micrograph of a section through a dendrite and its environment in the rat brain. Marked as T1, T2, T3 and T4 are presynaptic terminals. Adapted from Palay, 1956 34 . (c) Electron micrograph of a cryo-fixed mouse neuropil. A synapse with visible synaptic vesicles in the presynaptic compartment and an electron dense area on the postsynaptic membrane -the postsynaptic density is shown. Adapted from Korogod et al. 2015 38 .

How neurons talk? -synaptic transmission

How do neurons actually communicate? An average neuron receives 1000 to 10 000 synaptic connections 15 . However, this complex connectivity relies on a few simple mechanisms. A synapse predominately consists of 3 elements: the presynaptic terminal, a target on the postsynaptic cell and the zone in between the two 15 . Depending on the structure of this "zone in between", synapses can be divided to electrical and chemical 15,39 . In electrical synapses, the pre-and postsynaptic sites communicate through a narrow (3.8 nm) gap -the gap junction, which contains tens to thousands of channels 15,40 . Such a system of communication offers speed, but lacks gain, meaning that the strength of the signal in the postsynaptic cell can only be the same or smaller as in the presynaptic cell 15 . On the contrary, in chemical synapses the pre -and postsynaptic sites are not physically connected, rather they communicate through the release of specialized neurotransmitters that are released from the presynaptic sites upon the arrival of an action potential (AP) 15 . Those chemical transmitters then diffuse through the synaptic cleft, which in chemical synapses is much larger, ranging from 20 to 30 nm in the central nervous system 41 . On the postsynaptic site, the neurotransmitter binds to specialized receptors which in turn regulate the opening and closing of ion channels, leading to changes in membrane potential and making the cell more or less prone to firing 15 . This type of transmission offers the unique advantage of signal amplification, but is however slower. A single vesicle released to the synaptic cleft upon the generation of a weak electrical current, can contain thousands of neurotransmitter molecules that can activate thousands of ion channels 15 .

Chemical synapse

The first piece of evidence for the existence of chemical transmission came from Otto Loewi and Henry Dale who later on, in 1936, have been awarded the Nobel prize for "their research which proved chemical synaptic transmission in the peripheral nervous system" 42,43 . Dale in 1914 discovered that acetylcholine can mimic parasympathetic responses, whereas Loewi in 1921 demonstrated that this acetylcholine is in fact produced in the body 42 . In the following years, other compounds such as amino acids (glutamate (Glu), aspartate, D-serine, γ-aminobutyric acid (GABA), glycine), monoamines (epinephrine, norepinephrine, dopamine, histidine, serotonin), peptides, purines (adenosine triphosphate -ATP), endocannabinoids, peptides or gases can act as neurotransmitters 15 . Since the discovery of quantal release in the 1950s by Bernard Katz, it is well accepted that neurotransmitters are stored in synapses in vesicles and released through exocytosis 15 , an observation confirmed also by electron microscopy observations (Figure 2) [32][33][34]44 .

Neurotransmitters once released to the synaptic cleft bind to receptors present on the membrane of the target cells affecting the cellular functions. John Newport Langley in 1905 was the first to recognize receptors as proteins that upon activation can excite or inhibit cellular function 45 . Indeed, depending on their neurotransmitter and ultrastructure, synapses can be divided into many subtypes of both excitatory and inhibitory properties 15 . Here, I will focus on introducing topics related to excitatory glutamatergic synapses which lay in the center of this work.

Chemical synaptic transmission: the presynaptic side

The presynaptic terminal typically contains 100 to 200 synaptic vesicles (SV), which are uniform organelles of 40 nm in diameter, filled with neurotransmitter 46 . Synaptic vesicles fill the presynaptic terminal but are particularly dense at specialized regions of the presynaptic membrane called active zones (AZ), which are the sites of neurotransmitter release 47 . The cycle of neurotransmitter trafficking can be divided into several steps (Figure 3). First neurotransmitters are actively packed into SVs (step 1). Next SVs cluster in front of the active zone (Step 2). Then SVs dock at the active zone (step 3) where they are primed (step 4)i.e. transitioned into a state of competence for Ca 2+-triggered fusion-pore opening (step 5). Following the opening of the fusion pore triggered by Ca 2+ elevation, SVs are endocytosed and recycled, which can occur through several alternative pathways (step 6). SVs can undock and recycle locally (referred to as "kiss-and-run") to undergo reacidification and refill with neurotransmitters (step 7). SVs may undergo endocytosis via clathrin-coated pits (step 8) and subsequently reacidify and refill with neurotransmitters either directly or after passing through the endoplasmic reticulum (step 9) 48 . Ultrafast endocytosis and bulk endocytosis both encompass the full collapse fusion of synaptic vesicles. However, in these processes, the vesicle components are believed to be retrieved from the plasma membrane through mechanisms that do not involve clathrin 49 . Figure 3. The cycle of synaptic vesicles. SVs are packed with neurotransmitter by active transport (step 1) and targeted to the correct vesicle pool (step 2). Filled SVs dock at the AZ (step 3), where they are primed for release (step 4). SVs undergo calcium dependent fusion pore opening (step 5). SVs undergo endocytosis (step 6) and are recycled via clathrin-independent (step 7) or dependent mechanisms (step 8) with recycling via endosomes (step 9). Adapted from Südhof, 2004 48 .

Molecular composition of the presynapse

An important objective in neurobiology has been to understand the molecular mechanisms underlying neurotransmitter release. The presynaptic nerve terminal contains over 1000 proteins, with hundreds of them believed to be involved in the process of exocytosis. Here, I will only describe a few of the proteins involved in the trafficking of SVs and their release during concomitant steps of SV trafficking.

The active zone is situated at the presynaptic plasma membrane directly opposite the synaptic cleft. It consists of an electron-dense substance. Electron microscopy demonstrated that active zones in central synapses take on a disk-like shape with a hexagonal grid structure, within which synaptic vesicles are embedded within the depressions of the grid 50 . RIMs (Rab3-interacting molecule; RIM1, 2) are central elements of the cytomatrix of the active zone that directly or indirectly interact with multiple other synaptic proteins. RIM recruits Ca 2+ channels and activates synaptic vesicle docking and priming via Munc13-1 51,52 .

Other than that, researchers have identified six main nonmembrane proteins that have the ability to bind to one another and likely cluster together to form a unified complex at the active zone. These include: Munc13s (Munc13-1, -2, -3) 53 and RIMs (Rab3-interacting molecules; RIM1α, 2α/β/γ, 3γ, 4γ) [54][55][56] , multidomain protein interacting with many synaptic partners; Piccolo 57 and Basoon 58 , which are members of the cytomatrix; ERCs (ELKS/Rab3-interacting molecule/CAST; ERC1b, ERC2) 59,60 proteins binding to RIMs; RIM-BPs (RIM-BP1, 2, 3) 55 also RIM binders; α-lipirins (Lipirin α1-α4) that bind to RIM 61 , ERCs 62 , and receptor protein tyrosine phosphatases 63 .

Neurotransmitter packaging

Neurotransmitters are accumulated and stored in synaptic vesicles (Figure 3 step 1) through an active transport process, facilitated by a vacuolar proton pump, which creates an electrochemical gradient across the vesicle membrane 64 . Neurotransmitter uptake is mediated by seven different transporters representing four distinct uptake systems 48 . Glutamate is taken up into SVs by three highly homologous proteins: VGLUT1-3 65 , all monoamines are transported by two channels VMAT1-2 66 , and a single VGAT transporter has been identified for GABA and glycine 67,68 .

Synaptic vesicle pools

In a typical synapse at rest, only a fraction of the synaptic vesicles is tethered to the presynaptic membrane, while the remaining vesicles are clustered nearby. Under an electron microscope, all SVs appear similar, lacking any notable morphological differences that would distinguish different classes of vesicles.

However, over the years, researchers have proposed that there exist separate "pools" of SVs, wherein each pool consists of vesicles with distinct functional characteristics. These include the readily releasable pool (RRP), the recycling pool and the reserve pool. The RRP is a population of SVs readily accessible upon stimulation. These vesicles are typically considered to be physically attached to the presynaptic active zone and in a primed state, ready for release. The recycling pool refers to the population of SVs that sustain release under physiological levels of stimulation. This pool is estimated to encompass approximately 5-20% of all SVs. Under physiological frequencies of stimulation, this pool undergoes continuous recycling and is replenished by newly recycled vesicles. The reserve pool is a reservoir of SVs that are only mobilized and released during high-intensity stimulation. These vesicles make up the majority (usually around 80-90%) of the total vesicle population within most presynaptic terminals 69 . The partitioning of synaptic vesicles into different pools (Figure 3 step 2) could be regulated by unidentified molecular markers, possibly soluble proteins that temporarily bind to the SV membrane. These molecular markers would play a role in determining the identity of SVs and assigning them to specific pools. One potential example of such a marker is Synapsin I (SynI), that coats the surface of the SVs 70 . SynI could play a dynamic role in the organization of the resting pool of synaptic vesicles by reversibly linking SVs to each other and to actin filaments in a manner dependent on phosphorylation 71 . Nevertheless, detailed examination of presynaptic terminals at the ultrastructural level shows that SVs are typically interconnected by 30 nm long, that do not entirely vanish upon the deletion of SynI, suggesting other factors involved in the clustering of vesicles 72 .

Neurotransmitter release

The fusion and docking (Figure 3 step 3) of SVs generally involve protein members of the SNARE complex, including Synaptobrevin (aka VAMP) on synaptic vesicles and Syntaxin-1 and SNAP25 on the presynaptic plasma membrane. The formation of a complex between the SNARE proteins can bring the membranes into close proximity, leading to the initiation of membrane fusion. The binding between the SNARE proteins creates an unstable intermediate state that can either progress into a fully formed fusion pore or regress back to the docked state where synaptic vesicles lack engaged SNAREs 48 (Figure 4). The assembly of the SNARE complex is controlled also by other proteins including Munc-18 and Synaptophysin. The former binds to the closed conformation of Syntaxin-1, and the latter binds to Synaptorevin, both preventing them from participating in the SNARE complex 48 . Interestingly, Munc-18 deletion can abolish release completely 73 suggesting it could act by binding Syntaxin 1 to the plasma membrane in a state preceding the SNARE complex formation, and is critical for the assembly of the complex 74 . The priming of SVs (Figure 3 step 4), transition into a fusion-ready state, relies on the activity of Munc13 protein, that catalyses the transition from closed Syntaxin / Munc18 complex into the closed SNARE complex 75,76 , as well as promotes the proper Syntaxin / Synaptobrevin sub configuration during assembly of the SNARE complex 77 .

The Ca 2+ dependent opening of the fusion pore (Figure 3 step 5) relies on the activity of Synaptotagmins, transmembrane proteins that bind Ca 2+78 . Synaptotagmin 1 (Syt1) binds to Syntaxin-1 and the SNARE complex [79][80][81] . Overall 16 Synaptotagmins are expressed in the brain, 8 of which can bind Ca 2+ .

They display different kinetics and calcium affinities and thus are expressed in different synapse types and mediate different form of release 82 . Synaptotagmins act during fusion with Complexins as a cofactor.

According to the accepted model, Complexin prevents full zipping of the SNARE complex through repulsive interactions with SNARE proteins. In the absence of Ca 2+, Synaptotagmin 1 forms a bond with the SNARE complex. Following calcium influx through VGCCs, Syt1 undergoes a switch and attaches to the phospholipid membrane instead. The mechanical stress induced by this binding may lead to the destabilization of the fusion intermediate and the subsequent opening of the fusion pore 48,83 . In the middle row, under steady-state conditions, SVs reversibly dock and undock. This occurs as the trans-SNARE complex undergoes tightening and loosening, enabling vesicles to shuttle between a "docking site" and a replacement site. When calcium binds to Syt1, the docked vesicles undergo fusion. In the top row, a "two-step" release mechanism is shown. Initially, calcium binding to specific calcium sensors induces docking, followed immediately by fusion. This process may lead to asynchronous release of vesicles. Although Syt1 is depicted in this illustration, other calcium sensors with higher affinities may also play a role in mediating docking or fusion during the two-step release. The bottom row demonstrates how docking is enhanced during periods of activity. High-affinity calcium sensors, such as Syt3 and Syt7, and possibly other signaling molecules, drive vesicles into the docked state or stabilize them there. This biasing of the reaction coordinate towards docking ensures a higher number of docked vesicles available for the subsequent round of fusion. Consequently, this process leads to synaptic potentiation and increased resistance to synaptic depression. Adapted from Kusick et al. 2022 84 .

The positioning of Ca 2+ influx sites in proximity of the docked and primed vesicles is critical for efficiently releasing SVs in response to an action potential. VGCCs are generally located less than 100 nm from docked SVs 85 . RIM and RIM-BPs are capable of binding to Ca 2+ channels as well as forming interactions with each other. Studies have shown that the removal of RIM results in the loss of VGCCs from the active zones, leading to a reduction in Ca 2+ influx. These findings indicate that RIM and RIM-BP collaborate to target VGCCs to the release sites [86][87][88] . Consequently, a single protein complex, with RIM playing a central role, serves as an efficient mechanism for co-localizing all essential proteins at the active zone. This protein complex facilitates the positioning of synaptic vesicles, Ca 2+ channels, and vesicle priming factors in close proximity to the release sites, enabling rapid coupling of action potentials with neurotransmitter release 82 .

The majority of synaptic transmission relies on synchronous release, when the synaptic vesicle fusion is triggered by the arrival of the AP in the presynaptic bouton 89 , which usually occurs within tens of microseconds of the stimulus 90 . However, neurotransmitters can also be released through asynchronous release, where the release occurs with a longer delay from the action potential or in its absence 89 (Figure 5). Asynchronous release relies on calcium sensors with both low (Syt1) and high (Syt7) calcium affinity, that triggers vesicle fusion in lower calcium concentrations 91,92 . A growing body of evidence shows that the balance between synchronous and asynchronous release may play a role in coordinating neuronal network activity by regulating the probability of cell firing or action potential precision [93][94][95][96] . The rate of synchronous to asynchronous release can vary between synapse types 89,96,97 as well as boutons within the same cell 93,94 .

Analysis combining electron microscopy with high-pressure freezing have demonstrated that loci of synchronous and asynchronous release differ within the active zone, with fusions during synchronous release occurring throughout the AZ, whereas asynchronous release fusion events are located more towards the center of the AZ 98,99 . Moreover, synchronous release events tend to align with clusters of AMPARs, and asynchronous events with clusters of NMDARs (reviewed later in the introduction). This spatial organization would promote efficient synaptic transmission, by leading to, first, maximal membrane depolarization through AMPARs, releasing the magnesium block from NMDARs, and then prolonged NMDAR activation through asynchronous release 100 . However, how synchronous and asynchronous release events are located within the active zone still remained an open question. In a recent study, Mendonça and colleagues 99 , using iGluSnFr imaging of quantal vesicular release, demonstrated that the rate of synchronous to asynchronous release varies greatly across the population of synaptic outputs of an individual neuron and that the fraction of asynchronous release is enhanced in low release probability synapses. Moreover, they demonstrated that the sites of synchronous and asynchronous release overlap to a large extent, suggesting that both modes of release can occur from the same vesicle pool. However, the distribution of asynchronous release sites is more scattered among the AZ. It is anticipated that synchronous release events will be more concentrated in the proximity of VGCC clusters. This leads to the hypothesis that VGCC clusters primarily reside at the periphery the AZ. Consequently, asynchronous events, which are positioned farther from the VGCC clusters, may occur closer to the center of the active zone but distributed more widely across the release area compared to synchronous events. Figure 5. Differences between neurotransmitter release modes.On the left: different ways of presynaptic neurotransmission and their distinct downstream signaling pathways. Synchronous release ensures the precise timing transmission across the synapse, facilitating information transfer with high fidelity. On the other hand, asynchronous release is believed to regulate short-term plasticity and oscillatory activity. In contrast, spontaneous release is independent of action potentials, although it may depend on alternative calcium sources, such as calcium from the endoplasmic reticulum (ER) through ryanodine receptors (RyR) or store-operated calcium entry via Orai channels activated by the ER calcium sensor STIM. Spontaneous release is considered to play a role in synapse development and homeostatic synaptic scaling, thereby influencing synaptic efficacy. On the right: proposed difference in synapse nanostructure depending on the mode of transmitter release. According to the model, evoked release is concentrated in specific confined regions, while asynchronous release is more clustered towards the center, and spontaneous release is spread over a larger area of the synapse. Potential plasticity mechanisms may modify the nanostructure. Adapted from Guzikowski & Kavalali, 2021 101 .

The development of the high-pressure freezing technique by Watanabe and colleagues 98,102,103 was not only a break-through for imaging the localization of SVs within the presynaptic compartment with great precision, but also allowed precise visualization of the SVs fate within milliseconds after the occurrence of the AP. The zap-and-freeze technique consists of a system to electrically stimulate neurons and then, at selected time points, freeze them in high-pressure conditions and later process for electron microscopy 98 .

With this approach, they demonstrated that multivesicular release is prominent in cultured hippocampal neurons, with around 38% of synapses containing multiple exocytic pits, a fraction that grows with increased release probability. Moreover, they observed a 30% decrease in docked vesicle number 5 ms after the delivery of the AP, with a simultaneous increase in number of SVs 6-10 nm from the plasma membrane that can account for recruitment of new SVs or undocking of SVs. After 14 ms, the docking levels are fully restored to baseline, but then after 100 ms docking is again reduced to levels observed after stimulation, suggesting a transient docking, that most likely supports high-frequency transmission of the synapse. The levels of docked SVs are fully restored to baseline only after 3-10 sec after the AP.

Synaptic vesicle recycling

To maintain a uniform membrane surface area and ensure efficient neurotransmission during sustained synaptic activity, the recycling of SV components is critical (Figure 3 approximately 20 seconds after exocytosis 104 (Figure 3 step 8, 9). A fast mechanism known as "kiss-andrun" was proposed, wherein fusing vesicles are retrieved by reversing their neck, a process happening within 1 sec [105][106][107] (Figure 3 step 7). Discovered recently, ultrafast endocytosis is characterized by its remarkable speed, capable of being completed within as little as 50 milliseconds after exocytosis. This process occurs stochastically and lasts only for a few seconds 103 . This mode of synaptic vesicle recycling is predominant in both C. elegans neuromuscular junctions (NMJs) and mouse hippocampal synapses. It typically occurs following short bursts of neuronal activity but can also be engaged during periods of high-frequency stimulation. In contrast to ultrafast endocytosis, longer bursts of intense activity can trigger activitydependent bulk endocytosis (ADBE) 108,109 . During ADBE large areas of the membrane are retrieved within 1-2 s to form intracellular endosomes in a clathrin-independent process 110 .

Probability of neurotransmitter release

As we already know, the precise regulation of the fusion of SVs with the plasma membrane of the AZ is essential for efficient transmission of information. At both the synapse level and within individual SVs at a given synapse, there is considerable variability in the likelihood of transmitter release in response to an AP, termed release probability (Pr). Release probability varies across synapse types, synapses of the same type, synapses originating from the same axon, and even among different subpopulations of SVs within a single presynaptic terminal 99,[111][112][113][114] . The determination of Pr at the active zone involves a complex interplay between various presynaptic factors, including the availability of release-ready SVs, the spatial relationship between SVs and VGCCs at the AZ, the extent of calcium influx upon AP arrival, the buffering of calcium ions, as well as the specific identity and sensitivity of the calcium sensor 115 . Traditionally, the release probability of a specific synapse was calculated through mathematical analysis of an electrophysiological recording where the strength of a synapse is the product of the number of release sites, release probability and the postsynaptic response to the release of a single quantum (single SV) 116 .

However, quantal analysis of the small synapses found in the mammalian brain was challenging, due to the numerous synapses that each neuron receives, with varying distances from the soma, on which the size of the measured EPSPs depends 116 . Recent developments in optical methods have allowed to image presynaptic glutamate release directly using the iGluSnFr glutamate release sensor 117 . This tool is sensitive enough to measure single fusion events, allows direct visualization of glutamate release and measurement of release probability at individual boutons. With this approach, Durst and colleagues demonstrated that in low release probability conditions, the probability of vesicular release is the main determinant of synaptic output, whereas in high Pr synapses, it depends on both the probability of release as well as number of release sites 116 . Combining iGluSnFr imaging with imaging of calcium sensors, Jensen et al. have demonstrated that at CA3-CA1 synapses, the release probability increases distally from the soma, which can increase signal transfer fidelity, and again points to the diversity in release probability of outputs within even a single cell 113 . Altogether release probability is a major factor that determines the degree to which the firing rate and temporal coherence of action potentials within a population of presynaptic neurons are communicated to the postsynaptic neuron.

The Pr of a given synapse also influences short-term synaptic plasticity where synapses with a high Pr tend to be more depressing and vice versa, synapses with low initial Pr display synaptic facilitation 118 .

Chemical synaptic transmission: the postsynaptic side

Neurotransmitters are released from the presynaptic compartment into the synaptic cleft, an approximately 20 nm wide space in between the presynaptic and postsynaptic membranes of 2 neurons.

Cryo-electron microscopy imaging experiments demonstrated that the volume of the synaptic cleft is not just empty extracellular space, rather it is composed of a high-density material, organized in 8.2 nm periodic trans-synaptic complexes 36 . Those trans-synaptic complexes will be reviewed later on in the introduction.

After traversing the synaptic cleft, neurotransmitters bind to membrane-bound receptors on the surface of the target cells, therefore transferring either excitatory or inhibitory signal to the postsynaptic neuron.

Whether the signal is excitatory or inhibitory depends not only on the neurotransmitter released, but also on the type of postsynaptic ion channel that is activated by it 15 .

Excitatory synaptic transmission in the central nervous system (CNS) is mediated through glutamatergic receptors 15 which not only mediate basal transmission but also are critical for maintaining the plasticity of synaptic inputs and regulating short-term synaptic plasticity.

The glutamatergic synapse

Glutamatergic synapses mediate excitatory synaptic transmission in the CNS in response to the release of glutamate. This is mediated through the action of glutamatergic receptors which respond to glutamate binding. There are two main groups of glutamatergic receptors. The first one -metabotropic glutamate receptors (mGluRs) -are a class of G-protein coupled receptors that generate secondary messengers that then indirectly gate channels or regulate synaptic transmission. These are divided into three groups based on their sequence homology, downstream signaling pathway they mediate, and ligand selectivity -group I: mGluR1 and mGluR5, group II: mGluR3 and group III: mGluR6, mGluR7 and mGluR8 119,120 . However, in the scope of this manuscript I will focus mostly on the other type of glutamatergic receptors -the ionotropic glutamatergic receptors (iGluRs), which mediate the majority of fast excitatory synaptic transmission in the CNS (Figure 6). iGluRs are tetrameric ligand-gated channels in which glutamate binding directly triggers the opening of a channel pore 15 . In response to glutamate binding, the receptors open their channel pore allowing the influx of cations (Ca 2+ , Na + , K + ) and this triggers rapid depolarization of the postsynaptic membrane, which initiates a complex signal transduction cascade in the postsynaptic cell 15 . Overall, iGluRs display a similar structure. They are composed of four subunits, each composed of four domains: the extracellular amino-terminal domain (ATD), the extracellular ligand-binding domain (LBD), the transmembrane domain (TMD), and an intracellular carboxyl-terminal domain (CTD) 121 . Nevertheless, iGluRs display very different channel properties depending on their subunit composition as well as diverse expression profiles in distinct synapse types 122 . Dependent on their agonist, iGluRs can be divided into four main groups: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), N-methyl-Daspartate receptor (NMDAR), kainate receptor (KAR) 122 , and delta receptor (GluD) 123 . AMPARs mediate the majority of fast synaptic transmission in the CNS 124 and as they are in the center of my research, they will be described in detail in the following section.

NMDARs are hetero-tetramers composed from 7 subunits: GluN1, GluN2A-D and GluN3A-B.

NMDARs are unique because the activation of the receptors requires not only glutamate binding but also a co-agonist, Glycine or D-serine. Moreover, at resting membrane potential, the channel pore is blocked by a Mg 2+ ion which is released upon membrane depolarization after the rapid activation of AMPARs or KARs. This unique property of NMDARs allows them to function as "coincidence detectors". This implies that they only become ion-permeable when both connected cells are simultaneously active. Finally, NMDARs are also highly permeable to calcium and have slow kinetics. All these features make NMDARs the key regulators of synaptic strength and synaptic plasticity. Increase in postsynaptic Ca 2+ concentration in response to NMDARs activation triggers downstream Ca 2+ -dependent signaling cascades which produce short -or long-term changes of synaptic strength 121,125,126 . KARs are hetero-tetramers composed from 5 subunits GluK1-5. Unlike AMPARs and NMDARs, KARs are not mostly found in postsynaptic signaling complexes, rather they modulate neuronal transmission and excitability, linking metabotropic signaling pathways on top of acting as ionotropic receptors 127,128 .

Finally, 121 maybe the most enigmatic of the iGluR family of receptors are the ionotropic delta receptors (GluD1 and GluD2) capable of forming homomeric assemblies. Due to the absence of known endogenous ligands, GluDs have been referred to as "orphan" and remained functionally mysterious.

However, recent advancements have significantly transformed this perspective. It has been discovered that both GluD receptors are expressed in broader brain regions than initially believed 129 . GluD2 is expressed in the Purkinje cells and plays important roles in motor coordination and learning [130][131][132] . GluD1 is mostly expressed in the inner ear and plays a critical role in high-frequency hearing 133 . Two endogenous agonists of the GluD2 receptor, D-serine and Cbln1, have been identified 134,135 . Upon binding of its ligands, GluD2 does not exhibit direct channel activity. Instead, its activation induces the internalization of AMPARs during long-term depression (LTD), a type of synaptic plasticity associated with cerebellar motor learning 136 . This metabotropic signaling mode, which works independently of channel activity, has gained considerable attention recently, as it seems to be prevalent among iGluRs, complementing their conventional ionotropic functions 129 . 

The postsynaptic density and synaptic organization

On a typical electro micrograph, the synapse can be identified by two major features: the presence of round shaped synaptic vesicles on the presynaptic part, and a dark cloud in the proximity of the cell membrane. This electron-dense cloud, called the postsynaptic density contains glutamatergic receptors as well as other signaling and structural proteins involved in synaptic transmission 35,142 (Figure 7a). The PSD is attached to the postsynaptic plasma membrane on one side, and the actin cytoskeleton on the other, by adaptor proteins including PSD-95, Shank, GKAP or α-actinin [143][144][145][146][147][148][149] . The actin cytoskeleton itself is involved in maintaining the shape of dendritic spines as well as activity-dependent remodeling of dendritic spine structure 150 . PSDs often have a disk-like shape; however, the bigger ones can also often be irregular and perforated. They range between 200-800 nm in diameter and 30-60 nm in thickness 151 . The size of the PSD grows with the size of the dendritic spine and is also correlated with the abundance of postsynaptic glutamatergic receptors 152 . The size of the PSD in relation to the size of the dendritic spine is also correlated with the strength of the synapse 153,154 that is correlated mostly to the AMPAR abundance.

Unlike for AMPARs, the abundance of NMDARs is poorly correlated with the size of the PSD 155,156 . The number of proteins composing the PSD, depending on the study, varies between a few hundreds and 2000 148 . However, based on overlapping results from different proteomic studies, a set of 460 proteins categorized into 13 functional groups has been deduced 157 , with actin-cytoskeleton-related proteins, kinases/phosphatases, and GTPases and respective regulators being most abundant 148 . Calciumcalmodulin kinase II (CaMKII) is by far the most highly expressed protein in the PSD and second in line are the members of the membrane-associated guanylate kinases (MAGUK) superfamily of scaffold proteins 148 (Figure 7b -d). MAGUKs contain three domains: the PDZ domain (PDZ1, PDZ2, PDZ3), the SH3 domain and guanylate kinase-like domain 158 . PSD-95 is the most abundant member of the MAGUK family 159 , localized in the core layer of the PSD 35 . PSD-95 directly anchors NMDARs in the synapse through interaction with its PDZ domains 160,161 , and indirectly AMPARs through interactions with AMPAR auxiliary proteins [162][163][164] . It affects the stability, activity-dependent modifications [165][166][167][168] and functional plasticity 166,169-171 of glutamatergic synapses. 

Postsynaptic nano-organization

Studies in the 2000s questioned the existence of a sub-PSD organization within the PSD itself 173- 175 . However, the study of such fine structures using traditional optical microscopy is impossible due to the ~300 nm diffraction limit of visible light 176 . This has been overcome in the recent years by the application of super-resolution microscopy techniques [177][178][179][180] . In 2013, using uPAINT and sptPALM, Nair et al. from our team have for the first time demonstrated the presence of AMPAR nanodomains in synapses 178 (Figure 8a). Synapses typically contain 1-3 such AMPAR clusters which are around 80 nm in size and contain 20-25 AMPARs 178 . MacGillavry et al. as well as Fukata et al. have demonstrated that also PSD-95 forms clusters within the PSD that range from 80 nm to 150 nm in size depending on the probes used for imaging 177,180 . Soon after Tang et al. demonstrated the existence of similar nano-clusters formed by the presynaptic scaffolding protein involved in synaptic vesicle organization and fusion -RIM1/2. They discovered, most interestingly, that these presynaptic clusters were aligned with the postsynaptic clusters of PSD-95 181 . This study identified the existence of trans-synaptic nanocolumns, which coorganize the presynaptic release machinery with postsynaptic AMPARs and improve the efficiency of synaptic transmission 176,177 (Figure 8b). Our team could reproduce this finding and further establish that the nanocolumn organization could be disrupted by overexpression of a c-terminal truncation mutant of the adhesion protein Neuroligin (Nlg) 182 . While this work has showed the impact of misalignment on synaptic transmission, it does not prove unequivocally that Neuroligin is responsible for the trans-synaptic alignment of nanocolumns.

Since AMPARs have a relatively low affinity for glutamate (Kd in the mM range) 183 , and the concentration of glutamate rapidly drops away from the release site 184 , the localization of AMPAR clusters around release sites appears as a novel mechanism to increase the probability of their activation 183 . Transsynaptic organization has been assigned to several adhesion molecules including Neurexin-Neuroligin complexes, LRRTM2 and SynCAM 182,185-187 , and will be reviewed in further detail in the next chapter.

NMDARs typically form a single cluster located in the center of the PSD and are surrounded by multiple AMPAR clusters 188,189 . Conversely mGluR5 doesn't form clusters and is evenly dispersed at the synaptic surface 188 (Figure 8a). 

Trans-synaptic complexes and alignment

Rather than just a gap, the synaptic cleft is a highly protein-rich and organized compartment (Figure 9a). First of all, the molecular components of this compartment are strongly implicated in synaptogenesis and synapse maturation (reviewed in: 190,191 ). Moreover, trans-synaptic proteins and their mutual interactions have been proposed to form a so called "combinatorial code of trans-synaptic complexes" that would regulate synapse specificity in neuronal networks 192 . Finally, trans-synaptic complexes are involved in the alignment of nanocolumnspositioning presynaptic release sites opposite to postsynaptic receptor clusters 181,193 . Candidate adhesive nanocolumn organizers should possess at least one of three properties. First, they should participate in interactions that connect the pre-and postsynaptic membranes. Second, an organizer responsible for trans-synaptic alignment should display a localized pattern within the synaptic cleft that resembles the intrasynaptic nanodomains. Third, modifying their expression or disrupting their extracellular assembly should have an impact on the structure of the columns.

While no protein family completely meets these expectations, many studies from different groups have identified promising candidates 194 . Different protein types have been proposed to participate in transsynaptic complexes including: cell adhesion molecules (CAMs), secreted proteins, extracellular domains of postsynaptic receptors and VGCCs 194 (Figure 9b).

CAMs are overall cell surface proteins that mediate interaction between cells, or between cells and the extracellular matrix 195 . It has been proposed that the interaction between presynaptic adhesion molecule Neurexin (Nrxn) and postsynaptic Neuroligin, which form a trans-synaptic bridge 196 , could regulate this trans-synaptic alignment. Haas and colleagues demonstrated that the expression of a C-terminal truncation mutant of Neuroligin-1 disrupts the alignment between presynaptic RIM and postsynaptic AMPAR clusters, as well as impairs AMPAR mediated synaptic transmission 182 . However, this does not provide direct evidence that the Nrxn-Nlg interaction is responsible for trans-synaptic alignment. Performed experiments required expression of a truncated mutant of Neuroligin-1 or prolonged incubation with Nlg interfering peptides. Considering the vast functions of Nrxn-Nlg complexes in mediating synaptogenesis, a prolonged treatment could have also unspecific effects other than affecting trans-synaptic alignment.

The aforementioned Nrxn and Nlg are members of the CAM family, however the broad distribution of Neuroligin-1 over the PSD questions its involvement in nanocolumn alignment 194 . On the contrary to Nlg-1, LRRTM2, a synaptogenic CAM, is localized in stable clusters on the postsynaptic membrane 197 . Both Nlg-1 and LRRTM2 bind to PSD-95 on the postsynaptic side, and Nrxn presynaptically 198 . Ramsey and colleagues, using an acute extracellular proteolysis of an engineered cleavage site in LRRTM2 to disrupt its extracellular interactions within seconds, demonstrated that LRRTM2, in an acute manner, controls the positioning of AMPARs opposite to release sites. The misalignment led to a reduction of evoked AMPAR currents 198 . This established LRRTM2 as a strong candidate in maintaining trans-synaptic alignment.

Another candidate for molecularly linking the AZ to synaptic cleft is Lipirin-α, which binds to RIM 61 , as well as transmembrane protein tyrosine phosphatases of the LAR family 63 . LAR proteins interact with various proteins present on the postsynaptic membrane, which are involved in regulating the development of excitatory synapses. These proteins include NGL/LRRC (Netrin-G ligand/leucine-rich-repeatcontaining), Slitrks (Slit-and Trk-like), and SALM (synaptic adhesion-like molecule) proteins. Therefore, LAR proteins have the potential to bridge molecules within the synaptic cleft [199][200][201][202][203] . Another candidate is EphB2, the postsynaptic receptor for presynaptic membrane-anchored ephyrins, which is enriched towards the center of the PSD 186 . Additionally, proteins displaying a broader distribution in the cleft could also help to align pre-and postsynaptic elements including adhesion molecules SynCAM-1 and N-Cadherin, that mark the postsynaptic edge 186,194 . The trans-synaptic adhesion complex involving N-cadherin at glutamatergic synapses is formed by N-cadherin proteins located in both the pre-and postsynaptic membranes 204 , which interact in a cis-or trans-configuration 205,206 . Interestingly, N-Cadherin has been also shown to directly bind to GluA2 subunits of AMPARs 207 , which provides a direct coupling between the postsynaptic nano-organization of AMPARs and presynaptic organization. AMPARs have been also shown to directly bind to β3-integrin 208 , member of the integrin family of proteins that mediate cell to ECM and cell to cell adhesion 209 .

