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cAMP is crucially involved in brain development. However, the role of cAMP during neuronal migration is still largely unexplored. To analyze cAMP dynamics in migrating neurons, we performed live imaging of a cAMP specific FRET-based biosensor in newly formed migrating neurons of the postnatal Rostral Migratory Stream (RMS). These cells display a cyclic saltatory mode of migration with alternations of nucleokinesis (NK) and pauses, along with stereotypical movement of the centrosome (CTR). We discovered a cAMP-rich dynamic hotspot surrounding the CTR during NK. The CTR is located at the basis of the primary cilium (PC). Genetic ablation of the PC in migrating cells slows-down migration and triggers defects in CTR movements, as well as disappearance of the cAMP-rich hotspot. Adenylyl Cyclase 3 (AC3) is localized in the PC and its downregulation by RNA interference leads to similar migration defects as PC ablation as well as hotspot disappearance, suggesting the importance of ciliary cAMP production for normal migration. Protein Kinase A (PKA) is located at the CTR of migrating cells. To test whether the cAMP-rich hotspot could act on PKA, we expressed a non-centrosomally located dominant-negative PKA, which led to the same migration defects as PC ablation and AC3 knock-down. Our data unveil a new mechanism regulating neuronal saltatory migration through ciliary production of cAMP diffusing to the centrosome, and locally activating PKA. The cAMP hotspot is also present during adult tangential migration along the RMS, in postnatal radial migration in the olfactory bulb and in embryonic radial migration, suggesting its general importance for neuronal migration.

Fragile X syndrome (FXS) is a neurodevelopmental disorder and the most common inherited form of intellectual disability. We discovered that migrating neurons of FXS mice display multiple, deregulated cAMP hotspots along with abnormal migration. FXS neurons migrate slower and pause more than the control. More investigation on the molecular mechanism underlying these phenotypes are needed to determine how and if neuronal migration defects are linked to cAMP deregulation. This could highlight a new neurodevelopmental phenotype of FXS. I would like to deeply thank

Résumé :

L'AMPc joue un rôle crucial dans le développement du système nerveux central.

Cependant, le rôle de l'AMPc lors de la migration neuronale est encore largement inexploré.

Pour analyser la dynamique de l'AMPc dans les neurones en migration, nous avons effectué de l'imagerie sur tissu vivant d'un biosenseur spécifique de l'AMPc dans les neurones en migration le long du courant de migration rostral (CMR). Ces cellules présentent un mode de migration saltatoire cyclique avec une alternance de nucléokinese (NK) et de pauses, ainsi qu'un mouvement stéréotypé du centrosome (CTR). Nous avons découvert un hotspot dynamique riche en AMPc entourant le CTR pendant les NKs. Le CTR est situé à la base du cil primaire (CP), ce qui suggère que le CP pourrait être le lieu de production de l'AMPc. L'ablation génétique du CP dans les cellules en migration ralentit la migration et entraîne des défauts de mouvement du CTR, ainsi que la disparition du hotspot riche en AMPc. L'adénylate cyclase 3 (AC3) est localisée dans le CP et son inhibition par ARN interférence conduit à des défauts de migration similaires à l'ablation du CP ainsi que la disparition du hotspot, ce qui suggère l'importance de la production d'AMPc ciliaire pour la migration neuronale. La protéine kinase A dépendante de l'AMPc (PKA) est localisée au niveau du CTR des neurones en migration.

Pour tester si le hotspot riche en AMPc pouvait agir sur la PKA centrosomale, nous avons exprimé une PKA dominante négative non localisée au centrosome, qui a conduit aux mêmes défauts de migration que l'ablation du CP et l'inhibition de l'AC3. Nos données montrent ainsi un nouveau mécanisme régulant la migration saltatoire neuronale par la production ciliaire d'AMPc diffusant au centrosome et activant localement la PKA. Le hotspot d'AMPc est également présent lors de la migration tangentielle adulte du CMR, lors de la migration radiaire postnatale dans le bulbe olfactif et lors de la migration radiaire embryonnaire ce qui suggère son importance générale pour la migration neuronale.

Le syndrome de l'X fragile (SXF) est un trouble neurodéveloppemental et la forme héréditaire la plus courante de déficience intellectuelle. Nous avons découvert que les neurones en migration des souris modèle du SXF affichent plusieurs hotspot d'AMPc ainsi qu'une migration anormale. Les neurones mutants migrent plus lentement et font plus de pauses. Des recherches plus approfondies sur le mécanisme moléculaire sous-jacent à ces phénotypes sont nécessaires pour déterminer comment et si les défauts de migration neuronale sont liés à la dérégulation de l'AMPc. Cela pourrait mettre en évidence un nouveau phénotype neurodéveloppemental impliqué dans le syndrome de l'X fragile. Merci Thibaut. Merci de ton soutien pendant toutes ces années. Même si tu ne comprends pas tout de la vie de labo, tu as su me soutenir, m'encourager et me permettre de m'évader du labo. Merci d'avoir été là jour après jour. Ce ne fut pas facile tous les jours, mais tu as toujours su trouver les mots quand ça n'allait pas. Merci de m'avoir fait confiance et d'être à mes côtés.

Merci à mes parents. Merci de m'avoir donné la fibre scientifique et l'envie de suivre vos traces. Merci pour votre aide à prendre confiance en moi. Je ne pourrais jamais vous dire combien je vous remercie de m'avoir permis de partir aux États Unis après le bac. Sans cette aventure, je n'aurais jamais pu me construire et réussir jusque-là. Merci d'être des parents aussi géniaux. Faire de la recherche ma sûrement été soufflé quand j'étais petite. Merci maman de m'avoir mis dans les mains des pipettes et des tubes à essai. Brain development is a highly controlled process that requires multiple molecular signaling and cellular responses/events. To establish a functional brain, different steps need to properly occur. First neurons are generated; this step is called neurogenesis. Since the majority of new-born neurons are generated along the ventricular surface, they need to migrate to integrate their proper position before final differentiation. The developmental step that we are interested in is the neuronal migration.
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In the first part of my introduction on neuronal migration, I will present the diseases that are associated with neuronal migration defects. I will then introduce different types of neuronal migration with some examples of migration in the developing and more mature brain. To finish, I will describe the cyclic saltatory neuronal migration and its regulation by different proteins.

