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phosphorylated form of HTT (HTTS421D) or by an alanine to mimic the unphosphorylatable form of HTT (HTTS421A).

APP homeostasis is impaired in AD. We investigated APP transport and accumulation at corticocortical synapses. We found that Akt-mediated HTT phosphorylation at S421 regulates the directionality of APP containing vesicles in axons but not in dendrites: the unphosphorylatable form of HTT decreases axonal anterograde flux of APP and reduces its levels at presynaptic zones both in vitro and in vivo. Reducing anterograde flux of APP in familial AD mouse model restored synapse homeostasis in vivo and memory deficits (Publication 1; Bruyere*, Abada*, Vitet* et al., eLife, 2020).

BDNF transport within DCVs is dysregulated in the corticostriatal network of Rett syndrome's patients.

We found that endogenous HTT phosphorylation at S421 or a chemical inhibitor of calcineurin (FK506) rescue BDNF transport in the corticostriatal network, neuronal communication, and behaviors of Rett syndrome model mice (Publication 2; Ehinger et al., Embo Mol Med, 2020).

Finally, it has been shown that SVP axonal transport regulates the number of SVs at the synapse, which, within a corticostriatal synapse, is essential for motor skill learning. We found that HTT phosphorylation increases the recruitment of the molecular motor KIF1A on SVPs, thus promoting anterograde transport and the probability of release. Silencing KIF1A in the corticostriatal network of HTTS421D mice, we found that pHTTS421 increases the number of SVs at the synapse and impairs procedural memory through a specific HTT-KIF1A dependent mechanism. This study defines a pathway by which axonal transport of SVP impact the behavioral phenotype (Publication 3; Vitet et al., in prep).

À mon grand-père, dans l'espoir qu'il soit en paix avec l'usage que je fais du nom qu'il nous a transmis.

Preface

L'état d'équilibre des déséquilibres

Avant de rentrer dans les profondeurs et méandres de la régulation du transport axonal, arrêtons-nous sur l'importance de l'homéostasie, l'état d'équilibre, de la cellule ou de tout autre système. La définition de l'homéostasie est fidèlement explicitée par son étymologie grecque ; « homéostasie » est composée de hómoios, « similaire », et de stásis, « stabilité ». Cette « stabilité similaire », du fait de sa capacité à s'autoentretenir, permet l'établissement d'un équilibre capable de répondre à des perturbations au sein d'un système. Ces perturbations peuvent être transitoires ou permanentes et impactantes menant soit à un rapide retour à un autre état d'équilibre soit à un emballement du système. Ces conséquences sont visibles au sein d'une cellule telle qu'un neurone régulant le transport d'une vésicule tout comme au sein d'une planète régulant sa température. Dans les deux cas, une perturbation importante, et donc une perte de l'homéostasie, amène à la neurodégénérescence ou au réchauffement climatique dont nous sommes aujourd'hui les témoins.

Ainsi, sans profonde perturbations menant à l'emballement du système, l'essence même d'un état d'équilibre serait d'être perturbé, déséquilibré, modifié, mais jamais perdu ; l'équilibre sera toujours trouvé. Le chimiste trouve l'équilibre chimique d'une réaction en perturbant l'équilibre de plusieurs espèces par leur mélange. Le dramaturge se joue de l'élément perturbateur initial pour mettre en scène le chemin menant au prochain équilibre. Le musicien produit des mélodies en contrôlant les perturbations et le retour à l'équilibre de l'air en le faisant vibrer avec une corde.

L'équilibre, la physiologie, voilà ce que le chercheur étudie pour comprendre le déséquilibre, la pathologie. En pratique, c'est généralement l'observation de la pathologie qui arrive en premier.

Claude Bernard a par exemple étudié l'effet du curare qui paralysait les animaux les proies des indiens d'Amazonie pour une meilleure compréhension du fonctionnement de la jonction neuromusculaire.

De même pour la maladie d'Huntington, de nombreuses études se sont en premier lieu penchées sur les conséquences de l'induction d'effets toxiques provoqués par la maladie plutôt que la perte de fonctions physiologiques. Ainsi, c'est en investissant dans la recherche fondamentale centrée sur les phénomènes physiologiques que la science fondamentale permet l'application à la pathologie. En effet, en comprenant l'équilibre d'un système, il est possible de le rétablir lorsqu'il est perturbé ; la médecine aujourd'hui, réussit à perturber l'équilibre du système malade pour soigner, s'il ne s'est pas encore emballé.

Les déséquilibres apparaissent comme problématiques mais ne nous sont-ils pas également nécessaires ? L'équilibre apparaitrait donc comme nécessaire aux déséquilibres et à leurs effets. En effet, les déséquilibres ne font-ils pas de nous des Hommes et non pas des machines, pour le pire et le sûrement pas évolué de la façon dont il l'a fait. De plus, nos avancées scientifiques auraient été limitées car le chercheur a besoin de perturber l'équilibre pour le comprendre. Ainsi, ne faudrait-il donc pas atteindre un état d'équilibre des déséquilibres ? En effet, trop peu de perturbations de l'équilibre nous aurait peut-être empêché d'évoluer en tant qu'Hommes et scientifiques et a contrario, trop de perturbations peuvent mettre à mal l'homéostasie et créer de nouvelles conditions (climatiques par exemple) non compatibles avec la vie humaine. Enfin, la fin d'un sous-système par perte homéostasique peut également être considéré comme un mécanisme de préservation de l'homéostasie d'un système supérieur atteignant alors un nouvel état d'équilibre. Ceci ajoute finalement un caractère relatif à la notion d'équilibre.

A nous de trouver notre prochain équilibre ou les prochains déséquilibres y menant...
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Huntingtin functions in the regulation of axonal transport: consequences on neuronal network homeostasis and behavior in health and disease

Abstract

Neuronal circuits are at the basis of behaviors such as motor coordination or learning and memory. As being part of a network, neurons communicate at synapses through finely tuned molecular and cellular processes. One key mechanism regulating synapse homeostasis involves the transport of vesicles within axons and dendrites, which is dysregulated in many neurological disorders such as Rett syndrome, Alzheimer's (AD) and Huntington's diseases (HD). Thus, deciphering the regulation of vesicular transport within neurites in physiological context is crucial to understand, and potentially restore, the consequences of these dysregulations in pathological contexts.

Huntingtin (HTT) protein, known for its devastating role in HD when mutated, is a key actor of axonal transport. It promotes and regulates vesicular transport in neurites by scaffolding adaptors and molecular motors. Particularly, HTT phosphorylation status at S421 regulates the directionality of BDNF, APP and VAMP-7 vesicles within neurites in cultured and transfected neurons. However, several questions remain to be elucidated regarding the mechanisms and the consequences of this HTTdependent regulation of vesicular transport such as the neuritic specificity (axons or dendrites) and the behavioral consequences of such modification. Finally, we do not know whether transport regulation can be influenced in pathological conditions to restore disease-associated phenotypes in vivo.

This thesis aims at characterizing in vivo the mechanisms and the consequences of axonal transport regulation of three different types of vesicles through the phosphorylation of Huntingtin at S421 and to investigate its propensity to restore disease-associated phenotypes in mouse models of human neurological disorders.

In order to reproduce in vitro the in vivo networks associated with neurological disorders we used microfluidic devices that allow the reconstitution of neuronal networks in vitro. We investigated the transport of Amyloid Precursor Protein (APP) vesicles, precursors of synaptic vesicles (SVPs) or dense-core vesicles (DCVs) in neurons in which the HTT phosphorylation status was modified. These neurons came from mice in which Serine 421 has been replaced by an aspartic acid to mimic the Titre Conséquences de la régulation du transport axonal par la Huntingtine sur l'homéostasie de réseaux neuronaux et sur le comportement, en conditions saine et pathologique

Résumé

Les circuits neuronaux régissent les comportements tels que la coordination motrice ou la mémoire et l'apprentissage. Au sein d'un réseau, les neurones communiquent par des processus moléculaires et cellulaires finement réglés à la synapse. Un des mécanismes régulant l'homéostasie synaptique, le transport de vésicules dans les neurones, est dérégulé dans les maladies neurologiques telles que le syndrome de Rett, la maladie d'Alzheimer et la maladie d'Huntington. Ainsi, investiguer la régulation du transport de vésicules dans les neurites dans un contexte physiologique est important pour comprendre, et potentiellement rétablir, les conséquences de ces dérégulations pathologiques.

La protéine Huntingtine (HTT), connue pour son implication dans la maladie d'Huntington, est un acteur clé du transport axonal. Elle promeut et influence le transport des vésicules en favorisant le recrutement des adaptateurs et des moteurs moléculaires. Sa phosphorylation à la sérine 421 (pHTTS421) régule la directionnalité des vésicules de BDNF, d'APP et de VAMP-7 dans des neurones transfectés in vitro. Cependant, les mécanismes et les conséquences de la régulation du transport par HTT, comme la spécificité neuritique et les conséquences comportementales, restent peu connues.

Enfin, nous ignorons si la régulation du transport peut être influencée dans des conditions pathologiques afin de restaurer les phénotypes in vivo.

Ce projet de thèse vise à caractériser les mécanismes et les conséquences de la régulation du transport axonal de trois types de vésicules par pHTTS421 et d'investiguer sa propension à restaurer les phénotypes associés à des maladies neurologiques dans des modèles murins.

Dans le but de reproduire in vitro les réseaux associés à des maladies neurologiques, nous avons utilisé des chambres microfluidiques. Nous avons étudié le transport des vésicules d'APP, des précurseurs des vésicules synaptiques (PVSs) ou des vésicules à coeur dense (VCDs) contenant BDNF au sein d'un réseau neuronal dans lequel pHTTS421 a été modifiée. Ces neurones sont issus de souris pour lesquelles la sérine 421 a été remplacée par un acide aspartique ou par une alanine pour mimer respectivement l'état phosphorylé (HTTS421D) ou non phosphorylable (HTTS421A) de la HTT. Vitet* et al., eLife, 2020).

Le transport de BDNF est dérégulé dans le réseau corticostriatal des jeunes filles atteintes du syndrome de Rett. Nous avons observé que l'expression endogène de pHTTS421 ou l'injection d'un composé inhibant la calcineurine (FK506) restaure le transport de BDNF dans un réseau corticostriatal, la communication neuronale et les symptômes associés chez les souris modèles du syndrome de Rett (Publication 2 ; Ehinger et al., Embo Mol Med, 2020).

Enfin, Le transport axonal des PVSs régule le nombre de vésicules synaptiques (VSs), ce qui, dans un réseau corticostriatal, est essentiel à l'apprentissage de compétences motrices. Nous avons montré que pHTTS421 augmente le recrutement de la kinésine KIF1A sur les PVSs, augmentant le transport antérograde et la probabilité d'exocytose. En réduisant les niveaux de KIF1A dans le réseau corticostriatal des souris HTTS421D, nous avons trouvé que pHTTS421 augmente le nombre de VSs et altère la mémoire procédurale. Cette étude décrit comment le transport axonal des PVSs impacte les phénotypes comportementaux (publication 3 ; Vitet et al., in prep).

Mots clés

Huntingtine, phosphorylation, sérine 421, transport axonal, BDNF, APP, Précurseur des Vésicules Synaptiques, maladie d'Alzheimer, syndrome de Rett, mémoire, microfluidique, réseaux corticaux
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Introduction

This work focuses on the consequences of Huntingtin (HTT) phosphorylation at S421 on cellular processes and mouse behavior in both physiological and pathological contexts. In order to appreciate and highlight the relevance of this study, we propose a top-bottom presentation of this work, from the macroscopic behavior to the nanometer structures responsible for its establishment.

The mouse brain will be first described as an assembly of structures communicating between themselves through neurons to regulate behavior.

Then, the neuronal communication and survival are described as relying on transport of different vesicles through the interaction with molecular motors. Later, the attention is brought to the role of adaptors on vesicular complexes modulating neuronal transport. The third chapter describes axonal transport of a specific type of vesicles, the synaptic vesicle precursors.

Finally, the fourth chapter focuses on HTT, described as a specific adaptor by its structure and functions, allowing the scaffolding of many proteins responsible for transport modulation. Then, we will understand the consequences of HTT phosphorylation at S421 on axonal transport.

Chapter 1 -Behaviors are the result of the communication between central nervous system structures through neuronal network establishment

Behavior can be defined as the result of an information processed by the brain through neuronal connections able to select and modulate the nervous message. This chapter focuses on understanding how interconnected structures regulate behaviors based on the structural and functional properties of neural cells. Finally, attention will be brought to learning and memory mechanisms based on neuronal connection changes.

The brain as a combination of structures a. Definition

Nervous system in human and in mammals in general is composed by the central nervous system (CNS) and the peripheral nervous system (PNS). The CNS is composed by the brain and the spinal cord.

Human brain differs from mouse brain from its organization in 4 lobes and its convoluted shape defined by grooves and gyri [START_REF] Snyder | Nervous System[END_REF] (figure 1). This structural property is thought to be an evolutionary adaptation to pack an increasing number of neurons into a limited space represented by the skull.

Brain is composed of six regions: the medulla, the pons, the midbrain, the cerebellum, the diencephalon, and the telencephalon. The medulla, pons and midbrain can be gathered in the brain stem controlling automatic functions. The cerebellum controls the body balance and the diencephalon regroups the thalamus and the hypothalamus. Hypothalamus regulates body temperature, hunger, sleep, emotion whereas thalamus is involved in movement and cognition through connection with other structures. The telencephalon is composed of two hemispheres containing among others the cortex at the periphery, basal ganglia, and hippocampus (figure 2). In mice, basal ganglia are mostly formed by the striatum (figure 2).

These structures are divided into areas exhibiting specific functions. The cortex regulates perceptual, motor and cognitive functions whereas basal ganglia play an important role in controlling movement. Hippocampus is associated with short-term and explicit memory.

Neurodegeneration of specific regions in diseases such as PD, AD and HD is responsible for specific symptoms affecting memory, psychiatry and motor skills in each of these diseases.

b. Examples of brain structures in mouse brain: cortex, striatum and hippocampus

This work focuses on the understanding of the basis of communication between two types of neurons within the cortex or between cortex and striatum or cortex and hippocampus. Thus, the following part is dedicated to the structural and functional presentation of these structures in a mouse brain.

i. Cortex

The cortex at the periphery of the brain (neocortex)(figure 3) is organized into 6 layers and several columns of neurons, organized according to their role [START_REF] Bayer | Neocortical development[END_REF]. Each layer has intrinsic properties like width, density, type and morphology of neurons and connections to other structures (figure 4). Indeed, each layer receives specific inputs and send out outputs to specific structures. The first layer from the pia mater, layer I, is called molecular layer and contains mostly dendrites and axons from deeper cortical layers. Layer II (external granular cell layer) and III (external pyramidal cell layer) contain respectively small and large pyramidal cells projecting to the same or other cortical areas, promoting intracortical communication. Layer IV, also called internal granular cell layer, contains small spherical neurons crucial for their roles in sensory function since this layer is the main recipient for sensory inputs from the thalamus. Layer V, the internal pyramidal cell layer, contains large pyramidal cells exhibiting a thick primary apical dendrite [START_REF] Genc | Complexity of generating mouse models to study the upper motor neurons: Let us shift focus from mice to neurons[END_REF] (figure 5) and projecting axons communicating with the cortex and subcortical structures as the striatum. Finally, layer VI, the polymorphic layer, sends its projections to other cortical areas.

The layer V is of interest in this study because it is the main layer projecting to the striatum [START_REF] Mcgeorge | The organization of the projection from the cerebral cortex to the striatum in the rat[END_REF].

According to the column division of the cortex, layer V neurons project to different part of the striatum:

neurons residing in the associative and cingulate cortex project to the dorsomedial striatum (DMS)

whereas sensorimotor neurons project to the dorsolateral striatum (DLS) (Costa et al., 2004;Mannella et al., 2013) (figure 12).

Although many cell types are encountered in the cortex, 80% or more of cortical neurons are excitatory [START_REF] Georgiev | The quantum physics of synaptic communication via the SNARE protein complex[END_REF][START_REF] Harris | The neocortical circuit: Themes and variations[END_REF]. Thus, the signal sent from the cortex is mainly exciting the targeted areas.

Cortical neurons also communicate with the hippocampus via a specific area, named as the entorhinal cortex (EC), that acts as an interface between the neocortex and the hippocampus. Interestingly in AD, the entorhinal cortex is one of the first structures to degenerate, underlying its relevance in the memory formation [START_REF] Braak | Staging of Alzheimer disease-associated neurofibrillary pathology using paraffin sections and immunocytochemistry[END_REF][START_REF] Schmitz | Basal forebrain degeneration precedes and predicts the cortical spread of Alzheimer's pathology[END_REF]. 

ii. Striatum & basal ganglia

In human, striatum is composed of caudate nucleus and putamen. In mouse, the two structures are not anatomically distinct and referred as striatum. Striatum is the major input structure of the basal ganglia which englobes the striatum, the globus pallidus (internal and external nuclei), the substancia nigra (pars compacta and pars reticula) and the subthalamic nucleus (A. Y. [START_REF] Kim | Enhanced bidirectional connectivity of the subthalamo-pallidal pathway in 6-OHDA-mouse model of Parkinson's disease revealed by probabilistic tractography of diffusion-weighted MRI at 9.4T[END_REF] (figure 7).

The striatum receives projections from the cortex (layer V), the thalamus, the limbic system and the brain stem (figure 10).

Striatum is made of three compartments anatomically, biochemically and functionally different: an extrastriosomal matrix, reticular patches called striosomes and the recently added annular compartment [START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF]. The matrix contains the neurons mostly found in the striatum, the GABAergic medium spiny neurons (MSNs), named by the abundance of spines on their dendrites [START_REF] Gritton | Unique contributions of parvalbumin and cholinergic interneurons in organizing striatal networks during movement[END_REF]. As an example, dorsal striatum is composed of 95% of MSNs [START_REF] Jiang | Membrane properties and synaptic responses of rat striatal neurones in vitro[END_REF].

MSN activity is driven by cortical inputs [START_REF] Wilson | The contribution of cortical neurons to the firing pattern of striatal spiny neurons[END_REF] [START_REF] Gritton | Unique contributions of parvalbumin and cholinergic interneurons in organizing striatal networks during movement[END_REF]. PV interneurons would best predict movement, whereas CHI interneurons have a selective role in recruiting and synchronizing MSN activity through the occurrence of a movement, irrespectively to a reward [START_REF] Gritton | Unique contributions of parvalbumin and cholinergic interneurons in organizing striatal networks during movement[END_REF].

iii. Hippocampus

Hippocampus was named after its unusual and very organized sea-horse shape (figure 8). The hippocampus receives projections from the layer II or III of the entorhinal cortex (EC), and projects to subiculum or deep layers of the EC (figure 9). These bidirectional connections confer to the hippocampus a fundamental role in learning and memory. Cell bodies are densely concentrated in Cornu Ammonis (CA) areas and are discriminated according to their localization and functions: CA1, CA2 or CA3 (figure 9). Although hippocampus cells are in majority excitatory pyramidal cells, similar to the pyramidal cell in the cortex, astrocytes are known to form tripartite synapses regulating neuronal processes [START_REF] Bosson | TRPA1 channels promote astrocytic Ca2+ hyperactivity and synaptic dysfunction mediated by oligomeric forms of amyloid-β peptide[END_REF].

Structures communication results in a behavior

In the past, several experiments of ligation and lesion were realized in mammals proving that brain structures alone, disconnected of other structures, cannot play their role [START_REF] Drewe | The Effect of Type and Area of Brain Lesion on Wisconsin Card Sorting Test Performance[END_REF][START_REF] Müller | The functional neuroanatomy of working memory: Contributions of human brain lesion studies[END_REF][START_REF] Nordborg | Secondary thalamic lesions after ligation of the middle cerebral artery: an ultrastructural study[END_REF]. Indeed, brain structures need to be interconnected and need to act cooperatively to produce a behavior adapted to the external stimuli.

Each behavior is the product of a signal between and/or within brain structures. Neuronal networks resulting into a behavior can differ from an organism to the other, even between mammals. For example, 25% of human striatum possess different connectivity fingerprints compared to mice [START_REF] Balsters | Primate homologs of mouse cortico-striatal circuits[END_REF]. Despite these discrepancies, it is important to understand biological mechanisms in both physio-and pathological contexts in a simpler organism like the mouse at a first instance, in order to further apply the knowledge to human physiology and disease mechanisms [START_REF] Collins | Large-scale neuroanatomical study uncovers 198 gene associations in mouse brain morphogenesis[END_REF]. This paragraph focuses on neuronal networks responsible for mouse behaviors studied during this work in physiological condition (procedural memory) and pathological condition in mouse model of human neurological disorders like AD (explicit memory) and Rett syndrome (motor coordination). 

a. Corticostriatal network & motor coordination

Thanks to its connections with the cortex, basal ganglia, limbic system and the thalamus, the striatum is critical for the control of voluntary movements, motor learning but is also able to link emotions, rewards, executive functions, and mood. In this paragraph, we focus on the striatal control of the voluntary movements.

The crucial role of the corticostriatal network in controlling the movements is illustrated by symptoms observed in neurological disorders in which the striatum is specifically affected. In HD, the degeneration of the cortex and the striatum leads to the apparition of hyperkinesia often referred as Chorea in HD is thought to be due to a loss of MSNs projecting to the GPe leading to an excessive inhibition of the subthalamic nucleus and a subsequent reduction in the basal ganglia output from the thalamus. This network dysfunction could explain the involuntary movements. However, rigidity and akinesia observed in the later stages of HD would impact the MSNs projecting to the GPi/SNr.

Removing inhibition from those neurons could convert hyperkinetic movements into hypokinetic problems (rigidity and akinesia). Cortical inputs from associative areas to MSNs can target DMS and control what we describe as goal directed behavior [START_REF] Gangarossa | BDNF Controls Bidirectional Endocannabinoid Plasticity at Corticostriatal Synapses[END_REF]Hawes et al., 2015;[START_REF] Koralek | Corticostriatal plasticity is necessary for learning intentional neuroprosthetic skills[END_REF][START_REF] Ma | Bidirectional and long-lasting control of alcohol-seeking behavior by corticostriatal LTP and LTD[END_REF][START_REF] Shan | The acquisition of goal-directed actions generates opposing plasticity in direct and indirect pathways in dorsomedial striatum[END_REF], which is the decision of an action regarding the outcome in a specific situation and is directly dependent on the control of voluntary movements.

b. Learning & Memories

Learning and memory are behaviors often attributed to superior mammals like humans or primates but mice, flies or even worms also exhibit a certain form of learning and memory (L. B. Li et al., 2016;Phan et al., 2019). They are characterized by the sequence of three steps: the encoding of a new information into the neurons, the consolidation of this information for long-term memory and the retrieval.

Several forms of learning and memories exist and they rely on different brain structures [START_REF] Camina | The neuroanatomical, neurophysiological and psychological basis of memory: Current models and their origins[END_REF][START_REF] Quillfeldt | Behavioral Methods to Study Learning in Rats[END_REF] (figure 11) (to know more about memories: http://memorya.org). Longterm memory is opposed to the short-term memory which can be verbal or visual, lasting up to 1 minute and recruited to be used immediately (remembering a phone number for instance). Mice take advantage of the short-term working memory when trying to escape from a maze for few minutes.

Differently, long-term memory can last minutes, days, months, up to lifespan. The shift, after few seconds, of encoding between forgetfulness (characterizing the short-term memory) and the maintenance of the memory characterizes the long-term memory and is based on the consolidation of the memory at both synaptic and system levels. The process of consolidation, that can occur during sleep, allows a reinforcement of the memory traces recently encoded that are thus, labile and fragile [START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF][START_REF] Tonegawa | The role of engram cells in the systems consolidation of memory[END_REF]. At the cellular level, consolidation reinforces the connections of specific cells: the engram cells. By modulating the activation of the engram cell, it is possible to activate or inhibit the retrieval [START_REF] Tonegawa | The role of engram cells in the systems consolidation of memory[END_REF]. Changes in the physical or chemical properties of the neurons (synaptic consolidation) with time create a new organization in time and in space of the stimulated neuronal network (systems consolidation). For instance, long term explicit memory is known to appear in the hippocampus during the encoding phase and is then transferred to the cortex thanks to consolidation processes. Engrams cells are known and found within corticohippocampal network [START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF] but might also be present in corticostriatal networks as revealed by their specific increase in activity within the striatum upon cortical stimulation and after training (Badreddine et al., under revisions).

Long-term memory can refer to the explicit memory, highly flexible or to the implicit memory which stores knowledge acquired without conscious effort. Explicit memory is the memory intentionally recovered of facts, concepts (semantic) or personal experiences (episodic). This memory is stored in the cortex and in the hippocampus. A mouse uses its explicit memory when remembering the localization of the platform in the Morris Water Maze. Implicit memory, tightly dependent on the conditions of learning, is involved in several processes like priming, procedural memory and (non)associative memory. Priming improves the perception of a word or an object by prior exposure.

Associative learning associates an event with another; it is the case for fear conditioning experiments where an event (sound) is associated with electric foot shock. Non-associative learning is implicated through a change in the response of a stimuli due to repeated exposure.

Finally, procedural memory, is the memory of habits and is mobilized in human when we learn how to ride a bike or play an instrument. Habits can be defined by a stimulus-response association created only by the repetition of the stimuli rather than the desire or the fear of the outcome (associative learning). This memory is acquired through trials and errors, practice, and experience. To give a clear example, a mouse forms its procedural memory when falling off the accelerating rod repeatedly. At the end of the training, adapting its movements to the rod speed has become a habit. This type of memory is known to be dependent on the corticostriatal network [START_REF] Bosson | TRPA1 channels promote astrocytic Ca2+ hyperactivity and synaptic dysfunction mediated by oligomeric forms of amyloid-β peptide[END_REF]Costa et al., 2004;[START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF]Yin et al., 2009). 

i. Corticohippocampal and corticocortical networks & explicit memory

Thanks to its connection with the cortex, the hippocampus receives sensory and spatial information and is able to store this information for days to a lifetime period. The ultimate and longterm storage takes place, after consolidation, in the cortex through hippocampi output towards the deep layers of the entorhinal cortex or the subiculum.

Corticohippocampal network is defined by two pathways called perforant pathways: a monosynaptic and direct pathway and a trisynaptic and indirect pathway. In the direct pathway, projections from layer III of the entorhinal cortex form synapses with CA1 neurons which project back to the cortex. The indirect pathway is defined by the layer II of the entorhinal cortex projecting to the granule cells of the dentate gyrus through the mossy fibers which then project to the CA1 neurons through the Schaffer collateral. The existence of these two pathways is thought to be necessary for learning and memory because they allow the comparison of the outputs received through both pathways.

Spatial memory evaluated by the Morris-Water Maze test in mouse is dependent on cortical and hippocampal plasticity. In fact, a spatial map of the testing environment is formed in the hippocampus of the tested mouse through firing pattern of specific neurons in CA1 and CA3 regions: the place cells.

Although spatial memory is hippocampus-dependent, it seems that is not the case for object recognition which is thought to depend more on the cortex [START_REF] Oliveira | Post-training reversible inactivation of the hippocampus enhances novel object recognition memory[END_REF].

ii. Corticostriatal network & procedural memory

As detailed earlier, movement control is dictated through the loop involving mainly the cortex, the basal ganglia, and the thalamus. However, movement control is not only useful for goal directed behavior but also for learning and acquisition of new motor skills and habits, what we identify as the procedural memory (Costa et al., 2004;Graybiel & Grafton, 2015;Hawes et al., 2015;Hyungju Park et al., 2014;Yin et al., 2009). Interestingly, procedural memory, mainly dictated by the corticostriatal network, is known to be impaired in HD where this network is the first to degenerate [START_REF] Heindel | Neuropsychological evidence for multiple implicit memory systems: A comparison of Alzheimer's, Huntington's, and Parkinson's disease patients[END_REF][START_REF] Van Asselen | Implicit contextual learning in prodromal and early stage Huntington's disease patients[END_REF]. Cortical inputs reside in either the associative cortex projecting to DMS, either the sensorimotor cortex projecting to the DLS (Mannella et al., 2013;[START_REF] Miyachi | Differential roles of monkey striatum in learning of sequential hand movement[END_REF][START_REF] Miyachi | Differential activation of monkey striatal neurons in the early and late stages of procedural learning[END_REF] (figure 12). Regarding striatal outputs during procedural learning, both direct and indirect pathways seem to be used since both DLS outputs are strengthened [START_REF] O'hare | Pathway-Specific Striatal Substrates for Habitual Behavior[END_REF].

Two phases are involved in the learning of a new motor skill: a fast acquisition phase relying on the goal-directed behavior, and a slow mastery phase where the movement becomes unconscious (or implicit) and the habit is formed (Corbit et al., 2017;Costa et al., 2004;Yin et al., 2009). Neuronal mechanisms responsible for the establishment of procedural memory are still being investigated and two models co-exist in the literature to explain the roles of each network. The first model relies on a control shift from associative cortex-DMS network, responsible for the early learning of a task, to the sensorimotor-DLS network later during the training (Costa et al., 2004;Yin et al., 2009). The other model relies on a co-engagement of the two networks during learning and competing for control (Kupferschmidt et al., 2017;[START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF].

Thus, communication between two neurons is crucial for the emergence of a behavior such as learning and memory. Consequently, it is important to understand how two neurons communicate. In the following paragraph, we will focus on how neuronal morphology serves neuronal functions and communication.

The neuron: the structural and functional unit of the brain

Brain structures' communication is based on the functional transmission of information between two neurons. Before detailing neuron specificities, it is relevant to recapitulate the main hallmarks of the physiology of cells.

a. Cellular physiology

Cellular physiology represents the elements regulating the functions of a cell, among which the cellular homeostasis, regulated by cellular signaling pathways, is crucial for the establishment of the cell state equilibrium.

i. Cellular homeostasis

First conceptualized by Claude Bernard in the 19 th century who investigated the stability of the "milieu interieur", the cellular homeostasis has then been pointed out by Cannon for its crucial role in survival [START_REF] Cannon | The wisdom of the body[END_REF]. 2018) (figure 13). When it is impaired in neurons, it is thought to be the source of neurological disorders like AD, PD and HD (D. [START_REF] Fernandes | Mechanisms of homeostatic plasticity in the excitatory synapse[END_REF][START_REF] Soukup | Parkinson's disease: convergence on synaptic homeostasis[END_REF]. Cellular homeostasis depends partly on protein homeostasis since both protein quantity and quality are crucial for the good functioning of the cell. Thus, physiological protein levels and clearance of the damaged protein are important for the cell to keep its homeostasis. For instance, Aβ peptides have been shown to be toxic for neuronal functions if they are either at high or low concentration [START_REF] Abramov | Amyloid-beta as a positive endogenous regulator of release probability at hippocampal synapses[END_REF][START_REF] Puzzo | Picomolar amyloid-beta positively modulates synaptic plasticity and memory in hippocampus[END_REF].

ii. Cellular signaling pathways Cellular homeostasis is regulated by an entire set up of cellular pathways. A dozen of signaling pathways are described in the literature and one particularly interesting is the IGF-1/Akt pathway.

IGF-1 (Insulin -like growth factor-1) is a growth factor able to activate many signaling pathways, thus responsible for several functions in cells like survival and differentiation [START_REF] Bondy | IGF-1 in Brain Growth and Repair Processes[END_REF]. When bound to its tyrosine kinase receptor at the surface of the cell, it causes the activation of intrinsic tyrosine kinases. Targeted protein like IRS-1 and Shc will then be phosphorylated leading to the activation of several pathways including the one relying of the PI3K/Akt and the MAP kinase (ERK). PI3K activation leads to an Akt recruitment to the plasma membrane where it is phosphorylated by PDK-1 and -2 on Thr308 and Ser473. Akt, a serine/threonine kinase, is known for its roles in cell development, growth and survival when activated. This diversity of functions is the results of the many Akt targets like GSK-3β, Bad, caspases, mTOR and FOXO, promoting cell survival and inhibiting apoptosis (W. H. [START_REF] Zheng | Insulin-like growth factor-1 (IGF-1) induces the activation/phosphorylation of Akt kinase and cAMP response element-binding protein (CREB) by activating different signaling pathways in PC12 cells[END_REF] (figure 14). For instance, by inhibiting GSK-3β, Akt is able to prevent Tau accumulation observed in AD (Y. S. [START_REF] Hu | Molecular Mechanisms of Environmental Enrichment: Impairments in Akt/GSK3β, Neurotrophin-3 and CREB Signaling[END_REF][START_REF] Kitagishi | Dietary regulation of PI3K/AKT/GSK-3β pathway in Alzheimer's disease[END_REF]. Thus, as any other cell, a neuron needs this equilibrium state to survive and perform its roles. However, a neuron is a specific cell in which cellular homeostasis can differ according to its type, its compartments, and its roles. 

b. The neuron: a highly specialized cell

A neuron is a specific cell whose shape is crucial for its function and vice versa.

i. Different types of neurons

Throughout the brain, dozens of neuron types exist and are characterized by a morphology matching their functions [START_REF] Weissman | DNA repair, mitochondria, and neurodegeneration[END_REF] (figure 15).

For instance, pyramidal neurons in the cortex have been described at the end of the 19 th century by Ramón y Cajal, famous for its functional and morphological drawings of neurons based on Golgi staining's [START_REF] Llinás | The contribution of Santiago Ramon y Cajal to functional neuroscience[END_REF] (figures 15 and 16). Pyramidal cells present a primary and apical dendrite connected to the soma in a specific layer projecting its axons in specific output structures. Although this type of neurons is predominantly present within the cortex, one of Ramón y Cajal students, Rafael Lorente de Nó later identified more than 40 types of cortical neurons based on the distribution of the dendrites and axons.

Brain structures are often characterized by their types of neurons: Purkinje cells, presenting a huge dendritic arborization with many spines, are only found in the cerebellum whereas MSNs characterized by a high dendritic spine number are striatum-specific (Klapstein et al., 2001) (figure 15 and 17). These characteristics can be explained by the fact that the neuronal shape and neuronal function influence each other. For instance, MSNs are thought to compensate their smaller number within the striatum, compared to the number of cortical projecting neurons, by the high density of dendritic spines, emphasizing their central role in receiving and selecting the information from the different cortical areas (figure 17). ii. A polarized structure Both cell shape and neuronal function imply a polarity within the cell. All neurons are compartmentalized with neurites receiving or sending the signal in order to communicate. Polar morphology and function directly depend on the organization of the cytoskeleton [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF].

Neuronal compartments

Neuronal communication is supported by a specific spatial compartmentalization of the neuron separating the neurite receiving the signal, the dendrite (input) and the one sending the signal, the axon (output) (figure 18). Between those two neurites stand the soma and its nucleus. 

Dendrites

Dendrites are the neurites receiving the signal through their spines. Dendritic spines are small protrusions from the shaft whose morphology reflects maturation. Spine turnover is accelerated during learning and memory formation [START_REF] Fu | Experience-dependent structural plasticity in the cortex[END_REF][START_REF] Montagna | The role of APP in structural spine plasticity[END_REF].

Soma

The soma contains the genetic information within the nucleus connected to the endoplasmic reticulum. Even though some RNA translation and protein production are carried out within neurites, they essentially take place within the soma. Soma volume represents less than 1% of the entire neuron volume [START_REF] Soukup | Parkinson's disease: convergence on synaptic homeostasis[END_REF].

Axon

Connected to the soma, the axon is an extension that can measure up to one meter, in the case of the motor neuron. Axons can be divided in three parts: the axon initial segment (AIS), the axon shaft and the presynaptic terminal [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. AIS is the segment present on the first 20-60 µm of the axon where an action potential, the electrical signal, is generated and shaped from the summation of synaptic inputs received by the post synaptic dendritic spines [START_REF] Leterrier | The axon initial segment: An updated viewpoint[END_REF]. AIS is thought to act as a filter, sorting molecules and regulating molecular motors recruitment to direct vesicles to their specific destination [START_REF] Leterrier | The axon initial segment: An updated viewpoint[END_REF]. It is able to select axonal vesicles and exclude dendritic cargoes.

Once generated, the action potential is propagated along the axon shaft where it finally reaches the presynaptic terminal.

Synapse

Axons connect to another neuron's dendrites through synapses, from the axon terminal or from the axon shaft (en passant boutons). According to its nature, a neuron can make up to 10 000 synapses with other cells in the mammalian brain, as it is the case for Purkinje cells. A chemical synapse is thus composed of a presynaptic element, the axon terminal, and a postsynaptic element, usually a dendritic spine, separated by a 30 nm synaptic cleft (figure 19). Active zones joined to the plasma membrane in the presynaptic element are characterized by their enrichment in vesicles ready to be released and in proteins; they are the release sites. Opposed to active zones in the postsynaptic element, stand a postsynaptic density (PSD), dense to electrons because of the high protein concentration (figure 19).

Even though it is scarcer, a release site can be unpaired with a PSD on the postsynaptic neuron: the release is then termed extrasynaptic [START_REF] Fuxe | Volume Transmission in the Brain: Novel Mechanisms for Neural Transmission[END_REF][START_REF] Sámano | Neurotransmitter segregation: Functional and plastic implications[END_REF].

The electric signal (action potential) received from the dendrites is filtered in the AIS, transported along the axon and translated into a chemical signal (calcium influx) at the synapse. The signal is then encoded by the following release of signaling molecules (neurotransmitters) into the synaptic cleft (exocytosis) and their caption from receptors in the postsynaptic neuron. Then, thanks to several cellular signaling, the postsynaptic dendrites are able to translate the chemical signal into an electric one generating post synaptic currents (PSC), either excitatory (EPSC) or inhibitory (IPSC).

To conclude, neuronal shape is crucial for its function in transmitting the information. However, what are the cell components responsible for this architecture?

Cytoskeleton governs the cell architecture and its functions

Cytoskeleton has several important functions within the cell as it regulates the neuronal structure and functions. In fact, by modeling the cell, the cytoskeleton regulates neuronal migration, polarity, and differentiation [START_REF] Kapitein | Building the Neuronal Microtubule Cytoskeleton[END_REF]. Moreover, it supports neuronal transport, thus functionalizing the neuronal segments [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. Different components of the cytoskeleton can be found based on the neuronal compartment and their roles, such as microtubules, actin and neurofilaments. a. Microtubules Microtubules (MTs) are made up of heterodimers of α-and βtubulin bound altogether to form protofilaments that associate laterally and form a hollow tube, 25-nm wide (figure 20). Tubulin dimers are polarized structures and their head-to-tail assembly confers polarization to the MTs, revealed by the presence of a plus and a minus end [START_REF] Kapitein | Building the Neuronal Microtubule Cytoskeleton[END_REF][START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. The polarity of MTs is crucial for neuronal functioning especially in axons where their organization is one of the cellular sensors for signal directionality.

Although they are components of the cell "skeleton", it is important to consider MTs as dynamic structure: they are in constant polymerization and depolymerization processes, through GTP hydrolysis (figure 21) (Harvey et al., 2008). The plus-end is characterized by the assembly of GTP-bound tubulin dimers which allows a rapid growth of MTs. On the other hand, GTP-tubulin can be hydrolyzed into GDP leading to its detachment from the depolymerizing MTs. When a neuron is mature and no longer needs to migrate or grow, MTs become relatively stable, but not static. Indeed, the coordination of this dynamics is well regulated in order to keep the length constant, while incorporating new tubulin monomers [START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: A loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF][START_REF] Ricard | CHAPTER 1 Molecular stereospecific recognition and reduction in cell biology[END_REF]. These phenomena are quite relevant since they branching and specification [START_REF] Papandréou | The functional architecture of axonal actin[END_REF].

Structurally, actin filaments were originally found under the plasma membrane, where MTs were absent, in synaptic regions like presynaptic terminals and dendritic spines but also in the growth cone of developing neurons [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]. Nowadays, thanks to the development of superresolution microscopy techniques like STED or STORM or cryo-electron microcopy, actin has been detected along the neuron, from the tip of the dendrite to the AIS and within the axon shaft in which actin forms rings (figure 23), hotspots or trails [START_REF] Leterrier | The nano-architecture of the axonal cytoskeleton[END_REF][START_REF] Papandréou | The functional architecture of axonal actin[END_REF][START_REF] Vassilopoulos | Ultrastructure of the axonal periodic scaffold reveals a braid-like organization of actin rings[END_REF][START_REF] Xu | Actin, spectrin, and associated proteins form a periodic cytoskeletal structure in axons[END_REF].

Functionally, in addition to being crucial for the shape and integrity of neurons, actin filaments also play an important role in neuronal transport as they act as tracks for the molecular motor myosin [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]. Unlike the MTs, actin-based transport would allow a short and local trafficking of organelles, carried into synaptic areas by MT-based transport (Q. [START_REF] Cai | Molecular motors and synaptic assembly[END_REF]. This shift from MTs to actin is thought to modulate endosome motility or the SV trafficking within pools at the presynapse (between the reserve pool and the RRP after a stimulation, e.g.) [START_REF] Miki | Actin-and Myosin-Dependent Vesicle Loading of Presynaptic Docking Sites Prior to Exocytosis[END_REF]Owe et al., 2009;[START_REF] Papandréou | The functional architecture of axonal actin[END_REF][START_REF] Rust | Relevance of presynaptic actin dynamics for synapse function and mouse behavior[END_REF].

It is interesting to note that MTs and actin filaments in axons, thanks to their dynamic state, are designed to ensure the structural plasticity necessary to modulate synaptic connections and therefore cellular mechanisms of learning and memory.

c. Neurofilaments

Neurofilaments are a type of intermediate filaments found only in neurons [START_REF] Gibbs | Regulation of Axonal Transport by Protein Kinases[END_REF][START_REF] Yuan | Neurofilaments and neurofilament proteins in health and disease[END_REF]. They are the most abundant fibrillar components in axons (three to 10 times more than MTs) and are considered as the bones of the cytoskeleton. The peculiarity of this structure of 10 nm of diameter is that, unlike MTs and actin filaments, it is stable and almost completely polymerized in the cell.

Neurofilaments, are believed to support axonal structure and to regulate axon diameter [START_REF] Gibbs | Regulation of Axonal Transport by Protein Kinases[END_REF]. When neurofilament proteins are mutated in Charcot-Marie -Tooth disease, the diameter of the axons is reduced and nerve conduction is impaired [START_REF] Yuan | Neurofilaments and neurofilament proteins in health and disease[END_REF]. Neurofilaments are thought to play a role in neuronal transport by interconnecting with MTs or actin filaments to create a specific network that could serve as a docking platform for proteins and organelles [START_REF] Yuan | Neurofilaments and neurofilament proteins in health and disease[END_REF].

Therefore, the cytoskeleton is crucial for the shape and functions of a neuron as it creates a polarized cell that functionalizes the neuronal compartments allowing neuronal communication. But how are neurons responsible for macroscopic events such as memory and learning through neuronal communication? In which cellular mechanisms do memory and learning reside?

The neuronal mechanisms underlying learning and memory

One of the key processes for memory mechanisms is based on synaptic homeostasis which constantly adapts and perceives environmental cues or changes. From there, the second key process is the brain's ability to remember and learn the coupling between homeostatic changes and output in terms of chemistry. This process is called plasticity.

a. Synapse homeostasis

Synaptic homeostasis is a specific cellular homeostasis because this dynamic equilibrium relies on the communication between two compartments to maintain a feedback loop: the pre-and the postsynaptic compartments (figure 24). This two-sided loop allows the integration of a change in the equilibrium from one compartment to another through diffusible molecules, which makes it able to drive signaling pathways that induce a compensatory mechanism and prevent degeneration of the nervous system (D. [START_REF] Fernandes | Mechanisms of homeostatic plasticity in the excitatory synapse[END_REF][START_REF] Yee | A metaplasticity view of the interaction between homeostatic and hebbian plasticity[END_REF]. Synapse homeostasis regulates the synaptic performance according to the environment through constant remodeling (functional and morphological) in order to maintain the fidelity of communication within neuronal networks. This adaptability is called homeostatic plasticity. Functional remodeling may rely on regulation of synaptic strength through postsynaptic excitability, network modeling, or alteration of presynaptic functions [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF][START_REF] Turrigiano | Homeostatic synaptic plasticity: Local and global mechanisms for stabilizing neuronal function[END_REF][START_REF] Turrigiano | The dialectic of hebb and homeostasis[END_REF]H. Wang et al., 2012). Morphological remodeling is characterized by the regulation of the size and the shape of dendritic spines, synapses, PSD areas or number of synapses [START_REF] Marrone | The role of synaptic morphology in neural plasticity: Structural interactions underlying synaptic power[END_REF].

If the two compartments do not influence each other, adaptation to the environment is a cellautonomous response and is considered as a cellular homeostasis rather than a synaptic homeostasis. However, these two modes are not exclusive. In fact, synaptic homeostasis can be seen as the junction of two cellular homeostatic systems that interact through trans-synaptic signaling pathways. These trans-synaptic pathways can be supported by molecules responsible for the cell-cell interaction or cell adhesion by creating trans-synaptic connections such as integrins or APP homodimers (Fogel, et al., 2014;[START_REF] Frere | Review Alzheimer ' s Disease : From Firing Instability to Homeostasis Network Collapse[END_REF][START_REF] Huber | Synaptic homeostasis: Quality vs. quantity[END_REF][START_REF] Macleod | Synaptic Homeostasis on the Fast Track[END_REF][START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF].

The fact that neurons are post mitotic cells implies their great dependence on efficient mechanisms that control protein and synapse homeostasis [START_REF] Soukup | Parkinson's disease: convergence on synaptic homeostasis[END_REF], which are the basis for the establishment of the molecular pathway that regulates memory. Indeed, when synapse homeostasis is lost, like in PD, AD or HD [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]H. Vitet et al., 2020), the system is no longer able to adapt (i.e. is no longer able to change the balance). Therefore, memory mechanisms are not possible and the equilibrium is no longer dynamic.

b. Synaptic strength

As previously mentioned, synapse homeostasis can regulate and adjust synaptic strength, which is known to be critical to the physiological function of the brain (D. [START_REF] Fernandes | Mechanisms of homeostatic plasticity in the excitatory synapse[END_REF][START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF][START_REF] Turrigiano | Homeostatic plasticity in neuronal networks: The more things change, the more they stay the same[END_REF]. Synaptic strength is a parameter that can give access to synaptic function [START_REF] Murthy | Synaptic plasticity : Step-wise strengthening[END_REF]. It is defined as the "amount of current produced in the postsynaptic neuron by an AP in the presynaptic" [START_REF] Murthy | Synaptic plasticity : Step-wise strengthening[END_REF]. According to Katz's theory, two parameters can influence synaptic strength: the probability of release (the ability for an AP to activate the release of at least one vesicle from the presynaptic neuron (Alabi & Tsien, 2012) and the quantal size (the current created in postsynaptic neuron from the NT release) [START_REF] Allen | An evaluation of causes for unreliability of synaptic transmission[END_REF]; P. S. Kaeser & Regehr, 2017). The probability of release depends both on the activation mechanism (i.e. the calcium influx)

and on the activated process (the amount of release of NT). The amount of NT release depends on the number of release sites (usually 1 in the mammalian CNS) and the number of SVs ready to be released (N) [START_REF] Dobrunz | Heterogeneity of release probability, facilitation, and depletion at central synapses[END_REF][START_REF] Matz | Rapid structural alterations of the active zone lead to sustained changes in neurotransmitter release[END_REF][START_REF] Murthy | Inactivity produces increases in neurotransmitter release and synapse size[END_REF]. The greater the number of SVs in the active zone, the greater is the probability of release. In hippocampal neurons, the probability of release was found to be low, less than 0.3 [START_REF] Murthy | Heterogeneous release properties of visualized individual hippocampal synapses[END_REF].

c. Plasticity

Synaptic strength can be modulated dramatically and rapidly by signals from intrinsic (high activity) or extrinsic (input from other neurons) factors. This change in synaptic strength can last for seconds to days and is called short-term or long-term plasticity, respectively. In other words, plasticity is the ability of a cell to change synaptic strength, based on the signal it received. The increase in synaptic strength is called potentiation, while a decreased is called depression. Short-term memory, like working memory, is believed to rely on short-term regulation of synaptic strength (neuronal firing).

During plasticity, pre-and postsynaptic elements communicate in a coordinated way, causing the perturbation of synaptic homeostasis, leading to an infinite strengthening of the connections [START_REF] Hebb | The organization of behavior[END_REF]H. Wang et al., 2012); this phenomenon is called long-term potentiation (LTP) and was first described by Hebb [START_REF] Hebb | The organization of behavior[END_REF]. LTP is opposed to long-term depression (LTD), which characterizes the weakening of synaptic connections. LTP (or LDP) forms are varied and can use many molecular mechanisms that regulate synapse homeostasis such as sustained increase in the amplitude of ESPSPs, modulation of the number of glutamate receptors in postsynaptic element, or cellular pathways that regulate the gene expression (CREB) [START_REF] Edelman | Degeneracy and complexity in biological systems[END_REF]. LTP also causes morphological changes as a change in synaptic curvature or in synapse perforation and an enlargement of dendritic spines and synapses [START_REF] Bourne | Coordination of size and number of excitatory and inhibitory synapses results in a balanced structural plasticity along mature hippocampal CA1 dendrites during LTP[END_REF][START_REF] Marrone | The role of synaptic morphology in neural plasticity: Structural interactions underlying synaptic power[END_REF]. Since the synapse area is constant [START_REF] Bourne | Coordination of size and number of excitatory and inhibitory synapses results in a balanced structural plasticity along mature hippocampal CA1 dendrites during LTP[END_REF], during LTP, synaptic density decreases and synapses get bigger with a larger PSD area, correlated to the mean EPSP amplitude [START_REF] Holler-Rickauer | Structure and function of a neocortical synapse[END_REF]. All of these changes in morphology serve to increase the probability of release by either regulating the calcium influx concentration or by decreasing the distance between the pre-and the postsynaptic neurons. This morphological plasticity is responsible for long-term changes in behavior such as learning or memory [START_REF] Fields | Synaptic morphology and differences in sensitivity[END_REF].