Alternatively, postsynaptic receptors or presynaptic VGCCs could guide cleft organization through interactions of their extracellular domains with adhesion molecules or other partners 194 . An interesting candidate for mediating these interactions are neuronal pentraxins. These include two secreted proteins and a transmembrane proteinthe neuronal pentraxin receptor (NPR), expressed on the presynaptic membrane.

NPR promotes the development of postsynaptic specializations, and intriguingly, its effect is regulated by the competitive antagonist of AMPARs, NBQX 210 . Secreted neuronal pentraxins bind to AMPARs, and through the interaction with presynaptic NPR, could bridge the trans-synaptic alignment. The notion that presynaptic VGCCs play a role in affecting postsynaptic organization is intriguing. However, unlike most receptors, presynaptic VGCCs have a small extracellular domain, making it less likely for them to directly guide interactions within the synaptic cleft. Nonetheless, the presence of the GPI-linked extracellular protein α2δ, which associates with VGCCs, may expand the scope of these interactions 211,212 . Other recently identified secreted proteins that have been proposed to regulate the anchoring of AMPARs, and potentially trans-synaptic alignment, are Noelin 1-3 213 . Noelins are secreted proteins abundantly expressed in all brain regions that bind to the extracellular domains of GluAs. Boudkkazi et al. demonstrated 

Receptor diffusion

Given the importance of AMPAR nanoscale organization, its dynamic is bound to have important contributions. In 1973, activity-dependent plasticity of synaptic transmission was recognized as a key component of brain function, likely underlying learning and memory formation 214 . The view of synapse organization has greatly changed over decades from a hard-wired system built for fast electrochemical transmission to a dynamic multi-component organelle whose elements can dynamically reorganize in response to changing conditions. However, up to the 1990s, vesicles, ions and protein domains were viewed as the only elements able to dynamically move to allow fast synaptic transmission. On the contrary, postsynaptic receptors were thought to be stable in synapses, trapped for the proteins lifetime of several days 215 . Synaptic plasticity was attributed to either changes in efficacy of presynaptic release 214,[216][217][218] or changes in the biophysical properties of postsynaptic receptors [219][220][221] . Only by the end of the 1990s, it was established that postsynaptic receptors undergo constant turnover through endo-and exocytosis mechanisms [222][223][224][225][226][227][228][229] and for some years this was considered the only way to modify synaptic receptor content in response to synaptic activity.

Yet something was still not right. In 1972, Seymour Singer and Garth Nicolson introduced the fluid mosaic model of cell membrane structure where a lipid bilayer is organized as a mosaic of several componentsphospholipids, cholesterol, proteins, and carbohydrates in small amounts. According to the model, proteins imbedded in the membrane undergo a thermally driven Brownian diffusion 230 . Indeed, in the 1970s surface diffusion of acetylocholine receptors was observed in the neuromuscular junction and postulated as a key mechanism to regulate receptor numbers during development, which led to the formulation of the 'diffusion-trap' mechanism 231,232 . However, there were still no reports of receptor diffusion in the CNS synapses. In the beginning of the 2000s Daniel Choquet, Antoine Triller and colleagues have directly observed the surface mobility of glycine and AMPA receptors, for the first time demonstrating the surface diffusion of postsynaptic receptors in CNS synapses [START_REF] Borgdorff | Regulation of AMPA receptor lateral movements[END_REF]233 . With single-particle tracking, they demonstrated that receptors constantly alternate between an immobile and mobile state, in which they diffuse on the surface of the membrane through Brownian motion [START_REF] Borgdorff | Regulation of AMPA receptor lateral movements[END_REF][START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]233,234 (Figure 10a). Later this observation was expanded to all neurotransmitter receptors including NMDARs [235][236][237] , GABARs 238-241 , KARs 242,243 and metabotropic receptors 244 . Initially shown in cultured neurons, and later on in brain slices [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF]245 , AMPAR surface diffusion has also been recently demonstrated in vivo using fluorescently labelled AMPARs and FRAP 246 (Figure 10d). Of note, it has been also demonstrated that desensitized GABA receptors are able to diffuse between neighbouring synapses where they reduce the strength of this adjacent synapse 247 .

It is now widely accepted that surface diffusion of receptors is critical for maintaining synaptic transmission and plasticity, and this concept is reviewed in 215,248,249 .

On average, 30-50% of AMPARs present at the cell surface are mobile with a diffusion rate of over 0.01 μm 2 /s 248 (Figure 10c). AMPAR diffusion within the PSD is thus fast enough to affect synaptic transmission on a millisecond timescale (AMPAR can move over 100 nm in 10 ms), where 30% of receptors can be replaced within a 200 nm region in 10 ms [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF] , positioning it as a good mechanism to regulate shortterm synaptic plasticity and recycling of desensitized receptors within the synapse [START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF]250 . At excitatory synapses, receptor trafficking regulates activity-driven positioning of receptors in front of transmitter release sites, as reviewed in 193,[251][252][253] . Receptors are more mobile in the extrasynaptic compartment and less so inside synapses where they are trapped in saturable binding sites 176 and their mobility hindered due to the high protein density [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]254,255 (Figure 10b). This diffusional trapping step depends on the interaction between PSD-95 and AMPAR auxiliary proteins that will be reviewed later on 256 . Altogether, the regulation of AMPAR content during synaptic activity occurs through a three-step process. During synaptic potentiation it includes AMPARs exocytosis at extrasynaptic sites, surface diffusion between extrasynaptic and synaptic sites and a diffusional trapping step within the synapses 252 . Conversely, synaptic depression involves the diffusion of receptors out of synapses and endocytosis at extrasynaptic sites 257 (Figure 10e).

AMPAR surface diffusion is tuned in response to physiological processes including the aforementioned long-term synaptic potentiation (LTP), when receptors are immobilized in synapses [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . On the contrary, both long-term synaptic depression induction and corticosterone (stress hormone) administration trigger an increase in AMPAR mobility 246,258 . 

Spotlight on AMPAR

In 1989, while searching for kainate-gated ion channels by microinjecting mRNAs from rat forebrain in Xenopus laevis oocytes, Hollman et al. have for the first time identified what would be later known as GluA1 259 . AMPARs are homo-or heterotetramers assembled from combinations of GluA1-4 subunits 260 . Since each subunit differs in its ion selectivity, channel kinetics and trafficking, heteromerization allows for a vast functional diversity of the receptor assemblies 124 . On top of that, alternative mRNA processing and posttranslational modifications even widen the functional repertoire of the receptor [261][262][263][264][265][266] . A particularly interesting mRNA editing event concerns the GluA2 subunit, where Glutamine in position 607 is exchanged to Arginine, rendering the channel pore impermeable to Ca 2+ ions and insensitive to polyamine block 267,268 . The majority of AMPARs responsible for fast synaptic transmission, and the majority of the receptors within the hippocampus 269 are GluA2 containing heteromers and are thus calcium impermeable (CI-AMPARS). Despite being in minority, GluA2-lacking calciumpermeable receptors (CP-AMPARs) also play important roles in synaptic signaling and plasticity [270][271][272] . However, this is only a small part of the picture. In reality AMPAR tetramers function in much larger complexes, interacting with a repertoire of auxiliary proteins that also greatly influence their properties and functions 273 . According to a proteomic study conducted by Schwenk et al., the AMPAR macromolecular complex is assembled from a pool of around 30 proteins, with the pore-forming core surrounded by an 'inner' core composed of four auxiliary proteins and a variable 'outer' core composed of other auxiliary proteins or interacting proteins 274 . The composition of this macromolecular complex, taking into account the composition of the tetramer, its modifications and the different assembled auxiliary proteins, varies according to developmental stage, brain region and cell type, offering a large functional and regional diversity 275,276 .

Structure and kinetics of AMPAR

AMPA receptors are tetramers that display a two-fold symmetry, and a three layer "Y-shaped" architecture. On the extracellular part, the amino-terminal domain forms the top of the Y shape. Below lays the ligand-binding domain where the neurotransmitter binds 277 . The extracellular region (ECR) comprising both the ATD and LBD fold into a "clamshell" structure that is arranged as dimers of dimers 137 . The LBD consists of two polypeptide stretches (D1 and D2) that connect to the trans-membrane domain (TMD) through flexible linkers. The TMD, which is the base of the "Y", is built from three membrane-spanning helices (M1, M3, M4) and a re-entrant pore loop (M2) between helices M1 and M3. The cation-selective ion channel regulates permeation through a tight gate formed by the bundle crossing of the M3 helices 278 .

The channel displays a four-fold symmetry consisting of two functionally distinct subunit pairs (A and C, B and D) which are gated by the ECR 137 . On the cytosolic side, AMPARs contain also the C-terminal domain which varies in length between subunits and participates in subunit specific protein interations 124 (Figure 11a -b).

AMPA receptors mediate fast synaptic transmission where they are activated by rapidly released glutamate that reaches high concentrations (1-10 mM) and stays within the synaptic cleft for a few milliseconds before diffusing out of the cleft or being actively removed by transporters. The mechanisms that regulate AMPAR channel opening and closing therefore control the receptors response to brief synaptic pulses of glutamate, where the rate of glutamate dissociation is the most important determinant of the time course of synaptic currents 279 . In reality, AMPARs rather than simply shifting between the open -conductive state and closed -non-conductive state, alternate between several kinetic states. The receptors can be in the closed or resting state when they are not bound to glutamate and the ion pore remains closed.

They can enter the open state upon glutamate binding and become ion permeable. From the open state receptors can either deactivate and go back to the resting state or, upon prolonged exposure to glutamate, enter the desensitized state when the receptor is still bound to the ligand but the ion pore becomes closed.

On top of that, they can also enter several sub-conductive states depending on the degree of ligand occupancy 124 . Typically, AMPARs have a quite low affinity to glutamate as compared to other iGluRs. For the GluA1/GluA2 subunit, the time constants of deactivation last 0.8-4.5 ms, desensitization 4.8-6.3 ms and recovery from desensitization 28-87 ms 279 . However, all of these parameters are strongly affected by AMPAR interactions with auxiliary subunits that can drastically change their kinetics. This aspect of AMPAR function will be addressed later on in the introduction. Nevertheless, worth noting here is that, for example, the recovery from desensitization of AMPARs in CA1 pyramidal neurons from organotypic hippocampal slices, with their endogenous interactors, ranges from 150 -200 ms 280 , far from the aforementioned recovery of AMPARs expressed in heterologous systems. One more parameter that can shape AMPAR kinetics is the rate of glutamate clearance from the synaptic cleft after release. Glutamate is cleared from the extracellular space by astrocytes, and the rate of clearance becomes faster with development, and reaches 1 ms in adult mice 281 . That said, binding of already one glutamate molecule to AMPARs is sufficient to desensitize the receptor 282 . Nevertheless, when synaptic activity occurs in a dense spatiotemporal environment, it can lead to an elevation in the concentration of glutamate in the extrasynaptic space. This phenomenon is commonly known as "glutamate spillover." Glutamate spillover can activate extrasynaptic glutamate receptors that are dispersed throughout the vicinity of the active synapse 283 .

The gating of the receptors is controlled by dynamic structural rearrangements of the AMPAR tetramer. In the resting state, the ECR 'clamshell' remains open and the ECR dimers are close to each other forcing the closing of the ion pore. Upon glutamate binding the "clamshells" close, leading to the separation of the ECR dimer and opening of the channel pore -entering the open state 284 . Desensitization involves the disruption of the arrangement of the LBD layer, allowing glutamate to remain bound but with a closed ionpore 285 . This is possible due to a rotation within the LBD leading to a large separation of the dimers, where the LBD remains connected to the ion pore with the same spatial arrangement as in the closed state 277 .

During the recovery from desensitization, the LBD clamshells open and release the ligand and their D1 lobes rotate backwards to restore the 2-fold symmetry of the LBD dimers 277 (Figure 11). Some drugs or point mutations of AMPARs can affect the gating kinetics of the receptors, including its desensitization. 

AMPAR auxiliary complexes

As mentioned above, endogenous AMPARs in neurons form large complexes by associating with over 30 transmembrane proteins, generally termed AMPAR auxiliary proteins or subunits. These proteins are involved in regulating many aspects of AMPAR functioning including their biogenesis, trafficking, anchoring and gating 273,274 . The prototypical AMPAR auxiliary subunit γ-2 (aka Stargazin), was discovered over 20 years ago thanks to the Stargazer mouse line from whom it owes its name. The Stargazer mouse, mutant of the Cacng2 gene encoding γ-2, not only displays characteristic head elevations from which it got its name 290 , but also epilepsy and ataxia, due to the important role of γ-2 in cerebellar granule cells 291,292 .

The lack of γ-2 in these neurons results in impaired AMPAR trafficking to their surface 164 .

Overall, AMPAR auxiliary proteins are structurally unrelated transmembrane proteins such as transmembrane AMPAR regulatory proteins (TARPs), cornichons (CNIHs), CKAMP44 (Shisa9), SynDIG1, SynDIG4 or GSG1L 293 (Figure 12). The two most abundant auxiliary subunits in the hippocampus and cortex are TARPs and CNIHs, although other proteins may be enriched in smaller populations of cells within these regions 276 . It's noteworthy that members of other protein families can also largely modulate AMPAR functions. For example, TSPAN5, a member of the tetraspanin family has been shown to regulate AMPAR intracellular trafficking and promote exocytosis via an interaction with the adaptor protein complex AP4 and Stargazin 294,295 . TSPAN5 is also involved in the clustering Neuroligin-1, and thus contributes to synaptic organization 296 Association of auxiliary subunits with AMPAR transmembrane domains, affects their structure and properties, and can have dramatic effects on AMPAR gating kinetics (Figure 12 & Figure 13).

For example Stargazin regulates AMPAR trafficking and alters its kinetics by slowing the receptors deactivation and desensitization 297 . TARP γ-8 and CKAMP44, both expressed highly in the dentate gyrus of the hippocampus, have opposing effects on AMPAR recovery from desensitization, where γ-8 accelerates and CKAMP44 slows down the recovery 293 . One AMPAR auxiliary subunit stands out in terms of its effect on receptor kinetics -GSG1L, which in heterologous expression systems, dramatically slows down AMPAR recovery from desensitization 274 (Figure 13). This property makes it an interesting molecular target for regulating and impacting high-frequency short-term synaptic plasticity in synapses, and this is why I will focus on GSG1L structure and function in the remaining of this chapter, and why I analysed its role in HF-STP. 

Focus on GSG1L

GSG1L, a distant homolog of TARPs, belongs to the claudin family of tetraspan membrane proteins and is detected in brain tissue at similar levels as TARPs 274,298 . GSG1L forms complexes with AMPARs in the PSD 274 where it binds to GluA2 subunits in the TMD and spans from the TMD towards the LBD, extending the width of AMPARs TMD 277 (Figure 14a).

Out of all auxiliary subunits, GSG1L stands out for having a strong negative modulatory function on AMPARs 298 . Although GSG1L slows down AMPAR desensitization, it also stabilizes the receptors desensitized state, largely slowing down the recovery from desensitization 274,277,298 (Figure 14b). Furthermore, GSG1L reduces mean single channel conductance and calcium permeability of CP-AMPARs 299 . It also reduces the amplitude of evoked excitatory postsynaptic currents (EPSCs) 280,299,300 .

Despite its strong modulatory effect on AMPARs, the expression level of GSG1L in the brain as compared to other auxiliary subunits is low 274,276 . Expression of the protein is region specific with high levels in the cortex and dentate gyrus (DG) of the hippocampus but low expression level in CA1, CA2 or CA3 301 (Figure 14c). GSG1L expression is developmentally regulated, being undetectable in young rats (P14, P21) with apparent expression in the DG starting at P60 and increasing with age 302 .

Gu et al. have demonstrated that overexpression of GSG1L in the CA1 hippocampal region results

in decreased AMPAR EPSCs, confirming the strong negative modulatory effect 280 . However, in contrast to previous results from heterologous systems, they observed enhanced AMPAR deactivation, desensitization and accelerated recovery from desensitization upon GSG1L overexpression in CA1 pyramidal neurons. The authors hypothesize that this discrepancy in results comes from the presence and regulatory effects of other auxiliary subunits interacting with AMPARs in physiological systems. Despite no evidence of GSG1L expression in the CA1 301 , the authors find increased AMPAR EPSCs and enhanced LTP in CA1 PNs of GSG1L KO rats. This effect is explained by a reduction in AMPAR endocytosis that the authors also observed in GSG1L KO animals. Similarly, Mao et al. have analysed the effects of both GSG1L overexpression and knock-out in the DG granule cells 300 . They show that the protein overexpression in granule cells decreased AMPAR EPSCs and accelerated AMPAR deactivation, desensitization and recovery from desensitization. In knock-out conditions they observed increased EPSCs amplitudes but saw no effects on AMPAR kinetics. Similarly, to Gu et al. 280 , they argue that this lack of effect is due to the presence of other auxiliary subunits that mask GSG1L function. However, they performed their experiments in P13-19 rats which is long before the onset of GSG1L expression 302 . Interestingly, in 2020, Kamalova et al. have demonstrated that GSG1L is involved in the regulation of short-term synaptic plasticity in the cortico-thalamic synapses of the anterior-thalamus 303 . They observed increased short-term facilitation in this synapse followed by increased seizure susceptibility in GSG1L knock-out (KO) rats. Importantly, the increased synaptic facilitation was a purely postsynaptic effect with no concurrent presynaptic changes 303 .

They also observed increased amplitudes and frequency of asynchronous quantal EPSCs, evoked in the presence of strontium, which represent postsynaptic AMPAR activity in the evoked pathway.

Taken together, these results demonstrate that the functional effect of GSG1L is largely region specific and dependent both on the developmental stage and co-assembly with other auxiliary subunits. 

Synaptic plasticity

All the previously mentioned molecular players, involved in tightly regulated interactions, and forming functionally distinct complexes, not only allow neurons to communicate with one another, but regulate one of the brain's most astonishing properties -synaptic plasticity. The concept of synaptic plasticity was first introduced in 1894 by Ramon y Cajal, who believed that the number of neurons is stable through life, thus existing connections must be strengthened to store memories 305 . Later on, Donald Hebb introduced the famous concept of "neurons that fire together, wire together", suggesting that two cells that fire at the same time will strengthen connections between them 306 . Finally, in 1970 Eric Kandel elegantly linked learning and synapse reinforcement demonstrating that when Aplysia californica learned to withdraw its gills to aversive stimuli, the strength of the synapses involved in this process, measured with electrophysiology, increased, and synapses were weakened when the animal became desensitized to the stimuli 307 . Three years later a similar activity-dependent reinforcement was identified in mammals and termed long-term potentiation 214 . Synaptic plasticity as we understand it now, can be simplistically described as activity-dependent changes in synaptic efficacy. Since the discoveries in the 70s, many forms of synaptic plasticity have been identified including long-term modifications in synaptic efficacy like longterm potentiation (LTP), long-term depression (LTD) or short-term (millisecond to second) modifications in the form of short-term synaptic facilitation or depression. What they all have in common is that they are believed to underly learning and memory processes in animals 308 . Over the years, enormous scientific effort was directed at understanding the molecular basis of synaptic plasticity and its function in behavioral paradigms.

While at this point we have a pretty good understanding of how long-term plasticity is induced and regulated on a molecular level, as well as what are its functions in the brain, the role and regulation of short-term synaptic plasticity remains largely elusive.

Long-term synaptic plasticity

It is widely accepted that an experience can alter future behavior through lasting modifications in the strength of connections between neurons, which are dependent on activity. The brain stores external and internal events by specific patterns of activity in groups of neurons known as "neural circuits."

The configuration of synaptic inputs between cells within a circuit, and their strength's weights, are crucial to determine the behavior of that particular circuit. Consequently, when activity within a circuit leads to lasting changes in the pattern of synaptic weights, new information is stored, and memories are formed.

Based on current knowledge, associative memories are created in the brain through synaptic modifications that strengthen connections when there is a correlation between presynaptic activity and postsynaptic firing.

Thus, through synaptic plasticity, a memory trace is established following the occurrence of two coinciding events 308,309 . This phenomenon, termed generally long-term synaptic plasticity comes in many shapes and flavors, however, the hippocampal long-term potentiation and depression remain the prototypical mechanisms of long-term synaptic plasticity. Nevertheless, LTP and LTD are umbrella terms for a vast diversity of mechanisms leading to strengthening or weakening of synaptic connections or networks, which are differentially regulated in various brain regions and cell types, through both, pre-and postsynaptic mechanisms 308 . For the sake of this thesis, I will only review the prototypical forms of NMDAR-dependent LTP and LTD that are prevalent in the CA1 region of the hippocampus 310 , as well as in the primary somatosensory cortex 311,312 , that have been studied in this project. I will also review the aspect of presynaptic LTP as it may influence short-term synaptic plasticity through changing the presynaptic release component.

NMDAR-dependent LTP

During normal synaptic transmission, glutamate is released from presynaptic terminals and binds to both NMDARs and AMPARs. The Mg 2+ block of NMDARs at resting potential prevents ion flow through the channel, thus in the initial step of synaptic activation, only AMPARs allow Na + influx into the cell. Since the majority of AMPARs within the hippocampus contain the GluA2 subunit, and are thus calcium impermeable, there is no calcium influx into the postsynaptic terminal at this stage 313 . The massive sodium influx induced by high-frequency stimulation, leads to postsynaptic membrane depolarization and the release of the NMDAR Mg 2+ block, rendering them permeable to ions, including Ca 2+314 . The rapid increase in postsynaptic Ca 2+ concentration following NMDAR activation and unblock, leads to the activation of downstream cascades, including the activation of CaMKII, which is associated with the NMDAR GluN2B subunit. CaMKII then autophosphorylates, becoming independent of Ca 2+ influx, and phosphorylates serine 831 of GluA1 AMPAR subunits, increasing the conductance of the channel and enhancing synaptic strength 315 . The following steps of LTP and the change in synaptic strength strongly rely on AMPAR trafficking. First, LTP induction, and in more detail, CaMKII activity, have been shown to induce surface AMPAR immobilization and trapping of receptors in synaptic sites [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF][START_REF] Petrini | Endocytic trafficking and recycling maintain a pool of mobile surface AMPA receptors required for synaptic potentiation[END_REF][START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF] . In fact, blocking the surface diffusion of AMPARs in the hippocampal CA1 region prevents the induction of LTP [START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF] .

The effect of AMPAR surface diffusion on synaptic potentiation requires that there must be a pool of AMPARs present outside synapses, in the extrasynaptic compartment, that can be rapidly recruited to synapses. The existence of extrasynaptic AMPARs remained controversial for a long time, but the advances in fluorescence microscopy and single particle tracking techniques in the 2000s have brought evidence that indeed, 50-80 % of AMPARs, are extrasynaptic and highly mobile [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF]316,317 .

Thus, the current model of AMPAR trafficking during LTP states that the pre-existing surface pool of AMPARs is a source for fast incorporation into synapses via diffusion-trapping. Those receptors, diffusing into the synapse, are trapped there, possibly through the interaction of AMPAR auxiliary proteins with PSD scaffolds.

One of the mechanisms proposed to be involved in the diffusional-trapping of AMPARs in the synapse, is the interaction between Stargazin and PSD-95 [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . Meanwhile, new receptors are exocytosed in the extrasynaptic compartment and trafficked into synapses, again through surface diffusion, to sustain LTP. However, it cannot be ruled out that that newly synthesized receptors are exocytosed directly in the synaptic compartment 318 . An important controversy in the LTP field is whether CP-AMPARs are involved and required for LTP induction. The group of Collingridge and others found that the application of CP-AMPARs inhibitors shortly, but not later than 30 min, after the delivery of an LTP inducing stimuli, largely reversed LTP [319][320][321][322][323] . This led them to hypothesize, that there is a short time window after LTP triggering, when the incorporation of CP-AMPARs is required for LTP expression. However, other groups found no such effect 324,325 resulting in an uncertainty on the role of CP-AMPARs in LTP.

Before the confirmation of the critical role of AMPARs in the induction and maintenance of LTP, there has been a decade long debate regarding whether LTP is induced and expressed presynaptically or postsynaptically 326 . The postsynaptic induction of LTP through activation of NMDAR was established in 1986 327 . Regarding the expression of LTP, the presynaptic hypothesis stated that after LTP-inducing NMDAR activation, a retrograde signal is generated, that triggers increased glutamate release. On the contrary, the supporters of the postsynaptic hypothesis claimed that NMDAR activation triggers downstream modifications of the molecular composition of the postsynapse. Finally, the scale tipped for the postsynaptists when a large body of articles were released showing the critical involvement of AMPARs in LTP [328][329][330][331][332][333][334][335][336][337][338][339] . Nevertheless, this does not mean that presynaptic LTP does not exist at all. On the contrary, changes in neurotransmitter release, leading to changes in synaptic efficacy in synapses and networks, are found ubiquitously in the brain, and likely both pre-and postsynaptic LTP mechanisms contribute to regulate synapse strength during long-term plasticity. Presynaptic LTP has been found in both excitatory and inhibitory synapses and is induced either entirely on the presynaptic terminal or requires retrograde signaling from the postsynapse 340 . The most characterized form of presynaptic LTP is found in the mossyfibre to CA3 synapses, but is also present in other brain regions, including the neocortex. Influx of presynaptic Ca 2+ through VGCCs following high-frequency stimulation triggers the activation of a Ca 2+ /calmodulin-dependent adenylyl cyclase. This leads to increased levels of cyclic adenosine monophosphate (cAMP) within the presynaptic terminal and subsequent activation of protein kinase A (PKA). Then, PKA phosphorylates specific substrates within the presynaptic terminal, resulting in a sustained increase in the release of neurotransmitters [341][342][343][344] . Alternative pathways for presynaptic LTP induction have been reviewed in 340 .

Interestingly in the context of this work, LTP induction has also been linked to changes in shortterm synaptic facilitation after its induction. Many labs found that after LTP induction synaptic facilitation, measured as the paired-pulse ratio, was reduced [345][346][347][348][349][350] . This has been usually interpreted as evidence for the existence of presynaptic LTP and increased glutamate release. However, since LTP tends to affect the mobility of AMPARs, and induce their immobilization in synapses, these might as well be a result of postsynaptic changes in AMPAR diffusion.

NMDAR-dependent LTD

During long-term synaptic depression synapses are weakened, usually due to long-term lowfrequency stimulation. For LTD to be induced, the membrane needs to depolarize to release the Mg 2+ block from NMDARs. However, during LTD induction, the frequency of stimulation is lower than for LTP, thus NMDARs are unlocked more slowly, and for a longer time, resulting in a modest postsynaptic Ca 2+ concentration. The lower influx of Ca 2+ ions activates the cascade of serine/threonine phosphatases, which includes, among others, calcineurin and protein phosphatase 1 (PP1), that have a higher affinity for calcium than CaMKII. These phosphatases are likely to affect the AMPAR phosphorylation status and induce the endocytosis of AMPARs, thus weakening the synapse 216,310 . Alternatively, it was recently proposed that the decision between LTP/LTD could depend on the level of phosphorylation of the 12-meric CaMKII holoenzyme, where CaMKII alone would work as a frequency detector 309,351 . Recently, LTD induction has also been linked to the surface mobility of AMPARs. Compans et al. demonstrated that in dissociated neuronal cultures after the induction od chemical LTD, the fraction of mobile AMPARs is enhanced, which would promote the removal of AMPARs from synapses and synapse weakening 352 . Interestingly, this change in mobility is accompanied by an increase in synaptic facilitation, which will be further reviewed in the next chapter.

Structural synaptic plasticity

Synaptic plasticity is also evidenced by changes in the morphology of dendritic spines that are activity and experience dependent. While dendritic spines can remain stable for long periods of time 353,354 , which is crucial for maintaining stable neuronal circuits, both internal and external stimuli can influence dendritic spine morphology and density within minutes, and these changes are related to synaptic efficacy, learning, memory, as well as disease 355,354,356-358 (reviewed also in: 359 ). Additionally, it is noteworthy that models of long-term synaptic plasticity, such as LTP and LTD, are associated with persistent enlargement and reduction in size of dendritic spines, respectively 316,360 . Molecular reorganization is linked to the structural plasticity of dendritic spines. It requires the rearrangement of the actin cytoskeleton, responsible for maintaining the spine structure. Furthermore, it involves alterations in the size of the postsynaptic density and changes in the number of glutamate receptors present on the spine 245,361,362 .

Structural LTP (sLTP) is probably the most studied form of structural plasticity. Immediately after induction, whether through electrical stimulation or glutamate uncaging, spines undergo a rapid and substantial increase in volume. This initial phase is referred to as the transient phase. After several minutes, the volume gradually decreases but stabilizes at a level higher than the original volume, giving rise to the sustained phase, which can persist for over an hour. The sustained phase is characterized by an enhanced postsynaptic sensitivity to glutamate 316,[363][364][365] . Recently, it was demonstrated that sLTP can be induced through 2-photon activation of photoactivatable CaMKII (paCaMKII) in a single-spine manner 366 . paCaMKII activation, an approach that will be used in this study, was sufficient to induce sLTP, recruit AMPARs to dendritic spines, and induce functional LTP.

Why are changes in synaptic efficacy correlated with changes in dendritic spine morphology? Of course, the creation of new spines or pruning of existing, can directly influence the synapse number and thus cell excitability. On top of that, a dendritic spine serves for biochemical as well as electrical compartmentalization of the neuron 367 . The first serves to spatially constrict the diffusion of substances, including second messengers and ions within the cell, and thus allows neurons to independently regulate each of their synapses 367,368 . The electrical compartmentalization theory states that spines are sufficiently electrically isolated to impact synaptic potentials and their spread along the dendrite, and thus affect dendritic integration [369][370][371][372] . Thus, dynamic, activity-dependent rearrangements of dendritic spine morphology are yet another means neuron have to regulate the strength of their connections in an inputspecific way. In a study from 2021, Ucar and colleagues demonstrated that spine enlargement can also directly, by mechanically pushing the presynaptic bouton, affect presynaptic glutamate release 373 . In their experiments, they first show that physically pushing the presynaptic bouton with a glass pipette, increases the release of glutamate and the assembly of the SNARE complex within the presynaptic terminal, an effect that was persistent for 20 min after the pushing was stopped. Interestingly this effect was Ca 2+ independent suggesting an alternative pathway linking mechanosensing with neurotransmitter release. The same effect on release and assembly of the SNARE complex was then reproduced when sLTP was induced by glutamate uncaging. However, spine growth only affected release if the spine enlargement was enough to physically push the presynaptic bouton.

Short-term synaptic plasticity

During the induction of short-term synaptic plasticity (STP), synapse strength is modified on a timescale shorter than in the case of long-term synaptic plasticitymilliseconds to minutes. STP are changes in synapse efficacy that result in changes in synaptic strength that can either decrease for hundreds of milliseconds to seconds -referred to as synaptic depression, increase for hundreds of milliseconds to seconds -known as synaptic facilitation (Figure 15).

Additionally, synapse strength can also increase over tens of seconds to minutes, referred to as post-tetanic potentiation (PTP) 374 (Figure 15). These various forms of STP are distinguished mostly by their different time course, but also underlying mechanisms of induction. Short-term synaptic facilitation and depression are usually induced through trains of high-frequency action potentials 1 . Delivery of 2 APs, with a few millisecond intervals, can already produce synaptic facilitation and depression. This experimental paradigm is commonly referred to as paired-pulse stimulation (measured as paired-pulse ratio; PPR), (Figure 15a -b) and is widely used by scientists to assess changes in presynaptic activity 1 . However, as it will be reviewed in the following chapters in detail, synaptic facilitation and depression are regulated not only by changes in presynaptic release, but also postsynaptic modifications. Thus, the PPR measure for assessing presynaptic changes should be used with caution. For the sake of clarity, in the remaining of this thesis, I will refer to STP induced by trains of high-frequency stimulation as high-frequency shortterm synaptic plasticity (HF-STP), (Figure 15c -d) to differentiate this process from the short-term potentiation (also called STP) that is observed transiently after LTP induction with some protocols 350 . Posttetanic potentiation is induced by sustained high-frequency activity, and results in increased synaptic transmission. The number of delivered stimuli necessary to induce PTP is larger than for HF-STP. PTP has a duration ranging from tens of seconds to minutes, and its longevity increases when the stimulus frequency and duration are increased 1,374 . PTP is primarily induced by the calcium-dependent activation of protein kinase C (PKC). Its activation leads to an increase in the number of released vesicles (referred to as quantal content) by enhancing both the release probability and/or the size of the readily releasable pool 375 . On a synaptic level, STP plays several roles. First of all, it is viewed as a dynamic information processing filter optimized for transmission of certain frequencies and patterns 377 . Secondly, it prevents excessive potentiation or depression after the induction of LTP or LTD respectively [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF]352 . It is also involved in sensory adaptation and sensitization which allows sensory networks to adapt their response to fluctuating sensory signals 378,379 . Finally, STP functions as a gain control mechanism, normalizing the response of a neuron to fluctuations in the firing patterns of its multiple synaptic inputs over a broad range of frequencies 380,381 . Overall, STP maintains a certain level of equilibrium in synaptic transmission. However, how and what higher brain function does STP affect is more mysterious. Several modelling based studies have demonstrated that STP could be involved in the regulation of working memory and decision making which is a system for temporarily storing and managing information required to carry out complex cognitive tasks such as learning, reasoning and comprehension 382 . Traditionally, the storage of working memory was thought to be associated with sustained neural activity in recurrent networks located in regions such as the prefrontal cortex 383 , but more recent models suggest that temporarily reorganizing functional connectivity through synaptic facilitation, rather than relying solely on absolute firing frequency, is a more energyefficient method for maintaining working memory in the short term 382,[384][385][386] . It has been challenging to experimentally test these theoretical functions of STP due to lack of appropriate tools. In order to test the role of STP in brain function it would be necessary to specifically block it, preferentially in a selected subset of neurons. However, because the molecular mechanisms of STP are still not fully understood, we have few tools to specifically and acutely block STP. A first such tool that allows cell-specific blocking of STP is the Syt7 knock-out mouse line 387 . The Syt7 KO results in profound decrease in synaptic facilitation in the CA3 -CA1 synapses. Thus, application of conditional Syt7 knock-outs allows blocking synaptic facilitation in a region-specific way, which could facilitate studying the behavioral functions of STP.

However, this modification cannot be performed in an acute way, since it requires viral expression, and could thus generate artefacts and affect basal synaptic transmission.