Diseases associated with neuronal migration defects

Neuronal migration disorders lead to the misplacement of neurons which can lead to unbalanced of the network connections in terms of excitation and inhibition and/or to a disorganized brain architecture. It can be a massive displacement of neurons or discrete misplacement of a small pool of neurons. Here, I give a few examples of neuronal migration pathologies that are confirmed or suspected.

Lissencephaly

Lissencephaly is one of the most described and studied neuronal migration diseases.

The term lissencephaly regroups different diseases, where the brain displays an unusual cortex.

It rallies a spectrum of gyral malformations from a complete absence of gyri to regional pachygyria (an area with broad and shallow gyri formation) [START_REF] Jellinger | Agyria-pachygyria (lissencephaly syndrome)[END_REF].

Lissencephaly can also be associated with subcortical band heterotopia and other defects such as abnormal cortical thickness, abnormal or reduced lamination of the cortex and diffuse neural heterotopia. Subcortical band heterotopia is due to an ectopic accumulation of neurons at the wrong position under the cortex and separated from it by a layer of white matter, which is a characteristic feature of neuronal migration defects.

Different degrees of lissencephaly have been described. The most common one is the lissencephaly Type 1 also called the classical lissencephaly, which is characterized by an increase in cortical thickness and a reduction of the number of cortical layers. Another described lissencephaly is the lissencephaly type II also called Lissencephaly Cobble Stone, which is characterized by an absence of distinct cortical layers. This malformation is also combined with demyelination, dysplasic cerebellum with cysts and brainstem hypoplasia [START_REF] Devisme | Cobblestone lissencephaly: neuropathological subtypes and correlations with genes of dystroglycanopathies[END_REF]. Some phenotypes that were described in lissencephaly can be explained by neuronal migration defects [START_REF] Francis | Human disorders of cortical development: from past to present[END_REF][START_REF] Jellinger | Agyria-pachygyria (lissencephaly syndrome)[END_REF][START_REF] Kato | Lissencephaly and the molecular basis of neuronal migration[END_REF]. Moreover, the genes mutated in lissencephaly, such as LIS1 (lissencephaly 1) or DCX (doublecortin), encodes proteins that are crucial for proper neuronal migration (see more in detail in part cyclic saltatory neuronal migration, [START_REF] Jheng | Lis1 dysfunction leads to traction force reduction and cytoskeletal disorganization during cell migration[END_REF][START_REF] Mcmanus | Lis1 Is Necessary for Normal Non-Radial Migration of Inhibitory Interneurons[END_REF][START_REF] Ocbina | Doublecortin is necessary for the migration of adult subventricular zone cells from neurospheres[END_REF]Tanaka et al., 2004;[START_REF] Toriyama | Phosphorylation of Doublecortin by Protein Kinase A Orchestrates Microtubule and Actin Dynamics to Promote Neuronal Progenitor Cell Migration[END_REF][START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]).

Periventricular heterotopia

Periventricular heterotopia (PVH) is characterized by an ectopic accumulation of neurons close to the ventricular surface and germinal ventricular zone. This ectopic accumulation of neurons suggests strong defects in neuronal migration. The presence of these nodules can be unilateral but, in most cases, is bilateral. PVH can be very variable in extent, with isolated nodules or widespread nodules along the ventricle. These abnormal clusters can be seen by brain radiology. Depending on the extent of PVH, it can be associated with structural abnormality in the cortex and with severe clinical features including seizures [START_REF] Spencer-Smith | Neuropsychological profile of children with subcortical band heterotopia: Subcortical Band Heterotopia in Children[END_REF]. The different nodules can form functional and integrated networks, which can be the cause of seizures. This disease can be caused either by a premature arrest of neuronal migration or by a defect in programmed cell death. Some PVH are X-linked, resulting in male lethality and female mosaic phenotypes with ectopic neuron nodules. The gene associated with X-linked PVH is Filamin A, which encodes an actin-binding protein [START_REF] Fox | Mutations in filamin 1 Prevent Migration of Cerebral Cortical Neurons in Human Periventricular Heterotopia[END_REF]. Filamin A is involved in neuronal migration due to its role in actin dynamic regulation [START_REF] Fox | Mutations in filamin 1 Prevent Migration of Cerebral Cortical Neurons in Human Periventricular Heterotopia[END_REF].

However, an important number of PVH genes are unknown.

Schizophrenia

Schizophrenia is a complex disorder that is associated with reduced social interaction, memory deficits and psychotic disorders. The exact cause of schizophrenia is still not fully understood. However, more and more evidence suggest that it is a progressive neurodevelopmental disorder and not a neurodegenerative disorder as it was first hypothesized [START_REF] Kochunov | Neurodevelopmental and Neurodegenerative Models of Schizophrenia: White Matter at the Center Stage[END_REF]. Anatomical abnormalities have been reported in the entorhinal cortex [START_REF] Akil | Cytoarchitecture of the entorhinal cortex in schizophrenia[END_REF] and in the subcortical white matter [START_REF] Connor | White matter neuron alterations in schizophrenia and related disorders[END_REF]. Human brain imaging highlighted a reduction in cerebral volume, a ventricular enlargement and a reduction in hippocampal volume [START_REF] Shenton | A review of MRI findings in schizophrenia[END_REF]. Cell density in the superficial white matter is decreased while it is increased in the deep white matter [START_REF] Akil | Cytoarchitecture of the entorhinal cortex in schizophrenia[END_REF][START_REF] Beasley | Selective deficits in prefrontal cortical GABAergic neurons in schizophrenia defined by the presence of calcium-binding proteins[END_REF][START_REF] Beasley | Metabolic abnormalities in fronto-striatalthalamic white matter tracts in schizophrenia[END_REF]Bernstein et al., 2002;[START_REF] Krimer | A qualitative and quantitative analysis of the entorhinal cortex in schizophrenia[END_REF]. This brain malformation might be the result of a defective migration. The most common gene associated with schizophrenia is DISC1 (disrupted in schizophrenia 1). In a review by [START_REF] Muraki | Neuronal migration abnormalities and its possible implications for schizophrenia[END_REF] inventory of the different phenotypes observed in mice carrying human DISC1 mutation was performed [START_REF] Muraki | Neuronal migration abnormalities and its possible implications for schizophrenia[END_REF]. The different mutations lead to brain malformations, such as enlargement of the lateral ventricle associated with a decreased number of parvalbumin neurons in the cortex [START_REF] Muraki | Neuronal migration abnormalities and its possible implications for schizophrenia[END_REF]. These phenotypes can be explained by three different hypotheses: a defect in neurogenesis, an excess of apoptosis or a defect in neuronal migration. Furthermore, DISC1 knock down delays neuronal migration [START_REF] Kamiya | A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex development[END_REF][START_REF] Steinecke | Disrupted-in-Schizophrenia 1 (DISC1) Is Necessary for the Correct Migration of Cortical Interneurons[END_REF]. Interestingly, live imaging of migrating neurons deleted for DISC1 shows a decrease in neuronal migration speed associated with alteration of migrating neurons morphology [START_REF] Kamiya | A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex development[END_REF][START_REF] Steinecke | Disrupted-in-Schizophrenia 1 (DISC1) Is Necessary for the Correct Migration of Cortical Interneurons[END_REF]. These data suggest that schizophrenia could be due to neuronal migration perturbation among other brain development defects.