LTP and LDP have been shown to be implicated during various learning protocols in mice, emphasizing the fact that they may be the cellular substrates for memory formation [START_REF] Wang | Consequences of inhibiting amyloid precursor protein processing enzymes on synaptic function and plasticity[END_REF]. For instance, hippocampal long storage of information mobilized for spatial memory is thought to be directly linked to LTP. Implicit memory is thought to be driven by the strength of corticostriatal connections where LTP modulates MSNs activity by regulating glutamate receptor (NMDAr) [START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF].

Interestingly, Hebbian plasticity illustrates well the need for homeostasis regulation (through homeostatic plasticity) since, without this regulation, LTP leads to a degradation of the neuronal network caused by a vicious cycle of excitation [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]. For example, homeostaticdependent regulation of the synaptic strength during activity through the regulation of the number of glutamate receptors in the postsynaptic compartment is important to control the Hebbian-like LTP mechanisms responsible for memory [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF][START_REF] Turrigiano | The dialectic of hebb and homeostasis[END_REF]. Hence, homeostatic plasticity seems to counteract LTP-dependent perturbations by triggering homeostatic negative feedback mechanisms (D. [START_REF] Fernandes | Mechanisms of homeostatic plasticity in the excitatory synapse[END_REF][START_REF] Turrigiano | Homeostatic synaptic plasticity: Local and global mechanisms for stabilizing neuronal function[END_REF][START_REF] Turrigiano | The dialectic of hebb and homeostasis[END_REF]H. Wang et al., 2012;[START_REF] Yee | A metaplasticity view of the interaction between homeostatic and hebbian plasticity[END_REF]. The regulation of LTP-dependent perturbation by homeostatic plasticity is called metaplasticity [START_REF] Cooper | The BCM theory of synapse modification at 30: Interaction of theory with experiment[END_REF][START_REF] Yee | A metaplasticity view of the interaction between homeostatic and hebbian plasticity[END_REF].

In conclusion, behaviors such as learning and memory, implicit or explicit, are the result of the communication between neurons from different brain structures that form networks. Therefore, neuronal communication and homeostasis appear to be crucial for the proper functioning of neuronal networks. This communication between two neurons is based on a specific neuronal morphology linked to its function with dendrites receiving the signal and axons sending it to another neuron through the synapse. The strength of this neuronal communication depends on the release of molecules at the synapse and can be modulated over a short or a long period by the plasticity properties of neurons. Long-term changes in synaptic strength are associated with LTP or LDP, which are thought to be the cellular substrates of long-term memory.

The communication between two neurons depends on the communication between the compartments within a given neuron. Therefore, understanding the mechanisms and consequences of the transport of molecules within neurites is important to characterize the physiological functioning of the system. But what is neuronal transport and how is it regulated?

Chapter 2-Axonal transport of vesicles as a regulator of neuronal functions and survival through multi-protein interactions

This part focuses on a specific neuritic transport: axonal transport. Indeed, the aim of this study concerns the understanding of the transport within the axons of different vesicles containing a variety of molecules. We will first define what a vesicle is from its synthesis to its fusion with the plasma membrane and then the differences between the types of vesicles in terms of cargo and dynamics.

Tracks for these vesicles will also be described alongside their role in the regulation of molecular motor driven axonal transport. However, tracks and molecular motors are not the only players regulating axonal transport: adaptors and scaffold proteins also play an important role. It is therefore important to identify those regulators to better understand the dynamics of axonal transport and its modalities and then try to restore it in a pathological context.

Vesicles and cargoes a. Definition

A vesicle is a mobile organelle actively transported in neurons or astrocytes [START_REF] Bohmbach | The structural and functional evidence for vesicular release from astrocytes in situ[END_REF][START_REF] Verkhratsky | Astrocytes as secretory cells of the central nervous system: idiosyncrasies of vesicular secretion[END_REF], bounded by a lipid bilayer and containing cytoplasm that can be enriched with cargoes: molecules, peptides, proteins, or other vesicles (figure 25). Vesicles have specific biogenesis, morphology and dynamics depending on the cargo they carry which determines their roles.

b. Vesicle biosynthesis

A simple description of a vesicle would consist of a sphere made of lipids and containing proteins. The lipids that form the vesicles are usually buddings from the membranes of organelles within the cell body or from the plasma membrane at axon terminals. These two cellular subcompartments are also those in which proteins are inserted into the vesicles: by being produced de novo in-situ, by being sequestered in the invaginated membrane. axons (figure 28) [START_REF] Valenzuela | Transport along the dendritic endoplasmic reticulum mediates the trafficking of GABAB receptors[END_REF]Y. Wu et al., 2017). In the 1960s, some studies hypothesized the presence of mRNA and ribosomes in axons supporting the idea of intraaxonal protein synthesis [START_REF] Bunge | fine strucure of nerve fibers and growth cones of isolated sympathetic neurons in culture[END_REF][START_REF] Koenig | Synthetic Mechanisms in the Axon-I. Local Axonal Synthesis of Acetylcholinesterase[END_REF]. Nowadays, though controversial for many years [START_REF] Sahoo | Axonal mRNA transport and translation at a glance[END_REF][START_REF] Steward | mRNA localization in neurons: A multipurpose mechanism?[END_REF], this hypothesis has been further investigated and validated in vivo in mature mammalian axons [START_REF] Perry | Local Translation in Neuronal Processes -In Vivo Tests of a 'HereticalHypothesis[END_REF][START_REF] Sahoo | Axonal mRNA transport and translation at a glance[END_REF]. The mRNA can be transported via kinesin-mediated transport to the axon terminal where it is translated into proteins or docked to receptors [START_REF] Sahoo | Axonal mRNA transport and translation at a glance[END_REF]. This mechanism allows the subcellular regulation of the proteome, essential for neurons and critical for their regeneration and repair [START_REF] Gumy | Transcriptome analysis of embryonic and adult sensory axons reveals changes in mRNA repertoire localization[END_REF][START_REF] Sahoo | Axonal mRNA transport and translation at a glance[END_REF]. But it also allows the communication between the axon terminal and the cell body through the retrograde transport of proteins synthesized in axons. This communication is known to be increased and dramatic in AD [START_REF] Baleriola | Axonally synthesized ATF4 transmits a neurodegenerative signal across brain regions[END_REF].

Furthermore, the biogenesis of vesicle can be regulated by many processes such as gene expression, post-transcriptional or post-translational modifications (Gondré- [START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF]. This is the case, for example of the REST/NRSF transcriptional repressor, which, when not sequestrated in the cytoplasm, is known to down-regulate the expression of genes required for vesicle secretion and vesicular protein production [START_REF] Bruce | Genome-wide analysis of repressor element 1 silencing transcription factor/neuron-restrictive silencing factor (REST/NRSF) target genes[END_REF][START_REF] Zuccato | Loss of huntingtin-mediated BDNF gene transcription in Huntington's disease[END_REF]. ii. Vesicular production from endocytosis at the level of the plasma membrane Another way of producing new vesicles within neurites is through the invagination of the plasma membrane (PM) which can carry extracellular material into the cell. Thus, instead of being a TGN expansion, vesicles are made up of lipids and proteins from the PM. Endocytosis can be observed in both dendrites and axons, and over a 40 year period, four main modes of endocytosis have been described: the clathrin mediated endocytosis (CME) (Figure 29B), the kiss-and-run (Figure 29C), the ultrafast endocytosis (Figure 29A) and the activity-dependent bulk endocytosis (ADBE) (Figure 29D) [START_REF] Chanaday | The synaptic vesicle cycle revisited: New insights into the modes and mechanisms[END_REF][START_REF] Kononenko | Molecular mechanisms of presynaptic membrane retrieval and synaptic vesicle reformation[END_REF]Y. Wu et al., 2014).

The CME mode, which predominates in mammalian synapse, is slow (10-30s) because it requires a significant and specific set of proteins to produce recycled vesicles with high quality and fidelity [START_REF] Chanaday | The synaptic vesicle cycle revisited: New insights into the modes and mechanisms[END_REF]Y. Wu et al., 2014). Briefly, adaptor proteins recruit clathrin proteins around the forming vesicle to build a clathrin coating. This coating is then stripped away by other proteins assembled into a ring structure around the neck of the forming vesicle which eventually frees itself from both the PM and the clathrin molecules (for more details, see chapter 3 1-a-v-2).

Conversely, the kiss-and-run endocytosis mode is faster (less than 1 or 2 seconds), because not only the opening of the fusion pore is reversed but also because it requires no adaptor or clathrin proteins.

This endocytic modality would also be the most effective in terms of recycling [START_REF] Chanaday | The synaptic vesicle cycle revisited: New insights into the modes and mechanisms[END_REF][START_REF] Schikorski | Readily releasable vesicles recycle at the active zone of hippocampal synapses[END_REF]Y. Wu et al., 2014) and could explain the small proportion of lipid mixing between the PM and the synaptic vesicles found in Lewis' study [START_REF] Lewis | Unique Lipid Chemistry of Synaptic Vesicle and Synaptosome Membrane Revealed Using Mass Spectrometry[END_REF].

Furthermore, ultrafast endocytosis can be performed in 50 ms after exocytosis via endocytosis of a large amount of clathrin-free PM. Due to its ability to recover a big amount of PM in a short time, this recently discovered mechanism is thought to compensate for the excessive amount of lipids carried to the PM during exocytosis to maintain membrane tension [START_REF] Chanaday | The synaptic vesicle cycle revisited: New insights into the modes and mechanisms[END_REF]. The bulk forming large endocytic vesicles (80 nm) can then lead to clathrin-mediated budding to produce smaller and mobile vesicles. Finally, ADBE mode is a clathrin-independent mechanism, similar to ultrafast endocytosis, but differs in activation modality: long bursts of intense activity are required. It is also slower (1-2 sec) and the formed endosomes are larger (150 nm) [START_REF] Chanaday | The synaptic vesicle cycle revisited: New insights into the modes and mechanisms[END_REF].

The two modalities of vesicle production described above in the paragraph give specific morphology and dynamics to the new vesicles.

c. Vesicle morphologies and dynamics

The electron microscopy technique provides direct access to the morphology and localization of vesicles. Observations and measurements led to the conclusion that a vesicle can be described based on its function, morphology, composition and dynamics, which are all interdependent. For example, we can distinguish secretory vesicles and endosomes from exosomes and each of them can be declined in different types of vesicles.

i. Secretory vesicles

In neurons, many of the newly formed vesicles in the Golgi apparatus are secreted at the plasma membrane to ensure neuronal communication by releasing molecules, survival cues, or celladhesion proteins. Despite their heterogeneity, they all contain the exocytotic machinery for merging with PM. Two main secretory pathways are described in the literature: the constitutive secretory pathway (CSP) and the regulated secretory pathway (RSP) (figure 30) (Gondré- [START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF]. 

CSP vesicles

The vesicles formed by the Golgi apparatus are CSP vesicles by default because their production does not require processes of maturation, protein concentration or coating. These vesicles, also called transport vesicles or TGN-derived vesicles, emerge from the Golgi apparatus as clear and small vesicles (80-100 nm of diameter) and can contain both secretory (like growth factor) and/or membrane proteins (such as APP) (figure 30). Once produced, they are transported to the axon terminal where they fuse with the plasma membrane regardless of any external or calcium-related signal. Consequently, the CSP depends on the rate of de novo vesicle production and does not form any vesicle pool within the neurite (Gondré- [START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF].

CSP vesicles-like: synaptic vesicle precursors

Some CSP vesicles are specific because they differ in their composition. These CSP vesicles-like, also called Synaptic Vesicle Precursors (SVPs), possess a specific set of membrane proteins allowing exocytosis (described in chapter 3 2-a) that requires a preliminary protein concentration and sorting within the Golgi apparatus. Usually empty after their formation, SVPs are transported and secreted constitutively to the plasma membrane of the axon terminal, where they fuse and mature to become a neurotransmitter-filled synaptic vesicle (SV). At this stage, this CSP vesicle becomes a RSP vesicle because it needs a calcium influx to be fused with the PM and ensure the neuronal communication.

Further details are described in chapter 3 1-a-iii.

RSP vesicles: dense core vesicles

Inside neurons, we can also find another type of secretory vesicle. Dense-core vesicles (DCVs) are RSP vesicles and their secretion depends on external signal translated into a Ca 2+ entry. Contrary to the CSP vesicles, they need to be filled and enriched with a certain set of proteins, right from the exit of the Golgi apparatus in order to mature and be delivered to the PM. This process begins when DCV proteins reach the TGN and are sorted and aggregated at an acidic pH to finally bud and form immature clathrin-coated DCV [START_REF] Sahu | Role of clathrin in dense core vesicle biogenesis[END_REF].

Maturation processes such as acidification, sorting, and cleavage (Gondré- [START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF][START_REF] Kim | Dense-core secretory granule biogenesis[END_REF][START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF] allow the DCVs to be fully functional and pure. For example, lysosomal enzymes are separated from the immature DCV to be delivered to the endosomes during this process.

The highly concentrated and condensed content of DCVs make this type of vesicle opaque, dense with electrons and larger than CSP vesicles (100-300 nm of diameter) (figure 31) [START_REF] Dominguez | Dense-core vesicle biogenesis and exocytosis in neurons lacking chromogranins A and B[END_REF]. DCVs are located throughout the neuron [START_REF] Persoon | Pool size estimations for dense-core vesicles in mammalian CNS neurons[END_REF], transported bidirectionally into both dendrites and axons (Stucchi et al., 2018), stored in actin-rich domains under the plasma membrane in dendrites [START_REF] Washburn | Regulation of peptidergic vesicle mobility by secretagogues[END_REF] and fuse mainly in the axon terminals where on average 2 or 3

DCVs can be found [START_REF] Persoon | Pool size estimations for dense-core vesicles in mammalian CNS neurons[END_REF]. DCV exocytosis requires external signal and intracellular calcium.

ii. Endocytic vesicles: Endosomes Newly formed vesicles from endocytosis are called endosomal vesicles. Depending on the mode of endocytosis or the nature of the endocytosed proteins, the morphology of endosomal vesicles is different as they undergo different pathways to reach a specific target. Three mains paths related to cellular functions can be identified: recycling, degradation, or signaling.

Recycling endosomes

Once the endosomal vesicle has been created in a clathrin-dependent mode, it is likely that its lipid and protein components are about to be recycled to the PM [START_REF] Yamashita | Neurotrophin signaling endosomes: Biogenesis, regulation, and functions[END_REF]. Cell cycle recycling is direct and rapid or indirect and slow through endosome recycling [START_REF] Gruenberg | The biogenesis of multivesicular endosomes[END_REF]. Recycling is a crucial process because it regulates the concentration of a protein at the PM. For example, it can limit the number of receptors at the PM thus decreasing the communication between two neurons [START_REF] Yamashita | Neurotrophin signaling endosomes: Biogenesis, regulation, and functions[END_REF]. This recycling route also promotes SV maturation.

Degradation endosomes

Clathrin-independent endocytosis may be a signal of degradation [START_REF] Yamashita | Neurotrophin signaling endosomes: Biogenesis, regulation, and functions[END_REF] that begins with the entry of the vesicle into an early endosome thus forming intraluminal vesicles. Then, the early endosome becomes an intermediate endosome (also called Multi Vesicular Body) and becomes latter, a late endosome that eventually fuses with a lysosome responsible for degradation (figure 32) [START_REF] Gruenberg | The biogenesis of multivesicular endosomes[END_REF]. Each of these endosomes possesses a specific morphology and protein composition: late endosomes are larger and more pleiomorphic than MVBs which are spherical and around 400-500 nm wide. Degradation in neurons is crucial because clearance of proteins avoids their accumulation and, by extensions, preserves these postmitotic cells which cannot divide.

Signaling endosomes

Finally, a small proportion of endosomes [START_REF] Yamashita | Neurotrophin signaling endosomes: Biogenesis, regulation, and functions[END_REF] and cytosolic proteins or molecules such as RNA [START_REF] Raposo | Extracellular vesicles: Exosomes, microvesicles, and friends[END_REF]. However, this form of release was found to account for only 1% of the total peptide secretion [START_REF] Rajendran | Alzheimer's disease β-amyloid peptides are released in association with exosomes[END_REF].

d. To each vesicle its cargo

As previously described, vesicles within neurites show different morphologies and dynamics depending in their roles, which are mainly dictated by their cargo. Here, we will discuss about the main cargo properties of the three types of secretory vesicles described above: Amyloïd Precursor Protein (APP) transported within CSP vesicles, neurotransmitters trafficked within synaptic vesicles and Brain-Derived Neurotrophic Factor (BDNF) transported within DCVs (figure 34). Endosome cargoes will be described briefly and not exhaustively. The fact that these three cargoes are carried by different type of vesicles reflects the need of compartmentalization: a cargo must be transported to a specific target zone through a precise route within a specific type of vesicle in order to fulfil its role. we can list receptors, active zone proteins, t-SNARE proteins, channels or APP. The role of APP on synaptic homeostasis, which is impaired in Alzheimer's disease, is crucial and was the subject of the first study included in this work (Bruyère et al., 2020). Since secretion rate of CSP vesicles is known to be independent of neuronal activity, it is interesting to understand that if the system is challenged by a APP overexpression or an addition of transgene, the level of constitutively secreted APP will increase.

As for growth factors, one of them (Nerve Growth factor -NGF) is known to be constitutively secreted, unlike BDNF [START_REF] Mowla | Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons[END_REF].

ii. Synaptic Vesicles contain neurotransmitter (NT)

The synaptic vesicles found at the axon terminal fuse with the PM as a result of neuronal activity. These vesicles are peculiar because they contain the molecules responsible for delivering the message: neurotransmitters (NTs). A neurotransmitter could be simply defined as a molecule released by the presynapse, received by a receptor in the postsynaptic neuron which then converts the chemical signal into an electric signal from a cascade of events. A NT is the unity of the nervous message. Many molecules fit this definition and are classified despite their diversity into two categories based on their size and their role: the classic and the neuromodulator (or co-transmitters). The classics, the smallest, are amino acids or transmitters (acetylcholine, dopamine, serotonin, glycine, glutamate, GABA, etc.) transported within dense core vesicles (DCVs) or SVs [START_REF] Sámano | Neurotransmitter segregation: Functional and plastic implications[END_REF]. The other category is composed of neuropeptides (neuropeptide Y, oxytocin, melatonin, etc.), bigger molecules and are carried only by DCVs.

A NT is usually excitatory or inhibitory: glutamate or norepinephrine are mainly associated with excitatory mechanisms, while GABA or serotonin are mostly associated with inhibitory mechanisms.

However, it is important to point out that for some NTs, the nature of the message does not depend on their property, but rather on the type of receptor that receives the NT and translates the message.

The receptors determine the action of NT. For example, the action of acetylcholine (ACh) and dopamine depend on their receptor. Indeed, ACh can bind to nAChR or mAChR and dopamine to D1 or D2, to transduce both and respectively an excitatory or inhibitory message.

Until the late 1970s, it was thought that a neuron could send only one neurotransmitter [START_REF] Eccles | Physiology of nerve cells[END_REF][START_REF] Sámano | Neurotransmitter segregation: Functional and plastic implications[END_REF]. However, some evidence showed a few years later that it is not always the case and proved the existence of co-transmission. It was discovered for the first time that some classical NTs are co-expressed in the same neuron. This is the case for glutamate and GABA which send opposite signals to the postsynaptic: they are known to be released simultaneously in the auditory synapse of the brainstem, in the olfactory bulb or in the cerebellum [START_REF] Seal | Functional implications of neurotransmitter co-release: Glutamate and GABA share the load[END_REF]. This is also the case for glutamate and dopamine co-released by neurons that project into the ventral striatum (modulation of motivated behavior) [START_REF] Hnasko | Vesicular Glutamate Transport Promotes Dopamine Storage and Glutamate Corelease In Vivo[END_REF][START_REF] Stuber | Dopaminergic terminals in the nucleus accumbens but not the dorsal striatum corelease glutamate[END_REF]. The segregation of the two NTs into different vesicles would allow a good management of the co-release and an adaptation of the response [START_REF] Marder | Neural signalling: Does colocalization imply cotransmission?[END_REF]. Although some scientists claim that co-transmission is the rule rather than the exception [START_REF] Trudeau | On cotransmission & neurotransmitter phenotype plasticity[END_REF], it is commonly accepted that under physiological conditions and in most cases, a neuron mainly releases one type of NT which plays a role of activation or inhibition.

Knowing this, can we characterize a neuron by the type of action of both its NT and postsynaptic receptors? A vast field of research focuses on the study of the neuronal network based on this property: synapses are either excitatory or inhibitory. By activating a specific neuron or structure, we get a specific response from the neuronal network. For example, striatal neurons are known to be mainly inhibitory [START_REF] Persoon | Pool size estimations for dense-core vesicles in mammalian CNS neurons[END_REF]. The type of connection can be distinguished by their function using electrophysiology recordings for example or by its morphology using electron microscopy.

According to Gray's description, glutamatergic synapses (asymmetric synapse) have round SVs, a dark active zone, a wide synaptic cleft and a thick, large PSD. In contrast, GABAergic synapses (symmetric synapses) have pleomorphic SVs, a narrow synaptic cleft and a thin PSD [START_REF] Gray | Electron Microscopy of Excitatory and Inhibitory Synapses: A Brief Review[END_REF][START_REF] Gray | Synaptic Morphology in the Normal and Degenerating Nervous System[END_REF][START_REF] Merchán-Pérez | Counting synapses using FIB/SEM microscopy: A true revolution for ultrastructural volume reconstruction[END_REF][START_REF] Merchán-Pérez | Proximity of excitatory and inhibitory axon terminals adjacent to pyramidal cell bodies provides a putative basis for nonsynaptic interactions[END_REF] (figure 35).

iii. Dense-Core vesicles contain BDNF DCVs are mainly filled with neuropeptides and neurotrophins which can function as neuromodulator or neurohormones (Gondré- [START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF]), but it is also possible to find other proteins such as endorphins, proteases, membrane protein (vmat2, transporter of monoamines) or matrix protein (chromogranin) (Gabrych et al., 2019;[START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF]. Neurotrophins are a type of growth factors necessary for neuronal survival, development, and plasticity.

For their action, they are essential for many neuronal functions (neurogenesis, plasticity, development…) and act as modulators of synaptic transmission that influence synaptic efficacy (Gondré- [START_REF] Gondré-Lewis | Cellular Mechanisms for the Biogenesis and Transport of Synaptic and Dense-Core Vesicles[END_REF][START_REF] Park | Neurotrophin regulation of neural circuit development and function[END_REF][START_REF] Russo | Overview of Neuropeptides: Awakening the Senses?[END_REF]. Two main neurotrophins are found in DCVs: brain-derived neurotrophic factor (BDNF) and the neuropeptide Y (Gabrych et al., 2019;[START_REF] Lou | Sorting and activity-dependent secretion of BDNF require interaction of a specific motif with the sorting receptor carboxypeptidase E[END_REF]. Here, we will focus on BDNF as a representative 

A B C

cargo of DCVs, which is the main neuronal growth factor and essential for neuronal survival. Knock out BDNF mice die shortly after birth [START_REF] Ernfors | Mice lacking brain-derived neurotrophic factor develop with sensory deficits[END_REF] and the lack of cortical BDNF transmission to striatum is responsible for the striatal neurodegeneration observed in HD [START_REF] Altar | Anterograde transport of brain-derived neurotrophic factor and its role in the brain[END_REF]. Besides being a cue of survival, BDNF is also critical for learning and long-term synaptic plasticity in the cortex, striatum and hippocampus [START_REF] Gangarossa | BDNF Controls Bidirectional Endocannabinoid Plasticity at Corticostriatal Synapses[END_REF][START_REF] Matsumoto | Biosynthesis and processing of endogenous BDNF: CNS neurons store and secrete BDNF, not pro-BDNF[END_REF]) because it can for example modulate SV docking and enhance quantal NT release (William J. [START_REF] Tyler | BDNF increases release probability and the size of a rapidly recycling vesicle pool within rat hippocampal excitatory synapses[END_REF].

iv. Endosomes contain PM proteins PM proteins can be found in all endosomes. In fact, over the course of its lifetime, a PM protein can be recycled, carried into the cell body, and degraded. This is for example the case of a growth factor receptor: to control its availability, the cell can modulate its presence at the PM by regulating its endocytosis either by recycling or by degrading it. A growth factor receptor can also be transported to the cell body as a signaling molecule.

However, based on their role, endosomes contain a specific set of proteins, known as Rab family of proteins. They are members of the Ras superfamily of small G proteins and are involved in membrane trafficking, such as membrane fusion and vesicle formation. Rab proteins are commonly used as markers to identify the nature of an endosome such as, for example, Rab 4 and 5 positive endosomes are usually defined as "early", whereas "late" endosome are usually Rab 7 positives and "recycling" endosome are Rab 11 positive [START_REF] Stenmark | Rab GTPases as coordinators of vesicle traffic[END_REF]. Signaling endosomes can be differentiated by the presence of bound ligand and receptor in its core [START_REF] Ayloo | Dynein efficiently navigates the dendritic cytoskeleton to drive the retrograde trafficking of BDNF/TrkB signaling endosomes[END_REF][START_REF] Cosker | Action in the axon: generation and transport of signaling endosomes[END_REF][START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF]. In conclusion, vesicles are essential organelles for a neuronal life and play a vital role starting during the development and throughout the life of neuronal cells. Their role mainly depends on their ability to be transported inside the neuron, since their location affects their functions. But how are they transported? What are the mechanisms and actors responsible for axonal transport of vesicles?

Vesicular transport

The transport of cargoes within neurites is crucial for neuronal functions and homeostasis because, despite the elongated and polarized shape, the neuron needs to communicate in both directions with other cells that may be far from the biosynthesis site of the cargo. Consequently, two types of transport can be distinguished within a neuron, which are axonal and dendritic transports.

Depending on the compartment from which they origin and the one they are intended, the transport of the cargo takes place either from the soma to the synapse (anterograde) or from the synapse to the cell body (retrograde). In fact, bidirectional transport is the key process for neuronal communication to and from a neuron.

Anterograde axonal and dendritic transports from cell body to the axon terminal allow the supply of proteins, lipids, mitochondria, mRNA and neurotrophin at the synapse, necessary for neuronal metabolism and maintenance [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]Millecamps & Julien, 2013;[START_REF] Sahoo | Axonal mRNA transport and translation at a glance[END_REF][START_REF] Schlager | Basic mechanisms for recognition and transport of synaptic cargos[END_REF]. Anterograde axonal transport also allows for neuronal transmission through SVPs transport. Retrograde axonal and dendritic transports to the cell body are also crucial.

They not only convey information from the synapse to the cell body via signaling endosomes (Scaramuzzino et al., in prep, Cosker et al., 2008;[START_REF] Ginty | Retrograde neurotrophin signaling: Trk-ing along the axon[END_REF][START_REF] Olenick | Cell science at a glance dynein activators and adaptors at a glance[END_REF][START_REF] Salinas | Molecular landmarks along the axonal route: axonal transport in health and disease[END_REF] but they also clear recycled, misfolded, or old proteins through degradation endosomes in order to avoid their accumulation and the formation of toxic aggregates which lead to neurodegeneration (Bentley & Banker, 2016;Millecamps & Julien, 2013).

Since defective axonal or dendritic transport have been shown to be involved in several neurodegenerative disorders, many studies have described and characterized neuronal transport (Gauthier et al., 2004;Guedes-Dias & Holzbaur, 2019;[START_REF] Gunawardena | Presenilin controls kinesin-1 and dynein function during APP-vesicle transport in vivo[END_REF][START_REF] Holzbaur | Microtubules, axonal transport, and neuropathy[END_REF]Hung & Coleman, 2016). Two terms have been dedicated to describe the movement of a cargo: transport and traffic. Transport is considered as a general term that characterizes the neurite or the directionality of a moving cargo. However, trafficking is more related to a movement of cargoes between a sub-cellular compartment. For example, it is possible to describe a transport of CSP vesicle to the axon terminal which can be followed by its trafficking between different pools or endosomes.

Although distinct, transport and trafficking within neurons share the need of four actors to be efficient: cargoes (free or within a vesicle), motors (molecular motors), tracks (cytoskeleton) and adaptors regulating the movement. If neuronal transport or trafficking is compromised by mutation, dysregulation or dysfunction of one of these actors, the resulting "transportopathy" leads to neurodegeneration that causes neurological disorders such as AD, HD, PD, Rett syndrome, spastic paraplegia, ALS and Charcot-Marie-Tooth peripheral neuropathy (Gabrych et al., 2019;M.-V. Hinckelmann et al., 2016;Millecamps & Julien, 2013). It is therefore of the utmost importance to understand the mechanisms and regulation of neuronal transport in order to consider them as potential therapeutics target (De Vos & Hafezparast, 2017).

In the following pages the tracks, motors and adaptors involved in axonal transport of the vesicles will be described and it will be clear that these actors interact and adapt themself with each other through different combinations to regulate axonal transport.

a. Microtubules: the main tracks of axonal and dendritic transport

Neurons are highly polarized and compartmentalized cells that rely on the neuronal ability to receive or send information through neuronal transport. Each compartment plays a pivotal role in neurotransmission, and MTs, within a compartment, display different organizations and functions that can be regulated by PTM and/or association with MAPs [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. Therefore, it is understandable that MTs, based on their properties and structure (length, density, stability), "set the upper rate limit of efficient transport" (William J. [START_REF] Tyler | BDNF increases release probability and the size of a rapidly recycling vesicle pool within rat hippocampal excitatory synapses[END_REF].

i. MT properties essential for neuronal transport

MTs constitute the tracks for neuronal transport thanks to the ability of tubulin heterodimers to bind to the catalytic core of molecular motors (figure 37) [START_REF] Lacey | Cryo-EM of dynein microtubule-binding domains shows how an axonemal dynein distorts the microtubule[END_REF][START_REF] Mizuno | Dynein and kinesin share an overlapping microtubule-binding site[END_REF][START_REF] Song | Recombinant kinesin motor domain binds to β-tubulin and decorates microtubules with a B surface lattice[END_REF][START_REF] Vale | The way things move: Looking under the hood of molecular motor proteins[END_REF]. They are the necessary structure for neuronal transport. Polarization confers the functionality on the MTs, so molecular motors and other proteins are able to perceive this polarity and consequently modulate the directionality of the transport, essential for regulating the direction of the message [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. In axons, the MTs are all oriented in the same direction, as the plus end points towards the synapse. However, in dendrites, MTs display a mixed-orientation [START_REF] Baas | Polarity orientation of microtubules in hippocampal neurons: Uniformity in the axon and nonuniformity in the dendrite[END_REF][START_REF] Conde | Microtubule assembly, organization and dynamics in axons and dendrites[END_REF][START_REF] Kapitein | Building the Neuronal Microtubule Cytoskeleton[END_REF] but are still organized. Indeed, it was recently discovered that MTs with the same polarity are bundled together in dendrites [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF][START_REF] Tas | Differentiation between Oppositely Oriented Microtubules Controls Polarized Neuronal Transport[END_REF].

ii. Microtubules associated proteins (MAPs) acting as points

The dynamic stability of MTs, essential for neuronal functions [START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: A loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF] 
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suppresses the dynamics of MTs, leading to cell death [START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: A loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF]. Conversely, the lack of Tau binding on MTs, caused by gene mutations or hyper-phosphorylation in AD [START_REF] Kopke | Microtubuleassociated protein tau. Abnormal phosphorylation of a non-paired helical filament pool in Alzheimer disease[END_REF], destabilizes the MT network, leading to cell death [START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: A loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF][START_REF] Venkatramani | Regulation of neuronal microtubule dynamics by tau: Implications for tauopathies[END_REF]) (figure 38). In AD, Tau phosphorylation is thought not only to reduce Tau affinity for MTs but also to promote Tau aggregation which finally lead to neurofibrillary tangles production, an AD hallmark.

Tau is part of the MAP2/Tau family of MAPs. Tau and MAP2 are both found in neurons, but show compartment-specific localization as MAP2 is found mainly in somatodendritic regions while tau is found in axons [START_REF] Deshpande | Tau isoform expression and regulation in human cortical neurons[END_REF][START_REF] Dotti | The Establishment of Polarity by Hippocampal Neurons in Culture[END_REF]Gumy et al., 2017;Lipka et al., 2016) (figure 39). Although MAPs share the ability to stabilize MTs [START_REF] Dehmelt | Protein family review The MAP2 / Tau family of microtubuleassociated proteins[END_REF], they have their own peculiarities. For example, it has been recently shown that MAP2 acts as a filter in the proximal axon to select DCVs transported by both kinesin-3 and kinesin-1, therefore regulating axonal transport (Gumy et al., 2017;[START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF].

MAP9, Doublecortin (DCX) and its homolog DCLK1 also deserve mention as MAPs because they have been found to control polarized cargo transport in dendrites. These three MAPs bind to both the dendritic MTs, based on their phosphorylation, and the motor domain of kinesin-3. They act as a local signal to enhance the motor activity of kinesin-3 and inhibit the transport of kinesin-1 into dendrites thus regulating dendritic outgrowth and branching (Monroy et al., 2020). DCX promotes transport by increasing KIF1A affinity for MTs by a factor two, thus avoiding its detachment from MTs (Lipka et al., 2016). The depletion or mutation of DCX or DCLK1 impairs the transport of DCVs and SVPs by disrupting the DCX/KIF1 interaction thus reducing the run length of KIF1. In humans, DCX mutations have been found in X-linked lissencephaly and double brain cortex syndrome [START_REF] Gleeson | Characterization of mutations in the gene doublecortin in patients with double cortex syndrome[END_REF] causing intellectual disabilities and epilepsy.

Spastin is known for its role of regulating the stability and integrity of MTs by severing them.

When spastin is mutated or deleted, MT cutting off is reduced and axonal transport is impaired, leading to axonal swelling in cortical neurons and appearance of Hereditary Spastic Paraplegia (HSP) in humans [START_REF] Fassier | Microtubule-targeting drugs rescue axonal swellings in cortical neurons from spastin knockout mice[END_REF]Millecamps & Julien, 2013;[START_REF] Tarrade | A mutation of spastin is responsible for swellings and impairment of transport in a region of axon characterized by changes in microtubule composition[END_REF].

To sum up, MAPs are important indicators and regulators of local, compartment specific MTs dynamics. However, their MTs binding properties can be influenced by tubulin PTMs [START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF], which then appear as additional regulators of MT dynamics.

iii. Tubulin PTMs

Neuronal transport in a compartment can also be spatially and temporally regulated by specific PTMs on tubulin, such as acetylation, (de)tyrosination, poly-glutamylation, phosphorylation, polyglycylation and palmitoylation, through the regulation of MT dynamics and motor affinity [START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF]. Here, we will focus on two of them for their new insights and relevance for neurological disorders (NDs): acetylation and tyrosination.

Acetylation (addition of a -CO-CH3 group) by αTAT1 on K40 of α-tubulin, in the MT lumen, is believed to promote the persistence of MTs in the cell. It strengthens the stability of old MTs making them resilient to mechanical stress thus preserving stable connections [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF][START_REF] Magiera | Tubulin Posttranslational Modifications and Emerging Links to Human Disease[END_REF][START_REF] Sadoul | Déchiffrage du code tubuline[END_REF]. Consequently, acetylated MTs are more stable and highly prone to bind with molecular motors (Dompierre et al., 2007), thus promoting an efficient neuronal transport [START_REF] Sadoul | Déchiffrage du code tubuline[END_REF]. Indeed, physiological acetylation levels are crucial for neuronal transport as it has been shown to be defective in a αTAT1 knockout mouse model [START_REF] Even | ATAT1-enriched vesicles promote microtubule acetylation via axonal transport[END_REF]. Furthermore, several diseases are linked to a reduced acetylation of tubulin: Charcot-Marie-Tooth, AD, HD, PD, Amyotrophic Lateral Sclerosis (ALS) and more generally, ciliopathies, bleeding disorders or cancer (Dompierre et al., 2007;[START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF][START_REF] Magiera | Tubulin Posttranslational Modifications and Emerging Links to Human Disease[END_REF][START_REF] Sadoul | Déchiffrage du code tubuline[END_REF]. Interestingly, the increase in acetylation by inhibiting deacetylation enzymes (HDAC6, SIRT2) has been shown to stimulate kinesin-1 mediated transport by increasing its binding to MTs and to rescue some phenotypes in mouse model of NDs (Dompierre et al., 2007;[START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF][START_REF] Magiera | Tubulin Posttranslational Modifications and Emerging Links to Human Disease[END_REF] (figure 40).

(De)tyrosination of α-tubulin consists in the removal of a tyrosine residue on its C-terminal by a tubulin carboxypeptidase (TCP) or its replacement by the tubulin tyrosine ligase (TTL). Despite that identity of TLL has been discovered for many years, TCP identity has just been identified [START_REF] Aillaud | Regulate Neuron Differentiation[END_REF]. The tyrosination of MTs is directly related to their dynamics and is a marker of a MTs population, as it is present in the newly formed MT localized in distal regions of neurites such as growth cones and absent in stable and long-lasting MTs [START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF][START_REF] Sadoul | Déchiffrage du code tubuline[END_REF]. Although no ND has so far been described as direct result of a dysregulation of this detyr-tyr cycle [START_REF] Sadoul | Déchiffrage du code tubuline[END_REF], this specific tubulin PTM is important because it can modulate neuronal transport by selecting molecular motors [START_REF] Konishi | Tubulin tyrosination navigates the kinesin-1 motor domain to axons[END_REF]. For example, detyrosination inhibits the disassembly of MTs by preventing the binding of molecular motors responsible for MT depolymerization (kinesin-13) [START_REF] Peris | Motor-dependent microtubule disassembly driven by tubulin tyrosination[END_REF][START_REF] Sadoul | Déchiffrage du code tubuline[END_REF].

Poly-or de-glutamylation of tubulin monomers constitute another type of tubulin PTMs

where the glutamate amino acid is incorporated, forming a side chain branching from the main peptidic chain of the tubulin [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF]. This PTM is of interest because the dysregulation of its equilibrium state, caused by changes in the genes coding the enzymes responsible for deglutamylation (CCP1) or polyglutamylation (TTLL1), impacts MT biological functions. Indeed, an increase in polyglutamylation, caused by a decrease in CCP1 expression, increases neurodegeneration, supposedly by impairing axonal transport and MT dynamics, thus impairing synaptic transmission. This is the case for several mouse models generating respiratory disorders, photoreceptor degeneration in the retina, cerebellar atrophy and motor neuron degeneration [START_REF] Magiera | Tubulin Posttranslational Modifications and Emerging Links to Human Disease[END_REF][START_REF] Shashi | Loss of tubulin deglutamylase CCP 1 causes infantile-onset neurodegeneration[END_REF]. In Humans, mutation in the CCP1 gene causes a developmental delay as well as a cerebellar atrophy and motor neuropathy [START_REF] Shashi | Loss of tubulin deglutamylase CCP 1 causes infantile-onset neurodegeneration[END_REF]. Therefore, tubulin PTMs are able to regulate axonal transport in neurons by changing MT properties but they may not be sufficient on their own [START_REF] Walter | Tubulin Acetylation alone does not affect kinesin-1 velocity and run length in vitro[END_REF]. Indeed, tubulin PTMs combined with MAPs and molecular motors, form a "code" to regulate neuronal transport [START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF].

iv. Cracking the tubulin code

Compartment specificity, MT polarity, tubulin PTMs and MAPs combine to create or translate a plethora of cellular situations to precisely regulate neuronal transport. All these combinations are referred to as the "tubulin code" [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF][START_REF] Verhey | The tubulin code[END_REF]. Many studies worked to crack this code to understand the coordination between MT polarity, tubulin PTMs and MAPs. For example, we now know one of the correlations between MT polarity, tubulin PTM and recruited molecular motors. In dendrites, acetylated (and detyrosinated) MTs plus-end point towards the cell body and favor the transport mediated by the molecular motor kinesin-1 (KIF5C-see next paragraph for insights on molecular motors). Inversely tyrosinated MTs point their plus-end towards the distal part of the dendrite and favor kinesin-3 mediated transport [START_REF] Tas | Differentiation between Oppositely Oriented Microtubules Controls Polarized Neuronal Transport[END_REF] through its recruitment mediated by DCLK1, DCX or MAP9 [START_REF] Fukushima | Post-translational modifications of tubulin in the nervous system[END_REF][START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF][START_REF] Konishi | Tubulin tyrosination navigates the kinesin-1 motor domain to axons[END_REF]Lipka et al., 2016;Monroy et al., 2020;[START_REF] Sadoul | Déchiffrage du code tubuline[END_REF] (figure 41). In this scenario, detyrosination, acetylation and/or absence of DCX/DCLK1/MAP9 on MTs would act as directional signals for kinesin-1-mediated transport to the axon by increasing its binding to MTs [START_REF] Konishi | Tubulin tyrosination navigates the kinesin-1 motor domain to axons[END_REF]Monroy et al., 2020). This molecular motor recruitment depending on the combination of tubulin PTMs and MAPs appears important, especially for directing kinesins carrying vesicles in both axons and dendrites such as KIF1A and KIF21B (Lipka et al., 2016). [START_REF] Hinckelmann | Releasing the brake: Restoring fast axonal transport in neurodegenerative disorders[END_REF][START_REF] Hirokawa | Kinesin superfamily proteins (KIFs): Various functions and their relevance for important phenomena in life and diseases[END_REF]. This work focuses mainly on KIF5C and KIF1A (described later) as they are the kinesins dedicated to axonal and anterograde transport of the cargoes studied.

Kinesin structure serves kinesin functions

Forty-five kinesin proteins belong to the kinesin superfamily, which contains three subgroups based on the location of the motor domain where ATP hydrolysis occurs: at the N-terminal (N-KIFs, 39 in mammals), at the center of the KIF (M-KIFs, 3 in mammals) or at the C-terminal (C-KIFs, 3 in mammals) [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF][START_REF] Maday | Axonal Transport: Cargo-Specific Mechanisms of Motility and Regulation[END_REF]. Since N-KIFs are predominant and of interest in this work, we will focus on these kinesins, which are known to move towards MT plus end, as opposed to C-KIFs.

This N-KIF group was then subdivided into 15 subfamilies accordingly to their structure, functions, or cargo [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]. The kinesin structures, although dependent on its sub family, are similar in that they all have a motor domain (in blue in figure 42) linked to the rest of the kinesin by a neck linker [START_REF] Vale | The molecular motor toolbox for intracellular transport[END_REF]. This 15-amino acid segment is mobile and flexible in the presence of ADP. Follow the neck linker, a coiled-coil domain (in grey in figure 42) with a variable length depending on the kinesin, is important for protein-protein interactions. This stalk domain is followed by the tail domain, the C-terminal part of the kinesin, which can display specific domains such as a Pleckstrin homology (PH). This is the case of KIF1A which exhibits a PH domain (in purple in figure 42), considered to be crucial for the binding of the cargo (for more details see chapter 3 2-b-i). Thus, the kinesin structure allows for its binding to MTs, cargo and several other adaptors capable of controlling kinesin activity and cargo binding (Verhey & Hammond, 2009).

Most kinesins form dimers. KIF5C as a dimer is composed by two kinesin heavy chains (KHC) (containing the motor domain, coiled-coil stalk) and two kinesin light chains (KLCs, green in figure 42).

Self-inhibition of kinesin regulates neuronal transport

The number of active kinesins within a cell is crucial for many cellular processes such as axon outgrowth (kinesin-3), cargo localization in dendrites and synapse formation (kinesin-4), size and density [START_REF] Kelliher | Autoinhibition of kinesin-1 is essential to the dendrite-specific localization of Golgi outposts[END_REF][START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF][START_REF] Niwa | Autoinhibition of a Neuronal Kinesin UNC-104/KIF1A Regulates the Size and Density of Synapses[END_REF]. In fact, kinesins control axonal anterograde transport and, consequently, the number of vesicles reaching their target area. In order to regulate this vesicle flow to save time and resources, to prevent unnecessary degradation of ATP or saturation of MT tracks, molecular motors can be activated or inhibited through autoinhibition [START_REF] Tomishige | Conversion of Unc104/KIF1A kinesin into a processive motor after dimerization[END_REF]Verhey & Hammond, 2009).

In the absence of cargo, kinesin dimers are found free in the cytoplasm under their self-inhibited conformation (Verhey & Hammond, 2009), although this is not yet clear for KIF1A (for more details, see chapter 3 2-b-ii). Autoinhibition function is allowed by the structure of kinesin: self-inhibited kinesins are folded which joins the non-motor regions to the motor domain, inhibiting the ATPase activity (Verhey & Hammond, 2009). More precisely for kinesin-1, the tail binds to the motor and the coiled-coil domain preventing the undocking of the neck linker responsible for the release of ADP [START_REF] Kaan | The structure of the kinesin-1 motor-tail complex reveals the mechanism of autoinhibition[END_REF]Verhey & Hammond, 2009). Upon activation signals, such as binding to regulatory proteins (JIP1 for kinesin-1) or cargo, kinesin becomes activated and binds to MTs.

Kinesin active movement

Once on the MT tracks, each motor domain of the dimerized kinesin is bound to a tubulin 

Kinesin specificities

Although the N-kinesins share a homology of 30-60% of their motor domain [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF] and may be redundant in their functions, some specificities can be noted, even between two motors within a same sub-family. The peculiarities in their structure create specificity of cargo, speed and processivity for each kinesin.

a. Cargo specificity?

This is for example the case of the kinesin-3 family containing KIF1A, KIF1Bβ both carrying SVPs (Niwa et al., 2008;Okada et al., 1995;[START_REF] Zhao | Charcot-Marie-Tooth Disease Type 2A Caused by Mutation in a Microtubule Motor KIF1B gaku et al., 1994; termed KIF1B hereafter) that we call KIF1B. The two isoforms, splice variants of the same gene mapped on mouse chromosome 4E, share the N-terminal motor[END_REF], KIF1Bα transporting mitochondria and KIF13B transporting PiP3 [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]. Interestingly, KIF1Bα and -β originate from the same gene and differ only by an alternative splicing of mRNA (figure 44). These differences in the structure functionalize these two kinesins very differently: the first drives mitochondrial transport whereas the second one is important for SVP transport in neurons and for the one of mRNA-protein complex in glia [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]. Thus, each kinesin seems to have its cargo.

However, this cargo specificity may not be as specific: a kinesin can transport different types of cargo (KIF1Bβ: SVPs and mRNA-protein complex, KIF5C: mRNA-protein complex, mitochondria, DCVs, APP vesicles, endosomal vesicles), but one cargo can also be transported by different kinesins (redundancy of the motors). For example, mitochondria are known to be transported by KIF1Bα and/or KIF5C, DCVs by KI1A and/or KIF5C [START_REF] Arpağ | Motor Dynamics Underlying Cargo Transport by Pairs of Kinesin-1 and Kinesin-3 Motors[END_REF]Gumy et al., 2017), TrkB-vesicles by KIF21B or KIF5 and mRNAprotein complex by KIF1Bβ and/or KIF5 [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF] (table 1). 

b. Kinesin motility characteristics

In neurons, and mainly axons, two types of kinesin transport are described: slow transport of cytosolic or cytoskeleton proteins (less than 0.1 um/s) and fast transport of membranous organelles (between 0.5 and 4 um/s) [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF][START_REF] Hirokawa | Kinesin superfamily proteins (KIFs): Various functions and their relevance for important phenomena in life and diseases[END_REF]. Although the role of fast axonal transport (FAT) within long range connection is easily understood, slow axonal transport (SAT)

is also important because its impairment is believed to contribute to severe NDs like Charcot-Marie-Tooth, Amyotrophic Lateral Sclerosis, and PD (Gabrych et al., 2019;[START_REF] Yuan | Neurofilaments and neurofilament proteins in health and disease[END_REF]. SAT is mainly processed by kinesin-1 members [START_REF] Hirokawa | Kinesin superfamily proteins (KIFs): Various functions and their relevance for important phenomena in life and diseases[END_REF].

The rate of FAT depends on many parameters (like tubulin PTMs, MAPs, adaptors) including the type of kinesin. In fact, based on their affinity for MTs and their ability to release ADP, kinesins have intrinsically different speed and processivity [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]. For example, the transport of Kinesin-1 family has been shown to be slower than the one of kinesin-3 family (respectively and on average, 1-2 and 2-3 µm/s) which is also more processive (for more details see chapter 3 2-b-iv) [START_REF] Arpağ | Motor Dynamics Underlying Cargo Transport by Pairs of Kinesin-1 and Kinesin-3 Motors[END_REF] (table 1 and figure 45).

The following table (table 1) recapitulates the kinesin specificities for KIF5C, KIF1A and KIF21B, the three kinesins studied in this project (publications 1,2,3 and annex 1) in term of cargoes, speed, adaptors and their impact in NDs.

c. Compartment specificity

For a long time, it has been thought that kinesins were specific to axon or dendrite. Recently, it was discovered in vitro that most kinesins operate only in axons, while some of them (KIF1A, -B, -C, KIF21A, -B) functioned in both compartments [START_REF] Asselin | Mutations in the KIF21B kinesin gene cause neurodevelopmental disorders through imbalanced canonical motor activity[END_REF]Lipka et al., 2016). The compartmentalization of kinesins relies on tubulin PTMs and the ability of MAPs to concentrate kinesins (Lipka et al., 2016) by controlling the entry of a motor into a compartment [START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. For example, MAP2 acts as a filter within the proximal axon by selecting only DCVs transported by both kinesin-3 and kinesin-1 (Gumy et al., 2017), while septin 9 prevents vesicles transported by kinesin-1 to reach the dendrites [START_REF] Karasmanis | Polarity of Neuronal Membrane Traffic Requires Sorting of Kinesin Motor Cargo during Entry into Dendrites by a Microtubule-Associated Septin[END_REF][START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF]. 

Modulators of kinesin activity

Once kinesins are activated, several processes in addition to MAP functions can regulate their activity, thus affecting neuronal transport. This is, for example, the case of modulator proteins capable of binding kinesins, or of PTMs able of influencing the activity of kinesin or the number of kinesins on a vesicle.

a. Kinesin modulator: example of KBP

The kinesin inhibitor protein (KBP) is required for axonal growth and maintenance through its regulation of organelle axonal transport and MT dynamics (Kevenaar et al., 2016;Lyons et al., 2008).