Mechanisms of STP induction

The prevailing view is that STP is regulated mostly by presynaptic mechanisms, modulated by an increase or decrease in the number of transmitter quanta released by an action potential, without any change in quantal size or postsynaptic effectiveness 388,1,376 . Synaptic facilitation is observed in synapses with a low initial release probability, whereas synapses with a high Pr display use-dependent synaptic depression. This is a consequence of having a limited number of synaptic vesicles in the RRP. If the initial Pr is high and a large portion of vesicles fuse during the first AP, the RRP becomes depleted resulting in decreased synaptic responses. In low Pr synapses, release during consecutive stimulations can be increased due to increase in residual calcium concentration after the delivery of the preceding APs that activates calcium sensors Synaptotagmin 1 or 2 on vesicles, priming them for release [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] . However, this mechanism based on a single calcium sensor could not account for large facilitation 389 . Highly facilitating synapses require a secondary calcium sensor that responds to sub micromolar calcium signals and has slow kinetics avoiding saturation with local calcium during release [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] . In 2016, Jackman et al. have examined in brain slices the effects of KO of Synaptotagmin 7 -which meets both aforementioned requirements -in 4 facilitating synapses, and found that synaptic facilitation was abolished in Syt7 KO in Schaffer collateral synapses, corticothalamic synapses and lateral performant path synapses onto the dentate gyrus granule cells 387 . Over the years, these presynaptic facilitation models, as well as a few others (reviewed in [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] ), have largely shaped our understanding of how short-term facilitation is elicited.

However, this focus on presynaptic mechanisms may have resulted in an underestimation of the contributions of the postsynaptic side to the regulation of STP.

In fact, the measurement of paired-pulse ratio, which has traditionally been used to assess shortterm plasticity, has been commonly applied to assess alterations in presynaptic transmission following experimental manipulations. However, a number of reports questioning the purely presynaptic model have been published already in the 90s arguing that both short-term depression 390,391 and facilitation [346][347][348]392 cannot be attributed solely to presynaptic mechanisms and putting forward the involvement of postsynaptic mechanisms in STP regulation. In the following paragraphs I will review postsynaptic mechanisms involved in STP regulation (Figure 16).

Polyamine facilitation

Polyamine based facilitation is a particular postsynaptic contributor to STP regulation since it concerns only synapses that contain CP-AMPARs 393 . A characteristic feature of CP-AMPARs is the voltage-dependent channel block by intracellular polyamines which limits current flow at resting membrane potential, and is relieved when membrane potential becomes sufficiently positive 394,395 . In 1998, Rozov et al. observed that in outside-out patches from HEK 293 cells (human embryonic kidney) expressing CP-AMPARs, as well as in nucleated patches from rat hippocampal and neocortical neurons, currents activated by 1 ms glutamate pulses at negative membrane potentials facilitated during and following a repetitive (2 to 100 Hz) agonist application, independently of any presynaptic contribution. This facilitation was calcium-independent, since it occurred also in calcium-free solutions, but was not observed when intracellular polyamines were washed out. The authors concluded that the current facilitation is mediated by a use-dependent relief from polyamine block during consecutive AMPAR channel openings 396 (Figure 16a). Later on, polyamine facilitation has been shown to contribute to synaptic facilitation in many circuits including circuits formed by presynaptic pyramidal neurons and postsynaptic multipolar interneurons in layer 2/3 of rat neocortex 397 , mossy fibers onto stratum radiatum interneurons 398 or Schaffer collateral projections made onto apical dendrites of CA1 PNs 399 .

Receptor saturation

In high release probability synapses, saturation of available receptors can limit synaptic facilitation (Figure 16a). As a result, the synaptic currents are an underestimate of presynaptic increase in neurotransmitter release. Receptor saturation has been shown to contribute to STP regulation in the calyx of Held synapse 400 , climbing fiber-Purkinje cell synapses 401 or retinogeniculate synapse 402 .

Receptor desensitization

Since the rate of recovery from desensitization of different AMPAR complexes ranges from approximately 28 to 87 ms 279 , high-frequency short-term synaptic plasticity is inevitably affected by desensitization. Desensitization could contribute to short term synaptic depression by decreasing the pool of available functional receptors during consecutive action potentials (Figure 16a). Empirically, this mechanism has been demonstrated in many glutamatergic synapse types using cyclothiazide, a commonly used desensitization blocker, of which application relieved synaptic depression 400,[403][404][405][406] . In some experimental systems, such as the SC -CA1 synapse, the absence of effect of cyclothiazide on PPR has suggested an absence of a role for AMPAR desensitization 407 . However, the use of cyclothiazide is hampered by its confounding effect on potassium channels and presynaptic release [408][409][410][411][412] .

Extracellular manipulations of the release probability have shown that the contribution of AMPAR desensitization to synaptic depression strongly depends on the release probability 413,414 . In high Pr synapses, a large portion of receptors will be desensitized already after the delivery of the first AP, thus desensitization will largely contribute to synaptic depression. On the contrary, in low Pr synapses, the effect on depression will be smaller as receptors have sufficient time to recover from desensitization in the interval between two consecutive releases at the same synapse. Surprisingly, numerous articles report no effect of receptor desensitization on STP in the relatively high release probability Schaffer collateral hippocampal synapses 114,407,415 . However, in 2010 Christie et al. generated a mouse-line carrying a single amino acid mutation L483Y in the desensitization controlling residue of GluA2 AMPAR. The mutation was lethal when homozygous and resulting in severe seizures when heterozygous. Interestingly, EPSCs paired-pulse ratio was increased in the heterozygous mutants with no concurrent changes in presynaptic Pr or basal synaptic transmission 416 . These conflicting findings regarding the impact of receptor desensitization on the regulation of STP in hippocampal synapses of the SC pathway may stem from the presence of varying release probabilities across SC synapses 417 .

Additionally, the role of AMPAR trafficking in regulating short-term synaptic depression in this region may be more significant than considered.

Implication of receptor diffusion in STP

With the discovery of AMPAR surface diffusion [START_REF] Borgdorff | Regulation of AMPA receptor lateral movements[END_REF] , a new potential postsynaptic contributor to STP regulation emerged. AMPAR-mediated current amplitude and kinetics measurements, as well as theoretical calculations, have suggested that glutamate receptor activation only occurs in a subset of the postsynaptic density spanning approximately 100 nm from the vesicle release site. This area represents only around 25% of an average CA1 synapse for a single quantal release 173,174,418,419 . More than 50% of AMPARs at synaptic sites are mobile and have the ability to explore the entire PSD [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]237,420 . Single-molecule measurements, which may underestimate receptor mobility 317 , indicate that AMPARs can diffuse at rates exceeding 0.25 µm 2 /s, allowing them to move more than 100 nm in just 10 ms. According to calculations, this rate of diffusion is fast enough for AMPARs to move out of the area reached by glutamate in a short amount of time 418 . Within a 200 nm diameter region, approximately 30% of receptors are estimated to be replaced within 10 ms due to diffusion at a rate of 0.1 μm 2 /s. Thus, the replacement of desensitized receptors takes place within a characteristic time frame (approximately 50% replacement within 30 ms, assuming all receptors are mobile at a diffusion rate of 0.1 μm 2 /s and escape from a 200 nm zone). This time frame is similar to, or possibly even faster than, the recovery time for individual AMPARs from desensitization [START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF] . Therefore, AMPAR diffusion could contribute to STP by allowing the replacement of desensitized receptors from the synapse with naïve receptors from the extrasynaptic compartment (Figure 16b). Heine et al. provided evidence for this idea in 2008 by demonstrating that the rate of recovery from synaptic depression in cultured neurons can be regulated by the surface mobility of AMPARs 8 .

They used an antibody crosslinking technique to arrest the surface diffusion of AMPARs and found a decrease in the amplitude of the second response during paired-pulse stimulation, suggesting that the crosslink of receptors promoted PPD. Later on, again in dissociated neuronal cultures, Frischknecht et al. discovered that the extracellular matrix in the brain serves as a barrier that limits the free mobility and surface diffusion of AMPARs [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF] . By treating with hyaluronidase to remove the ECM, AMPAR mobility increased, the exchange rate of AMPARs between synaptic and extrasynaptic sites increased, and most importantly, the PPR increased, again proving the link between AMPAR mobility and HF-STP. The impact of AMPAR surface mobility on HF-STP could be potentially more significant if only desensitized receptors could diffuse out of nanodomains, whereas naïve receptors would replace them. Several studies have reported that AMPAR mobility is increased upon glutamate binding [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]421 . In fact, Constals et al. showed through single-molecule tracking that desensitized AMPARs exhibit faster diffusion rates due to conformational changes induced by glutamate binding 256 . Conversely, cyclothiazide treatment slows down receptor diffusion. They also suggest that these glutamate-induced changes in receptor mobility are mediated by differential binding affinities to Stargazin, where desensitization leads to partial loss of AMPAR-Stargazin interaction. Synaptic depression was induced by expressing GluA1 and GluA2 subunits in tandem with Stargazin, which was similar to the effect observed after antibody crosslinking of GluA1 and GluA2, and not observed in control conditions. Opazo et al. conducted another study to investigate the mechanism behind the Stargazin-mediated immobilization of AMPARs [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . They found that the activation of endogenous Ca 2+/ calmodulin-dependent kinase II led to AMPAR immobilization at synaptic sites. In contrast, inhibition of CaMKII activity with a tatCN21 peptide resulted in increased AMPAR mobility. Likewise, the immobilization of AMPARs was observed upon expression of a constitutively active form of the kinase, tCaMKII. Additionally, experiments using single-particle tracking in neuronal cultures expressing tCaMKII and Stargazin Ser9Ala, which is a mutated form of Stargazin with a point mutation at the nine putative CaMKII/PKC phosphorylation sites, revealed that the immobilizing effect of CaMKII is facilitated by Stargazin phosphorylation and binding of its C-terminus to PDZ domain scaffold proteins like PSD-95. On a physiological level, overexpression of tCaMKII in cultured neurons decreased the PPR, an effect that was rescued by cyclothiazide treatment.

Contrarily, the co-expression of tCaMKII and Stargazin S9A completely blocked the effect of CaMKII on PPR. The authors suggested that the phosphorylation of Stargazin by CaMKII causes AMPARs to be confined to synaptic sites, impeding their mobility and inhibiting the exchange of desensitized receptors with naïve extrasynaptic AMPARs, leading to a reduction in high-frequency synaptic transmission.

The aforementioned finding not only shows a link between CaMKII induced AMPAR immobilization and HF-STP, but also points to a more general aspect of how physiological processes in the brain, such as long-term synaptic plasticity, could impact HF-STP. In fact, initial experiments pointing towards the role of CaMKII on HF-STP regulation date back to the 90s. In 1995 Chapman et al. reported that, in heterozygous mutants of αCaMKII, PPR (50-250 ms ISI) in the CA1 region of the hippocampus was reduced as compared to WT littermates 346 . At that time, the authors reasoned that CaMKII has an effect on neurotransmitter release, promoting it during paired-pulse stimulation. It wasn't until follow-up research that the role of CaMKII in the postsynaptic action on HF-STP was revealed. Wang et al. observed that in the SC synapse, under high extracellular Ca 2+ conditions where typically the EPSC amplitude increases and PPR decreases, the injection of a pseudo substrate inhibitor of CaMKII in the postsynaptic compartment prevented the PPR decrease 348 . As a result of this observation, the authors concluded that the postsynaptic pathway of CaMKII is involved in HF-STP regulation. Injections of Ca 2+/ calmodulin (Ca 2+/ CaM), a CaMKII agonist, into the postsynaptic region, produced a decrease in PPR. However, this effect was reversed when kynurenic acid or cyclothiazide, AMPAR desensitization blockers, were applied. Thus, as a probable downstream mechanism of CaMKII action on PPR attenuation, the authors proposed AMPAR desensitization. Furthermore, postsynaptic manipulations that blocked downstream CaMKII pathways, including protein kinase C (PKC) prevented the Ca 2+/ CaM-induced PPR decrease. A year later, Wang and Kelly readdressed this issue and demonstrated that reduction in PPR follows also tetanus-induced LTP, an effect that relied on CaMKII activity 347 . This decrease in PPR was mediated by the release of calcium from postsynaptic intracellular stores via IP3R (inositol trisphosphate receptor) and RyR receptors, and reversed when CaMKII pseudosubstrate inhibitors were added after the tetanus induction. Along with measuring the PPR, the authors also measured changes in EPSCs magnitude during 40 min from Ca 2+/ CaM administration 348 or tetanus delivery 347 . Interestingly, in both cases, while the PPR decreased after the treatments, the EPSC amplitude was potentiated. The PPR was inversely correlated with the potentiation of the first response suggesting that PPR is determined by the magnitude of the first EPSC potentiation, which is triggered by the activation of the postsynaptic CaMKII pathway 347,348 . Similar results were also observed by others 350,422,423 . Taken together, the authors proposed a model, where CaMKII activation following LTP induction, affects HF-STP by attenuating synaptic facilitation. This effect is dependent on postsynaptic Ca 2+ concentration and involves downstream AMPAR desensitization. The authors also emphasize that these findings do not contradict the presynaptic contribution to HF-STP regulation but if enhanced release of glutamate by the presynapse is the main cause of paired-pulse facilitation (PPF), then the adjustment of AMPA receptor responses on the postsynaptic side (including receptor sensitivity and desensitization) plays a significant role in regulating synaptic facilitation. They also point that the use of PPR as a proxy for presynaptic changes, particularly after LTP induction, should be used with caution 347,348 . Moreover, their observations suggest an interesting role of short-term plasticity as a frequency filter for potentiating/depressing synapses. Complementary results come from Compans et al. in 2019, who investigated how long-term depression affects HF-STP. They found that in acute slices, after NMDA application to trigger an NMDA-dependent form of LTD, synaptic facilitation is increased during the delivery of trains of 5 pulses at 20 Hz 352 . This effect was strictly postsynaptic, since no change in release probability after NMDA treatment was observed when neurons were expressing iGluSniFR, a genetically encoded glutamate release sensor. The authors also found that transient NMDA treatment increased the mobility of AMPARs at synaptic sites, this being compatible with the increase in HF-STP. In conclusion, the negative correlation between PPR and long-term potentiation/depression indicates the homeostatic function of STP.

Lowering the HF-STP in potentiating synapses and raising it in depressing synapses could act as a filter for synaptic input, preventing excessive potentiation or silencing of synapses.

One major limitation of the aforementioned studies that establish a direct correlation between AMPAR mobility and short-term synaptic plasticity is that they were mostly carried out in dissociated neuronal cultures. While this model is ideal for imaging receptor mobility using superresolution microscopy, it lacks the 3D structure and connectivity seen in physiological systems. The presence of extracellular space and 3D organization in physiological systems could lead to changes in neurotransmitter spread and a distinct effect of receptor mobility on HF-STP compared to what is seen in dissociated neuronal cultures.

Therefore, studying the impact of receptor surface diffusion on short-term synaptic plasticity in models where cellular organization and connectivity are maintained, is crucial to gaining a complete understanding of the mechanisms that regulate HF-STP. AMPAR surface diffusion allows exchange of desensitized to naïve receptors between synaptic and extrasynaptic sites during high-frequency synaptic transmission.

Retrograde signaling and HF-STP

The postsynaptic cell can also control its presynaptic compartment in an input-specific and selective way, while ensuring that neighboring presynaptic compartments, which form synapses with other cell types, remain unaffected, through retrograde signaling 424 . Several adhesion molecules, including N-cadherins 425 and Neuroligins 426 , have been proposed to provide this input-specific retrograde signaling. These adhesion molecules can presynaptically regulate HF-STP likely by mediating physical coupling through nanocolumns. The interaction between the scaffolding protein PSD-95 and Neuroligin within the postsynaptic complex can retrogradely influence the probability of transmitter vesicle release at the synapse. This leads to changes in HF-STP. The probable presynaptic intermediary for this influence is the presynaptic β-neurexin 426 . Similarly, N-cadherin controls short-term plasticity in a retrograde manner 425 .

There is also some focus on the involvement of presynaptic ionotropic receptors in the specific regulation of neurotransmitter release at synapses 427 . For instance, presynaptic kainate receptors function as autoreceptors that facilitate synaptic transmission at Schaffer collateral synapses targeting CA1 inhibitory neurons (INs), but not CA1 principal cells (PCs) 428 . In the case of cerebellar parallel fiber (PF) synapses onto stellate inhibitory neurons, these synapses are weakened by presynaptic kainate autoreceptors during high-frequency firing, while synapses onto Purkinje cells are strengthened 429 . Presynaptic NMDARs have also been proposed to regulate HF-STP. These are expressed in some cell types, and by increasing influx of presynaptic Ca 2+ , increase glutamate release 430,431 . Pre-NMDARs were shown to increase synaptic facilitation in mossy-fibre synapses 432 . It has been also recently demonstrated that glutamate can induce retrograde signaling via presynaptic mGluR2 and mGluR3 receptors in hippocampal mossy fiber synapses, and this mechanism is involved in PTP regulation 433 . According to the proposed model, upon Ca 2+ influx into the postsynapse through VGCCs, glutamate is postsynaptically released and binds to presynaptic mGluRs that then act to block adenyl cyclase activity and decrease cAMP-dependent neurotransmitter release, thus minimizing post tetanic potentiation.

Aim

The aim of my study was to investigate the effect of AMPAR surface diffusion on HF-STP regulation in intact tissue models. To this end, I established a molecular toolset and a reliable protocol to manipulate AMPAR mobility in situ. Using this toolset, I aimed to disentangle the mutual contribution of AMPAR surface mobility, AMPAR desensitization kinetics and presynaptic glutamate release in shaping HF-STP in different synapse types. I wanted to investigate whether postsynaptic mechanisms, including presynaptic contributors. I also wanted to establish the physiological role of AMPAR surface diffusion in signal integration at both synaptic and circuit levels during HF-STP. Hopefully, this study will bring us closer to a full understanding of the mechanisms and molecular pathways involved in the expression and maintenance of HF-STP. Furthermore, having described in detail the involvement of AMPAR surface mobility and biokinetics, we were able to propose in situ AMPAR immobilization as a tool to impair HF-STP in a cell-specific and acute manner and to study its behavioral functions.

The majority of the work of this thesis is included in an article in preparation in which I am first author. The AP-GluA2 KI mouse description is part of an article published in Science Advances in 2022 [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] in which I am a co-author. The rest of the data is work under progress.

Materials & methods

Plasmids

The BirA ER coding sequence was a gift from A. Ting 434 . The BirA ER -eGFP and BirA ER -Cre constructs were prepared as described in [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] . For AP-SEP-GluA2 LY-BirA ER : mutagenesis on the GluA2 sequence was performed to encode the L483Y amino substitution. A fragment of the mutagenized GluA2 sequence between the BstEII/BspEI restriction sites was then subcloned into the AP-SEP-GluA2 construct (prepared as described in [START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF] ) on a pBI-Tet on vector backbone (Clontech; #6152-1). For AP-SEP-GluA2 ET/YR-BirA ER : the sequence of the mutated GluA2 E713T Y768T was a gift from A. Plested 287 . The sequence was subcloned to the AP-SEP-GluA2 construct on a pBI-Tet on vector backbone using XhoI/BspEI restriction sites. For BirA ER -AP-tdTomato-GluA1 (AP-tdTom-GluA1): the ORF of BirA ER and AP-SEP-GluA1 were cloned into the lentiviral vectors Syn-DsRed-Syn-eGFP 435 containing dual promoters by replacing respectively the DsRed and eGFP cDNA. Then the AgeI/NheI SEP cassette on GluA1 was replaced by tdTomato sequence. For AP-mRFP-GluA1: the SEP sequence in AP-SEP-GluA1 was replaced by the mRFP sequence using AgeI/NheI restriction sites on a pRK5 backbone. For Gsg1l-mNeonGreen: the GSG1L coding sequence was a gift from B. Falkler 274 . Rat nucleotide GSG1L sequence (NCBI Reference Sequence: NM_001419662.1) was amplified by PCR and inserted using BglII / NheI restriction sites into a pTRE3G inducible vector (Tet-On 3G Vector Set (EF1α Version), Takara Bio USA, #631162).

Then mNeonGreen reporter sequence was PCR amplified and inserted using the AgeI/NheI restriction sites. mNeonGreen coding sequence was fused to the C terminus of GSG1L. For mNeonGreen: the mNeonGreen sequence was amplified by PCR and subcloned into pTREG BI vector (Tet-On 3G Bidirectional Inducible Expression System (EF1α Version), Takara Bio USA, Inc., #631340) using KpnI/XbaI restriction sites. For the FLEx-mScarlet-P2A-paCaMKII: the mScarlet-P2A-paCaMKII sequence, which was a gift from H.

Murakoshi 366 , was amplified by PCR and inserted into the Cre-dependent AAV hSyn FLEx vector using BamHI/KpnI restriction sites. GSG1L-eGFP was a gift from B.Falkler 274 . pEGFP-N1 (eGFP) was purchased from Clontech (Clontech, #6085-1). pEF1α-Tet3G (transactivator) was purchased from Clontech (Clontech, #631336). pTet-on (transactivator) was purchased from Clontech (Clontech; #P3070-5). Plasmids were prepared using the ZymoPURE Plasmid MaxiPrep Kit (Zymo Research, #ZD4203). All constructs were verified by restriction enzyme digestion and Sanger DNA sequencing. The amino acid position of mutations in GluA2 are defined with respect to amino acid numbering in the mature protein of the reference sequence (without the signal peptide of 21 amino acids).

AAV serotype 1 and 9 preps were produced by the viral core facilities of the Bordeaux Neurocampus IMN, Charité Universitätsmedizin Berlin, or ordered from Addgene. 

Animals

The AP-GluA2 knock in (KI) mouse line was generated as described in Getz et al. 2022 [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] . AP-GluA2 KI mice used for slice culture and acute slice experiments were bred on a C57Bl6/J background. AP-GluA2 KI animals were obtained from heterozygote or homozygote mating and identified by genotyping.

Genotyping was performed by polymerase chain reaction (PCR) assay on tail biopsies by the genotyping 

Heterologous cell culture

HEK293T cells (ECACC, #12022001) were cultured at 37ºC under 5% CO2 in DMEM (Gibco, #11995-065) supplemented with 10% FBS (fetal bovine serum), 1% L-glutamine (Thermo Fisher, #5030081) and 1% penicillin/streptomycin (Thermo Fisher, #15140-122).

Primary rat hippocampal dissociated neurons

Primary dissociated hippocampal neuron cultures were prepared from pregnant rat females bred in the Plateforme In Vivo (PIV) facility of the Interdisciplinary Institute for Neuroscience (IINS). Animals were handled and euthanized according to European ethical rules and protocols approved by the local ethics committee office 50. Dissociated hippocampal neurons from embryonic day 18 (E18) Sprague-Dawley rats embryos of either sex were prepared as previously described 438 . Briefly, dissociated neurons were plated at a density of 250,000 cells per 60 mm dish on 0.1 mg.mL-1 PLL pre-coated 1. 

Primary mouse cortical dissociated neurons

Primary cortical dissociated neuronal cultures were prepared from H11-Cas9 mice. Briefly, P0

pups were sacrificed by decapitation, and cortices were dissected and treated with papain for 20 min at 37°C and then dissociated in Hibernate-A medium (Gibco, #A1247501). Dissociated neurons were plated at a density of 500,000 to 600,000 cells per well (6-well plate) in poly-L-lysine (Sigma-Aldrich, #P3606) precoated wells, in Neurobasal A medium supplemented with 10% heat-inactivated horse serum, 0. For the cleavage assay, 1 μL of PCR reaction was denatured, reannealed, and digested with T7 endonuclease to reveal the presence of mismatches in the annealed fragments. Cleavage bands were detected in agarose gels. For Sanger sequencing, the PCR products were purified and sent to sequencing. The ICE V2 CRISPR software from Synthego (https://ice.synthego.com/# ) was used for analysis.

Organotypic hippocampal slice preparation, transfection and transduction

Organotypic hippocampal slices were obtained and cultured according to the Muller interphase method 440 . At postnatal day 5 -8 animals of either sex were anesthetized on ice and decapitated.

Hippocampi were dissected from AP-GluA2 KI mice in ice-cold dissection medium composed of (in mM): inactivated horse serum (Gibco, #26050088), 1 mM L-Glutamine (Thermo Fisher, #25030081), and 6.5 g/L D-glucose (320 Osm). Slices were then plated on small membrane segments (Millipore, #FHLC01300,)

and culture inserts (Millipore, #PICM0RG50) in 6-well plates containing 1 ml slice culture medium per well. Slices were maintained at 34 °C with 5% CO2 and the culture medium was replaced every 2 -3 days. For the NA cross-link experiments in GSG1L overexpression background, slices were first transduced with BirA ER -Cre + FLEx mCherry as described above. Then, SCE with GSG1L-eGFP or eGFP was performed on transduced CA1 PNs 2 days prior to the experiment (DIV8 -13).

Organotypic cortical slice preparation and transduction

Organotypic cortical slices were prepared form H11-Cas9 or AP-GluA2 KI x H11-Cas9 mice of either sex at postnatal age of 5 -8 days. Animals were anesthetized on ice, decapitated, the brain was isolated and cut into two hemispheres. Half brain coronal slices of 300 μm were cut with a vibratome (Leica VT 1200S) in ice-cold cutting solution composed of (in mM): 10 D-glucose, 4 KCl, 26 NaHCO3, 233.17 sucrose, 5 MgCl2, 1 CaCl2, equilibrated with carbogen (95% O2, 5% CO2). Then slices were washed 3 times, by transferring them to a 60 mm dish with fresh, ice-cold, cutting solution and once with ice-cold culture medium composed of: MEM powder (Sigma-Aldrich, # M4642), 20% inactivated horse serum (Gibco, #26050088), 1 mM L-glutamine (Thermo Fisher, # 25030081), 1 mM CaCl2, 2 mM MgSO4, 1 mg/l insulin (Sigma, # I0516), 0.25 mM sodium L-ascorbate, 30 mM HEPES, 13 mM D-glucose, 5.2 mM NaHCO3 (pH 7.3, 320 Osm). Slices were then plated on membrane segments (Millipore, #FHLC01300,) and culture inserts (Millipore, #PICM0RG50) in 6-well plates containing 1 ml slice culture medium per well. Slices were maintained at 34 °C with 5% CO2 and the culture medium was replaced every 2 -3 days.

Slices were transduced with: BirA ER -Cre + FLEx eGFP or BirA ER -Cre + FLEx mCherry, mix of three gRNA against GSG1L (1:1:1 ratio) or scramble gRNA AAV9s at DIV1 by microinjection of the virus(es) into the L2/3 of S1 as described above. The BirA ER -cre virus was diluted 1:5000 to 1:20,000 in 1x PBS. The FLEx eGFP and FLEx mCherry viruses were diluted 1:10 -1:20. The GSG1L gRNA and scramble gRNA viruses were diluted 1:10.

Stereotaxic surgeries

Surgeries were performed on 5-6 week old AP-GluA2 KI mice of either sex. The animals were fixed in a stereotaxic frame and kept under isoflurane anesthesia (4% induction, 1-2% during surgery). Mice were injected subcutaneously with buprenorphine (0.1 mg/kg), 300 μl of 0,9 % NaCl and locally lidocaine (7 mg/kg). Thin glass pipettes pulled from Hirschmann® ringcaps® capillaries (Sigma, # Z611239), were filled with a mix of AAV9 BirA ER -Cre (6,7.10 13 gcp/ml) dilluted 1:5000 -1:20000 in 0,9 % NaCl and FLEx eGFP (2,73.10 13 gcp/ml) diluted 1:10 or BirA ER -Cre and FLEx iGluSnFR (2,1.10 13 gcp/ml). The viruses were injected into the CA1 area at coordinates in relation to Bregma (AP, -2 mm; ML, -1.6 mm; DV, -1.2 mm) or S1 (AP, -1.6 mm; ML, -3.3 mm; DV, -0.3 mm). For each injection site 250 nl of the virus mix was injected with a hand syringe. The pipette was then left in place for 5 min to allow diffusion of the viruses.

Mice were left to recover on a heating pad for 2 -3 h and then returned to home cages. The viruses were expressed for 2-3 weeks.

Intracerebroventricular viral injection of the neonatal mouse

Intracerebroventricular viral injection of the neonatal mouse of P0 -P1 AP-GluA2 KI mice were performed as previously described 443 . Briefly, pups were removed from the home cage and placed on a heating pad. Always half of the litter was left with the mother to limit stress. AAV9 BirA ER -eGFP (6,3.10 13 gcp/ml) was diluted 1:10 in 0.05% Trypan blue (Sigma-Aldrich, # T6146) / 0.9% NaCl solution and filled into a 10 μl NanoFil syringe (WPI, # NANOFIL) with a 33 ga needle (WPI, # NF33BV-2) connected to a micropump. The animals were anesthetized on ice for 5 min, then head fixed in a stereotaxic frame and kept on ice at all times. The λ coordinates were determined and the injection sites (AP: +1.5 mm, ML: ± 0.8 mM, DV: -1.5 mM) identified. 2 μl of virus solution was injected into each ventricle (2 μl/min rate).

The needle was kept in the injection site for 1 min and then slowly removed. Animals were placed on a heating pad and left to recover before returning to the home cage. Viruses were expressed for 2 weeks up to P15.

Acute slice preparation

Acute slices from AP-GluA2 KI mice were prepared 3 weeks after the stereotaxic injections. For this purpose, mice were anesthetized with a mix of Ketamine / Xylazine (130 mg and 13 mg/kg respectively)

and cardiac-perfused with ice-cold, oxygenated sucrose-based solution composed of (in mM): 2 KCl, 26

NaHCO3, 1.15 NaH2PO4, 10 D-glucose, 220 sucrose, 0.2 CaCl2, 6 MgCl2 (320 Osm). For recordings from P15 mice, animals were anesthetized with 5% isoflurane for 3 min and no cardiac perfusion was performed.

The brains were rapidly removed and dissected into 2 hemispheres. The hemispheres were then placed in the cutting chamber filled with ice-cold sucrose-based solution and cut to 300 (or 275 μm for FRAP experiments) saggital (hippocampus) or coronal (cortex) slices with a Leica VT 1200S vibratome. Slices were then transferred to the incubation chamber filled with aSCF composed of (in mM): 126 NaCl, 2.5

KCl, 1.25 NaH2PO4, 25 NaHCO3, 12.1 D-glucose, 1.3 MgCl2, 2.5 CaCl2 (300 Osm) placed in a water bath heated to 35 o C. The water bath was then turned off and slices let to recover inside the chamber for 1h. All solutions were continuously equilibrated with carbogen (95% O2, 5% CO2).

In situ labelling of brain slices

Immunohistochemistry in brain slices for visualization of injection sites was performed as follows. 

Wide-field imaging

Wide-field imaging of brain slice samples was done with a DM5000 microscope (Leica) under HC PL Fluotar 10× numerical aperture 0.3 objective (Leica). Fluorescence excitation was done with a lightemitting diode SOLA light (Lumencor), and emission was captured by an ORCA-Flash4.0 V2 camera (Hamamatsu) controlled by MetaMorph software (Molecular Devices). Mosaics were done with a motorized XY stage (Märzhäuser).

Confocal imaging

Samples were imaged through a 40× oil objective and a 2x zoom with a SP5 confocal microscope (Leica). NeutrAvidin 633 (Thermo-Fisher; #22844) or 550 DyLight (Thermo-Fisher; #84606), GFP and DAPI were excited sequentially at 0.25 μm z-step using 633/561, 488 nm lasers, and 405 diodes, respectively with scanning speed of 400 Hz, and a line average of 3. For zoom images scanning speed of 200 Hz was used. Each z-step image represents a maximal z-projection of collected frames.

Super resolution microscopy

For dSTORM imaging, primary hippocampal neuronal cultures were treated with 50 nM NeutrAvidin (Thermo Fisher, #31000) in Tyrode's solution composed of (in mM): 15 D-Glucose, 100 

Electrophysiology in heterologous cells

cDNAs for pRK5_GluA1 (705.9 ng), pRK5_CMV.AP.TEV.GluA2 IRES.HA.BirAER (1176.5 ng), and pmaxGFP (117.6 ng) were co-transfected into HEK293T cells (60,000-62,500 cells.cm -2 in 6-well 10mM) was dissolved in HEPES-buffered solution and applied using a theta pipette driven by a piezoelectric controller (Burleigh, #PZ-150M). Membrane potential was held at -60 mV. Currents were collected using an EPC10 amplifier (HEKA) and filtered at 2.9 kHz and recorded at a sampling frequency of 20 kHz. All electrophysiological recordings were analysed with IGOR Pro 6 (WaveMetrics). Current amplitudes were measured with built-in tools, and τdes was measured with exponential fit using a least-squares algorithm.

Mouse organotypic slice electrophysiology

Electrophysiology experiments were performed 7-12 days after electroporation or 9 -16 days after transduction (DIV10 -17). For NA cross-link experiments, on the day of the experiment the slices were individually transferred to a 12-well dish, washed with 1 mL pre-warmed 1% BSA biotin free (Roth, #0132.2)/Tyrode solution (10 mM D-glucose, 10 mM HEPES, 120 mM NaCl, 3.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 2 mM NaHCO3, 1 mM sodium pyruvate (pH 7.3, 300 Osm) and incubated in 1% BSA biotin free/Tyrode solution for 5 min. Then the slice was transferred onto a piece of parafilm and covered with 30 μl of 100 nM NeutrAvidin (Thermo Fisher, #31000) in 1% BSA biotin free/Tyrode or 30 ul of 1% BSA biotin free/ Tyrode alone (vehicle) and incubated for 20 min. All incubation steps took place in 34 °C with 5% CO2. Next the slice was washed twice with 1 ml of pre-warmed 1% BSA biotin free/ Tyrode and once with pre-warmed Tyrode solution. Prior to electrophysiology recordings the slices were cut between CA3 and CA1 to prevent epilepsy. For recordings that didn't involve NA cross-link slices were only cut between CA3 and CA1 and directly transferred to the recording chamber. Cortical organotypic slices were not cut.

Slices were transferred to the microscope chamber perfused with carbogen equilibrated (95% O2, 5% CO2) aCSF composed of (in mM): 126 NaCl, 2. pulses at 1 Hz with 3 mW 460 nm, using a blue LED (pE-4000 CoolLED) triggered by Patchmaster. For sham control recordings, a minimal intensity of green light (550 nm) was triggered as above, with the shutter closed. Cells were recorded for up to 30 min after photoactivation. To quantify early LTP/LTD profiles, the amplitudes of the first test stimulation 3 minutes before and after photoinduction were averaged and the outcome is presented as the ratio between the two. For HF-STP profiles, the amplitudes of 5 consecutive

EPSCs were normalised to the amplitude of the first EPSC and summed as cumulative normalised amplitude, the ratio of the average cumulative normalised amplitudes 3 minutes before and after photoinduction is presented as a measure of the change in HF-STP after paCaMKII photoactivation.