Modes of neuronal migration

Radial migration

Two types of neuronal migration exist, and they are categorized by their orientation.

The first described migration was the radial migration, also called radial glial-guided migration [START_REF] Rakic | Specification of cerebral cortical areas[END_REF]. In the developing cortex, radial glial cells are generated in the ventricular zone (VZ) at early stages of embryonic development. Their long basal process attaches to the pial surface. New-born neuroblasts migrate along these radial glial cells to reach their final destination in the cortex (figure 1: panel on the left). The radial glial cells that support radial migration are also the progenitors of radially migrating neurons [START_REF] Noctor | Disruption of Layers 3 and 4 during Development Results in Altered Thalamocortical Projections in Ferret Somatosensory Cortex[END_REF][START_REF] Noctor | Dividing Precursor Cells of the Embryonic Cortical Ventricular Zone Have Morphological and Molecular Characteristics of Radial Glia[END_REF][START_REF] Weissman | Neurogenic Radial Glial Cells in Reptile, Rodent and Human: from Mitosis to Migration[END_REF]. The cortex is not the only place where radial migration occurs, but it is the most studied. Radial migration is what can be called a contact migration. The radially migrating neurons need to interact with the radial glial fiber to migrate properly and in the right direction.

Tangential migration

The cortex is mainly composed of excitatory neurons, mostly glutamatergic, and inhibitory GABA(γ-aminobutyric acid)ergic inhibitory interneurons (INs). For long, studies focused on radially migrating excitatory neurons and the origins of the GABAergic INs remained unexplored. Anderson andcolleagues in 1997 (Anderson et al., 1997) first showed the origins of GABAergic INs in the developing cortex. They showed that INs migrate from the ganglionic eminence to the cortex in a tangential direction [START_REF] Anderson | Interneuron Migration from Basal Forebrain to Neocortex: Dependence on Dlx Genes[END_REF]. The medial, caudal and lateral ganglionic eminences, localized along the lateral ventricle, generate an important pool of inhibitory cortical INs (De Carlos et al., 1996). These regions are far from the cortex and the neurons need to migrate long distances to reach their final destination. During tangential migration, neurons migrate parallel to the surface of the ventricle and do not migrate along glial fibers (figure 1 [START_REF] Marin | A Long, Remarkable Journey: Tangential Migration In The Telencephalon[END_REF]. These different types of tangentially migrating neurons display different cell contacts, that can be either homotypic if the migrating neurons interact with other migrating neurons or heterotypic if the migrating neurons interact with another cell type along their journey. Cell contact is important for neuronal migration since this interaction gives anchoring points that help to generate forces [START_REF] Huang | Molecular regulation of neuronal migration during neocortical development[END_REF][START_REF] Valiente | Neuronal migration mechanisms in development and disease[END_REF]. These forces are necessary to induce cell movement.

during the second week of development in the mouse embryo. IML: intermediolateral region of the spinal cord; IO: inferior olive nucleus; LGE: lateral ganglionic eminence; LRN: lateral reticular nucleus; MGE: medial ganglionic eminence; NCx: neocortex; OB: olfactory bulb. Image from O. [START_REF] Marin | Guiding Neuronal Cell Migrations[END_REF][START_REF] Marin | Guiding Neuronal Cell Migrations[END_REF].

Cortical neuronal migration

Cortical development and migration

The cerebral cortex is the largest structure of the human brain and is composed of billions of excitatory projection neurons and inhibitory INs that need to be perfectly positioned.

The cerebral cortex is composed of six distinct layers with different cellular composition and different functions. This complex architecture needs precisely coordinated and regulated neuronal migration in order to have a perfectly functioning brain.

At embryonic day 9.25 (E9.25) in mice, the first neuronal progenitor cells start to proliferate in the neuroepithelium. They perform interkinetic nuclear movement (INM) with stereotypical movement prior to mitosis as schematized in figure 3. During the G1 phases, the nucleus of neural progenitor cell moves away from the ventricle to the pial surface [START_REF] Miyata | Interkinetic nuclear migration generates and opposes ventricular-zone crowding: insight into tissue mechanics[END_REF]. The neural progenitor cell keeps its leading process attached to the ventricle where the centrosome (CTR) and the primary cilium (PC) are localized. During S phase, the nucleus is located close to the pial surface and moves back to the ventricle surface before entering mitosis. This specific nuclear movement is important for proliferation, but its exact role remained mysterious during a long time. Some studies suggested that this nuclear movement was needed to expose progenitors to different factors during INM. For example, Notch has been shown to be expressed in a gradient along the ventricular zone and has a role on division [START_REF] Baye | Interkinetic Nuclear Migration and the Selection of Neurogenic Cell Divisions during Vertebrate Retinogenesis[END_REF][START_REF] Del Bene | Regulation of Neurogenesis by Interkinetic Nuclear Migration through an Apical-Basal Notch Gradient[END_REF][START_REF] Latasa | Cell cycle control of Notch signaling and the functional regionalization of the neuroepithelium during vertebrate neurogenesis[END_REF][START_REF] Murciano | Interkinetic Nuclear Movement May Provide Spatial Clues to the Regulation of Neurogenesis[END_REF] and more specifically on the switch between symmetric and asymmetric division [START_REF] Egger | Notch regulates the switch from symmetric to asymmetric neural stem cell division in the Drosophila optic lobe[END_REF].