It interacts directly with different types of kinesins such as KIF1A (SVP transport) and KIF18A (MT depolymerization) to block their activity by binding to their motor domain, thus preventing their attachment to MTs (Kevenaar et al., 2016;[START_REF] Siddiqui | Intracellular Cargo Transport by Kinesin[END_REF]. Interestingly, when KBP levels are reduced by nonsense mutations, it causes the Goldberg-Shprintzen syndrome leading to intellectual disability, microcephaly and axonal neuropathy (Kevenaar et al., 2016;Lyons et al., 2008).

These defects may be caused by an accumulation and mislocalization of mitochondria (Lyons et al., 2008) but also by the increase in anterograde axonal transport which causes an accumulation of SVPs at the axon terminal, as seen in animal model where KBP was knocked down (Kevenaar et al., 2016;Lyons et al., 2008).

b. Kinesin PTM: example of phosphorylation

Another way to modulate kinesin activity is based on kinesin PTMs. One of these is the phosphorylation of the motor domain of KIF5C on S176 by JNK3 [START_REF] Morfini | Axonal transport defects in neurodegenerative diseases[END_REF][START_REF] Padzik | KIF5C S176 Phosphorylation Regulates Microtubule Binding and Transport Efficiency in Mammalian Neurons[END_REF]. It has been shown that JNK3 phosphorylation of KIF5 promotes the dissociation of KIF5 from MTs when not bound to the cargo but facilitates its transport when it is bound to a cargo (Morfini et al., 2009;[START_REF] Padzik | KIF5C S176 Phosphorylation Regulates Microtubule Binding and Transport Efficiency in Mammalian Neurons[END_REF]. The non-physiological level of kinesin phosphorylation is believed to participate in NDs such as AD or HD [START_REF] Morfini | Axonal transport defects in neurodegenerative diseases[END_REF].

c. Kinesin number on a vesicle

The motility of kinesins can also depend on the number and types of kinesin present on a vesicle. In fact, it is possible to find up to four kinesins on the same SVP (Hayashi et al., 2018). The number of motors on a vesicle has been shown to modulate transport parameters such as vesicle run length, kinesin force, vesicular binding rate to MTs [START_REF] Gutiérrez-Medina | Differential effect of multiple kinesin motors on run length, force and microtubule binding rate[END_REF] or dwell times at MT intersections [START_REF] Osunbayo | Cargo transport at microtubule crossings: Evidence for prolonged tug-of-war between kinesin motors[END_REF]. A recent single molecule study showed that this is specifically the case for SVPs, as the number of kinesins on an SVP can regulate its transport by changing the run length and the speed of the SVP through changes in the MT binding rate (Furuta et al., 2013;Guedes-Dias & Holzbaur, 2019;Hayashi et al., 2018) (figure 46). The change of vesicular speed based on the number of kinesin on a vesicle could be explained by the load distribution on the motors; the more kinesins are present on a vesicle the less heavy is the load for each kinesin (Hayashi et al., 2018).

Interestingly, the number of kinesins on a vesicle can be regulated by adaptors/regulators. ARL8, for example, has been shown to decrease the number of kinesins on a SVP resulting in a striking decrease in their run length (Hayashi et al., 2018).

Although increasing the number of a type of kinesin on a vesicle has a summative effect on their properties, this may not be the case with heterogenous kinesins on one vesicle. For example, in vitro data show that a cargo co-transported by kinesin-1 and kinesin-3 will show the speed of a kinesin-1-transported vesicle due to a dominant prevalence of kinesin-1 [START_REF] Arpağ | Motor Dynamics Underlying Cargo Transport by Pairs of Kinesin-1 and Kinesin-3 Motors[END_REF] and as a result of stochastic effects (Furuta et al., 2013;[START_REF] Kunwar | Stepping, Strain Gating, and an Unexpected Force-Velocity Curve for Multiple-Motor-Based Transport[END_REF] (figure 47).

Collaborative transport between kinesin-3 and kinesin-1 has been demonstrated for 20% of DCVs in Drosophila neurons (Lim et al., 2017) and is thought to control the entry of cargoes into a neuron.

Without KIF1A, KIF5 alone is not able to drive long-distance transport of DCVs in DRG axons through MAP2 regulation (Gumy et al., 2017). -a linker that act as a power stroke. Dynein in the cytoplasm is also known to first form an inhibited dimer. Once activated by its regulator or cargo association, the dynein binds to the plus-end of MTs and begins to move. Since the mechanism of ATP hydrolysis and subsequent movement on MTs share a similar mechanism with that of kinesin, with the linker as a power stroke, it will not be explained here but it is fully and well described in [START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF]. However, unlike kinesin, the step size of dynein can range from 8 to 32 nm (Guedes-Dias & Holzbaur, 2019).

Dynein activators and regulators

The retrograde motor is modulated by many regulators which compensate for the lack of specificity in the transport of cargoes [START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF][START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF] (figure 49).

These modulators can be cargo specific and can modify the dynein run lengths (from 5 to 10 mm) and the dynein speed (from 0.8 to 1.3 µm/s) (Guedes-Dias & Holzbaur, 2019). The following list of such regulators and activators is non exhaustive and focuses primarily on their roles. a. Lis1 as a dynein activator that release autoinhibition

The role of Lis1 has been extensively studied in this past year [START_REF] Elshenawy | Lis1 activates dynein motility by modulating its pairing with dynactin[END_REF][START_REF] Htet | LIS1 promotes the formation of activated cytoplasmic dynein-1 complexes[END_REF][START_REF] Marzo | Pac1/LIS1 stabilizes an uninhibited conformation of dynein to coordinate its localization and activity[END_REF]. Thanks to recently developed techniques such as cryo-EM and single molecule experiments, we now better understand the role of this protein that, when mutated in humans, leads to lissencephaly accompanied by a smooth brain surface, cognitive defects and seizures [START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF][START_REF] Mckenney | LIS1 cracks open dynein[END_REF]. Lis1 is now considered as a dynein activator because it allows the release of dynein autoinhibition thanks to its direct link with the dynein motor domain which causes important conformational changes [START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF][START_REF] Htet | LIS1 promotes the formation of activated cytoplasmic dynein-1 complexes[END_REF]. But more than activating dynein, Lis1 seems also to promote other adaptor or even other dynein dimers recruitment on dynein. This recruitment regulates dynein motility [START_REF] Elshenawy | Lis1 activates dynein motility by modulating its pairing with dynactin[END_REF][START_REF] Htet | LIS1 promotes the formation of activated cytoplasmic dynein-1 complexes[END_REF][START_REF] Mckenney | LIS1 cracks open dynein[END_REF] and the consequent transport of cargoes such as mitochondria, endosomes and lysosomes (M. J. [START_REF] Egan | Lis1 is an initiation factor for dynein-driven organelle transport[END_REF]. Once the dynein is mobile, Lis1 detaches from the complex.

b. NudE as a compartment regulator

Nudel/NudE, two mammalian homologues (also called Ndel1) interact in vivo with both Lis1

and the dynein intermediate chain (DIC). They are thought to increase Lis1 effect on dynein motility by helping its binding to dynein [START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF]. The Knock out mice of one of them is sufficient to reduce the brain volume or to cause non-viability [START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF]. More specifically, Ndel1 To summarize, neuronal transport is performed by molecular motors, dynein and kinesins, which govern the directionality and the speed of the vesicles. However, some regulators or adaptors can modify molecular motor properties such as their autoinhibition, dimerization and localization within the neuron. Interestingly, many of these actors were found on the same vesicle. For example, despite their opposite directions, kinesin and dynein have been found to colocalize on a vesicle (figure 52) [START_REF] Encalada | Stable kinesin and dynein assemblies drive the axonal transport of mammalian prion protein vesicles[END_REF][START_REF] Hendricks | Force measurements on cargoes in living cells reveal collective dynamics of microtubule motors[END_REF][START_REF] Soppina | Tug-of-war between dissimilar teams of microtubule motors regulates transport and fission of endosomes[END_REF][START_REF] Szpankowski | Subpixel colocalization reveals amyloid precursor protein-dependent kinesin-1 and dynein association with axonal vesicles[END_REF].

Although the reasons why kinesin and dynein can be found on the same vesicle will be explained later, we can first ask how both molecular motors along with their own adaptors can be recruited to the same vesicle. The next part focuses on the proteins that allow this protein scaffold on a vesicle.

c. Scaffolding adaptors

As we just discussed, many proteins are on board the vesicles: opposite molecular motors, regulators, activators, and adaptors. Therefore, the structural and functional regulations of these actors seem important. These are the roles of scaffolding proteins that enable the formation of an integrated regulatory vesicular unit (Meng-meng Fu & Holzbaur, 2014). These large proteins or complexes have the property of making many interactions with molecular motors, cargoes but also with cytosolic proteins such as kinases. They act structurally as a binding platform to increase the stability of the machinery supporting the transport, functionally as a hub by integrating cellular signals and locally regulating the transport (Meng-meng Fu & Holzbaur, 2014;[START_REF] Gibbs | Regulation of Axonal Transport by Protein Kinases[END_REF]. i. Scaffolding of machinery to recruit molecular motors As one of their properties, most of the scaffolding proteins have the ability to bind to many proteins, including both molecular motors (kinesin and dynein). This is for example the case of huntingtin (HTT) which binds directly to dynein (DIC) and indirectly, through HAP1 interaction, to kinesin (KLC) and dynactin (p150 Glued ) (Meng-meng Fu & Holzbaur, 2014;Saudou & Humbert, 2016) (figure 53). When HTT is mutated in HD with a polyQ expansion in the N-ter of HTT, HTT interaction with molecular machinery is altered and, specifically, increased between HAP1 and HTT leading to a reduction in motors association with MTs. This impairment of HTT-scaffolding role is responsible for the reduced BDNF transport that causes HD (Gauthier et al., 2004). HTT is also known to scaffold enzymes responsible for the glycolytic pathway on vesicles to provide energy locally (M.-V. Hinckelmann et al., 2016;H. Vitet et al., 2020;[START_REF] Zala | Vesicular glycolysis provides on-board energy for fast axonal transport[END_REF].

Interestingly, the past decade has shown that some regulators that were originally thought to be motor specific are now considered to be scaffolding proteins that bind both motors. This is the case for Hook3 which binds to dynein and KIF1C [START_REF] Kendrick | Hook3 is a scaffold for the opposite-polarity microtubule-based motors cytoplasmic dynein-1 and KIF1C[END_REF], JIP-1 which binds to dynein and KIF5 to regulate APP transport (Meng-meng [START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF] and BicD related protein (BicDR-1) which coordinates bidirectional transport of DCVs by binding to dynein and KIF1 at early stages of development (Lipka et al., 2016;[START_REF] Olenick | Cell science at a glance dynein activators and adaptors at a glance[END_REF].

ii. Scaffolding of machinery to integrate cellular cues

The second consequence of this binding platform is that it favors the binding of partners or PTMs that act as regulatory signals [START_REF] Olenick | Cell science at a glance dynein activators and adaptors at a glance[END_REF].

PTMs on scaffolding proteins: example of phosphorylation

Many kinases are described as adaptive targets of axonal transport such as Akt, GSK3β, ERK1/2, Cdk5, JNK or p38 MAPK, and their dysregulation impact axonal transport in NDs (as in the case of ALS, AD, CMT-2F, HD or PD) [START_REF] Olenick | Cell science at a glance dynein activators and adaptors at a glance[END_REF]. JIP-1 and HTT, two major scaffolding proteins, are known to act as molecular switches since when they are phosphorylated -both on S421-, they favor anterograde transport of their cargo (Bruyère et al., 2020;Colin et al., 2008;[START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF]. JIP-1 is known to be phosphorylated by JNK and appears to be specific for APPcontaining-vesicle (Meng-meng [START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF]. Instead, HTT has been shown to be phosphorylated by Akt and/or SGK and to regulate not only the directionality of APP-containingvesicle, but also BDNF and vamp-7 vesicles (Bruyère et al., 2020;Colin et al., 2008;[START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF][START_REF] Rangone | Phosphorylation of arfaptin 2 at Ser260 by Akt inhibits PolyQ-huntingtin-induced toxicity by rescuing proteasome impairment[END_REF]. It has been found that S421 phosphorylation of HTT increases both the number of kinesin-1 recruited on BDNF vesicles and the affinity of kinesin-1 for MTs (Colin et al., 2008).

Partner binding

Scaffold proteins are able to integrate a cellular signal thanks to their multiple bindings. For example, calcineurin, the phosphatase that targets HTT dephosphorylation at S421, has been shown to be at the edge of the vesicle (Scaramuzzino et al., in prep). The presence of Rab proteins is also an example of the importance of scaffolding proteins as they can sense the environment and translate it into a transport regulation signal by binding to the GTPases protein (White et al., 2015;White et al., 2020). Rab5, for example, can bind to HTT through HAP40 interaction and regulate endosomal trafficking [START_REF] Pal | Huntingtin-HAP40 complex is a novel Rab5 effector that regulates early endosome motility and is up-regulated in Huntington's disease[END_REF].

If all of these transport regulators are present on board of a vesicle, how does the vesicle move and in which modality? Is it unidirectional or bidirectional? But before studying the modes of transport, it is important to set up conditions under which neuronal connections are controlled. Indeed, if a neuron is able to make thousands of connections with another neuron, how can we study vesicular transport within a specific neuronal compartment?

d. Microfluidics: a way to study neuronal transport in specific networks and compartments

In order to study the neuronal transport in a specific compartment, neurites must be isolated.

To do this, we used microfluidics devices which allow us to discriminate the axons from the dendrites, thanks to the specific dimension of the channels and the creation of a laminin gradient. The microchamber pattern used in this study is composed of three chambers: the presynaptic chamber containing cortical neurons that project their axons in 500 nm long channels to finally reach the synaptic chamber where they form synapses with cortical or striatal dendrites coming from the post synaptic chamber through 75-nm long channels (figure 54). A higher concentration of laminin within the postsynaptic chamber attracts the axons, thus the majority of post synaptic axons lie in the post synaptic compartment. Moreover, the length of the presynaptic microchannels avoids that presynaptic dendrites reach the synaptic compartment.

This device has been characterized in term of kinetics and cellular signaling and has been shown to reproduce in vitro an in vivo network [START_REF] Agasse | Chronic Corticosterone Elevation Suppresses Adult Hippocampal Neurogenesis by Hyperphosphorylating Huntingtin[END_REF]Bruyère et al., 2020;Yann Ehinger et al., 2020;Moutaux, Charlot, et al., 2018;[START_REF] Moutaux | Neuronal network maturation differently affects secretory vesicles and mitochondria transport in axons[END_REF]. To specifically study axonal transport, presynaptic neurons are transduced with a fluorescent labeled cargo or adaptor which is then followed by video 

e. Transport modes

Over the years, different modes of transport have been described and modeled in the literature to better understand how a vesicle is transported within a neurite. Some of them are discussed below and it is interesting to remember that these models are not exclusive and they can, indeed, complement each other. i. Selective recruitment model

The simplest model to describe neuronal transport would be to say that it is the result of the selective recruitment of kinesin or dynein to a vesicle. Although it may be more of a model than a reality, this model could explain the unidirectional and highly processive vesicle transport (Meng-meng Fu & Holzbaur, 2014). However, the lack of adaptors that facilitate the transport would make them move slower (figure 56).

ii. Tug-of-war model However, both kinesin and dynein have been found to colocalize on the same moving vesicle [START_REF] Encalada | Stable kinesin and dynein assemblies drive the axonal transport of mammalian prion protein vesicles[END_REF][START_REF] Hendricks | Force measurements on cargoes in living cells reveal collective dynamics of microtubule motors[END_REF][START_REF] Soppina | Tug-of-war between dissimilar teams of microtubule motors regulates transport and fission of endosomes[END_REF][START_REF] Szpankowski | Subpixel colocalization reveals amyloid precursor protein-dependent kinesin-1 and dynein association with axonal vesicles[END_REF]. Several models have been proposed over the past decade to understand how opposing motors can work together (Meng-meng Fu & Holzbaur, 2014;[START_REF] Hancock | Bidirectional cargo transport: Moving beyond tug of war[END_REF]. The tug-of-war mechanism is based on the fact that the two opposed motors are present on the vesicle and that the one producing the greatest force (i.e., strongest pull), the dominant motor, "wins" the fight and drives the vesicle towards its preferred MT end. In this model, the number of recruited motors is important because it changes the force produced (Meng-meng Fu & Holzbaur, 2014;[START_REF] Gutiérrez-Medina | Differential effect of multiple kinesin motors on run length, force and microtubule binding rate[END_REF][START_REF] Leidel | Measuring molecular motor forces in VIVO: Implications for tug-of-war models of bidirectional transport[END_REF]. Since the force produced by kinesins is most often greater than that of dynein (respectively 5-7

pN and 1 pN), with a 1:1 ratio of the two motors, and accordingly to the type of kinesin, this transport would results in short movements marked by many directional switches but overall anterograde (Meng-meng Fu & Holzbaur, 2014). So, once the kinesin detaches from the vesicle, tug-of-war vesicles will not be pausing but will be rather retrograde. This model fits the idea that decreasing KHC levels increases the frequency of directional changes (Kaether et al., 2000). These vesicles are therefore bidirectional, non-processive and dedicated to a short-range transport, as it is expected and effectively modeled for the transport of late endosomes/lysosomes or the vesicular transport at MT intersection [START_REF] Hendricks | Force measurements on cargoes in living cells reveal collective dynamics of microtubule motors[END_REF][START_REF] Maday | Axonal Transport: Cargo-Specific Mechanisms of Motility and Regulation[END_REF]; M. J. I. [START_REF] Müller | Tug-of-war as a cooperative mechanism for bidirectional cargo transport by molecular motors[END_REF][START_REF] Osunbayo | Cargo transport at microtubule crossings: Evidence for prolonged tug-of-war between kinesin motors[END_REF] (figure 57).

iii. Coordination model However, several studies have shown that only one type of motor can be active on a vesicle [START_REF] Leidel | Measuring molecular motor forces in VIVO: Implications for tug-of-war models of bidirectional transport[END_REF]. based on the fact that the motor interacts directly with its opposed motor to reduce its autoinhibition, which in turns become active (C. W. Chen et al., 2019;[START_REF] Encalada | Stable kinesin and dynein assemblies drive the axonal transport of mammalian prion protein vesicles[END_REF][START_REF] Hancock | Bidirectional cargo transport: Moving beyond tug of war[END_REF]Koushika et al., 2004) (figure 59). In this model, anterograde and retrograde machineries support and activate each other [START_REF] Ally | Opposite-polarity motors activate one another to trigger cargo transport in live cells[END_REF]. Indeed, when one motor is dysregulated, the velocities and run length of both motors are affected [START_REF] Encalada | Stable kinesin and dynein assemblies drive the axonal transport of mammalian prion protein vesicles[END_REF]. For example, it has been shown that knocking down in C. elegans dynein or dynactin reduces the velocity and run length of UNC104 (KIF1A homolog).

Dynein is therefore believed to trigger UNC104 activity (C. W. Chen et al., 2019). To conclude, in order to fulfill its diverse roles, a given neuron needs its different cargoes to be located in a specific neuronal subcompartment. To reach their destination, the cargoes can be transported inside vesicles formed from the TGN or the PM. According to its physiological role, a cargo can be found within a specific vesicle. Moreover, transport within neurites requires tracks, formed by microtubules and molecular motors, known as kinesin and dynein. These two players can be modified to affect axonal transport by MAPs for microtubules, and by adpators or regulators for molecular motors.

Finally, scaffolding proteins as HTT allow the assembling of all these proteins responsible for regulating axonal transport to finely adapt it in time and space. Axonal transport studies based on kymographs have reported several modes of FAT that integrate the functions of some of the aforementioned players.

Chapter 3 -Example of a synaptic vesicle journey: how axonal transport ensures its neurotransmission function.

Now that all the actors for axonal transport have been identified in detail, we focus on the axonal transport of a previously described type of vesicles, the SVPs. We will understand why those vesicles are specific, for their constitution in lipids and proteins, morphology and behavior. After maturation, SVPs become SVs which are organized in pools at the synapse. SVs contain the molecules responsible for delivering the signal to the postsynaptic neuron (the neurotransmitters), which is why SVP transport to the synapse is crucial. [START_REF] De Robertis | Some features of the submicroscopic morphology of synapses in frog and earthworm[END_REF]. They described SV in the presynaptic element like "numerous scattered granules or vesicles (SV), about 100 to 300 A in diameter". However, their function was discovered earlier than their structure when Katz and colleagues (Del Castillo & Katz, 1954;[START_REF] Fatt | SPONTANEOUS SUBTHRESHOLD ACTIVITY AT MOTOR NERVE ENDINGS[END_REF] proposed a quantal theory of transmitter release. Both findings suggested that these vesicles are filled with neurotransmitters (NT) released from the presynaptic terminals in discrete 'quanta'. More than 60 years later, this definition still stands out, but it has been deeply extended. Today, it is commonly accepted that SVs in CNS are dynamic lipid organelles of 40 nm of diameter, enriched with synaptic proteins and concentrated at the axon terminal. They must be transported from the Golgi apparatus to the axonal tip, described as synaptic vesicle precursors (SVPs). SVs are full of molecules carrying messages (NT, quanta) and are prone to exocytosis at the presynaptic plasma membrane after calcium influx. This event leads to the release of neurotransmitters and the spread of messages to the postsynaptic neuron.

For their work on SV trafficking and the discovery of the major proteins responsible for exo-or endocytosis, Südhof, Rothman and Schekman won the Nobel Prize in Physiology or Medicine in 2013.

ii. Lipidic composition of a SV

Although lipids are widely considered as structural molecules that "simply" compartmentalize the cell, it is interesting to study their role as modulators during neurotransmission. Indeed, the specific lipidic composition of SVs gives them the ability to undergo exocytosis and endocytosis and to interact with synaptic proteins [START_REF] Mochel | Lipids and synaptic functions To cite this version : HAL Id : hal-01957839 Lipids and synaptic functions[END_REF]Puchkov & Haucke, 2013). For many years it was thought that lipid composition of SVs was mainly made of phospholipids [START_REF] Baker | The effect of neurotransmitter release upon phospholipid composition and fatty acid turnover in synaptic vesicles of Torpedo marmorata electric organ and guinea pig cerebral cortex[END_REF][START_REF] Benfenati | Electrostatic and hydrophobic interactions of synapsin I and synapsin I fragments with phospholipid bilayers[END_REF][START_REF] Michaelson | Asymmetry of lipid organization in cholinergic synaptic vesicle membranes[END_REF][START_REF] Westhead | Lipid Composition and Orientation in Secretory Vesicles[END_REF]. However, some researches have shown that the percentage of cholesterol was underestimated in previous studies (Shigeo Takamori et al., 2006;[START_REF] Westhead | Lipid Composition and Orientation in Secretory Vesicles[END_REF]. Despite the rapid progress of lipidomic analysis, membrane lipid composition of SVs is still not very well characterized [START_REF] Postila | A Perspective: Active Role of Lipids in Neurotransmitter Dynamics[END_REF]. Nowadays, it is believed that some classes of lipids (like cholesterol, sphingolipids, triacylglycerides and phospholipids) are present on SVs and regulate neurotransmission by modulating lipid dynamics and/or interacting with proteins [START_REF] Camoletto | Synaptic vesicle docking: Sphingosine regulates syntaxin1 interaction with Munc18[END_REF][START_REF] Lewis | Unique Lipid Chemistry of Synaptic Vesicle and Synaptosome Membrane Revealed Using Mass Spectrometry[END_REF]Puchkov & Haucke, 2013).

Cholesterol, which represents more than 40% of SV lipids (Shigeo Takamori et al., 2006) can be considered as a membrane organizer (Puchkov & Haucke, 2013). Thanks to its ability to form lipid rafts slowing down the dynamics of lipids, cholesterol stabilizes the highly curved membrane making it more rigid [START_REF] Bruckner | Flip-flop-induced relaxation of bending energy: Implications for membrane remodeling[END_REF]. This property allows the sequestration of synaptic proteins (SPs), leading to their enrichment in the microdomains [START_REF] Jia | Quantitative proteomics analysis of detergent-resistant membranes from chemical synapses: Evidence for cholesterol as spatial organizer of synaptic vesicle cycling[END_REF]. Furthermore, it has been proposed that the organization and concentration of SPs within the lipidic bilayer may be crucial for presynaptic function [START_REF] Jia | Quantitative proteomics analysis of detergent-resistant membranes from chemical synapses: Evidence for cholesterol as spatial organizer of synaptic vesicle cycling[END_REF][START_REF] Rohrbough | Lipid regulation of the synaptic vesicle cycle[END_REF]. For example, during endocytosis, cholesterol could prevent the rapid dispersion of SPs away from the fusion site [START_REF] Lingwood | Lipid Rafts As a Membrane-Organizing Principle[END_REF]Puchkov & Haucke, 2013). Cholesterol also regulates presynaptic functions by interacting with proteins such as synaptophysin to modulate its interaction with synaptobrevin/VAMP-2 [START_REF] Mitter | The synaptophysin/synaptobrevin interaction critically depends on the cholesterol content[END_REF]Puchkov & Haucke, 2013;[START_REF] Thiele | Cholesterol binds to synaptophysin and is required for biogenesis of synaptic vesicles[END_REF].

Another type of lipids, sphingolipids, which are one of the main constituents of SVs [START_REF] Lewis | Unique Lipid Chemistry of Synaptic Vesicle and Synaptosome Membrane Revealed Using Mass Spectrometry[END_REF], can be considered as regulators of exocytosis and endocytosis (Puchkov & Haucke, 2013). They selfaggregate in the membrane domain with cholesterol [START_REF] Lingwood | Lipid Rafts As a Membrane-Organizing Principle[END_REF] and regulate protein interactions. For example, sphingosine regulates the interaction of Munc18-1 with syntaxin-1 [START_REF] Camoletto | Synaptic vesicle docking: Sphingosine regulates syntaxin1 interaction with Munc18[END_REF].

Finally, phospholipids, although more abundant on the plasma membrane than on SVs [START_REF] Lewis | Unique Lipid Chemistry of Synaptic Vesicle and Synaptosome Membrane Revealed Using Mass Spectrometry[END_REF], are present on SVs and can be considered protein-recruitment hubs [START_REF] Lauwers | Membrane Lipids in Presynaptic Function and Disease[END_REF]Puchkov & Haucke, 2013). These lipids bind to many SPs, such as synaptotagmin-1, synaptobrevin/VAMP-2, Mint, syntaxin-1, Munc-13, and Huntingtin-interacting-protein 1 (HIP1), giving them the role of major players in exo/endocytosis coupling [START_REF] Martens | How Synaptotagmin Promotes Membrane Fusion[END_REF][START_REF] Nyenhuis | Phosphatidylinositol 4,5 Bisphosphate Controls the cis and trans Interactions of Synaptotagmin 1[END_REF][START_REF] Paddock | Membrane penetration by synaptotagmin is required for coupling calcium binding to vesicle fusion in vivo[END_REF].

The importance of a correct lipid composition in the CNS is reported in several papers showing, for example, that an alteration of the metabolism of sphingolipids is involved in a plethora of diseases such as early onset PD, epilepsy or sphingolipidoses [START_REF] Krebs | The sac1 domain of SYNJ1 identified mutated in a family with early-onset progressive parkinsonism with generalized seizures[END_REF][START_REF] Mochel | Lipids and synaptic functions To cite this version : HAL Id : hal-01957839 Lipids and synaptic functions[END_REF].

Sphingolipidoses in humans displays neurological phenotypes (seizures, dystonia, abnormalities in gait, decreased attentiveness and more) that are consistent with the relevant role for sphingolipids in the nervous system [START_REF] Kolter | Sphingolipid metabolism diseases[END_REF]Puchkov & Haucke, 2013). In mice, removal of the enzyme responsible for the metabolism of Phosphatidylinositol-4,5-bisphosphate (PIP2) causes postnatal lethality due to the severe defects in NT release and SV membrane retrieval [START_REF] Di Paolo | Impaired Ptdlns(4,5)P2 synthesis in nerve terminals produces defects in synaptic vesicle trafficking[END_REF].

Furthermore, the alteration of lipid composition in hippocampal neurons is mediated by an increase in sphingolipids at the presynaptic terminal thus increasing glutamate release [START_REF] Riganti | Sphingosine-1-phosphate (S1P) impacts presynaptic functions by regulating synapsin i localization in the presynaptic compartment[END_REF].

Taken together, these pieces of evidence underscore the importance of lipids for neuronal functions.

However, lipids alone are unable to efficiently fuse with the plasma membrane to ensure the physiological needs of neurons because the energy required for fusion is very high (between 15 and 50 kBT [START_REF] Grafmüller | The fusion of membranes and vesicles: Pathway and energy barriers from dissipative particle dynamics[END_REF]). Without any facilitation process, the fusion would be very slow.

Therefore, this mechanism is facilitated by the presence of SPs within the SVs and the energy is provided by a protein machinery (SNARE complex), which reduces the activation energy [START_REF] Fang | How could SNARE proteins open a fusion pore?[END_REF].

iii. Protein composition of a SV Although the amount of protein is low within a SV, the protein/lipid ratio is extremely high and proteins represent more than 60% of the total mass (Shigeo Takamori et al., 2006). Only a small variety of SV anchored SPs can be found, leading to speculation that SPs fulfill only a small and specific set of functions.

Among them, we can mention proteins for exocytosis or endocytosis (synaptobrevin/VAMPs, Syntaxins), GTPases (Rab3), other trafficking proteins (synaptophysin, synaptotagmins, synapsin, Munc-18) and channel transporter (VGLUT-1) (Shigeo Takamori et al., 2006). This paragraph will focus on SP properties necessary for exocytosis.

Exocytosis requires many protein interactions between the SV membrane and the plasma membrane triggering membrane fusion (figure 61). The interplay between trafficking proteins and SNARE proteins allows for the fine regulation of this crucial process over time and space. SNARE family (Soluble NSF Attachment Proteins receptor) includes v-SNARE (protein anchored within the vesicle) and t-SNARE proteins (protein anchored within the target, the plasma membrane). SNARE proteins are characterized by sequences called SNARE motifs with a high probability forming coiled coils. This unique feature allows syntaxin-1, SNAP25 and synaptobrevin/vAMP-2 to form a highly stable "SNARE complex" constituted by a parallel four-helix bundle (trans-SNARE complex) [START_REF] Rizo | Synaptic vesicle fusion[END_REF] which is essential for exocytosis (figure 61). The crucial role of these SNARE proteins in stimulus-driven NT release has been demonstrated using a neurotoxin that cleaves SNARE proteins at a specific site [START_REF] Schiavo | Neurotoxins affecting neuroexocytosis[END_REF].

This section will be devoted to the presentation of four main actors of exocytosis:

synaptobrevin/VAMP, synaptophysin (p38), synaptotagmin (Syt) and SNAP25 (figure 60 and 61) [START_REF] Quentin | Somato-Dendritic Regulation of Raphe Serotonin Neurons; A Key to Antidepressant Action[END_REF]. which appears to be crucial for the establishment of the SNARE complex, leading to membrane fusion. Indeed, in mice, the knock-out of VAMP-2 is lethal after birth and exhibits 100-fold fewer synaptic fusion events in mutant hippocampal slices compared to wild type ones [START_REF] Schoch | SNARE Function Analyzed in Synaptobrevin/VAMP Knockout Mice Downloaded from[END_REF]. De novo mutations in patients along the SNARE motif of VAMP-2 cause neurodevelopmental disorders such as intellectual disability, autistic features, hyperkinetic movement disorder or epilepsy. One of these mutations (S75P) induces the loss of hydrogen bonds, reducing interaction with syntaxin-1 thus affecting the vesicular fusion rate [START_REF] Salpietro | Mutations in the Neuronal Vesicular SNARE VAMP2 Affect Synaptic Membrane Fusion and Impair Human Neurodevelopment[END_REF] .

Synaptophysin-1 (Syp-1, also called p-38) is known as one of the most present proteins on board on SVs. Although it is commonly accepted that Syp-1 positive vesicle are SVs, its role has puzzled neuroscientist for many years. Indeed, this protein discovered in 1985 is thought to play an important role in exocytosis since it was abundant in nerve terminal, having the ability to modulate neurotransmission (J. [START_REF] Alder | Overexpression of synaptophysin enhances neurotransmitter secretion at Xenopus neuromuscular synapses[END_REF][START_REF] Alder | Antibodies to Synaptophysin Interfere with Transmitter Secretion at Neuromuscular Synapses[END_REF][START_REF] Thomas | Identification of Synaptophysin as a Hexameric[END_REF]. However, mice lacking syp-1 showed no deterioration of synaptic properties (synaptic transmission, synaptic plasticity and probability of release) [START_REF] Janz | Essential Roles in Synaptic Plasticity for Synaptogyrin I and Synaptophysin I they are phosphorylated by an endogenous src-like tyro-sine kinase on synaptic vesicles (Barnekow et al indicates that synaptophysin I and synaptogyrin I are physiological substrates for togyrin I and bred double knockout mice deficient in[END_REF][START_REF] Mcmahon | Synaptophysin, a major synaptic vesicle protein, is not essential for neurotransmitter release[END_REF]. The authors concluded therefore that Syp-1 was not essential for synaptic transmission. The only significant feature that they observed in Syp-1 knock-out mice was a 20% decrease in expression of synaptobrevin/VAMP-2 protein, known to interact with Syp-1 [START_REF] Calakos | Vesicle-associated membrane protein and synaptophysin are associated on the synaptic vesicle[END_REF][START_REF] Edelmann | Synaptobrevin binding to synaptophysin: a potential mechanism for controlling the exocytotic fusion machine[END_REF][START_REF] Mcmahon | Synaptophysin, a major synaptic vesicle protein, is not essential for neurotransmitter release[END_REF][START_REF] Washbourne | Vesicle-associated membrane protein-2 (synaptobrevin-2) forms a complex with synaptophysin[END_REF]. This specific change in VAMP-2 expression, can potentially be explained by the role of Syp-1 in protein sorting [START_REF] Pennuto | Synaptophysin I Controls the Targeting of VAMP2/ Synaptobrevin II to Synaptic Vesicles[END_REF]. Nowadays, the complexity of Syp-1's role has been deciphered and it is commonly accepted that Syp-1 participates in SV exocytosis, endocytosis and biogenesis. The binding of Syp-1 to VAMP-2 is mutually exclusive to the SNARE complex and can finely regulate the delivery of VAMP-2 to the other SNARES for fusion pore formation. Consequently, Syp-1 can be considered as a key actor that ensures excitation-secretion coupling [START_REF] Valtorta | Synaptophysin: Leading actor or walkon role in synaptic vesicle exocytosis?[END_REF].

However, the main role of Syp-1 may lies in the efficient retrieval or clearance of Vamp-2 from the active zone, upstream of the endocytosis that supports NT release [START_REF] Harper | Altered synaptobrevin-II trafficking in neurons expressing a synaptophysin mutation associated with a severe neurodevelopmental disorder[END_REF][START_REF] Kokotos | Synaptophysin sustains presynaptic performance by preserving vesicular synaptobrevin-II levels[END_REF][START_REF] Rajappa | Synaptophysin 1 Clears Synaptobrevin 2 from the Presynaptic Active Zone to Prevent Short-Term Depression[END_REF][START_REF] Valtorta | Synaptophysin: Leading actor or walkon role in synaptic vesicle exocytosis?[END_REF]. During this process, the need for a subtle balance was highlighted by the description of a specific stoichiometry of Syp-1/VAMP-2 (1:2), which has been proved to be crucial for Syp-1 to modulate the retention of Vamp-2 at the nerve terminal [START_REF] Gordon | A fine balance of synaptophysin levels underlies efficient retrieval of synaptobrevin II to synaptic vesicles[END_REF].

The absence of defect in synaptic transmission in Syp-1 KO mice was better understood when a study proposed that the large amount of VAMP-2 present on SV (around 70 copies (Shigeo Takamori et al., 2006)) renders VAMP-2 in excess comparing of the low number needed for SV fusion (between 1 and 3) [START_REF] Kokotos | Synaptophysin sustains presynaptic performance by preserving vesicular synaptobrevin-II levels[END_REF][START_REF] Mohrmann | Fast vesicle fusion in living cells requires at least three SNARE complexes[END_REF][START_REF] Sinha | Two synaptobrevin molecules are sufficient for vesicle fusion in central nervous system synapses[END_REF][START_REF] Van Den Bogaart | One SNARE complex is sufficient for membrane fusion[END_REF]. This may explain why presynaptic defects only appear when frequent SV turnover is induced [START_REF] Kokotos | Synaptophysin sustains presynaptic performance by preserving vesicular synaptobrevin-II levels[END_REF]. Another explanation could lie in the redundancy of the isoforms. Indeed, Syp-1 KO mice show defects in the organization of the cell membrane and also a reduced number of SVs in photoreceptors of retinal rod, characterized by a high concentration of Syp-1 and an absence of Syp-2 (Spiwoks-Becker et al., 2001). Furthermore, knocking down the four Syp-1 isoforms, or related proteins, increases the probability of SV release [START_REF] Davis | Elevated synaptic vesicle release probability in synaptophysin/gyrin family quadruple knockouts[END_REF], which is consistent with Syps blocking exocytosis.

The Synaptotagmin (Syt) family of proteins contains more than 15 members capable to bind calcium [START_REF] Pang | Cell biology of Ca2+-triggered exocytosis[END_REF].

Isoforms appear to play different roles. For example, Syt-2 has been found to modulate synchronous release, while syt-7

modulates the asynchronous component of release in Zebrafish [START_REF] Wen | Distinct roles for two synaptotagmin isoforms in synchronous and asynchronous transmitter release at zebrafish neuromuscular junction[END_REF]. Syt-1, similar to Syt-2, is a key player in exocytosis due to its two calcium binding sites (C2A and C2B), acting as calcium sensor for SV release [START_REF] Südhof | A molecular machine for neurotransmitter release: Synaptotagmin and beyond[END_REF]. The importance of Syt-1 in the coordinated release of NT with calcium has been demonstrated by many experiments. The knock-down of Syt-1 abolishes the fast synchronous NT release [START_REF] Geppert | Synaptotagmin I: A major Ca2+ sensor for transmitter release at a central synapse[END_REF][START_REF] Littleton | Mutational Analysis of Drosophila synaptotagmin Demonstrates Its Essential Role in Ca*+-Activated Neurotransmitter Release[END_REF] and increases the neuronal frequency of spontaneous release [START_REF] Chicka | Synaptotagmin arrests the SNARE complex before triggering fast, efficient membrane fusion in response to Ca2+[END_REF]. A proposed mechanism is that Syt-1 inhibits fusion in absence of action potential inducing a CA 2+ entry [START_REF] Chicka | Synaptotagmin arrests the SNARE complex before triggering fast, efficient membrane fusion in response to Ca2+[END_REF][START_REF] Tucker | Reconstitution of Ca2+-Regulated Membrane Fusion by Synaptotagmin and SNAREs[END_REF]. S. Liu et al., 2017;[START_REF] Ramos-Miguel | Reduced SNAP25 Protein Fragmentation Contributes to SNARE Complex Dysregulation in Schizophrenia Postmortem Brain[END_REF].

Thanks to more resolutive techniques, we can now detect another type of protein present in 10% of the SVs and in small quantities [START_REF] Ikin | Alzheimer amyloid protein precursor is localized in nerve terminal preparations to rab5containing vesicular organelles distinct from those implicated in the synaptic vesicle pathway[END_REF], known as APP [START_REF] Groemer | Amyloid precursor protein is trafficked and secreted via synaptic vesicles[END_REF] (figure 62).

Indeed, APP can be considered a "bona fide" SP since once at the PM, it is trafficked (but not transported) by SVs [START_REF] Del Prete | APP is cleaved by bace1 in pre-synaptic vesicles and establishes a pre-synaptic interactome, viaIts intracellular domain, with molecular complexes that regulate pre-synaptic vesicles functions[END_REF][START_REF] Groemer | Amyloid precursor protein is trafficked and secreted via synaptic vesicles[END_REF][START_REF] Kohli | Interactome of the amyloid precursor protein APP in brain reveals a protein network involved in synaptic vesicle turnover and a close association with synaptotagmin-1[END_REF][START_REF] Nigam | Endogenous APP accumulates in synapses after BACE1 inhibition[END_REF]. However, the presence of APP within SVs is still controversial [START_REF] Laßek | Amyloid precursor proteins are constituents of the presynaptic active zone[END_REF][START_REF] Weingarten | APP-A novel player within the presynaptic active zone proteome[END_REF]. The α-and β- [START_REF] Hu | Mean synaptic vesicle size varies among individual excitatory hippocampal synapses[END_REF][START_REF] Jahn | Synaptic Vesicle Traffic: Rush Hour in the Nerve Terminal[END_REF]. Although SV diameter may differ from one species to another, it is very similar from one synapse to another of the same species. Indeed, the SV diameter is not correlated with the PSD area size nor with the number of SVs within the bouton or with neuronal activity [START_REF] Qu | Synapse-to-synapse variation in mean synaptic vesicle size and its relationship with synaptic morphology and function[END_REF].

The size of SV would depend on the curvature driven by lipid properties and the steric hindrance of SP [START_REF] Jahn | Synaptic Vesicle Traffic: Rush Hour in the Nerve Terminal[END_REF].

SPs such as synaptobrevin or synaptotagmin, with a large cytoplasmic domain and a small luminal domain (in red and green respectively in figure 64), can form oligomeric structures [START_REF] Bowen | Mutational analysis of synaptobrevin transmembrane domain oligomerization[END_REF] and appear to form clusters, which promotes a high membrane curvature [START_REF] Poudel | ScienceDirect Synaptic vesicle morphology : a case of protein sorting ?[END_REF]. Once the SVs are formed, they retain their acquired size thanks to some soluble proteins such as synapsin or Rab5 which prevent the SV from fusing together (H. [START_REF] Shimizu | An essential role of Rab5 in uniformity of synaptic vesicle size[END_REF].

Finally, endocytosis protein like dynamin-1, AP-2 or clathrin modulate SV size by controlling the amount of PM retrieved or the interactions with other proteins [START_REF] Mahapatra | Tissue-specific dynamin-1 deletion at the calyx of Held decreases short-term depression through a mechanism distinct from vesicle resupply[END_REF][START_REF] Nakatsu | Defective function of GABA-containing synaptic vesicles in mice lacking the AP-3B clathrin adaptor[END_REF][START_REF] Nonet | Regulates the Size and Protein Composition of Synaptic Vesicles[END_REF][START_REF] Zhang | Synaptic vesicle size and number are regulated by a clathrin adaptor protein required for endocytosis[END_REF].

v. SV pools Historically, using electron microscopy, different SV pools have been observed and described based on their localization to the release site in the plasma membrane (the active zone). Following morphological observations, functional properties were assigned to each pool. As shown in figure 58, after non-physiologic stimulation of goldfish bipolar cells [START_REF] Denker | Synaptic vesicle pools: An update[END_REF], three kinetics components of release on depolarization can be observed, which are linked with the presence of three pools [START_REF] Neves | The kinetics of exocytosis and endocytosis in the synaptic terminal of goldfish retinal bipolar cells[END_REF]. The first phase is a rapid increase in the fluorescence change (related to the membrane surface), then a linear phase appears and finally comes the third phase, slower and continuous (figure 65). These three phases led to the conclusion that three distinct SV pools co-exist:

the readily releasable pool (RRP, exhausted within 20 ms of depolarization, figure 65), the recycling pool (exhausted within 1s of depolarization, figure 58) and the reserve pool (not depleted over a 5s period of depolarization, figure 58) [START_REF] Neves | The kinetics of exocytosis and endocytosis in the synaptic terminal of goldfish retinal bipolar cells[END_REF][START_REF] Rizzoli | Synaptic vesicle pools[END_REF][START_REF] Santos | Synaptic vesicle protein trafficking at the glutamate synapse[END_REF].

Over the years, thanks to extensive research, new subpopulations of pools have emerged as well as different nomenclatures and definitions. A universal list of these pools is missing today. In this manuscript, we will use the most accepted classification cited above. 

RRP

The RRP, first hypothesized in the 60s [START_REF] Bircks | Acetylcholine metabolism of a sympathetic ganglion[END_REF][START_REF] Elmqvist | A quantitative study of end-plate potentials in isolated human muscle[END_REF], is the pool located at the active zone, ready to be released (less than 1 second is needed for their release, as seen in the first phase of the graph figure 58) [START_REF] Rizzoli | Synaptic vesicle pools[END_REF]. It represent 1-2 % of the vesicles present at the presynapse and for example, in mouse hippocampal neurons, it is composed of between 5 and 13 vesicles (Alabi & Tsien, 2012;[START_REF] Rizzoli | Synaptic vesicle pools[END_REF][START_REF] Schikorski | Quantitative Ultrastructural Analysis of Hippocampal[END_REF].

a. RRP composition RRP consists of docked SVs that are attached to the plasma membrane at the active zone through SNARE interactions (figure 66) [START_REF] Imig | The Morphological and Molecular Nature of Synaptic Vesicle Priming at Presynaptic Active Zones[END_REF]. These interactions play an important role in anchoring because when the amount of SNARE-interacting protein is decreased, the number of docked vesicles is increased [START_REF] Nonet | Regulates the Size and Protein Composition of Synaptic Vesicles[END_REF], the probability of release is lower, thus affecting the learning and memory processes [START_REF] De Rossi | Neuronal BIN1 Regulates Presynaptic Neurotransmitter Release and Memory Consolidation[END_REF]. Docked vesicles become competent for fusion thanks to a maturation process called priming [START_REF] Imig | The Morphological and Molecular Nature of Synaptic Vesicle Priming at Presynaptic Active Zones[END_REF][START_REF] Südhof | A molecular machine for neurotransmitter release: Synaptotagmin and beyond[END_REF] where Rab-3 and Munc13 plays a crucial role [START_REF] Schlüter | Rab3 superprimes synaptic vesicles for release: Implications for short-term synaptic plasticity[END_REF][START_REF] Varoqueaux | Total arrest of spontaneous and evoked synaptic transmission but normal synaptogenesis in the absence of Munc13-mediated vesicle priming[END_REF]. The knock-out mouse of Munc-13 showed altered priming mechanisms and a decrease in the number of docked vesicles [START_REF] Imig | The Morphological and Molecular Nature of Synaptic Vesicle Priming at Presynaptic Active Zones[END_REF][START_REF] Kaeser | Pushing synaptic vesicles over the RIM[END_REF]. Thanks to these properties, docked SVs have the highest probability of fusion, so they are the first SVs to be released after the calcium influx.

Interestingly, not all docked vesicles are released upon activation and the opposite is also true:

RRP is not composed only of anchored vesicles (Rizzoli, 2014). Some undocked vesicles that are close to the PM can be released by RRP-depleting stimuli, suggesting that localization within the bouton alone could regulate the release (P. S. Kaeser & Regehr, 2017) (figure 66). SVs closer to Ca 2+ channel may, for example, have higher probability to fuse (Crawford & Kavalali, 2015;[START_REF] Fowler | Synaptic vesicle pools: Principles, properties and limitations[END_REF].

This localization may be dictated by their distinct molecular composition which can modify their ability to fuse and modify the standard view of the pool classification (Crawford & Kavalali, 2015; Fowler & Staras, 2015). This is for example the case of vesicles enriched with vamp4 or vamp7 [START_REF] Matz | Rapid structural alterations of the active zone lead to sustained changes in neurotransmitter release[END_REF][START_REF] Schikorski | Quantitative Ultrastructural Analysis of Hippocampal[END_REF][START_REF] Thanawala | Determining synaptic parameters using high-frequency activation[END_REF].

b. RRP function is partly governed by its size

The size of RRP (i.e the number of SVs within the RRP) is crucial because it regulates its function: it is proportional to the probability of a vesicle release and consequently to the synaptic strength [START_REF] Gleeson | Characterization of mutations in the gene doublecortin in patients with double cortex syndrome[END_REF][START_REF] Matz | Rapid structural alterations of the active zone lead to sustained changes in neurotransmitter release[END_REF][START_REF] Schikorski | Quantitative Ultrastructural Analysis of Hippocampal[END_REF][START_REF] Thanawala | Presynaptic calcium influx controls neurotransmitter release in part by regulating the effective size of the readily releasable pool[END_REF]. RRP is replenished from the reserve pool, which is vital for sustaining response (P. S. Kaeser & Regehr, 2017) and is rapidly depleted after 5-15 high frequency electrical stimulations [START_REF] Rizzoli | Synaptic vesicle pools[END_REF] or between 10 and 50 action potential at 10-20 Htz (Hyokeun Park et al., 2012). Once exhausted, it is filled with SVs coming mainly from the recycling pool (Alabi & Tsien, 2012;[START_REF] Schikorski | Readily releasable vesicles recycle at the active zone of hippocampal synapses[END_REF]. Many studies have focused on understanding the mechanisms that regulate RRP size and the consequences on NT release and synaptic strength [START_REF] Bacaj | Synaptotagmin-1 and -7 Are Redundantly Essential for Maintaining the Capacity of the Readily-Releasable Pool of Synaptic Vesicles[END_REF][START_REF] Baldelli | Lack of synapsin I reduces the readily releasable pool of synaptic vesicles at central inhibitory synapses[END_REF][START_REF] Chang | Synaptotagmin-1 drives synchronous Ca 2+ -triggered fusion by C 2 B-domain-mediated synaptic-vesicle-membrane attachment[END_REF][START_REF] Imig | The Morphological and Molecular Nature of Synaptic Vesicle Priming at Presynaptic Active Zones[END_REF]. Reducing the size of RRP has been shown to reduce EPSC amplitude in the calyx of the Held synapse (by reducing calcium influx) [START_REF] Thanawala | Presynaptic calcium influx controls neurotransmitter release in part by regulating the effective size of the readily releasable pool[END_REF] and in the avian nucleus magnocellularis [START_REF] Taruno | Inhibition of presynaptic Na +/K +-ATPase reduces readily releasable pool size at the avian end-bulb of Held synapse[END_REF], to increase synaptic depression in GABAergic neurons [START_REF] Baldelli | Lack of synapsin I reduces the readily releasable pool of synaptic vesicles at central inhibitory synapses[END_REF] and to alter homeostatic plasticity in the neuromuscular junction of Drosophila (by RIM KO) (M. [START_REF] Müller | RIM controls homeostatic plasticity through modulation of the readily-releasable vesicle pool[END_REF]. Likewise, delaying the reloading of the RRP increases synaptic depression [START_REF] Mochida | SAD-B Phosphorylation of CAST Controls Active Zone Vesicle Recycling for Synaptic Depression[END_REF]. The increase in the size of the RRP however, allows for a transient augment of synaptic efficacy in the Calyx of Held [START_REF] Habets | Dynamics of the readily releasable pool during post-tetanic potentiation in the rat calyx of Held synapse[END_REF][START_REF] Mahapatra | Tissue-specific dynamin-1 deletion at the calyx of Held decreases short-term depression through a mechanism distinct from vesicle resupply[END_REF], and an increase in EPSC size along with reinforced synaptic strength in the glutamatergic hippocampal synapses [START_REF] Stevens | Regulation of the Readily Releasable Vesicle Pool by Protein Kinase C[END_REF].