Rat organotypic slice electrophysiology

For GluA2 desensitization mutants' experiments: rat organotypic slices were electroporated with AP-tdTomato-GluA1, AP-SEP-GluA2-BirA ER and transactivator on DIV7. On returning slices to the incubator, culture media was supplemented with 10 μg ml-1 gentamicin, 1 μg ml-1 doxycycline and 10 μM D-biotin until experiments were preformed 2-3 weeks. On the day of the experiment, organotypic slices were transferred to a storage chamber containing carbogen (95% O2 / 5% CO2)-bubbled aCSF (in mM):

125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2, 2 MgCl2, 10 D-glucose and 1 sodium pyruvate.

A dialysis device (3,500 

Acute slice electrophysiology

Acute slices from AP-GluA2 KI mice were prepared 3 weeks after the stereotaxic injections as described above. Slices were recorded in a perfusion chamber continuously perfused with warm (30-34°C), carbogenated (95% O2 / 5% CO2) recording aCSF composed of (in mM): 126 NaCl, 2. 

Photoactivation and FRAP with LLSM

The LLSM was built according to the technical information provided by the group of E. Betzig and used under license from Janelia Research Campus, Howard Hughes Medical Institute (HHMI), USA 447 .

The LLSM was modified by addition of a photostimulation module (PSM) for one-or two-photon photomanipulation, as previously described in detail [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] . The microscope was controlled by the Lattice Scope user interface written in LabVIEW (National Instruments). For the FRAP experiments with GSG1L overexpression AP-GluA2 KI organotypic hippocampal slices were prepared, transduced with BirA ER -cre and FLEx mCherry at DIV1. Then fluorescent neurons were electroporated (SCE) with GSG1L-eGFP or eGFP alone 2 days prior to the experiment. For the FRAP experiments in GSG1L knock out conditions, organotypic cortical slices were prepared from AP-GluA2 KI x H11 Cas9 mice and transduced with BirA ERcre + FLEx mCherry and either a mix of 3 anti GSG1L gRNAs or scramble gRNA at DIV1 as described above. Slices were washed with 1 mL Tyrode's solution (in mM: 10 D-glucose, 10 HEPES, 120 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 2 NaHCO3, 1 sodium pyruvate, 1% BSA biotin free (pH 7.3, 300 Osm)) for 5 min. Then slices were transferred onto parafilm and incubated for 20 min in 30 μl 1% BSA biotin free/Tyrode's containing 400 nM monomeric StreptAvidin (mSA), which was engineered to contain 4 replicates of the ALFA tag on the N-terminus 185,448,449 (Supplementary Figure 10). Next, slices were washed twice with 1% BSA biotin free/ Tyrode's and then incubated for 20 min with 400 nM ALFA nanobody coupled to Atto 643 (AD 643, Atto-Tec), which was produced as previously described 449

(Supplementary Figure 10). All incubation steps took place at 34 °C with 5% CO2. Membranes were adhered onto 5 mm glass coverslips coated with poly-L-lysine and mounted onto the LLSM sample holder using Dow Corning high-vacuum silicone grease (Sigma-Aldrich, Z273554). The imaging chamber was maintained at a temperature of 34°C and continuously perfused with aCSF (in mM: 12.1 D-glucose, 126 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 25 NaHCO3, and 1.25 NaH2PO4 (300 mOsm), which was equilibrated with carbogen and perfused at a rate of 1.7 ml/min. Before starting the imaging experiments, slices were equilibrated for approximately 30 min and maintained in the imaging chamber for up to 2 hours. The power of illumination ranged from ~20 to 200 µW spread over the entire width and thickness of the LLSM excitation plane, and was kept consistent across relevant experiments. Images were acquired at ~10 to 30 µm beneath the surface of the slice. To identify ROIs and verify labelling specificity, 3D images (12.8 µm by 12.8 µm by 30 µm) of dendrites in CA1 stratum radiatum or basal dendrites of L2/3 pyramidal neurons in S1 were acquired before FRAP imaging, with 488-nm excitation of eGFP as a reporter of GSG1L overexpression or CRISPR gRNA, 559 nm excitation of mCherry or mScarlet as a volume marker and BirA ER or paCaMKII reporter, and 642 nm excitation of Atto 643 on the mSA-ALFA/ALFA-nb complex as the extracellular label for bAP-GluA2. 2-photon photoactivation of paCaMKII was 30 x 80 ms pulses at 1 Hz with 3 mW 900 nm. Spine volume changes were followed with 3D acquisitions (25.6 µm by 25.6 µm by 40 µm) at 0.017 Hz during a 5 min baseline and for 3 min following photoactivation. FRAP illumination was 60 ms with 642 nm to a single focal point, the power measured at the back aperture of the detection objective was below 4 mW. Fluorescence recovery was followed by single-plane acquisitions (100 ms) in three steps at 10 Hz (15 s), 1 Hz (60 s), and 0.2 Hz (180 s). Calculation of the recovery curves and analysis of the recovery fraction were done as previously described [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] . Quantification of bAP-GluA2 intensity over the surface of dendritic segments and spines and spine volumes were analysed on 3D images using the Filaments and Surfaces modules in Imaris 10.0.1 (Oxford Instruments), respectively. Intensity measurements were normalised to the mean intensity of a 3D background ROI of a standard size.

For acute slice imaging, slices from 8-9-week-old AP-GluA2 KI mice stereotaxically injected with BirA ER -cre + FLEx eGFP to the CA1 or S1, were transferred to a 24-well plate and incubated for 20 min in 0.5 ml aCSF with 400 nM mSA-ALFA, washed twice in aCSF, then incubated with 400 nM of the Atto 643 coupled ALFA nanobody. All incubation steps took place at room temperature with continuous carbogen equilibration (95% O2, 5% CO2). We designed a modified sample holder with a harp and nylon grid to mount the slice on top of 5 mm poly-L-lysine coated glass coverslips. The modified sample holder and harp were designed with Autodesk Inventor Pro and manufactured of 316L stainless steel (Mecaprocess). 3D CAD files are available upon request. 3D images of dendrites in CA1 stratum radiatum or basal dendrites of L2/3 pyramidal neurons in S1 were acquired as above, with 488 nm excitation of eGFP as a volume marker and BirA ER reporter, and 642 nm excitation of Atto 643 on the mSA-ALFA/ALFA-nb complex as the extracellular label for bAP-GluA2. Due to the drift observed in acute slice preparations, FRAP illumination was 30 ms to a single focal point and fluorescence recovery was followed using 3D acquisitions (12.8 µm by 12.8 µm by 10 µm, 30 ms) in three steps at 1 Hz (30 s), 0.5 Hz (100 s), and 0.2 Hz (150 s). Calculation of the recovery curves and analysis of the recovery fraction were done as above using maximum intensity projections that were corrected for drift using the BIG-EPFL StackReg plugin (Fiji, NIH). 3D quantification of bAP-GluA2 intensity was analyzed with Imaris, as above.

2-photon Biosensor Imaging

For the iGluSnFR imaging experiments, organotypic hippocampal slices were prepared from AP-GluA2 KI mice and transduced with FLEx iGluSnFR and BirA ER -cre to verify biotinylation in CA1 PNs (postsynaptic expression of the sensor). For jGCaMP8m imaging, slices were transduced with BirA ER -cre + FLEx jGCaMP8m.

SF-iGluSnFR-A184V and jGCaMP8m imaging was performed using a FEMTOSmart Femto2D 

Statistical analysis

All reported results are derived from at least three independent experiments to ensure replicability.

No statistical test was used to predetermine sample sizes. For imaging data, all analysis was performed blinded to the experimental condition. jGCaMP8m experiments were additionally performed blind.

Results

Chapter I: Synapse-specific regulation of AMPAR surface mobility controls synaptic integration by tuning high-frequency short-term plasticity

Regulation of short-term synaptic plasticity has been largely attributed to presynaptic mechanisms, that would lead to changes in presynaptic glutamate release and thus, affect high-frequency synaptic transmission 388,1,376 . However, as mentioned above, postsynaptic mechanisms including receptor saturation, desensitization or diffusion have also been implicated in short-term plasticity regulation [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF][400][401][402][403][404][405][406] . In 2008, our team proposed that surface diffusion of AMPARs can regulate short-term synaptic plasticity by allowing the replacement of desensitized receptors in the synapse by naïve receptors from the extrasynaptic compartment [START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF] . According to our model, during a train of high-frequency presynaptic AP, upon the arrival of the first action potential, receptors in front of presynaptic release sites desensitize. Then the desensitized receptors diffuse out of the synaptic sites, and naïve receptors replace them through surface mobility within tens of milliseconds. This dynamic replacement would allow to maintain a pool of activatable receptors at synaptic sites, and allow physiological synaptic transmission. This hypothesis came from the observation that antibody cross-linking of surface AMPARs in dissociated neuronal cultures led to an increase in shortterm synaptic depression. A year later, our team demonstrated that the increase in AMPAR surface mobility triggered by digesting the extracellular matrix (ECM) leads to a decrease in synaptic depression, again in dissociated neuronal cultures [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF] . In later studies, we have also demonstrated that AMPAR immobilization, due to either the expression of constitutively active CaMKII 9 or expression of AMPARs in a tandem with Stargazin 256 , leads to an increase in synaptic depression in neuronal cultures. In a more recent study our team also discovered that the induction of chemical LTD in dissociated neuronal cultures and brain slices results in an increase in surface AMPAR diffusion followed by a decrease in short-term synaptic depression 352 .

All these results gathered over the last 15 years clearly demonstrate that there is a link between the diffusion of AMPARs and high-frequency short-term synaptic plasticity. However, an important drawback of these studies is that the majority were performed in dissociated neuronal cultures, a model were the cellular organization and connectivity is largely disturbed. It is thus hard to draw any conclusions on the impact of AMPAR mobility on high-frequency synaptic transmission and its implications on signal integration or neuronal network activity. The main focus of my PhD project was to push these experiments a step further and establish the physiological role of AMPAR mobility in HF-STP in intact tissue models.

Moreover, I wanted to establish a model describing the mutual involvement of presynaptic glutamate release, postsynaptic receptor mobility and desensitization in fine-tuning HF-STP in different synapse types. I wanted to also get a grasp of the molecular players that are involved in differentially shaping the effect of mobility on HF-STP in various synapse types. Finally, I wanted to examine what are the physiological implications of receptor mobility on synaptic integration and network activity. Altogether, I hoped that by providing a detailed analysis of the impact of AMPAR mobility, but also other factors, on shaping HF-STP, I would emphasize the involvement of postsynaptic mechanisms in shaping short-term synaptic plasticity for the scientific community. Moreover, by developing a strategy to immobilize surface receptors in tissue in a cell-specific way, and providing a detailed analysis on its implications on HF-STP, I hoped to propose a possible tool that would allow cell-specific and brain-region specific manipulation of short-term synaptic plasticity and thus, study its role in the brain.

The role of short-term synaptic plasticity in higher brain functions and behavioral outputs still remains enigmatic. Some modelling-based studies propose it could be implicated in working memory and decision making in the brain 382,[384][385][386] . However, there is little if any experimental evidence to support this hypothesis. This is largely due to a lack of proper experimental tools to silence STP in a region-specific and acute way. Such experiments become possible with the development of the Syt7 KO mouse line 387 and hopefully, with the development of our surface AMPAR immobilization toolkit. Expectantly, these advancements will bring us closer to establishing the role of short-term synaptic plasticity in brain function.

In the following section I will present the manuscript that is the summary of this work and that we are currently preparing for publication.

Introduction

High-frequency short-term synaptic plasticity (HF-STP) is a process where the amplitude of synaptic response changes upon high-frequency presynaptic stimulation on a timescale of milliseconds to seconds.

Through this process, synaptic transmission can be either transiently enhanced via synaptic facilitation or weakened through synaptic depression 1 . HF-STP is viewed as a dynamic information processing filter optimized for transmission of certain frequencies and patterns 377 . It is also involved in sensory adaptation and sensitization 378,379 , and it is an input-specific gain control mechanism normalizing the response of a neuron to fluctuations in the firing patterns of its multiple synaptic inputs over a broad range of frequencies 380,381 . Modelling-based studies propose HF-STP could be implicated in working-memory and decision-making processes in the brain 382,[384][385][386] .

The prevailing view is that HF-STP is regulated mostly by presynaptic mechanisms, through an increase or decrease in the number of transmitter quanta released by an action potential (AP), without change in quantal size or postsynaptic effectiveness 388,1,376 . However, postsynaptic mechanisms, such as receptor saturation [400][401][402] , desensitization 400,[403][404][405][406]416 , and polyamine unblock [396][397][398][399] , have all been shown to regulate HF-STP as well [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF][START_REF] Von Gersdorff | Short-term plasticity at the calyx of Held[END_REF] , although their role here remains to be fully understood.

HF-STP phenotypes can differ between synapse types with some synapses being facilitating and others depressing [START_REF] Petersen | Electrophysiological identification of medial and lateral perforant path inputs to the dentate gyrus[END_REF]387,450 . The HF-STP phenotype of a given synapse relies largely on its release probability (Pr).

Synaptic facilitation is observed in synapses with a low Pr, whereas synapses with a high Pr display usedependent synaptic depression [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] . Release probability varies across synapse types, synapses of the same type, synapses originating from the same axon, and even among different subpopulations of synaptic vesicles within a single presynaptic terminal [111][112][113][114][115][116] . Experimental manipulations of the Pr have shown that the contribution of AMPAR desensitization to synaptic depression strongly depends on the Pr 413,414 .

In 2002, we demonstrated that AMPA receptors (AMPARs), the main excitatory receptors in the brain, can be trafficked not only by endo-and exocytosis, but can also exchange between synaptic and extrasynaptic sites on the cell surface by Brownian diffusion [START_REF] Borgdorff | Regulation of AMPA receptor lateral movements[END_REF][START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF] . We and others then further established that AMPARs can also diffuse, albeit slower, inside the PSD [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]249,254,420,451 . Later on, in a series of articles, we demonstrated that the rate of recovery from synaptic depression induced by high frequency trains in cultured hippocampal neurons can be modulated by AMPAR immobilization [START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF][START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] or increased surface diffusion [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF]256,352 .

We hypothesized that AMPAR surface diffusion (a.k.a. mobility) could regulate HF-STP by regulating the rate of replacement of desensitized synaptic receptors by naïve receptors [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF][START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . According to this model, receptors would desensitize at synapses in front of the presynaptic release sites upon the arrival of the first action potential during a train of high-frequency activity. Then, the desensitized receptors would diffuse out of synaptic sites, and naïve receptors from peri-or extrasynaptic sites would replace them through surface diffusion within tens of milliseconds. This replacement mechanism would allow to maintain a pool of activatable receptors at synaptic sites, and favor physiological high-frequency synaptic transmission.

However, studying the precise role of AMPAR desensitization and mobility during HF-STP responses and its physiological consequences has been hampered by a lack of tools to first unequivocally assign them to postsynaptic mechanisms and second, study them in the physiological setting of intact tissue. Indeed, the role of AMPAR desensitization and mobility during synaptic depression has been debated largely due to a lack of tools that would have exclusively postsynaptic effects, with the commonly used desensitization blocker cyclothiazide affecting also presynaptic release 409,412 , and the possibility that cross-linking approaches could also have retrograde trans-synaptic effects. Furthermore, in intact tissue, additional parameters, such as the spatial constraints of the extracellular space, glutamate clearance by astrocytes, as well as cell and synapse type variability, could also contribute to the regulation of HF-STP.

Using a genetically engineered AP-GluA2 KI mouse model and an improved molecular toolkit to control AMPAR surface mobility in situ [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] , we here demonstrate that in intact tissue models, AMPAR surface diffusion regulates HF-STP, conditional on a high probability of presynaptic release, by allowing the replacement of desensitized receptors in the synapse. We demonstrate that the impact of AMPAR mobility on HF-STP is synapse specific, with AMPAR immobilization profoundly increasing synaptic depression in the L2/3 pyramidal neuron (PN) synapses in the primary somatosensory cortex (S1). We propose that susceptibility of a given synapse to this regulation could be determined by the expression profiles of AMPAR auxiliary subunits, that can dramatically impact AMPAR mobility and biophysical kinetic properties 279,293 . Moreover, we demonstrate that AMPAR immobilization impairs postsynaptic calcium influx during high-frequency transmission and thus hinders high-frequency synaptic transmission, signal propagation and neuronal network activity. Importantly, we then show that AMPAR mobilitydependent regulation of HF-STP occurs physiologically downstream of CaMKII activation and LTP induction. We thus propose that HF-STP of synapses is shaped by the contributions of presynaptic glutamate release, AMPAR desensitization and mobility (Figure 17a). This provides a framework and tools for target-specific blocking of HF-STP, in selected brain regions or cell types, to study its roles in brain function.

Results

AMPAR surface diffusion and desensitization regulate HF-STP

High-frequency short-term synaptic plasticity (HF-STP) at excitatory glutamatergic synapses can be shaped by both pre-and postsynaptic components (Figure 17a). Presynaptically, release can be enhanced due to increase in residual Ca 2+ , or decreased when the synaptic vesicle pool is depleted.

Postsynaptically, receptor saturation and polyamine unblock could shape HF-STP however, their contribution at hippocampal synapses is unlikely since AMPARs there have been shown to not saturate during quantal release 452 and most of hippocampal AMPARs are calcium-impermeable 269,276 . AMPAR desensitization can influence HF-STP by limiting the amount of activatable receptors during a highfrequency activity train 400,[403][404][405][406]416 . Finally, as we established in primary cultured hippocampal neurons 7- 9,256 , AMPAR surface mobility can shape HF-STP by allowing the replacement of desensitized receptors by naïve ones. Yet so far, we lack evidence for the involvement of AMPAR mobility in regulating HF-STP in intact tissue.

We first sought to analyse the respective involvement of presynaptic glutamate release, AMPAR the presynaptic variable in our recordings. We measured the amplitudes of evoked AMPAR EPSCs (Figure 17f -h) induced by the stimulation trains. We found that surface immobilization of AMPARs strongly impaired synaptic facilitation at the SC -CA1 synapse in OHS (22.73% decrease in cumulative normalised amplitude of the trains after NA cross-link as compared to control conditions). This decrease in synaptic facilitation was observed with a 50 and 100 ms interstimulus interval (ISI), and was no longer significant with ISI≥200 ms (Figure 17i). We observed a similar facilitation impairment when recordings were performed in lower extracellular Ca 2+ concentration (2.5 mM); (Supplementary Figure 1a -c). However, the effect was not as strong as with elevated extracellular Ca 2+ , and was only present with 50 ms ISI, disappearing with slower stimulations (Supplementary Figure 1d). This is to be expected since in lower extracellular Ca 2+ the release probability (Pr) is decreased, thus the time between two sequential vesicle release events at the same release site is increased, allowing for receptors to recover from desensitization before the impact of surface diffusion can take place. At the same time, AMPAR cross-link with NA had no effect on basal synaptic transmission (Supplementary Figure 2a -e) or subunit composition of synaptic AMPARs (Supplementary Figure 2f -j).

Interestingly, synaptic facilitation at the SC -CA1 synapse of OHS after NA cross-link was recovered when the AMPAR desensitization blocker CX546 was washed in (paired recording before and after CX546 wash-in), with no effect of CX546 on HF-STP trains in control conditions (Figure 17j -k).

This suggests that the observed impairment in synaptic facilitation upon AMPAR immobilization is mediated by AMPAR desensitization. To test if NA binding to AMPARs directly affects the receptors kinetics, we performed outside-out patch-clamp recordings with fast glutamate application in HEK293T cells expressing AP-GluA2-BirA ER and GluA1. We found no change in the rate of AMPAR desensitization, as well as no change in the rate of recovery from desensitization between cross-linked and control conditions (Supplementary Figure 3).

AMPAR cross-link with NA could potentially affect synaptic nano-organization and disturb nanocolumn alignment 177,178 thereby reducing the fidelity of high-frequency synaptic transmission. To test for changes in AMPAR nano-organization, we performed dSTORM imaging in dissociated neuronal cultures overexpressing AP-mRFP-GluA1, AP-SEP-GluA2 and BirA ER . We found no change in the number of AMPARs per spine, AMPAR cluster number or AMPAR numbers per cluster (Supplementary Figure 4a -e). With uPAINT imaging we observed a strong decrease in the mobile fraction of AMPARs upon application of NA, confirming its immobilizing effect (Supplementary Figure 4f -h).

Altogether, we found that AMPAR immobilization at the SC -CA1 synapse of organotypic slices results in decreased synaptic facilitation that depends on AMPAR desensitization, without affecting basal synaptic transmission. This suggests that AMPAR mobility could regulate HF-STP by allowing replacement of desensitized AMPAR in the synapse with functional ones. 

Measurement of NMDAR currents and glutamate release during HF-STP trains indicates no change in presynaptic glutamate release upon AMPAR immobilization

Since, traditionally, HF-STP regulation is attributed primarily to presynaptic mechanisms 1,3 , we wanted to ascertain that the observed effect of NA on HF-STP relies solely on postsynaptic AMPAR immobilization and desensitization. We thus examined whether AMPAR cross-link could impair synaptic facilitation by indirectly disturbing presynaptic glutamate release. We first measured NMDAR currents evoked by trains of 5 stimulations at 20 Hz. If NA cross-link was causing a change in presynaptic glutamate release, this should also reflect on amplitudes of evoked NMDAR currents. We found no impact of AMPAR immobilization on 20 Hz HF-STP trains of NMDAR currents (Figure 18a -c), as well as no effect when trains of different ISI were applied (Figure 18d).

To further probe for potential changes in glutamate release in response to AMPAR immobilization, we directly measured modifications in glutamate transients using iGluSnFr, a genetically encoded glutamate release sensor 117 , imaged with fast 2-photon imaging. To reach individual spine resolution, we transduced neurons in the CA1 region of OHS using the combination of an AAV vector associating BirA ER and the Cre enzyme and an AAV vector containing floxed iGluSnFR to obtain sparse expression of iGluSnFR only in neurons expressing BirA ER to biotinylate AMPA receptors (Figure 18e -f). Slices were incubated with NA or vehicle prior to the acquisitions to immobilize surface AMPARs and 20 Hz HF-STP trains were induced. Line scans through active dendritic spines were performed to measure changes in iGluSnFR fluorescence (Figure 18g). We found that immobilization of surface AMPARs with NA had no effect on presynaptic glutamate release during HF-STP trains (Figure 18h -i). Moreover, we observed no change in the amplitude of the first iGluSnFR peak corresponding to the first glutamate release in a train, suggesting no change in release probability upon NA binding (Figure 18j). Altogether this indicates that the observed decrease in synaptic facilitation following AMPAR immobilization is expressed through postsynaptic mechanisms and is not associated with a decreased presynaptic glutamate release during successive stimuli. 

AMPAR desensitization mutants are more susceptible to immobilization-dependent HF-STP impairment

To further examine the importance of AMPAR desensitization in mobility-dependent regulation of HF-STP, we decided to repeat the experiment in a model where we express desensitization mutants of AMPARs. This system is beneficial because it bypasses any potential side effects of chemical desensitization blockers that could affect presynaptic release, as has been shown for cyclothiazide 412 . In wild-type rat OHS we overexpressed AP-SEP-GluA2 ET/YR or LY along with AP-tdTom-GluA1 and BirA ER (Figure 19a). The stabilization of the closed clamshell conformation of the receptor contributes to the stability of the ET/YR (E713T, Y768R) AMPAR mutant in the desensitized state, resulting in a significant deceleration of the recovery from desensitization 287 . On the contrary, the stabilization of the dimer interface in the L483Y AMPAR mutants renders the receptor resistant to desensitization 286 . When we expressed the ET/YR mutant receptors, we observed a profound increase in synaptic depression after the receptors were cross-linked with NA, visible with ISI up to 1 sec (Figure 19b -c). Conversely, in the desensitization resistant L483Y mutants we didn't see any effect of AMPAR immobilization on HF-STP (Figure 19d -e). This again suggests that blocking surface diffusion of AMPARs traps desensitized receptors in the synapse, and since the recovery from desensitization in ET/YR mutants is 25fold slower than in wild-type receptors 287 , the effect of immobilization on HF-STP is visible for over 1 sec. Altogether this indicates that AMPAR desensitization is an important factor in regulating HF-STP and that AMPAR surface diffusion acts to replace desensitized receptors in the synapse and thus maintain physiological synaptic transmission. of AMPAR desensitization blocker CX546 recovered HF-STP to control levels (Supplementary Figure 6), indicating the involvement of mobility-dependent replacement of desensitized AMPARs in shaping HF-STP in the L2/3 synapses as well. Altogether, these results demonstrate that there is high variability of the impact of postsynaptic changes in receptor mobility on HF-STP between synapse types.

Since we observed no apparent presynaptic changes following AMPAR immobilization at either SC -CA1 or L4 -L2/3 PN synapses during high-frequency transmission, other factors could differentiate the effect of immobilization on HF-STP. First, our iGluSnFR imaging experiments demonstrated that the amplitude of the first iGluSnFR peak in a train was higher in the S1 than CA1, suggesting indeed a higher release probability at this synapse (Figure 20k) that could account for a higher fraction of desensitized AMPAR at this synapse and thus a larger effect of AMPAR immobilization on HF-STP. Alternatively, two postsynaptic factors could also differentiate the effect between the synapses: differences in AMPAR mobility and/or desensitization kinetics [465][466][467] . To test for AMPAR mobility differences between the synapses we used LLSM combined with FRAP to probe the diffusion of surface AMPARs labelled with fluorescent NA. We found that the recovery fraction of surface AMPARs was ~ 2.5-fold higher in the S1 than in CA1 synapses (23.35% in S1 and 9.55% in CA1) (Figure 20l n), suggesting a higher mobility of surface AMPARs in this synapse. Moreover, when we quantified the intensity of surface bAP-GluA2 labelling with fluorescent NA, we found that the number of surface receptors on both the dendritic shaft and dendritic spines is reduced in the L2/3 as compared to CA1 PNs. However, overall receptors were more enriched in synapses in the L2/3 than CA1 (Figure 20o). Altogether, these results provide evidence that the effect of postsynaptic changes in AMPAR mobility on HF-STP is synapse-specific and is largely shaped by differences in presynaptic release probability as well as the degree of AMPAR surface mobility of a given synapse. 

GSG1L AMPAR auxiliary subunit modulates HF-STP

We found that the effect AMPAR mobility on HF-STP, as well as the degree of mobility itself, is synapse specific. We thus wanted to identify a molecular player that could promote the regulation of HF-STP through AMPAR mobility and desensitization. AMPAR auxiliary proteins can affect both AMPAR mobility and gating kinetics 279,293,297 . One of the AMPAR auxiliary subunits expressed at high levels in the cortex and not CA1 is GSG1L 276,302,304 . GSG1L has been shown to slow down AMPAR recovery from desensitization 274,298 . Thus, the association of AMPAR with GSG1L, which results in an increase in desensitization recovery time of approximately 10-fold 274,298,468 in heterologous systems, resembles, to a lesser extent, the effects of the ET/YR mutation on AMPAR recovery. We reasoned that GSG1L association with AMPARs could make synapses more susceptible to mobility-dependent regulation of HF-STP. We thus examined how the protein can affect HF-STP in organotypic hippocampal and cortical slices from the AP-GluA2 KI mice. To induce GSG1L overexpression we electroporated CA1 PNs in OHS with GSG1L-eGFP or eGFP alone (Figure 21a). We then performed dual patch-clamp recordings of evoked AMPAR currents upon trains of 20 Hz electrical stimulation of the SC. For each recording, a GSG1L-eGFP and nontransfected neighboring cell were patched. Inducing GSG1L overexpression in hippocampal slices led to a strong decrease in synaptic facilitation upon 20 Hz electrical stimulation of the SC (Figure 21b -e),

(Supplementary Figure 9a -d). The observed effect faded away when ISI was 200 ms or longer. Next, we decided to remove endogenous GSG1L from neurons and examine the effect on HF-STP. Since GSG1L

is not expressed at high levels in the CA1 276,302,304 , we performed the manipulation in the L2/L3 of the cortex where the level of GSG1L expression is high 276,302,304 . To knockout GSG1L we used CRISPR-Cas9 gene editing and generated anti-GSG1L guide RNA (gRNA) sequences (Supplementary Figure 8) that were then introduced into the L2/L3 of Cas9 KI mouse organotypic cortical slices via AAV9 infection (Figure 21a). We found that GSG1L KO decreased synaptic depression (Figure 21f -i), (Supplementary Figure 9e h) in L2/3 PNs. This suggests that GSG1L can contribute to the regulation of HF-STP, promoting synaptic depression, and that the HF-STP phenotype of a given synapse could be correlated with GSG1L expression levels.

Since AMPAR auxiliary subunits affect also receptor mobility 256,297 , we checked whether GSG1L likewise modulated AMPAR diffusion. We overexpressed GSG1L-eGFP, along with BirA ER -Cre + FLEx mCherry, in the CA1 of AP-GluA2 KI organotypic hippocampal slices, and measured the mobility of the receptors using LLSM and FRAP. We found that the overexpression of GSG1L profoundly decreased the recovery from photobleaching of the receptors, indicating a decrease in the diffusion of the surface receptors (Figure 21j -l). This finding was also reproduced in rat hippocampal dissociated neuronal cultures with uPAINT microscopy (Supplementary Figure 7). Moreover, we observed that the overexpression of GSG1L reduced the total amount of surface bAP-GluA2 detected on the dendritic shaft, and modestly on dendritic spines (P=0.08), without affecting the spine enrichment of bAP-GluA2 (Figure 21m -o). Next, we removed endogenous GSG1L from L2/3 pyramidal neurons in organotypic cortical slices to examine the effect on AMPAR mobility. The cells were transduced with the gRNA against GSG1L and BirA ER -Cre + FLEx mCherry to label the surface AMPAR population. We found that GSG1L knockout in the S1 PNs resulted in a decrease in the FRAP recovery fraction by ~15% indicating a decrease in surface AMPAR mobility (Figure 21j,pq). This would indicate that association of AMPARs with endogenous GSG1L

promotes their surface diffusion in neurons. Moreover, GSG1L KO resulted in a decrease in surface bAP-GluA2 labelling on the dendritic shaft, dendritic spine, and a modest, non-significant increase in synaptic enrichment (Figure 21r -t).

The reduction in synaptic facilitation we observed upon GSG1L OE was in fact stronger than that induced by AMPAR immobilization alone (reduction in cumulative normalised amplitude in regular Pr condition: 44% for GSG1L OE and 26% for NA cross-link), suggesting that GSG1L related regulation of 104 HF-STP is not solely mediated by the modification of AMPAR mobility, but that slowing down of AMPAR desensitization recovery also contributes. To test the additive impact of these two factors, we overexpressed GSG1L in CA1 PNs that were already transduced with BirA ER -Cre + FLEx-mCherry to be able to crosslink AMPARs in a GSG1L OE background. We performed dual patch clamp recordings from a BirA ER and GSG1L OE expressing cell, and a BirA ER only expressing neighbor. As observed previously, we found that GSG1L overexpressing cells had reduced synaptic facilitation in control conditions (Supplementary Figure 9i -l). However, NA cross-link induced only a modest, non-significant, further reduction in synaptic facilitation (Supplementary Figure 9m -p.). However, given that in the S1, where GSG1L expression levels are high, NA cross-link strongly increases synaptic depression, suggests that effects of GSG1L and mobility on HF-STP are additive. Overall, we demonstrate that GSG1L is involved in the regulation of HF-STP through regulating AMPAR recovery from desensitization and mobility, and promotes synaptic depression in synapses. 

AMPAR immobilization reduces spine Ca 2+ influx during high-frequency activity and attenuates synaptic network integration

Having established that AMPAR immobilization can control HF-STP via postsynaptic mechanisms, we wanted to examine what could be the physiological implications of this mechanism on neuronal signal integration. HF-STP is viewed as a dynamic information processing filter optimized for transmission of certain frequencies and patterns 377 . It also operates as a gain control mechanism allowing the scaling of synaptic inputs 380,381 . Recent modelling studies demonstrate that HF-STP could be also involved in storing working memory by temporarily reorganizing functional connectivity through synaptic facilitation, rather than relying solely on absolute firing frequency, which is a more energy-efficient method for maintaining information in the short term 382,[384][385][386] . In this context the fine-tuning of postsynaptic Ca 2+ influx into dendritic spines is critical for maintaining proper synaptic transmission in neuronal networks and adequate storage of information. To test whether AMPAR mobility can regulate Ca 2+ spine transients during HF-STP, we transduced AP-GluA2 KI organotypic hippocampal slices with BirA ER -Cre and FLEx jGCaMP8m, a genetically encoded fluorescent calcium sensor with improved kinetics and high sensitivity for neuronal activity 437 . We used 2-photon imaging to measure the changes in jGCaMP8m fluorescence in individual dendritic spines in CA1 PNs upon electrical stimulation of SC with 10 pulses at 20 Hz, ± NA cross-link. The acquisitions were performed in regular Pr conditions. We observed a strong reduction in both the duration and amplitude of postsynaptic Ca 2+ transients when AMPARs were immobilized (Figure 22a -e). This suggests that intact AMPAR mobility is critical for maintaining physiological high-frequency neuronal information processing. Impaired postsynaptic Ca 2+ influx could hinder downstream signaling and impair physiological synaptic transmission.

To further examine the effect of AMPAR mobility on synaptic network integration, we performed wide-field, 2-photon, jGCaMP8m imaging, to measure spontaneous cell spiking within the CA1 network, upon AMPAR cross-link (Figure 22f). We found that receptor immobilization profoundly decreased the frequency of spontaneous spiking events within CA1. The median percentage of active cells decreased after cross-linking from 12.5% to 3.85% (Figure 22g -h). Altogether this demonstrates that AMPAR mobility is not only necessary to maintain physiological HF-STP, but also necessary to sustain high-frequency synaptic transmission, signal propagation and neuronal network activity. 

paCaMKII-dependent modulation of AMPAR diffusion trapping tunes HF-STP profiles

CaMKII activation has been shown to cause diffusion-trapping of surface AMPARs at synaptic sites in cultured hippocampal neurons [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . Here, we wanted to examine if we could reproduce the reduced synaptic facilitation (or enhanced depression) observed with NA cross-link on HF-STP in intact tissue but using a more physiological AMPAR immobilization trigger. To this aim, we expressed BirA ER -Cre and FLEx mScarlet-paCaMKII in CA1 PNs of organotypic hippocampal slices from the AP-GluA2 KI mice.

paCaMKII is a genetically encoded and engineered form of αCaMKII, fused to the light sensitive LOV2 domain, activated through blue light or 2-photon excitation 366 (Figure 23i). Photoactivation of paCaMKII has been previously associated with spine growth 366 . We first tested whether paCaMKII activation does indeed trigger diffusion trapping of AMPARs in organotypic slices using LLSM and FRAP. We first assessed the efficiency of paCaMKII activation using spine volume as a read out. Using a train of laser pulses (30 x 80 ms laser pulses at 1 Hz), we were able to induce structural plasticity of stimulated spines.