Soluble cues involved in cortical radial migration

Different cues have been involved in guiding or regulating radial-glial guided neuronal migration such as Slits, netrins, semaphorins and Reelin. For radial migration in the cortex, the most studied guidance cue is Reelin, mainly because of the reeler mutant mice. Reeler mutants have a spontaneous mutation in the reelin gene. They display ataxia and tremor with layering defects in different brain regions but mostly in the cortex [START_REF] Rice | Mutant mice with scrambled brains: understanding the signaling pathways that control cell positioning in the CNS[END_REF]. During cortical development of the reeler mutants, the preplate is able to form but the second cohort of cortical neurons is not able to divide the preplate into the marginal zone and the subplate which leads to inverted cortex layering [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: A developmental study based upon [3H]thymidine autoradiography[END_REF]. Reelin is a large extracellular matrix serine protease glycoprotein and is normally secreted by the Cajal-Retzius cells of the marginal zone [START_REF] Frotscher | Cajal-Retzius cells, Reelin, and the formation of layers[END_REF]. Reelin binds VLDR (very-low-density-lipoprotein receptor) or ApoER2 (apolipoprotein E receptor 2) receptor which are part of the lipoprotein family receptors [START_REF] Hirota | Reelin receptors ApoER2 and VLDLR are expressed in distinct spatiotemporal patterns in developing mouse cerebral cortex: Expression patterns of reelin receptors[END_REF]. This binding leads to the phosphorylation of Dab1. Dab1 phosphorylation induces the activation of PI3K (phosphoinositide 3-kinase) and AKT (or protein kinase B) and induces a signaling cascade that regulates MTs and actin filaments dynamics [START_REF] Onishi | The PI3K-Akt pathway promotes microtubule stabilization in migrating fibroblasts[END_REF]. Dab1 itself can interact with multiple proteins involved in MTs dynamics. This suggests that reelin signaling pathway is a key regulator of radial migration by regulating multiple proteins involved in MTs and actin filaments dynamic.

Wnt was also shown to play a crucial role during multipolar-to-bipolar transition (Boitard et al., 2015) and radial glial-guided neuronal migration in the cortex (Bocchi et al., 2017). Wnt is part of a large family of glycoproteins and growth factors. The Wnt/β-catenin pathway, also named the canonical Wnt pathway, is the most studied Wnt pathway. The activation of Wnt/β-catenin pathway leads to the translocation of the transcription factor βcatenin to the nucleus. Wnt canonical pathway is involved in the first step of migration before being turned-off during the multipolar-to-bipolar transition (Boitard et al., 2015), when Wnt non-canonical pathway becomes active and initiates glial-guided neuronal migration (Bocchi et al., 2017). These data suggest that the switch between the two Wnt pathways need to be perfectly controlled in time in order to induce the multipolar-to-bipolar transition.

Soluble cues involved in cortical tangential migration

Almost all the chemical cues involved in axon guidance are involved in cortical tangential migration such as Slit or semaphorins but also growth factors, morphogenic proteins and chemokines. In figure 6, you can see a large panel of guidance cues playing a role in cortical tangential migration. Some growth factors have been mostly studied in vitro such as brain derived neurotrophic factor (BDNF) or neurotrophin-4. It was observed that migration speed was increased when the neurons were in contact with these growth factors [START_REF] Polleux | Control of cortical interneuron migration by neurotrophins and PI3-kinase signaling[END_REF]. These data suggest that these growth factors may directly play a role on the rhythmicity of migration more than on the direction of migration.

One of the most studied chemoattractant is Neuregulin-1 (Nrg1). Nrg1 binds ErbB4 (Receptor tyrosine-protein kinase) which is a member of the epithelial growth receptor family.

In the forebrain, two isoforms of Nrg1 are present [START_REF] Yau | Neural Development of the Neuregulin Receptor ErbB4 in the Cerebral Cortex and the Hippocampus: Preferential Expression by Interneurons Tangentially Migrating from the Ganglionic Eminences[END_REF]. One is a membrane bound short range Nrg-1. This isoform is present where the INs cross the LGE to migrate to the cortex.

The second isoform is thought to be a long-range attractant and is present in the developing pallium, where it forms a gradient that contributes to drive the MGE-derived INs towards the cortex [START_REF] Flames | Short-and Long-Range Attraction of Cortical GABAergic Interneurons by Neuregulin-1[END_REF]. Nrg-1 is classified as a chemoattractant and it was suggested, as seen on figure 6, that Nrg-1 restricts migration along the proper stream.

The Cxcl12 (C-X-C motif chemokine 12)/Cxcr4 (C-X-C Motif Chemokine Receptor 4) pathway is also important during MGE-derived INs migration. Cxcl12 is secreted by cells in the cortex while the receptor Cxcr4 is expressed by the migrating cells. When the receptor is absent, the INs prematurely enter the cortical plate, which induces defects in lamination and regional distribution [START_REF] Lopez-Bendito | Chemokine Signaling Controls Intracortical Migration and Final Distribution of GABAergic Interneurons[END_REF][START_REF] Tiveron | Molecular Interaction between Projection Neuron Precursors and Invading Interneurons via Stromal-Derived Factor 1 (CXCL12)/CXCR4 Signaling in the Cortical Subventricular Zone/Intermediate Zone[END_REF]. These data suggest a role of Cxcl12/Cxcr4 in fine localization of INs in the cortex. However, the mechanism underlying this fine control of INs localization is not well understood.

Chemorepulsion is also involved in the guidance of INs. Semaphorin 3A (Sema3A) is expressed in layers adjacent to INs migratory streams and in the striatum. When Sema3A is deleted, INs migrate aberrantly towards the striatum [START_REF] Andrews | Semaphorin3A-neuropilin1 signalling is involved in the generation of cortical interneurons[END_REF]. These data show that Sema3A has a role in repulsing migrating neurons from the striatum. We can hypothesize that Sema3A expression in layers adjacent to INs migratory streams is important to force migrating INs to stay in their migratory streams.

Other factors are involved in the guiding cortical tangential neuronal migration, but I will not describe them here. tangentially along the external granule cell layer (EGL). 2. When the granule cells reach the molecular layer, they start to migrate radially along the bergmann cells. 3. The granule cells are in a stationary state in the Purkinje cell layer (PCL). 4. They start to migrate radially independently from radial glia. 5. The granule cells stop migrating when they reach the internal granular layer. Figure from [START_REF] Cameron | Role of PACAP in Controlling Granule Cell Migration[END_REF].