Thanks to its functional role, RRP is the easiest pool of SVs to quantify. After triggering the RRP depletion by different means (prolonged presynaptic voltage steps, evoked currents, photolytic presynaptic calcium release, or applications of hypertonic sucrose), three main techniques are used today to quantify the RRP size (P. S. Kaeser & Regehr, 2017;[START_REF] Thanawala | Determining synaptic parameters using high-frequency activation[END_REF]. They measure the post synaptic currents (EPSC), the capacity changes in the presynapse due to the addition of membrane during fusion or the rate of exocytosis with optical methods.

Recycling pool

The second phase observed in the graph figure 65 is due to the presence of the recycling pool which is released more slowly than the RRP. Its release occurs once the RRP is exhausted and precedes the mobilization of the reserve pool [START_REF] Rizzoli | Synaptic vesicle pools[END_REF].

The SVs function of the recycling pool is the biological response to the too high energy consumption necessary for SV synthesis. Instead of producing de novo SVs, which is a costly mechanism in term of [START_REF] Höning | Phosphatidylinositol-(4,5)-bisphosphate regulates sorting signal recognition by the clathrin-associated adaptor complex AP2[END_REF]). The activation will trigger a cascade of events that will lead to the formation of a clathrin-coated vesicles [START_REF] Kononenko | Molecular mechanisms of presynaptic membrane retrieval and synaptic vesicle reformation[END_REF]. Thus, in order to be free from the PM, the coated vesicle must be severed/pinched off. This process is ensured by dynamin, recruited by the cofactors, which will assemble to form a ring structure around the neck of the endocytosed vesicles.

The free SV will then lose its clathrin coating (figure 67) with the help of non-coating factors and fuse with early or sorting endosomes through a reaction involving Rab5 (Rizzoli, 2014).

The SVs formed by endocytosis are specific in terms of lipid and protein composition and it depends on which part of the PM has been endocytosed. In fact, at the end of exocytosis, the lipids from the exocytosed SVs such as cholesterol and sphingolipids formed SPs containing microdomains. Some other PM proteins can be found in these microdomains, such as APP [START_REF] Groemer | Amyloid precursor protein is trafficked and secreted via synaptic vesicles[END_REF][START_REF] Guardia-Laguarta | Mild cholesterol depletion reduces amyloid-β production by impairing APP trafficking to the cell surface[END_REF]. Thus, thanks to its physical properties and protein interactions, these entire lipidic microdomains will be endocytosed along with their proteins. The same mechanism can be observed for release from endosomes. This is why we can find some PM or endosomal proteins, like Rab-5, integrated into newly synthetized SVs [START_REF] Groemer | Amyloid precursor protein is trafficked and secreted via synaptic vesicles[END_REF][START_REF] Guardia-Laguarta | Mild cholesterol depletion reduces amyloid-β production by impairing APP trafficking to the cell surface[END_REF]. Understanding the mechanisms of SVs endocytosis is interesting because it allows the scientists to manipulate pathways and uncover consequences on SV release. For instance, by slowing down the recycling pathway, it is possible to delay the filling of the RRP, which causes synaptic depression and alters synaptic plasticity [START_REF] Ivanova | CtBP1-Mediated Membrane Fission Contributes to Effective Recycling of Synaptic Vesicles[END_REF][START_REF] Mochida | SAD-B Phosphorylation of CAST Controls Active Zone Vesicle Recycling for Synaptic Depression[END_REF]. Conversely, increasing the recycling rate increases the number of SVs within a bouton in the hippocampus, thus leading to shortterm facilitation and aberrant behavior such as increased exploration-related behavior in mice [START_REF] Kononenko | Compromised fidelity of endocytic synaptic vesicle protein sorting in the absence of stonin 2[END_REF]. Interestingly, it has been shown recently that the size of the recycling pool naturally increases after LTP induction [START_REF] Rey | Nanoscale Remodeling of Functional Synaptic Vesicle Pools in Hebbian Plasticity[END_REF].

Reserve pool

The third phase observed in graph figure 65 represents the release of the reserve pool, which is even slower than the release of the recycling pool To date, the roles of the reserve pool are not very well understood but its reduction in size causes an increase in synaptic depression, memory deficits and epilepsy [START_REF] Skorobogatko | O-Linked β-N-Acetylglucosamine (O-GlcNAc) site Thr-87 Regulates Synapsin I localization to Synapses and size of the reserve pool of synaptic vesicles[END_REF]. Several hypotheses may explain the role of the reserve pool in supporting neurotransmission. This SV pool could act as a buffer for recycling of SVs and soluble proteins to be provided on demand during synaptic activity [START_REF] Denker | The reserve pool of synaptic vesicles acts as a buffer for proteins involved in synaptic vesicle recycling[END_REF]. With this mechanism, the size of the reserve pool controls the recycling rate and the recycling pool and, consequently, the SV release. As mentioned before, this pool could also be heterogeneous due to the different composition of its SVs; some are thought to be interchanged between boutons (Fernandez-Alfonso & Ryan, 2008) and some may be responsible for the spontaneous fusion of the vesicles [START_REF] Fredj | A resting pool of vesicles is responsible for spontaneous vesicle fusion at the synapse[END_REF]. Controlling the size of the reserve pool could rely on protein modification linked to calcium influx. This is particularly the case with Syt-7, a member of the synaptotagmin family which is a calcium sensor that monitors both the reserve pool and the recycling pool sizes making the vesicles unavailable for release [START_REF] Durán | Synaptotagmin-7 controls the size of the reserve and resting pools of synaptic vesicles in hippocampal neurons[END_REF]. Synapsin could be the main regulator of reserve pool size. Indeed, knock-out mice of this protein exhibit incompletely functional synapses because the reserve pool is greatly reduced. These mice show defects in synaptic plasticity (synaptic depression), cognitive decline and seizure [START_REF] Corradi | Synapsin-I-and synapsin-II-null mice display an increased age-dependent cognitive impairment[END_REF][START_REF] Gitler | Synapsin IIa controls the reserve pool of glutamatergic synaptic vesicles[END_REF]. In humans, synapsin I has been found to be mutated in patients affected by epilepsy and autism spectrum disorder [START_REF] Fassio | SYN1 loss-of-function mutations in autism and partial epilepsy cause impaired synaptic function[END_REF][START_REF] Garcia | Identification of a mutation in synapsin I, a synaptic vesicle protein, in a family with epilepsy[END_REF]. This phosphoprotein acts as a scaffold for SVs: the unphosphorylated form is present on the SV and its "sticky" propriety provokes the crosslinking of all the neighbor SVs to form a block that cannot fuse together. Synapsin forms a cage around the SV which prevents its fusion with other SV from the reserve pool (figure 69). When phosphorylated by calcium-activated kinases following intense and non-physiologic stimulation, synapsin is released from the vesicle which becomes free from the pool and can move. Mutation of its phosphorylation site to alanine increased the size of the reserve pool [START_REF] Skorobogatko | O-Linked β-N-Acetylglucosamine (O-GlcNAc) site Thr-87 Regulates Synapsin I localization to Synapses and size of the reserve pool of synaptic vesicles[END_REF] and in a HD mouse model, synapsin phosphorylation has been found to predict neuronal transmission impairment [START_REF] Liévens | Abnormal phosphorylation of synapsin I predicts a neuronal transmission impairment in the R6/2 Huntington's disease transgenic mice[END_REF].

To conclude, due to their dynamics and localization within the axon terminal, vesicle pools are able to regulate synaptic strength and plasticity taking into account many presynaptic processes. Therefore, synaptic pools are crucial for behaviors such as learning and memory (Alabi & Tsien, 2012).

To conclude, from the outside view, a SV is a 40 nm transparent vesicle at the axon terminal with a very specific lipid and protein composition that allows the vesicle to fuse with the plasma membrane.

Both its distance from the active zone and its molecular composition confer a functional role on SV.

But what is the role of SVs? What does they carry inside? The small and clear vesicles in the presynaptic terminal observed with electron microscopy was the structural answer of the discovery of NT released in fixed quanta.

However, thanks to extensive research, this definition evolved over the years; nowadays, it is very well described that SVs are filled with neurotransmitters, molecules that make up the essence of the message sent by a neuron. NTs have already been described (see chapter 2 1-d-ii), but to briefly remind, a neurotransmitter could be simply defined as a molecule released by the presynapse, received by a receptor which then converts the chemical signal into an electric signal from a cascade of events. In this part, we will focus on glutamate as it is the main neurotransmitter found in cortical neurons that project towards the striatum [START_REF] Fonnum | Glutamate: A Neurotransmitter in Mammalian Brain[END_REF].

ii. Glutamate definition

Many studies have focused on glutamate intake because it is the NT that is most frequently found in excitatory synapses and one of the first to be identified by electrophysiological studies [START_REF] Fonnum | Glutamate: A Neurotransmitter in Mammalian Brain[END_REF].

Glutamate is the main amino acid found in the brain (Shigeo Takamori et al., 2006) and was first suggested by Krebs in 1935 to play an important role in brain metabolism. Its production from αketoglutarate occurs in the mitochondria during the "Krebs cycle". The fact that glutamate is an amino acid and therefore present in all neurons, including inhibitory neurons, implies the need to discriminate between the two types of glutamate.

iii. Loading of glutamate into SVs

Once glutamate is present in the neuron, it must be concentrated within a SV, up to 100.000 times more than in cytoplasm. This process requires energy to overcome the concentration gradient and active transport is required. The transport of glutamate in SV is carried by a specific vesicular transporter, which is VGlut. The needs of energy for this transport explain the presence one to two vacuolar-type H + -ATPases (V-ATPase) within each SV along with transporters (Shigeo Takamori et al., 2006). V-ATPases are responsible for the ATP hydrolysis which produces H + and is slowed down when the SV membrane potential is positive.

VGlut proteins appear under 3 isoforms: vGlut-1, vGlut-2 and vGlut-3. The two firsts isoforms are expressed in the adult brain with a complementary pattern of expression throughout the brain. vGlut-1 is the main glutamate transporter in the cortex, hippocampus and cerebellar cortex while vGlut-2 is preferentially present in the thalamus and brainstem [START_REF] Bellocchio | Uptake of Glutamate into Synaptic Vesicles by an Inorganic Phosphate Transporter[END_REF][START_REF] Takamori | Identification of differentiation-associated brain-specific phosphate transporter as a second vesicular glutamate transporter (VGLUT2)[END_REF]; F. X. [START_REF] Zhang | Vesicular glutamate transporter isoforms: The essential players in the somatosensory systems[END_REF]. Vglut-1 is a voltage-H + antiporter that can be activated by a positive membrane potential (Ψ) or a H + gradient, thus transporting glutamate in exchange for a proton [START_REF] Martineau | VGLUT1 functions as a glutamate/proton exchanger with chloride channel activity in hippocampal glutamatergic synapses[END_REF]. Very recently, vGlut has been found to allow glutamate to enter an SV along with a Pi and a proton (H + ) through ATP hydrolysis [START_REF] Preobraschenski | Dual and Direction-Selective Mechanisms of Phosphate Transport by the Vesicular Glutamate Article Dual and Direction-Selective Mechanisms of Phosphate Transport by the Vesicular Glutamate Transporter[END_REF].

SV loading with glutamate can be described by 3 steps (figure 70) [START_REF] Chaudhry | Vesicular Neurotransmitter Transporters as Targets for Endogenous and Exogenous Toxic Substances[END_REF][START_REF] Edwards | Review The Neurotransmitter Cycle and Quantal Size[END_REF][START_REF] Martineau | VGLUT1 functions as a glutamate/proton exchanger with chloride channel activity in hippocampal glutamatergic synapses[END_REF]:

1/ Electric component drives the beginning of the loading When SVs are empty of NT, they are enriched with Cl -. This accumulation of negative charges increases the membrane potential (Ψ), activating vGlut1 which loads the glutamate in the SV in exchange for an H+ produced by V-ATPase. The activity of vGlut-1 is high and there is a massive glutamate import. In this first phase, there is no accumulation of H + because the high concentration of Cl -prevents the activity of V-ATPase.

2/ The chemical component takes over: SV becomes acidic

When the concentration of Cl -decreases within the SV, the electrical component vanishes and the activity of vGlut-1 is interrupted. However, it also causes the disinhibition of V-ATPase. Therefore, H + accumulates in the SV which becomes acidic and activates vGlut-1. Glutamate is still imported but at a slower rate than H + , which is imported from the V-ATPase.

3/ End of the loading SV loading ends when its pH reaches 5.5 and there is a 100-fold H + gradient that blocks the V-ATPase. This process allows 1800 molecules of glutamate to enter a vesicle [START_REF] Takamori | Molecular Anatomy of a Trafficking Organelle[END_REF] iv. Supply and recycling of SVs transporting glutamate

Once glutamate is released into the synaptic cleft, it is then taken up by transporters within the membrane of astrocyte [START_REF] Balcar | THE STRUCTURAL SPECIFICITY OF THE HIGH AFFINITY UPTAKE OF l-GLUTAMATE AND l-ASPARTATE BY RAT BRAIN SLICES[END_REF]. This transport allows both the clearance of glutamate inside the synaptic cleft (which is one of the properties of NT) and the recycling of glutamate. Once glutamate is transported through EAAT2 in astrocytes, it is then converted into glutamine by glutamine synthase, which is mainly present in astrocytes (W. [START_REF] Chen | The Glutamate Transporter GLT1a Is Expressed in Excitatory Axon Terminals of Mature Hippocampal Neurons[END_REF][START_REF] Mckenna | The glutamate-glutamine cycle is not stoichiometric: Fates of glutamate in brain[END_REF]. Glutamine then diffuses back into neurons where it is hydrolyzed by the phosphateactivated-glutaminase (PAG) into glutamate within mitochondria located near a synapse [START_REF] Schousboe | Glutamate Metabolism in the Brain Focusing on Astrocytes[END_REF].

This glutamate/glutamin cycle was first validated in the late 1900s by biochemistry and only recently by electrophysiology [START_REF] Tani | A local glutamate-glutamine cycle sustains synaptic excitatory transmitter release[END_REF]. . Interestingly, the contribution of other mechanisms of neuronal glutamate via neuronal EAAT2 [START_REF] Furness | A quantitative assessment of glutamate uptake into hippocampal synaptic terminals and astrocytes: New insights into a neuronal role for excitatory amino acid transporter 2 (EAAT2)[END_REF] or de novo production are to a lesser extent and are still debated [START_REF] Danbolt | Neuronal vs glial glutamate uptake: Resolving the conundrum[END_REF].

To sum up, from the inside, a SV is filled with neurotransmitters, which are molecules responsible for neurotransmission after being released from the synapse. But how does a SV reach the synapse? 

SVs origin from SVP transport and maturation

Before becoming an SV containing all SPs, its precursor must first be synthetized, then transported into the synapse to be exocytosed and then endocytosed to finally become an SV in itself.

The precursor of SV (called SVP) is interesting because it travels inside the axon and if its transport is compromised, the size of pools will change and, consequently, also post synaptic responses. The mechanism of SVP axonal transport as the same features described earlier (vesicles attached to motors following microtubules direction). However, some specificities can be noted and are well described in the literature, and new regulatory mechanisms still remain to be elucidated.

a. De novo production of SVPs

The de novo production of secretory vesicles has already been described in the chapter 2 1-c-i-2. To deepen the characterization of SVP production, we can emphasize the importance of protein and lipid segregation during this process. In fact, it is known that synaptophysin and cholesterol bind to each other inside the ER, thus forming domains and causing a slower diffusion of lipids [START_REF] Régnier-Vigouroux | Newly synthesized synaptophysin is transported to synaptic-like microvesicles via constitutive secretory vesicles and the plasma membrane[END_REF][START_REF] Thiele | Cholesterol binds to synaptophysin and is required for biogenesis of synaptic vesicles[END_REF]. These domains will be enriched in SPs such as syntaxin and synaptobrevin/vamp thanks to their interactions (Rizzoli, 2014) and will therefore form a new vesicle when leaving the ER (figure 71). The newly formed vesicles then reach the cis-side of the Golgi apparatus as free vesicles and use the synaptic proteins anchored in their membrane (i.e., the SNARE system) to fuse with the Golgi membrane (see chapter 3 1-a-iii). These proteolipid patches will diffuse inside the Golgi membrane to finally bud from the trans Golgi network (TGN) and to be released in the cytoplasm (figure 71). This de novo production machinery is responsible for the generating 17 to 35 SVPs per second in the cell body (Guedes-Dias & Holzbaur, 2019). However, the Golgi is unable to form perfect SVs containing all the SPs they need to play their role in neurotransmission. For this reason, the precursor leaving the TGN requires maturation which consists of another fusion with the plasma membrane (PM), also containing synaptic proteins. Thus, SVPs are transported from the Golgi anterogradely to the axon terminal thanks to motors and adapter proteins. However, some studies pointed out that the transport to the PM can also be carried out throughout the dendrite (Sampo et al., 2003;Wisco et al., 2003), even if SVPs are mainly transported in the axon (Guedes-Dias & Holzbaur, 2019;Staras et al., 2010). In the case of SVP axonal transport, KIF1A or KIF1Bβ are recruited based on the subset of SPs they carry (Okada et al., 1995;[START_REF] Santos | Synaptic vesicle protein trafficking at the glutamate synapse[END_REF]. For example, synaptophysin is transported by KIF1A (Okada et al., 1995). Although if KIF5B has been shown to transport SVPs (Q. Cai et al., 2007), the main anterograde molecular motor for the precursors is KIF1A (C. W. Chen et al., 2019;[START_REF] Maeder | In vivo neuron-wide analysis of synaptic vesicle precursor trafficking[END_REF][START_REF] Siddiqui | Intracellular Cargo Transport by Kinesin[END_REF]Okada et al., 1995).

i. Structure and functions of KIF1A

The kinesin-3 family sequence is highly conserved (Gabrych et al., 2019) and KIF1A homologs can be found in C. elegans (UNC-104), Drosophila (Imac), mouse and human. Its conservation between species highlights its importance, particularly in terms of vesicular transport, neuroplasticity, spontaneous release and synaptic organization (Okada et al., 1995;Yonekawa et al., 1998;Y. V. Zhang et al., 2017). This subfamily is composed by KIF1A and KIF1Bβ, but while KIF1A is expressed only in neurons, KIF1Bβ is also present in glial cells [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF].

A few years after the discovery the functional role of KIF1A, Okada demonstrated in 1999 that unlike other molecular motors, KIFA has the ability to move along MT in its monomeric form [START_REF] Okada | A processive single-headed motor: Kinesin superfamily protein KIF1A[END_REF]. However, kinesins were thought to move according to the shape of the hand-overhand model due to their dimerized structure. So how can a monomeric motor move? Although it is now known that KIF1A also forms dimers to move anterograde, thanks to many structural studies, we now better know the monomeric KIFA motility mechanism.

Like any other kinesin, KIF1A is composed of a motor domain on its N-terminal end where ATP is hydrolyzed and a cargo-binding domain on its C-terminal end. Specific domains within the stalk domain are described and lie between these two ends: the motor domain is connected to a neck coil domain (NC) by a flexible neck linker (NL). NC is followed by a first coiled-coil domain (CC-1), a forked head associated domain (FHA), two other coiled-coil domains (CC2 and CC3) which are linked to the Pleckstrin homology domain (PH) (figure 72).

Motor domain: in its N-terminal part, it is characterized by its catalytic core in which the Ploop (phosphate binding loop) acts as a nucleotide binding pocket [START_REF] Hirokawa | The mechanisms of kinesin motor motility: Lessons from the monomeric motor KIF1A[END_REF]. This is where ATP binds and is hydrolyzed. On its C-terminal part, the motion domain shows a positively charged (lysine-enriched) K-loop interacting with the negatively charged MT hook (E-hook) (Soppina & Verhey, 2014). This weak interaction (∼0.15 pN) allows KIF1A to move to the next binding site using diffusion without detaching from the MTs [START_REF] Hirokawa | The mechanisms of kinesin motor motility: Lessons from the monomeric motor KIF1A[END_REF]. However, this diffusion is very slow (0.15 µm / s) and cannot alone explain the high KIF1A processivity (N. Siddiqui & A.

Straube, 2017).

Neck Linker: Completely detached from the catalytic core in the ADP state, but during the exchange of nucleotides (ADP to ATP) the neck linker attaches to the catalytic nucleus. This docking is responsible for the hand-over-hand mechanism as it transforms the chemical reaction into mechanical energy. It is considered as the power stroke: it generates force [START_REF] Hirokawa | The mechanisms of kinesin motor motility: Lessons from the monomeric motor KIF1A[END_REF].

Stalk domain: thanks to its structure mediates protein-protein

interactions. An example of interacting proteins is the DENN / MADD adapter (see paragraph…). Moreover, the coiled-coil domains mediate motor dimerization (Y. [START_REF] Shimizu | Stalk region of kinesin-related protein Unc104 has moderate ability to form coiled-coil dimer[END_REF] and CC1-FHA is known as a central hub for the control of motor activation [START_REF] Huo | The CC1-FHA tandem as a central hub for controlling the dimerization and activation of kinesin-3 KIF1A[END_REF]. Finally, the FHA-CC2 region is autoinhibitory and blocks access to microtubules [START_REF] Hammond | Mammalian Kinesin-3 motors are dimeric in vivo and move by processive motility upon release of autoinhibition[END_REF] and FHA is known to play a crucial role in cargo binding for other kinesins.

PH domain: due to its high affinity for PIP2, it is believed to be important for binding of cargo vesicle [START_REF] Klopfenstein | The Lipid Binding Pleckstrin Homology Domain in UNC-104 Kinesin is Necessary for Synaptic Vesicle Transport in Caenorhabditis elegans □ D □ V[END_REF]). However, this domain has been found not to be sufficient [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF], possibly due to the preferred localization of PM PIP2.

ii. KIF1A cargoes KIF1A was first discovered for its role in SVP transport because it allows the one of synaptophysin (Okada et al., 1995). Since then, the KIF1A-mediated transport of SVP has been confirmed as other SPs are essentially transported by KIF1A: vamp-2 and syt-1 (J. S. Liu et al., 2012;Sgro et al., 2013;Yonekawa et al., 1998). Siddiqui & A. Straube, 2017). Indeed, KIF1A vesicles colocalize with 15% of BDNF vesicles in the axons of cultured neurons in the hippocampus (R. [START_REF] Yang | A novel strategy to visualize vesicle-bound kinesins reveals the diversity of kinesin-mediated transport[END_REF]. Other studies have found that BDNF primarily uses KIF1A to be transported (Hung & Coleman, 2016;Lo et al., 2011) (figure 73). These results were inconsistent with kinesin-1 believed to be responsible for DCV transport [START_REF] Butowt | Conventional kinesin-I motors participate in the anterograde axonal transport of neurotrophins in the visual system[END_REF]Dompierre et al., 2007;Gauthier et al., 2004;Lim et al., 2017). Redundancy was the first hypothesis to explain how these two motors can regulate the transport of the same cargo (Gabrych et al., 2019;[START_REF] Yang | A novel strategy to visualize vesicle-bound kinesins reveals the diversity of kinesin-mediated transport[END_REF] but it turned out not to be true in Drosophila; Overexpression of KHC does not save UNC104 RNAi phenotypes in the larva (Lim et al., 2017). Rather than conflicting, these two kinesins both appear to be necessary for DCV transport: they both associate with DCV (Lim et al., 2017). UNC104 first associates with DCV to promote transport from the cell body to the axon where it co-assembles with Kinesin-1, which is required for antegrade transport and responsible for the correct distribution of DCV within the axon. The mechanism is still unknown, but they appear to act in a complementary way: kinesin-1 could help kinesin-3 to maintain its dimerized form to enable processive and fast axonal transport of DCV. By binding to the same DCV, the two motors combine their properties to regulate the speed and stroke length of the vesicle (Lim et al., 2017).

-APP containing vesicles APP is known to be transported primarily and antegrade in TGN-derived vesicles, other than SVP, with the kinesin-1 family (KIF5C) [START_REF] Deboer | Conventional kinesin holoenzymes are composed of heavy and light chain homodimers[END_REF]Kaether et al., 2000;[START_REF] Szodorai | APP anterograde transport requires Rab3A GTPase activity for assembly of the transport vesicle[END_REF]. APP vesicles contain Rab-3a, SNARE proteins (SNAP25, synatxin-1, VAMP-2), synapsin and active zone proteins but most of them are specific and differ from SVP since they do not contain Syp (Kaether et al., 2000;[START_REF] Szodorai | APP anterograde transport requires Rab3A GTPase activity for assembly of the transport vesicle[END_REF]. Furthermore, although it has been shown that 20% of APP positive vesicles are carried with KIF1A or Vamp-2 (Gabrych et al., 2019;Hung & Coleman, 2016;[START_REF] Kohli | Interactome of the amyloid precursor protein APP in brain reveals a protein network involved in synaptic vesicle turnover and a close association with synaptotagmin-1[END_REF]) (figure 73), KIF1A mutation or silencing does not affect axonal transport of APP (Hung & Coleman, 2016;Kaether et al., 2000). Indeed, in these experiments, APP vesicles moved at the same speed as before treatment (on average 4.5 µm /s) and over longer distances than syp-containing vesicles which moved four times slower (0.9 µm /s).

-BACE1 containing vesicles

It has been shown that BACE1, the β-secretase that cleaves APP, is mainly transported by KIF1A, in distinct vesicles from APP vesicles, avoiding APP cleavage. Furthermore, the transport mechanism of BACE1 and APP appears to be different as a KIF1A mutation alters the transport of BACE1 without affecting the transport of APP (Hung & Coleman, 2016).

iii. KIF1A inhibition / activation by dimerization Today, the regulation of KIF1A activity is not fully understood due to its complexity (Gabrych et al., 2019). Despite Okada's findings in 1999, we now believe that when KIF1A is monomeric, free within the cytosol or bound to a vesicle, it is autoinhibited (Al-Bassam & Nithianantham, 2018).

However, it is still not clear whether KIF1A needs to be dimerized on the cargo membrane to be activated (Soppina et al., 2014;[START_REF] Tomishige | Conversion of Unc104/KIF1A kinesin into a processive motor after dimerization[END_REF] or whether the dimerized KIF1A is autoinhibited and needs an additional signal to become active [START_REF] Hammond | Mammalian Kinesin-3 motors are dimeric in vivo and move by processive motility upon release of autoinhibition[END_REF].

In the latest and most approved model (Al-Bassam & Nithianantham, 2018), KIF1A activation follows dimerization on the cargo membrane (figure 74). This dimerization not only abrogates monomeric autoinhibition, but also activates the motor functions of KIF1A. As a monomer, KIF1A is self-inhibited by the interaction of the neck coil domain and CC1, which is relieved by the interaction with the neck coil domain of another kinesin (Gabrych et al., 2019;[START_REF] Huo | The CC1-FHA tandem as a central hub for controlling the dimerization and activation of kinesin-3 KIF1A[END_REF]Soppina et al., 2014) (figure 74).

The dissociation of this dimer alters KIF1A-mediated transport in C. elegans and influences its behavior [START_REF] Yue | The CC1-FHA dimer is essential for KIF1A-mediated axonal transport of synaptic vesicles in C. elegans[END_REF]. In the case of SVP, ARL8 would be involved in the relief of autoinhibition by allowing dimerization, also regulated by liprin-α [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF]; O. I. Wagner et al., 2009). These interactions are possible due to the high probability of protein interaction of the stalk domain.

iv. KIF1A processivity KIF1A, like other members of the Kinesin-3 family, is unique for its particularly efficient superprocessive motion for long-range axonal transport (Soppina & Verhey, 2014). Its processivity is defined both by the low number of pauses that occur in a run and by its speed.

The low number of pauses is partly due to the high affinity between the motor domain (k-loop) and the MTs (ε-loops), which is approximately 250 times higher than kinesin-1 and MTs A vesicle carried by KIF1A can easily reach speeds of 3 µm / s or more thus covering between 3 and 8 µm of MT in a single run (Guedes-Dias & Holzbaur, 2019;[START_REF] Lessard | Polyglutamylation of tubulin's C-terminal tail controls pausing and motility of kinesin-3 family member KIF1A[END_REF]. These maximum speeds could be allowed by the multimerization of KIF1A (N. Siddiqui & A. Straube, 2017) on a vesicle (see chapter 2 b-i-5-c). For example, an SVP can be transported from 1 to 4 kinesin-3 in C.elegans (Hayashi et al., 2018).

When this high affinity between KIF1A and MT is reduced, in a double curtain depletion model, for example, the lengths of the KIF1A series are reduced (Lipka et al., 2016; J. S. Liu et al., 2012).

v. Adaptors

Due to its stalk domain, KIF1A can easily form protein-protein interactions. Their diversity allows for precise regulation at different stages of cargo transport. The activation, processivity, delivery of the cargo and specificity of KIF1A are regulated by adaptors. Interestingly, two of these rely on the interaction between a GTP-ase within the SVP, providing insights for the regulation of KIF1A and a scaffold protein that binds to KIF1A. This is not surprising because Rab proteins, once activated, are known to bind to the vesicles and become a target marker; the activated Rab-3-containing vesicle has a specific compartment of destination with which it should fuse (H. Cai et al., 2007; N. [START_REF] Siddiqui | Intracellular Cargo Transport by Kinesin[END_REF][START_REF] Stenmark | Rab GTPases as coordinators of vesicle traffic[END_REF].

-Arl8/ALR8B & BORC complex: this small arf-like guanosine triphosphatase (GTPase) found on SV (Shigeo Takamori et al., 2006) also binds to the stalk domain of inactive KIF1A (Y. E. [START_REF] Wu | The Balance between Capture and Dissociation of Presynaptic Proteins Controls the Spatial Distribution of Synapses[END_REF]. When acquiring its GTP from, the Arl8 / ALR8B interaction with activates UNC104/KIF1A unlocking KIF1A self-inhibition in C.elegans [START_REF] Niwa | Autoinhibition of a Neuronal Kinesin UNC-104/KIF1A Regulates the Size and Density of Synapses[END_REF]. The crucial role of Arl8 is illustrated by its need for SVP transport in C.elegans [START_REF] Klassen | An Arf-like Small G Protein, ARL-8, Promotes the Axonal Transport of Presynaptic Cargoes by Suppressing Vesicle Aggregation[END_REF]L. B. Li et al., 2016). . This mechanism ensures that UNC104 / KIF1A is activated specifically on the cargo vesicles which will then bind together. Arl8 is thought to be activated and recruited into SVPs by the BLOC-1 related complex (BORC), known for its regulation of lysosomal transport. More specifically, one of its six subunits, SAM-4 / Myrlysin, promotes the PIL-to-GTP exchange of Arl8 in vitro and recruits Arl8 to SVP in vivo in C.elegans [START_REF] Niwa | BORC Regulates the Axonal Transport of Synaptic Vesicle Precursors by Activating ARL-8[END_REF]. Interestingly, this complex proved unnecessary and absent on SVPs within rat neurons, suggesting that the SVP transport mechanism may differ by species (here, C.elegans and mouse) (Pace et al., 2020).

- Holzbaur, 2019). However, in C. elegans lacking the DENN/MADD homolog, the transport of synaptotagmin is not impaired (Mahoney et al., 2006). This suggests that other proteins are involved in the regulation of SVP transport [START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF].

-Liprin-α: Known for its role in PSD scaffolding, this protein may be a potential KIF1A adapter, although its mechanism of action in SVP transport is still unknown.

First described as a KIF1A receptor due to its ability to bind to the tail region of KIF1A [START_REF] Shin | Association of the kinesin motor KIF1A with the multimodular protein liprin-α[END_REF], it was later thought to be a scaffolding protein for regulating However, nowadays, this hypothesis is being re-evaluated due to the ability of liprin to form KIF1A clusters at the axon terminal [START_REF] Hsu | Sub-cellular distribution of UNC-104(KIF1A) upon binding to adaptors as UNC-16(JIP3), DNC-1(DCTN1/Glued) and SYD-2(Liprin-α) in C. elegans neurons[END_REF]O. I. Wagner et al., 2009), and also due to its synaptic localization and unaltered distribution in mutants [START_REF] Sieburth | Systematic analysis of genes required for synapse structure and function[END_REF]Stucchi et al., 2018). In a recent study, it was found that liprin acts as a KIF1A

collector by transporting DCV within the dendritic spines rather than a cargo adaptor (Stucchi et al., 2018) (figure 77).

Of note, until now, no studies have investigated whether and how all these adapters are linked together with KIF1A. One hypothesis could be that a large scaffold adapter could pick up all of these proteins to allow for fine regulation of KIF1A transport.

vi. SVP targeted to the synapse resulting from the release of SVP from KIF1A

Once KIF1A is activated, it carries the SVPs following the plus end of the MTs. But how does KIF1A unload cargo at the axon terminal? It all lies in the high density of GTP-rich microtubule lattices in the presynapse, the discharge zone. First, KIF1A and its cargo are detached from MTs at presynapse due to the low affinity KIF1A has for GTP-rich microtubule lattices (Guedes-dias et al., 2019).

The high density of GTP will also increase GTP hydrolysis by both Arl8 which will lead to inactivation of KIF1A [START_REF] Niwa | Autoinhibition of a Neuronal Kinesin UNC-104/KIF1A Regulates the Size and Density of Synapses[END_REF] and Rab3 which will decrease the KIF1A affinity for MT through the DENN / interaction MADD, releasing SVPs at the synapse (Niwa et al., 2008).

vii. KIF1A mutations: loss and gain of functions

In many -if not all-organisms, KIF1A is a sensitive protein due to its crucial role in long-distance transport of cargoes. Its downregulation or the presence of mutations cause changes in cellular dynamics, morphology and behavior in fungi, nematodes, flies, zebrafish, mice and humans (Esmaeeli Nieh et al., 2015;[START_REF] Kern | The Kinesin-3, Unc-104 Regulates Dendrite Morphogenesis and Synaptic Development in Drosophila[END_REF]Lyons et al., 2008;[START_REF] Ohba | De novo KIF1A mutations cause intellectual de fi cit , cerebellar atrophy , lower limb spasticity and visual disturbance[END_REF][START_REF] Otsuka | Synapsin-and actin-dependent frequency enhancement in mouse hippocampal mossy fiber synapses[END_REF][START_REF] Pack-Chung | A Drosophila kinesin required for synaptic bouton formation and synaptic vesicle transport[END_REF]Phan et al., 2019;Yonekawa et al., 1998;[START_REF] Zekert | The Aspergillus nidulans Kinesin-3 UncA Motor Moves Vesicles along a Subpopulation of Microtubules[END_REF], generating a "transportopathy" (Gabrych et al., 2019).

In mice, knocking out KF1A results in a decrease in the transport of SVP in axons and in the accumulation of SP and SV at the synapses leading to neuronal degeneration and perinatal death (Yonekawa et al., 1998) (figure 78).

In C. elegans and drosophila, UNC1014 KO causes deficits in axonal transport and in the learning and memory of these animals (L. B. Li et al., 2016;Phan et al., 2019). In humans, KIF1A mutations are often dominant negative [START_REF] Cheon | Autosomal dominant transmission of complicated hereditary spastic paraplegia due to a dominant negative mutation of KIF1A, SPG30 gene[END_REF]Esmaeeli Nieh et al., 2015) and are disrupting autoinhibition and causing an excessive activation that is responsible for a decreased in synaptic density and size [START_REF] Niwa | Autoinhibition of a Neuronal Kinesin UNC-104/KIF1A Regulates the Size and Density of Synapses[END_REF].

Understanding of the consequences of these mutation on neuronal dynamics suggests that axonal transport is a key regulator for synapse homeostasis and that cargo accumulation or decrease at the synapse may be pathogenic (Gabrych et al., 2019).

To conclude, SVP are immature SV transported to the axon terminal anterogradely by KIF1A.

Therefore, KIF1A is partly responsible for the number of SVs at the axon terminal. This molecular motor which carries various cargoes must be activated to be highly processive. Due to its structure, KIF1A can bind to many adaptors that regulate its activation, motility and cargo delivery. When KIF1A structure is modified by mutations, loss-of-function and gain-of-function appear along with SVP mislocalisation and cause "transportopathies", dramatic neurodegenerative disorders like HSP. How does a KIF1A transported SVP becomes an SV? they undergo a first fusion with the PM to mature [START_REF] Matteoli | Vesicle turnover in developing neurons: How to build a presynaptic terminal[END_REF][START_REF] Régnier-Vigouroux | Newly synthesized synaptophysin is transported to synaptic-like microvesicles via constitutive secretory vesicles and the plasma membrane[END_REF]. This first cycle of exo-and endocytosis will add PM proteins to immature SVPs. After endosomal fusion, the newly formed SVs go to the recycling pool, are filled with NT and are then exocytosed following the influx of calcium. These newly formed SVs are responsible for all NT release during physiological activity (Truckenbrodt et al., 2018). SVs will undergo a few hundred cycles of exoendocytosis over about 24 hours and will eventually become old and reluctant to release. After 24-48h 

d. Retrograde transport of SV: Dynein interacts with KIF1A

Altered or damaged proteins within a SV are likely to be targeted to degradation due to the importance of maintaining protein homeostasis in the neuron. Aggregates of damaged proteins alter protein homeostasis and, therefore, are a major cause of neurodegenerative disorders like AD, HD or PD [START_REF] Cornejo | Rosmarinic acid prevents fibrillization and diminishes vibrational modes associated to β sheet in tau protein linked to Alzheimer's disease[END_REF]H. Vitet et al., 2020;[START_REF] Yap | Degradation of dendritic cargos requires Rab7-dependent transport to somatic lysosomes[END_REF]. The damaged SPs are believed to be inactivated with the help of SNAP25, ubiquitinated and targeted for degradation into lysosomes in the cell body through Rab7 recognition (Rizzoli, 2014;Truckenbrodt et al., 2018). This retrograde transport of SV to the soma is effected by dynein: when mutated in C.elegans, SV and UNC104 appear to accumulate at the nerve terminal due to impaired retrograde transport (C. W. Chen et al., 2019;Koushika et al., 2004).

Dynactin and its p150 Glued subunit bind to dynein for cargo specificity and other adaptors can be found on this dynactin-dynein complex to regulate its motility towards the MT minus end: LIS1, BICD1, NDEL Interestingly, KIF1A can act as a component of this complex (Barkus et al., 2008;C. W. Chen et al., 2019;Koushika et al., 2004) as it is able to bind to both dynein and dynactin through CC2, CC3 and FHA domains (C. W. Chen et al., 2019). The interactions between motors and adaptors could be explained by the "motor coordination model" described in chapter 2 2-e-iii. But more than regulating the directionality of SVs, the dynein/dynactin complex appears to be required for SV transport mediated by UNC104 or KIF1A (Barkus et al., 2008;C. W. Chen et al., 2019;Koushika et al., 2004). It would act as an UNC104 activator since when this complex is mutated, both the anterograde and retrograde velocities of UNC104 are drastically affected (C. W. Chen et al., 2019).

Knowing that HTT can impale both dynactin and dynein and that KIF1A is part of the HTT interactome (Shirasaki et al., 2012), it would not be surprising if HTT acted as a scaffold that supports SVP transport.

This scaffolding would allow the presence of the two opposing motors and other adaptors localized on a vesicle and could regulate the transport via post translational modification occurring on HTT.

As we have seen, KIF1A-driven SVP axonal transport determines the fate of SVs and thus neuronal communication. However, the regulators of this KIF1A-driven axonal transport are still under discussion (de pace 2020) and the consequences of their actions in vivo remain unknown.

Chapter 4 -Huntingtin as a crucial hub for protein interactions through its intrinsic molecular properties

The main objective of my PhD has been to understand the role of HTT as a scaffolding protein facilitating and regulating axonal transport. But before detailing the roles of HTT in FAT, it is important to describe the current knowledge on the biology of HTT and the relation between its structure and its functions.

Studying HTT physiological functions is likely to lead to a better understanding of the consequences of its loss of functions partly responsible for HD.

HTT: a large, dynamic and ubiquitous protein

Both embryonic lethality at day 7.5 of HTT KO mice [START_REF] Zeitlin | Increased apoptosis and early embryonic lethality in mice nullizygous for the Huntington's disease gene homologue[END_REF] and symptom severity of HD patients emphasize the fact that HTT plays major role in the development and in physiological context in adult.

Huntingtin is a large protein (348 KDa) detected in most tissues (Marques Sousa & Humbert, 2013), with higher levels in the brain. HTT is expressed from development to adulthood and in many different cell types, from epithelial cells, to neurons or muscle. In neuronal cells, HTT is found in neurons, interneurons but also in astrocytes and oligodendrocytes [START_REF] Creus-Muncunill | Cell-Autonomous and Non-cell-Autonomous Pathogenic Mechanisms in Huntington's Disease: Insights from In Vitro and In Vivo Models[END_REF]Saudou & Humbert, 2016).

HTT being a very large protein, made the study of its biology difficult. Indeed, most of the investigations have been using overexpression of N-terminal parts of HTT to overcome these difficulties. However, such approaches had caveats since they potentially lead to overexpression artefacts and also because it neglected important parts of the protein such as the C-terminal part of HTT [START_REF] El-Daher | Huntingtin proteolysis releases non-polyQ fragments that cause toxicity through dynamin 1 dysregulation[END_REF].

a. HTT structure creates a hub which is critical for multiple cellular functions

Bioinformatics study revealed that HTT is composed of 16 to 36 heat repeats which are solenoid like structure composed of anti-parallel alpha-helices essential for protein-protein interactions with other proteins or with HTT itself [START_REF] Palidwor | Detection of alpha-rod protein repeats using a neural network and application to huntingtin[END_REF]Saudou & Humbert, 2016).

These heat repeats are packed into larger domains (3 to 7) (figure 83 and 84) separated by disordered regions, known to contain post-translational modifications. Since the mutation on HTT leading to HD is located on the very N-terminal part of HTT, this portion is well described. It is composed of 17 amino acids involved in nuclear export signal, followed by a polyQ stretch, which has been found flexible, unlike the following amino acids forming the Proline Rich Domain (PRD) that is critical for proteinprotein interactions.

The complete structure of HTT at a 4 Å resolution has been recently resolved using Cryo-EM; It is composed by a large N-terminal part linked to the C-terminal part by a flexible bridge [START_REF] Guo | The cryoelectron microscopy structure of huntingtin[END_REF]. This structure allows HTT to interact and scaffold various protein. In particular, the first structure shows that both N-and C-part of HTT scaffold the protein HAP40.

Although the complete list of HTT interactors is still not know for now, more than 300 HTT interactors have been found [START_REF] Culver | Proteomic analysis of wild-type and mutant huntingtin-associated proteins in mouse brains identifies unique interactions and involvement in protein synthesis[END_REF]Saudou & Humbert, 2016), indicating that HTT could participate to cellular dynamics, metabolism, protein turnover, gene expression or signal transduction (J. P. [START_REF] Liu | Is huntingtin dispensable in the adult brain?[END_REF]Saudou & Humbert, 2016). Thus, by its structure, size, number of partners and the specific cellular processes it controls, HTT acts as a scaffold for proteins thus acting as a hub to finely control cellular processes [START_REF] Guo | The cryoelectron microscopy structure of huntingtin[END_REF]Saudou & Humbert, 2016).

Following is a non-exhaustive list of some HTT interactors and the role they play in different cellular processes (figure 84). [START_REF] Caviston | Huntingtin facilitates dynein/dynactin-mediated vesicle transport[END_REF]Colin et al., 2008;Gauthier et al., 2004;[START_REF] Gunawardena | Disruption of Axonal Transport by Loss of Huntingtin or Expression of Pathogenic PolyQ Proteins in Drosophila[END_REF][START_REF] Liu | Is huntingtin dispensable in the adult brain?[END_REF]Saudou & Humbert, 2016;[START_REF] Twelvetrees | Delivery of GABAARs to Synapses Is Mediated by HAP1-KIF5 and Disrupted by Mutant Huntingtin[END_REF].

Roles of HTT interactions on neuronal transport are detailed in the next chapter.

During cell division, HTT is targeted on the spindle poles through its dynein interaction to accumulate proteins that are essential for mitosis. Then, this complex is targeted to the cell cortex through kinesin-1 transport to bring the material able to generate pulling forces on astral MTs allowing a good positioning of the mitotic spindle [START_REF] Elias | Huntingtin regulates mammary stem cell division and differentiation[END_REF][START_REF] Godin | Huntingtin Is Required for Mitotic Spindle Orientation and Mammalian Neurogenesis[END_REF]Saudou & Humbert, 2016).

HTT also controls the time and space location of essential proteins for ciliogenesis. Indeed, by regulating the transport of PCM1 to the base of the cilium, HTT regulates proper ciliogenesis [START_REF] Keryer | Ciliogenesis is regulated by a huntingtin-HAP1-PCM1 pathway and is altered in Huntington disease[END_REF]Saudou & Humbert, 2016).

ii. Interaction with endocytic machinery HTT not only regulates transport but also trafficking between endosomes and thus participates to cellular events like clathrin mediated endocytosis and recycling.

By its interaction with HIP1/HIP12, HTT supports the plasma membrane invagination and the assembly of clathrin coating during endocytosis. In parallel, HTT also regulates dynamin-1 activation which is essential for the endocytosed vesicle to be separated from the membrane [START_REF] El-Daher | Huntingtin proteolysis releases non-polyQ fragments that cause toxicity through dynamin 1 dysregulation[END_REF] (figure 85).

HTT also interacts with Rab proteins such as Rab11 for vesicle recycling (but also for migration during development [START_REF] Barnat | Huntingtin-Mediated Multipolar-Bipolar Transition of Newborn Cortical Neurons Is Critical for Their Postnatal Neuronal Morphology[END_REF] and polarity in epithelial cells [START_REF] Elias | Huntingtin Is Required for Epithelial Polarity through RAB11A-Mediated Apical Trafficking of PAR3-aPKC[END_REF]) and Rab5 through HAP40 interaction to reduce endosome motility [START_REF] Pal | Huntingtin-HAP40 complex is a novel Rab5 effector that regulates early endosome motility and is up-regulated in Huntington's disease[END_REF]. Transition of endosomes between MTs and actin is also controlled by HTT through its binding to Rab8/optineurin complex and myosin VI [START_REF] Sahlender | Optineurin links myosin VI to the Golgi complex and is involved in Golgi organization and exocytosis[END_REF]. iii. Interaction with gene expression modulators More than being a scaffold to control cellular dynamics, HTT also acts as a scaffold to control gene transcription and epigenetic regulation [START_REF] Francelle | Contribution of neuroepigenetics to Huntington's disease[END_REF]. By mediating the binding between transcription factors (like CBP, p53, REST/NRSF) and transcriptional regulators, HTT acts itself like a transcription factor since it can potentiate or inhibit a repressor or an activator. By this mechanism, HTT positively regulates NRSF expression, which is a transcription factor for several genes like BNDF (Saudou & Humbert, 2016;[START_REF] Zuccato | Huntingtin interacts with REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes[END_REF] (figure 86).

iv. Interactions with autophagy-related proteins

Thanks to its unique structure and the presence of LC3-interacting repeats, HTT shares similar properties with proteins responsible for scaffolding autophagy-related proteins like Atg11 [START_REF] Ochaba | Potential function for the Huntingtin protein as a scaffold for selective autophagy[END_REF]. Loss of HTT protein reduces cargo recognition and loading to the autophagosome. HTT is thus thought to act here also as a scaffold for autophagy processes, regulating both cargo recognition and autophagy induction.

As a conclusion, HTT act as a scaffold tethering multiple partners into complexes according to cellular cues and processes. Some of these partners, like dynein, are effectors and some of them can be considered as regulators of the assembly and disassembly of complexes in time and space on the HTT hub (Saudou & Humbert, 2016). These proteins are thought to be involved in signaling like JIP3, Akt or Rab proteins and their action depend on their activation or location, reflecting the needs of activating specific signals at specific location within the cell. Interestingly, many Rab proteins have been found to interact in a direct or indirect way with HTT: Rab3 (SVPs), Rab19 (recycling vesicles), Rab7 (late endosomes) (J. A. White et al., 2015), Rab5 (endosome), Rab11 (recycling vesicles), Rab8 (endosomes) [START_REF] Hattula | FIP-2, a coiled-coil protein, links Huntingtin to Rab8 and modulates, cellular morphogenesis[END_REF](J. A. White et al., 2020) underlying the central role for HTT and Rab proteins interaction in regulating cellular trafficking.

b. HTT PTMs regulate its functions

Due to its large size and specific structure, HTT exhibits many PTM sites. For instance, more than 70 phosphorylation sites have been reported from human cells [START_REF] Hornbeck | PhosphoSitePlus: A comprehensive resource for investigating the structure and function of experimentally determined post-translational modifications in man and mouse[END_REF]. These PTMs are located in disordered regions (fig 85) [START_REF] Ehrnhoefer | Small changes, big impact: Posttranslational modifications and function of huntingtin in huntington disease[END_REF]Saudou & Humbert, 2016). In addition to phosphorylation, HTT undergoes other types of PTMs like ubiquitination, sumoylation, acetylation and palmitoylation (figure 85, (Saudou & Humbert, 2016)). Although the role of all these PTMs in physiological condition are not known, some studies begin to put some light on them. For instance, acetylation, at low levels, has been shown to mediate HTT clearance [START_REF] Jeong | Acetylation Targets Mutant Huntingtin to Autophagosomes for Degradation[END_REF] whereas phosphorylation is neuroprotective [START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]. Other PTMs like palmitoylation might be a good strategy to reduce some HD phenotypes (Virlogeux et al., under revision). PTM roles on axonal transport are detailed in the next chapter.