In control conditions, without photo-stimulation, we observed no change in spine size throughout the timecourse of the acquisitions. However, after photo-stimulation we observed bidirectional plasticity following paCaMKII activation, with some spines increasing (eLTP), and others decreasing in size (eLTD) (Figure 23a -c). This is consistent with recent reports demonstrating that CaMKII can induce both LTP and LTD depending on the frequency of input signal, through differential autophosphorylation levels of the CaMKII holoenzme 309,469 . Altogether, we found that paCaMKII photo-stimulation resulted in a significant decrease in AMPAR recovery after photobleaching suggesting decreased diffusion of surface AMPARs in spines upon paCaMKII activation (Figure 23d -f). Interestingly, the level of AMPAR immobilization was correlated with the extent of paCaMKII induced spine growth; spines undergoing structural eLTP displayed higher immobilization of AMPARs, whereas in spines that underwent structural eLTD AMPARs were more mobile (Figure 23g -h).

Next, we examined how the paCaMKII-induced AMPAR immobilization affects HF-STP trains.

To this aim, we performed whole-cell voltage-clamp recordings of evoked AMPAR currents in CA1 PNs expressing paCaMKII and BirA ER using the same photo-stimulation paradigm. For control recordings, the blue light was replaced with a green light wavelength (560 nm), which doesn't activate paCaMKII.

Consistent with the structural plasticity data, we observed two populations of neurons, where some potentiated after photo-stimulation (eLTP), and others depressed (eLTD) (Figure 23i -k). Throughout the recordings, we also monitored HF-STP trains of 5 electrical pulses delivered to the SC at 20 Hz. In control conditions, no visible change in the HF-STP profiles was detected. However, following the photostimulation, we observed a significant correlation between the level of potentiation (eLTP/eLTD) and HF-STP profile, where cells expressing eLTP displayed increased depression of HF-STP trains, and cells expressing eLTD, facilitation of HF-STP trains (Figure 23l -m). These results are consistent with previous reports demonstrating that AMPAR mobility and paired-pulse ratio (PPR) are increased following LTD induction 352 and on the contrary, that activation of CaMKII leads to a decrease in AMPAR mobility and PPR 347 . Altogether, we found that surface AMPARs are immobilized following paCaMKII activation associated with eLTP induction. Moreover, this immobilizing effect is followed by reduced synaptic facilitation induced with HF-STP trains. to cause AMPAR diffusion-trapping at synaptic sites [START_REF] Petrini | Endocytic trafficking and recycling maintain a pool of mobile surface AMPA receptors required for synaptic potentiation[END_REF]256 and AMPAR mobility is necessary for LTP induction [START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF] in dissociated neuronal cultures and OHS respectively. Moreover, LTP induction has been linked to changes in paired-pulse ratio after induction 347,348 . However, those have been interpreted as proof of a presynaptic origin of LTP. We induced LTP in the L4 -L2/3 pathway in the S1 of ex vivo brain slices with a protocol pairing 0 mV depolarization of the postsynaptic cell and electrical stimulation of the L4 at 0.167 Hz. We were able to induce a stable LTP of 123% (Figure 24a -c). We then probed for changes in the HF-STP profiles every 5 minutes after induction. In control conditions, when no pairing was applied and the stimulation rate was kept at 0.033 Hz, we observed no significant change in HF-STP profiles throughout the recording (Figure 24d). However, when LTP was induced, we observed a transient increase in synaptic depression that was strongest directly after LTP induction (Figure 24e). The effect then faded away after 5 min, consistent with the models of AMPAR trafficking during LTP, where surface mobility and diffusion trapping of AMPARs is critical during the early phases of LTP, whereas in the later phases, AMPARs are mostly supplied through exocytosis of newly synthesized or recycled receptors 318 . The effect of LTP induction on HF-STP was similar to that observed with NA cross-link in the L2/3 (Figure 20d -g 

Chapter II: Developmental difference in HF-STP and its AMPAR mobilitydependent regulation

In this part of the project, I aimed to follow up on the observed discrepancies between the effect of AMPAR immobilization on HF-STP in the SC -CA1 synapse in organotypic hippocampal and acute slices.

We observed that while in organotypic slices, AMPAR immobilization profoundly impairs synaptic facilitation in both high and regular release probability conditions (Figure 17f -i and Supplementary

Figure 1), in ex vivo brain slices we no longer saw that difference (Figure 20c e and Supplementary Figure 5). We reasoned that this variation in observed effects could arise from the difference in age between the animals used for both tissue preparations. Organotypic slices were prepared from P5 -8 animals and then cultured for 15 days. Acute slices were prepared from adult 8-week-old animals. It has been previously

demonstrated that HF-STP can largely change during development in both the neocortex 458,[470][471][472][473][474] as well as the hippocampus [475][476][477] . This could arise from many factors including: changes in presynaptic release probability 478 , AMPAR auxiliary subunit expression 276 , changes in glutamate clearance from the cleft 281 , differences in subunit composition of AMPARs 479 or in inhibitory synaptic transmission 477 . Alternatively, the discrepancy could derive from intrinsic differences between the models, where organotypic slice Chapter III: The synapse-specific facilitating effect of AMPAR immobilization on HF-STP HF-STP phenotypes differ between synapse types with some synapses facilitating and others depressing [START_REF] Petersen | Electrophysiological identification of medial and lateral perforant path inputs to the dentate gyrus[END_REF]387,450 . These variations can arise from both pre-and postsynaptic differences. Typically, synapses with a high release probability display synaptic depression because a large portion of the available SV release pool is depleted during the first action potential and the release pool replenishment is not efficient enough. In contrast, synapses with low Pr tend to facilitate, because residual calcium concentration is increased after the delivery of the APs, that activates the calcium sensors Synaptotagmin 1 or 2 on vesicles, priming them for release [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] . The effect of AMPAR mobility should be most pronounced in high Pr synapses for two reasons. First, because the large initial release would desensitize more receptors, thus, their replacement via surface diffusion would be an important factor to maintain a pool of receptors available for activation to sustain high-frequency synaptic transmission. Second, in high Pr synapses, receptors have less time to recover from desensitization between two consecutive releases at the same synapse, hence the impact of surface diffusion to replace desensitized receptors is higher than at low Pr synapses.

We thus further explored the synapse-specific effects of AMPAR mobility on HF-STP. We have already observed that mobility-dependent regulation of HF-STP plays important roles in maintaining synaptic transmission in S1 (Figure 20c f and Supplementary Figure 6). We thus examined the role of AMPAR mobility in HF-STP in other synapse types with different HF-STP phenotypes. First, we investigated the effects of NA cross-link on HF-STP at a synapse with low Pr and strongly facilitating HF-STP. To this end, we used the mossy fibre (MF) -CA3 synapse, that exhibits notable synaptic facilitation when subjected to repetitive stimulation 455,481 . It is believed that this facilitation plays a role in allowing individual granule cells to elicit action potentials in postsynaptic CA3 pyramidal neurons during bursts of firing in vivo 482 . Consequently, the facilitation of MF synapses could potentially result in heightened activity within the hippocampal network. Then, we also looked at the synapses made onto dentate granule cells by the medial (MPP) and lateral pathway (LPP). These are an interesting pair because depending on the activated pathway onto the same cell, they display paired-pulse depression and facilitation respectively [START_REF] Petersen | Electrophysiological identification of medial and lateral perforant path inputs to the dentate gyrus[END_REF] .

As expected, we did not observe strong effects of AMPAR immobilization on HF-STP in the strongly facilitating MF -CA3 synapse (see below). However, the results obtained from the dentate gyrus were very intriguing. While we did not find any effects of AMPAR immobilization on HF-STP in the MPP -DG synapse, we observed a consistent decrease in synaptic depression upon immobilization in the LPP -DG synapse, an effect contrary to our previous findings in the SC -CA1 and L4 -L2/3. This finding suggests that in some synapse types, AMPAR immobilization can lead to opposing effects on HF-STP. We hypothesize that the shift towards facilitation we observe here is due to a secondary effect of AMPAR Altogether, these results suggest a further complexity of the synapse-specific effects of AMPAR mobility on HF-STP. Moreover, AMPAR cross-linking at some synapses can alter presynaptic glutamate release. 

General discussion

The induction and regulation of short-term synaptic plasticity has always been attributed largely to presynaptic mechanisms. The involvement of postsynaptic processes, although reported previously 7- 9,256,347,348,352,393,396-406,416 , has been regularly overlooked, likely because of difficulties to clearly separate them from presynaptic components in regulation of STP. Moreover, the large variability in postsynaptic organization between various synapse types made it hard to propose a general postsynaptic mechanism that would shape STP.

In this study, I focused on how the interplay between presynaptic and postsynaptic components, including AMPAR surface diffusion and kinetics, could modulate high-frequency short-term synaptic plasticity. Moreover, I studied the synapse type specific diversity in the involvement of the aforementioned factors in shaping HF-STP. While our lab had previously reported the involvement of AMPAR surface mobility in shaping HF-STP in dissociated neuronal culture models [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF][START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF]256,352 , we lacked evidence in support of that regulation in intact tissue models, as well as a full understanding and physiological relevance, if any, of this mechanism. Here, using the AP-GluA2 KI mouse model combined with cell-specific biotin ligase expression and NeutrAvidin cross-link to impair AMPAR surface diffusion, I studied the role of AMPAR mobility in regulating HF-STP in organotypic and acute brain slices. In the first chapter of this manuscript, I describe that AMPAR surface diffusion, by supporting the replacement of desensitized receptors by naïve ones in the synapse, promotes faster recovery from synaptic depression. This effect doesn't involve changes in presynaptic glutamate release, and is differentially expressed in different synapse types. Furthermore, we found that AMPAR surface diffusion during HF-STP regulates synaptic signal integration in neurons.

Physiologically, we found that LTP induction triggers AMPAR immobilization and promotes short-term synaptic depression in potentiated spines. In the second chapter I studied the developmental differences in HF-STP and AMPAR mobility-dependent regulation of HF-STP that could account for the observed difference in NA cross-link effects on HF-STP in organotypic and acute brain slice SC -CA1 pathway.

Finally, in the last part of the thesis, I examined the effect of AMPAR mobility on HF-STP in other synapse types that display different HF-STP phenotypes, as well as release probabilities. I find that in some cell types, AMPAR immobilization can have a opposite effect to that found in the CA1 and L2/3, and promote increased synaptic facilitation instead of depression. These results will be discussed in the following sections.

HF-STP regulation through AMPAR surface mobility

The induction and maintenance of HF-STP has been largely attributed to presynaptic mechanisms that control neurotransmitter release upon high-frequency activity, and thus shape postsynaptic responses 1,[START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF]376 . Postsynaptic mechanisms have also been shown to contribute to short-term plasticity regulation [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF] , however their role remains to be fully understood. The involvement of postsynaptic mechanisms, and particularly desensitization of AMPARs is debated 114,400,[403][404][405][406][407]415 , largely due the lack of adequate tools that could specifically block postsynaptic mechanisms, without affecting presynaptic release during HF-STP measurements. The classically used blocker of AMPAR desensitizationcyclothiazide 400,[403][404][405][406] -also affects presynaptic glutamate release 409,412 . This limitation was overcome by developing the GluA2 L483Y desensitization-resistant mouse line, where increased paired-pulse facilitation in SC -CA1 pathway synapses was observed 416 . We have previously demonstrated that AMPAR surface mobility can contribute to the recovery from desensitization-induced synaptic depression in dissociated neuronal cultures [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and shortterm synaptic plasticity[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF][START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF]256 . Previous single-molecule tracking experiments have demonstrated that approximately half of the AMPARs present at synaptic sites are mobile and can travel the entire PSD [START_REF] Tardin | Direct imaging of lateral movements of AMPA receptors inside synapses[END_REF]237,420 . Calculations demonstrate that approximately 50 % of AMPARs, diffusing at a speed of 0.1 μm 2 /s, can be exchanged from a 200 nm synaptic region within 30 ms [START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF] . The recovery from desensitization of AMPARs in CA1 PNs ranges from 50 to 200 ms 280,467,483 , depending on the study. This implies that AMPARs can be replaced from the synapse faster than they can recover from desensitization. Thus, the speed of diffusion could be the limiting factor to recovery from synaptic depression. Along this line, while measurement of glutamate release at high frequency with ultrafast sensors 415 demonstrate that presynaptic glutamate release is strongly depressed during 100 Hz train stimulation, postsynaptic EPSPs depress slower than glutamate release during the train, and recover faster to baseline levels after, suggesting a postsynaptic contribution in counteracting strongly depressing glutamate release during high-frequency activity. This effect could be maintained by fast diffusion of the receptors that can speed up recovery from depression and compensate for receptor desensitization even during very fast activity.

However, at that point, we lacked evidence for the importance of AMPAR mobility in recovery from synaptic depression in intact tissue, where additional parameters, such as the spatial constraints of the extracellular space, glutamate clearance by astrocytes, as well as cell and synapse type variability, could additionally contribute to the regulation of HF-STP. In fact, the rate of glutamate clearance in tissue has been an argument opposing the impact of desensitization on HF-STP whatsoever 415 . The rate of glutamate clearance from the synaptic cleft by astrocytic glutamate transporters is estimated to be around 1 ms 281 .

With fast iGluSnFR imaging, it has been shown that glutamate can be cleared from the cleft in less than 10 ms during 100 Hz stimulation 415 . However, as demonstrated with a combination of fast glutamate application protocols and kinetic modelling studies, already the occupancy of a single glutamate binding site is sufficient to desensitize AMPARs, and desensitization is followed by conformational changes that slow down glutamate dissociation 282 . Moreover, asynchronous release could also contribute to AMPAR prolonged exposure to glutamate, and thus desensitization. It has been shown recently that asynchronous release is increased in low release-probability synapses, and could thus contribute to increased receptor desensitization even when initial release is low 99 . Additionally, asynchronous release sites are more widely distributed among the active zone, again hypothetically increasing the area of the PSD that can be susceptible to desensitization.

In this study, I have combined the AP-GluA2 KI mouse model with a specialized set of molecular tools created within our laboratory [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] , that allow us to specifically affect the mobility of surface, endogenous, GluA2-containing AMPARs in situ. As demonstrated before [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] , and reaffirmed here, the delivery of BirA ER coding sequence to selected populations of neurons using single-cell electroporation or combined BirA ER -Cre and FLEx eGFP virus transduction approach, allows specific and sparse biotinylation of surface

AMPARs. Here, we use NeutrAvidin, a 60 kDa biotin binding protein as a cross-linker to manipulate the surface mobility of GluA2-containing AMPARs. We demonstrate that this approach can be efficiently used in tissue as the probe penetrates well into both organotypic (Figure 17c -e) and acute slice preparations (Figure 20b -c). In our previous studies on the involvement of AMPAR mobility on shaping synaptic transmission, we predominantly used antibody mediated cross-link (two 8 or single 256 layer of IgGs).

However, the use of NeutrAvidin as a cross-linker presents a significant advancement over the antibody cross-linking approach. This is due to the 2.5x smaller size of NeutrAvidin (6 nm) in comparison to an IgG molecule (10 -15 nm) [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF][START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF]185 . Given that the typical width of the synaptic cleft is around 20 nm 41 , the use of IgGs for cross-linking raises concerns about their effectiveness in penetrating the synaptic cleft and binding to synaptic receptors 484 . The larger size of antibody complexes might restrict their access to the synaptic cleft, potentially limiting cross-linking to extrasynaptic receptors. By adopting the much smaller NeutrAvidin, we overcome this limitation and ensure improved accessibility to the synaptic cleft, enhancing the potential for effective cross-linking within synaptic sites.

Here, using the AP-GluA2 KI mouse model combined with BirA ER expression and NeutrAvidin cross-link to modulate AMPAR mobility in situ, I demonstrate that AMPAR surface diffusion in the SC -CA1 pathway in organotypic hippocampal slices regulates HF-STP by promoting recovery from synaptic depression. This is achieved by regulating the exchange of desensitized receptors from the synapse, as the effect is abolished by AMPAR desensitization blocker. Importantly, for our experiments we used the CX546 desensitization blocker, an ampakine that destabilizes the desensitized receptor conformation 288 , and to our knowledge, hasn't been shown to have acute effects on presynaptic release. However, to be certain of the specificity of the postsynaptic desensitization effect, we repeated the experiment expressing AMPAR GluA2 LY desensitization-resistant mutants and found, again, that synaptic facilitation was maintained, despite receptor immobilization. On the contrary, when we expressed the GluA2 ET/YR, a form of the receptor stabilized in the desensitized state that displays a much slower recovery from desensitization 287 , we observed a profound increase in synaptic depression upon NA cross-link.

Interestingly, we did not see a difference in synaptic depression between the ET/YR and LY mutant in control conditions. This suggests that AMPAR mobility can in fact fully counteract the effects of AMPAR desensitization on HF-STP.

Consistently with the kinetics Another potential effect of our experimental approach on HF-STP, independent from AMPAR mobility, could be altering the nano-organization of the synapse, receptor distribution or numbers in the synapse. However, our measurements using dSTORM imaging revealed no alterations in the nano- Notably, our approach involved postsynaptic expression of iGluSnFR, enabling the identification of active spines concurrently expressing biotinylated receptors. However, it limited our ability to directly measure presynaptic release probability. It's noteworthy that our experiments are biased towards synapses with relatively high release probabilities as glutamate release failures can go undetected. NA cross-linking might potentially influence the release probability itself, a parameter not assessed in this study, which could also impact HF-STP. This aspect needs further exploration. However, the amplitude of the first glutamate release, a proxy of release probability, remained unaltered by NA binding, suggesting no changes in release probability.

Moreover, the iGluSnFR signals are global at a synapse level. NA cross-link could affect the localization of presynaptic release events making synaptic transmission more or less reliable, thereby affecting HF-STP. Addressing this matter requires super-resolution imaging of both presynaptic and postsynaptic markers. Alternatively, if iGluSnFR is expressed presynaptically, super-resolution localisation of glutamate exocytosis sites using the probe can be also feasible (as described in 99 ). Furthermore, NA cross-linking might conceivably affect the rate of synchronous versus asynchronous release in synapses. It has been demonstrated that facilitating synapses display a higher rate of asynchronous release 99 . NA crosslink (possibly by affecting trans-synaptic complexes) could potentially reshape the distribution of presynaptic VGCCs, potentially leading to increased coupling of VGCCs to synaptic vesicles and thereby augmenting synchronous release. Such an effect could also contribute to an increase in synaptic depression.

To examine this hypothesis, imaging analyses of presynaptic VGCC cluster distribution, coupled with measurements of synchronous versus asynchronous release events both with and without NA cross-linking, are needed.

In conclusion, the absence of effect of AMPAR cross-linking on NMDAR EPSCs during trains, coupled with the unchanged profiles of glutamate release in HF-STP following NA binding, combined with the postsynaptic influence on AMPAR-mediated HF-STP trains and the substantial involvement of AMPAR desensitization in the process, collectively suggest that AMPAR surface diffusion regulates HF-STP via a postsynaptic mechanism at the SC-CA1 synapse within organotypic hippocampal slices.

Synapse-specific effects of AMPAR surface mobility on HF-STP

HF-STP phenotypes display variability across different brain regions, synapse types, and even within synapses on the same neuron 1,[START_REF] Petersen | Electrophysiological identification of medial and lateral perforant path inputs to the dentate gyrus[END_REF]114,[453][454][455][456][457][458][459] . This diversity contributes to the dynamic filtering characteristics of synaptic connections, allowing them to modify the signal of the action potential based on the context of prior pre-and postsynaptic activity. We examined the effect of AMPAR mobility on HF-STP in different synapse types, that display different HF-STP phenotypes. Our initial targets were the SC -CA1 synapse in the hippocampus and the L4 -L2/3 synapses in the primary somatosensory cortex. Our initial data on the role of AMPAR mobility and desensitization in HF-STP were obtained in the prototypical SC -CA1 synapses that display a quite low and heterogenous Pr 417 , as well as a modestly facilitating HF-STP.

We performed the cross-linking experiments in acute brain slices from adult mice and in regular Pr conditions to be close to physiological conditions. We found no increase in synaptic depression in the SC -CA1 synapse in acute brain slices in regular Pr, and only a modest, non-significant, decrease in facilitation when Pr was increased, while AMPAR cross-link strongly impaired synaptic facilitation in the organotypic slice model. In parallel, we observed no impact of NA cross-link on glutamate release during the trains in the acute slice model. This discrepancy in postsynaptic effects between organotypic and acute slices could be a result of developmental differences between the two models. I addressed this aspect in the second chapter of this thesis and it will be discussed in the following sections. Alternatively, the difference in mobility-dependent regulation of HF-STP could derive from intrinsic differences between the two models.

Although organotypic and acute brain slice models are largely equivalent in terms of the development of synaptic transmission and dendritic morphology, neurons in organotypic slices have a 4 -5 higher frequency of mEPSCs, a result of higher synapse numbers 480 . The differential effect of AMPAR cross-link on HF-STP in organotypic and acute slices could also be a result of differences in receptor mobility. If receptors were more mobile in organotypic slices, AMPAR cross-linking could potentially have a more pronounced influence on HF-STP. While we didn't compare side by side the mobility of AMPARs on CA1 pyramidal neurons between organotypic and acute slices, our FRAP experiments in organotypic hippocampal slices, where we probed the impact of GSG1L overexpression on receptor diffusion, yielded a recovery fraction of approximately ~16.76% in control conditions. In the experiments where we compared receptor mobility between the CA1 and S1 in acute slices, we observed a recovery rate in CA1 ~9.55%. This suggests that AMPAR mobility could be lower in acute than in organotypic slices, which could account for the lack of significant effect in acute slice CA1. Following on that, disparities in synaptic nanoorganization and the distribution of AMPARs might also exist between acute and organotypic slices, potentially impacting HF-STP outcomes. However, performing super-resolution microscopy in tissue still remains a challenge, thus we don't have information on synaptic nano-organization between the models. Furthermore, potential disparities in release probability at SC-CA1 synapses between the two models could account for the variations observed. We performed recordings in organotypic hippocampal slice SC -CA1 in elevated Ca 2+ conditions and found a strong decrease in postsynaptic synaptic facilitation (Figure 17fi). We have also performed acute slice recordings for SC -CA1 in 4 mM Ca 2+ and found no significant decrease in HF-STP (Supplementary Figure 5). However, we have not directly measured release probability. Potentially, this parameter could still be higher in organotypic slices, promoting the effects of AMPAR mobility on HF-STP. However, to validate this hypothesis, precise measurements of release probability are imperative. Finally, the kinetic properties of the receptors between the models could also differ. If AMPARs in organotypic slices exhibited a slower recovery from desensitization, this could potentially contribute to a more pronounced influence of cross-linking on HF-STP. However, understanding the underlying factors that contribute to the dissimilarity in the effect of AMPAR mobility on HF-STP between the models needs further comprehensive experimental investigation.

We expected that the effect of AMPAR mobility on HF-STP would be more pronounced in synapses were Pr is high because a larger portion of receptors could be desensitized during the first release in a train and receptors would have less time to recover from desensitization in between two sequential releases at the same synapse. For that reason, we selected the L4 -L2/3 synapse as our second target were the Pr is high 463 and HF-STP strongly depressing. When we measured the effect of AMPAR cross-link on HF-STP in the L4 -L2/3 of S1, we found a strong increase in synaptic depression, with no consecutive changes in presynaptic glutamate release. L2/3 synapses tend to have a higher release probability than SC -CA1 synapses, which could make the effect of AMPAR immobilization on HF-STP more prominent 450 .

We also observed higher amplitude of iGluSnFR response after the delivery of the first stimulation in L2/3 than in CA1 PNs, in agreement with the higher Pr of this synapse. Moreover, for the first time we performed comparative measurements of AMPAR surface mobility between different cell types in brain slices, and found that AMPARs are more mobile on the surface of neurons in L2/3 than CA1. Higher mobility of the receptors could be a natural mechanism allowing the maintenance of high-frequency synaptic transmission in synapses with high Pr to contradict AMPAR desensitization and maintain a pool of activatable AMPARs in synapses. It could also be the reason why the effect of NA immobilization in a synapse with a pool of highly mobile receptors has a strong impact on synaptic transmission, whereas in CA1 where mobility is smaller, cross-link does not profoundly impair transmission. Moreover, it has been previously suggested that desensitized AMPARs could display higher surface mobility, a feature that would promote their replacement in the synapse 256 . One could hypothesize that the higher mobility of the receptors in L2/3 neurons is thus a result of increased levels of desensitization following higher release probability. However, comparing our CX546 experiments performed in the CA1 and S1 (experiments done in 4 mM Ca 2+ and organotypic slices), we observed a 18% recovery of cumulative normalised amplitude during 20 Hz HF-STP trains after CX546 wash-in in NA cross-link conditions in the SC -CA1 synapses (Figure 17k). In L4 -L2/3 synapses, this increase was only 7.3% (Supplementary Figure 6). This would suggest that the contribution of the desensitization component is in fact stronger in the CA1 synapses. This, as well as the lack of effect of AMPAR cross-link on HF-STP in the S1 with ISI≥50 ms, suggests that AMPAR recovery from desensitization is faster in the L2/3 than CA1 synapses. However, to confirm this hypothesis, and understand the difference in AMPAR kinetics between CA1 and L2/3 synapses, it would be necessary to perform glutamate application experiments on outside-out patches from the two neuron types, an experiment that is currently ongoing.

We followed the LLSM FRAP experiments of surface AMPAR diffusion with a quantification of surface bAP-GluA2 content between the two synapses. CA1 PN neurons displayed a higher level of surface extrasynaptic and synaptic receptors overall. However, the synaptic enrichment of bAP-GluA2 was higher in the S1. While the overall level of surface receptors is lower in S1 than in CA1, the surface diffusion of AMPARs is higher in S1, which is counterintuitive. This may originate from a different composition in auxiliary subunits that play a prominent role in AMPAR stabilization. On the other hand, extrasynaptic receptors have been shown to diffuse faster than synaptic receptors 176 , while in this study we observe both higher AMPAR mobility, and synaptic enrichment, in the S1. This could be a result of our limited capacity to precisely determine synaptic and extrasynaptic regions with LLSM. Possibly in the S1 synapses there is a big pool of highly-mobile perisynaptic receptors that we cannot distinguish. Altogether, this also suggests a different synaptic nano-organisation of the two synapses, an aspect that needs to be addressed in further studies. effects. In line with this we observe a modest increase in synaptic enrichment of surface AMPARs upon GSG1L KO. However, we also find an overall reduction in surface AMPARs both in the shaft and dendritic spines. In the absence of GSG1L, it's plausible that AMPAR complexes associate with other TARP proteins that possess the PDZ-binding motif, thus stabilizing the receptors within synaptic sites. It has been shown that GSG1L competes for AMPAR binding sites with γ-2 485 . GSG1L-GluA1 complexes coimmunoprecipitate with γ-8 and CNIH2, suggesting they form macro complexes with AMPARs together 280 . This hypothesis is supported by the aforementioned increase in AMPAR containing synapses, suggesting indeed increased receptor trapping in the PSD. This anchoring effect possibly contributes to the reduced mobility of receptors, as evidenced by our FRAP experiments. Altogether, it appears that GSG1L's impact on the binding of AMPAR complexes to synaptic scaffold proteins within synapses plays a pivotal role in influencing receptor mobility and content on the neuronal surface.

Given the impact of GSG1L on AMPAR mobility, it was natural to speculate that it can affect HF-STP as well. GSG1L has been previously shown to promote synaptic depression and determine seizure susceptibility in corticothalamic synapses 303 . In line, we observed that the overexpression of GSG1L in the SC -CA1 pathway impairs synaptic facilitation and shifts the synapse towards a synaptic depression phenotype. Conversely, the knockout of GSG1L in L2/3 PNs of the S1, results in reduced synaptic depression in the L4 -L2/3 synapse. This phenomenon might arise due to the influence of GSG1L on AMPAR kinetics. In heterologous systems, the expression of GSG1L leads to a significant deceleration in the AMPAR recovery from desensitization, along with slowing down desensitization rate per se 277,298 . In line, slower recovery after GSG1L overexpression should result in an increased synaptic depression, and conversely KO, in reduced synaptic depression, as we find in our experiments. However, the interpretation of this data outside heterologous systems is not trivial. Gu et al. report that in CA1 PNs in OHS, GSG1L overexpression has in fact an opposing effect, speeding up AMPAR recovery from desensitization as well as desensitization 280 . Conversely, in GSG1L KO slices, they observe slower recovery from desensitization and desensitization itself. They hypothesize that the discrepancies observed between results in heterologous systems and slice preparations could stem from interactions between GSG1L and other AMPAR auxiliary proteins that collectively influence receptor kinetics in nuanced ways. Given GSG1L's competition for AMPAR binding sites with other interactors, their combined effects might shape AMPAR kinetics differently from what is observed in controlled heterologous expression systems. We are currently performing outside-out patch clamp and glutamate application experiments to directly investigate AMPAR kinetics under GSG1L overexpression and KO conditions. However, if indeed in tissue preparations GSG1L KO results in slower recovery from desensitization of AMPARs, our observed decrease in synaptic depression in the L2/3 synapses likely results from other effects GSG1L binding has on AMPAR function and trafficking.

We have found that both GSG1L overexpression and knockout reduce AMPAR surface diffusion.

Given that GSG1L overexpression has been linked to a reduction in surface AMPAR levels 280 , the increase in synaptic depression we observe could arise from a scarcity of available naïve receptors to replace desensitized ones during HF-STP trains. This is supported by our LLSM data where we see a reduction in surface extrasynaptic receptors upon GSG1L overexpression. However, the conundrum arises from the decrease in AMPAR diffusion observed in GSG1L KO in L2/3 synapses, which seems to contradict the notion of AMPAR mobility playing a role in reducing synaptic depression. Moreover, in S1 acute slice preparations we observed higher AMPAR mobility than in CA1 PNs. Considering that GSG1L KO has been linked to an increase in surface AMPAR levels 280 , possibly there is a higher availability of synaptic AMPARs that support high-frequency transmission and reduce synaptic depression. However, that interpretation would require that not all synaptic AMPARs would desensitize during glutamate release, which is questionable in light of the high release probability, and high iGluSnFR peak amplitudes we observe in this synapse. Moreover, we actually observe a reduction in extrasynaptic receptors with the LLSM imaging upon GSG1L KO. An alternative interpretation of GSG1L KO effects in reducing synaptic depression in the L2/3 synapse could be rooted in presynaptic effects. Intriguingly, our observations indicate that, unlike any of our previous experiments, GSG1L KO leads to a reduction in synaptic depression with an ISI range of 50 ms to 1 s (statistically significant for 50 ms and 1 s). Typically, we observed the effect of AMPAR cross-link on HF-STP with ISI≤100 ms, consistent with the desensitization recovery kinetics of AMPARs. In the case of GSG1L KO, the effect exceeds by far the typical recovery rates of AMPARs. This could suggest that GSG1L KO results in an alteration in presynaptic release, leading to a decrease in presynaptic depression. This effect could potentially be driven by trans-synaptic rearrangements stemming from shifts in AMPAR distribution due to GSG1L KO. To test this hypothesis, we will perform iGluSnFR imaging experiments during HF-STP trains in GSG1L KO condition in L2/3 synapses.

Following on the possible combined effects of GSG1L on AMPAR mobility and kinetics, we combined GSG1L overexpression with NA cross-link approach. We found no significant additional depression upon NA cross-link. These effects suggest that GSG1L overexpression already fully depresses SC -CA1 synapses in OHS. However, since GSG1L expression affects AMPAR kinetics as well as mobility and surface expression, it is hard to conclude which of these parameters has the strongest impact on HF-STP. It is possible that GSG1L overexpression reduces AMPAR diffusion to a degree where NA cross-link effect becomes negligible. Alternatively, it is possible that GSG1L profoundly slows down AMPAR recovery from desensitization 277,298 (but see 280 ) to a degree where the replacement via surface diffusion with neighboring receptors during HF-STP is insufficient. This interpretation is unlikely since with GSG1L overexpression we only see increased synaptic depression up to 100 ms. Nevertheless, with GSG1L overexpression and NA cross-link, a small trend towards stronger depression with 20 Hz HF-STP trains is visible (P=0.1413). This could suggest that kinetic effects of GSG1L could still contribute to increased synaptic depression, albeit to a smaller degree.

Altogether, these results suggest that AMPAR auxiliary proteins, through their effects on AMPAR desensitization kinetics and mobility, could largely determine how a given synapse responds to highfrequency activity. Other proteins with similar properties on receptor kinetics, such as CKAMP44 279 , have been shown to also promote synaptic depression 486,487 . However, the nature of auxiliary subunit modulation of AMPAR kinetic properties, and its effects on HF-STP, must be interpreted with caution since conflicting results of GSG1L action in heterologous systems and endogenous complexes have been reported. This disparity could potentially stem from the complexity of endogenous systems, where AMPARs might concurrently engage with other auxiliary subunits, thereby altering the collective impact on AMPAR functionality. The elevated expression of GSG1L could potentially reshape the composition of auxiliary subunits linked to AMPARs, thereby indirectly influencing their kinetics and trafficking characteristics.

Altogether, we demonstrate that GSG1L has a strong impact on HF-STP profiles. It has the potential to shape both AMPAR desensitization kinetics as well as mobility. As such, it is a good candidate to mediate the synapse-specific effect of AMPAR mobility on HF-STP.

Role of AMPAR mobility in synaptic calcium dynamics and signal integration

Calcium plays a crucial function as a secondary messenger in the process of synaptic plasticity, facilitating biochemical signaling and morpho-structural alterations. It initiates subsequent signaling pathways both within the dendritic spines and throughout the entire neuron and thus, determines synaptic weight 488 . A basic principle of Ca 2+ signaling is that a change in intracellular Ca 2+ concentration results in a cellular response 489 . In non-stimulated neurons, the cytosolic concentration of Ca 2+ is ~100 nM and reaches 0.5 -1 μM upon stimulation 489 . Postsynaptic Ca 2+ influx links synaptic transmission with cellular functions including synaptogenesis, long-term synaptic plasticity, membrane protein trafficking, gene expression or cell death 490 . Within PNs of the neocortex and hippocampus, the activation of NMDARs located within the PSD by synaptic input, triggers an influx of Ca 2+ into the spine head associated with the active synapse 490 . This Ca 2+ influx, further supported by VGCCs or internal Ca 2+ stores, contributes to dendritic electrical signaling, resulting in postsynaptic depolarization, thus in signal propagation. Moreover, postsynaptic Ca 2+ plays a pivotal role in activating a variety of downstream calcium-sensing proteins including: CaMKII, small conductance Ca 2+ -activated potassium channels, calcineurin, and calpain. These proteins govern numerous aspects of neuron and synapse function and regulate both LTP and LTD, and are thus crucial for determining the strength of synaptic connections. Therefore, Ca 2+ is a central signaling molecule within the spine with the capacity to regulate multiple elements within both synapses and cells.