Soluble cues involved in the cerebellum migration

In the reeler mutant (described earlier in the part soluble cues involved in radial migration in the cortex), defects in the cerebellum organization are also visible. The size of the cerebellum of the reeler mutant is decreased. Moreover, the cerebellum has defect in foliation [START_REF] Mariani | Anatomical, Physiological and Biochemical Studies of the Cerebellum from Reeler Mutant Mouse[END_REF]. During embryonic cerebellum development, reelin is expressed by the rhombic lip cells, the external neuroepithelium, the differentiating Purkinje cells, the deep nuclear neurons and the elements of the cerebellar peduncles [START_REF] D'arcangelo | Editorial: Reelin-Related Neurological Disorders and Animal Models[END_REF]. Later during the development, reelin is expressed by the cells of the internal granule cell layer and the inner layer of the external granule cell layer [START_REF] Miyata | Distribution of a reeler gene-related antigen in the developing cerebellum: An immunohistochemical study with an allogeneic antibody CR-50 on normal and reeler mice[END_REF][START_REF] Schiffmann | Reelin mRNA Expression During Mouse Brain Development[END_REF].

This important pool of cells expressing reelin suggests an important role of reelin during all steps of cerebellum development as suggested by the phenotypes observed in reeler mutant.

Another extracellular molecule implicated in cerebellar neuronal migration is netrin.

The two main receptors of Netrin involved in cerebellum neuronal migration are DCC (deleted in colorectal carcinoma) and UNC5 (Uncoordinated 5). Both receptors induce different cell responses since the binding of Netrin to DCC leads to attractive responses while the binding to UNC5 leads to repulsive responses. However, DCC can also lead to a repulsive response if both receptors bind each other. In the cerebellum, netrin is an attractive cue for the lower rhombic lip cells that migrate away from the pre-cerebellar nuclei, while the cells derived from the upper rhombic lip are insensitive to netrin 1. However, netrin-1 repels the granule cells from the external granular layer during postnatal cerebellum migration [START_REF] Alcántara | Netrin 1 guides neuronal migration[END_REF].

Ventricular-Subventricular Zone to Olfactory Bulb neuronal migration pathway

Migration along the rostral migratory stream

Our model to study neuronal migration is the Ventricular-Subventricular Zone (V/SVZ) to olfactory bulb (OB) migration pathway (figure 8: right panel). Neuroblasts are generated in the V/SVZ. They migrate tangentially along the rostral migratory stream (RMS). When they reach the OB, they reorient radially to integrate their final destination and differentiate into the pre-existing network. The RMS is the longest neuronal migration pathway in mice and rats.

Migration along the RMS starts around E17 in rats embryos as described by Altman et al, in the atlas of the developing rat prenatal brain and more detailed by [START_REF] Bayer | Development of the Telencephalon: Neural Stem Cells, Neurogenesis, and Neuronal Migration[END_REF][START_REF] Bayer | Development of the Telencephalon: Neural Stem Cells, Neurogenesis, and Neuronal Migration[END_REF][START_REF] Bayer | Development of the Telencephalon: Neural Stem Cells, Neurogenesis, and Neuronal Migration[END_REF]. The formation of the RMS is probably around the same embryonic days in mice embryos. The majority of neurons migrate along the RMS during postnatal development and the number of migrating neurons decrease with age. However, neuronal migration along the RMS continues during the entire life of mice and rats (Lois and Alvarez-Buylla, 1994).

In the neurogenic niche of the V/SVZ, different cell types are present. The neurogenic niche is stereotypically organized (figure 8: left panel). The V/SVZ contains astrocytes (called type B cells) that act as neural stem cells [START_REF] Doetsch | Subventricular Zone Astrocytes Are Neural Stem Cells in the Adult Mammalian Brain[END_REF]. Astrocytes give birth to immature precursor cells (also called type C cells) that proliferate and give rise to migrating neuroblasts (called type A cells) that migrate along the RMS to integrate the OB (Doetsch et al., 1999).

In the adult RMS, the neuroblasts migrate inside chains unsheathed by astrocytes [START_REF] Lois | Chain Migration of Neuronal Precursors[END_REF]. The chains start to appear around postnatal day 12 (P12) and are totally formed around P21 in mice [START_REF] Peretto | Chain formation and glial tube assembly in the shift from neonatal to adult subventricular zone of the rodent forebrain[END_REF]. These chains induce the formation of a specific environment suitable for neuronal migration. Electron microscopy of migrating neuroblasts in the astrocytic chains showed that neuroblasts are interacting with the astrocytes that surround the chains and other migrating neurons [START_REF] Lois | Chain Migration of Neuronal Precursors[END_REF]. Moreover, blood vessels are also present in the RMS and aligned with the direction of migration so that endothelial cells might form a migratory scaffold for migrating neurons [START_REF] Peretto | Chain formation and glial tube assembly in the shift from neonatal to adult subventricular zone of the rodent forebrain[END_REF][START_REF] Snapyan | Vasculature Guides Migrating Neuronal Precursors in the Adult Mammalian Forebrain via Brain-Derived Neurotrophic Factor Signaling[END_REF][START_REF] Whitman | Blood vessels form a migratory scaffold in the rostral migratory stream[END_REF].

Important morphological changes occur during postnatal RMS development. The olfactory ventricle is opened before birth and starts to close after birth to be completely closed around P21 [START_REF] Peretto | Chain formation and glial tube assembly in the shift from neonatal to adult subventricular zone of the rodent forebrain[END_REF]. These different environments suggest that maybe the mechanisms underlying migration are different between postnatal and adult. The fact that the olfactory ventricle is closing suggests that neurons may stop sensing some cues present in the cerebrospinal fluid. It is possible that chains are a way to compensate the reduction of some guidance cues since chains can be seen as physical barrier that narrow the direction of migration. A lot of studies of RMS migrating neurons do not make the distinction between adult neuronal migration and postnatal neuronal migration. This is probably a mistake since the environment of migration is different.

When the migrating neuroblasts arrive in the OB, they reorient and start migrating radially to reach their final destination. The neuroblasts need to detach from the other cells in overexpression of shh in the SVZ leads to a decreased number of neurons reaching the OB. These data suggest a role of shh in controlling the number of new-born neurons exiting the SVZ to migrate in the RMS.

In order to find new guidance cues involved in neuronal migration, explants of SVZ were co-cultured along with different brain regions. When V/ZVS explants were co-cultured with explants from the septum, new-born neurons were repelled [START_REF] Hu | A Septum-Derived Chemorepulsive Factor for Migrating Olfactory Interneuron Precursors[END_REF].