An approach to study the role of PTMs in HTT in vivo involves the generation of knock-in mice. It is the case for HTT S421D and HTT S421A mice in which the serine 421 has been replaced by either and respectively an aspartic acid to mimic constitutive phosphorylation or by an alanine to mimic the unphosphorylatable form of HTT.

c. HTT: a flexible protein

3D HTT structure has been investigated for many years but the structure has only been recently reported given the difficulty to express high levels of HTT [START_REF] Guo | The cryoelectron microscopy structure of huntingtin[END_REF]. HTT can acquire multiple conformations according to the context [START_REF] Seong | Huntingtin facilitates polycomb repressive complex 2[END_REF] (figure 87).

Recently, cryo-EM on HTT-HAP40 complex described HTT as a structure composed by three parts: the N-terminal part which has the ability to bind proteins on its two sides (internal and external), a flexible bridge (1685 -2091) and a C-terminal part. Besides the highly flexible bridge, some N-ter and C-ter domains were found to also be flexible like the exon 1 and the 2062-2092 domain. Interestingly, N-ter and C-ter interactions are weak, which explains the high dynamics of HTT when it is not bound to any partner [START_REF] Guo | The cryoelectron microscopy structure of huntingtin[END_REF] (figure 88). HTT high flexibility due to of intrinsically disordered regions (IDRs) leads to a lack of a stable secondary and tertiary structure. Thus, HTT, like any other protein containing IDRs does not follow the classical protein "structure-function" paradigm [START_REF] Birol | Untangling the Conformational Polymorphism of Disordered Proteins Associated With Neurodegeneration at the Single-Molecule Level[END_REF] relying on a unique 3D structure established by a specific amino acid sequence corresponding to a specific function. The last two decades proved that these proteins containing IDRs exhibit specific properties supporting their diversity in term of cellular functions [START_REF] Birol | Untangling the Conformational Polymorphism of Disordered Proteins Associated With Neurodegeneration at the Single-Molecule Level[END_REF]. In fact, they are able to respond quickly to cellular cues, they have multiple partners and they are tightly regulated by PTMs [START_REF] Birol | Untangling the Conformational Polymorphism of Disordered Proteins Associated With Neurodegeneration at the Single-Molecule Level[END_REF].

Years of studying the physiological roles of HTT and the consequences of its PTMs proved that HTT corresponds to all these criteria (Saudou & Humbert, 2016).

Roles of IDRs containing proteins are crucial because they are implicated in several NDs when they are mutated of misfolded, provoking their aggregation like it is seen in AD (Aβ), PD (α-synuclein) and HD (mHTT) [START_REF] Birol | Untangling the Conformational Polymorphism of Disordered Proteins Associated With Neurodegeneration at the Single-Molecule Level[END_REF]. It is therefore not surprising that any HTT mutation like the polyQ extension or a point mutation on an amino acid carrying PTM leads to cellular dysfunctions.

HTT & HD a. Huntington's disease (HD)

Huntington's disease is a genetically inherited dominant neurological disease with a late onset which affects 5 to 10 individuals per 100.000 in the Caucasian population (orphanet, (Saudou & Humbert, 2016)); in France, it represents around 18.000 individuals ("dossier inserm"). One allele is sufficient to cause the disease and most of the patients are heterozygotes for the mutation. HD is characterized by the degeneration of neurons within the striatum and the cortex leading to a 30% reduction of brain weight [START_REF] Rosas | Complexity and heterogeneity: What drives the ever-changing brain in Huntington's disease?[END_REF] (figure 89). HD patients carry a mutation that is located within the first exon of HTT gene (IT15) [START_REF] Macdonald | A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington's disease chromosomes[END_REF]. It consists in an abnormal expansion of a CAG repeat coding for a polymorphic glutamine stretch (polyQ) on the N-terminal of HTT [START_REF] Macdonald | A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington's disease chromosomes[END_REF]. If this stretch reaches 37 repeats or more, the protein is mutated and induces pathology. Number of repeats higher than 37 correlates with the age at onset (Saudou & Humbert, 2016). Juvenile forms of HD (5% of the cases) are generally caused by more than 55 CAGs in the polyQ stretch and are accompanied with epilepsy (Saudou & Humbert, 2016).

Symptoms are crippling by their diversity, their nature and their severity and start to appear around 30-40 years even though neuronal abnormalities can be observed as early as developmental stages [START_REF] Barnat | Huntington's disease alters human neurodevelopment[END_REF]. They are known to form a triad with motor dysfunctions (choreiform movements, bradykinesia, rigidity), cognitive decline (cognitive slowing, decrease in attention and mental flexibility) and psychiatric abnormalities (depression, irritability, impulsion, apathy, social disinhibition) (Saudou & Humbert, 2016). Other non-CNS-related symptoms can also be noted like metabolic and immune disturbances, cardiac failure, osteoporosis, … (Saudou & Humbert, 2016). HD patients usually die around 20 years later, mostly from pneumonia caused by bradykinesia (orphanet). Dozens of clinical trials have been launched in the last decade, but none of them brought a curative treatment against this disease (Tabrizi, Ghosh, et al., 2019, clinicaltrials.gov website). Nowadays, hopes are turned towards gene therapy through the use of antisense oligonucleotide (ASOs) [START_REF] Barker | Huntingtin-lowering strategies for Huntington's disease[END_REF][START_REF] Tabrizi | Huntingtin Lowering Strategies for Disease Modification in Huntington's Disease[END_REF]Tabrizi, Leavitt, et al., 2019) to reduce the gain of toxic functions and restore the HTT physiological functions.

b. HD & HTT gain of toxic functions

By its polyglutamine expansion at the N-terminal of HTT, the mutation responsible for HD leads to a gain of toxic functions. In HD patient brains, mHTT has been found to produce oxidative stress, excitotoxic processes and energy metabolism dysfunctions (M. Borrell-Pagès et al., 2006;Saudou & Humbert, 2016), affecting cell homeostasis and leading to cell death. Indeed, mHTT causes, for instance and non-exhaustively, a disruption of calcium homeostasis, a reduced trophic support, an inhibition of the proteasome and autophagy, mitochondrial abnormalities, an alteration in endocytosis and in vesicle transport and an increase of glutamate release (excitotoxicity). Besides the direct and negative consequences on cell homeostasis, some of these processes lead, more or less directly, to an activation of caspases which then cleave mHTT. Multiple cleavages of mHTT excessively produce N-ter fragments with the polyQ expansion and C-ter fragments of HTT, the two of them being known to be toxic for the cells (M. Borrell-Pagès et al., 2006;[START_REF] El-Daher | Huntingtin proteolysis releases non-polyQ fragments that cause toxicity through dynamin 1 dysregulation[END_REF]Gauthier et al., 2004;Saudou & Humbert, 2016). The polyQ Nter fragments are prone to aggregate and form neuritic, cytoplasmic and nuclear inclusions. The translocation into the nucleus of the polyQ-Nter fragments is a key step in HD because they affect transcription of classes of genes, like the BDNF gene or other gene important for neuronal development and function. Indeed, these fragments are able to sequester or interact with transcription factor (CBP, REST/NRSF), leading to a dysregulation of the transcription (M. Borrell-Pagès et al., 2006;Saudou & Humbert, 2016).

However, intranuclear aggregates are not directly correlated with neuronal death and their role in HD is still being discussed (M. Borrell-Pagès et al., 2006;Saudou & Humbert, 2016).

c. HD & HTT loss of functions

The fact that HD pathology affects mostly adults and is very different to what is observed in the genetic invalidation of HTT in mice (embryonic lethality) led to the suggestion that HD could induce neurodegeneration through the gain of new toxic functions that are not related to HTT. However, the observation that loss or alteration of HTT function induce and/or modulate neurodegeneration indicates that HTT function plays an important role in pathogenesis. Indeed, although several toxic effects elicited by mHTT have been reported, these approaches were usually based on the expression at high levels of short fragments containing a high number of glutamines. Conversely, studies addressing HTT functions revealed that most, if not all, of these described functions are affected in HD (neurogenesis, axonal transport ciliogenesis, autophagy, etc.) suggesting that alterations of HTT functions have to be considered for understanding HD pathogenesis.

i. Potential mechanisms for HTT loss of function

How mHTT could induce alteration of HTT functions? One possibility is that elongation of the polyQ stretch on HTT could change HTT structure by affecting intramolecular interactions between the HEAT repeats [START_REF] Vijayvargia | Huntingtin ' s spherical solenoid structure enables polyglutamine tract-dependent modulation of its structure and function[END_REF] (figure 90). These structural changes could also modify also the inter-protein interactions [START_REF] Ratovitski | Huntingtin protein interactions altered by polyglutamine expansion as determined by quantitative proteomic analysis[END_REF]Saudou & Humbert, 2016) since six phosphorylation sites have been found to be negatively affected by mHTT: pS421, pS434, pS1181, pS1201, pS1876 and pS2116 [START_REF] Jung | High-resolution cryo-EM structures of outbreak strain human norovirus shells reveal size variations[END_REF]. Consequently, such modifications could affect HTT functions in the regulation of neuronal survival (e.g.: phosphorylation of S421).

In addition, in HD, heterozygotes patients for the mutation, possess one mutated and one wt allele (Saudou & Humbert, 2016). The fact that heterozygous and homozygous HD patients show no difference in their age at onset [START_REF] Cubo | Clinical manifestations of homozygote allele carriers in Huntington disease[END_REF] suggests that HD is a pure dominant disorder or that mHTT could exert a dominant negative effect on the wt HTT allele in heterozygous HD patients. In support of the last hypothesis, the specific silencing of mHTT in neurons derived from human embryonic stem cells showed a restoration of BDNF transport to what is observed in WT cells [START_REF] Drouet | Allele-specific silencing of mutant huntingtin in rodent brain and human stem cells[END_REF]. Overpexpressing wt HTT but not mHTT can restore BDNF transport in heterozygous cells showed that HTT expression can overcome mHTT defects while mHTT cannot (Gauthier et al., 2004;[START_REF] Leavitt | Wild-type huntingtin protects neurons from excitotoxicity[END_REF]. In HD patients, this ratio of mhtt and HTT can be naturally changed by non-coding SNPs able to delay or anticipate the age of onset [START_REF] Becanovic | A SNP in the HTT promoter alters NF-κB binding and is a bidirectional genetic modifier of Huntington disease[END_REF]. In conclusion, the observation that the level of mutant HTT relative to the level of its wt form can have profound consequences on HTT-mediated function and disease progression suggests that at least for BDNF transport, mHTT could act as a dominant negative protein over the wt HTT form.

ii. Consequences of HTT loss of function Loss of HTT function provoked by silencing, inactivating or KO of HTT has been studied both in vitro and in vivo. Among other read outs, HTT silencing leads to a reduced neuronal transport of BDNF, APP vesicles and autophagosomes in cells and flies [START_REF] Caviston | Huntingtin facilitates dynein/dynactin-mediated vesicle transport[END_REF]Gauthier et al., 2004;[START_REF] Gunawardena | Disruption of Axonal Transport by Loss of Huntingtin or Expression of Pathogenic PolyQ Proteins in Drosophila[END_REF]L. Her & Goldstein, 2008;Zala et al., 2008;Zala, Hinckelmann, & Saudou, 2013). In vivo, when HTT is inactivated during embryonic development, it affects neuronal morphology at adulthood [START_REF] Barnat | Huntingtin-Mediated Multipolar-Bipolar Transition of Newborn Cortical Neurons Is Critical for Their Postnatal Neuronal Morphology[END_REF][START_REF] Barnat | Huntington's disease alters human neurodevelopment[END_REF]. Loss of HTT functions participate to neurodegeneration, motor phenotype and a reduced lifespan, in a similar way than in HD context, arguing for a loss of function role in HD [START_REF] Burrus | Striatal Projection Neurons Require Huntingtin for Synaptic Connectivity and Survival Article Striatal Projection Neurons Require Huntingtin for Synaptic Connectivity and Survival[END_REF][START_REF] Dragatsis | Inactivation of Hdh in the brain and testis results in progressive neurodegeneration and sterility in mice[END_REF][START_REF] Gunawardena | Disruption of Axonal Transport by Loss of Huntingtin or Expression of Pathogenic PolyQ Proteins in Drosophila[END_REF]. Loss of HTT in striatal projecting neurons for example causes motor dysfunctions and hyperactivity, by dysregulating electrophysiological properties of these neurons [START_REF] Burrus | Striatal Projection Neurons Require Huntingtin for Synaptic Connectivity and Survival Article Striatal Projection Neurons Require Huntingtin for Synaptic Connectivity and Survival[END_REF]. Recently, loss of wt HTT consequences in a HD context has been revealed and described as the only cause for endocytosis defect [START_REF] Mcadam | Loss of huntingtin function slows synaptic vesicle endocytosis in striatal neurons from the httQ140/Q140 mouse model of Huntington's disease[END_REF]. Together, these studies show that alterations of wt HTT levels and function have profound consequences on brain functions, not only during development but also in adults.

d. Clinical trials & loss of (m)HTT

Current clinical trials have focused their strategy mostly on DNA targeting using antisense oligonucleotides [START_REF] Barker | Huntingtin-lowering strategies for Huntington's disease[END_REF][START_REF] Tabrizi | Huntingtin Lowering Strategies for Disease Modification in Huntington's Disease[END_REF]Tabrizi, Leavitt, et al., 2019), mHTT clearance [START_REF] Tabrizi | Huntingtin Lowering Strategies for Disease Modification in Huntington's Disease[END_REF] or calcium homeostasis using pridopidine, an antagonist to sigma1 receptor [START_REF] Eddings | Pridopidine protects neurons from mutant-huntingtin toxicity via the sigma-1 receptor[END_REF].

Antisense oligonucleotide (ASO) administration is the most promising strategy nowadays since it has been proven recently not to have any "serious adverse events" [START_REF] Tabrizi | Huntingtin Lowering Strategies for Disease Modification in Huntington's Disease[END_REF]. ASO administration aims at decreasing the expression of both mHTT and wt HTT in HD patients by 60-75% of total HTT levels (J. P. [START_REF] Liu | Is huntingtin dispensable in the adult brain?[END_REF] to limit toxic functions of mHTT. However, to our understanding and according to loss of functions studies on HTT, reducing wt HTT levels could potentially be detrimental. This is for example the case of some patients affected by Rett-syndrome like phenotypes associated with HTT mutations predicted to reduce HTT function [START_REF] Rodan | A novel neurodevelopmental disorder associated with compound heterozygous variants in the huntingtin gene[END_REF].

More studies have yet to be performed to determine the minimal amount of wt HTT required for it to be fully functional [START_REF] Barker | Huntingtin-lowering strategies for Huntington's disease[END_REF][START_REF] Liu | Is huntingtin dispensable in the adult brain?[END_REF]. However, decreasing specifically mHTT 123 expression by targeting HD-SNPs or CAG expansion in HD patients appears more promising [START_REF] Southwell | Huntingtin suppression restores cognitive function in a mouse model of Huntington's disease[END_REF][START_REF] Zeitler | Allele-selective transcriptional repression of mutant HTT for the treatment of Huntington's disease[END_REF].

In conclusion, HTT by its structure, is able to interact with many proteins and form a large array of protein complexes, which could then regulate several aspects of neuronal homeostasis. Its multiple PTM sites and its flexibility are important for the regulation of HTT functions. In HD, mutation of HTT leads to the gain of toxic functions but also to the loss of some functions leading to a loss of homeostasis, participating to the neurodegeneration. Loss of HTT functions in HD are crucial to be determined because one current therapeutic strategy is based on the reduction of both mutated and wild type allele of HTT in HD patients. This is why we investigated here the physiological roles of HTT in axonal transport and more specifically the consequences of its phosphorylation at serine 421.

Chapter 5 -Traffic signaling: new functions of Huntingtin and axonal transport in neurological disease

In this last chapter, we focus on the roles on axonal transport regulation of different HTT PTMs, namely, methylation and phosphorylation at different sites. We first emphasize the crucial HTT role on maintaining synapse homeostasis through its role in transport regulation. Then, HTT importance is highlighted by the multiplicity of both PTMs and mechanisms responsible for transport regulation; each PTM regulates axonal transport in a specific way. Finally, our interest is brought towards S421 phosphorylation impacts on axonal transport in pathological context like AD and Rett syndrome, which are the two first studies of this project. This introduction is a trial for a state-of-the-art sum up of what is known so far on the consequences of FAT in cellular processes and behavior. However, some questions remain about the importance of this dynamic mechanism on neurological disorders and its ability to be reversed or modulated as a therapeutic strategy. In the three following studies, we aimed at restoring FAT of APP in an AD mouse model, of BDNF in Rett syndrome mouse model and of SVP in HTTS421D mice and FAT.

Results -part 1: Presynaptic APP levels and synaptic homeostasis are regulated by

Akt phosphorylation of Huntingtin

Summary & context of the study

This study focused on the role of HTT in regulating APP levels at the plasma membrane. The lab has previously shown that APP levels could be regulated by HTT phosphorylation at S421. However, few studies have investigated the consequences of modulating APP levels at synapses on synapse homeostasis and behavior. The generation in the lab of mice knock-in for the S421 site led us to investigate whether modulation of endogenous HTT phosphorylation impacts APP axonal dynamics and synapse homeostasis both in vitro and in vivo. We also investigated the consequences of modulating APP transport on a mouse model of FAD in vivo. Before describing the results of the study, a brief review of the literature on mechanisms regulating APP transport and functions and on Alzheimer's disease is given below.

APP homeostasis

APP is a type-1 transmembrane glycoprotein well known because of its implication in Alzheimer's Disease (AD). Physiologically, APP and its fragments can be cleaved by three secretases: α-(ADAM10), β-(BACE1) and γ-(containing presenilin-1). When APP is cleaved by α-secretase at the plasma membrane, it can no longer be cleaved by β-secretase and the non-amyloidogenic pathway is triggered producing CTF α. On the other hand, the β-secretase is responsible for the triggering of the amyloidogenic pathway, leading to the production of CTF β fragments. Both CTF fragments can be cleaved by the γ-secretase producing AICD and P3 or Aβ peptides (figure 91). Each fragment resulting from APP cleavage has specific roles. For instance, sAPPα is known to have a protective effect (Y. W. [START_REF] Zhang | APP processing in Alzheimer's disease[END_REF] and Aβ peptides, according to the levels, can be either protective and responsible for memory formation and neuroprotection [START_REF] Abramov | Amyloid-beta as a positive endogenous regulator of release probability at hippocampal synapses[END_REF][START_REF] Puzzo | Picomolar amyloid-beta positively modulates synaptic plasticity and memory in hippocampus[END_REF] or toxic because it leads to an increased apoptosis [START_REF] Toshiyuki | Caspase-12 mediates endoplasmic reticulum specific apoptosis and cytotoxicity by amyloid-b[END_REF], increased ROS or decreased synaptic release [START_REF] Shankar | Alzheimer's disease: Synaptic dysfunction and Aβ[END_REF]. Aβ oligomers also impede the transport of BDNF, mitochondria, and recycling endosomes, all of which are crucial for synaptic maintenance [START_REF] Umeda | Intracellular amyloid β oligomers impair organelle transport and induce dendritic spine loss in primary neurons[END_REF]. However, an increasing number of studies point out that APP is not only the precursor for Aβ peptides but is also a cell adhesion molecule and/or a receptor acting as a hub for proteins interaction that activate signaling pathways and provoke physiological responses [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF][START_REF] Matrone | The Y682ENPTY687 motif of APP: Progress and insights toward a targeted therapy for Alzheimer's disease patients[END_REF].

Thanks to its processing, its PTM through phosphorylation at the 682YENPTY687 domain and its ability to interact with many proteins, APP can be seen as a multirole player controlling synaptic homeostasis:

• APP as a receptor transducing a signal APP possesses receptor properties that allows it to act as a signal transducer, comparable to a G protein-coupled receptor. It can receive the signal from the extracellular medium through soluble proteins or growth factor like Grb2 (growth factor receptor bound, IGF-1-pathway-downstream molecule) and convert this signal into intracellular signaling affecting spine plasticity for example [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF][START_REF] Montagna | The role of APP in structural spine plasticity[END_REF]. This signal transduction is possible given the plethora of proteins able to bind to APP or to its cleavage products. For instance, AICD can interact with the Gαs subunit of the G protein, activating PKA and inhibiting GSK3β signaling cascades thus, enhancing axonodendritic arborization [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF]. Interestingly, other signaling pathways can also be induced since CTF interacts with the Gα0 subunit of the G protein [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF]. Grb2 APP binding, regulated by APP phosphorylation, induces the activation of MAP kinase pathway, regulating cell survival and apoptosis [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF]. APP phosphorylation around the YENPTY site can be considered as a "biochemical switch" since it drastically changes APP interactome [START_REF] Matrone | A new molecular explanation for age-related neurodegeneration: The Tyr682 residue of amyloid precursor protein[END_REF], APP sorting and trafficking, notably through JIP-1 modulation interaction [START_REF] Scheinfeld | Amyloid β Protein Precursor Is Phosphorylated by JNK-1 Independent of, yet Facilitated by, JNK-Interacting Protein (JIP)-1[END_REF]. As a receptor, APP could also have the ability to downregulate its own production or to cause its own desensitization through its internalization mediated by its interaction with clathrin/AP2 complex (la Rosa et al., 2015) and caused by the binding of ligand [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF].

• APP as a dimer that regulates synapse formation, plasticity and stability One of APP interactors is APP itself or one of its isoforms. Since APP is both present int the pre-and in the post-synaptic neuron, APP can dimerize. By forming a physical bridge between the two neurons, APP dimer facilitates the interaction between the two neurons [START_REF] Brunholz | Axonal transport of APP and the spatial regulation of APP cleavage and function in neuronal cells[END_REF], which participates to synapse formation and stabilization [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF][START_REF] Montagna | The role of APP in structural spine plasticity[END_REF]. This dimerization is reinforced in the presence of APP ligand molecules within the ECM like collagen, heparin and laminin, further modulating the dendritic spines stability or plasticity [START_REF] Montagna | The role of APP in structural spine plasticity[END_REF].

• APP as gene expression regulator AICD produced by the γ-secretase, can be sent to the nucleus and activate several transcription factors which are known to be involved in the regulation of dendritic spine plasticity. Some target genes have been observed like GSK3β, p53 or α2-actin to organize the actin cytoskeleton [START_REF] Montagna | The role of APP in structural spine plasticity[END_REF].

• APP as trophic / paracrine molecule

When APP is cleaved by α-secretase in the plasma membrane, the N-terminal part of APP (sAPPα) is released into the extracellular medium as a soluble form of APP. Acting as a paracrine molecule [START_REF] Brunholz | Axonal transport of APP and the spatial regulation of APP cleavage and function in neuronal cells[END_REF], sAPPα can modulate several signaling pathways involved in neuroprotection, plasticity and axonal outgrowth [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF].

• APP as a modulator of postsynaptic response & learning Finally, APP can regulate the post synaptic response thus plasticity by regulating NMADRs trafficking to the plasma membrane. This is another way, of how APP FL can regulate learning and memory [START_REF] Hoe | The upside of APP at synapses[END_REF].

To sum up, APP regulates spine structure, density and functions which contributes to learning and memory through plasticity driven connection strengthening [START_REF] Octave | From synaptic spines to nuclear signaling: Nuclear and synaptic actions of the amyloid precursor protein[END_REF]H. Wang et al., 2012). Although APP role on synapse homeostasis is acknowledged and even though some mechanisms have been proposed, APP homeostasis remains unclear. For instance, Weyer et al., [START_REF] Weyer | Comparative analysis of single and combined APP / APLP knockouts reveals reduced spine density in APP-KO mice that is prevented by APPs α expression[END_REF] and Lee (K. J. [START_REF] Lee | Beta amyloid-independent role of amyloid precursor protein in generation and maintenance of dendritic spines[END_REF] showed that dendritic spine density decreases in APP-KO CA1 whereas Bittner and colleagues showed earlier an increase of dendritic spine number in neurons from the somatosensory cortex of these APP KO mice [START_REF] Bittner | ␥ -Secretase Inhibition Reduces Spine Density In Vivo via an Amyloid Precursor Protein-Dependent Pathway[END_REF]. Although APP FL physiologic roles have to be better understood, it is acknowledged that its processing, along with other processes, participates to AD.

APP transport & trafficking

Several studies have demonstrated that APP processing is transport-dependent [START_REF] Anderson | Axonal transport and neurodegenerative disease : vesicle-motor complex formation and their regulation[END_REF][START_REF] Stokin | Axonopathy and transport deficits early in the pathogenesis of Alzheimer's diseases[END_REF][START_REF] Tan | The role of membrane trafficking in the processing of amyloid precursor protein and production of amyloid peptides in Alzheimer's disease[END_REF][START_REF] Vagnoni | Calsyntenin-1 mediates axonal transport of the amyloid precursor protein and regulates aβ production[END_REF]. Even if the majority of APP is localized within the Golgi (X. [START_REF] Zhang | The role of APP and BACE1 trafficking in APP processing and amyloid-β generation[END_REF], it needs to be transported to the plasma membrane of the synapse to play its role of cell adhesion molecule or to regulate synapse formation and/or maturation [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF]; 10% of APP proteins are found at the synapse [START_REF] Thinakaran | Amyloid precursor protein trafficking, processing, and function[END_REF]. For this purpose, APP FL is anterogradely transported from the Golgi apparatus to the synapse in transport vesicles carried out by Kinesin-1 (Kaether et al., 2000;[START_REF] Stokin | Axonopathy and transport deficits early in the pathogenesis of Alzheimer's diseases[END_REF] (figure 92). APP can also be directly directed to the endosomes. Once at the plasma membrane, APP is either cleaved by α-secretase, quickly endocytosed and directed to early endosomes enriched in Rab5 or transported to lysosomes [START_REF] Brunholz | Axonal transport of APP and the spatial regulation of APP cleavage and function in neuronal cells[END_REF]. Most of vesicular APP has been found to be associated with Rab-5 compartment and is thought to spend most time in the endocytic rather than exocytic pathways and barely recycled [START_REF] Ikin | Alzheimer amyloid protein precursor is localized in nerve terminal preparations to rab5containing vesicular organelles distinct from those implicated in the synaptic vesicle pathway[END_REF]. There, APP vesicles can fuse with vesicles containing β-and γsecretases and be cleaved into Aβ peptides or P3 if it has already been cleaved by α-secretase. Thus, APP processing is directly correlated to retrograde transport [START_REF] Tan | The role of membrane trafficking in the processing of amyloid precursor protein and production of amyloid peptides in Alzheimer's disease[END_REF] which is able to enhance APP accessibility to its secretases [START_REF] Kamenetz | APP processing and synaptic function[END_REF].

Because of subcellular localization of secretases, in different moving vesicles or at the plasma membrane, APP is not cleaved during its anterograde transport [START_REF] Kamenetz | APP processing and synaptic function[END_REF]. Since APP transport is crucial for its homeostasis, it is understandable that impaired APP transport leads to disruption of motor neuron function in Drosophila [START_REF] Araki | The novel cargo Alcadein induces vesicle association of kinesin-1 motor components and activates axonal transport[END_REF].

APP transport adaptors and regulation

Because APP and its fragments play a crucial role and are partly responsible of the main neurodegenerative disorder man is experiencing nowadays, APP transport has been well studied [START_REF] Tan | The role of membrane trafficking in the processing of amyloid precursor protein and production of amyloid peptides in Alzheimer's disease[END_REF].

Adaptors to its transport for example, have been described: we can list HAP-1 [START_REF] Mcguire | Interaction of Huntingtin-associated Protein-1 with Kinesin Light Chain[END_REF][START_REF] Yang | Huntingtin associated protein 1 regulates trafficking of the amyloid precursor protein and modulates amyloid beta levels in neurons[END_REF], JIP1 (Chiba et al., 2019;[START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF][START_REF] Muresan | c-Jun NH2-terminal kinase-interacting protein-3 facilitates phosphorylation and controls localization of amyloid-β precursor protein[END_REF], Huntingtin (Colin et al., 2008;L. Her & Goldstein, 2008), calsyntenin-1 [START_REF] Araki | The novel cargo Alcadein induces vesicle association of kinesin-1 motor components and activates axonal transport[END_REF][START_REF] Vagnoni | Calsyntenin-1 mediates axonal transport of the amyloid precursor protein and regulates aβ production[END_REF] or AHI1 [START_REF] Ting | Expression of AHI1 Rescues Amyloidogenic Pathology in Alzheimer ' s Disease Model Cells[END_REF]. Some of them could directly bind to APP thanks to phosphotyrosine-binding domains able to dock on the APP YENPTY domain; this is the case for JIP1 [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF]. These adaptors facilitate APP transport; if one of them is removed, APP transport is negatively impacted (Meng-meng [START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF][START_REF] Mcguire | Interaction of Huntingtin-associated Protein-1 with Kinesin Light Chain[END_REF] and can lead to loss of function of APP. For example, siRNA loss of calsyntenin-1 or JIP1 KO decreases APP containing vesicle velocities (Mengmeng [START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF][START_REF] Vagnoni | Calsyntenin-1 mediates axonal transport of the amyloid precursor protein and regulates aβ production[END_REF]. They also regulate APP transport because by their presence or by PTMs, they can change APP vesicle directionality. It is the case for JIP1 which, when phosphorylated, stabilizes JIP1-kinesin-1 interaction and by this way, increases APP anterograde transport. On the opposite, when JIP1 is not phosphorylated, retrograde APP transport is increased (Meng-meng [START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF]. Work from the lab also proposed that HTT phosphorylation at S421 could regulate APP transport with phosphorylation promoting anterograde transport while the non phosphorylatable form would promote the retrograde transport (Colin et al., 2008). However, such experiments were performed in neurons in which axons and dendrites could not be distinguished and used overexpression of HTT fragments. This study is at the basis of the work described below.

APP homeostasis is dysregulated in AD

Alzheimer's disease is one of the main challenges our modern society has to face in term of healthcare. To illustrate this affirmation, in 2019, one American in 10 age 65 and older has Alzheimer's disease (Alzheimer's association). AD patients exhibit memory loss, challenges in planning, confusion with time and place and changes in mood and can struggle with words. This neurodegenerative disease is mostly sporadic and linked with the environment but can be inherited (familial form <10%) (Y. W. [START_REF] Zhang | APP processing in Alzheimer's disease[END_REF] and caused by gene mutations, notably with the PSEN1 gene provoking its hyperactivation. A plethora of studies were performed in the last decade to better understand the mechanisms leading to the death of the cortical and hippocampal neurons (figure 93). Two main hypotheses were followed: the tau hyperphosphorylation leading to the production of neurofibrillary tangles [START_REF] Buée | Tau protein isoforms, phosphorylation and role in neurodegenerative disorders[END_REF][START_REF] Zhang | APP processing in Alzheimer's disease[END_REF] and the amyloid plaques accumulation which leads to toxic processes. These two AD's hallmarks were described by Braak as being dependent on the stage of the disease (H [START_REF] Braak | Frequency of Stages of Alzheimer-Related Lesions in Different Age Categories[END_REF]. Recently, another cause for AD has been investigated, which is the dysregulation of synaptic homeostasis [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]. In fact, during the development of this neurodegeneration, homeostasis is perturbed, and cellular and molecular changes can be observed. It is for example the case of APP FL physiology: APP transport from and to the synapse is thought to be impaired [START_REF] Adalbert | Interaction between a MAPT variant causing frontotemporal dementia and mutant APP affects axonal transport[END_REF][START_REF] Cash | Microtubule reduction in Alzheimer's disease and aging is independent of τ filament formation[END_REF][START_REF] Poulsen | An aberrant phosphorylation of amyloid precursor protein tyrosine regulates its trafficking and the binding to the clathrin endocytic complex in neural stem cells of alzheimer's disease patients[END_REF][START_REF] Stokin | Axonopathy and transport deficits early in the pathogenesis of Alzheimer's diseases[END_REF][START_REF] Woodruff | Defective Transcytosis of APP and Lipoproteins in Human iPSC-Derived Neurons with Familial Alzheimer's Disease Mutations[END_REF], its phosphorylation at T668 is increased (M. S. [START_REF] Lee | APP processing is regulated by cytoplasmic phosphorylation[END_REF][START_REF] Triaca | NGF controls APP cleavage by downregulating APP phosphorylation at Thr668: relevance for Alzheimer's disease[END_REF], as well as its cleavage (Y. W. [START_REF] Zhang | APP processing in Alzheimer's disease[END_REF]. Intracellular signaling pathways are also dysregulated: IGF-1 pathway, known for its crucial role in neuronal growth, synaptic maintenance, neuroprotection [START_REF] Van Dam | Insulin-like growth factor-I, cognition and brain aging[END_REF], neuronal survival (B. [START_REF] Kim | Insulin resistance in the nervous system[END_REF] and learning and memory (B. [START_REF] Kim | Insulin resistance as a key link for the increased risk of cognitive impairment in the metabolic syndrome[END_REF] through Akt and ERK regulation, is altered [START_REF] Bedse | Aberrant insulin signaling in Alzheimer's disease: Current knowledge[END_REF][START_REF] George | The Alzheimer's disease transcriptome mimics the neuroprotective signature of IGF-1 receptor-deficient neurons[END_REF]. This insulin resistance is believed to cause an Akt hyperactivation (figure 94), a subsequent desensitization of PI-3K/Akt pathway, enhancing APP phosphorylation (B. [START_REF] Kim | The effects of insulin and insulin-like growth factor I on amyloid precursor protein phosphorylation in in vitro and in vivo models of Alzheimer's disease[END_REF] at the neurite endings [START_REF] Iijima | Neuron-specific phosphorylation of Alzheimer's β-amyloid precursor protein by cyclin-dependent kinase 5[END_REF]. APP phosphorylation in physiological conditions is low thanks to NGF downregulation of JNK(p54) which phosphorylates APP and thus, promote APP trafficking to Golgi by increasing APP binding to TrkA [START_REF] Triaca | NGF controls APP cleavage by downregulating APP phosphorylation at Thr668: relevance for Alzheimer's disease[END_REF]. When APP is phosphorylated at T668, it is thought to decrease APP-TrkA affinity, promoting APP transport to BACE1 [START_REF] Kim | The effects of insulin and insulin-like growth factor I on amyloid precursor protein phosphorylation in in vitro and in vivo models of Alzheimer's disease[END_REF][START_REF] Triaca | NGF controls APP cleavage by downregulating APP phosphorylation at Thr668: relevance for Alzheimer's disease[END_REF]. This change in APP dynamics is partly responsible for Aβ accumulation and phosphorylated tau aggregation (B. [START_REF] Kim | The effects of insulin and insulin-like growth factor I on amyloid precursor protein phosphorylation in in vitro and in vivo models of Alzheimer's disease[END_REF].

Pointing out APP FL homeostasis importance can be a key to understand why some clinical trials did not work. For instance, many of them tried to avoid Aβ production but failed to cure AD patients [START_REF] Coimbra | Highlights in BACE1 inhibitors for Alzheimer's disease treatment[END_REF][START_REF] Congdon | Tau-targeting therapies for Alzheimer disease[END_REF][START_REF] Egan | Randomized trial of verubecestat for prodromal Alzheimer's disease[END_REF][START_REF] Kametani | Reconsideration of amyloid hypothesis and tau hypothesis in Alzheimer's disease[END_REF][START_REF] Karran | The amyloid cascade hypothesis: are we poised for success or failure[END_REF]. By modulating APP processing, APP homeostasis would be changed, and this could trigger a combination of signaling pathways that could be detrimental for the cells. Clinical trials tried also to modulate IGF-1 pathway to rescue AD phenotypes but show mixed effects, even though a recent one proved that regular insulin treatment improve memory of AD patients [START_REF] Craft | Effects of Regular and Long-Acting Insulin on Cognition and Alzheimer's Disease Biomarkers: A Pilot Clinical Trial[END_REF].

Mouse model for AD

In order to model the pathology, mouse models were created using AD linked mutation found in human familial forms of the pathology. In the APP-PS1 model, human APPswe is overexpressed, and PSEN-1 is mutated, which both increase APP cleavage [START_REF] Radde | Aβ42-driven cerebral amyloidosis in transgenic mice reveals early and robust pathology[END_REF]. In this model, APP transport is impaired [START_REF] Götz | Do axonal defects in tau and amyloid precursor protein transgenic animals model axonopathy in Alzheimer's disease[END_REF][START_REF] Gunawardena | Disruption of axonal transport and neuronal viability by amyloid precursor protein mutations in Drosophila[END_REF][START_REF] Lazarov | Impairments in Fast Axonal Transport and Motor Neuron Deficits in Transgenic Mice Expressing Familial Alzheimer ' s Disease-Linked Mutant Presenilin 1[END_REF][START_REF] Rusu | Axonal accumulation of synaptic markers in APP transgenic Drosophila depends on the NPTY motif and is paralleled by defects in synaptic plasticity[END_REF][START_REF] Zhao | Expression of β-amyloid induced age-dependent presynaptic and axonal changes in Drosophila[END_REF], amyloid plaque deposition in the cortex and in the hippocampus appears from 7 months of age and APPPS1 mice exhibit memory loss and cognitive deficits around the same age (S. R. [START_REF] Edwards | Comparative studies using the Morris water maze to assess spatial memory deficits in two transgenic mouse models of Alzheimer's disease[END_REF][START_REF] Puzzo | Behavioral assays with mouse models of Alzheimer's disease: Practical considerations and guidelines[END_REF]. They also display higher APP levels in the brains and in hippocampal axons, consequently to its transgenic nature [START_REF] Bitsikas | The Role of Flotillins in Regulating A b Production , Investigated Using Flotillin 1-/ -, Flotillin 2-/ -Double Knockout Mice[END_REF]. Morphologically, synaptic density is lower than WT mice, which could explain the memory impairment [START_REF] Octave | From synaptic spines to nuclear signaling: Nuclear and synaptic actions of the amyloid precursor protein[END_REF] and spine are bigger and stubbier [START_REF] Androuin | Evidence for altered dendritic spine compartmentalization in Alzheimer's disease and functional effects in a mouse model[END_REF][START_REF] Neuman | Evidence for Alzheimer's disease-linked synapse loss and compensation in mouse and human hippocampal CA1 pyramidal neurons[END_REF].

As a conclusion, an important role for APP is to participate to synapse homeostasis and loss of APP homeostatic regulation could cause pathological outcomes [START_REF] Deyts | APP Receptor? To Be or Not to Be[END_REF]. For instance, whether APP is overexpressed or knocked out, synaptic activity is increased [START_REF] Busche | Critical role of soluble amyloid-β for early hippocampal hyperactivity in a mouse model of Alzheimer's disease[END_REF][START_REF] Palop | Article Aberrant Excitatory Neuronal Activity and Compensatory Remodeling of Inhibitory Hippocampal Circuits in Mouse Models of Alzheimer[END_REF][START_REF] Poll | Memory trace interference impairs recall in a mouse model of Alzheimer's disease[END_REF][START_REF] Priller | Synapse formation and function is modulated by the amyloid precursor protein[END_REF][START_REF] Verret | Inhibitory interneuron deficit links altered network activity and cognitive dysfunction in alzheimer model[END_REF][START_REF] Vossel | Seizures and epileptiform activity in the early stages of Alzheimer disease[END_REF]. As stated previously, this role could be of importance since loss of synapse homeostasis rather than Aβ or Tau accumulation is believed to trigger AD symptoms [START_REF] Frere | Review Alzheimer ' s Disease : From Firing Instability to Homeostasis Network Collapse[END_REF][START_REF] Karran | The amyloid cascade hypothesis: are we poised for success or failure[END_REF].

This homeostasis collapse could be the trigger to switch synaptic and cognitive impairments into neurodegeneration. Our work on the link on HTT role in APP transport and that is described thereafter support this hypothesis.

Discussion

Using HTT phosphorylation as a molecular tool to specifically increase APP anterograde axonal transport, we proved that APP transport regulation has consequences on APP accumulation at the synapse. Then, knowing that APP quantities at the synapse are important for its role on synapse homeostasis, we proved that APP axonal transport mediates APP role on synapse homeostasis. Finally, we demonstrated that the rescue of APPPS1 memory observed in our study is due to a decreased level of phosphorylation of HTT, a Akt downstream target (figure 95), thus raising questions about the link between AD and the IGF-1/Akt pathway. 

AD and the IGF-1/Akt pathway

Our study points out the crucial role of APP transport mediated by HTT through Akt phosphorylation at S421 to the plasma membrane in APP PS1 mice. By crossing HTTSA mice with APPPS1 mice, APP levels at the synapse were restored as well as the synapse number and size and the non-spatial memory of APPPS1 mice. These results are in agreement with the fact that Akt is hyperactivated in AD (figure 95) and is dependent on the AD stage. In AD, despite the fact that its transport has been reported to be negatively impaired, APP could accumulate at the synapse through Akt hyperactivation. The down regulation of this Akt-induced signal via HTTS421A mutation represent therefore a strategy top attenuate Akt hyperactivation in AD.

Another way to regulate IGF-1 pathway could involve PI3K that is the upstream kinase of Akt (figure 96). Inhibiting PI3K action by a point mutation in its ATP binding site, or surprisingly activating Akt, decreased APP anterograde transport from Golgi [START_REF] Martínez-Mármol | p110δ PI3-Kinase Inhibition Perturbs APP and TNFα Trafficking, Reduces Plaque Burden, Dampens Neuroinflammation, and Prevents Cognitive Decline in an Alzheimer's Disease Mouse Model[END_REF][START_REF] Shineman | Constitutively active Akt inhibits trafficking of amyloid precursor protein and amyloid precursor protein metabolites through feedback inhibition of phosphoinositide 3-kinase[END_REF]. Consequently, PI3K inhibition restores APP density within hippocampal axons, reduced Aβ burden and restored survival and learning acquisition in APP/PS1 mice [START_REF] Martínez-Mármol | p110δ PI3-Kinase Inhibition Perturbs APP and TNFα Trafficking, Reduces Plaque Burden, Dampens Neuroinflammation, and Prevents Cognitive Decline in an Alzheimer's Disease Mouse Model[END_REF].

Finally, a precursor study investigated the consequence of abolishing the entire IGF-1 pathway by knocking down the IGF-1 receptor. Heterozygous mice for IGF-1R KO, showing a reduced IGF-1 signaling, were crossed with an AD mouse model similar to APP/PS1 model. This IGF-1 regulation in AD mouse model caused a reduction of memory impairment and neuronal loss [START_REF] Cohen | Reduced IGF-1 Signaling Delays Age-Associated Proteotoxicity in Mice[END_REF]. Altogether, our study is in agreement with previous work aiming at decreasing Akt signaling that is hyperactivated in AD. Compared to other ways of down regulating IGF-1 pathway, our study has the advantage to be very specific and this way, can avoid off-target.

APP accumulation at the PM results in cognitive impairments

Although it is believed that APP trafficking is impaired in AD and notably, its endocytic pathway (X. H. [START_REF] Liu | Blocking GSK3β-mediated dynamin1 phosphorylation enhances BDNF-dependent TrkB endocytosis and the protective effects of BDNF in neuronal and mouse models of Alzheimer's disease[END_REF][START_REF] Poulsen | An aberrant phosphorylation of amyloid precursor protein tyrosine regulates its trafficking and the binding to the clathrin endocytic complex in neural stem cells of alzheimer's disease patients[END_REF], its accumulation at the synapse in AD patients remains unknown for the moment. However, in APP/PS1 model, we demonstrated that APP levels in the presynapse were higher. In this paragraph, we will explore the possibility to describe AD as a disease caused by APP accumulation at the PM APP/PS1 mice exhibit an impaired synaptic homeostasis since their spine density is lower and spine size is larger than the physiological spine density [START_REF] Androuin | Evidence for altered dendritic spine compartmentalization in Alzheimer's disease and functional effects in a mouse model[END_REF]. Since APP, overexpressed in this model, regulates synapse homeostasis, one can wonder if APP accumulation at the PM could lead to these structural and functional impairments causing their loss of memory. Indeed, this increase in APP levels by itself could be responsible of this disrupted synapse homeostasis since overexpression of APP is sufficient to decrease the number of synapses (Bruyère et al., 2020;[START_REF] Kamenetz | APP processing and synaptic function[END_REF] and to affect short term synaptic plasticity [START_REF] Rusu | Axonal accumulation of synaptic markers in APP transgenic Drosophila depends on the NPTY motif and is paralleled by defects in synaptic plasticity[END_REF].

In humans, one disease exhibits an APP increased expression: Down syndrome (DS). Indeed, APP gene is located on the chromosome 21 which is duplicated in this disease: in DS, APP is present in triplicate.

Interestingly, a mouse model of DS, trisomic for APP, exhibit a lower spine density and larger spines [START_REF] Belichenko | Synaptic structural abnormalities in the Ts65Dn mouse model of Down syndrome[END_REF][START_REF] Villar | Identification and characterization of a new Down syndrome model, Ts[Rb(12.1716)]2Cje, resulting from a spontaneous Robertsonian fusion between T(1716)65Dn and mouse Chromosome 12[END_REF], just like the AD mouse model. Most of the DS patients show AD characteristics at the age of 40 and it has been shown to be directly linked with APP triplicates. Indeed, very interestingly, a study reveals that one DS patient had a partial trisomy in which the chromosome 21 was partly replicated such as, the APP gene was not replicated. This patient did not show any dementia or main neuropsychological impairments [START_REF] Doran | Down Syndrome, Partial Trisomy 21, and Absence of Alzheimer's Disease: The Role of APP[END_REF]. This opportunity confirms the fact that increased APP levels is toxic for the synapse homeostasis.

Finding the exact mechanisms responsible for the toxicity of APP accumulation at the PM would be challenging because of its multiple roles. However, one hint could be that APP accumulation would increase APP dimerization, known to activate the p38 cascade, and lead to tau phosphorylation along with neurofibrillary tangles (E. K. [START_REF] Kim | Pathological roles of MAPK signaling pathways in human diseases[END_REF].

Thus, instead of considering Aβ production or tau phosphorylation as one of AD causes, maybe one good option would be to consider it as a consequence of APP homeostasis dysregulation [START_REF] Kametani | Reconsideration of amyloid hypothesis and tau hypothesis in Alzheimer's disease[END_REF] (figure 96).

To conclude this study, we can claim that APP level at the synapse is crucial for neuronal homeostasis.

If it is increased like it is observed in APPPS1 AD mouse model or in human in down syndrome, it could potentially lead to the observed phenotypes in terms of synapse homeostasis and cognitive deficits.

Crossing of APPPS1 mice with HTTS421A mice restored the APP-induced phenotypes. On the opposite, not enough APP at the synapse could be responsible for the dysregulation of synapse homeostasis observed in APP KO mice. Adding APP to APP KO neurons is sufficient to restore the observed phenotypes (Galanis et al., 2020, under revision) (figure 97). 

Rett syndrome

Rett syndrome (RTT) is a severe neurological disorder caused by mutations in the MECP2 gene located on the X chromosome. This non-inherited disease affecting one out of 15 000 young girl from 1-to 2year-old, is characterized by a dramatic and global disturbance of the CNS. Symptoms include intellectual disability, seizures, motor infirmity (affecting speech, walk and hand movements) and respiratory difficulties (apneas and hyperventilation) (orphanet website, (Yann Ehinger et al., 2020;[START_REF] Roux | Unexpected link between Huntington disease and Rett syndrome[END_REF]). These symptoms are the results of a cerebral atrophy causing a reduction of the number of neuronal connections.

MECP2 influences BDNF production and transport

MECP2 gene codes the MeCP2 protein (Methyl-CpG binding protein 2) which acts as a gene expression regulator. MeCP2 targets the expression of thousands of genes including BDNF, HTT and HAP-1, which are known to be implicated in axonal transport [START_REF] Roux | Unexpected link between Huntington disease and Rett syndrome[END_REF]. Thus, Mecp2 KO mice exhibit reduced levels of the corresponding proteins. Work of the Roux and Saudou labs showed a reduction of both BDNF levels in the striatum and BDNF transport in cortical neurons. This suggests that the decrease in the level of HTT could be responsible in part of the decreased BDNF levels observed in the striatum and the associated motor incoordination, apneas, and early onset of the death in these mice.

BDNF, HTT and Rett Syndrome

BDNF release in the corticostriatal network is crucial for striatal survival because this neurotrophic factor is not produced in the striatal cells [START_REF] Altar | Anterograde transport of brain-derived neurotrophic factor and its role in the brain[END_REF][START_REF] Baquet | Early Striatal Dendrite Deficits followed by Neuron Loss with Advanced Age in the Absence of Anterograde Cortical Brain-Derived Neurotrophic Factor[END_REF]; it directly depends on the BDNF released from the cortex. BDNF acts as a survival cue through its release from the presynaptic neuron provoking the activation of TrkB receptors followed by their internalization in the postsynaptic neuron. Retrograde transport of these signaling endosomes then follows, mediated by the HTT-Dynein complex, to reach the cell bodies where cell survival pathways are activated [START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF]. BDNF axonal transport in the cortical presynaptic neuron and its release are thus crucial for striatal signaling and survival [START_REF] Baquet | Early Striatal Dendrite Deficits followed by Neuron Loss with Advanced Age in the Absence of Anterograde Cortical Brain-Derived Neurotrophic Factor[END_REF]Virlogeux et al., 2018;[START_REF] Vonsattel | Neuropathological classification of huntington's disease[END_REF]. BDNF is transported within DCVs through kinesin-1 and/or kinesin-3 binding [START_REF] Arpağ | Motor Dynamics Underlying Cargo Transport by Pairs of Kinesin-1 and Kinesin-3 Motors[END_REF]Dompierre et al., 2007;Lim et al., 2017;Lo et al., 2011;[START_REF] Yano | Mechanisms of Neurotrophin Receptor Vesicular Transport[END_REF], which can be modulated by HTT (Colin et al., 2008;

Discussion

This study found a new therapeutic strategy for Rett syndrome based on the HTT property of acting as a molecular switch upon S421 phosphorylation. Increasing S421 phosphorylation in Rett mice, either by a crossing with HTTS421D mice or with a calcineurin inhibitor (FK506), Rett mice symptoms are restored. These findings raise new questions about other strategies able to increase vesicular transport.