As mentioned, in dendritic spines there are typically 3 sources of postsynaptic Ca 2+ entry: NMDARs, VGCCs and internal Ca 2+ stores. However, the activation of both NMDARs and VGCCs requires subthreshold depolarization of the membrane which is provided by AMPARs 490 . Therefore, indirectly, AMPARs are crucial regulators of postsynaptic Ca 2+ influx that provide subthreshold depolarization of the membrane that allows to relieve the Mg 2+ block of NMDARs and activate VGCCs.

Here, we found that upon HF-STP stimulation, calcium transients in dendritic spines are largely reduced following AMPAR cross-link. This points towards a crucial role of AMPAR mobility in determining the postsynaptic Ca 2+ signaling and synaptic strength during HF-STP. This could result in an impairment of downstream Ca 2+ signaling. For example, decreased postsynaptic Ca 2+ concentrations could lead to a decreased CaMKII phosphorylation and thus promote LTD preferentially to LTP. Moreover, decreased postsynaptic Ca 2+ concentration also leads to a reduced membrane depolarization and reduced efficiency of signal propagation. Altogether, aberrant Ca 2+ influx leads to a defective postsynaptic response to a given presynaptic input frequency. Given the fundamental roles of short-term synaptic plasticity in maintaining synaptic equilibrium, preventing excessive potentiation/depression of synapses, as well as its involvement in information transfer and circuit dynamics 3 , disruption in proper synaptic Ca 2+ signal integration can lead to dysregulation of entire neural networks. Short-term plasticity is a mechanism that adjusts the strength of incoming signals based on recent activity. Dynamic synapses provide information not only about how often a neuron fires but also about the temporal history of presynaptic spikes. Facilitating synapses exhibit optimal data transmission at 9 -70 Hz.

The role of facilitation in information transfer within the hippocampus during high-frequency burst activity is critical 3 . However, if facilitation causes the receiving neuron to fire at its maximum rate, information will be lost. It has been proposed that neural circuits align the characteristics of presynaptic facilitation with the dynamic range of postsynaptic neurons, ensuring an optimal coding 491 . This ensures that the neuron can effectively process information without being overwhelmed. In neuronal circuits where both excitation and disynaptic inhibition are significant, the effects of short-term plasticity become more complex. For example, in the hippocampus, the interplay between facilitation and feed-forward inhibition might have a crucial role in how spatial information is encoded 3 . Altogether, HF-STP is essential for tuning postsynaptic response to the frequency of presynaptic input as well as maintaining the excitation/inhibition balance within neural networks. Indeed, we found that following AMPAR cross-link, neuronal spiking in the CA1 of OHS is reduced, suggesting impaired neuronal network activity and integration. This implies that AMPAR mobility is not only crucial for correct Ca 2+ signal integration within dendrites but also for proper neural network activity.

In a broader picture, these functions of AMPAR mobility in HF-STP could contribute to the regulation of higher brain functions. It has been proposed that HF-STP is involved in working memory and decision making, where the strength of connections between neurons undergoes rapid modifications through synaptic facilitation, to incorporate new information that is being presented to the network 382,492,493 .

Following that, stored information can be retrieved by introducing a network-wide non-specific input. This input, while mostly subthreshold for non-facilitated synapses, triggers the firing of facilitated synapses.

AMPAR mobility dependent control of synaptic weights during HF-STP could thus regulate proper signal integration and information storage.

AMPAR surface mobility is crucial for maintaining physiological dendritic calcium transients during high-frequency synaptic transmission as well as signal integration within individual neurons and neural networks.

AMPAR diffusion trapping tunes HF-STP profiles during LTP

AMPAR mobility has been shown to be regulated through a variety of physiological processes including LTD induction 352 , CaMKII activation [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] , chemical LTP induction [START_REF] Petrini | Endocytic trafficking and recycling maintain a pool of mobile surface AMPA receptors required for synaptic potentiation[END_REF]318 or corticosterone administration 246,258 . Here, we used CaMKII diffusional trapping of AMPARs to examine whether mobilitydependent regulation of HF-STP can be found also in a physiological context. We used a newly developed photoactivatable CaMKII 366 expressed postsynaptically. We found that paCaMKII photo-stimulation had a bidirectional effect on structural synaptic plasticity, producing either structural LTP or LTD. This is consistent with findings supporting the notion that CaMKII can elicit both LTP and LTD based on the frequency of the input signal through varying levels of autophosphorylation in the holoenzyme 309,351 . The degree of AMPAR surface diffusion was correlated with the level of eLTP/eLTD observed, with higher receptor immobilization in potentiated spines, confirming the CaMKII induced diffusion trapping of AMPARs. This implies that CaMKII activation, typically downstream of LTP induction, results in physiological AMPAR immobilization.

We also found that the level of synapse facilitation was correlated with eLTP/eLTD degree.

Synapses displaying eLTP had decreased synaptic facilitation during the 3 min following paCaMKII activation. Impaired synaptic facilitation following CaMKII activation has been reported previously 348 , but not linked to receptor mobility. Here, we show that CaMKII activation postsynaptically regulates HF-STP by promoting AMPAR trapping in synaptic sites. It's noteworthy that LTP associated structural spine enlargement can trigger calcium independent increase in presynaptic glutamate release through mechanosensory mechanisms 373 , which could also contribute to the paCaMKII activation dependent effects on HF-STP. Moreover, we observed that synaptic depression is increased in L4 -L2/3 of S1 in acute brain slices following LTP induction with a pairing protocol. This transient change in HF-STP was visible for up to 5 min after LTP induction, in agreement with the paCaMKII data. This is in line with existing models that describe the trafficking of AMPARs during LTP, where the surface mobility and diffusion trapping of AMPARs play a vital role in the initial stages of LTP. However, as LTP progresses, the supply of AMPARs is predominantly facilitated through the exocytosis of newly synthesized or recycled receptors 318 . Again, increased synaptic depression following LTP induction was described before, however not linked to receptor mobility 347 and often interpreted as evidence for presynaptic LTP 345,346,349 . However, here, we demonstrate that while activating paCaMKII, a postsynaptic mediator of LTP, we observe both receptor immobilization and increased synaptic depression. This supports the hypothesis that LTP induction results in an immobilization of postsynaptic AMPARs via CaMKII activation. Through this postsynaptic mechanism, AMPAR immobilization results in an increase in synaptic depression. These findings point towards the physiological significance of our NA cross-linking approach. We currently lack evidence to establish a direct correlation between the synaptic immobilization and/or rearrangements induced by NA cross-linking and the immobilization mechanisms observed under physiological conditions. Despite not observing changes in the nano-organization of synapses with dSTORM imaging following NA binding, we anticipate that NA cross-link impacts the nano-organization of synapses by reducing the number of nonclustered/single receptors in the extrasynaptic and perisynaptic regions. This is due to NA high-affinity binding to receptors, leading single bound receptors to diffuse until they encounter another receptor and form a cluster. In contrast, physiological immobilization, such as that occurring after CaMKII activation, functions as a trapping mechanism predominantly within synaptic sites [START_REF] Opazo | CaMKII triggers the diffusional trapping of surface AMPARs through phosphorylation of stargazin[END_REF] . However, there is no positive or negative evidence at this point regarding a CaMKII induced nanoscale reorganization of AMPAR. In any case, given the similar effects of NA cross-link, paCaMKII activation, and LTP induction on both AMPAR mobility and HF-STP, we would like to suggest that NA cross-linking is not only an artificial tool for manipulating AMPAR mobility in situ, but also closely mimics mechanisms found under physiological conditions.

We have previously shown that the induction of chemLTD results in increased AMPAR mobility and synaptic facilitation 352 . Similarly, here, we observe that in spines where paCaMKII activation results in eLTD, we observe an increase in AMPAR mobility and synaptic facilitation. This implies that AMPAR mobility tunes postsynaptic HF-STP following LTP and LTD induction. This is likely a homeostatic synaptic mechanism that prevents excessive potentiation/depression of synaptic connections. In the context of LTD, this mechanism could be important to maintain neural network activity. In the context of LTP, if postsynaptic synapses would be over potentiated, at some point the postsynaptic cell would fire at its maximum, and any presynaptic information above that would be lost. Thus, HF-STP tunes the postsynaptic output and extends the range of response to presynaptic input, allowing correct information transfer within neural network during plasticity mechanisms.

Our data suggest that increased synaptic depression following LTP induction is regulated by CaMKII-dependent diffusion trapping of AMPARs. This limits the exchange of desensitized receptors in synapses during high-frequency synaptic transmission, and thus, promotes synaptic depression. This mechanism is a potential avenue for the synapse to maintain equilibrium and prevent excessive potentiation and excitability after LTP induction. Vice a versa, during LTD, increase in receptor mobility favors synaptic transmission during bursts of activation.

Altogether, we have demonstrated that AMPAR surface mobility is an important contributor to regulating HF-STP in situ. This is yet another evidence for the involvement of postsynaptic mechanisms in shaping HF-STP, and another reason why paired-pulse recording, applied widely to assess presynaptic changes during experimental paradigms, should be used with caution. We show that the mobility-dependent effect on HF-STP is synapse-specific and that in different synapse types, glutamate release, AMPAR mobility and desensitization contribute differentially to shape HF-STP. Moreover, we demonstrate that AMPAR mobility dependent regulation of HF-STP is critical for signal integration in cells and neural networks. Physiologically, AMPAR immobilization occurs following LTP induction. We hope this work we'll bring us closer to the full understanding of mechanisms of short-term plasticity induction and maintenance. Provided AMPAR NA cross-link is an efficient tool to regulate AMPAR mobility also in vivo [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] , it could be used to impair HF-STP in a cell-specific and acute way, and study its role in brain function.

Developmental change in HF-STP

In the course of this project, we have observed substantial differences in the effect of AMPAR mobility on HF-STP in the SC -CA1 pathway between organotypic and acute brain slice preparations. The immobilization of AMPARs in the CA1 of organotypic slices strongly impaired synaptic facilitation (Figure 17f i and Supplementary Figure 1), whereas in acute brain slices, in the same conditions, we only observed modest, non-significant reduction in facilitation (Figure 20c e and Supplementary Figure 5). Our first hypothesis for the interpretation of these results was that there could be developmental differences between the models, that could account for the discrepancies. Organotypic slices are prepared from P5 -8 animals and typically cultured for 10 -15 days before the experiment. It has been shown previously that the development of synaptic transmission and connectivity within organotypic slices follows normal development found in acute slice preparations from animals in the same age 480 . That would suggest that at the time of the experiment, the network development should correspond to animals aged P15 -20.

We observed that at some synapses, in this case immature CA1 synapses, cross-linking AMPARs can increase synaptic facilitation. It is the first time that we or others make this exciting observation. This difference could depend on a difference in Pr, since we observed increased synaptic depression after immobilization in L2/3 that have a high Pr, whereas juvenile SC -CA1 synapses typically have a lower Pr 476 . However, our juvenile experiments were performed in an already artificially elevated Pr condition, which excludes the difference in initial Pr as an explanation for the observed higher synaptic facilitation upon cross-link. Potentially, AMPAR immobilization could lead to increased synaptic facilitation by increasing presynaptic glutamate release during HF-STP. We have not yet looked directly at differences in glutamate release upon AMPAR cross-link between P15 and young adult mice, an experiment in essence to investigate the underlying mechanisms. At this point we could only hypothesize about the mechanisms underlying the developmentally regulated difference in mobility effect on HF-STP 281 .

One possibility is that AMPAR cross-linking has a secondary effect on presynaptic glutamate release. In that case, cross-linking GluA2 containing AMPARs would induce changes in presynaptic glutamate release resulting in synaptic facilitation. The underlying mechanism would have to meet several criteria. First, the cross-linking of surface AMPARs would have to trigger the reorganization of the postsynapse. That reorganization would have to lead to a change in trans-synaptic complex organization that would then alter glutamate release. Alternatively, postsynaptic reorganization could lead to changes in secondary messenger release from the postsynapse. Finally, this would lead to facilitating glutamate release during HF-STP trains. Moreover, those effects would have to be specific to a developmental stage. At this point, and with the current knowledge on synaptic and trans-synaptic nano-organization, it is very hard to determine what could be the mechanisms linking receptor mobility and presynaptic glutamate release. It is possible that the clustering of AMPARs leads to the re-organization of adhesion molecule interactions, that could result in structural rearrangements of the presynaptic active zone and postsynaptic density, or trigger other signaling cascades involved in regulating glutamate release (Figure 28b). Amongst the potential candidates that could mediate these interactions are Neuroligin and N-Cadherin. The first interacts with the postsynaptic protein PSD-95, and presynaptic β-Neurexin. This interaction has been shown to alter presynaptic glutamate release by increasing the sensitivity to presynaptic Ca 2+426 . The latter has been demonstrated to promote paired-pulse facilitation 425 . Moreover, N-Cadherin has been shown to directly interact with GluA2 subunit of AMPARs 207 . This is of particular interest because a direct interaction between AMPARs and adhesion molecules could provide a direct link between potential NA cross-link induced synaptic reorganization and presynaptic glutamate release. Amongst other potential direct binders of AMPAR that could mediate such an interaction are β3-integrin 208 or the secreted protein Noelin 213 (Figure 28b3).

On that note, structural rearrangements of the trans-synapse or the binding of NA to AMPARs alone, could also affect glutamate release through mechanical transmission 499 (Figure 28b). Ucar et al. have shown that glutamate release can be increased in glutamatergic synapses following spine growth 373 . This mechanism depends on simple mechanical force of a growing spine pushing on the presynaptic bouton.

Interestingly, the increase in release is calcium independent. The interaction of NA (6 nm) with AMPARs in the synaptic cleft might create a spatial hindrance, exerting pressure on the presynaptic terminal and modifying glutamate release. Consequently, the influence of this mechanical force on release would be dependent on the dimensions of the synaptic cleft, which could potentially vary across developmental stages and types of synapses.

One potentially interesting hypothesis involves the presynaptic NMDARs (Figure 28b2). These receptors have been shown to be expressed in a brain region and development-specific manner [500][501][502][503] .

Presynaptic NMDARs can be activated by tonic or synaptically released glutamate. Pre-NMDARs have the potential to control the release of neurotransmitters through various mechanisms. These include facilitating calcium influx, which directly leads to the release of synaptic vesicles through exocytosis. They can also depolarize terminals to activate VGCCs, indirectly triggering the release of transmitters. Additionally, pre-NMDARs can influence intracellular signaling pathways downstream, potentially through metabotropic effects that are separate from ion flux 500 . Interestingly, in the SC -CA1 of the hippocampus, the expression of pre-NMDARs is age-dependent with a decrease in number of pre-NMDARs with development 503 . This could explain why synaptic facilitation upon immobilization would be visible only in P15 animals, where upon high-frequency activity, postsynaptically released glutamate would activate pre-NMDARs, these would increase Ca 2+ influx into the presynapse and glutamate release. Other retrograde signaling molecules including BDNF, NOS or neuropeptides could be involved in this regulation [504][505][506] as well. However, at this point we don't have an explanation on why AMPAR immobilization could potentiate any of these pathways. In order to get a better grip on the mechanisms linking AMPAR immobilization with presynaptic functions it would be necessary to first analyze the detailed impact of NA cross-link on synaptic and transsynaptic nano-organization in different synapse types and at different developmental stages. We have performed dSTORM following NA cross-link in dissociated hippocampal neuronal cultures and found no impact on AMPAR nano-organization. However, this can be different in intact tissue models, as well as other cell types. Moreover, we only looked at AMPAR nano-organization, having no insight into the alignment of nanocolumns or trans-synaptic complexes. Such a complex structural analysis with superresolution microscopy in intact tissue is still a technological challenge that needs to be met.

The synapse-specific facilitating effect of AMPAR immobilization on HF-STP

Following on our observations about the synapse-specific effects of AMPAR mobility on HF-STP in the L4 -L2/3 and SC -CA1 synapses, we wanted to examine if any further differences could be found when looking at synapse types with drastically higher or lower Pr. Typically, the release probability in the L4 -L2/3 synapses is very high 463 , whereas SC -CA1 synapses have a lower and more heterogenous Pr 417 . We thus wanted to expand our analysis to synapses with different Pr and HF-STP profiles. We examined the effect of NA cross-link on HF-STP in the mossy fibre -CA3 synapses where the release probability is very low [507][508][509] , and the synapse facilitates greatly 455,481 . We also looked at the effects of AMPAR immobilization in the dentate gyrus granule cells, that receive projections from two different pathways, each displaying different Pr and HF-STP. The lateral perforant path synapses typically have a lower Pr and display paired-pulse facilitation, in contrast to medial perforant path synapses, that have a higher Pr and paired-pulse depression [START_REF] Petersen | Electrophysiological identification of medial and lateral perforant path inputs to the dentate gyrus[END_REF]510 . However, based on our HF-STP trains whole-cell patch-clamp recordings, both pathways display strong synaptic depression (with 50 Hz stimulation frequency) when exposed to train instead of paired stimulation. We would expect that in the low release probability synapses, receptor desensitization, as well as mobility, would have a smaller effect on HF-STP, since the small initial release minimizes the probability of receptor desensitization. Indeed, we observed no effect of immobilization on HF-STP trains of high frequencies (50 Hz & 20 Hz) in the MF -CA3 synapse. However, with the 100 ms ISI, NA cross-link resulted in increased synaptic facilitation. Once again, we observed that AMPAR immobilization had an opposite effect on HF-STP than what could be expected. In this case the regulation seems to not only be synapse-specific, but also specific to a certain frequency of activity. This again could suggest the involvement of trans-synaptic complexes and retrograde signaling in HF-STP regulation. In fact, trans-synaptic modulation of short-term plasticity has been shown to be an important factor regulating post tetanic potentiation at the MF -CA3 synapse 433 . According to the proposed model, increase in postsynaptic Ca 2+ concentration triggers postsynaptic glutamate release, that in turn activates presynaptic mGluR2 receptors. Those, located primarily extrasynaptically, inhibit the adenylyl cyclase and decrease cAMP generation, which results in decreased presynaptic glutamate release 433 . The authors have also demonstrated that the postsynaptic Ca 2+ influx that mediates this regulation relies on postsynaptic VGCCs.

Since we observe a reduction in synaptic Ca 2+ transients after AMPAR immobilization (Figure 22a -b), one could speculate that this could also limit the postsynaptic glutamate release, activation of presynaptic mGluR2 and inhibition of release. This could explain why we observed an increased synaptic facilitation after NA cross-link in the MF-CA3 synapse (Figure 28c). However, one lacking and crucial experiment to complement this study is to image changes in glutamate release upon NA cross-link in the MF -CA3 synapse, an experiment that is currently ongoing.

fully grasp what is happening. I demonstrate that AMPAR surface mobility can regulate HF-STP in a highly input-specific and bidirectional manner. The dentate gyrus data demonstrates, that the specificity of the effect does not only differ between cell types, but also between synapses made onto the same neuron. This adds another level of complexity to the understanding of synapse specific regulation of synaptic transmission. This combined with the recent findings of release probability variances among synapses on the same cell 113 , offers highly input specific frequency filtering properties to neurons and neural networks. (c1) Condition without NA cross-link, when postsynaptic Ca 2+ levels are high, which leads to postsynaptic release of glutamate, activation of presynaptic mGluRs, and a reduction in presynaptic release. (c2) after NA cross-link Ca 2+ influx into the synapse is reduced, thus postsynaptic glutamate release is blocked. Presynaptic mGluRs are not activated which promotes presynaptic glutamate release.

Conclusions and future directions

Over the 4 years I spent working on this project, I was able to establish that AMPAR mobility is an important postsynaptic factor in shaping HF-STP in situ. The regulation occurs through dynamic replacement of desensitized receptors in synaptic sites. I hope that my findings will emphasize the overall importance of postsynaptic mechanisms in short-term plasticity induction and maintenance. However, things turned out to be more complex. We found that the effect of mobility on HF-STP is strongly synapsespecific. It is also shaped and influenced by other components including presynaptic release probability and the kinetics of the receptor. We also identified that AMPAR mobility during HF-STP is of physiological importance as it regulates Ca 2+ transients in dendritic spines as well as network activity in the CA1 hippocampal area. We were also able to reproduce these findings using a physiological immobilization approach -LTP induction. Altogether this implies that AMPAR mobility-dependent regulation of HF-STP is a physiologically relevant mechanism that controls synaptic strength in tissue. We have also proposed GSG1L as a molecular player that would determine the susceptibility of a given synapse to AMPAR mobility-dependent HF-STP regulation. We observe that GSG1L overexpression increased, and KO decreased synaptic depression. However, the effects of GSG1L overexpression and KO were similar on AMPAR mobility, and the literature on its impact on AMPAR kinetics is conflicting. Further work on understanding the effects of GSG1L on HF-STP is required. First, we will measure the effects of overexpression and KO on AMPAR kinetics using outside-out patch recordings and glutamate application.

Next, we will determine if GSG1L KO doesn't affect glutamate release using the iGluSnFR sensor and 2photon imaging. Finally, the effects of other auxiliary proteins on AMPAR mobility-mediated HF-STP regulation should be examined. Given that HF-STP is influenced by numerous variables such as receptor kinetics and diffusion, and since auxiliary subunits have distinct effects on these factors, alongside the varying receptor-subunit assembly ratios, there exists significant potential for diverse auxiliary subunit configurations to interact with AMPARs at varying rates. This, in turn, could lead to a wide spectrum of responses in postsynaptic HF-STP.

To add further complexity to the mechanism, I observed that in some synapse types (MF -CA3, LPP -DG), NA cross-link can reduce synaptic depression (or increase synaptic facilitation). This effect is followed by a change in presynaptic glutamate release profiles during HF-STP. Mechanisms that mediate this effect need to be examined in detail. A comprehensive view on the nano-organization of synaptic, as well as trans-synaptic, molecules between synapse types and developmental stages in situ is necessary to understand how postsynaptic reorganization can affect presynaptic release. These findings open an interesting and unexplored avenue for studying trans-synaptic signaling in synaptic transmission.

The AP-GluA2 KI mouse, combined with the molecular toolkit we developed, offers unprecedented opportunity to tune AMPAR mobility in tissue, but also in vivo. In light of our current findings demonstrating the importance of AMPAR mobility in HF-STP, we think that these tools can be widely used to study the role of HF-STP in higher brain-function. Our toolkit allows to specifically block AMPAR surface diffusion in selected cellular populations. Concurrently, we are developing photoactivatable AMPAR cross-linkers, which are not only exclusive to chosen neuronal populations, but also activated at selected time points and reversible. This will hopefully expand our understanding on the roles of short-term plasticity in information processing and memory. remarkable legacy still going strong. J Physiol. 590, 2569-2570, doi:10.1113/jphysiol.2012.233411 (2012).
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Figure 1 .

 1 Figure 1. The Edwin Smith surgical papyrus (on the left) dating from the 17th century BS contains the earliest notion of the brain in human records. Adapted from van Middendorp et al. 2010 18 . The word brain in ancient Egyptian (on the right). Adapted from Sandrone 2013 19 .

Figure 2 .

 2 Figure 2. (a) Illustration from Ramon y Cajal showing dendritic spines from cerebellar Purkinje cell. Adapted from Yuste, 2015 37 . (b) Early electron micrograph of a section through a dendrite and its environment in the rat brain. Marked as T1, T2, T3 and T4 are presynaptic terminals. Adapted from Palay, 1956 34 . (c) Electron micrograph of a cryo-fixed mouse neuropil. A synapse with visible synaptic vesicles in the presynaptic compartment and an electron dense area on the postsynaptic membrane -the postsynaptic density is shown. Adapted from Korogod et al. 2015 38 .

Figure 4 .

 4 Figure 4. Proposed mechanism for synaptic vesicle docking and undocking at rest and during activity.Synaptic vesicle docking and undocking during periods of rest and activity are illustrated in three different scenarios.In the middle row, under steady-state conditions, SVs reversibly dock and undock. This occurs as the trans-SNARE complex undergoes tightening and loosening, enabling vesicles to shuttle between a "docking site" and a replacement site. When calcium binds to Syt1, the docked vesicles undergo fusion. In the top row, a "two-step" release mechanism is shown. Initially, calcium binding to specific calcium sensors induces docking, followed immediately by fusion. This process may lead to asynchronous release of vesicles. Although Syt1 is depicted in this illustration, other calcium sensors with higher affinities may also play a role in mediating docking or fusion during the two-step release. The bottom row demonstrates how docking is enhanced during periods of activity. High-affinity calcium sensors, such as Syt3 and Syt7, and possibly other signaling molecules, drive vesicles into the docked state or stabilize them there. This biasing of the reaction coordinate towards docking ensures a higher number of docked vesicles available for the subsequent round of fusion. Consequently, this process leads to synaptic potentiation and increased resistance to synaptic depression. Adapted fromKusick et al. 2022 84 . 

  step 6). Two models of endocytosis emerged from classical ultrastructural analysis of frog neuromuscular junctions. The first model proposed a slow endocytic pathway occurring away from AZ through clathrin scaffolds,

Figure 6 .

 6 Figure 6. Glutamatergic receptors.Groups of ionotropic and metabotropic glutamatergic receptors with corresponding subunits. From the top left clockwise: structure of heterotetramer AMPAR -GluA1 (light blue)/GluA2 (dark blue) (PDB: 6QKZ) 137 ; structure of heterotetramer NMDAR -GluN1 (light blue)/GluN2B (dark blue) (PDB: 5FXK) 138 ; structure of dimeric mGluR5 (PDB: 6N52) 139 ; structure of homotetrameric GluD1 (PDB: 6KSP) 140 ; structure of heterotetramer KAR -GluK2 (light blue)/GluK5 (dark blue) (PDB: 7KS3) 141 .

Figure 7 .

 7 Figure 7. Excitatory PSD organization.(a) Scheme of the organization of postsynaptic proteins in a mammalian excitatory synapse. Adapted from: Kim & Sheng, 2004 158 . (b) Quantitive 3D model of a dendritic spine, the PSD and spine neck. (c) Overview of average copy number per spine of 110 proteins in hippocampal neurons. (d) Overview of copy number per category. (b -d) Adapted from Helm et al. 2021 172 .

Figure 8 .

 8 Figure 8. Synaptic nano-organization.(a) dSTORM images of endogenous glutamatergic receptors. From the left AMPARs, NMDARs and mGluR5. Adapted from Goncalves et al. 2020 188 . (b) Dual-color dSTORM images of trans-synaptic nanocolumns. Images of GluA2 containing AMPAR labelled with Alexa 532 nm and RIM labelled with Alexa 647 nm. Adapted from Haas et al. 2018 182 .

  that these homo-or heterotetramers, via an interaction with a network of proteins, anchor AMPAR complexes in postsynaptic membranes, and thus, determine their density and organization 213 . Impairment of this Noelin-based anchoring led to a cell-type specific decrease in surface AMPAR numbers as well as disrupted long-term synaptic plasticity in the CA3 -CA1 pathway. Finally, secreted factors, including retrograde synaptic signals, such as Wnt7a, BDNF or endocannabinoids could affect trans-synaptic alignment as well 194 .

Figure 9 .

 9 Figure 9. Trans-synaptic organization.(a) Top: 3D tomogram of the protein complexes in side view; Bottom: molecular components that make trans-synaptic complexes in relation and their distribution in relation to the center of the PSD. (b) Three hypothesized mechanisms for trans-synaptic alignment. From the left: interactions between synaptic adhesion molecules, interactions between cleft proteins and VGCCs or postsynaptic receptors, secreted signals for retrograde or anterograde signaling. Adapted from Biederer et al. 2017 194 .

Figure 10 .

 10 Figure 10. AMPAR surface mobility.(a) Representative trajectories of AMPARs labelled with latex beads in proximity of presynaptic sites labelled with FM1-43 (green) in cultured hippocampal neurons. Diffusive movements in blue and confined movements in red. Adapted from Borgdorff & Choquet, 2002 5 . (b) Images of high-resolution uPAINT of AMPAR surface mobility with individual AMPAR trajectories of immobile receptors (left) mostly present in nanoclusters (yellow circle), and mobile receptors (right), enriched outside nanoclusters. Adapted from Compans et al. 2016 176 . (c) Distribution of AMPAR diffusion coefficients in spines. Approximately 30-50% of receptors are mobile with a D > 0.01μm 2 /s. Adapted from Choquet, 2018 248 . (d) Representative multi-photon image in vivo of a bleached spine and fluorescent recovery in a layer 2/3 visual cortex dendrite. The cell is expressing cytosolic DsRed (magenta) and SEP-GluA1 (green). Adapted from Chen et al. 2021 246 . (e) Model of AMPAR trafficking in and out of the PSD. (1) Newly synthesized receptors are transported inside the cell in vesicles. (2) Vesicles are exocytosed within the extrasynaptic compartment. (3) On the surface AMPARs move randomly by Brownian diffusion and can be (4) reversibly stabilized through diffusion trapping in the PSD. (5) Diffusing receptors are internalized in the extrasynaptic compartment through clathrin-dependent endocytosis. (6) Endocytosed receptors can be recycled back through exocytosis. Adapted from Choquet, 2018 248 .

  Amongst them, the most commonly used blocker of AMPAR desensitization -cyclothiazide, prevents desensitization stabilizing the dimer interface 286 . The dimer interface is similarly stabilized in the L483Y desensitization resistant AMPAR mutant 286 . On the contrary the ET/YR AMPAR mutants (E713T, Y768R) are stabilized in the desensitized state by stabilizing the closed clamshell state 287 . CX546, another desensitization blocker that we used in our study, binds to the agonist bound receptor and destabilizes the desensitized receptor conformation 288 .

Figure 11 .

 11 Figure 11. Architecture of AMPARs and schematic diagram of AMPAR gating.(a) Structure of a homotetrameric AMPAR composed of GluA2 subunits (PDB 5WEO). Each GluA subunit is colored individually. (b) Schematic of a single GluA subunit. The dashed line represents the CTD which structure is not yet resolved. Adapted from Twomey et al. 2019 289 . (c) Schematic diagram of relationships between the conformational changes at the ligand-binding core, the dimer interface and the ion channel gate. Only two subunits are shown, one in front with the LBD in grey and blue, second one in the back with LBD in pink and purple. Glutamate is shown in red, binding in the cleft between D1 and D2. In the schematic receptors are entering the desensitized state from either a closed or open state. Adapted from Gouaux, 2004 284 .

Figure 12 .

 12 Figure 12. Schematic illustrations of structurally unrelated AMPAR auxiliary subunits and their role in modifying AMPAR properties.Adapted from Hansen et al. 2021 279 .

Figure 13 .

 13 Figure 13. Modulation of AMPAR receptor properties by auxiliary subunits.Adapted from: Hansen et al. 2021 279 .

Figure 14 .

 14 Figure 14. GSG1L localization and function.(a) Cryo-EM map of GluA2-2xGSG1L. Adapted from Twomey et al. 2017 277 (b) Effect of GSG1L on AMPAR kinetics. Top left: example current responses of outside-out patches from HEK cells expressing GluA2 without (black) or with (red) GSG1L to a 100 ms application of 10 mM L-Glutamate. In the middle summary bar graph of AMPAR rate of desensitization and (on the right) rate of recovery from desensitization. In the bottom representative currents demonstrating

Figure 15 .

 15 Figure 15. Different forms of short-term synaptic plasticity.On the top: High-frequency short-term synaptic plasticity that can be divided to synaptic facilitation and depression. On the bottom: post-tetanic potentiation. (a) Synaptic facilitation induced by paired-pulse stimulation and the consecutive time course of facilitation decay. (b) Synaptic depression induced by paired-pulse stimulation and the time-course of recovery from depression. (c) Synaptic facilitation induced by trains of 5 high-frequency stimulations and corresponding normalised responses. (d) Synaptic depression induced by trains of 5 high-frequency stimulations and corresponding normalised responses. (d) PTP induced by a high-frequency tetanus and the time course of the potentiation. All graphs are examples of hypothetical responses. Based on: Regehr, 2012 376 .

Figure 16 .

 16 Figure 16. Overview of postsynaptic mechanisms contributing to HF-STP regulation.(a) From the left: schematic representation of polyamine facilitation, receptor saturation and receptor desensitization in shaping HF-STP. (b) Schematic representation of the role of AMPAR diffusion in shaping HF-STP.

  facility of Neurocentre Magendie (Bordeaux Neurocampus). The H11-Cas9 (The Jackson Laboratory, strain #028239) used for GSG1L knock out experiments, have constitutive expression of CRISPR associated protein 9 endonuclease (Cas9). The animals were bred on a C57Bl6/J background and obtained from homozygote mattings. The AP-GluA2 KI x H11-Cas9 mouse line was obtained by crossing the AP-GluA2 KI line with the H11-Cas9 line. Sprague-Dawley rats used for preparation of primary hippocampal cultures and slice cultures, were bred in the Plateforme In Vivo (PIV) facility of the Interdisciplinary Institute for Neuroscience (IINS). Animals were housed in 12/12 light/dark with ad libitum feeding. Every effort was made to minimize the number of animals used and their suffering. The experimental designs and all procedures were in accordance with the European guide for the care and use of laboratory animals and the animal care guidelines issued by the animal experimental committee of Bordeaux Universities (CE50; animal facilities authorizations A33063941 and A3306940; ethical project authorizations20778- 2019021913051936, 21848-2019083112401921, 38390-2022082913218868).

  5 h, 18 mm coverslips (Marienfeld Superior, #0117580). Neuronal cultures were maintained in Neurobasal™ Plus Medium (Thermo Fisher Scientific) supplemented with 0.5 mM GlutaMAX(Thermo Fisher Scientific; #35050061) and 1X B-27™ Plus Supplement (Gibco; #A3582801). 2 μM Cytosine β-D-arabinofuranoside (Sigma Aldrich, # C1768) was added after 72 h. At DIV7, cells were transfected with the respective cDNAs using a calcium phosphate procedure described in 182 . For the super resolution NA cross-link experiments cells were transfected with AP-mRFP1-GluA1, AP-SEP-GluA2-BirA ER and pTet-on and cultured in the presence of 10 μM biotin (Sigma-Aldrich; #B4501). 100 nM doxycycline (Sigma-Aldrich; #D1822) was added to the culture medium for 24h prior to the experiment. For GSG1L overexpression experiments, neurons were transfected with GSG1L-mNeonGreen or mNeonGreen and pEF1α-Tet3G (transactivator) at DIV3 -4 using Lipofectamine 2000 (Thermo Fisher Scientific, #11668019). Briefly, coverslips were moved to a 12well plate containing 500 μl of fresh supplemented Neurobasal. 1 μg of DNA was mixed with 100 μl of Optimem (Thermo Fisher, #31985070). In a separate Eppendorf 4 μl of Lipofectamine 2000 (Thermo Fisher, # 11668019) was mixed with 100 μl of Optimem. The DNA-containing solution was added dropwise to the Lipofectamine solution and incubated for 10 min in RT. 50 μl of the mix solution was added dropwise on each coverslip, incubated for 45 min in the incubator, and transferred back to respective Petri dish. Gene expression was induced by adding doxycycline (100 ng/ml) for 48 h. Cultures were kept at 37 °C under 5% CO2 up to DIV21. Astrocytes feeder layers were prepared from the similar embryos, plated between 20,000 to 40,000 cells per 60 mm dish and cultured in Minimum Essential Medium (Thermo Fisher Scientific) containing 4.5 g.L -1 glucose, 2 mM GlutaMAX and 10% heat-inactivated horse serum for 14 days.