Slit1 and Slit2 were found to be expressed by the septum and the choroid plexus [START_REF] Hu | Chemorepulsion of neuronal migration by Slit2 in the developing mammalian forebrain[END_REF].

New-born neurons from V/SVZ explants are repelled by Slit1 and Slit2 [START_REF] Hu | Chemorepulsion of neuronal migration by Slit2 in the developing mammalian forebrain[END_REF]. Robo2 and Robo3/Rig-1, Slit receptors, are expressed in new-born neurons migrating along the RMS [START_REF] Nguyen-Ba-Charvet | Multiple Roles for Slits in the Control of Cell Migration in the Rostral Migratory Stream[END_REF]. Co-culture of V/SVZ-explant with septum or choroid plexus explants knocked-down for Slit1 and Slit2 confirmed the repellent effect of Slits on V/SVZgenerated migrating cells [START_REF] Nguyen-Ba-Charvet | Multiple Roles for Slits in the Control of Cell Migration in the Rostral Migratory Stream[END_REF]. The use of Slit1 -/-mutants also shows that deletion of Slit1 induces aberrant localization of migrating neurons caudally in the corpus callosum. These data show that new-born neurons need to sense Slits in order to migrate along the RMS. Since the choroid plexus is localized in the caudal region of the lateral ventricle, slit is probably secreted in the ventricle. The use of a Slit-alkaline phosphatase fusion protein shows that a ventricular gradient of Slit is indeed localized along the ventricle [START_REF] Sawamoto | New Neurons Follow the Flow of Cerebrospinal Fluid in the Adult Brain[END_REF]. How such a gradient might act all along the RMS remains however mysterious.

After birth, a network of serotoninergic axons develops along the RMS. Migrating neurons express the serotonin receptor 5HT3A (5-Hydroxytryptamine Receptor 3A) which is a ligand-gated ion channel. The serotonergic axons are aligned with the neuroblasts chains and when 5HT3A is knocked down in migrating neurons, the chains of migrating neurons are not aligned anymore with the serotonergic axons [START_REF] García-González | Serotonergic Projections Govern Postnatal Neuroblast Migration[END_REF]. Live imaging of these mutant neurons shows a decrease in speed and an affected directionality of migration.

Deletion of 5HT3A receptor induces a decrease in calcium spikes in migrating neurons, which influences neuronal migration [START_REF] García-González | Serotonergic Projections Govern Postnatal Neuroblast Migration[END_REF]. These data suggest that serotonin, by its role on the regulation of calcium spikes, controls the directionality and rhythmicity of migration via 5HT3A.

It was hypothesized for a long time that the OB was important to attract migrating neurons by releasing attractive cues. However, removal of the OB does not affect RMS migration [START_REF] Kirschenbaum | Adult Subventricular Zone Neuronal Precursors Continue to Proliferate and Migrate in the Absence of the Olfactory Bulb[END_REF] and experiment of live imaging of acute brain slices without the OB shows that migrating neurons do not seem to be affected by its absence [START_REF] Bagley | Dynamic imaging reveals that brain-derived neurotrophic factor can independently regulate motility and direction of neuroblasts within the rostral migratory stream[END_REF].

All these data suggest that cues around the V/SVZ and all over the RMS are important for properly guiding neuronal migration along the RMS.

Human postnatal neuronal migration in the RMS

During the last 30 years, the number of studies on adult neurogenesis in different animal models has increased. The principal motivation of these studies was that the same process existed in human and that an altered neurogenesis could be the origin of some pathologies.

Moreover, stimulation of adult neurogenesis could be a wonderful therapy for certain neurological pathologies. The difficulty to obtain preserved human brain tissues and the absence of specific techniques to study human neurogenesis contributed to maintain the shadow around the potential persistence of human adult neurogenesis, leading to an intense debate.

Arturo Alvarez-Buylla and colleague studied the cellular architecture of hundreds of human V/SVZ [START_REF] Sanai | Unique astrocyte ribbon in adult human brain contains neural stem cells but lacks chain migration[END_REF]. The human V/SVZ architecture is different from the mice V/SVZ (as describes in Migration along the rostral migratory stream). They observed a line of GFAP positive astrocytes parallel to an ependymal cell layer, suggesting different neurogenic activity.

The production of new-born neurons in human brains drastically decreases during the first six month of life [START_REF] Sanai | Unique astrocyte ribbon in adult human brain contains neural stem cells but lacks chain migration[END_REF]. The presence of the RMS in human remains controversial (Bergmann et al., 2015;[START_REF] Curtis | Human Neuroblasts Migrate to the Olfactory Bulb via a Lateral Ventricular Extension[END_REF][START_REF] Sanai | Unique astrocyte ribbon in adult human brain contains neural stem cells but lacks chain migration[END_REF]. A study done by Curtis and colleagues, using immunohistochemistry, suggested the presence of proliferating and migrating neuroblasts along a particularly large RMS with an open ventricle going up to the OB [START_REF] Curtis | Human Neuroblasts Migrate to the Olfactory Bulb via a Lateral Ventricular Extension[END_REF]. However, other convincing works done by Arturo Alvarez-Buylla and colleagues strongly suggested the disappearance of the RMS during the postnatal human development [START_REF] Paredes | Extensive migration of young neurons into the infant human frontal lobe[END_REF][START_REF] Sanai | Corridors of migrating neurons in the human brain and their decline during infancy[END_REF]. Moreover, in human infant other specific migration pathways exist from the V/SVZ to the cortex (Figure 9, [START_REF] Paredes | Extensive migration of young neurons into the infant human frontal lobe[END_REF][START_REF] Sanai | Corridors of migrating neurons in the human brain and their decline during infancy[END_REF]). The adult human neurogenesis debate still remains intense particularly on the persistence of adult hippocampal neurogenesis [START_REF] Tartt | Considerations for Assessing the Extent of Hippocampal Neurogenesis in the Adult and Aging Human Brain[END_REF][START_REF] Paredes | Does Adult Neurogenesis Persist in the Human Hippocampus?[END_REF][START_REF] Tartt | Considerations for Assessing the Extent of Hippocampal Neurogenesis in the Adult and Aging Human Brain[END_REF]. [START_REF] Gopal | Leading Process Branch Instability in Lis1+/-Nonradially Migrating Interneurons[END_REF][START_REF] Nasrallah | Analysis of non-radial interneuron migration dynamics and its disruption in Lis1 +/mice[END_REF]. These data suggest that Lis1 is probably involved in branching initiation.