Calcineurin inhibitors or HTT phospho-activators as possible strategy for RTT?

Currently, no treatment has been found for this rare disease and the drugs administrated to the young girls aimed only at relieving the symptoms [START_REF] Sandweiss | Advances in understanding of Rett syndrome and MECP2 duplication syndrome: prospects for future therapies[END_REF]. Several approaches are being explored or tested to find a cure to RTT, relying mostly on modulating Mecp2 targets known to be downregulated in RTT or on editing genes [START_REF] Sandweiss | Advances in understanding of Rett syndrome and MECP2 duplication syndrome: prospects for future therapies[END_REF] but none of them has yet shown a full recovery.

Concerning gene editing using gene therapy or antisense oligo nucleotides, it is a challenging method because of the importance of MecP2 homeostasis. Indeed, MECP2 overexpression leads to another intellectual disability called the MECP2 duplication syndrome [START_REF] Van Esch | MECP2 duplication syndrome[END_REF]. Thus, a fine control of the MECP2 levels is crucial. Actual hopes on the genetic approach lie on the CRISPR-Cas9 modification of MECP2 [START_REF] Sandweiss | Advances in understanding of Rett syndrome and MECP2 duplication syndrome: prospects for future therapies[END_REF].

In order to increase the expression of Mecp2 target in RTT, one potential strategy involved the restoration of BDNF. However, overexpressing BDNF in mice or stimulating BDNF production in young girls with a glatiramer acetate treatment came out to produce only partial rescue (Q. [START_REF] Chang | The disease progression of Mecp2 mutant mice is affected by the level of BDNF expression[END_REF][START_REF] Tropea | Partial reversal of Rett Syndrome-like symptoms in MeCP2 mutant mice[END_REF] in mice and drawbacks in girls [START_REF] Nissenkorn | A Potential Life-Threatening Reaction to Glatiramer Acetate in Rett Syndrome[END_REF][START_REF] Sandweiss | Advances in understanding of Rett syndrome and MECP2 duplication syndrome: prospects for future therapies[END_REF].

Since overexpressing BDNF failed to rescue RTT phenotypes in girls, another possibility is to increase its targeting to synapses by increasing the level of IGF-1 in RTT mouse model or RTT patients.

A recent phase 2 clinical trial has proven that treating young RTT girls with a terminal tripeptide of IGF-1 improved some of RTT symptoms suggesting that activation of the IGF-1 pathway could be of therapeutic interest [START_REF] Glaze | study of tro fi netide in pediatric Rett syndrome[END_REF][START_REF] Sandweiss | Advances in understanding of Rett syndrome and MECP2 duplication syndrome: prospects for future therapies[END_REF]. Thus, according to our study, some of the beneficial effects observed could involve the phosphorylation or decreasing dephosphorylation of IGF-1/PI3K/Akt targets such as HTT, and possibly restoration of BDNF homeostasis. However, it is important to note that increasing IGF-1 induces the activation of many proteins besides HTT. Furthermore, even if HTT was the sole target of this pathway, HTT phosphorylation regulates the transport of many cargos as it is illustrated in this thesis. Indeed, as discussed here, HTT phosphorylation affect the anterograde transport of several types of vesicle including APP vesicles (Bruyère et al., 2020;Colin et al., 2008), vamp-7 vesicles (Colin et al., 2008) and Vamp-2 vesicles (vitet et al., in prep). Thus, the rescue of BDNF transport might not be the only explanation to the improvement of MECP2 KO mice behavior.

In addition to neurons, improving transport in astrocytes could also be of interest. Enhancing MT-dependent transport to rescue RTT symptoms in mice has also been shown to be effective for lysosomes transport in astrocytes of a mouse model of RTT and derived from IPSC of RTT patient [START_REF] Delépine | Altered microtubule dynamics and vesicular transport in mouse and human MeCP2deficient astrocytes[END_REF]. Indeed, by stabilizing MTs, it is possible to decrease and rescue the number of vesicles showing a low displacement length in higher in MECP2 mutant mouse astrocytes. Thus, efforts are still needed to find an effective strategy relieving young girls from crippling symptoms.

Moreover, since RTT is diagnosed long after the symptoms apparition because of the combination of similarities with autism spectrum disorder and normal development until 6 months, it is crucial to find a treatment which is effective even after the apparition of symptoms.

To conclude this study, we can claim that BDNF level at the synapse is crucial for neuronal homeostasis and subsequent behavior (figure 98). If it is increased like it could be the case for the glatiramer acetate treatment tested on Rett patients, it could lead to sever cognitive and motor impairments. On the opposite, a lower level of BDNF at the synapse is found in MeCP2 KO and BACHD mouse models of respectively Rett syndrome and HD and could be responsible for the decrease impaired motor coordination among other impairments. Some studies focused on the potential beneficial effect of S421 phosphorylation on those two mouse models and reported full restoration of the associated phenotypes (Yann Ehinger et al., 2020;Kratter et al., 2016). Results -part 3: HTT acts as a scaffold for KIF1A-mediated-transport and regulates

SVP axonal transport

Summary & context of the study Synaptic vesicles precursors (SVPs) are responsible for the localization and the production of synaptic vesicles (SVs), the vesicles that transmit signal to the post synaptic neuron. The transport of SVPs is mediated in part by the molecular motor KIF1A. KIF1A is known to interact with adaptors to regulate SVP activation or binding to MTs like DENN/MADD complex interacting with Rab3.

Interestingly, neither the knockout of DENN/MADD in C elegans nor RAB3 KO mice exhibit an impaired SVP transport, suggesting that other adaptors could regulate the transport of SVPs (Pace et al., 2020).

In support for the existence of several KIF1A adaptor on a SVP is the report that dynein and dynactin interact and regulate KIF1A activity (C. W. Chen et al., 2019). However, no scaffolding proteins for KIF1A have been found yet (Niwa et al., 2008;Pace et al., 2020;O. I. Wagner et al., 2009). We made the hypothesis that HTT could act as a scaffolding protein for the KIF1A complex and as such could regulate the transport of SVPs. This hypothesis of HTT regulating SVP transport was supported by results showing that HTT reduction in Drosophila larval segmental nerves leads to a decrease in SVP transport and to an accumulation of SVP within the nerves [START_REF] Gunawardena | Disruption of Axonal Transport by Loss of Huntingtin or Expression of Pathogenic PolyQ Proteins in Drosophila[END_REF]Weiss & Littleton, 2016). The lab also previously showed that HTT phosphorylation at S421 regulates the directionality of late endosomes containing a specific v-SNARE, VAMP-7 (Colin et al., 2008). Finally, HTT interactome (Shirasaki et al., 2012) and HTT mass spectrometry from vesicles, indicated the possibility that HTT could scaffold KIF1A and consequently regulate KIF1A-mediated-transport of SVP containing v-SNAREs. In support with our working hypothesis, HTT has been later found in the KIF1A interactome (Stucchi et al., 2018).

Importantly, the number of SVs at the synapse is key as it regulates the NT release probability impacting synaptic strength and subsequent plasticity. Long term changes in synaptic strength of a specific network are known to be at the basis of learning and memory. In our study we focused on the activity of the corticostriatal network and its role in regulating the procedural memory, also called the memory of habit formation. In order to better understand the context of our study, an update of the literature on neurotransmission as well as on the link between the corticostriatal circuitry and habit formation is provided.

Number of SVs influences neurotransmission

The number of SVs within the presynaptic bouton is important because it impacts the size of the different pools (RRP, recycling pool and the reserve pool) known to regulate synaptic strength and subsequent learning and memory behavior (Alabi & Tsien, 2012). From Katz theory on frog neuromuscular junction to recent studies on CNS mammalian synapse (Katz B, 1969;[START_REF] Malagon | Incomplete vesicular docking limits synaptic strength under high release probability conditions[END_REF]Pulido & Marty, 2017), the number of RRP or docked vesicles has been directly linked to the amplitude of the induced postsynaptic current by the following equation:

𝐼 = 𝑁𝑝𝑞

Although the meaning of those terms can vary according to different paradigms, the amplitude of postsynaptic current (I) created in a "simple" CNS synapse follows this binomial distribution that is dependent on the probability of release of one vesicle (p), the number of released vesicles (q, the quantal size) and the number of vesicles able to be released (N). To be more specific, N can represent the "number of reactive units" (Katz B, 1969), the number of vesicles in the RRP or the number of docked vesicles and p relates to the release probability per "reactive unit" (Katz B, 1969), per RRP vesicle or per docking site (Pulido & Marty, 2017). For clarity, this specific probability of release will be termed pves (fusion probability) thereafter.

Studies demonstrated that impairing vesicle fusion with the plasma membrane (pves), leads to defects in neurotransmission that could be responsible for neurological disorders (Alabi & Tsien, 2012;Cho & Askwith, 2008). Indeed, once a vesicle is docked or primed, v-SNARE protein (synaptobrevin) partially form complexes with t-SNAREs (syntaxin-1, SNAP25) [START_REF] Ryu | Review: Progresses in understanding N-ethylmaleimide sensitive factor (NSF) mediated disassembly of SNARE complexes[END_REF]. Then, upon calcium influx within the active zone and subsequent calcium binding to synaptotagmin, the two membranes fuse and the neurotransmitter is released into the synaptic cleft (figure 99). The neurotransmitter then activates its receptors located within the PSD, which are AMPA, NMDA or metabotropic receptors in the case of glutamate. AMPA and NMDA receptors convert the biochemical signal into a fast and brief electric signal by opening ion channels thus directly creating a postsynaptic current (EPSC). These ionoreceptors are thought to mediate behaviors from simple reflexes to complex cognitive processes. In addition, the metabotropic receptor act indirectly to create a postsynaptic current by changing the postsynaptic cell biochemistry state through second messengers and signaling pathways. This action is slow and long lasting (up to minutes), this is why it is thought to modulate behaviors, contributing to long lasting changes in neuronal networks underlying learning and memory.

The number of SVs at the axon terminal (N) is crucial since NT concentration within the synaptic cleft (q) is important for the triggering of a post synaptic response (I) (and EPSC) (Pulido & Marty, 2017).

Number of SVs influences the probability of release and consequent plasticity

The number of SVs and especially of RRP vesicles also correlates with a presynaptic component of the neurotransmission, that is the probability of release (Pr) [START_REF] Dobrunz | Heterogeneity of release probability, facilitation, and depletion at central synapses[END_REF]. Indeed, Pr correlates positively with the number of SVs that are docked or primed. The changes in Pr that can occur physiologically in the presynaptic compartment are the triggered mechanisms for short-term plasticity (STP) [START_REF] Biró | Quantal size is independent of the release probability at hippocampal excitatory synapses[END_REF][START_REF] Thomson | Facilitation, augmentation and potentiation at central synapses[END_REF]. This phenomenon is related to LTP in its roles of modulating synaptic efficacy, except that it is a short-term process. STP can be declined into STD or facilitation, both observed respectively by a decrease or an increase in postsynaptic response during repetitive presynaptic stimulation [START_REF] Liley | An electrical investigation of effects of repetitive stimulation on mam-malian neuromuscular junction[END_REF]. STD is revealed by a paired-pulse ratio experiment. STD can be explained when the release of SVs is occurring faster than the replenishment of the reserve pool [START_REF] Bircks | Acetylcholine metabolism of a sympathetic ganglion[END_REF][START_REF] Elmqvist | A quantitative study of end-plate potentials in isolated human muscle[END_REF]. This results in the depletion of the RRP and a decrease in NT release [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF][START_REF] Zucker | Short-term synaptic plasticity[END_REF]. Conversely, facilitation enhances synaptic transmission and has a role in working memory [START_REF] Abbott | Synaptic computation[END_REF][START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF]). Facilitation appears as a process to counteract synaptic depression caused by repeated stimulations (figure 100). Indeed, facilitation results in an increase of Pr (3-fold increase, [START_REF] Malagon | Incomplete vesicular docking limits synaptic strength under high release probability conditions[END_REF]) in a frequency-dependent manner by either increasing the number of SVs [START_REF] Del Castillo | QUANTAL COMPONENTS OF THE END-PLATE POTENTIAL[END_REF] either the calcium influx [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF]. Thus, when Pr is low in a presynaptic compartment, facilitation is high [START_REF] Abramov | Amyloid-beta as a positive endogenous regulator of release probability at hippocampal synapses[END_REF] and leads to an increase of NT release at the second stimulation [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF][START_REF] Thanawala | Presynaptic calcium influx controls neurotransmitter release in part by regulating the effective size of the readily releasable pool[END_REF]. However, when Pr is high, many vesicles fuse at the first stimulation, impeding facilitation, the RRP becomes depleted and STD appears until RRP is replenished [START_REF] Jackman | The Mechanisms and Functions of Synaptic Facilitation[END_REF].

In term of mechanisms, the docking site concept might be one key to understand STP (Pulido & Marty, 2017). The concept lies on the fact that each active zone (AZ) host several docking sites (between 2 and 10, (Pulido & Marty, 2017)) for a SV to interact with AZ proteins and to be primed. Interestingly, the AZ size or the synaptic size vary with the number of docked vesicles and the probability of release of those vesicles. At rest, not all the docking sites are used (around 70%) (K. M. [START_REF] Harris | Variation in the Number, Location and Size of Synaptic Vesicles Provides an Anatomical Basis for the Nonuniform Probability of Release at Hippocampal CA1 Synapses[END_REF]Pulido & Marty, 2017) but each of them is associated with a replacement site (Pulido & Marty, 2017) containing a SV from the reserve pool (figure 101). During the first stimulus, the docked vesicles are exocytosed and free the docking sites. Then, many of the SVs within the replacement sites transit to the docking sites by an active myosin II transport [START_REF] Miki | Actin-and Myosin-Dependent Vesicle Loading of Presynaptic Docking Sites Prior to Exocytosis[END_REF]Pulido & Marty, 2017), resulting in a higher number of docked vesicles compared to the resting state (figure 101). This mechanism could explain why the second stimulation induces higher release of NT. Thus, this mechanism relying on changes in docking site occupancy could determine facilitation and depression at synapses [START_REF] Malagon | Incomplete vesicular docking limits synaptic strength under high release probability conditions[END_REF][START_REF] Miki | Actin-and Myosin-Dependent Vesicle Loading of Presynaptic Docking Sites Prior to Exocytosis[END_REF][START_REF] Miki | Two-component latency distributions indicate two-step vesicular release at simple glutamatergic synapses[END_REF][START_REF] Pulido | Vesicular Release Statistics and Unitary Postsynaptic Current at Single GABAergic Synapses[END_REF]Pulido & Marty, 2017).

Corticostriatal plasticity influences procedural memory in mice

We focused here on the plasticity occurring within the corticostriatal network, known to regulate procedural memory (Costa et al., 2004;[START_REF] Koralek | Corticostriatal plasticity is necessary for learning intentional neuroprosthetic skills[END_REF]Yin et al., 2009). Corticostriatal plasticity appears to be necessary and responsible for learning new motor skills [START_REF] Koralek | Corticostriatal plasticity is necessary for learning intentional neuroprosthetic skills[END_REF][START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF]. During such learning, both cortical and striatal activities as well as connectivity, plasticity and strength of the circuit are modulated, resulting in long-lasting changes in glutamatergic transmission [START_REF] Brasted | Comparison of learning-related neuronal activity in the dorsal premotor cortex and striatum[END_REF]Costa et al., 2004;[START_REF] Kleim | Functional reorganization of the rat motor cortex following motor skill learning[END_REF]Yin et al., 2009). These changes occur in more than 50% of the cells in the striatum and the motor cortex (Costa et al., 2004).

Skill motor learning can be assessed by different behavioral protocol like the T-maze, the double Hmaze [START_REF] Kirch | The Double-H Maze : A Robust Behavioral Test for Learning and Memory in Rodents[END_REF] or the accelerating rotarod that is by far the most used approach. Accelerating rotarod is a protocol using a rotating rod whose speed increases over time. The mouse placed on the rod has to learn this task by staying on the rod despite the accelerating speed. Ten trials per day over more than five consecutive days are needed for the task to become a habit (Kupferschmidt et al., 2017;Yin et al., 2009). The time spent on the rotarod by the mouse is recorded and display two phases according to the training: a fast improvement on the first day, the early training, and a slower one from day 2 to the end of the training, the late training (Kupferschmidt et al., 2017;Yin et al., 2009) (figure 102). One of the advantages of the accelerating rotarod protocol is that it only gives access to motor skill learning and not to associative and working memory components of other motor learning skills (Costa et al., 2004).

As previously explained, two models are currently being developed to understand the striatal reorganization caused by the consolidation of the memory upon those two phases of learning. The first one relies on the DMS involvement during an early training and the DLS involvement during the late training (Costa et al., 2004;[START_REF] Koralek | Corticostriatal plasticity is necessary for learning intentional neuroprosthetic skills[END_REF]Yin et al., 2009). The other model relies on a coengagement of the two networks during learning and competing for control (Kupferschmidt et al., 2017;[START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF].

Recently, an elegant study proposed another model combining the two first models. By recording in vivo, the activity of MSNs from DMS or DLS in running mice performing an accelerating rotarod protocol over five days, authors showed that the two networks are co-engaged at the beginning of the learning, but disengaged in different patterns later during the training (Kupferschmidt et al., 2017) (figure 103). The associative cortex -DMS network would be engaged only strongly in the early training (first day) and starts its disengagement on day 2 to day 5 of the behavioral task. The sensorimotor cortex-DLS network would be strongly engaged from the beginning of the training (naïve mice) to an early training and would then gradually be disengaged across training. However, during a late training, its engagement would still be higher than the associative cortex-DMS. This observation agrees with the idea that sensorimotor cortex-DLS network rather than the associative cortex-DMS circuit is more responsible for the execution of mastered skills (or habit) (Corbit et al., 2017;Yin et al., 2009). The lower global engagement of the sensorimotor-DLS network once the habit is formed could be explained by the need of fewer neurons to form smaller clusters that encode the activity, that could be called engram cells (Corbit et al., 2017;Badreddine et al., under revision). 

Introduction

Procedural memory is the memory responsible for the formation of habits after a long training (Costa et al., 2004;Yin et al., 2009). It relies mostly on the communication between the cortex and the striatum (Graybiel & Grafton, 2015;Hawes et al., 2015;Hyungju Park et al., 2014;Yin et al., 2009). Two corticostriatal connections have been found to finely regulate procedural memory and subsequent habit formation (Costa et al., 2004;Kupferschmidt et al., 2017;Hyungju Park et al., 2014;[START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF]Yin et al., 2009). Glutamatergic neurons from the layer V of the associative cortex project to the dorsomedial striatum (DMS) whereas neurons from the sensorimotor cortex project to the dorsolateral striatum (DLS) (Yin et al., 2009). DMS activation has for a long time been thought to be responsible for the goal directed behavior occurring in the early phase of the learning, contrary to DLS which was thought to intervene principally in the late phases of learning. Recently, these two corticostriatal connections have been found to be co-engaged during the beginning of the motor skill learning of the accelerating rotarod and then disengaged differently (Kupferschmidt et al., 2017). Thus, neuronal communication between the cortex and the striatum through glutamate release appears to be a key regulator of procedural memory. Memory is thought to rely on long-term changes of synaptic strength of a neuronal network, which depends on the release probability of synaptic vesicles (SVs) and the quantal size, according to Katz's theory (Katz B, 1969) and is proportional to the number of release sites and SVs at the synapse . SVs localized at the axon terminal contain SNARE proteins such as VAMP-2 that allows exocytosis and vGLUT-1 responsible for the replenishment of glutamate [START_REF] Takamori | Molecular Anatomy of a Trafficking Organelle[END_REF]. Thus, by transporting SVs to the nerve terminal, axonal transport of SV precursors (SVPs) is likely to impact the neurotransmission in specific circuits and consequently affect relevant behaviors [START_REF] Klopfenstein | The Lipid Binding Pleckstrin Homology Domain in UNC-104 Kinesin is Necessary for Synaptic Vesicle Transport in Caenorhabditis elegans □ D □ V[END_REF]L. B. Li et al., 2016;[START_REF] Pack-Chung | A Drosophila kinesin required for synaptic bouton formation and synaptic vesicle transport[END_REF]Yonekawa et al., 1998;Y. V. Zhang et al., 2017;[START_REF] Zheng | The Vesicle Protein SAM-4 Regulates the Processivity of Synaptic Vesicle Transport[END_REF]. Axonal transport of SVPs to the synapse is mediated mostly by two kinesin-3 family members: KIF1A and KIF1Bβ (Kevenaar et al., 2016;J. S. Liu et al., 2012;Okada et al., 1995;[START_REF] Pack-Chung | A Drosophila kinesin required for synaptic bouton formation and synaptic vesicle transport[END_REF]Sgro et al., 2013;Yonekawa et al., 1998). KIF1A is known to be very processive and its motility is regulated by modulators like KBP or MAPs (Kevenaar et al., 2016;Lipka et al., 2016;Lyons et al., 2008;Monroy et al., 2020). Other proteins referred as adaptors are known to regulate KIF1A functions by binding both to KIF1A and the SVP. It is the case of DENN/MADD or the BORC complex in C. Elegans that regulates KIF1A functions through Rab3 interaction (Niwa et al., 2008;Pace et al., 2020;O. I. Wagner et al., 2009). However, both of them have been shown to be non-essential for SVP transport, raising the question of the identity of a bona fide SVP transport adaptor (Mahoney et al., 2006;Pace et al., 2020). Furthermore, dynein is also present on SVPs with KIF1A (Barkus et al., 2008;C. W. Chen et al., 2019;Koushika et al., 2004) but we still do not know whether and how SVP directionality is regulated and what are the consequences on SV stoichiometry at synapses, neurotransmission and behavior. Huntingtin (HTT) when mutated, is responsible for Huntington disease (HD), an adult-onset neurological disorder. HTT is involved in several cellular functions including in particular the regulation of axonal transport of many cargoes in neurons (Gauthier et al., 2004;Her & Goldstein, 2008;Saudou & Humbert, 2016;H. Vitet et al., 2020;J. Ag. White et al., 2020;Wong & Holzbaur, 2014). Specifically, HTT acts as a scaffold for both molecular motors such as kinesin -1 and dynein and adaptors such as HAP1, and regulates the transport of vesicles containing BDNF, APP, as well as endosomes, autophagosomes and synaptic vesicles and SVPs (DiFiglia et al., 1995;[START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF]Gauthier et al., 2004;[START_REF] Gunawardena | Disruption of Axonal Transport by Loss of Huntingtin or Expression of Pathogenic PolyQ Proteins in Drosophila[END_REF]L.-S. Her & Goldstein, 2008;H. Li et al., 2003;Weiss & Littleton, 2016;Wong & Holzbaur, 2014). Moreover, HTT can be phosphorylated at a particular Serine (S421), which in turn regulates the directionality of vesicles such as those containing BDNF and APP (Bruyère et al., 2020;Colin et al., 2008;Y. Ehinger et al., 2020). However, it remains to be elucidated whether HTT phosphorylation impacts on the anterograde transport of SVPs in axons and whether this can influence neurotransmission and behavior.

Here we investigated the consequences of constitutive phosphorylation of HTT on axonal transport of SVPs in vitro using reconstituted corticostriatal circuit on-a-chip and in vivo in mice. We reveal a functional link between efficiency of the anterograde transport of SVPs, mediated by HTT phosphorylation and KIF1A recruitment on SVPs, within corticostriatal projecting neurons, release probability of SVs and procedural memory.

Results: HTT phosphorylation at S421 impairs procedural memory

To study the impact of HTT phosphorylation on behavior, we took advantage of mice in which the phosphorylation status is controlled by a point mutation (Thion et al., 2015). S421 phosphorylation is mimicked by the replacement of the serine by an aspartic acid (S421D, hereafter referred as HTT-SD mice) whereas the unphosphorylatable form of HTT is mimicked by the replacement of the serine by an alanine (S421A, hereafter referred as HTT-SA mice) (Thion et al., 2015). HTT-SD and HTT-SA mice have been characterized for their behavior and do not show any major impairment in weight, muscle force and motor coordination and in anxio-depressive behavior when compared with WT mice (Bruyère et al., 2020;Y. Ehinger et al., 2020) (Fig sup1A andB). However, when investigating specifically procedural memory using the 8-consecutive days accelerating rotarod protocol (Fig 1A ), we found that HTT-SD mice show impaired procedural memory at 3 months and later (Fig 1B and C,Fig sup 1C).

Briefly, this behavioral test consists in measuring the time for a mouse to fall of the accelerating rotarod over the 10 sessions per day and during 8 consecutive days (Figure 1A). HTT-SD mice spend less time in total on the rotarod during the 80 sessions than the wild type mice (Fig 1B). Since their motor ability could not explain this reduced performance, we next assessed their procedural memory.

Whereas wild type (WT) mice performance reached a plateau from the third day, after the learning phase at day 3, the performance of HTT-SD decreased and reached a plateau that was significantly lower (Fig. 1C). In order to better understand the component responsible for this overall decrease in the performance in HTT-SD mice, we focused on the first and the last days. Although a trend appears from the very first day (Fig 1F ,G) the decrease of performance was clearly stabilized during the last day of training (Fig 1J,K) suggesting that the impairment of procedural memory begins from the first day of training, before the formation of the habit. We performed the same experiments on the HTT-SA mice, but we did not observe difference between the wild type mice and the HTT-SA mice (Fig. 1D,E,H,I,L,M). Together, our results show that HTT-SD mice, unlike HTT-SA mice, exhibit an impaired procedural memory when tested on an accelerating rotarod protocol over 8 days. Thus, we focused thereafter our investigation on HTT-SD mice.

HTT phosphorylation at S421 regulates the number of SVs at the axon terminal and the release probability

Procedural memory relies on the communication and on the long-term changes of synaptic strength of the corticostriatal network striatum (Graybiel & Grafton, 2015;Hawes et al., 2015;Hyungju Park et al., 2014;Yin et al., 2009). In order to assess the in vivo synaptic strength in HTT-SD mice, we first investigated the postsynaptic response provoked by an action potential in the presynaptic compartment by studying the electrophysiological properties and the sEPSCs in medium spiny neurons (MSNs) of the DLS. We found that the frequency but not the amplitude of sEPSCs was increased in HTT-SD MSNs (Fig 2A andB) suggesting that the properties of the corticostriatal network in HTT-SD mice depend on the presynaptic activity. We then investigated one of the presynaptic parameters able to influence the probability of release and focused on the number of SVs (Alabi & Tsien, 2012;Hanse & Gustafsson, 2001;Hyokeun Park et al., 2012;Pulido & Marty, 2017) at the axon terminal within the somatosensory cortex-DLS network using electron microscopy. According to the morphology of both the spines and the synapses, we specifically counted the number of SVs in DLS glutamatergic afferences and found that HTT phosphorylation increases the number of SVs at the axon terminals (Fig 2C and D) while there was no difference in the number of synapses (Fig sup 2A). To test the possibility that the observed increase in the number of SVs at the presynapse could induce changes in the probability of release, we next studied neuronal facilitation with a 2-stimuli protocol and found that facilitation was completely abolished in HTT-SD slices (Fig 2 E and F). This lack of facilitation was particularly marked at repeated stimulations with short intervals and may result from the high level of SVs release during the first stimulation.

To further demonstrate that the number of SVs released at synapse is increased in HTT-SD neurons, we used microfluidic devices that allows to reconstitute mature corticostriatal networks ona-chip, in which cortical neurons project to striatal target neurons through oriented axonodendritic connections. We recently validated such approaches to study the functioning of corticostriatal circuits in health and disease conditions [START_REF] Moutaux | Neuronal network maturation differently affects secretory vesicles and mitochondria transport in axons[END_REF]Virlogeux et al., 2018) These devices allow to study intracellular transport in isolated axons as well as neurotransmitter release at synapses. We plated cortical neurons from HTT-SD mice in the pre-and striatal neurons in the postsynaptic compartment and infected cortical neurons with a lentivirus expressing vGlut1-pHluorin.

When the circuit was mature (DIV11), we treated the presynaptic compartment with 4AP/bicuculline and measured the number of exocytic events per active synapse by recording fluorescence within the synaptic compartment. While the amplitude of vGlut1 release was similar in WT compared with HTT-SD neurons, we observed a tendency towards an increase in the number of events at synapses when HTT is constitutively phosphorylated (Fig 2G). Together, these results indicate that in HTT-SD corticostriatal network, the high number of SVs at the axon terminals could enhance the probability of release leading to higher exocytosis rate as revealed by a higher frequency of sEPSCs and the loss of facilitation. These changes in electrophysiologic properties could be at the basis of the impaired memory in HTT-SD mice.

HTT phosphorylation at S421 regulates SVP directionality in axons

Since the number of SVs reaching the axon terminal depends on the axonal transport of SVPs containing VAMP2 [START_REF] Gunawardena | Disruption of Axonal Transport by Loss of Huntingtin or Expression of Pathogenic PolyQ Proteins in Drosophila[END_REF][START_REF] Pack-Chung | A Drosophila kinesin required for synaptic bouton formation and synaptic vesicle transport[END_REF]Yonekawa et al., 1998;[START_REF] Zheng | The Vesicle Protein SAM-4 Regulates the Processivity of Synaptic Vesicle Transport[END_REF], we investigated the regulation of SVP axonal transport in HTT-SD neurons. We expressed VAMP2-mCherry in cortical neurons connected to striatal neurons within microfluidic devices and recorded using spinning videomicroscopy Vamp-2-mCherry transport in the distal part of cortical axons when the circuit is mature (DIV12) (Fig 3A). Kymographs analysis showed that HTT phosphorylation increases specifically the anterograde velocity of VAMP-2 positive vesicles (Fig 3B andC). The S421D mutation increased specifically the number of anterograde vesicles while reducing the number of static vesicles (Fig 3D ,E,F) and increased both the linear flux and the anterograde directionality (Fig 3G).

Together, we conclude that HTT phosphorylation at S421 increases the anterograde flux of SVPs towards the presynapse.

Phosphorylated HTT scaffolds KIF1A on VAMP2 vesicles

SVP transport is known to be largely mediated by KIF1A and KIF1Bβ (Kevenaar et al., 2016;J. S. Liu et al., 2012;Okada et al., 1995;Sgro et al., 2013;Yonekawa et al., 1998). Kinesin-3 family member KIF1A is responsible for the anterograde transport of SVPs but participates also to the transport of dense core vesicles containing BDNF but not APP (Hung & Coleman, 2016;Kaether et al., 2000;Lim et al., 2017;Lo et al., 2011). Since the velocity of a vesicle depends on the number of recruited kinesins (Furuta et al., 2013;Guedes-Dias & Holzbaur, 2019;Hayashi et al., 2018) we investigated the stoichiometry of KIF1A molecules attached to vesicles isolated from HTT-SD brains. We enriched vesicles by successive centrifugation and investigated KIF1A protein levels. While KIF1A was found at the same level in the total fraction (Fig sup 3A), KIF1A was enriched specifically in the vesicular fraction of HTT-SD neurons (fig 4B). Thus, S421 phosphorylation leads to an increased level of KIF1A protein on vesicles. This KIF1A enrichment could be responsible for the increased anterograde transport of VAMP2 vesicles in axons (Fig 3C and 3F).

Although KIF1A is found in the HTT interactome and conversely (Shirasaki et al., 2012;Stucchi et al., 2018), no functional colocalization between the proteins has been reported. We recently reported the proteome of HTT-specific vesicles, i.e., the identity of proteins that are present on HTTimmunopositive vesicles (Migazzi, BioRx). Interestingly, we found KIF1A to be present on HTT positive vesicles (Fig 4B). Moreover, dynein has been reported to interact with KIFA (C. W. Chen et al., 2019), which suggested to us that HTT could, as shown for KIF5C (Gauthier et al., 2004), also scaffold KIF1A with dynein (Fig 4C). We therefore performed immunochemistry on isolated axons within microfluidic devices. As shown in figure 4D, we found KIF1A immunopositive vesicles to be stained for HTT and Vamp2-mCherry (3 rd and 4 th peak), which lead us to picture HTT acting as a scaffold for the molecular machinery dedicated to SVP transport (Fig 4E). Quantification using Mandel coefficient and calculating the number of colocalizing pixels confirmed this KIF1A presence on HTT positive vesicles (Fig 4F and4G) and importantly, the colocalization increased when HTT contains the S421D mutation (Fig 4F and 4G). Together, we conclude that KIF1A and HTT colocalize on VAMP-2 positive vesicles and that S421 phosphorylation increases KIF1A stoichiometry on SVPs.

The kinesin KIF1A propels HTT-dependent SVPs in axons

Our results indicate that HTT phosphorylation increases KIF1A recruitment on SVPs and increases their anterograde transport in axons. We therefore aimed to unequivocally demonstrate that the HTT-SDmediated increase in axonal transport is linked to KIF1A using silencing approaches. To directly link the change in cellular dynamics and processes observed in HTT-SD corticostriatal network to a change in the flux of SVPs, we decreased the level of KIF1A using a shKIF1A (Kevenaar et al., 2016). We validated a lentiviral shRNA that decreases the expression of KIF1A by approximately 83% in cortical neurons (Fig sup 3B). We introduced the lentiviral construct into cortical neurons plated in microfluidic devices and measured axonal transport of VAMP2-mCherry vesicles at DIV12 (Fig 5A and5B). Silencing KIF1A on cortical neurons within microfluidics device, slightly decreased, although not significantly, the VAMP-2 anterograde vesicle velocity in WT axons (fig 5B ,C). This might be due to the potential redundant role of KIF1Bβ on SVPs transport (Niwa et al., 2008;Nakamura et al., 2002;Okada et al., 1995). Reducing KIF1A, in contrast was effective to reduce the retrograde velocity of VAMP2-mCh vesicles. Such an effect on retrograde transport might be linked to the reported dynein activator role for KIF1A (Chen et al., 2019). We next silenced KIF1A in HTT-SD cortical axons and observed a significant Together, we conclude that HTT phosphorylation increases axonal transport of SVPs via KIF1A.

Discussion

HTT, a scaffold protein for KIF1A mediated transport.

In this study, we show that HTT acts as a scaffold protein for SVP, regulating its transport, thus acting as an adaptor of SVP transport (Meng-meng Fu & Holzbaur, 2014). Other adaptors of SVP transport have been described in the literature like DENN/MADD binding to KIF1A by its death domain and to Rab3, located within the SVP membrane [START_REF] Takamori | Molecular Anatomy of a Trafficking Organelle[END_REF], by its MADD domain.

DENN/MADD is known to regulate SVP binding to MTs according to the nucleotide state of Rab3 (Niwa et al., 2008;O. I. Wagner et al., 2009). Although DENN/MADD has not been found in HTT interactome, Rab3 isoforms are part of HTT interactome (Shirasaki et al., 2012). Rab3 is particularly noticeable because it has been shown to be transported by fast axonal transport of SVs or HTT positive vesicles through KIF1A and/or KIF1Bβ transport (Kevenaar et al., 2016;J. A. White et al., 2015). Thus, Rab3 interaction with HTT on SVP would re-enforce the HTT role for scaffolding many proteins responsible for SVP transport regulation. Interestingly, HTT reduced levels have been shown to perturb Rab3 vesicle bidirectional transport (J. A. White et al., 2015). Moreover, the HTT mutation responsible for HD has been found not only to progressively decrease the levels of mRNA Rab3 in HD model mouse [START_REF] Smith | Depletion of rabphilin 3A in a transgenic mouse model (R6/1) of Huntington's disease, a possible culprit in synaptic dysfunction[END_REF] but also to dysregulate Rab3 conversion from GTP to GDP state (Hong et al., 2016). Recently, it also has been demonstrated that HD mice show a decrease in glutamatergic transmission, amplifying HTT role for SVP transport (Fernandez-Garcia et al., 2020).

Too few SVs at the axon terminal is detrimental for the synapse …

Number of vesicles at the synapse seems not only to be crucial but also finely balanced since both too few vesicles and too many vesicles have already been shown to be detrimental for synaptic functions (L. B. Li et al., 2016;Phan et al., 2019) (figure 8). Too few vesicles at the synapse can be caused by decreased level of KIF1A or loss-of function mutation of KIF1A. Decreasing KIF1A levels in vivo by knocking down KIF1A or silencing KIF1A expression in mice is respectively postnatally lethal (Yonekawa et al., 1998) or responsible for procedural memory impairment. Loss-of-function mutation of KIF1A is detrimental for synaptic transmission, synaptic strength and learning and memory (Chiba et al., 2019;Esmaeeli Nieh et al., 2015;Guedes-dias et al., 2019;Yonekawa et al., 1998;Y. V. Zhang et al., 2017). Indeed, some KIF1A mutation lead to both a mEPSC frequency and quantal release decrease in the Drosophila NMJ (Y. V. Zhang et al., 2017). In humans, KIF1A T99M is known in human to be responsible for SPG30 causing cerebellar atrophy, intellectual disabilities, ataxia and stiffness of the legs (Esmaeeli Nieh et al., 2015).

In HD, although no quantification of the number of SV has been done yet, a recent study proved that glutamate neurotransmission is reduced in HD mice, and especially in the M2-DLS network. It would thus be interesting to quantify the number of SVs in HD. Furthermore, the same study showed that, local and optogenetic stimulation of this network improves motor learning and coordination of these mice. This suggest first that glutamate transmission could be a key player in HD to cause the behavioral phenotypes and then that balancing the decreased glutamate transmission is sufficient to restore the phenotypes (Fernández-García et al., 2020).

… But too many SVs at the axon terminal is toxic for the synapse

However, too many vesicles at the synapse are also detrimental since it participates to the procedural memory impairment in HTS421D mice by increasing the probability of release. Interestingly, another study proved, using ASIC KO mice, that an increase of the probability of release leads to a reduction of facilitation and an increase of mEPSC frequency, which could explain the deficits in learning and memory of these mice (Cho & Askwith, 2008).

Accumulation of SV can be caused by a disrupted axonal transport of SVP through HTT phosphorylation as we saw, but also through KIF1A gain of function mutation A255V (Chiba et al., 2019;Gabrych et al., 2019) or KBP non-sens mutation, known to cause Goldberg-Shprintzen syndrome characterized by intellectual disability, microcephaly and axonal neuropathy (Kevenaar et al., 2016;Lyons et al., 2008). Genetic regulation, affecting other target than KIF1A, can also lead to an accumulation of SV at the synapse in flies through stromalin expression, a cohesion complex member (Phan et al., 2019). This complex is mutated in cohesinopathies like cornelia de Lange syndrome where an accumulation of SVP at the synapse is a good candidate to explain some neurological deficits observed in this neurodegenerative disorder like seizures (Dowsett et al., 2019;Phan et al., 2019).

SV pools and probability of release

Within the presynapse, SVs are organized into different pools according to their composition, age and distance from the active zone, namely the Readily releasable pool (RRP), the recycling pool and the reserve pool (Crawford & Kavalali, 2015;P. S. Kaeser & Regehr, 2017;Kavalali, 2006;Rizzoli, 2014;Truckenbrodt et al., 2018). RRP is considered as the pool containing the SV ready to be released very fast upon neuronal activity, docked and/or primed. Once the RRP is depleted, it is thought to be filled from SVs within the reserve pool by a slow process (hundreds of milliseconds) (Pulido & Marty, 2017).

Facilitation is thought, by increasing SV docking, to compensate for the SV depletion of the RRP after a first stimulation which would then produce depression (Pulido & Marty, 2017). In our HTTS421D mouse model, we could hypothesize that the higher number of SVs at the presynapse induces a higher number of docked SVs and SV released during the first stimuli, which could impair the increasing in docking normally observed during facilitation.

HTT phosphorylation in HD context

Here, we point out the importance of HTT role through its phosphorylation on regulating the SV number reaching the synapse. Since HTT, when mutated in HD, is known to cause severe and deadly symptoms of motor incoordination, cognitive decline and psychiatric disorders, it is interesting to understand HTT phosphorylation on S421 role in HD. First, in HD, phosphorylation on S421 as well as Akt levels are decreased and calcineurin levels, the phosphatase for S421, are increased (Colin et al., 2008;[START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]Pineda et al., 2009;Warby et al., 2005). Consequences of this neuroprotective cellular pathway dysregulation and rescues strategies based on S421 phosphomimetism have been studied [START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]Kratter et al., 2016;Pardo, 2006;Pineda et al., 2009;Zala et al., 2008) and focused on BDNF transport or release as a read out of the rescue.

However, it would be interesting to study the S421D impact on SVP transport in a rescue context for HD [START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]Kratter et al., 2016;Zala et al., 2008).

Silencing KIF1A does not affect axonal BDNF transport

As mentioned earlier, KIF1A has been shown to transport and regulate axonal entry of DCVs containing BDNF in neurites (Gumy et al., 2017;Hung & Coleman, 2016;Lim et al., 2017;Lo et al., 2011). So why don't we observe a reduction of BDNF vesicle transport in our shKIF1A transduced axons? To our knowledge, only few studies focused on BDNF transport upon KIF1A silencing and the main one reports different effects on flux, run length and speed according to the RNAi used (the mouse KIF1A RNAi showing little or no impairment on BDNF vesicle dynamics) (Lo et al., 2011). Moreover, other kinesins like KIF5B could compensate for the loss of KIF1A (Dompierre et al., 2007;Lo et al., 2011). All of these arguments lead us to think that it is possible that our shKIF1A is specific to SVP transport.

DLS early effect on procedural memory

Surprisingly, lowering KIF1A levels within M1 neurons projecting mainly to the DLS rescued the early phases of procedural memory establishment, usually attributed to the DMS area, rather than the late phase of the procedural memory establishment (Costa et al., 2004;Yin et al., 2009). The explanation might come from the engagement of both DMS and DLS during the first phase of the learning (Kupferschmidt et al., 2017;[START_REF] Perrin | analysis of brain punches performed at the injection sites and observed a reduction of KIF1A level (Fig 6C). We then quantified the number of SVs at corticostriatal synapses from EM sections prepared from WT and HTT-SD brains injected with lentiviral sh-Scr or sh-KIF1A. We observed a significant reduction in the number of SVs in WT sh-KIF1A presynapses when compared to WT sh-Scr presynapses (Fig 6E). As previously shown (Fig 2C), HTT S421 phosphorylation increased the number of SVs at presynapses[END_REF] thus, targeting DLS might be sufficient to induce a rescue of the procedural memory during the first days. However, how do we explain the loss of rescue during the late phases of learning? Studies focusing on the dynamics of DLS across training proved that the number of active cell clusters upon stimulation within the DLS is reduced with training, as a refinement strategy of the connections with training (Corbit et al., 2017) (Badreddine et al., under revision). Thus, it is possible that the small number of DLS connections responsible for the habit formation were not targeted by the shKIF1A virus, whose expression does not cover the entire DLS.

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Frédéric Saudou

Material and methods

Mice

Hdh S421A/S421A and Hdh S421D/S421D mice used in this study were described earlier (Thion et al., 2015) and generated by Mouse Clinical Institute (Strasbourg, France). Briefly, these C57Bl6/J mice were knocked in with a point mutation replacing the serine 421 by an alanine or an aspartic acid, respectively. Animals were housed under standard conditions of temperature (21 ± 2°C) and humidity (55 ± 5%), with food and water ad libitum in a 12:12h day/night cycle. Animals were held in accordance with the French animal welfare act and the EU legislation (council directive 2010/63/EU). The French Ministry of Agriculture and the local ethics committee gave a specific authorization (authorization no. 18607) to conduct the experiments described in the present study.

Behavior

Many behavioral tests aiming at characterizing the mice have already been performed (Bruyère et al., 2020;Y. Ehinger et al., 2020;Thion et al., 2015) and we focused here on the accelerating rotarod. The test was performed during the beginning of the light phase and mice had access to food and water ad libitum. All the precautions have been taken to limit the variability of the results while preserving animal well-being. For this purpose, we used only males and littermate mice were kept in the same cages (until there injection). Cages were transported to the experimental room at least 30 minutes prior the tests to allow the acclimatation.

Accelerating rotarod

Procedural memory was tested with the accelerated rotarod paradigm. The rotarod LE8305 from BIOSEB was used. Before the accelerating rotarod phase, mice got used to the rod with a 4RPM speed for 1 minute the day preceding the 8-day test. Rotarod test was performed over 8 consecutive days with 10 sessions per day per mouse at increasing speed from 4 RPM to 40 RPM in 5 minutes. Each trial was separated by at least than 15-minute resting period. The latency and the speed to fall off from the rotarod were recorded.

Plasmids and lentiviruses

shKIF1A plasmid was a kind gift from C. Hoogenraad's lab (JL-35, (Kevenaar et al., 2016) and its control, shscr is a mouse universal scramble (5' GACCCCCTCGCTAAGTAGT 3'). Vglut-1 cDNA sequence was amplified from adult mouse and pHluorin plasmid was a kind gift from T.Ryan's lab (Fernandez-Alfonso & Ryan, 2008). Vglut-1-pHluorin was created by cloning vglut-1 sequence before the pHluorin sequence in a SmaI site. Vamp-2-mCherry plasmid was a kind gift from T.Ryan's lab (Calloway et al., 2015) and BDNF-mCherry construct was previously described in Hinckelmann et al., 2016 andused in Virlogeux et al., 2018. shKIF1A plasmid has been cloned into pSIN lentiviral vector (Drouet et al., 2009) by Gateway system (Life Technology) using sens primer 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAATTCTGCAGTCGACGG-3' and anti-sens primer 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCGCGGCCGCCCTACTTGTACA-3' and recombination.

Shscramble, Vamp-2-mCherry, BDNF-mCherry and vglut-1-pHluorin plasmids have been cloned into pSIN vector using the same strategy.

Vamp-2-mCherry, shKIF1A and shscramble lentiviruses were produced by ENS Lyon Vectorology Facility with titer higher than (vamp2: 3.65 10^9 ui/l) 10 8 UI/ml. Vglut-1-pHluorin and BDNF-mCherry lentiviruses were homemade produced by the GIN virus production platform.

Stereotaxic injections

Animals were anesthetized by inhalation of isoflurane associated with a mix of oxygen and air (3-5% of isoflurane for induction and 1-2% in the mask). Mouse head was then shaved and placed within the stereotaxic frame. Skin was incised and skull was bilaterally drilled. With a nanoinjector, diluted lentivirus (1/3 in saline solution) was bilaterally injected (500nl at 50nl/min speed) at position AP:1,54 ML: + or -1,6 DV: -0,8. Finally, skin was sutured and 1 ml of NaCl 0,9% was injected subcutaneously.

After surgery, mice were put alone in a cage and monitored daily.

Electron microscopy

Between 3 and 4 month-animals were anesthetized with 1ml/kg of Doléthal ® and perfused transcardially with cold PBS followed by 2% paraformaldehyde 2% glutaraldehyde and 0,1M cacodylate cold solution. Brains were removed and dorsolateral striatum was punched either directly from the brain to obtain 1mm square piece of tissue, either from 100 µm-thick slices obtained from vibratome.

Electrophysiology

Microfluidics

Neurons in microfluidic chambers

As described in Virlogeux et al., 2018, primary cortical and striatal neurons were dissected from E15.5 wild type (C57Bl6/J) or Hdh S421A/S421A or Hdh S421D/S421D mouse embryos. They then underwent a chemical dissociation with papain cysteine solution, DNase (1/100) and FBS (1/10) and were finally mechanically dissociated. Dissociated cortical and striatal neurons were re-suspended in growing medium (5 x 10 6 cells in 120 µl) and plated in the chamber with a final density of ~7000 cells/mm2. Growing medium was added in the synaptic chamber to equilibrate flux. Cortical neurons were plated in the presynaptic chamber and striatal neurons were plated in the postsynaptic chamber. Neurons were left in the incubator for 2 hours, then all compartments were gently filled with growing medium.

Vesicular transport

Between DIV0 and DIV4, cortical neurons within the presynaptic compartment were transduced with lentivirus expressing VAMP2-mCherry or BDNF-mCherry. They were washed out the next day. At DIV 8, cortical neurons were transduced with shKIF1A or shScramble lentiviruses. Before recordings, DIV 12 neurons in microchamber were carefully inspected and selected based on the absence of cell contamination. For double transduction, transport of mCherry-tagged cargo was analyzed within GFPpositive axons.

Images were acquired every 200 ms for 1min on inverted microscope (Axio Observer, Zeiss) with X63 oil-immersion objective (1.46NA) coupled to a spinning-disk confocal system (CSU-W1-T3; Yokogawa) connected to an electron-multiplying CCD (charge-coupled device) camera (ProEM+1024, Princeton Instrument) at 37 °C and 5% CO2.

Immunolabelling

Neurons from the reconstituted corticostriatal network within microfluidics device were fixed with a PFA/Sucrose solution (4%/4% in PBS) for 20 min at room temperature (RT). After three washes of PBS, neurons were incubated first with a blocking solution (BSA 1%, NGS 2%, Triton X-100 0.1%) and then with primary antibodies (KIF1A, HTT (4c8), mCherry) overnight at 4°C. The next day, neurons were washed with three washes of PBS followed by one-hour incubation at RT of appropriate secondary antibodies and finally washed again three times with PBS. Images were acquired with a X63 oilimmersion objective (1.4 NA) using an inverted confocal microscope (LSM 710, Zeiss) coupled to an Airyscan detector. Images were then smoothed and a similar percentage of threshold was applied.

Mandel coefficient was calculated using coloc2 imageJ plugin and the numbers of colocalizing pixels were obtained by the multiplication between the number of pixels of one channel and the corresponding Mandel coefficient. Number of pixels was obtained by the following equation:

(area*mean fluorescence intensity)/255. Each condition was tested using at least 3 microfluidics device per culture from 2 independent cultures. In each microfluidics device, at least 3 fields were analyzed.

Exocytosis event recording

At DIV0, cortical neurons within the presynaptic compartment were transduced with lentivirus expressing vGlut-1-pHluorin. Lentivirus was washed out the next day. Before recordings, DIV 12 neurons in microchamber were carefully inspected and selected based on the absence of cell contamination.