  5'AC CGCGAAGTTGGCAGCGGTGC. gRNA2: F: 5'ACC CTCACCACGTACTGGTGCCA3'; R: 5'AAC TGGCACCAGTACGTGGTGAG3'. gRNA3: F: 5'ACC TGGCATCTGGTACTCGTGTG3'; R: 5'AAC CACACGAGTACCAGATGCCA3'. All constructs were validated by enzymatic restriction digestion and sequencing. AAV production (serotypes 1/9) was performed in the viral core facilities of the Bordeaux Neurocampus IMN. To validate the gRNAs efficiency in Gsg1l knockout, dissociated mouse cortical neurons were transduced with AAV1 containing each of the gRNAs or scramble gRNA on DIV3 (MOI50K). To validate the genomic cleavage, we used a T7 endonuclease-based method (GeneArt Genomic detection kit, Thermo Fisher Scientific, #A24372). Briefly, after DIV21, neurons were scraped in (PBS phosphate-buffered saline) and centrifuged at 1000 x g for 5 min. Cells were then resuspended in 50 μL of lysis buffer containing 2 μL of protein degrader to extract genomic DNA. Then, PCRs were run to amplify a 595 bp genomic segment around each cutting site. The following pairs of primers were used: gRNA1 and gRNA2: F: 5'CTGCAGGTGTCTCCCCAC3'; R: 5´AGCTCTTCCTCACACGAGTACC3´. gRNA3: F: 5'GTGGCCTTGAACCTGCTG3´; R: 5´CTTTCTCCAGCCCTATCGTAGA3'. After checking the presence of the PCR fragments in an agarose gel, we performed the cleavage assay and Sanger sequencing.

2 MgCl2, 2

 22 CA1 pyramidal neurons were transfected with BirA ER -eGFP, GSG1L-eGFP, eGFP through singlecell electroporation 441 (SCE). To overexpress AMPAR desensitization mutants CA1 PNs were cotransfected with AP-SEP-GluA2 ET/YR-BirA ER or AP-SEP-GluA2 LY-BirA ER , AP-tdTomato-GluA1 and the pTet-on transactivator. Briefly, on DIV3 (unless otherwise mentioned) slices were individually transferred to the chamber of an upright microscope (Nikon, Eclipse FN1). Before starting SCE, the microscope chamber was washed with 70% ethanol and allowed to dry. During SCE slices were immersed in warm Tyrode solution composed of (in mM): 10 D-glucose, 10 HEPES, 120 NaCl, 3.5 KCl, 2 CaCl2, NaHCO3, 1 sodium pyruvate (Thermo Fisher, # 11360070); (pH 7.3, 300 Osm). Patch pipettes (approximately 4-6 MΩ) pulled from glass capillaries (Science Products GmbH, #GB150F-10P) were filled with potassium-based solution containing (in mM): 135 K-gluconate, 0.2 EGTA, 10 HEPES, 4 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na2-phosphocreatine, 3 L-ascorbic acid (pH 7.2, 290 Osm) supplemented with plasmid DNA (10-13 ng/μl). After obtaining loose-patch seals, electroporation was achieved by delivering 4 pulses of 12 V at 1 Hz (pulse-width 0.25 ms) using a constant voltage stimulus isolator (NPI ISO-STIM 01D, Multi-Channel Systems STG 4002, Voltcraft FPS-1132). Upon returning the slices to the incubator the culture medium was supplemented with 10 μM D-biotin (for NA cross-link or NA-labelling experiments) until experiments were performed. For each slice 10-20 cells in the CA1 region were electroporated with a success rate of approximately 50%. Slices were transduced with: BirA ER -Cre + FLEx eGFP, BirA ER -Cre + FLEx mCherry, BirA ER -Cre + FLEx jGCaMP8m, BirA ER -Cre + FLEx iGluSnFR and BirA ER -Cre + FLEx paCaMKII AAV9 at DIV1 by microinjection of the virus(es) (three to ten pulses, 30 ms, 69 kPa) into the CA1 pyramidal cell layer with glass microelectrodes (~1 to 2 MΩ; Science Products, #GB150F-10P) 442 . FLEx eGFP, FLEx mCherry, FLEx jGCaMP8m, FLEx iGluSnFR and FLEx paCaMKII viruses were used at a dilution of 1:10 -1:20 in 1× PBS. BirA ER -Cre virus was used with at a dilution of 1:5000 to 1:20,000. During the procedure, samples were maintained in medium on culture inserts and visualized under a stereomicroscope (Nikon SMZ 745T, Lumenera Infinity1). The microelectrode was positioned with a micromanipulator (Scientifica PatchStar), and viruses were injected using a Picospritzer (Parker Picospritzer III). Upon returning the slices to the incubator the culture medium was supplemented with 10 μM D-biotin (for NA cross-link or NA-labelling experiments) until experiments were performed.

8 - 10 -

 10 week-old AP-GluA2 KI mice injected with AAV9 BirA ER -Cre and FLEx-eGFP into the CA1 or S1 were anesthetized with Ketamine / Xylazine (130 mg and 13 mg/kg respectively) and cardiac-perfused with PBS and 4% PFA. Brains were the isolated and kept in 4% PFA o/n in 4 o C. Brains were then washed 2 times with PBS and left in 30% sucrose / PBS solution o/n in 4 o C. Brains were then washed in PBS and cut in PBS to 70 μm slices with a Leica VT 1200S vibratome. Slices were then blocked with 2% Biotin-free BSA (Roth, #0132.2) / PBS for 2h in RT. Next, slices were incubated with 100 nM NeutrAvidin 550 DyLight (Thermo-Fisher; #84606) or NeutrAvidin 633 (Thermo-Fisher; #22844) in 2% BSA biotin-free / PBS for 2h in RT. Slices were then washed 2 x 10 min with 2% BSA biotin-free / PBS and 1 x 10 min with PBS. Next, they were incubated with 50 mM NH4Cl, washed 3 times with PBS and mounted on microscope slides with Fluoromount-G with DAPI (Southern Biotech; #C0822-P392).

  modify the illumination angle, a TIRF device (Ilas, Roper Scientific) was positioned in the laser path. The fluorescence signal was detected using a sensitive EMCCD camera (Evolve, Roper Scientific). The acquisition of images and control of the microscope were managed through Metamorph software (Molecular Devices, USA). The microscope was caged and heated to maintain the biological sample at 37°C. Neurons expressing mRFP-AP-GluA1 and SEP-AP-GluA2 were identified and low concentration of ATTO647-coupled GFP nanobody to reveal SEP-AP-GluA2 was added to the Ludin chamber. For GSG1L overexpression experiments, a low concentration of ATTO647-coupled anti-GluA2 antibody (provided by E. Gouaux, Portland, USA) was added to the Ludin chamber instead. This allowed for sparse and stochastic labelling of endogenous GluA2-containing AMPARs at the cell surface. The TIRF angle was adjusted in an oblique configuration to detect the ATTO647 signal at the cell surface and minimize background noise from freely moving ATTO647-coupled antibodies. A low-power 642 nm laser was activated to avoid photo-toxicity while maintaining a pointing accuracy of approximately 50 nm. Three movies, each consisting of 2000 frames at a rate of 33 Hz, were recorded to observe the surface diffusion of AMPARs. Single molecule localization, tracking and Mean Square Displacement (MSD) of ATTO647 signals (uPAINT) were computed using PALMTracer software like in Nair et al 2013 178 . From the MSD, the diffusion coefficient (D) corresponding to the global diffusion of the trajectory was calculated by linear fit of the first four points of the MSD plots.

  plate) using jetPRIME® (Polyplus-transfection, #114-01). 10 μM biotin and 40 μM NBQX were added to the cells at the time of the transfection. Cells were mechanically resuspended 1 day after transfection and seeded on PLL-coated coverslips in fresh media supplemented with biotin and NBQX. 2 days after transfection, cells were incubated in HBBS or 100 nM NA DyLight 550 (ThermoFisher, #84606) in HBSS for 20 min at 37ºC. Cells were transferred to the recording chamber, and isolated GFP-positive cells were selected. NA-treated cells were selected based on GFP and DyLight 550 signal. Outside-out patch-clamp recordings were performed at room temperature in HEPES-buffered solution containing (in mM): 138 NaCl,2 KCl, 2 MgCl2, 2 CaCl2, 10 D-glucose, and 10 HEPES (pH 7.4, 317-320 mOsm). Patch pipettes (resistance 4-6 MΩ) were filled with an internal solution containing (in mM): 120 cesium methanesulfonate, 2 NaCl, 2 MgCl2,10 EGTA, 100 HEPES, and 4 Na2ATP (pH 7.4, 312 mOsm). Glu (

  gabazine (Tocris, #1262), 0.002 2-chloroadenosine (Tocris, #3136). High Pr conditions aCSF contained 1 mM MgCl2 and 4 mM CaCl2. Regular Pr conditions aCSF contained 1.3 mM MgCl2 and 2.5 mM CaCl2. The temperature of aCSF was kept at 30-34 °C by an in-line solution heater (WPI). A monopolar glass stimulation electrode, filled with aCSF and connected to a constant voltage stimulus isolator (IsoFlex, A.M.P.I.), was placed in the stratum radiatum of CA1 in OHS or L4 of OCS.Electrode placement and patching was visually guided by observing the preparation with oblique illumination of infrared light through a 40× water immersion objective (Nikon, NIR Apo 40× /0.80W) and 1-2× optical zoom. Patch pipettes(4-6 MΩ) were pulled from borosilicate glass (GB150F-10P, Science Products GmbH) and filled with a cesium-based internal solution composed of (in mM): 135 cesium methanesulfonate (Sigma-Aldrich, # C1426), 10 HEPES (Sigma-Aldrich, #H4034), 4 NaCl, 0.6 EGTA (Sigma-Aldrich, #3889), 0.1 CaCl2, 2 MgCl2, 2 Na2-ATP (Sigma-Aldrich, # A7699), 0.3 Na-GTP (Sigma-Aldrich, # 51120), 3 QX314Cl (Tocris, # 2313) and 0.15 spermine (Sima-Aldrich, #S4264)(pH 7.3, 290 Osm). After obtaining a gigaseal, the cells were opened and maintained at -70 mV holding potential. Analogue voltage signals were filtered online at 10 kHz, digitized at 10 kHz and stored directly to the computer hard disk using an EPC-10 USB controlled by Patchmaster software (HEKA Electronik) from a computer workstation running Windows 10 (Microsoft). To record HF-STP, trains of 5 electrical stimulations (0.3 ms) at different frequencies (20 Hz, 10 Hz, 5 Hz, 2 Hz, 1 Hz) were delivered. The stimulation intensity was adjusted to obtain currents of 50-150 pA amplitudes. Each protocol consisted of 10 sweeps of trains delivered at 0.05 Hz. To calculate the EPSCx/EPSC1 ratio successful sweeps were averaged and the peak amplitude of consecutive EPSCs was measured using Clampfit 10 software (Molecular Devices). To quantify HF-STP profiles, the amplitudes of consecutive EPSCs in a train normalised to amplitude of first EPSCs, were summed and represented as cumulative normalised amplitude. The representative traces were scaled to the amplitude of EPSC1 in control condition. For the AMPAR desensitization blocker experiments 50 μM D-APV (Tocris, # 0106) and 200 μM CX546 (Tocris, #2980) were added to the aCSF. Paired recordings before and after the wash in of CX546were performed. To measure mEPSCs, gabazine in the aCSF was replaced with 100 μM Picrotoxin (Tocris, #1128) and 0.5 μM Tetrodotoxin citrate (Tocris, #1069) was added to the aCSF. Recordings were performed at -70 mV holding potential. For rectification index and IV curve recordings gabazine in the aCSF was replaced with 150 μM Picrotoxin and 50 μM D-APV was added. To record IV curves 10 sweeps of single evoked AMPAR EPSC were recorded and averaged for each holding potential(-70, -60, -40, -20, 0, 20, 40 mV). A linear fit was performed to compute the theoretical EPSC amplitude at +40 mV. The rectification index was calculated as ratio between the theoretical and experimental value of AMPAR EPSC at +40 mV.For the recording of evoked NMDAR currents 150 μM Picrotoxin and 20 μM CNQX (Sigma-Aldrich, #C127) were added to the aCSF and cells were held at +40 mV.For dual patch-clamp recordings in GSG1L overexpression and knockout experiments, transfected and neighboring Wt (unless otherwise mentioned) cells were patched and recorded at the same time with the HF-STP protocol described above. The GSG1L overexpression experiments were conducted in organotypic hippocampal slices. The GSG1L knockout recordings were performed in organotypic cortical slices. Cells in the L2/3 of the S1 were patched and the stimulation was delivered to the L4.For paCaMKII LTP experiments, OHS were cut between CA3 and CA1 and transferred to the microscope chamber perfused with carbogeneted (95% O2, 5% CO2) aCSF composed of (in mM): 126NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 12.1 D-glucose, 1.3 MgCl2, 2.5 CaCl2, 2 μM 2-chloroadenosine at 30 -34 o C. The internal solution was composed of (in mM): 135 cesium methanesulfonate, 10 HEPES, 4 NaCl, 0.6 EGTA, 0.1 CaCl2, 2 MgCl2, 2 Na2-ATP, 0.3 Na-GTP, 10 Na2-Phosphocreatine (Sigma-Aldrich, #P7936). mScarlet-paCaMKII positive neurons were patched. After reaching gigaseal configuration, cells were opened and held at -70 mV. A bipolar glass stimulation electrode, filled with aCSF, and connected to a constant current isolated stimulator (Digitimer Ltd.; #DS3), was placed in the stratum radiatum of CA1, and the amplitude of stimulation was adjusted to obtain currents of 50 -150 pA. Electrode placement and patching was visually guided by observing the preparation with oblique illumination of infrared light through a 40× water immersion objective (Nikon, NIR Apo 40× /0.80W) and 1-2× optical zoom. The 5 min baseline of AMPAR EPSCs was elicited by stimulation at 0.033 Hz. During each sweep a test stimulation and 2 seconds later, a HF-STP train of 5 stimulations at 20 Hz were delivered. Analogue voltage signals were filtered online at 10 kHz, digitized at 10 kHz and stored directly to the computer hard disk using an EPC-10 USB controlled by Patchmaster Next software (HEKA Electronik) from a computer workstation running Windows 10 (Microsoft). Photoactivation of mScarlet-paCaMKII was 30 x 80 ms

  molecular weight cut-off, Slide-A-Lyzer MINI, Thermo Scientific) containing 0.25 ml of avidin Texas red conjugate was included in the storage chamber to quench free-biotin from the slices for at least 45 min. For the crosslink, slices were then individually transferred to a culture insert in a 35 mm culture dish containing 1 ml bicarbonate-containing Tyrode's solution with 100 nM NeutrAvidin and incubated at ambient temperature and atmospheric conditions for 45 min followed by washing in bicarbonate-containing Tyrode's solution before electrophysiology experiments. For the control, incubation was without NeutrAvidin (where the vehicle was Tyrode's solution). Prior to any electrophysiological recordings of electrically evoked synaptic responses, CA3 was cut off to prevent seizures. For patch-clamp experiments, transfected slices were then transferred to the microscope chamber perfused with carbogen (95% O2 / 5% CO2)-bubbled recording aCSF maintained at approximately 30 °C by an in-line solution heater (WPI). The aCSF contained (in mM): 125 NaCl, NaHCO3, 2.5 KCl, 5 CaCl2, 1 MgSO4, 10 D-glucose, 1 sodium pyruvate, and 0.05 D-APV. For whole-cell patch clamp recordings, pipettes (~5 MOhm) were filled with potassium-based intracellular solution containing (in mM): 135 K-methanesulfonate, 4 NaCl, 10 HEPES, 0.06 EGTA, 1 BAPTA, 0.01 CaCl2, 2 MgCl2, 2 Na2-ATP, 0.3 Na-GTP, 0.15 spermine, 0.05 Picrotoxin, (pH 7.3, 280 Osm). Simultaneous field EPSP (fEPSP) recordings were made using patch pipettes filled with aCSF and positioned in stratum radiatum of CA1. For electrical field stimulation, a bipolar electrode fabricated from chlorided silver wires in a theta glass pipette with tip diameter (~10 μm) filled with aCSF was positioned in stratum radiatum of CA1. All electrode placement and patching was visually guided by observing the preparation with oblique illumination of infrared light through a 40× water immersion objective (NIR Apo 40×/0.80W, Nikon) and 1-2x optical zoom. Stimulation (40 μs) intensity and polarity were adjusted using constant current stimulus isolator (IsoFlex, A.M.P.I.) until fEPSPs had an amplitude about ~ 0.05 -0.1 mV. The stimulus was delivered in a paired pulse protocol with 9 sweeps with varying ISI (0.02, 0.06, 0.1, 0.18, 0.34, 0.66, 1.3, 2.58, and 5.14 s) and an intersweep interval of 20 s. Whole-cell recordings were made at holding potential of -80 mV without liquid junction potential correction or series resistance compensation. Analogue voltage signals were filtered online at 5 kHz, digitized at 25 kHz and stored directly to the computer hard disk either using an EPC-10 USB controlled by Patchmaster software (HEKA Electronik) from a computer workstation running Windows XP (Microsoft).

5 2 MgCl2, 2

 522 KCl, 1.25 NaH2PO4, 25 NaHCO3, 12.1 D-glucose, 1.3 or 4 MgCl2, 2.5 CaCl2 (or 1 MgCl2 and 4 CaCl2 for high Pr conditions). A monopolar glass stimulation electrode, filled with aCSF, and connected to a constant voltage stimulus isolator (IsoFlex, A.M.P.I.), was placed in the stratum radiatum of CA1 (hippocampus) or L4 of S1 (cortex).Electrode placement and patching was visually guided by observing the preparation with oblique illumination of infrared light through a 40× water immersion objective (NIR Apo 40× /0.80W, Nikon) and 1 -2× optical zoom. Patch pipettes(4-6 MOhm) were pulled from borosilicate glass (Science Products GmbH, #GB150F-10P) and filled with a cesium-based internal solution composed of (in mM): 135 cesium methanesulfonate, 10 HEPES, 4 NaCl, 0.6 EGTA, 0.1 CaCl2, 2 MgCl2, 2 Na2-ATP, 0.3 Na-GTP, 3 QX314Cl and 0.15 spermine (pH 7.3, 290 Osm). After obtaining a gigaseal, the cells were opened and maintained at -70 mV holding potential. Analogue voltage signals were filtered online at 10 kHz, digitized at 10 kHz and stored directly to the computer hard disk using an EPC-10 USB controlled by Patchmaster software (HEKA Electronik) from a computer workstation running Windows 10 (Microsoft). To record HF-STP, trains of 5 electrical stimulations (0.3 ms) at different frequencies (20 Hz, 10 Hz, 5 Hz, 2 Hz, 1 Hz) were delivered. The stimulation intensity was adjusted to obtain currents of 50-150 pA amplitudes.Each protocol consisted of 10 sweeps of trains delivered at 0.05 Hz. To calculate the EPSCx/EPSC1 ratio, successful sweeps were averaged and the peak amplitude of consecutive EPSCs was measured using Clampfit 10 software (Molecular Devices). The amplitudes of consecutive EPSCs in a train were normalised to the amplitude of first EPSC, summed and represented as cumulative normalised amplitude.The representative traces were scaled to the amplitude of EPSC1 in control condition.For LTP experiments aCSF was supplemented with 100 μM Picrotoxin and the internal solution was composed of (in mM): 135 cesium methanesulfonate, 10 HEPES, 4 NaCl, 0.6 EGTA, 0.1 CaCl2, Na2-ATP, 0.3 Na-GTP, 10 Na2-Phosphocreatine (Sigma-Aldrich, #P7936). To induce LTP in the L4 -L2/3 of the S1, the stimulation electrode was placed in the L4 and the amplitude of stimulation was adjusted to obtain currents of 50 -150 pA. L2/3 PN was patched and held at -70 mV. The 5 min baseline of AMPAR EPSCs was elicited by stimulation at 0.033 Hz. To induce LTP, the holding potential was switched to 0 mV and 50 stimulations at 0.167 Hz were delivered. In control conditions during the induction phase the holding potential was kept at -70 mV and the stimulation frequency at 0.033 Hz. Then, the holding potential was changed back to -70 mV and the AMPAR EPSC was recorded for another 30 min. Every 5 min 4 trains of 5 pulses at 50 Hz were delivered (2 sec after the test stimulation) to measure HF-STP. To monitor the patch quality a test-pulse (5 mV, 10 ms) was delivered at the beginning of each sweep. Only recordings with Rs<30 MΩ and where the Rs and Rm change throughout the recording was <25%, were analysed. To analyse HF-STP, each 4 sweeps with trains were averaged and analysed as described above.

  dual scan-head 2-photon microscope (Femtonics) mounted on a BX61WI stand (Olympus) under a CFI Apo LWD 1.1 numerical aperture 25× 2.0-mm objective (Nikon). Chameleon Vision II or Ultra II laser (Coherent) were used. For 2-photon excitation, laser power was modulated by 2 Pockel cells (Conoptics).Imaging was done through the galvo scanner or resonant scanner pathway. Fluorescence was collected on 2 upper and optionally on 2 lower NDD GaAsP photomultiplier tubes (PMTs) with green and red emission filters (Hamamatsu). The microscope was equipped with an electrophysiology system consisting of an Axon Instruments MultiClamp 700A amplifier and Digidata 1550A digitizer (Molecular Devices), a DS3 isolated current stimulator (Digitimer) and SM-5 micromanipulators (Luigs & Neumann). The microscope was controlled with MES (v 6.6.12344) or MESc (v 4.0.2.11689) software (Femtonics) running in MATLAB (v 7.5.0.342, MathWorks) and the electrophysiology system was controlled with the pCLAMP 10.7 software suite (Molecular Devices). The imaging chamber was maintained at 30-34°C with an in-line heater (TC-324C, Warner Instruments) and perfused with aCSF, which was equilibrated with carbogen and perfused at a rate of 1.7 ml/min. For high PR iGluSnFR experiments aCSF contained (in mM): 12.1 Dglucose, 126 NaCl, 2.5 KCl, 1 MgCl2, 4 CaCl2, 25 NaHCO3, and 1.25 NaH2PO4 (300 mOsm). For normal PR iGluSnFR and synaptic jGCaMP8m experiments aCSF contained (in mM): 1.3 MgCl2 and 2.5 CaCl2.For spontaneous jGCaMP8m experiments aCSF contained (in mM): 1.3 MgCl2, 2.5 CaCl2 and 3.5 KCl. For NA cross-linking experiments, organotypic slices were incubated for 20 min in 1% BSA-Tyrode's (as above) with or without 100 nM NA before being transferred into the imaging chamber, and acute slices were perfused in the imaging chamber with aCSF with or without 100 nM NA for 20 min. Slices were equilibrated in the chamber for approximately 30 min before imaging experiments and maintained in the imaging chamber for up to 2 hours. Illumination power ranged from ~5 to10 mW. Line and area scans were done with the galvo scanner for 1.2 s at 500 Hz for iGluSnFR imaging or 4 s at 30 Hz for jGCaMP8m synaptic imaging, and HF-STP trains (5x or 10x at 20 Hz) were delivered using a bipolar glass stimulation electrode filled with aCSF and positioned ~5-30 µm from the spine. Stimulation amplitude was typically 20 -150 µA. 3-10 replicates per spine were acquired at a rate of ~0.017 Hz and the spine ROI was manually repositioned between each acquisition to offset 3D drift. For jGCaMP8m spontaneous imaging, 3x 60 s area scans per ROI were done with the resonant scanner at 100 Hz. Peak analysis and detection were done in Fiji (NIH) using custom macros. To quantify glutamate release profiles during HF-STP trains, the amplitudes of consecutive iGluSnFR peaks, normalised to the amplitude of the first peak, were summed and represented as cumulative normalised amplitude. For spontaneous jGCaMP8m data the acquisitions were denoised by 3-fold averaging and a threshold of 2x the standard deviation of the cell ROI was used for peak detection. Response amplitudes were calculated as ΔF/F0 = ((Fpeak -Fbkgd) -(Fbsln -Fbkgd))/(Fbsln -Fbkgd).

  desensitization and surface diffusion in shaping HF-STP in intact neuronal networks, at a canonical central synapse, the Schaffer collateral (SC) input to PNs in the hippocampal CA1 subfield. At this synapse, the majority of surface AMPARs contain the GluA2 subunit269,276 . To manipulate AMPAR surface mobility in situ, we thus took advantage of the AP-GluA2 KI mouse line that we developed[START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF] , where the GluA2 subunit of AMPARs is expressed with a N-terminal biotin Acceptor Peptide tag (AP-tag). Regulated expression of a biotin ligase (BirA ER ) allows cell specific biotinylation of AP-GluA2 and expression of biotinylated receptors on the cell surface. On the day of the experiment, a short incubation (20 min) with tetravalent biotin binding protein NeutrAvidin (NA), which binds to neighboring biotinylated receptors and cross-links them together, allows specific surface immobilization of GluA2-containing AMPARs. Here, we first introduced BirA ER -eGFP into CA1 PNs of organotypic hippocampal slices (OHS) via single cell electroporation (SCE) (Figure17b). Lattice lightsheet microscopy (LLSM) imaging of OHS incubated with fluorescent NA confirmed that NA specifically binds to biotinylated AMPARs on CA1 PNs expressing BirA ER -eGFP, and penetrates well into the tissue (Figure17c -e), consistent with the results of our previous work[START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF] . We performed whole-cell voltage-clamp recordings of CA1 PNs with or without NA cross-link and applied trains of 5 electrical stimulations at 20 Hz to the SC to induce HF-STP. The recordings were performed in elevated extracellular Ca 2+ (4 mM) to maximize presynaptic glutamate release and minimize

Figure 17 .

 17 Figure 17. AMPAR surface diffusion and desensitization regulate HF-STP. (a) Schematic diagram of the involvement of three major factors in shaping HF-STP. Presynaptic glutamate release, AMPAR desensitization and mobility together tune HF-STP. (b) Scheme of the experimental approach. AP-GluA2 KI mice express a biotin Acceptor Peptide tag (AP-tag) on their N-terminus. BirA ER was introduced to CA1 PNs through single cell-electroporation. Whole-cell voltage clamp recordings of trains of 5 stimulations were performed from CA1 PNs in organotypic hippocampal slices treated with tetravalent biotin binding protein NA or vehicle alone. (c) Lattice light sheet microscopy images of BirA ER transduced CA1 PNs labelled with fluorescent NA. On the left XY projection. On the right YZ projection. Scale bar is 10μm. (d) Line scan of a labelled dendrite in Z. (e) Same image color-coded depending on depth. On the left XY projection and on the right YZ projection. Scale bar is 10μm. (f) Exemplary trains of AMPAR EPSCs at 20 Hz induced in the SC -CA1, scaled to peak of first control response ± NA cross-link. (g) Whole-cell voltage clamp recordings of trains ± NA cross-link (N≥13 cells). Plotted amplitude of AMPAR EPSC normalised to first response. Mean ± SEM shown in bold (data on all graphs represented as Mean ±SEM unless otherwise stated). (h) Data from g represented as cumulative normalised amplitude (N≥13 cells; ***P=0.0003; Unpaired t-test). (i) Cumulative normalised amplitude of trains ± NA with different ISI (N≥8 cells; F= 0.0004; ****P<0.0001; **P=0.0074; P≥0.0534; Two-way ANOVA; Fisher's LSD post-hoc test). (j) Exemplary trains of AMPAR EPSCs ± NA cross-link and before and after CX546 application. (k)

Figure 18 .

 18 Figure 18. Measurement of NMDAR currents and glutamate release during HF-STP trains indicates no change in presynaptic glutamate release upon AMPAR cross-link. (a) Exemplary trains of NMDAR EPSCs. (b) Whole-cell voltage clamp recordings of NMDAR EPSCs trains and (c) corresponding cumulative normalised amplitude (N≥11 cells; P=0.4134; Mann-Whitney test). (d) Cumulative normalised amplitude of NMDAR trains with different ISI (N≥10 cells; P≥0.1684; Mann-Whitney test). (e) Scheme of virus infection strategy. On the right: percentage of iGluSnFR positive cells with detectable binding of NA to bAP-GluA2 (N=78/83 cells, 3 slices). (f) 2-photon scans of transduced CA1 PNs. Scale bar is 20μm. (g) 2-photon images of imaged dendrites. Indicated the positioning of the stimulation pipette, imaged spine and line scan area. Scale bar is 5μm. To the right corresponding line scans and iGluSnFR fluorescence changes during 20 Hz trains ±NA cross-link. 5 consecutive acquisitions of the same spine. (h) Changes in

Figure 19 .

 19 Figure 19. AMPAR desensitization mutants are more susceptible to immobilization-dependent HF-STP impairment. (a) Scheme of the experimental approach. Biotinylated tdTomato-GluA1 (AP-tdTom-GluA1), and Tet-on inducible biotinylated SEP-GluA2 (AP-SEP-GluA2) mutants to inhibit desensitization (L483Y, LY) and slow down recovery from desensitization (E713T, and Y768R, ET/YR) were introduced to CA1 PNs by single cell-electroporation for sparse neuronal expression (typically 5 cells per slice). Whole-cell voltage clamp recordings of a paired pulse protocol with varying interstimulus interval (ISI) were performed from CA1 PNs in organotypic slices treated with tetravalent biotin binding protein NeutrAvidin (NA) or vehicle alone. To control for slice-to-slice variability in HF-STP, paired-pulse ratios of fEPSPs (mediated mostly by untransfected neurons) were simultaneously measured using an extracellular recording electrode in stratum radiatum. Synaptic transmission was evoked by a stimulating electrode positioned in stratum radiatum at the border between CA1 and CA2/3 (not shown) in aCSF supplemented with 50 µM D-APV and with 1 and 5 mM of Mg 2+ and Ca 2+ respectively. (b) Exemplary recordings of EPSCs in neurons expressing the ET/YR mutant of biotinylated AP-SEP-GluA2, either in the absence (left) or presence (right) of NeutrAvidin. Matching exemplary control fEPSP recordings are shown below. Traces shown are ensemble averages of multiple trials for each ISI. (c) Group data for the conditions shown in b (N≥8 cells; F=0.0021; ***P=0.0008; **P≤0.0061; *P=0.0160; P≥0.1492; Two-way ANOVA, Fisher's LSD post hoc test). (d) Data representation as in b but for neurons expressing the LY mutant of biotinylated AP-SEP-GluA2, either in the absence (left) or presence (right) of NA. (e) Group data for the conditions shown in d. (N≥11 cells; F=0.4614; P≥0.1597; Two-way ANOVA, Fisher's LSD post hoc test).

Figure 20 .

 20 Figure 20. Effect of AMPAR mobility on HF-STP is synapse-specific. (a) Scheme of the AAV9 constructs used for stereotaxic injections. (b) Widefield images of BirA ER -Cre and FLEx eGFP or FLEx iGluSnFR injection sites in the CA1 and S1. Scale bar is 500 μm. (c) Lattice lightsheet microscopy images of BirA ER transduced CA1 PNs in ex vivo brain slices labelled with fluorescent NA. XY projection (left) and YZ projection (middle). On the right line scan of a labelled dendrite, indicated with white line, in Z. Scale bar is 10 μm. (d) Whole-cell voltage-clamp recordings of the AMPAR EPSC trains (Top: N≥10 / 4 animals; Bottom: N≥17 / 9 animals). (e) Cumulative normalised amplitude of HF-STP trains induced with ISI of different duration in SC -CA1 (top) and L4 -L2/3 (bottom); (Top: N≥9 cells / 4 animals; F=0.4845; P≥0.1598; Two-way ANOVA; Fisher's LSD post-hoc test; Bottom: N≥17 cells / 9 animals; **P=0.0095; P≥0.1479; Mann-Whitney test). (f) Exemplary traces of 50 Hz HF-STP trains induced in the SC -CA1 (top) or L4 -L2/3 (bottom). (g) Cumulative normalised amplitude of 50 Hz HF-STP trains (N≥10 cells / ≥4 animals; F<0.0001; *P≤0.0402; Brown-Forsythe and Welch ANOVA and Dunett's post-hoc test). (h) Examples of iGluSnFR response line scans through individual dendritic spines upon 20 Hz electrical stimulation of the SC or L4 with vehicle (black) or NA (purple) incubation in the CA1 and S1. (i) Changes in iGluSnFr fluorescence during 20 Hz stimulation normalised to amplitude of first peak. Mean ± SEM in bold (N≥18 spines). (j) Data from j represented as cumulative normalised amplitude (N≥18 spines; P<0.0001 Kruskal-Wallis test; ****P<0.0001 Dunn's post-hoc test). (k) Amplitude of the first peak of iGluSnFR response (N≥18 spines; P<0.0001 Kruskal-Wallis test; **P≤0.0048; *P=0.0133 Dunn's post-hoc test). (l) FRAP experiments performed on a custom LLSM with PSM in AP-GluA2 KI acute brain slices labelled with mSA-ALFA and Atto 643 ALFA nanobody. Representative images show spine ROIs (dashed circles) before (baseline; -1 s) and after targeted photobleaching (bleach; +0.5 s) and diffusion-dependent recovery (recovery; +250 s). Scale bar, 2μm. Kymographs illustrate fluorescence recovery profiles of the targeted ROIs during the acquisition (dashed line; ~250 s). (m) Mean recovery curves for bAP-GluA2 labelled with mSA-ALFA and ALFA nanobody in CA1 and S1; (N≥18 spines). (n) FRAP recovery fraction (N≥18 spines; *P=0.0240; Unpaired t-test). (o) Quantification of surface GluA2-containing AMPAR labelling intensity in (left) the dendritic shaft (Median ± quartiles; N≥21; ****P<0.0001; Mann-Whitney test), (middle) dendritic spines (Median ± quartiles; N≥21; *P=0.0217; Mann-Whitney test) and (left) synaptic enrichment (Median ± quartiles; N≥21; ***P=0.0005; Mann-Whitney test).

Figure 21 .

 21 Figure 21. GSG1L AMPAR auxiliary subunit modulates HF-STP. (a) Overview of the experimental approach. GSG1L overexpression (Top; GSG1L OE ) was induced by transfecting CA1 PNs of OHS via

Figure 22 .