Together these results suggest that Lis1 and DCX are involved in leading processes branching. Even if both regulate MTs stabilization, they both intervene in different steps of leading process branching regulation.

Another pathway involved in leading process dynamic is the CDK5 (serine/threonine cyclic dependent kinase) pathway. Deletion of CDK5 in migrating neurons leads to smaller leading process, among other phenotypes. This leading process phenotype suggests that CDK5 is involved in leading process extension [START_REF] Hirota | Cyclin-Dependent Kinase 5 Is Required for Control of Neuroblast Migration in the Postnatal Subventricular Zone[END_REF]. CDK5 needs to interact with its regulatory subunit p35 in order to be activated [START_REF] Hisanaga | Regulation and role of cyclin-dependent kinase activity in neuronal survival and death: Regulation of Cdk5 kinase activity[END_REF]. Activated CDK5 phosphorylates Pak1 and p27Kip1 [START_REF] Kawauchi | Cdk5 phosphorylates and stabilizes p27kip1 contributing to actin organization and cortical neuronal migration[END_REF][START_REF] Rashid | Phosphorylation of Pak1 by the p35/Cdk5 Kinase Affects Neuronal Morphology[END_REF]. When phosphorylated, these two proteins regulate actin dynamics [START_REF] Kawauchi | Cdk5 phosphorylates and stabilizes p27kip1 contributing to actin organization and cortical neuronal migration[END_REF][START_REF] Rashid | Phosphorylation of Pak1 by the p35/Cdk5 Kinase Affects Neuronal Morphology[END_REF]. These data suggest that acto-myosin is also important in the extension of the leading process during neuronal migration. In human, autosomal dominant mutation in PAFAH1B1 (Platelet Activating Factor Acetylhydrolase 1b) gene results in human lissencephaly. Even though mice are not gyrencephalic, the study of Lis1 and other genes associated with lissencephaly in mice is valuable since other defects linked to lissencephaly were observed in Lis1 mutant mice. Lis1 heterozygous mutant mice show mild defects in brain architecture and the knock-out mutant mice displays a disrupted cortical lamination [START_REF] Youn | Distinct Dose-Dependent Cortical Neuronal Migration and Neurite Extension Defects in Lis1 and Ndel1 Mutant Mice[END_REF] reminiscent of the human pathology.

Lis1 is part of a big centrosomal complex composed of Nuclear distribution nudE 1 (Nde1), Nuclear distribution nudE-like 1 (Ndel1) and dynein and others [START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF][START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]. Neuronal migration was shown to be affected in Ndel1, dynein and Lis1 mutant mice [START_REF] Sasaki | Complete Loss of Ndel1 Results in Neuronal Migration Defects and Early Embryonic Lethality[END_REF][START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]. Inhibition of Lis1 or dynein by RNA interference leads to defective centrosomal and nuclear movement associated with a sloweddown migration in embryonic radially migrating cortical neurons [START_REF] Mcmanus | Lis1 Is Necessary for Normal Non-Radial Migration of Inhibitory Interneurons[END_REF][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF][START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]. Moreover, Lis1 and dynein seem to work in a dosedependent manner. When the expression of Lis1 or dynein is highly reduced, the centrosome barely moves, the distance between the centrosome and the nucleus is reduced as the centrosomal speed. When the inhibition of Lis1 or dynein is less reduced, the nuclearcentrosome distance is increased. However, the speed of centrosome movement is still reduced [START_REF] Shu | Ndel1 Operates in a Common Pathway with LIS1 and Cytoplasmic Dynein to Regulate Cortical Neuronal Positioning[END_REF][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF][START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]. These data suggest a role of Lis1 and dynein in the control of MTs dynamics during both centrosomal and nuclear movements in a dose-dependent manner. However, how Lis1 and dynein could act on neuronal migration is not totally understood.

Nde1 is phosphorylated by protein kinase A (PKA) [START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF] or CDK5 [START_REF] Niethammer | NUDEL Is a Novel Cdk5 Substrate that Associates with LIS1 and Cytoplasmic Dynein[END_REF]. This phosphorylation induces the disruption of nde1-ndel1-Lis1dynein complex [START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF] which releases Lis1 and dynein. Lis1 and dynein might then be able to move away from the centrosome.

The role of Lis1 on MTs has been only studied in vitro. Deletion of Lis1 in cultured cells increases the number of MTs catastrophe suggesting a role in MTs stabilization (Sapir, 1997). Moreover, MTs acetylation is decreased in Lis1 heterozygous migrating neurons [START_REF] Gopal | Leading Process Branch Instability in Lis1+/-Nonradially Migrating Interneurons[END_REF] and a decrease in traction forces was also reported [START_REF] Jheng | Lis1 dysfunction leads to traction force reduction and cytoskeletal disorganization during cell migration[END_REF]. MTs acetylation is a marker of MTs stabilization and protects MTs from mechanical stress [START_REF] Janke | Causes and Consequences of Microtubule Acetylation[END_REF].

Dynein is also involved in MTs regulation, more particularly in the MTs end forces generations [START_REF] Laan | Cortical Dynein Controls Microtubule Dynamics to Generate Pulling Forces that Position Microtubule Asters[END_REF]. These data suggest that Lis1 and dynein need to be released from the centrosomal complex in order to regulate MTs in other subcellular compartments to dynamically regulate migration.

DCX: doublecortin

Mutations in the gene doublecortin (DCX), which is carried by the X-chromosome, were found in patients with lissencephaly. In males, mutations in their single copy lead to Xlinked lissencephaly. Absence of gyri is associated with a severe decrease in cortical thickness which leads to severe mental retardation and epilepsy [START_REF] Dobyns | The clinical patterns and molecular genetics of lissencephaly and subcortical band heterotopia[END_REF]. Females, carrying heterozygous mutations develop a syndrome called double cortex. In X-linked lissencephaly, the absence of gyri is associated with subcortical bands in the white matter. This phenotype is probably due to an arrest of migrating neurons halfway between the ventricle and the cortex [START_REF] Des Portes | Doublecortin Is the Major Gene Causing X-Linked Subcortical Laminar Heterotopia (SCLH)[END_REF][START_REF] Pramparo | Novel Embryonic Neuronal Migration and Proliferation Defects in Dcx Mutant Mice Are Exacerbated by Lis1 Reduction[END_REF]. A study on the role of DCX during neuronal migration shows a delay of INs migration associated with a defect in the morphology of migrating neurons [START_REF] Friocourt | Both Doublecortin and Doublecortin-Like Kinase Play a Role in Cortical Interneuron Migration[END_REF]. DCX is involved in promoting MTs polymerization and stabilization [START_REF] Francis | Doublecortin Is a Developmentally Regulated, Microtubule-Associated Protein Expressed in Migrating and Differentiating Neurons[END_REF][START_REF] Gleeson | Characterization of mutations in the gene doublecortin in patients with double cortex syndrome[END_REF]. These data demonstrate the crucial role of DCX and MTs stabilization during neuronal migration. The closest DCX protein, DCLK (Doublecortin like kinase, family protein) is also involved in neuronal migration. However, the neuronal migration defects are not increased in the double mutant for these two related proteins [START_REF] Friocourt | Both Doublecortin and Doublecortin-Like Kinase Play a Role in Cortical Interneuron Migration[END_REF] suggesting that they act in the same regulatory pathway.