Images were acquired every 200 ms for 1min on inverted microscope (Axio Observer, Zeiss) with X63 oil-immersion objective (1.46NA) coupled to a spinning-disk confocal system (CSU-W1-T3; Yokogawa)

with TIRF microscopy at 37 °C and 5% CO2. The same three fields per microchambers were acquired before and after a 4AP-bicucullin (2.5mM and 50µM) stimulation of the presynaptic chamber, four times in total (1 before and three after stimulation). Analysis was automatized. Results from stimulated neurons are normalized with the activity of the same neuron without stimulation.

Biochemistry

Cortical neurons were plated in free culture, transduced at DIV1 and lysed at DIV5 in NetN buffer (20 mM TrisHCl pH8, 120 mM NaCl, 1mM EDTA, 0.5% NP40) complemented with protease inhibitor cocktail (Roche).

Vesicular fraction from brains was prepared as described in (M.-V. Hinckelmann et al., 2016). Briefly, brains were homogenized in lysis buffer (10mM HEPES-KOH, 175 mM L-aspartic acid, 65 mM taurine, 85 mM betaine, 25 mM glycine, 6.5 mM MgCl2, 5mM EGTA, 0.5 mM D-glucose, 1.5 mM CaCl2, 20 mM DTT pH 7.2, protease inhibitor from Roche) on ice with a glass potter and then with a 25G needle.

Lysates were then centrifuged (12000 RPM) and the supernatant, considered as the total fraction, is then centrifuged (3000RPM for 10 minutes). The resulting supernatant is centrifuged (12 000 RCF for 40 minutes). Supernatant is then ultracentrifuged (100 000g) to obtain the vesicular fraction (the pellet) and the cytosolic fraction (the supernatant).

Brains samples and punches of motor and visual cortex areas from injected mice were obtained by dissection under the binocular and homogenized in cold buffer containing 4 mM Hepes, pH 7.4, 320 mM sucrose and inhibitor cocktail (Roche).

All types of lysed samples were dosed by a Bradford reagent to quantify the protein concentration and then analyzed by SDS-PAGE transferred to PVDF membranes. Then, membranes were incubated for 45 minutes in a 5% BSA TBST (10mM Tris pH 8, 150 mM NaCl, 0.5% Tween 20) solution and incubated with primary antibodies against KIF1A (abcam ab180153, 1:1000), p150 (BD laboratories, #612708, 1:1000, Tubulin (Sigma, #F2168, 1:1000) at 4°C, overnight. The next day, membranes were washed at least three times with TBST and incubated in secondary antibodies (1:1000) for two hours at RT.

Membranes were finally revealed with ECL (Amersham Biosciences) after three washes of TBST.

Mass spectrometry

This analysis is extracted from Migazzi et al., 2020. Briefly, vesicular fraction from brains obtained as described earlier were first pre-cleared for an hour at 4°C with protein A Sepharose beads (Sigma Aldrich-P9424) and then immunoprecipitated for 3 hours at 4°C by agarose beads preincubated with anti-HTT D7F7 antibody (Cell Signaling-5656). To remove non-specific binding, the beads were washed three times with the lysis buffer and bound proteins are finally eluted with Laemmli buffer. The HTT corresponding band on the western blot was cut and analyzed. MS was performed with a LTQ Orbitrap XL mass spectrometer (Thermo Scientific), equipped with a nanoESI source (Proxeon). The top eight peaks in the mass spectra (Orbitrap; resolution, 60,000) were selected for fragmentation (CID; normalized collision energy, 35%; activation time, 30 ms, q-value, 0.25). Proteins were identified using the MaxQuant software package version 1.2.2.5 (MPI for Biochemistry, Germany) and UniProt database version 04/2013.

Immunolabelling

For immunostaining, brains were incubated in PFA 4% overnight and washed with PBS three times the next day. Then, brains were cut into 100 µm-thick slices using vibratome. The slices were incubated with a blocking solution (0.3% triton, 10%NGD in PBS) for 2 hours at RT and then with antibody against GFP (Institut Curie, A-P-R#06) overnight at 4°C. The day after, primary antibody is removed by 3 washes of PBS before incubating the slices with the associated secondary antibody and finally with 3 washes of PBS. Finally, slices were mounted on Superfrost slides by using DAKO solution and coverslips and acquired with a x10 objective (0.45 NA) using a slide scanner (AxioScan Z1, Zeiss) and with a x10 objective (0. 

Statistical analysis

For each data set, outliers were identified and removed from the analysis using ROUT test (Q=1%).

Then, Shapiro-Wilk normality test was performed to assess the normality of the data. According if the data set followed a normal repartition or not, parametric or non-parametric tests were performed, respectively. Then, if two conditions were analyzed, t-test (Mann-Whitney if nonparametric) was used.

Then, if more than two conditions were compared, a two-way ANOVA or a one-way ANOVA (Kruskal- 

Discussion

In our study, we linked HTT-mediated SVP transport in a corticostriatal network to the number of SVs at the synapse which we show, is correlated to the procedural memory in mice. Indeed, HTT could act as a scaffold protein stabilizing complexes containing molecular motor and adaptors (figure 104) but could also act as a regulator of SVP transport through its phosphorylation at S421. This transport regulation mechanism raises some questions related to physiological consequences of axonal transport.

An abnormally high number of SVs at the axon terminal is detrimental for learning and memory

This study showed that HTTS421D mice exhibit impaired procedural memory consequently to an accumulation of SVs at the axon terminal that is caused by an increase in anterograde transport.

Learning and memory is known to depend on SV density at the synapse consequently or not to KIF1A motility (L. B. Li et al., 2016;Phan et al., 2019). In humans, accumulation of SVPs at the axon terminal du to KIF1A gain of function mutation is thought to be pathogenic (Chiba et al., 2019;Gabrych et al., 2019).

In C. elegans, whereas reduced function of UNC-104 did not affect both learning and memory, similar to the HTTS421A mice, UNC-104 overexpression causes a slight defect in learning but then improved short term memory and its maintenance (L. B. Li et al., 2016). These experiments suggest that level of KIF1A and thus, SV quantity at the synapse is crucial for learning and memory.

SV accumulation can also be observed in another ND where the cohesion complex is mutated.

Although a better understanding of the role of this complex on axonal transport remains to be established, a study in Drosophila revealed that, by mutating one of its members, stromalin, SVs accumulate at the axon terminal. This accumulation influences learning and synaptic strength and is thought to be detrimental for synaptic communication (Phan et al., 2019). In human, a mutation in the stromalin gene could lead to LDP, seizures and intellectual disabilities which are symptoms of cohesinopathies such as Cornelia de Lange syndrome (Dowsett et al., 2019;Phan et al., 2019).

Although this study focuses on the consequences within the presynaptic neuron of the SV accumulation, it is interesting to investigate the postsynaptic mechanisms also known to mediate learning and memory. For instance, the high release probability in the presynaptic neuron cause a higher frequency of NT release, which can lead to excitotoxicity mechanisms into the postsynaptic neuron. Although it is not known if excitotoxicity happens in HTTS421D mice, it is known that this glutamate-linked toxicity results in an overload of calcium (due to an excessive NT binding to NMDAr) within the postsynaptic neuron, which activates proteases and phospholipases producing free radicals known to be toxic for the cell (Dennis W. [START_REF] Choi | Glutamate neurotoxicity and diseases of the nervous system[END_REF][START_REF] Zoghbi | Neurobiology of disease[END_REF]. Thus, impairing postsynaptic neuron homeostasis could also participate to the impaired procedural memory in HTTS421D mice.

Interestingly, one solution found to decrease excitotoxicity was to reduce the glutamate release (D. W. [START_REF] Choi | Methods for antagonizing glutamate neurotoxicity[END_REF][START_REF] Zoghbi | Neurobiology of disease[END_REF].

HTT phosphorylation as a tool to regulate axonal transport and understand its mechanisms

As said earlier, HTT phosphorylation represents an approach to investigate and potentially rescue a transportopathy. In this study, we demonstrated that by HTT phosphorylation increases anterograde transport of SVPs and causes procedural memory impairments. In the previous study, we demonstrated that APP transport is modulated by HTT phosphorylation and that its modulation can rescue memory of AD mouse model. Similarly, we can envision that KIF1A human mutations, known to generate either a loss of function or a gain of function of KIF1A in mice, could be attenuated respectively in HTTS421D or HTTS421A mice.

Anterograde SVP transport impairments affects retrograde SVP transport

In this study, two modes of transport regulation can be seen. The first one through HTT phosphorylation at S421 impacts specifically the anterograde but not the retrograde transport of SVPs, as it is the case for BDNF and APP transport (Bruyère et al., 2020;Colin et al., 2008). This behavior fits with the fact that cellular regulation often leads to changes in only one direction (M. J. I. [START_REF] Müller | Tug-of-war as a cooperative mechanism for bidirectional cargo transport by molecular motors[END_REF]. Indeed, cellular changes are often subtle and only modulate affinity or the number of recruited motors. However, when KIF1A is silenced, even if KIF1A is responsible for the anterograde transport, both directions are affected. This trend has been seen in other studies for BACE-1 vesicles or DCVs where KIF1A has been knocked down, inhibited or mutated in superior cervical ganglion or Drosophila (Barkus et al., 2008;Hung & Coleman, 2016). The explanation may reside in the fact that with a lower anterograde transport, less vesicles are brought to the synapse and thus, less of them are available to be brought back towards the cell body by retrograde transport (Hung & Coleman, 2016). This behavior also fits with the steric disinhibition model in which one motor is essential to activate the other one.

Indeed, it has been found that mutation impairing the binding rate or detachment force of one motor causes reduction of motion in the two directions by decreasing run lengths or velocities (Kaether et al., 2000; M. J. I. [START_REF] Müller | Tug-of-war as a cooperative mechanism for bidirectional cargo transport by molecular motors[END_REF].

In conclusion, this study unraveled a new role for HTT in the transport of SVP s and also demonstrated a tight link between regulatory mechanisms of axonal transport (HTT phosphorylation), the stoichiometry of SVs at synapses and how this influences in vivo the probability of release, facilitation and subsequent procedural memory.

To conclude this study, we can claim that SV number at the synapse is crucial for neuronal homeostasis and subsequent behavior (figure 105). If it is increased like in HTTS421D mice or maybe in mice where KIF1A activity is increased by the A255V mutation, it could lead to learning deficits as a consequence of an increase of the probability of release. In human, accumulation of SVs might cause cohesinopathies or the Goldberg-Shprintzen syndrome leading to seizures and intellectual disabilities.

Silencing KIF1A could be a way to overcome with SV accumulation in drosophila (Phan et al., 2019), mice or humans. On the opposite, a lower number of SVs at the synapse could be found in KIF1A KO mice or KIF1AT99M mice and could be responsible for the decrease of the probability of release which is also thought to cause learning deficits. Future studies could focus on the phenotypes of mice coming from the crossing between HTTS421D mice and KIF1A T99M mice to investigate the S421 phosphorylation propensity to restore KIF1A T99M phenotypes. 

Discussion

My thesis work allowed me to answer some questions regarding the contribution of vesicular transport in axons in both physio-and pathological contexts. However, science, by nature, leads us to put those answers into perspectives, raising new questions. These issues can be new because of the use of stateof-the-art technologies like the microfluidics or because of the new findings but can also validate or lend weight to previous theories.

Experimental set up: looking for more integrative and relevant studies

The main goal of this project was to study in a more integrated way, the consequences of HTT phosphorylation at S421. Indeed, the Saudou's lab previously showed that S421 phosphorylation acts as a molecular switch for vesicular directionality (Colin et al., 2008). However, this first study was carried out by techniques available then, namely N-terminal HTT fragment plasmid transfection of neurons grown in free cultures. Thanks to the development in the laboratory of new techniques [START_REF] Moutaux | Neuronal network maturation differently affects secretory vesicles and mitochondria transport in axons[END_REF]Virlogeux et al., 2018) and the use of KI mice designed by the Humbert's lab, we were able to investigate the consequences of HTT phosphorylation in a more physiologically way.

a. Microfluidics: an essential tool to study neuronal dynamics within networks

Although the use of microfluidics for neurosciences has been developed only recently, this tool now seems mandatory to investigate cellular and molecular dynamics, as illustrated by the growing number of various studies using this state-of-the-art technique [START_REF] Bigler | Messenger RNAs localized to distal projections of human stem cell derived neurons[END_REF]; J. T. S. Fernandes et al., 2016;[START_REF] Gumy | Transcriptome analysis of embryonic and adult sensory axons reveals changes in mRNA repertoire localization[END_REF][START_REF] Katsikoudi | Quantitative propagation of assembled human Tau from Alzheimer's disease brain in microfluidic neuronal cultures[END_REF][START_REF] Schaedel | Microtubules selfrepair in response to mechanical stress[END_REF]Sgro et al., 2013;Taylor et al., 2005[START_REF] Taylor | Microfluidic Local Perfusion Chambers for the Visualization and Manipulation of Synapses[END_REF][START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF]. However, it is important to understand its limitations and keep looking for improvements to compensate them.

i. Microfluidics: a tool to reproduce in vitro the in vivo networks

The first development of microfluidics allowed to separate axons from soma [START_REF] Taylor | Microfluidic Local Perfusion Chambers for the Visualization and Manipulation of Synapses[END_REF]. Here, we developed and used for several conditions new set ups allowing us to compartmentalize and connect two populations of neurons. The properties of the design (different channel lengths and compartments) and the use of chemical (laminin gradient) allow to control how these two populations of neurons communicate. By allowing specifically the axons to grow within long channels and the dendrites into the short channels, we reproduced the in vivo network of cortical neurons projecting to either the striatum or other cortical neurons. The functionalities of the reconstituted corticostriatal network have been assessed by different approaches. For instance, postsynaptic signaling induced by the presynaptic influx like the phosphorylation of ERK, the binding of glutamate to its postsynaptic receptors (igluSnFR) or MSNs calcium transient firing demonstrated that these inhibitory neurons, largely dependent on cortical afference for their survival, are communicating in a way similar to what happens in the brain to the cortical neurons (Virlogeux et al., 2018). Importantly, a careful analysis of the development and maturation of the network allowed us to set up the experimental conditions in which such network is fully mature and functional. The strength of this set-up is also to be able to specifically assess by biochemical or immunostaining methods neuronal homeostasis (synapse function, synapse number) or protein contents (APP or Aβ peptides for example). Finally, the other important strength of such device is the possibility to assess at high spatial and temporal resolution to study, using spinning disk confocal microscope, neuronal dynamics such as vesicular transport in axons or in dendrites, exocytic events at the synapse or calcium transient dynamics.

ii. Microfluidics limitations However, as for all in vitro experiments, microfluidics device has limitations that have to be considered.

Neuronal cell diversity

Most cells within the devices are neurons. Although we have observed the presence of astrocytes, their presence is not properly controlled. As such, synapses formed in the synaptic compartment may lack the in vivo characteristic of the tripartite synapse [START_REF] Perea | Tripartite synapses: astrocytes process and control synaptic information[END_REF]. In addition, we did not observe the presence of oligodendrocytes or microglia. Oligodendrocytes are key components of neuronal networks as they form the myelin sheet around axons, known to modulate the speed of the neuronal communication. Microglia, that represents 10-15% of neuronal cells within the brain [START_REF] Lawson | Turnover of resident microglia in the normal adult mouse brain[END_REF], also play a crucial role because those immune cells are able to maintain homeostasis by secreting extracellular signaling proteins (cytokines) that are known to regulate synaptogenesis, synaptic maturation and axonal growth [START_REF] Werneburg | A microglia-cytokine axis to modulate synaptic connectivity and function[END_REF]. For example, TNF-α is known to regulate postsynaptic homeostasis and its role in AD has been highlighted. TNF-α would indeed impair APP homeostasis by increasing Aβ quantities through an increase of production (increase of BACE1 expression) and a decrease of its degradation by microglia [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF].

Thus, adding microglia into our microfluidics device could help to reproduce the complexity of some NDs like AD and get closer to the pathological processes.

The brain as a communication between multiple structures

As described in the first chapter, the brain is functioning as the result of neuronal networks formed between different brain structures. The loop regulating the movement coordination is a good example of the need of multiple brain structures to establish a movement or a behavior. The type of microfluidics we developed aimed at representing a two-structure network. However, in order to better understand the dynamics and the functionality of a network regulating behavior, and how neurons interact with each other, it would be of interest to create microfluidics containing several compartments hosting more than 2 types of neurons. For example, a way to study memory formation and long-term storage could be to use a three-chamber microfluidics device in which cortical axons would connect to hippocampal dendrites and whose axons would connect to other cortical dendrites.

iii. From microfluidics to in vivo studies: a too big step?

One of the main reasons why in vitro experiments are carried out is because of the complexity to access to in vivo dynamics. However, thanks to the development of new technologies especially advances in microscopy and optic techniques, we are now able to study in vivo some neuronal dynamics like vesicular transport. Thus, we can compare the cellular processes obtained in microfluidics with those obtained by in vivo study. Despite the microfluidics limitations we discussed earlier, we have been able to obtain similar results in vitro and in vivo in term of BDNF axonal transport (Moutaux et al., in prep), number of synapses (Bruyère et al., 2020) or release of glutamate (Vitet et al., in prep). Thus, it is tempting to conclude that microfluidics allows to reproduce the biological mechanisms observed in vivo and keeping some physiological relevance. In addition, such microfluidic can simplify the in vivo system by first studying the functioning of one circuit before the study of a more complex network. Moreover, for some applications (vesicular transport, drug testing), one can plate cell lines derived from patients into microfluidics thus reducing the number of animals used in research.

b. Use of KI mice to endogenously control the phosphorylation status of a protein:

a not so specific tool?

HTTS421D and HTTS421A mice used in this study were designed by a point mutation replacing an amino acid (serine) by another one (aspartic acid or alanine) to mimic respectively the constitutively phosphorylated or unphosphorylatable form of HTT.

It is known that HTT overexpression in cells and in mice changes cellular processes or homeostasis (Colin et al., 2008;Gauthier et al., 2004). For example, transgenic HD mice overexpressing the first exon of HTT with an expanded polyQ (R6/2) show strong and rapid phenotypes as compared to Knock-In HD mice (KI) having the same polyQ length (around 140-150) (Hdh CAG140 mice, [START_REF] Menalled | Time course of early motor and neuropathological anomalies in a knock-in mouse model of Huntington's disease with 140 CAG repeats[END_REF]). KI mice avoid overexpression artefacts on cellular processes and therefore they reproduce better the physiopathology. Here we also used KI mice carrying the point mutation on S421 allowing us to assess specifically the consequences of mutations either mimicking constitutive phosphorylation or the absence of phosphorylation on endogenous HTT.

However, although this mutation is made on endogenous HTT, the non-reversibility and ubiquitous nature of the mutation bring limitations to the approach.

Indeed, one of the characteristics of phosphorylation is its lability and high dynamicity [START_REF] Gelens | Exploring the Function of Dynamic Phosphorylation-Dephosphorylation Cycles[END_REF][START_REF] Tarrant | The Chemical Biology of Protein Phosphorylation[END_REF], which allows protein to respond in a time-manner to cellular cues.

The fact that the phosphorylation status is constitutively changed in our KI mice does not allow activation nor reversibility and thus can dysregulate cellular pathways or cell homeostasis by changing permanently the status of phosphorylation. Second, the presence of the mutation at the egg stage could interfere with embryonic development. Thus, we have to consider the possibility that the observed adulthood mechanisms could be, at least in part, due to compensatory feedback loops operating during the embryonic development.

The second point to consider is the ubiquitous nature of the mutation.

HTT is present in most tissues (Marques [START_REF] Sousa | Huntingtin: here, there, everywhere![END_REF] thus, HTT phosphorylation status is modified in all the tissues of the KI mouse model including peripheral tissues such as muscles or testis.

Within the brain, HTT phosphorylation status is changed in neurons but also in astrocytes. One strategy to avoid the absence of control in time and space while preserving the physiological level of a protein would be to activate the phosphorylation at a specific time in specific compartments using optogenetics or the cre/lox system upon tamoxifen injection [START_REF] Barnat | Huntingtin-Mediated Multipolar-Bipolar Transition of Newborn Cortical Neurons Is Critical for Their Postnatal Neuronal Morphology[END_REF]. However, this strategy is possible only for short genes with a single exon. Another approach to be specific in time and space of expression could be the use of AAV or lentivirus injection of pHTT into the area of interest as the lab already did (Pardo, 2006). However, the induced overexpression abolishes the endogenous dimension desired in this project and the transgene is limited in its size.

Although we proceeded to many behavioral tests to characterize the behavior of the HTTS421 mice (anxiety, reproduction rate, muscle strength, motor coordination, memories, …) and found no behavioral consequences except for procedural memory, we cannot exclude that additional cellular pathways are impaired and then compensated. This is why in the third study we put strong efforts to silence specifically KIF1A in the corticostriatal projecting neurons as a way to demonstrate the causative effect between axonal transport of SVPs in corticostriatal neurons and habit formation.

Therefore, one difficulty when linking a cellular mechanism to a specific behavior is to demonstrate its specificity not only regarding the neuronal circuit (the corticostriatal circuit in our case) but also at the molecular level. In support, HTT is not only involved in axonal transport but its phosphorylation could impact other functions controlled by HTT such as autophagy, ciliogenesis or neurogenesis. For example, besides its role on vesicular transport, HTT phosphorylation at S421 has been shown to be implicated in the regulation of HTT cleavage [START_REF] Warby | Phosphorylation of huntingtin reduces the accumulation of its nuclear fragments[END_REF]. Indeed, S421 phosphorylation would reduce HTT N-ter fragment accumulation in the nucleus by reducing HTT cleavage by caspase-6.

Another cellular function modified by HTT S421 phosphorylation could involve endo/exocytosis or scaffolding of glycolytic enzymes (figure 106).

For instance, it would be interesting to assess if S421 phosphorylation also regulates the traffic based on actin filaments. If it does, it could impact SV pool dynamics at the presynapse and maybe regulate the resulting number of docked vesicles, crucial for facilitation.

Another example, since molecular motors consume ATP to "walk" on the MTs, would be to assess if the number of active motors on a vesicle increases because of S421 phosphorylation. Indeed, the supply of ATP might need to be increased for the motor recruitment to be useful. Thus, we could imagine that S421 phosphorylation also regulates the recruitment of glycolytic enzymes on the vesicle.

In order to discriminate between the different HTT roles during a cellular process, one solution could be to modulate the expression of one of HTT's partners in HTTS421D or HTTS421A neurons and see if it rescues the phenotype. For instance, in the third study, we demonstrated that the regulation of the probability of release is due to the HTT-mediated transport of SVP by silencing KIF1A, which interacts with HTT to regulate transport. However, this strategy does not imply that this is the only mechanism regulating the probability of release. In fact, endocytosis regulation by HTT could also be involved by regulating the size of the reserve pool or the number of docked vesicles. For example, an experiment modulating the expression or the function of dynamin-1 in HTTS421D neurons, combined with a measure of glutamate release using the vglut-1-pHluorin probe, could give information about possible additional mechanisms.

Even if we consider that HTT phosphorylation acts mainly on axonal transport directionality, deciphering its consequences could be difficult. It is the case for vesicular transport since S421 phosphorylation acts as a molecular switch for the directionalities of at least TrkB vesicles, APP vesicles, BDNF vesicles and SVPs (Bruyère et al., 2020;Colin et al., 2008;Scaramuzzino et al., in prep).

The fact that HTT regulates the transport of several different vesicles (in terms of dynamics and functions) clearly adds complexity to the studies. How can we be sure that the cellular process we are observing is the result of the transport regulation of one type of vesicle? Theoretically, a vesicle possesses a specific function; SVPs regulate the NT release whereas BDNF regulates the survival. Thus, if we study NT release in HTTS421D neurons, its modification is probably mostly due to SVP transport regulation compared with BDNF transport regulation. However, in practice it is different, as the roles of cargoes can overlap with each other and induce similar phenotypes (e.g.: intensity of postsynaptic signaling, memory impairment or neuronal death). In addition, some transported factors could also impact the dynamics of other vesicles. Although this inter-vesicular regulation seems to have a lighter impact that direct vesicular transport regulation, it is still important not to neglect it. So, what are the tools or the methods used to counteract this issue?

We can use the overexpression or the silencing of a cargo in a physiological situation to understand the consequences on a given cellular process of the dysregulation of a its homeostasis. This is the strategy we used to prove in the first study that APP homeostasis regulates the number of synapses.

While in WT neurons, overexpressing APP decreases the number of synapses, it rescues the increased number of synapses observed in HTTS421A neurons, demonstrating that APP regulates the number of synapses in vitro. This is why we postulate that the change of synapse number in vivo could be due to APP homeostasis changes. However, we still cannot exclude that this mechanism does not imply a regulation of another vesicle dynamics, that could also be responsible for the synapse number regulation.

In the third study, the identification of KIF1A as a kinesin preferentially transporting SVPs allowed us to demonstrate that SVPs and not BDNF trafficking is responsible for the observed phenotype.

However, it does not exclude the possibility that other cargoes are transported via KIF1A. Another strategy could have involved the regulation of DENN/MADD expression or function since it is also a regulator of SVP transport (Niwa et al., 2008). However, this signaling pathway regulates other cellular pathways such as TNF-α-induced apoptosis, Rab protein regulation or neurotransmission (K. [START_REF] Del Villar | Down-regulation of DENN/MADD, a TNF receptor binding protein, correlates with neuronal cell death in Alzheimer's disease brain and hippocampal neurons[END_REF][START_REF] Marat | DENN domain proteins: Regulators of Rab GTPases[END_REF][START_REF] Miyoshi | Dual role of DENN/MADD (Rab3GEP) in neurotransmission and neuroprotection[END_REF]) (figure 107).

In the second study, although the rescue of BDNF homeostasis is probably the main factor responsible for the amelioration of RTT mouse phenotypes because of its importance for striatal survival and down regulation in RTT, the restoration of other cargoes like APP or SVPs cannot be excluded [START_REF] Roux | Unexpected link between Huntington disease and Rett syndrome[END_REF]. Indeed, in addition to BDNF, Roux and colleagues [START_REF] Roux | Unexpected link between Huntington disease and Rett syndrome[END_REF], found a decrease in HTT, HAP1 and dynactin suggesting that alteration of other cargo transport could be involved in RTT and that their restoration could also participate to the amelioration of the phenotype. For example, APP transport is also impaired, probably due to the down regulation of HTT [START_REF] Roux | Unexpected link between Huntington disease and Rett syndrome[END_REF]. In addition, SVP transport could probably be also impaired because at least 18 different de novo missense variants of KIF1A motor domain gene have been described in RTT/RTT-like patients [START_REF] Kaur | Expansion of the phenotypic spectrum of de novo missense variants in kinesin family member 1A (KIF1A)[END_REF]. Thus, it is possible that the rescue of MECP2 KO mice through the increase of S421 phosphorylation by FK506 could also involve a restoration of the anterograde transport of APP vesicles and SVPs.

The possible involvement of several cargo transport in the rescue of phenotypes by S421 phosphorylation could also be involved in HD. Indeed, in Kratter et al., 2016, HTTS421D mice have been crossed with HD mouse model and a rescue of the HD phenotypes is observed. Although BDNF is the first cargo thought to be responsible for the rescue of the striatum-associated phenotypes, other cargoes like APP and SPs could also participate in the rescues of HD phenotypes. It is important to remember that HD patients do not only exhibit striatal-associated symptoms but also depression and cognitive impairments. Knowing the behavioral impact of the transport regulation of APP vesicle or SVPs, it is likely that these HD aspects are due to the disruption of the transport of those cargoes. As preliminary results, we indeed found that APP transport is impaired in HdhCAG140 +/-corticostriatal network, which could be the cause of post signaling impairments like ERK phosphorylation, hypersynchrony of calcium transient or glutamate binding to its receptor (figure 108). However, the reduction of glutamate binding of to its receptor in HdhCAG140 +/-neurons could also be due to the regulation of SVP transport, possibly impaired in HD. Indeed, in HD brains, SP representation within the PM is decreased [START_REF] Morton | Abnormalities in the synaptic vesicle fusion machinery in Huntington's disease[END_REF]R. Smith et al., 2005) as well as the glutamate transmission Taken together, our studies allowed to decipher the involvement of specific cargoes in specific circuits.

However, a better understanding of the contribution of specific adaptors in the selective transport of cargoes will be necessary to decipher the contribution of individual cargos to synapse homeostasis and function. 

Interaction between cargoes

As mentioned earlier, a phenotype is often due to the regulation of several players as components of a same homeostatic regulation mechanism. As an example, APP and its cleavage products, as well as BDNF, whose levels at the synapse are is driven by their axonal transport, have been shown to regulate SV release which, consequently, might not be due only to SVP transport regulation.

APP as a regulator of NT release

APP has been recently described as a player able to regulate NT release at the active zone [START_REF] Morton | Abnormalities in the synaptic vesicle fusion machinery in Huntington's disease[END_REF]R. Smith et al., 2005). For now, at least two mechanisms have been proposed to explain APP role on NT release.

The first one relies on APP ability to form homodimer. Activation of APP dimers are thought to be responsible for an increase of presynaptic calcium influx and SV release through a Gi/o protein signaling (Fogel et al., 2014).

The second mechanism involves APP and one of its homologs, APLP2 that can also interact with SPs like synaptophysin (syp), synaptotagmin (syt) or synaptobrevin (vamp2) to facilitate NT release [START_REF] Fanutza | APP and APLP2 interact with the synaptic release machinery and facilitate transmitter release at hippocampal synapses[END_REF][START_REF] Laßek | Amyloid precursor proteins are constituents of the presynaptic active zone[END_REF]. Consequently, KO mice of these proteins exhibit a reduced SV density and active zone size (G. [START_REF] Yang | Reduced synaptic vesicle density and active zone size in mice lacking amyloid precursor protein (APP) and APP-like protein 2[END_REF].

Thus, by increasing APP anterograde transport in HTTS421D mice, it is possible that APP levels at the synapse are increased, which could promote APP homodimerization and consequent NT release. On the contrary, in HTTS421A mice, we observe a decrease in the levels of APP at the PM which could decrease its dimerization and thus the probability of release. This might be one mechanism to explain the rescue of AD mice in which the probability of release in increased.

Regulation of SVP transport might thus not be the only responsible for the change of probability of release.

Aβ as a regulator of the SV cycle

Aβ peptides have been described as a regulator of neurotransmission through their binding to NMDA receptors (Q. S. [START_REF] Chen | Alzheimer amyloid β-peptide inhibits the late phase of long-term potentiation through calcineurin-dependent mechanisms in the hippocampal dentate gyrus[END_REF] but they also act as NT release regulators within the presynaptic neuron. Indeed, Aβ peptides are able to activate APP homodimerization at the PM thus increasing the probability of release. In this configuration, APP dimerization can be considered as a presynaptic receptor for Aβ signaling regulating glutamate release (Fogel et al., 2014). In AD, excessive Aβ peptides production might then initiate a positive feedback loop through APP dimer activation leading to hyperactivity (Fogel, et al., 2014).

In addition, Aβ peptides have also been described as a complex regulator of SV cycle; Aβ peptides are able to exert a control according to their oligomerization, over exocytosis, endocytosis and the dynamics between SV pools. Indeed, Aβ peptides can increase NT release by stimulating the formation of the fusion pore through binding to synaptophysin or decrease NT release by inhibiting exocytosis through binding to syntaxin. Aβ peptides can also impair endocytosis by decreasing dynamin-1 levels or by preventing endocytosis synaptophysin-dependent triggering through its binding to vamp2.

Finally, Aβ peptides can increase synapsin 1 phosphorylation thus enhancing the number or SVs from the reserve pool migrating to the RRP and the consequent probability of release [START_REF] Fagiani | Amyloid-β and Synaptic Vesicle Dynamics: A Cacophonic Orchestra[END_REF] (figure 109). Interestingly, increasing vamp2 production through epigenetic modulation restores Aβ-induced synaptic transmission failure (S. [START_REF] Hu | MicroRNA-34c Downregulation Ameliorates Amyloid-β-Induced Synaptic Failure and Memory Deficits by Targeting VAMP2[END_REF]. Thus, increasing SVP transport and the consequent levels of SPs at the PM can be protective when Aβ is overexpressed but toxic in physiological condition (HTTS421D mice).

Regarding Aβ peptide role on NT release, we could also point out the consequences of KIF1A silencing, known to be responsible for BACE-1 transport at the synapse (Hung & Coleman, 2016). Indeed, we can speculate that reducing KIF1A-mediated transport of BACE1 to the synapse of WT neurons could also reduce Aβ peptide production, which can reduce the NT release. This reduction in NT release is seen in the WT mice injected with shKIF1A (data not shown).

Aβ as a regulator of BDNF homeostasis

In addition to regulating NT release, 100 nM of Aβ peptides, through the activation of the IGF1R pathway, are also able to activate CREB (cyclic AMP response element-binding), a transcription factor known to sustain BDNF expression [START_REF] Zimbone | Amyloid Beta monomers regulate cyclic adenosine monophosphate response element binding protein functions by activating type-1 insulin-like growth factor receptors in neuronal cells[END_REF]. Thus, regulating APP transport in MECP2 KO neurons in the second study may have restored the Aβ peptide homeostasis thus promoting BDNF production, amplifying the consequences of its increased released at the synapse.

BDNF and the regulation of NT release

BDNF is another regulator of NT release. BDNF, upon binding to its receptor, TrkB into the pre-or the postsynaptic neuron, is able to regulate neuronal activity, NT release and retrograde signaling (Y. [START_REF] Li | Pre-synaptic TrkB in basolateral amygdala neurons mediates BDNF signaling transmission in memory extinction[END_REF]. Long term BDNF treatment of neurons in a physiological condition induces an increase in EPSCs and in the number of endocytosed SVs, suggesting that BDNF is able to modulate the size of SV pools [START_REF] Rauti | BDNF impact on synaptic dynamics: Extra or intracellular long-term release differently regulates cultured hippocampal synapses[END_REF][START_REF] Tyler | We therefore silenced KIF1A in cortical axons and measured BDNF-mCherry axonal transport in the distal part of axons (Fig 5H). While chronic HTT phosphorylation increased anterograde transport as previously reported[END_REF]. Mechanisms describing BDNF ability to regulate NT release have been reported. One of them relies on the ability of BDNF to activate a MAP kinase responsible for the phosphorylation of synapsin-1 leading to the mobilization of SVs from the recycling pool and a subsequent increased NT release [START_REF] Jovanovic | Synapsins as mediators of BDNF-enhanced neurotransmitter release[END_REF]. Another study proposed that this results in an increased in the number of docked SV number impacting the size of the AZ in CA1 neurons (W. J. [START_REF] Tyler | BDNF enhances quantal neurotransmitter release and increases the number of docked vesicles at the active zones of hippocampal excitatory synapses[END_REF]. Thus, reestablishing BDNF transport in MECP2 KO neurons or in HD mouse neurons [START_REF] Borrell-Pagès | Cystamine and cysteamine increase brain levels of BDNF in Huntington disease via HSJ1b and transglutaminase[END_REF]Yann Ehinger et al., 2020;Zala et al., 2008) might also change the NT release thus amplifying the pro-survival consequences of the BDNF release at the synapse.

Although we have to consider the fact that cargoes can interact and regulate each other, this thesis work allowed to better define the physiological role of the S421 phosphorylation in axonal transport at the molecular, cellular and behavioral levels.

2. S421 phosphorylation of HTT as a physiological regulator of vesicle transport.

We previously described the cellular and behavioral consequences of HTT phosphorylation at S421 in contexts where it was constitutively active or inactive. However, it is important to realize that in physiological conditions, S421 oscillates between those two phosphorylation states. The following part focuses on understanding the physiological conditions and mechanisms in which HTT regulates vesicular transport.

a. Why is transport regulation physiologically important?

Even though it is still difficult nowadays to access the phosphorylation rate of a protein, especially in human brains because of its dynamic properties, we can hypothesize that HTT phosphorylation in "healthy" human brains is tightly regulated. Indeed, upon several stimuli, during learning phases for instance, HTT might be more phosphorylated therefore stimulating transport of SVPs, thus allowing SVPs to rapidly overcome the emptying of SV pools and for APP to produce the STP-induced morphological and functional changes on synapse homeostasis. Then, the plastic property of neurons implies that they are able to change their morphology and function in the two ways. Right after the train of stimulations or when a neuronal network is not used anymore, the cell might favor retrograde transport to either (and respectively) sense the context at the synapse or to retrieve and recycle vesicles or proteins which became useless.

Thus, the fast regulation of neuronal transport is crucial for neuronal homeostasis. But what could be the triggering mechanism?

b. Could S421 phosphorylation be a molecular signature of neuronal activity changes?

At the beginning of this century, the idea of the regulation of the vesicular transport as a consequence of neuronal activity came out [START_REF] Carroll | Role of AMPA receptor endocytosis in synaptic plasticity[END_REF][START_REF] Kamenetz | APP processing and synaptic function[END_REF][START_REF] Malinow | LTP mechanisms: From silence to four-lane traffic[END_REF]. In support, unpublished work from the lab suggest a mechanism involving the calciumdependent recruitment of vesicles upon neuronal activity (Moutaux et al., in prep). Interestingly, changes in neuronal activity has been observed in many NDs like AD [START_REF] Frere | Review Alzheimer ' s Disease : From Firing Instability to Homeostasis Network Collapse[END_REF][START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF] or HD [START_REF] Blumenstock | Cortical and Striatal Circuits in Huntington's Disease[END_REF][START_REF] Dougherty | Hyperactivity and cortical disinhibition in mice with restricted expression of mutant huntingtin to parvalbumin-positive cells[END_REF][START_REF] Rebec | Hyperactive striatal neurons in symptomatic Huntington R6/2 mice: Variations with behavioral state and repeated ascorbate treatment[END_REF]Virlogeux et al., 2018) which exhibit impaired transport of BDNF, TrkB and APP vesicles (Gauthier et al., 2004;[START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF]Zala et al., 2008). In HD mouse models, pS421 has been found in lower levels in the cortex and the striatum [START_REF] Metzler | Phosphorylation of huntingtin at Ser421 in YAC128 neurons is associated with protection of YAC128 neurons from NMDA-mediated excitotoxicity and is modulated by PP1 and PP2A[END_REF]Warby et al., 2005). Thus, we can speculate that HTT S421 phosphorylation could be a downstream process or a regulatory mechanism resulting from neuronal activity changes. In HD, Akt-mediated S421 phosphorylation is decreased due to the abnormal activation of extrasynaptic NMDAr [START_REF] Jablonski | NMDA receptor excitotoxicity: Impact on phosphatase activity and phosphorylation of huntingtin[END_REF][START_REF] Leavitt | Wild-type huntingtin protects neurons from excitotoxicity[END_REF][START_REF] Metzler | Phosphorylation of huntingtin at Ser421 in YAC128 neurons is associated with protection of YAC128 neurons from NMDA-mediated excitotoxicity and is modulated by PP1 and PP2A[END_REF][START_REF] Zeron | Increased Sensitivity to N-Methyl-D-Aspartate in a Mouse Model of Huntington ' s Disease[END_REF]. In addition, Akt is cleaved and inactivated in HD postmortem brains [START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]. The fact that NMDAr activation induces S421 phosphorylation adds a causative link between NMDA-Evoked current and S421 phosphorylation of HTT. Thus, S421 phosphorylation could appear as a regulatory mechanism counteracting the excessive NMDAr activation observed in HD to go back to homeostatic values. This strategy would follow many studies in which S421 phosphorylation has been found to counteract many toxic functions provoked by HTT mutation thus conferring a prosurvival role of S421 phosphorylation [START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]. For instance, S421D mutation restores vesicular transport, HTT increased cleavage, mitochondrial function and neuronal survival in HD cells (Gauthier, et al., 2004;[START_REF] Humbert | The IGF-1/Akt pathway is neuroprotective in Huntington's disease and involves huntingtin phosphorylation by Akt[END_REF]Kratter et al., 2016;[START_REF] Metzler | Phosphorylation of huntingtin at Ser421 in YAC128 neurons is associated with protection of YAC128 neurons from NMDA-mediated excitotoxicity and is modulated by PP1 and PP2A[END_REF]Pardo, 2006;[START_REF] Rangone | The serum-and glucocorticoid-induced kinase SGK inhibits mutant huntingtin-induced toxicity by phosphorylating serine 421 of huntingtin[END_REF][START_REF] Warby | Phosphorylation of huntingtin reduces the accumulation of its nuclear fragments[END_REF][START_REF] Xu | pS421 huntingtin modulates mitochondrial phenotypes and confers neuroprotection in an HD hiPSC model[END_REF]Zala et al., 2008).

Thus, we saw how crucial the transport regulation is for the good functioning of a network, probably via a translation of neuronal activity. But is HTT the only regulator of neuronal transport directionality? c. Is HTT role of molecular switch for vesicular transport redundant?

We have demonstrated that HTT phosphorylation acts as a molecular switch for transport directionality of several cargoes (Bruyère et al., 2020;Colin et al., 2008;Ehinger et al., 2020;Vitet et al., in prep). It is interesting to note that JIP1 shares similar features with HTT in this function (Mengmeng [START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF]. JIP1 regulates vesicular directionality upon phosphorylation (also a phosphorylation at S421). However, the differences may reside in the signaling pathways that regulate these phosphorylations: Akt through IGF-1 pathway in the case of HTT and JNK in the case of JIP1 associated with cell survival regulation. Interestingly, according to the stimuli, the strength and the duration of JNK activation, the cellular outcomes can vary from induction of apoptosis to increased survival (E. F. [START_REF] Wagner | Signal integration by JNK and development[END_REF]. Thus, cells would be able to regulate the directionality of vesicles in response to different upstream signaling pathways. However, this dichotomy regarding these signaling pathways seems paradoxical since both HTT and JIP1 regulators were found to modulate the transport of the same vesicles, APP and autophagosomes, in a similar manner [START_REF] Tyler | We therefore silenced KIF1A in cortical axons and measured BDNF-mCherry axonal transport in the distal part of axons (Fig 5H). While chronic HTT phosphorylation increased anterograde transport as previously reported[END_REF][START_REF] Fu | JIP1 regulates the directionality of APP axonal transport by coordinating kinesin and dynein motors[END_REF]Meng meng Fu et al., 2014;Wong & Holzbaur, 2014). More studies are needed to decipher the specific properties of those two transport regulators. Do they localize on the same vesicles or are they specific to subtypes of vesicles?

d. HTT: a transport regulator of all the types of vesicles encountered in neurons?

We unraveled a role for HTT as a regulator of the transport of several types of vesicles namely, APP vesicles, BDNF vesicles and SVPs. Other studies demonstrated that HTT is also involved in transport of autophagosomes (Meng meng Fu et al., 2014;Wong & Holzbaur, 2014), signaling endosomes (Scaramuzzino et al., in prep) or late endosomes (Colin et al., 2008;J. A. White et al., 2015). Does HTT regulate the transport of most, if not all, vesicles within a neurite? This may depend on the vesicle subtypes. For example, HTT silencing has been found to affect one subpopulation of vesicles and not others according to the type of Rab protein that is present on these vesicles (J. A. White et al., 2015).

For instance, some recycling endosomes (Rab 11 and 19 positive endosomes) are affected by HTT silencing but no others (Rab 14, 21, 26 and 32) [START_REF] Power | In-vivo evidence for the disruption of Rab11 vesicle transport by loss of huntingtin[END_REF]J. A. White et al., 2015). 

b. Transport rescue through homeostasis regulation

Such therapies might be more difficult to develop when neuronal dysregulations originate from homeostatic perturbances. This is why it is important to study these homeostatic perturbances by first deciphering the homeostatic mechanisms occurring in physiological conditions. Understanding the role of a protein of interest on homeostasis allows us to better characterize the feedback loop and the role of the protein of interest within the feedback loop. In other word, it is important to know if HTT is the effector, the sensor or the integrator acting on the studied variable [START_REF] Macleod | Synaptic Homeostasis on the Fast Track[END_REF][START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]. By a better understanding of the actors involved in the loop, we could avoid acting on the effector, thus perturbing the negative feedbacks already set up by the homeostatic loop to counteract the perturbation [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]. A more trivial example would be to try to decrease the high body temperature caused by the flu even though increasing the body temperature is a feedback mechanism to sustain the immune response. In AD, absence of a clear idea of the homeostatic regulation, mainly caused by the complexity of the mechanisms involved, can explain why so many strategies failed to characterize and rescue the NDs [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]. To go back to HTT regulation transport as a therapeutic strategy, if the transport is not considered as an effector in the studied homeostatic loop, as for our study as a sensor, this could be a good strategy (figure 110).

In vivo studies that do not consider the vesicular transport as an essential player of the homeostatic loop, failed to fully restore some mouse phenotypes [START_REF] Styr | Imbalance between firing homeostasis and synaptic plasticity drives earlyphase Alzheimer's disease[END_REF]). This is for example the case of studies based on overexpression of a cargo in context where the transport of this cargo is impaired (Q. [START_REF] Chang | The disease progression of Mecp2 mutant mice is affected by the level of BDNF expression[END_REF][START_REF] Hathorn | Nicotinamide improves motor deficits and upregulates PGC-1α and BDNF gene expression in a mouse model of Huntington's disease[END_REF][START_REF] Simmons | Upregulating BDNF with an ampakine rescues synaptic plasticity and memory in Huntington ' s disease knockin mice[END_REF][START_REF] Xie | BDNF overexpression in the forebrain rescues Huntington's disease phenotypes in YAC128 mice[END_REF]. In the latest studies, rescue of HD mouse behavioral phenotypes was not complete. On the opposite, when the transport is either restored or replaced by local and physiological supply of the cargo, the rescue is more complete (Bruyère et al., 2020;[START_REF] De Pins | Conditional BDNF delivery from astrocytes rescues memory deficits, spine density, and synaptic properties in the 5xFAD mouse model of alzheimer disease[END_REF][START_REF] Dey | Genetically engineered mesenchymal stem cells reduce behavioral deficits in the YAC 128 mouse model of Huntington's disease[END_REF]Yann Ehinger et al., 2020). Indeed, using FK506 treatment for RTT mice, BDNF local delivery by astrocytes or crossings with HTTS421A mice for AD mice or BNDF delivery by mesenchymal stem cells implanted within the striatum of HD mice rescued motor phenotypes in RTT mice, memory in AD mice and motor coordination in HD mice. 

Conclusion

Throughout this manuscript, I aimed at emphasizing the role of HTT-mediated axonal transport as a regulator of neuronal homeostasis by its ability to target a cargo to its specific subcellular compartment where it is essential for network function and behavior. As illustrated in figure 111, the modulation of one actor of the transport machinery is enough to impact neuronal transport. The extreme sensibility of this finely tuned biosystem is depicted by the development of many NDs linked to a mutation or a homeostatic dysregulation of MAPs, molecular motor, regulator or scaffolding proteins. Consequently, theoretical and integrated studies is of importance to better characterize the homeostatic regulation of the vesicular transport to identify potential therapeutic candidates for these diseases. 

Challenges in therapeutic strategies for pharmaceutical industry a. HD clinical trials & ASO strategy

My thesis work added new information regarding the physiological roles of HTT which could be useful for the design of drugs used in HD clinical trials. Unlike some studies (J. P. [START_REF] Liu | Is huntingtin dispensable in the adult brain?[END_REF], this work emphasizes the need for HTT and its phosphorylation to maintain neuronal homeostasis. Our findings that levels of cargoes reaching the synapse are finely regulated, dysregulating WT HTT levels with ASO might have deleterious consequences. On the other hand, the specific reduction of mHTT expression would be more appropriate in removing the toxic functions as well as the potential dominant negative effect of mHTT on WT HTT.

b. FK506: the answer to all the NDs with a deficit of transport?

Throughout this manuscript, we suggested that S421 phosphorylation, that can be increased by FK506, is protective and restores Rett syndrome in mice. Moreover, other studies performed in the lab demonstrated that FK506 treatment rescues cell death and BDNF transport impairments caused by the polyQ mutation of HTT (Pardo, 2006;Pineda et al., 2009). Therefore, we could wonder if FK506 treatment could be used as a therapeutic compound to rescue the deficit in transport observed in several NDs. Interestingly, FK506 is already employed in medicine nowadays as a FDA-approved immunosuppressant preventing allograft rejection (Y. [START_REF] Lee | crossm In Vitro and In Vivo Assessment of FK506 Analogs as Novel[END_REF][START_REF] Sigal | CYCLOSPORIN A, FK-506,and rapamycin:Pharmacologic Probes ofLymphocyte Signal Transduction[END_REF], making its use as a treatment for NDs likely to be authorized. Whether FK506 could be of therapeutic interest for other transportopathies like HD, Rett syndrome, HSP or cohesinopathies in humans remain of interest.

In case of RTT or HD, where the mutation impairs at least one regulator of the transport that is not specific to one type of cargo, FK506 could be beneficial because it could be able to rescue the transport of many (if not all) the cargoes. In the case of HD, the recovery of BDNF, APP and SVP transport might lead to a stronger therapeutic effect since these cargoes contribute to synaptic homeostasis and circuit function. However, rescuing axonal transport in humans by FK506 treatment might not be sufficient alone [START_REF] De Vos | Neurobiology of axonal transport defects in motor neuron diseases: Opportunities for translational research[END_REF] and could have negative side effects.

Indeed, FK506 could affect numerous off-targets because phosphorylation and dephosphorylation regulate many signaling pathways modulating many cellular processes [START_REF] Gibbs | Regulation of Axonal Transport by Protein Kinases[END_REF]. For instance, decreasing calcineurin activity could impair endocytosis in neurons and other several homeostatic regulation mechanisms in non-neural cells like T cells or kidney cells [START_REF] Bremer | Chapter 11. Monitoring calcineurin inhibitors response based on NFAT-regulated gene expression[END_REF].

For NDs based on mutation of one of the members of the transport machinery regulating the transport of a specific cargo like KIF1A in SPG-30 or the Goldberg-Shprintzen syndrome, FK506 may not be appropriate. Although FK506 could have a beneficial effect for the KIF1A mediated transport by restoring it, other cargoes (like APP) whose transport is not impaired might then be dysregulated and lead to APP accumulation at synapses and consequently disrupt synapse homeostasis.