 22 Figure 22. AMPAR immobilization reduces spine Ca 2+ influx during high-frequency activity and attenuates synaptic network integration. (a) Representative 2-photon images of synaptic Ca 2+ in CA1 PN dendrites in stratum radiatum during HF-STP trains of 10 electrical stimulations at 20 Hz in regular Pr conditions ±NA cross-link. In the top row raw images of jGCaMP8m intensity. In the bottom row ΔF/F0 averaged projection. Arrows indicate active spines. Scale bar is 1 μm. (b) One-pixel averaged projections of spine Ca 2+ transients, each row represents one acquisition and 4-5 replicate trials per spine are grouped (N=19 spines). (c) Individual and averaged (bold) traces of jGCaMP8m ΔF/F0 in spines over time during HF-STP train stimulations ± NA cross-link. (d) Area under the curve of the traces (Median ± interquartile; N=19 spines; **P=0,0063; Mann-Whitney test) and maximum ΔF/F0 ± NA cross-link (N=19 spines; *P=0,0263; Unpaired t-test). (f) 2-photon imaging of spontaneous somatic jGCaMP8m transients in AP-

Figure 23 .

 23 Figure 23. paCaMKII-dependent modulation of AMPAR diffusion trapping tunes HF-STP profiles. (a) Photoactivation of paCaMKII induces structural plasticity at a SC -CA1 dendritic spines in AP-GluA2 KI organotypic slices. 3D reconstructions of spine volume changes during early LTP/LTD using Imaris surfaces module. (b) Spine volume changes over time in unstimulated control and photoactivated spines, relative to mean volume during 5 min baseline. Mean ± SEM in bold (N≥21 spines). (c) Quantification of data from b (Median ± quartiles; N≥21 spines; P=0.5551; Mann-Whitney test). (d) FRAP measurements of AMPAR surface diffusion 3' after photoactivation (circles; baseline -1 s, bleach + 1 s, recovery + 240 s). Kymographs illustrate FRAP rate across the acquisition (dashed lines; ~250 s). (e) Normalised FRAP recovery curves and (f) quantification of AMPAR synaptic recovery fractions by curve-fitting (Median ± quartiles; N≥21 spines; **P=0.0011; Mann-Whitney test). (g) Cross-correlation of paCaMKII-induced structural plasticity and AMPAR FRAP recovery fraction indicates that eLTP enhances, whereas eLTD decreases AMPAR synaptic trapping (N≥21 spines). (h) Cross-correlation of the change in volume after photoactivation with initial spine volume (N≥21 spines). (i) Schematic of the paCaMKII construct, based on the LOV2 photosensitive domain, and sparse expression of the construct in CA1 PNs. Adapted from Shibata et al., 2021 366 . On the bottom left exemplary wide-field image of CA1 PNs infected with mScarlet-

  ), however, the degree of additional depression was larger with NA cross-link (19% reduction in cumulative normalised amplitude of 50 Hz HF-STP train) than after LTP induction (9%), suggesting that after LTP induction a pool of surface AMPARs still remains mobile. Overall, LTP induction in L2/3 PNs results in a transient increase of synaptic depression likely of postsynaptic origin through AMPAR immobilization.

Figure 24 .

 24 Figure 24. Short-term synaptic depression is transiently increased in L2/L3 PNs of the S1 following LTP induction. (a) LTP was induced in the L4 -L2/3 of the S1 by a pairing protocol. (b) Outline of wholecell voltage-clamp recordings. First, 5 min of baseline recordings of evoked AMPAR EPSCs were acquired. HF-STP trains of 5 pulses at 50 Hz were acquired by the end of the baseline recording and every 5 min after LTP induction (≥5 animals; N≥10 cells). (c) Change in potentiation measured as amplitude of test pulse EPSC normalised to averaged amplitude of test pulse EPSC during baseline. Plotted mean EPSC amplitudes during baseline (BL) and last 10 min of recording; (Left: N =10 cells / 5 animals); P=0.1138; Wilcoxon test; Right: N=14 cells / 9 animals; *P=0.0419; Wilcoxon test). (d) Plot of cumulative normalised amplitude of 5 pulse HF-STP trains at 50 Hz acquired throughout the recording without pairing (N≥9 cells / 5 animals; 0': P=0.4897 Paired t-test; 5': P=0.5005 Paired t-test; 10': P=0.1718 Paired t-test; 15': P=0.1055 Wilcoxon test; 20': P=0.1819 Paired t-test; 25' P=0.5536 Paired t-test; 30': *P=0.025 Paired ttest). To the right: extracted data points for baseline and 5 min after induction (N=10 cells / 5 animals; P=0.5005; Paired t-test) (e) Cumulative normalised amplitudes of HF-STP trains at 50 Hz acquired throughout the recording following LTP induction (N≥12 cells / 9 animals; 0': *P=0.0335 Paired t-test; 5': *P=0.0275 Paired t-test; 10': P=0.1515 Paired t-test; 15': P=0.1706 Paired t-test; 20': P=0.1758 Paired ttest; 25': P=0.3576 Paired t-test; 30': P=0.5541 Paired t-test). To the right: extracted data points for baseline and 5 min after induction (N=14 cells / 9 animals; *P=0.0275; Paired t-test).

  preparations have been shown to have higher excitability due to an increase in synapse number480 . Here, I intended to examine the difference in HF-STP profiles in acute slice preparations from young (P15) and adult (8WO) mice. Moreover, I aimed to test the effect of AMPAR immobilization on HF-STP between animals in both age, examining whether I could reproduce the cross-link phenotype observed in organotypic slices.I could reproduce the developmental changes in HF-STP phenotypes described in the literature, where synaptic facilitation in the SC -CA1 decreases with development. However, the NA cross-link in P15 animals led to a very surprising increase in synaptic facilitation, an effect opposite to what we found in organotypic hippocampal slices. This suggests that AMPAR immobilization in young animals could have a completely different effect on HF-STP, possibly by triggering increased presynaptic glutamate release via forming trans-synaptic complexes or retrograde signaling. Moreover, we conclude that developmental differences between organotypic and acute slices cannot account for the observed discrepancy in effects of AMPAR immobilization on HF-STP between the models.

Figure 25 .

 25 Figure 25. Developmental differences in AMPAR mobility mediated HF-STP. (a) Experimental design. AP-GluA2 KI P0 pups were intraventricularly injected with BirA ER -eGFP AAV9. On P15 acute slices were prepared and whole-cell patch-clamp recordings ± NA cross-link performed. (b) Confocal scans of CA1 in brain slices labelled with fluorescent NA. Scale bar is 50 and 5 μm. (c) Exemplary traces of non-transfected neurons in the hippocampal CA1 of 15 days and 8-week-old animals. HF-STP trains were induced by electrically stimulating the SC with 5 pulses at 50 Hz. (d) Recordings of evoked AMPAR EPSCs during

  clustering on presynaptic glutamate release, possibly due to altering trans-synaptic alignment or retrograde signaling. Unfortunately, due to time limitations, I have not yet examined this topic further, thus a lot of questions on what mediates the depressing vs facilitating effect of immobilization and how is the facilitation induced remain unanswered.AMPAR surface immobilization promotes synaptic facilitation in some synapse typesTo study the effect of AMPAR immobilization on HF-STP in synapses with opposing HF-STP phenotypes, I stereotaxically injected the BirA ER -Cre and FLEx eGFP AAV9s into the CA3 or DG of 5week-old AP-GluA2 KI mice (Figure26a). After 3 weeks of expression, I prepared acute slices from the animals and performed whole-cell patch-clamp recordings of HF-STP induced by electrical stimulation with 5 pulses with different stimulation frequencies ± NA cross-link in regular Pr conditions (2.5 mM Ca 2+ , 1.3 mM Mg 2+ ). I first analysed the effects in the MF -CA3 PN synapse, which displayed strong synaptic facilitation during high-frequency trains (Figure26b). I observed that upon AMPAR cross-link, synaptic facilitation was increased with 10 Hz stimulation frequency (Figure26b -d). On the contrary to the MF -CA3 synapse, both MPP -DG and LPP -DG synapse displayed synaptic depression, with stronger depression in the MPP -DG synapse (Figure26e, f, h, i). I found no effect of immobilization on HF-STP in the MPP -DG synapse (Figure26e -g) at any ISI. Interestingly, in the LPP -DG synapse, I observed a decrease in synaptic depression after NA cross-link (Figure26h -i). This decrease in depression was visible for ISIs lasting up to 100 ms (Figure26j). This suggests that presynaptic release in the LPP -DG synapse is altered following AMPAR cross-link. To follow up on this hypothesis, we injected the animals with BirA ER -Cre and FLEx iGluSnFR into the DG. We then measured changes in iGluSnFR fluorescence in the dentate granule cell synapses following 20 Hz electrical stimulation of the MPP and LPP ± NA crosslink. Similar to postsynaptic current recordings, we found no change in glutamate release at the MPP -DG synapse (Figure26k -l). However, in the LPP -DG synapse, glutamate release was increased after 129 AMPAR cross-linking, following the same trend observed when recording postsynaptic AMPAR currents (Figure26n -o). We saw no change in the amplitude of the first release peak in any of the pathways (Figure26m, p).

Figure 26 .

 26 Figure 26. AMPAR surface immobilization promotes synaptic facilitation in some synapse types.(a) Microscope images of BirA ER -Cre and FLEx eGFP injection sites in the CA3 and DG. Scale bar is 500 μm, 20 μm and 2 μm. (b) Whole-cell patch-clamp recordings of evoked AMPAR EPSCs in the CA3 PNs induced by electrical stimulation of mossy fibres with 5 pulses at 10 Hz (N≥11 cells / 5 animals). (c) Data from b represented as cumulative normalised amplitude of the trains (N≥11 cells / 5 animals; *P=0.0204; Welch's test). (d) Recordings of HF-STP trains with different ISI duration (N≥11 cells / 5 animals; P≥0.134; Mann-Whitney test). (e) Whole-cell patch-clamp recordings of HF-STP trains of EPSCs in the dentate gyrus granule cells induced by electrical stimulation of the medial-perforant path (MPP); (N≥13 cells / ≥4 animals). (f) Data from e represented as cumulative normalised amplitude of trains (N≥13 cells / ≥4 animals; P=0.4083; Mann-Whitney test). (g) Recordings of HF-STP trains with different ISI duration (N≥13 cells / ≥4 animals; P≥0.0771; Mann-Whitney test). (h) Whole-cell patch-clamp recordings of HF-STP trains of EPSCs in the dentate gyrus granule cells induced by electrical stimulation of the lateralperforant path (LPP); (N≥11 cells / ≥5 animals). (i) Data from h represented as cumulative normalised amplitude of trains (N≥11 cells / ≥5 animals; *P=0.0211; Unpaired t-test). (j) Recordings of HF-STP trains with different ISI duration (N≥10 cells / ≥5 animals; F<0.0001; **P=0.0091; *P≤0.0188; P≥0.1051; Two-

  organization of AMPARs upon NeutrAvidin (NA) cross-linking. The counts of AMPARs per spine, per cluster, and the number of AMPAR clusters per spine remained unaffected by the binding of NA. It's important to acknowledge that these experiments were conducted in dissociated neuronal cultures due to technical constraints, and outcomes might differ in tissue-based models. Furthermore, our super-resolution imaging was limited to visualizing the distribution of AMPARs. The influence of NA binding on other molecular constituents within synapses, as well as the organization of trans-synaptic complexes, remains an avenue for future exploration. However, of note, to assess changes in basal synaptic transmission upon NA cross-link we performed miniature AMPAR EPSC recordings in CA1 PNs of organotypic hippocampal slices. We found no change in mEPSC amplitude, suggesting that the content of AMPARs remains unaltered by NA binding. Likewise, no shifts in mEPSC frequency were observed, implying an absence of changes in synapse count or presynaptic release. Finally, we also observed no change in the kinetics of mEPSCs, emphasizing the lack of NA biding effects on AMPAR kinetics. We also tested if NA cross-link changes the subunit composition of AMPAR hetero-tetramers by measuring the rectification index (RI) in CA1 PNs. We observed no change in RI upon NA binding. Altogether this suggests that NA cross-link of surface AMPARs doesn't affect the synaptic distribution of AMPARs, AMPAR numbers, subunit composition or number of synapses. These factors, which could potentially contribute to the effects on HF-STP, remain unaffected by NA cross-linking of surface AMPARs.A further question was whether the cross-linking by NA might impact negatively presynaptic glutamate release, which would manifest as a postsynaptic reduction in HF-STP. To address this issue, we employed two distinct methodologies. First, we measured the effect of NA cross-link on NMDAR currents.NMDARs are present in the postsynapse of glutamatergic synapses, and respond to glutamate binding upon cell depolarization. If NA cross-linking of AMPARs was to influence glutamate release, resultant effects should also be evident in high-frequency synaptic transmission mediated by NMDARs. We performed voltage-clamp recordings of NMDAR currents at +40 mV holding potential and observed no change in the profiles of HF-STP trains upon NA cross-link. This implies that glutamate release throughout the train remains unaffected. Finally, to directly visualize any alterations in glutamate release during HF-STP trains, we took advantage of the iGluSnFR glutamate release sensor and 2-photon imaging. In OHS we measured the changes in iGluSnFR fluorescence in SC -CA1 active spines during 20 Hz trains of electrical stimulation. The findings revealed that release patterns remain unaltered following NA cross-linking. This substantiates the absence of secondary presynaptic consequences from NA cross-linking during HF-STP.

Figure 28 .

 28 Figure 28. Different hypothesis on how NA cross-link induced synaptic facilitation is regulated. (a) Effect of NA cross-link on HF-STP found in SC -CA1 synapses in OHS and L4 -L2/3 synapses. AMPAR cross-link blocks the replacement of desensitized receptors by naïve receptors and promotes synaptic depression. (b) NA cross-link could affect presynaptic glutamate release by mechanical rearrangements through trans-synaptic complexes or (b1) affecting the coupling distance between presynaptic VGCCs and release sites, or (b2) affecting the distribution of presynaptic NMDARs or (b3) via direct interactions between extracellular proteins and AMPARs. (c) NA cross-link could affect presynaptic glutamate release through chemical retrograde signaling. Here, an example of trans-synaptic retrograde signaling found in the MF-CA3 synapses 433 , but other signaling molecules and pathways could be involved.

  

  

  

  

  

  

  

  

  

  

  pAAV_synP.DIO.EGFP.WPRE.hGH (FLEx eGFP) was a gift from I. Wickersham (Addgene plasmid no.

	100043;	Addgene	viral	prep	no.	100043-AAV9;	https://www.addgene.org/100043;
	RRID:Addgene_100043). pAAV_hSyn.DIO.mCherry (FLEx mCherry) was a gift from B. Roth (Addgene
	plasmid	#50459;		http://n2t.net/addgene:50459;	RRID:	Addgene_50459).
	pAAV_hSynap.FLEX.SF.iGluSnFR.A184V (FLEx iGluSnFR) was a gift from L. Looger 436 (Addgene
	plasmid no. 106181; RRID: Addgene_106181). pGP-AAV_syn.FLEX.jGCaMP8m.WPRE (FLEx
	jGCaMP8m) was a gift from GENIE Project (Addgene plasmid #162378; http://n2t.net/addgene:162378;
	RRID: Addgene_162378) 437 . Viral titers were between 2.40 × 10 13 and 5.77 × 10 14 genome-containing
	particles (GCP)/ml.					

Cas9 gene knock out strategy

  5 mM GlutaMAX, and B-27 Plus (Gibco, #26050088, #12349015, #35050061, #A3582801). After 30 min, medium was changed to Neurobasal A medium supplemented with 0.5 mM GlutaMAX and B-27 Plus and 1% heat-inactivated horse serum. Neurons were maintained at 37°C with 5% CO2. Cytosine β-Darabinofuranoside (2 μM) was added after 72 hours to stop glial proliferation.All guide RNAs (gRNA) were designed using CRISPOR CRISPR Tool (http://crispor.tefor.net/) online software. We used Ensembl software 439 to analyse the Gsg1l gene (ENSMUSG00000046182) of Mus musculus, and design 3 gRNAs to target different loci in the exon 1 around ATG. To construct AAV expression vectors carrying the gRNAs, a pair of complementary 20 bp oligos for each gRNA sequence was annealed and cloned with SapI enzyme into pX552. pX552was a gift from Feng Zhang (Addgene

	plasmid # 60958; http://n2t.net/addgene:60958; RRID: Addgene_60958). Oligos sequence for gRNA1 are
	forward	(F):	5'ACCGCACCGCTGCCAACTTCGCG3';	oligo	reverse	(R):

CRISPR-

  ). (h) Cumulative normalised amplitude of the trains at 20 Hz (N=12 pairs of cells; *P=0.0228; Paired t-test) and (i) with different ISI (N≥10 pairs of cells; F<0.0001; **P=0.0078 *P=0.0106; P≥0.08; Two-way ANOVA; Fisher's LSD post-hoc test). (j) FRAP experiments performed on a custom LLSM with PSM in AP-GluA2 KI organotypic hippocampal slices transfected with GSG1L-eGFP or eGFP alone (top) or organotypic cortical slices transduced with GSG1L gRNA or scramble gRNA (bottom) labelled with mSA-ALFA and Atto 643 ALFA nanobody. Representative images show spine ROIs (dashed circles) before (baseline; -1 s) and after targeted photobleaching (bleach; +0.3 s) and diffusion-dependent recovery (recovery; +240 s). Scale bar is 2 μm. Kymographs illustrate fluorescence recovery profiles of the targeted ROIs during the acquisition (dashed line; ~250 s). (k) Fluorescence recovery curves from photobleached spines in GSG1L OE or eGFP expressing cells in CA1 of OHS.

	N≥21 spines;
	*P=0.0168; Mann-Whitney test). (r) Quantification of surface GluA2-containing AMPAR labelling
	intensity in scramble gRNA or GSG1L gRNA expressing cells in the dendritic shaft (Median ± quartiles;
	N≥21; ***P=0.0004; Mann-Whitney test); (s) dendritic spines (Median ± quartiles; N≥35; ***P=0.0006;
	Mann-Whitney test); (t) synaptic enrichment (Median ± quartiles; N≥35; P=0.2921; Mann-Whitney test).

(l) Recovery fraction (Median ± quartiles; N≥42 spines; **P=0.0094; Mann-Whitney test). (m) Quantification of surface GluA2-containing AMPAR labelling intensity in eGFP or GSG1L OE expressing cells in the dendritic shaft (Median ± quartiles; N≥35; *P=0.0324; Mann-Whitney test); (n) dendritic spines (Median ± quartiles; N≥35; P=0.0832; Mann-Whitney test); (o) synaptic enrichment (Median ± quartiles; N≥35; P=0.3946; Mann-Whitney test). (p) FRAP recovery curves in scramble or GSG1L KO expressing cells in L2/3 in OCS. (q) Recovery fraction (Median ± quartiles;

  280,467,483 and mobility[START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF] estimates of native AMPARs, we observed the effect of receptor diffusion on HF-STP only up to 100 ms, a time interval after which the receptors can have already fully recovered from desensitization. The effect of AMPAR mobility on recovery from synaptic depression in the SC -CA1 is most prominent in high Pr conditions, consistent with the increased probability of receptor desensitization with high initial glutamate release and the shorter interval between sequential release at the same synapse, before receptors have had the opportunity to recover from desensitization. As a control, we ruled out that NA binding to AMPARs could potentially affect the receptor kinetic. Indeed, we observed no effect of NA binding on AMPAR desensitization rate or rate of recovery from desensitization measured with outside-out patch clamp recordings and glutamate application in heterologous cells.

comprendre. Nous avons démontré précédemment que les récepteurs AMPA (AMPAR), les principaux récepteurs excitateurs du cerveau, sont transportés entre les compartiments extra-synaptiques et synaptiques par diffusion de surface. J'ai étudié le rôle fonctionnel des transmetteurs présynaptiques, de la biophysique et de la diffusion de surface des AMPARs dans l'HF-STP dans des modèles intégrés de tissus en tranches. J'utilise le modèle de souris knock-in (KI) AP-GluA2 que nous avons développé, où les sous-unités GluA2 des AMPAR sont étiquetées avec un peptide accepteur de biotin (AP) et peuvent être spécifiquement biotinylées lorsqu'elles sont co-exprimées avec une biotine ligase. Ceci permet de les immobiliser à la surface de la cellule avec une protéine tértravalente de liaison à la biotine, la NeutrAvidin. Avec ces outils, je montre que l'immobilisation des AMPARs endogènes module la HF-STP en augmentant la dépression synaptique à la synapse SC-CA1 de tranches organotypiques d'hippocampe. Cet effet est inversé par des bloqueurs de la désensibilisation des AMPAR, ce qui suggère que la modulation du HF-STP est obtenue en empêchant le remplacement des AMPAR désensibilisés par des récepteurs naïfs dans la synapse. De plus, l'imagerie de la libération de glutamate avec le senseur iGluSnFr ne révèle aucun changement dans la libération présynaptique de glutamate lors de l'immobilisation des AMPAR. Cela suggère une contribution postsynaptique de la mobilité des AMPAR dans la régulation de la HF-STP. De manière surprenante, l'immobilisation des AMPAR n'a aucun effet sur la HF-STP dans les synapses SC-CA1 dans des tranches ex vivo. Par contre, l'immobilisation des AMPAR augmente fortement la dépression synaptique dans la synapse L4-L2/3 du cortex somatosensoriel primaire (S1) de tranches ex vivo, sans changement dans la libération de glutamate. Nous constatons que le taux de diffusion de surface des AMPAR est plus élevé dans les synapses L2/3 que dans les CA1. Cela indique un effet spécifique à la synapse de la mobilité des AMPAR sur l'HF-STP qui dépend de la contribution mutuelle de la libération présynaptique de glutamate, la désensibilisation des AMPAR et la diffusion de surface. Je démontre que GSG1L, une protéine auxiliaire
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Effect of AMPAR mobility on HF-STP is synapse-specific

HF-STP phenotypes vary between brain regions, synapse types and even synapses on the same neuron 1,[START_REF] Petersen | Electrophysiological identification of medial and lateral perforant path inputs to the dentate gyrus[END_REF]114,[453][454][455][456][457][458][459] . This diversity ensures dynamic information filtering properties of synaptic connections, allowing the context of previous short term pre-and postsynaptic activity of a given synapse to influence the response to a burst of action potentials. This diversity in HF-STP could depend on both pre-and postsynaptic mechanisms including differences in release probability as well as the molecular organization of the postsynapse 118,274,276 . Our initial data was obtained at the prototypical SC -CA1 synapses that display a quite low and heterogenous Pr 417,[460][461][462] , as well as a modestly facilitating HF-STP. We expected that the effect of AMPAR mobility on HF-STP would be particularly pronounced at synapses were Pr is high because a larger portion of receptors could be desensitized during the first release in a train. We decided to compare the effect of AMPAR immobilization on HF-STP and presynaptic glutamate release in the CA1 and L2/3 of the primary somatosensory cortex (S1). The L2/3 synapse was chosen because of its high Pr 454,463 . Moreover, in the prototypical L2/3 synapse, AMPAR surface trafficking is known to play an important role in synapse regulation 246,464 . To be closer to physiological conditions, the experiments were performed in ex vivo brain slices from adult AP-GluA2 KI mice stereotaxically injected into selected brain regions with BirA ER -Cre and FLEx eGFP (Figure 20a -b) and the recordings were performed in regular extracellular Ca 2+ conditions (2.5 mM). With LLSM, we demonstrated that NA specifically binds to biotinylated receptors and penetrates well into acute brain slices (Figure 20c).

We first found that in the SC -CA1 synapse of ex vivo brain slices, there was no detectable effect of AMPAR immobilization on HF-STP induced by electrical stimulation of the SC with trains of 5 pulses at 50 Hz (Figure 20d, f, g) or at other ISI durations tested (Figure 20e), contrary to what we observed in OHS. A modest, but not significant, decrease in synaptic facilitation was observed when extracellular Ca 2+ concentration was increased to 4 mM (Supplementary Figure 5). We also found no change in presynaptic glutamate release upon AMPAR immobilization measured with iGluSnFR and 2-photon microscopy during trains of 20 Hz stimulation (Figure 20h -j), as well as no change in the amplitude of the first glutamate release peak (Figure 20k), suggesting that cross-linking AMPA receptors neither affects glutamate release during high-frequency transmission nor the strength of the initial release.

We then analysed the effects of AMPAR immobilization on HF-STP at the L4 -L2/3 PN synapse.

We found that receptor cross-linking in the L2/3 resulted in a strong increase in synaptic depression (Figure 20d -g). On the contrary, no change in glutamate release was observed after AMPAR immobilization in response to the first stimulation or during trains of HF-STP (Figure 20h -k). The depressing effect on HF-STP trains at the L4 -L2/3 PN synapse was also found when recordings were performed in organotypic cortical slices in elevated Ca 2+ conditions (4 mM) (Supplementary Figure 6). Moreover, the application 

Short-term synaptic facilitation decreases with development

To study the difference in HF-STP between young and adult animals, I prepared ex vivo brain slices from P15 and 8 WO AP-GluA2 KI mice. I then performed whole-cell patch-clamp recordings of AMPAR EPSCs evoked with electrical stimulation of the SC with trains of 5 stimulations at 50 Hz. I found that HF-STP trains in adults were less facilitating than these recorded form P15 animals (Figure 25c -f). This result is consistent with previously published reports [475][476][477] and further confirms the developmental shift in HF-STP towards a decrease in synaptic facilitation in the SC -CA1 hippocampal synapse.

AMPAR immobilization in young animals leads to increased synaptic facilitation in hippocampal CA1 pyramidal neurons

I next wanted to examine the effects of AMPAR immobilization in young animals. To do so, I performed intraventricular injections of the BirA ER -eGFP AAV9 in P0 AP-GluA2 KI mice. After 2 weeks of expression I prepared ex vivo brain slices from P15 animals and performed whole-cell patch-clamp recordings of AMPAR EPSCs evoked with electrical stimulation of the SC with trains of 5 stimulations at 50 Hz ± NA cross-link (Figure 25a -b). I found that AMPAR immobilization in young animals resulted in increased synaptic facilitation in the SC -CA1 pathway (Figure 25g -j). This effect was only observed with 50 Hz stimulation frequency and faded away if lower frequency stimulation was applied (Figure 25j). These results suggest that at an early developmental stage, AMPAR immobilization can have an opposite effect on HF-STP to that observed in adult animals. The mechanism through which AMPAR cross-linking leads to an increase in presynaptic glutamate release remains to be determined. It could arise from AMPAR cross-liking induced trans-synaptic complexes re-organization or retrograde signaling that could impact the function/organization of the presynaptic release machinery. It raises the fascinating possibility -that remains to be tested -that physiological AMPAR re-organization or immobilization could have a similar impact on presynaptic transmitter release.

Altogether, these result point to an interesting, synapse specific effect of mobility on HF-STP. The respective contributions of presynaptic release, AMPAR mobility, and desensitization could fine-tune highfrequency synaptic transmission in individual synapses to increase the computational properties of a neuron.

GSG1L AMPAR auxiliary subunit modulates HF-STP

The features underlying the diversity in HF-STP can involve both pre-and postsynaptic mechanisms. Consequently, our objective was to identify a specific molecular component that could facilitate the regulation of HF-STP in a particular synapse through affecting the mobility or kinetic properties of AMPARs. AMPAR auxiliary proteins can largely influence both AMPAR kinetics and mobility 279,293,297 , and their regional and developmental expression is dynamic 276 . AMPAR auxiliary subunit profile of the hippocampus and cortex are relatively similar, with the exception of GSG1L, being expressed in the cortex, but not hippocampus 276,302,304 .

Here we found that knockout of GSG1L, an AMPAR auxiliary protein that stabilizes the desensitized conformation of the receptor 277 , and slows its recovery from desensitization in heterologous systems 274,298,468 , also slows down AMPAR surface diffusion in L2/3 PNs in OCS. These findings propose a new role of GSG1L, which not only regulates AMPAR kinetics, but also its surface diffusion, possibly by affecting AMPAR's trapping in synapses. Interestingly, when we induced GSG1L overexpression in CA1 pyramidal neurons of OHS, AMPAR recovery after photobleaching was decreased. The latter observation is compatible with published literature data which demonstrates that GSG1L reduces surface AMPAR expression via enhanced endocytosis 280 . This is accompanied by a reduction in mEPSC amplitude and frequency, confirming a decrease in surface AMPAR content. In line with this we see a decrease in surface bAP-GluA2 labelling in the dendritic shaft, and a modest non-significant reduction in dendritic spines, upon GSG1L overexpression. On the other hand, GSG1L has no PDZ-binding motif 485 . This could lead to an increased diffusion of receptors on the neuronal membrane. Nevertheless, if the receptor numbers are overall reduced, we would expect a reduction in FRAP recovery, given that the pool of receptors available for diffusion is smaller. Consequently, the observed decline in the mobility of surface receptors resulting from GSG1L overexpression likely stems from an increased rate of AMPAR endocytosis, ultimately leading to fewer surface AMPARs. However, why do we see the same effect on AMPAR mobility when inducing GSG1L knockout? Gu et al. report that the level of surface GluA1 containing-AMPARs is increased in GSG1L KO rat neural cultures 280 . This is accompanied by an increase in the amplitude of EPSCs, higher AMPAR/NMDAR ratios, and augmented mEPSC frequencies, collectively indicating an increase in AMPAR content and the number of synapses containing AMPARs. Importantly, the authors also report no change in PPR upon GSG1L KO, which they interpret as lack of presynaptic On the other hand, acute slices were prepared from young adult, 8-week-old animals. It has been previously demonstrated that HF-STP can largely change during development in both the neocortex 458,[470][471][472][473][474] , as well as the hippocampus [475][476][477] . This could arise from many factors including: changes in presynaptic release probability 478 , AMPAR auxiliary subunit expression 276 , changes in glutamate clearance from the shaft 281 , differences in subunit composition of AMPARs 479 or in inhibitory synaptic transmission 477 . In the SC -CA1 hippocampal pathway, short-term facilitation typically decreases with development [475][476][477]494 .

In our experiments we were able to reproduce this finding, and observed that synaptic facilitation in the SC -CA1 pathway of P15 animals was indeed higher than that found in young adult mice.

Previously, this shift in HF-STP phenotype was attributed to a developmental increase in release probability and higher mean quantal content in CA1 synapses 475,476 . In another study, the authors proposed that the developmental shift in HF-STP relies on an increase in the activation of mGluR1 and/or GABAB receptors 477 . According to this model, glutamate released synaptically during high-frequency activity, activates mGluR1 receptors on interneurons, resulting in increased GABA release and activation of presynaptic GABAB, that reduces glutamate release. Moreover, the expression of AMPAR auxiliary proteins is largely developmentally regulated 276 . For example, the expression of TARP γ-8, that tends to slow down AMPAR recovery from desensitization 495,496 , increases with age. One other aspect that could account for developmental differences in HF-STP profiles could be changes in rate of AMPAR surface mobility. If receptor mobility where to be lower in older animals, that could also account for a decrease in synaptic facilitation following a reduced efficiency of desensitized receptor replacement. However, to our knowledge, that aspect has not yet been examined (Figure 27). 

Age-related difference in AMPAR mobility-dependent HF-STP regulation

In the next step we thus wanted to test whether we could reproduce in acute slices from P15 animals the effect of AMPAR immobilization on HF-STP that we found in organotypic slices. It has been shown

that the rate of glutamate clearance from the synaptic cleft via astrocytes changes over the course of development (P12-14: 4 -6 ms; Adult: 1 ms) 281 . This difference derives from a developmental increase in glial glutamate transporter expression. This implied that in juvenile animals the exposure time of AMPARs to glutamate is higher, and thus the receptors could desensitize more than in adults. Given the impact of desensitization on HF-STP, it could be that we observe the strong effect of cross-link in OHS from young animals and not in adult ex vivo slices because the receptors have a higher rate of desensitization. We performed HF-STP measurements ± NA cross-link in acute slices from P15 and 8-week-old animals. We recorded in elevated extracellular Ca 2+ conditions to maximize the Pr, and thus limit the presynaptic component on HF-STP regulation. Previously, we also found the strongest effect of AMPAR immobilization on HF-STP when Pr was increased. Surprisingly, what we observed was quite the opposite to our findings in OHS.

We found that after NA cross-link in P15 slices, synaptic facilitation was enhanced, rather than impaired. This finding, along with the experiments presented in the following section, raise an interesting aspect of a bidirectional effect of AMPAR mobility in HF-STP.

Even more interestingly, when we examined the effects of AMPAR immobilization on HF-STP in different projections onto granule cells in the DG, we observed profound differences between synapses made onto the same cells. Synaptic depression upon high-frequency stimulation was higher in the MPP synapses as compared to LPP synapses. In the MPP pathway we found no effect of AMPAR cross-link on HF-STP with none of the tested frequencies. However, in the LPP pathway we observed decreased synaptic depression (shift towards facilitation), when the receptors were cross-linked. The effect was present at ISIs ranging from 20 to 100 ms (Figure 26j). We followed the postsynaptic recording experiments by measurements of presynaptic glutamate release with the iGluSnFR sensor. We found that while no change in glutamate release was found upon cross-link in the MPP pathway, an increase in release was found in the LPP synapses. Thus, in the LPP -DG synapse, immobilization of surface AMPARs causes an increase in presynaptic glutamate release, and a reduction of synaptic depression. We hypothesize that this regulation involves trans-synaptic modulation that is triggered by the immobilization of AMPARs. This regulation could also involve trans-synaptic modulation through mGluRs as described above. However, in the dentate gyrus, mGluR2 is predominantly expressed in the MPP 511 . Nevertheless, both mGluR2 and mGluR3 agonists have been shown to induce synaptic depression in the LPP 512 . Moreover, LPP terminals are enriched in mGluR8, which has also been shown to decrease glutamate release, however in an adenyl cyclase independent manner 513 . Many other mechanisms including changes in transynaptic complex organization and alignment as well as various retrograde signaling molecules, could be involved in the regulation of immobilization-dependent increase in glutamate release.

As mentioned in the previous section, the rearrangement of trans-synaptic adhesion molecules following NA cross-link could affect glutamate release (PSD-95 -Neuroligin -β-Neurexin 426 ; Ncadherin 425 ). In line with this, trans-synaptic rearrangement could also lead to the redistribution of presynaptic VGCCs (Figure 28b1). Presynaptic VGCC are also mobile on the presynaptic membrane 514 .

The extracellular α2δ subunit of VGCC has been shown to interact with Neurexin-1 515 which binds to postsynaptic Neuroligins and LRRTMs. Moreover, the distribution of VGGC in the presynapse, and the coupling distance between the channels and release sites, can greatly influence release probability 516 . Thus, NA cross-link could alter the presynaptic distribution of VGCC and their coupling distance to release sites through trans-synaptic complexes. This in turn could alter the release probability and HF-STP release profiles.

However