Together, my thesis work led to a better understanding on the cargoes that are transported by HTT, how their transport is regulated by HTT phosphorylation with consequences for Rett syndrome, AD and HD.

  Dans la maladie d'Alzheimer, l'homéostasie d'APP est dérégulée. Nous avons donc étudié son transport et son accumulation synaptique dans un circuit corticocortical. Nous avons trouvé que la phosphorylation de la sérine S421 par Akt régule la directionnalité des vésicules d'APP uniquement dans les axones : HTTS421A diminue le flux antérograde axonal d'APP ainsi que ses niveaux à la synapse in vitro et in vivo. Réduire le flux antérograde d'APP dans un modèle murin d'Alzheimer restaure l'homéostasie synaptique in vivo et les déficits de mémoire associés (publication 1 ; Bruyère*, Abada*,
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 1 Figure 1: Human brain is more complex and developed than mouse brain. Comparison of the organization and the structure between a human brain (left) and a mouse brain (right) from[START_REF] Snyder | Nervous System[END_REF].

Figure 2 :Figure 3 :

 23 Figure2: brain is the sum of structures. MRI reconstitution of a mouse brain. Blue: cortex, pink: hippocampus, green: striatum(Bruyère et al., 2020) 

Figure 4 :

 4 Figure 4: cortex is organized in layers of neurons. Cortical organization into layers in S1 barrel cortex. From Harris & Shepherd, 2015

AFigure 5

 5 Figure 5: layer V. Layer V localization within a brain slice (A), within the cortex (B) and cortical pyramidal neurons (C). (B) and (C) from Genc et al., 2019.

  forming synapses with MSN spines only. MSN activity can be modulated by dopamine projections from the substantia nigra pars compacta or by the action of GABAergic interneurons (Parvalbumin, Neuropeptide Y, somatostatin) or cholinergic interneurons (CHI). Despite the interneuron low representation (<5% of each interneurons types), they play an essential role

Figure 7 :

 7 Figure 7: 3D reconstitution of the striatum (left) opposed to a coronal slice in which the striatum is colored in green (right).

Figure 6 :Figure 8 :

 68 Figure6: 3D representation of basal ganglia organization in a mouse brain. Green: striatum, yellow: globus pallidus external, red: globus pallidus internal, pink: subthalamic nucleus, blue: substancia negra pars compacta and purple: substancia negra pars reticula. From[START_REF] Kim | Enhanced bidirectional connectivity of the subthalamo-pallidal pathway in 6-OHDA-mouse model of Parkinson's disease revealed by probabilistic tractography of diffusion-weighted MRI at 9.4T[END_REF] 

Figure 9 :

 9 Figure 9: cortex and hippocampus form a network. Hippocampus organization and connections with the entorhinal cortex (E.C).

  chorea. Rett syndrome provoking motor infirmity is another example illustrating the central role of the corticostriatal network. Within the corticostriatal network, two cellular pathways are regulating the control of voluntary movements: the permissive and monosynaptic direct pathway and the inhibitory and polysynaptic indirect pathway (figure 10). Both pathways implicate MSNs (Brimblecombe & Cragg, 2015; Crittenden & Graybiel, 2011; Perrin & Venance, 2019) receiving excitatory afferences from neurons of cortical layer V within the motor or associative areas (respectively projecting to the dorsolateral or dorsomedial striatum). The direct pathway is then described as MSNs projecting to and inhibiting the GPi/SNr, nuclei known to inhibit the thalamus. Finally, the stimulated thalamus projects back to the cortex, completing the loop essential for smoothly executed movement. On the other hand, the indirect pathway results in an inhibition of the thalamus through a GPe-mediated inhibition of the SNr or the STN (in the latter case, we term this network the hyperdirect pathway).

Figure 10 :

 10 Figure 10: movements are controlled by two loops involving cortex and basal ganglia. Direct and indirect pathways of the corticostriatal loop. Green: striatum, yellow: globus pallidus external, red: globus pallidus internal, pink: subthalamic nucleus, blue: substancia negra pars compacta and purple: substancia negra pars reticula. Adapted from Kim et al., 2020

Figure 11 :

 11 Figure 11: Different forms of memory involve specific networks and are evaluated by different behavioral protocols.

Figure 12 :

 12 Figure 12: cortical projections target different striatal zones. associative cortex projects towards the DMS (left) whereas sensorimotor cortex projects towards DLS, from Corbit et al., 2017.

  Cellular homeostasis can be defined as a dynamic equilibrium of a cellular steady state (variable, set point) established by the response of the cell (feedback) from the reception of intra and extra-cellular events (information from a sensor)(Styr & Slutsky, 

Figure 13 :

 13 Figure13: cellular homeostasis can be defined as a closed feedback loop regulating cellular functions. From[START_REF] Macleod | Synaptic Homeostasis on the Fast Track[END_REF] 

Figure 14 :

 14 Figure 14: IGF-1 pathway regulates cell survival through Akt activation. From Bondy et al., 2006
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 16 Figure 16: pyramidal cells display a specific organization. Santiago Ramón y Cajal, Golgi stained pyramidal cells of the cerebral cortex (detail) ink and pencil on paper. From Cajal Institute, Spanish National Research Council

Figure 17 :

 17 Figure 17: morphologic properties differentiate cortical pyramidal cells from MSN. 3D reconstitution of a pyramidal neuron (A) and a MSN (B), adapted from Klapstein et al., 2001.

Figure 18 :

 18 Figure 18: neuronal networks are formed with a presynaptic neuron and a postsynaptic neuron communicating through a synapse. Schematic representation of neuronal organization adapted from Leterrier, 2018.

Figure 19 :

 19 Figure 19: a synapse is formed by a presynaptic compartment releasing NT into the synaptic cleft received by the postsynaptic compartment. Picture of a corticostriatal synapse from an electron microscope. Blue: presynaptic compartment, scale = 200nm

Figure

  Figure 20: MTs are a polarized structure. Schematic representation of MT organization

  give the right structure to neurites. The roles of MTs as tracks for neuronal transport are detailed in the next chapter. b. Actin filaments Another component of the cytoskeleton are actin filaments, which are 7-9 nm thick polymers made up of actin monomers organized in two strands. The actin filaments are also polarized and dynamic. Their formation depends on the assembly of the actin monomers at the barbed end and disassembly at the pointed end of the filament (figure 22). Actin filaments are known to be involved in

Figure 21 :

 21 Figure 21: MT dynamic is stable. Schematic representation of incorporation or release of GTP-β-tubulin responsible for MT dynamic stability, from Harvey et al., 2008.

Figure 22 :

 22 Figure 22: actin filament structure. Adapted from Wioland et al., 2017.

Figure 23 :

 23 Figure 23: actin forms rings within the axon. Actin rings in the axon shaft observed with STORM (left from Xu et al., 2013) or with cryo electron microscopy (right, from Vassilopoulos et al., 2019)

Figure

  Figure24: synaptic homeostasis as a two compartments system. schematic representation of synaptic homeostasis, from[START_REF] Macleod | Synaptic Homeostasis on the Fast Track[END_REF] 

Figure 25 :

 25 Figure 25: a vesicle journey from its biosynthesis in the Golgi apparatus to its exocytosis at the plasma membrane. From Bentley and Banker, 2016.

Figure 27 :

 27 Figure 27: De novo production of vesicles is made in TGN. Picture of a Golgi apparatus and its biosynthesis of vesicle obtained from an electron microscope.

Figure

  Figure 26: PTMs modify the chemical composition of amino acids. chemical representation of a phosphorylated serine

Figure 28 :

 28 Figure 28: ER network is present in neurites. 3D representation of the ER network in axon (A) and (B) and in dendrite (C) and (D). yellow: ER, blue: PM, light blue: endosomes, dark blue: SVs, green: mitochondria, from Wu et al., 2017

Figure 29 :

 29 Figure 29: different endocytic modes exist. Schematic representation of different endocytic modes. (A) ultrafast endocytosis, (B) clathrinmediated-endocytosis, (C) kiss-and-run, (D) activitydependent bulk endocytosis, from Wu et al., 2014.

Figure 30 :

 30 Figure 30: TGN vesicles are secreted through two pathways, CSP or RSP.

Figure 31 :

 31 Figure 31: DCVs are dense and bigger than SVs. Picture of DCV and SV within an axon terminal, from an electron microscope, in Dominguez et al., 2018

Figure 32 :

 32 Figure 32: endosome can undergo different pathways. Scheme from[START_REF] Gruenberg | The biogenesis of multivesicular endosomes[END_REF] 

  contains signaling molecules bound to their PM receptor. They are retrogradely transported to the cell body, mainly through the interaction of dynein, where signaling molecules are able to regulate gene expression and promote the strengthening of the synapse. These signaling endosomes and their transport are important because they support neurotrophic communication between neurons (Scaramuzzino et al., in prep).iii. Endocytic & secretory vesicles: exosomes Depending on their lipidic composition, some endocytosed vesicles within the late endosomes can be directed to the PM for exocytosis of its intraluminal vesicles (exosomes)[START_REF] Edgar | Q & A: What are exosomes, exactly?[END_REF][START_REF] Raposo | Extracellular vesicles: Exosomes, microvesicles, and friends[END_REF]. These vesicles are large (40-1000 nm) (figure33) and have a specific molecular signature as they contain endosomal proteins (Rab, SNARE, Alix)

Figure 33 :

 33 Figure 33: exosomes are specific vesicles. Picture of exosomes and MVB within a neuron from an electron microscope, in Edgar, 2016

Figure 34 :

 34 Figure 34: secretory vesicles carry specific cargoes. Representative scheme of APP transported in CSP vesicles, NT in SV(P) and neurotrophins like BDNF in DCVs.

Figure 35 :

 35 Figure 35: excitatory and inhibitory synapses exhibit different structural characteristics. (A) asymmetric (arrow) and symmetric (arrowhead) synapses, from Merchán-Pérez et al., 2009 or from mouse striatum(B). (C) representative scheme of the structural differences of excitatory and inhibitory synapses, adapted from Merchán-Pérez et al., 2009.

Figure 36 :

 36 Figure 36: endosomal vesicles carry specific cargoes. Representative scheme of BDNF transported in signaling endosomes and APP in recycling endosomes.

  and vesicular transport, is regulated by microtubule-associated proteins (MAPs). These proteins interact with MTs to locally regulate cytoskeletal assembly and/or stability due to their compartmental specificity.For example, Tau is known to regulate MT dynamics. It binds directly to MTs and stabilizes their axonal dynamics by promoting polymerization and assembly of tubulin and inhibiting its depolymerization[START_REF] Buée | Tau protein isoforms, phosphorylation and role in neurodegenerative disorders[END_REF][START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: A loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF][START_REF] Venkatramani | Regulation of neuronal microtubule dynamics by tau: Implications for tauopathies[END_REF]. But tau is also known as a direct modulator of anterograde transport due to its ability to inhibit the binding of kinesins (-1 and -3) to MTs(Guedes-Dias & Holzbaur, 2019). Homeostasis of Tau is crucial because its excessive binding to MTs

Figure 38 :Figure 37 :

 3837 Figure 38: Tau homeostasis is crucial for MT stabilization which directly affects neuron survival. From Venkatramani et al., 2019

Figure 39 :

 39 Figure39: Tau is mostly axonal whereas MAP-2 is dendritic. Tau and MAP2 stainings within a microfluidics device, fromVirlogeux et al., 2018 

Figure 40 :

 40 Figure 40: MT acetylation regulates molecular motor binding to MTS. Scheme from Millecamps & Julien, 2013. Light green: kinesin, blue: dynein, orange: dynactin.

Figure 41 :

 41 Figure 41: kinesin-1 and -3 exhibit different behavior according to MT PTM. Orange MT: tyrosinated MT, blue MT: acetylated MT, orange kinesin: kinesin-3 and blue kinesin: kinesin-1, from Tas et al., 2017.

Figure 42 :

 42 Figure 42: 3D representation of kinesin-1 and -3 structure. Blue: microtubule binding domain, gray: coiled-coil and stalk domains, purple: PH domain in kinesin-3, green: kinesin heavy chains, from Vale, 2003.

  heterodimer of the same protofilament by electrostatic interactions between the positive charges of the motor domain and the negative charges of the tubulin (Guedes-Dias & Holzbaur, 2019). After ATP binding to the leading head (right blue structure figure43), the neck linker is docked to the motor domain with its COOH terminus pointed towards the plus-end of the MTs. The hydrolysis of ATP then provides the energy necessary for the conformational change of the neck linker (red in 1 figure43) which results in its forward motion, displacing any (macro)molecule attached to it, including the other motor domain. Due to its ability to modify conformational changes on the ATP binding, the neck linker is considered as the power stroke. Indeed, one study underlines the importance of the length of this neck linker for its processive motor function[START_REF] Shastry | Neck Linker Length Determines the Degree of Processivity in Kinesin-1 and Kinesin-2 Motors[END_REF]. Then, the new main motor domain binds tightly to the new tubulin site and produces a force that pushes the cargo forward by 8 nm, which corresponds to the length of a tubulin heterodimer(Guedes-Dias & Holzbaur, 2019;[START_REF] Vale | The way things move: Looking under the hood of molecular motor proteins[END_REF]. Finally, ADP is released by the catalytic core of the first motor domain and another ATP molecule binds to the new leading motor domain. This mechanism is described as 'handover-hand' manner.

Figure 43 :

 43 Figure 43: kinesin progression on MTs is ATP dependent. Blue: microtubule binding domain, red: neck linker. Scheme from Vale & Milligan, 2000.

Figure 44 :

 44 Figure 44: kinesins within a family exhibit different structures. Purple: motor domain, blue: coiled-oil domain, green: PH domain, from Hirokawa et al., 2010.

  Figure 45: kinesins display specific velocity distributions. Velocity distribution for kinesin-1 (green) and kinesin-3 (red). PDF (v): probability distribution function, from Arpağ et al., 2019.

Figure 46 :

 46 Figure46: kinesin number on a vesicle influences its velocity and run length. Velocity and run length evaluation according to the number of kinesin-14 on a vesicle, fromFuruta et al., 2013 

Figure 48 :

 48 Figure 48: dynein-1 structure, from Cianfrocco et al., 2015

Figure 49 :

 49 Figure 49: dynein regulators specify dynein mediated transport of cargoes. From Reck-Peterson et al., 2018

  is important for regulating dendritic transport and for maintaining axonal identity. Indeed, its enrichment within the AIS redirects the dendritic cargo to the dendrites by transferring the cargo to the dynein present in the AIS (Guedes-Dias& Holzbaur, 2019;[START_REF] Kelliher | Microtubule control of functional architecture in neurons[END_REF].c. Dynactin as transport initiator and activatorDynactin is known as a dynein activator because it initiates transport when the dynein is in an open conformation and improves its processivity (K.Zhang et al., 2017). This large structure is composed of a cargo-binding domain called the shoulder complex that can be related to an actin filament[START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF][START_REF] Maday | Axonal Transport: Cargo-Specific Mechanisms of Motility and Regulation[END_REF], a long and thin motor binding domain (p510 Glued ) and ends with a MT binding domain, which allows dynactin to bind to both dynein and MTs (figure50). Therefore, due to its structure, dynactin can promote the MT binding of dynein(Guedes-Dias & Holzbaur, 2019). When the structure of dynactin is compromised by a mutation on p150 Glued , for example, its retrograde function is impaired and leads to severe NDs such as Perry Syndrome (an aggressive form of Parkinsonism) or other motor neuron diseases (Cianfrocco et al., 2015; Guedes-Dias & Holzbaur, 2019; Lipka et al., 2013; Millecamps & Julien, 2013). On the other hand, and as an example of the importance of protein homeostasis, overexpression of p50/dynamitin in mice leads also to motor neuron degeneration (LaMonte et al., 2002) through the non-functional dissociation of dynactin (Echeverri et al., 1996; Eckley et al., 1999), thus inhibiting retrograde transport (LaMonte et al., 2002). Interestingly, the affinity of dynactin for MTs depends on the tyrosination level of tubulin (Guedes-Dias & Holzbaur, 2019) and on the MAPs present on MTs as MAP9 is known to inhibit the binding of p150 to MTs (Monroy et al., 2020). d. Hook and BicD as cargo regulators and activating adaptors Hook and BicD proteins act similarly: each of them can bind to the dynein-dynactin complex to form a tripartite complex, improving its stability (Allan, 2014; Guedes-Dias & Holzbaur, 2019; Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018) (figure 51). As a result, dynein motility is activated,showing longer run lengths (dynein is then highly processive) and higher velocity[START_REF] Cianfrocco | Mechanism and Regulation of Cytoplasmic Dynein[END_REF] Guedes-Dias & Holzbaur, 2019;[START_REF] Olenick | Cell science at a glance dynein activators and adaptors at a glance[END_REF]. Hook and a BicDrelated protein are also able to increase the number of dynein recruited on a vesicle (which can reach the value of five (Guedes-Dias & Holzbaur, 2019)), further improving the velocity of the vesicle and the force produced (Guedes-Dias & Holzbaur, 2019; Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018). However, they differ from the cargo of which they support the transport. Hook1 has been shown to activate retrograde transport of signaling endosomes only through its association with membranes derived from clathrin-independent endocytosis (Cianfrocco et al., 2015; Reck-Peterson et al., 2018) while BicD is more associated with Golgi vesicles through its interaction with Rab6 (Guedes-Dias & Holzbaur, 2019; Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018).

Figure 51 :

 51 Figure 51: Hook and BicD acts as dynein regulators and activating adaptors forming a tripartite complex with dynein and dynactin. From Allan, 2014

Figure 52 :

 52 Figure 52: kinesin and dynein are present on the same vesicle. Immunostainings of kinesin (green), APP (red) and dynein (blue), from Szpankowski et al., 2012.

Figure 53 :

 53 Figure 53: HTT interacts with both kinesin and dynein acting as a scaffold protein. Representative schemes of HTT interacting with molecular motors (left: Fu & Holzbaur, 2014).

  microscopy acquisition (thanks to a confocal microscope coupled with spinning disk unit). The analysis of transport dynamics using ImageJ with KymoToolBox plugin allows to generate kymographs, representing the space localization of a single vesicle according to the time. Kymographs drawing and analysis generate different parameters such as velocity, number of vesicles moving in a given direction or pausing and the directionality of the transport (figure 55).

Figure 55 :

 55 Figure 55: kymographs are the 2D representation of a vesicle transport displaying the distance over time. Green: anterograde vesicle, red: retrograde vesicle and blue: static vesicles. Total axon length: 100µm.

Figure 54 :

 54 Figure 54: microfluidics device allows the study of axonal transport in connected neurons.

Figure 56 :

 56 Figure 56: the selective recruitment model explains the unidirectional and processive transport of vesicles. Representative schemes and possible kymographs for selective recruitment model. Green: anterograde vesicle and red: retrograde vesicle.

  The subsequent coordinated model postulates that although both opposed motors are bound to the vesicle, their activity level is different and regulated by PTMs or scaffolding proteins as discussed earlier (for more details see chapter 2 2-b-i-5-b and 2-c-i).This is the case with most of the organelles examined to date (Guedes-Dias & Holzbaur, 2019). For instance, an adaptor or a scaffolding protein could coordinate the activation of the dynein-dynactin complex and the autoinhibition of kinesin. This model explains the fast and processive transport of vesicle with few changes of direction and is more dedicated to the long-range transport (figure 58) of autophagosome for example (MengmengFu & Holzbaur, 2014;[START_REF] Maday | Autophagosomes initiate distally and mature during transport toward the cell soma in primary neurons[END_REF]. It would provide quick responses in terms of directional changes due to modification of local environment or to avoid traffic jams, for instance(Meng-meng Fu & Holzbaur, 2014).

Figure 57 :

 57 Figure 57: the tug-of-war model explains the bidirectional and non-processive transport of vesicles. Representative schemes and possible kymographs for the tug-of-war model.

Figure 58 :

 58 Figure 58: the coordination model explains the fast and processive transport of vesicles. Representative schemes and possible kymographs for coordinating model.

Figure 59 :

 59 Figure 59: the steric disinhibition model relies on a cooperation between the two motors.

  1. SV: a unique type of vesicle a. SV from the outside: when interactions between lipids and proteins regulate neurotransmission i. Definition of a SV As previously described, a vesicle is an organelle bounded by a lipid bilayer and containing cytoplasm. Synaptic vesicles (SVs) are the most abundant vesicles in the axons of the CNS. In a single human CNS neuron, a presynapse can contain between 40 and 850 synaptic vesicles (Guedes-Dias & Holzbaur, 2019). Structure, location within the neurite, and function confer unique characteristics to SVs. They were named and first described by De Robertis and Bennett in 1955 thanks to a technique emerging at that time, known as electron microscopy (De Robertis &

Figure 60 :

 60 Figure 60: Molecular model of an average SV. Outside view. Adapted from Takamori et al., 2006

Figure 61 :

 61 Figure 61: SP interact with each other to regulate exocytosis. Scheme modified from Quentin et al., 2018

The

  SNAP-25 (synaptosomal associated protein) sub-family is unique due to its two SNARE motifs within each of its 4 members: SNAP-25 (the founder of this family), SNAP-23, SNAP-29 and SNAP-47[START_REF] Kádková | The SNAP-25 Protein Family[END_REF]. Briefly, SNAP-29 and SNAP-47 are thought to bind to some VAMPs to form cis-complexes necessary for non-/autophagy pathway[START_REF] Itakura | The hairpin-type tail-anchored SNARE syntaxin 17 targets to autophagosomes for fusion with endosomes/lysosomes[END_REF][START_REF] Kádková | The SNAP-25 Protein Family[END_REF][START_REF] Kuster | The Q-soluble N-ethylmaleimidesensitive factor attachment protein receptor (Q-SNARE) SNAP-47 regulates trafficking of selected vesicle-associated membrane proteins (VAMPs)[END_REF]. SNAP-25 is a t-SNARE partner of the SNARE complex, where it engages two of the four helices needed to form the bundle that allows the fusion between SV and plasma membrane. SNAP-25 is devoted entirely to evoked synaptic transmission (CA 2+ triggering) as SNAP-25 knock-out mice show mEPSCs but do not exhibit depolarizationdriven exocytosis (Philip[START_REF] Washbourne | Genetic ablation of the t-SNARE SNAP-25 distinguishes mechanisms of neuroexocytosis[END_REF]. Moreover, this team demonstrated that the ablation of this gene is lethal at embryonic stages. G protein and SNAP25 prevents the binding of synaptotagmin to SNAP-25 and inhibits the exocytosis triggered by Ca2+ raise[START_REF] Zurawski | Gβγ directly modulates vesicle fusion by competing with synaptotagmin for binding to neuronal SNARE proteins embedded in membranes[END_REF]. These interactions among others appear to be physiologically very sensitive since when compromised because of SNAP-25 polymorphisms, SNARE complexes are either too weak or too strong. In both cases, its functions are impaired and lead to bipolar disorder, autistic disorder syndrome, schizophrenia or attention-deficit hyperactivity disorder in child[START_REF] Karmakar | Neuronal SNARE complex: A protein folding system with intricate protein-protein interactions, and its common neuropathological hallmark, SNAP25[END_REF][START_REF][END_REF] 

  secretases, two enzymes responsible for the production of APP-CTF resulting from APP cleavage, were also observed within SVs and along with their cleavage products[START_REF] Del Prete | APP is cleaved by bace1 in pre-synaptic vesicles and establishes a pre-synaptic interactome, viaIts intracellular domain, with molecular complexes that regulate pre-synaptic vesicles functions[END_REF][START_REF] Lundgren | ADAM10 and BACE1 are localized to synaptic vesicles[END_REF].However, Aβ peptides are not produced within SVs because γ-secretase subunits are not present (or in low levels) inside SVs, which may explain SV enrichment in APP-CTFs[START_REF] Lundgren | ADAM10 and BACE1 are localized to synaptic vesicles[END_REF].iv. Size of SVsThe size of SV has been well characterized, since it is a specific feature of these organelles, and in excitatory neurons of the CNS its diameter is around 40 nm (figure63)[START_REF] Dittman | Molecular Circuitry of Endocytosis at Nerve Terminals[END_REF]; K. M.[START_REF] Harris | Variation in the Number, Location and Size of Synaptic Vesicles Provides an Anatomical Basis for the Nonuniform Probability of Release at Hippocampal CA1 Synapses[END_REF][START_REF][END_REF] 

Figure 62 :

 62 Figure 62: APP might be present on SVs.Immunolabelling of Syp (small dots) and APP (big dot) from[START_REF] Groemer | Amyloid precursor protein is trafficked and secreted via synaptic vesicles[END_REF] 

Figure 64 :

 64 Figure64: SV size is dependent on SP steric hindrance. Representative cross section of a SV fromTakamori et al., 2006 

Figure 65 :

 65 Figure 65: SV are organized in three pools: RRP, recycling pool and the reserve pool. Representative scheme and graph from Rizzoli & Betz, 2005

Figure 66 :

 66 Figure 66: RRP vesicles are docked to the PM. RRP vesicles observed with an electron microscope and localization within the SV pools, from Imig et al., 2014.

  energy and time, the neuron has the ability to recycle the SVs that have just been exocytosed. Once incorporated into the PM, lipids and proteins of SVs are recovered by endocytosis. This mechanism has more than one consequence: it also prevents the accumulation of new lipids to limit the expansion of the PM, and preserving membrane integrity and synapse homeostasis(Puchkov & Haucke, 2013).Several endocytosis mechanisms are described in the literature (see chapter 2 1-b-ii) (figure29)[START_REF] Gan | Synaptic vesicle endocytosis in different model systems[END_REF]) but we will focus on the most common: the clathrin-mediated mechanism[START_REF] Chanaday | The synaptic vesicle cycle revisited: New insights into the modes and mechanisms[END_REF]. When the SPs are inside the PM, they are recognized by cofactors/adaptors, some of them are activated by PiP2 of the PM (AP2 for example,

Figure 67 :

 67 Figure 67: CME forms clathrin coat around the endocytosed vesicle. Picture of endocytosed vesicle surrounding by clathrin coat from electron microscopy in Kononenko & Haucke, 2015.

  and continuous. The SVs of the reserve pool represent between 80 and 90% of SVs within the synaptic bouton and are believed to be the oldest (Alabi & Tsien, 2012; Fernandez-Alfonso & Ryan, 2008; Rizzoli & Betz, 2005; Truckenbrodt et al., 2018). They are located farther from the active zone and are only released upon intense or prolonged stimulation after depletion of both RRP and recycling pool (figure 68).

Figure 68 :

 68 Figure 68: the reserve pool is further from the active zone and contains many SVs. Scheme from Rizzoli, 2014 showing the reserve pool of SVs coated with blue and red SPs.

Figure 69 :

 69 Figure 69: synapsin regulates the reserve pool size by sticking the SV all together. Scheme from Rizzoli, 2014

Figure

  Figure 70: glutamate loading in SVs requires electric and chemical components. Scheme from Chaudhry et al., 2008

Figure 71 :

 71 Figure 71: SVPs formed from the Golgi are the result of a specific and SNARE-dependent SP segregation. Scheme from Rizzoli, 2014

Figure 72 :

 72 Figure 72: KIF1A dimer structure. Scheme from N.Siddiqui & A.Straube, 2017

Figure 73 :

 73 Figure 73: KIF1A also transports BDNF vesicles and BACE1 vesicles. Percentage of co-migration of KIF1A and several cargoes, from Hung & Coleman, 2016

(

  [START_REF] Atherton | Conserved mechanisms of microtubule-stimulated ADP release, ATP binding, and force generation in transport kinesins[END_REF] Guedes-Dias & Holzbaur, 2019;[START_REF] Siddiqui | Intracellular Cargo Transport by Kinesin[END_REF] (figure75). The high affinity between the two loops increases the attachment rate of KIF1A without changing its velocity, making it highly processive[START_REF] Arpağ | Motor Dynamics Underlying Cargo Transport by Pairs of Kinesin-1 and Kinesin-3 Motors[END_REF],(Soppina & Verhey, 2014). Furthermore, when KIF1A pauses occur, KIF1A specifically stops at the MT terminal[START_REF] Yogev | Microtubule Organization Determines Axonal Transport Dynamics[END_REF], which can connect multiple MT segments together and thereby increase the processivity of other running KIF1As[START_REF] Lessard | Polyglutamylation of tubulin's C-terminal tail controls pausing and motility of kinesin-3 family member KIF1A[END_REF].

Figure 75 :Figure 74 :

 7574 Figure 75: KIF1A affinity for MT is increased thanks to the K-loop. Scheme from Arpağ et al., 2019

  binding of SVP to MTs based on the nucleotide state of Rab3; in its GTP-Rab3 form, SVP binding is more effective[START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF] Niwa et al., 2008; O. I. Wagner et al., 2009). These adapters are believed to be important for load binding specificity[START_REF] Hirokawa | Review Molecular Motors in Neurons : Transport Mechanisms and Roles in Brain Function , Development , and Disease[END_REF] but also for preventing SVPs from escaping the presynapse (Guedes-Dias &

  KIF1A motility and transport efficiency (O. I.Wagner et al., 2009). For example, liprin could increase LIN2 / CASK recruitment into the KIF1A stalk domain, forming a complex that has been shown to increase KIF1A series lengths (G. H.[START_REF] Wu | Identification and Characterization of LIN-2(CASK) as a Regulator of Kinesin-3 UNC-104(KIF1A) Motility and Clustering in Neurons[END_REF]. Liprin and the mutant Drosophila LIN2 and C. elegans show a decrease in the anterograde processivity of SVP and an increase in the initiation of retrograde transport[START_REF] Miller | Direct Observation Demonstrates that Liprin-␣ Is Required for Trafficking of Synaptic Vesicles[END_REF] O. I. Wagner et al., 2009;[START_REF] Wu | Identification and Characterization of LIN-2(CASK) as a Regulator of Kinesin-3 UNC-104(KIF1A) Motility and Clustering in Neurons[END_REF].

Figure 76 :Figure

 76 Figure 76: DENN/MADD complex acts as an adaptor for KIF1A recruitment on SVP. Scheme from Niwa et al., 2008

Figure 78 :

 78 Figure 78: KIF1A KO mice exhibit a decrease in the number of SV at the synapse. Pictures from electron microscopy from WT (C) and KIF1A KO (D) brains fromYonekawa et al., 1998 

Figure 79 :Figure 80 :

 7980 Figure 79: KIF1A mutation in human causes cerebellar atrophy. MRI images from a control 15year-old child (left) or from a 15-year old child with a R216H mutation on KIF1A, from Esmaeeli Nieh et al., 2015

c.

  From immature SV to old SV Thanks to kinesin-mediated anterograde transport, presynaptic sites are replenished with 20-40 new SVPs per day (Guedes-Dias & Holzbaur, 2019). Once the SVPs are delivered to the presynapse,

Figure 81 :

 81 Figure 81: KIF1A mutations in human diseases. Scheme from Esmaeeli Nieh et al., 2015

and

  Hook3 (C. W. Chen et al., 2019; Guedes-Dias & Holzbaur, 2019; N. Siddiqui & A. Straube, 2017).

Figure 82 :

 82 Figure 82: SV cycle life lasts for more than 92h, from SVP biosynthesis to degradation. Scheme from Truckenbrodt et al., 2018

  Figure 83: 3D representation of HTT structure. From Saudou & Humbert, 2016

Figure 84 :

 84 Figure 84: HT interacts with many proteins involved in large cellular functions. Purple: transport, green: endocytosis, orange : transcription, adapted from Saudou & Humbert, 2016

Figure

  Figure 85: HTT regulates dynamin-1 activation. Scheme from El-Daher et al., 2015

Figure 86 :

 86 Figure 86: HTT regulates transcription. Scheme from Saudou & Humbert, 2016

Figure 88 :

 88 Figure 88: weak interaction between C-and N-term. 3D representation of N-ter and C-ter interaction from Guo et al., 2018

  Figure 89: HD provokes neurodegeneration leading to a reduction of brain weight.

Figure 90 :

 90 Figure 90: HTT structures are affected by polyQ stretch. 3D representation from Vijayvargia et al., 2016

Figure 91 :

 91 Figure 91: APP cleavage by secretases produces many fragments

Figure 92 :

 92 Figure 92: APP processing is dependent on APP transport and trafficking

Figure 93 :

 93 Figure 93: AD provokes neurodegeneration of the cortex and the hippocampus

Figure 94 :

 94 Figure 94: unphosphorylatable form of HTT rescues AD mouse model phenotypes through APP transport.

Figure 95 :

 95 Figure 95:Akt is overactivated in AD. Western blot analysis of at least four healthy or AD human brains and corresponding analysis.

Figure 96 :

 96 Figure 96: IGF-1 pathway regulates cell survival through Akt activation. Scheme from Bondy et al., 2006

Figure 97 :

 97 Figure 97: balance of APP level at the synapse is important for neuronal homeostasis

Figure 98 :

 98 Figure98: BDNF level at the synapse is crucial for neuronal homeostasis and subsequent behavior.

Figure 99 :

 99 Figure 99: exocytosis is regulated by SNAREs. Scheme from Ryu et al.,2016

Figure

  Figure 100: facilitation results in a higher release of NT at the second stimulation. Scheme from Jackman & Regehr, 2017

Figure 101 :

 101 Figure 101: facilitation might be due to SVs forming a reserve for docked SVs. Scheme from Pulido & Marty, 2017

Figure 102 :

 102 Figure 102: time to fall of the accelerating rotarod over eight consecutive days of training. Graph from Yin et al., 2009

Figure 103 :

 103 Figure 103: DLS and DMS are both involved in the procedural memory formation during the first days of accelerating rotarod. Scheme fromCorbit et al., 2017 and Kupferschmidt et al., 2017. 

  reduction of both anterograde and retrograde transport of VAMP2-mCh vesicles back to values found in WT neurons for the anterograde speed (Fig 5C). Interestingly, when further analyzing the velocity distribution of VAMP2-mCh vesicles, silencing KIF1A was particularly efficient on vesicles moving at high speed (3 to 4 µm/s) (Fig 5D). In addition to velocities, shKIF1A abrogated the phospho-HTTmediated increase in the number of anterograde vesicles (Fig 5E) as well as the linear flux (Fig 5G).

  3 NA) using an inverted confocal microscope (LSM 710, Zeiss) coupled to an Airyscan detector to improve signal-to-noise ratio and to increase the resolution Analysis Quantification of vesicle velocity, directional flow and vesicle number was done on 100 µm of neurite using KymoTool Box ImageJ plugin. Anterograde or retrograde speeds describe respectively the mean speed of anterograde or retrograde movement of a vesicle. The static vesicles are considered as the ones without any movement during the recording. Linear flow and directionality were calculated according to the following equations: 𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑙𝑜𝑤 = |𝑎𝑛𝑡𝑒𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑠𝑝𝑒𝑒𝑑 * 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑡𝑒𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠| + |𝑟𝑒𝑡𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑠𝑝𝑒𝑒𝑑 * 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑡𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦 = 𝑎𝑛𝑡𝑒𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑠𝑝𝑒𝑒𝑑 * 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑡𝑒𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑠𝑝𝑒𝑒𝑑 + 𝑟𝑒𝑡𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑠𝑝𝑒𝑒𝑑 * 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑡𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠

  phosphorylation at S421 impairs mouse procedural memory. (A) Schematic representation of the accelerating rotarod protocol over 8 days (10 sessions per day) assessing the mouse procedural memory. Performance of 20 WT, 20 HTTSD (B)(C) or 13 WT and 18 HTTSA (D)(E) 3month-old male mice over the 8 days (B to E) and over the first (F to I) or the last day (J to M) were assessed. Time to fall was represented as the mean of the sessions (B)(D)(F)(H)(J) and (L) during the associated period and per day (C)(E) or session (G)(I)(K) and (M). Histograms are represented with the means +/-SEM. Significance was determined using a two-way ANOVA for the analysis of the performance per day or sessions and by a Mann-Whitney test; * p < 0.05, **** p < 0.0001, ns = not significant.

Figure 2 .

 2 Figure 2. HTT phosphorylation at S421 increases the probability of release in the corticostriatal network ex vivo and in vitro. (A) Representative traces of sEPSCs in WT and HTTSD MSNs within the S2-DLS network. (B) sEPSC frequency and amplitude were recorded on 10 WT and 10 HTTSD 2-3-month-old mice (C) Representative images and of SVs at the corticostriatal synapse obtained by electronic microscopy from punches of DLS from 3-month-old male WT and HTTSD mouse brains. Scale = 200 nm (D) Quantification of the number of SVs at the corticostriatal synapse in 5 WT and 3 HTTSD mouse brains on 253 WT and 171 HTTSD axon terminals. Histograms are represented with the means +/-SEM.Significance was determined using a Mann-Whitney test; **** p < 0.0001. Facilitation of the cortical neurons projecting to the DLS was assessed ex vivo by a paired pulse ration after 2 repeated stimulations on 13 WT and 12 HTTSD 2-3-month-old mice (E, F). Exocytosis rate of vglut-1-pHluorin vesicles was recorded in microfluidics device. Scale bar=1 cm (G). Amplitude of the signal and number of events within WT and HTTSD corticostriatal network with 4 AP bicuculline stimulation were recorded.Ratio of the amplitude after and before the stimulation was calculated. Histograms represent means +/-SEM of 3 independent experiments (D1 to D3) and per microfluidics device. Significance was determined using a mixed model calculated with R software; * p < 0.05, ns = not significant.

Figure 3 .

 3 Figure 3. HTT phosphorylation at S421 increases Vamp-2-mCherry vesicle directionality on corticostriatal network reproduced in microfluidics device. (A) Schematic representation of the 3-compartment microfluidics device allowing the reconstitution of a corticostriatal mature network compatible with live-cell imaging of axons. (B) Representative kymographs of Vamp-2-mCherry vesicle transport in axons for each genotype. Scale bar = 25 µm. From kymographs, segmental velocities (C), anterograde vesicle number (D), retrograde vesicle number (E), static vesicle number (F), linear flow (G) and directional net flux (H) of Vamp-2-mCherry axonal vesicles

Figure 4 .

 4 Figure 4. HTT phosphorylation at S421 increases KIF1A recruitment on Vamp-2-mCherry vesicles. (A) Western blot analysis from vesicular fraction of 6 WT and 6 HTT-SD brains. Significance was determined using Mann-Whitney test; * p < 0.05. (B) LFQ intensity of proteins bound to vesicles immunoprecipitated with HTT. Gray: identified proteins, blue: motor complex, orange: synaptic proteins. (C) Scheme of overlapping HTT and KIF1A interactome. (D) Representative picture of a immunofluorescence labelling revealing HTT (magenta), KIF1A (green) and Vamp-2-mCherry (red) within cortical axons localized in long channels of the microfluidics device followed by gray value representation over distance. (E) Schematic representation of HTT scaffolding SVP molecular complex.KIF1A and HTT colocalization is quantified using Mandel's coefficient (F) and the number of colocalizing pixels (G). The random condition represents the number of randomly colocalizing pixels. Histograms represent means +/-SEM of 2 independent experiments reproducing a corticostriatal network of WT or HTT-SD neurons in at least 3 microfluidics device per experiment. Significance was determined using Mann and Whitney test.

Figure 5 .

 5 Figure 5. KIF1A silencing specifically restores axonal transport in HTTSD corticostriatal axons. (A) Schematic representation of the experimental set up using microfluidics device reproducing a corticostriatal network in which cortical neurons are transduced with Vamp-2-mCherry and shscramble (sh-scr-GFP) or sh-KIF1A (sh-KIF1A-GFP) lentiviruses. (B) Representative kymographs of Vamp-2-mCherry vesicle transport within WT or HTT-SD axons in microfluidics device transduced with sh-scr or sh-KIF1A. Scale bar = 25 µm. From kymographs, segmental velocities (C), the repartition of Vamp-2-mCherry vesicles in terms of anterograde vesicles (significance determined as an interaction between the condition and the percentage of vesicles and the anterograde speed revealed by a twoway-ANOVA test) (D), anterograde vesicle number (E), retrograde vesicle number (F), linear flow (G) and directionality (H) of Vamp-2-mCherry axonal vesicles were measured for 100µm of axon.Histograms represent means +/-SEM of 2 independent experiments studying the dynamics of at least 1005 WT sh-scr, 1420 WT sh-KIF1A, 2411 HTT-SD sh-scr and 1248 HTT-SD sh-KIF1A vesicles in at least 57 WT sh-scr, 91 WT sh-KIF1A, 84 HTT-SD sh-scr and 87 HTT-SD sh-KIF1A axons. Significance was determined using Kruskal-Wallis test followed by a Dunn's post hoc analysis; * p < 0.05, ** p < 0.01, *** p<0.001 **** p < 0.0001, ns = not significant. The same network on microfluidics was then used to study BDNF-mCherry axonal transport (H) and anterograde speed (I), linear flow (J) and

Figure 6 .

 6 Figure 6. KIF1A silencing restores the number of SVs at the corticostriatal synapse in HTTSD brains.(A) schematic representation of bilateral stereotaxic injections sites. Scale = 1 cm (B) Immunolabeling of GFP localizing the injection site on a slice located at 1.5 mm before the bregma. Scale = 1 cm (insets, 100 µm) (C) Western blot and the analysis for KIF1A level evaluation of punches of M1 injected area.At least 3 punches from 2 brains were analyzed. V1: visual cortex 1, M1: motor cortex 1, LH: left hemisphere, RH: right hemisphere Significance was determined using a two-way ANOVA test followed by a Sidak's multiple comparison test; ** p < 0.01. (D) Immunolabeling of GFP localizing the projection site on a slide located at -0.3 mm after the bregma. Scale = 1 cm (inset, 250 µm). (E) Representative images from electron microscopy and quantification focusing on the number of SVs at the corticostriatal synapse of 3 WT male and littermate mice injected with either shscr (360 synapses) or shKIF1A (324 synapses) and 3 HTTSD mice injected with shscr (417 synapses) or shKIF1A (337 synapses). Scale = 200 nm. Histograms represent means +/-SEM. Significance was determined using Kruskal-Wallis test followed by a Dunn's post hoc analysis; ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant.

Figure 7 .

 7 Figure 7. KIF1A silencing restores the impaired procedural memory of HTTSD mice.(A) Schematic representation of the accelerating rotarod protocol over 8 days (10 sessions per day) assessing the mouse procedural memory following stereotaxic injection of shscr or shKIF1A.Performance of 12 WT shscr, 11 WT shKIF1A, 10 HTTSD shscr and 10 HTTSD shKIF1A 3-month-old male mice over the 8 days (B)(C) and over the first (D)(E) or the last day (F)(G) were assessed. Time to fall was represented as the mean of the sessions (B)(D)(F) during the associated period and per day (C)or session (E)(G). Histograms are represented with the means +/-SEM. Significance was determined using a two-way ANOVA for the analysis of the performance per day or sessions followed by a Tukey's post hoc test and using a One-way ANOVA followed by a Tukey's post hoc test for (B, D, F); * p < 0.05, ** p < 0.01, **** p < 0.0001, ns = not significant. (H) correlation between the number of SVs found at the synapse and the mean performance of the first day of the accelerating rotarod of 11 mice. The line represents the gaussian fit displaying a R square of 0.6.

Figure 104 :

 104 Figure 104: HTT acts as a scaffold for SVP transport. Scheme of a possible HTT role on scaffolding SVP adaptor like DENN/MADD and molecular motors.

Figure 105 :

 105 Figure 105: SV number at the synapse is crucial for neuronal homeostasis and subsequent behavior.

Figure 106 :

 106 Figure 106: HTT acts as a scaffold for glycolytic enzymes on the vesicle

Figure 107 :

 107 Figure 107: DENN/MADD cellular functions. Scheme from Miyoshi & Takai, 2004

Figure 108 :

 108 Figure 108: APP transport and post signaling are impaired in HdhCAG140+/-corticostriatal network. (A) anterograde and retrograde speed and (B) linear flow of APP-mCherry vesicles. (C) Number of iglu SnFR spots within the synaptic chamber after a 15-minute stimulation of glycine-strychnine. (D) ratio between pERK positive cells and DAPI within the postsynaptic chambre. (E) percentage of synchrony in GCamp6f signal in the postsynaptic chamber. Significance was estimated by Mann & Whitney test for (A) and (B) and with a One-way ANOVA followed by Dunn's test for (C) to (E). Data was obtained from at least 3 independent experiments in more than 3 microfluidics devices for each and at least 1200 vesicles within 150 axons were analyzed.

Figure 109 :

 109 Figure 109: Aβ peptides regulates SV cycle. Scheme from Fagiani et al., 2019

3 .

 3 The presence of specific Rab proteins on vesicles might reflect different vesicle status and might dictate the need of a vesicle for a HTT-mediated regulation of its transport. It would thus be interesting to decipher Rab-HTT interaction; what is the dynamics of HTT-independent vesicles? Does Rab recruit HTT on a vesicle? Restoring vesicular transport in NDs, an efficient therapeutic strategy?a. Transport rescue through geneticsFor some NDs, it is theoretically quite easy to restore neuronal transport homeostasis without affecting other cellular process homeostasis. It is for example the case of transportopathies caused by mutation(s) in the genes coding for the transport machinery (molecular motor, MAPs or other neuronal transport regulators) like cohesinopathies, SPGs, HD or the Goldberg-Shprintzen syndrome. Indeed, the development of gene therapy or allele specific ASO treatment could bring future leads by reducing the weight of the mutated gene[START_REF] De Vos | Neurobiology of axonal transport defects in motor neuron diseases: Opportunities for translational research[END_REF].

Figure 110 :

 110 Figure 110: S421 phosphorylation role in the homeostatic regulation of neurotransmission. Scheme representing a possible mechanism.

Figure 111 :

 111 Figure 111: axonal transport of a vesicle results from the coordinated action of molecular motors, adaptors, scaffolding protein and tracks. If one of them is dysregulated, it leads to transportopathies and/or neurodegeneration.
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Results

Gauthier

 et al., 2004). Such alteration of transport in HD is critical for pathogenesis but as discussed previously, impairment of BDNF transport within the corticostriatal network of Mecp2 KO mice could also be an important factor for the RTT phenotypes. The findings that HTT phosphorylation increases anterograde transport of BDNF vesicles, (Colin et al., 2008) led us to hypothesize that chronic HTT phosphorylation could rescue BDNF trafficking in Mecp2 deficient neurons and ameliorate symptoms in Mecp2 KO mice.

HTT-KIF1A-mediated axonal transport of SVPs in corticostriatal projecting neurons regulates procedural memory.

We next investigated procedural memory in three-month old WT and HTT-SD mice injected with lentiviral sh-scr or sh-KIF1A. We used the same behavioral protocol described in Figure 1 except that the behavioral tests were performed three weeks after injection (Figure 7A). Analysis of the time to fall of the rotarod of the four groups of mice showed that in global, sh-KIF1A injection in WT mice reduced their performance as revealed by a significant reduction of the time spent on the rotarod. As previously observed (Fig 1), HTT-SD mice also performed less as compared to WT sh-Scr injected mice (Fig 7B -C). However, we observed that the lentiviral injection of sh-KIF1A significantly ameliorated the performance of the HTT-SD mice (Fig 7B -C). This increase was particularly evident in the first phase of habit formation that corresponds to the first 10 sessions of the first training day (Figure 7D-E). This indicates that the HTT-KIF1A-mediated transport of SVPs directly impact on SV at synapses and on procedural memory. Interestingly, we found the rescue to be lost during the last day (Fig 6F ,G) as HTT-SD mice injected with sh-KIF1A or sh-scr were indistinguishable. Conversely, we observed that the memory of WT mice injected with shKIF1A was impaired during the first three days but not at the end of the training (fig 6C). These observed defects in both WT mice injected with sh-KIF1A and HTT-SD mice suggest that procedural memory might be tightly linked to the efficacy of axonal transport and the subsequent number of SVs at synapses. We therefore scored the SVs number at synapses in individual animals and correlated this number to their performance on the first day of accelerating rotarod. Strikingly, we found that a tight balance of SVs at synapses is required for an efficient establishment of the procedural memory in mice (R²=0,6) (Figure 7H). Together, our findings indicate that HTT-KIF1Amediated axonal transport of SVPs in the corticostriatal projecting neurons, a process regulated by phosphorylation, modulate the number of SVs at synapses, the probability of release and subsequently procedural memory.
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Perspectives

This study also opens new possibilities and challenges for both theoretical research and therapeutic perspectives.

Technical challenges and future plans for research

As mentioned earlier, although the use of this mouse line can be limited in some technical aspects due to the fact that the mutation affecting the phosphorylation status of HTT is permanent, we believe these mice could serve as a good tool to decipher some other aspects of axonal transport.

a. Investigate the role of energy

The lab has shown that HTT scaffolds glycolytic enzymes on the mobile vesicle allowing a local supply of ATP and thus promoting molecular motor function, (Hinckelmann et al., 2016;Zala et al., 2013;McCluskey et al., in prep). HTT S421 phosphorylation, may also regulate and/or recruit glycolytic enzyme to maximize ATP production. This hypothesis could be challenged by assessing the level of glycolytic enzymes on vesicles isolated from HTTS421D brains by vesicular fractionation. We could then regulate the stoichiometry of glycolytic enzymes on WT vesicles (using a TM-GAPDH constructs for instance (M.-V. Hinckelmann et al., 2016)) and investigate if the increased ATP production is contributing for the increased anterograde transport caused by S421 phosphorylation. .

b. Investigate the role of neuronal activity

Neurons from HTTS421 mice could also be used to investigate the consequences of neuronal activity on S421 phosphorylation. This hypothesis could be tested by application of electric stimulation using MEA technique on microfluidics microchambers (Moutaux, Charlot, et al., 2018). In combination with the neuronal transduction of a tagged cargo and with a peptide biosensor, it would allow to understand the link between neuronal activity, S421 phosphorylation and vesicular transport. Indeed, the peptide biosensor could be a genetically encoded FRET-biosensor or a self-reporting biosensor able to fluoresce when HTT is phosphorylated [START_REF] Tarrant | The Chemical Biology of Protein Phosphorylation[END_REF]. However, the large size of HTT might be another technical challenge to create a biosensor reporting its phosphorylation. Nevertheless, this could help us understand the physiological regulation of axonal transport through S421 phosphorylation and the consequences in term of S421 phosphorylation in NDs like AD or HD where neuronal activity is impaired.

Annex