TUBA1A

Mutations in the 𝛼-Tubulin subunit TUBA1A were found in patients with cortical malformation. When TUBA1A is mutated at the codon 140 with a missense mutation in mice, migrating neurons accumulate at the beginning of the RMS [START_REF] Belvindrah | Mutation of the αtubulin Tuba1a leads to straighter microtubules and perturbs neuronal migration[END_REF]. Real-time live imaging shows that neurons migrate slower and are more branched. Moreover, the nucleuscentrosome coupling is also affected. The straightness of the MTs is decreased during neuronal migration. These results suggest that TUBA1A is important for MTs straightness regulation during neuronal migration essential for nucleus-centrosome coupling and the pulling forces during NK.

TUBA1A is also involved in cortical radial neuronal migration [START_REF] Aiken | TUBA1A mutations identified in lissencephaly patients dominantly disrupt neuronal migration and impair dynein activity[END_REF].

Mutations in TUBA1A at codon 402 were found in two patients with lissencephaly. Mice carrying these mutations have a disrupted cortical neuronal migration. Mutation in the codon 402 leads to defect of interaction between MTs and dynein. Since MTs are composed of heterodimers of α and β-tubulin molecules, it suggests that dynein interacts with α-tubulin more than with β-tubulin.

DISC1

The gene DISC1 (Disrupted in Schizophrenia 1) was found mutated for the first time in a Scottish family with high prevalence of bipolar disorders, depressions and schizophrenias [START_REF] Millar | Disruption of two novel genes by a translocation co-segregating with schizophrenia[END_REF][START_REF] St Clair | Association within a family of a balanced autosomal translocation with major mental illness[END_REF]. To assess its role during neuronal migration, in utero electroporation of RNAi against DISC1 protein was performed. Migrating neurons were delayed compared to the control neurons [START_REF] Kamiya | A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex development[END_REF][START_REF] Kubo | Migration defects by DISC1 knockdown in C57BL/6, 129X1/SvJ, and ICR strains via in utero gene transfer and virus-mediated RNAi[END_REF]. Moreover, the distance between the nucleus and the centrosome was increased. Migrating neurons morphology was also affected [START_REF] Kamiya | A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex development[END_REF]. These results suggest a role of DISC1 in neuronal migration. How DISC1 plays a role on MTs remains unknown. DISC1 was suggested to be involved in centrosomal localization of the dynein motor complex [START_REF] Kamiya | A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex development[END_REF].

Dynein is involved in MTs dynamics [START_REF] Laan | Cortical Dynein Controls Microtubule Dynamics to Generate Pulling Forces that Position Microtubule Asters[END_REF] and the phenotypes after its depletion look like the phenotypes of DISC1 KD (see part LIs-nde1-ndel1-dynein complex). Moreover, DISC1 can also interact with nde1 and ndel1 that are dynein-Lis1 interacting proteins, all involved in neuronal migration [START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF]. It would be interesting to understand the exact role of these interactions at the centrosome during neuronal migration. Due to the obvious defects after knock-down of DISC1 in mice, these results also suggest that mutations leading to schizophrenia do not lead to a total inactivation of the protein or that another protein compensates the inactivation of DISC1.

Adenomatous poliposis coli (APC)

APC was recently found mutated in lissencephaly, subcortical heterotopia and global developmental delay (Lee et al., 2019b), suggesting a role during neuronal migration. APC is a microtubule plus end anchoring protein implicated in MTs stabilization [START_REF] Asada | LKB1-Mediated Spatial Control of GSK3 and Adenomatous Polyposis Coli Contributes to Centrosomal Forward Movement and Neuronal Migration in the Developing Neocortex[END_REF][START_REF] Asada | LKB1 Regulates Neuronal Migration and Neuronal Differentiation in the Developing Neocortex through Centrosomal Positioning[END_REF]. The first paper that suggested a role of APC in neuronal migration showed its role during radial-glial neuronal migration [START_REF] Asada | LKB1-Mediated Spatial Control of GSK3 and Adenomatous Polyposis Coli Contributes to Centrosomal Forward Movement and Neuronal Migration in the Developing Neocortex[END_REF].

APC is also involved in tangential neuronal migration [START_REF] Eom | Differential Regulation of Microtubule Severing by APC Underlies Distinct Patterns of Projection Neuron and Interneuron Migration[END_REF]. After APC ablation at E12, defects of migration are visible as soon as E14.5. The morphology of migrating neurons is also affected. Migrating neurons are more branched and longer than in control migrating neurons. Real-time live imaging of tangentially migrating neurons shows a decrease of nucleokinesis frequency reducing the speed of migration. These data suggest a central role of APC in the control on neuronal migration. In the same study, the deletion of APC does not affect radial-glial migration. However, double KD of APC and APC2 show altered radial glialguided neuronal migration. APC2 is an APC-like protein and is closely related to APC [START_REF] Van Es | Identification of APC2, a homologue of the adenomatous polyposis coli tumour suppressor[END_REF], which probably explains the initial results of the study by [START_REF] Asada | LKB1-Mediated Spatial Control of GSK3 and Adenomatous Polyposis Coli Contributes to Centrosomal Forward Movement and Neuronal Migration in the Developing Neocortex[END_REF]. Altogether, APC2 seems to be involved in radial-glial-guided neuronal migration while APC is involved in tangential migration.

Regulators of acto-myosin dynamics during neuronal migration:

RhoA signaling pathway:

RhoA signaling pathway is involved in the control of cell morphology and migration. mDia (mammalian diaphanous homologue) is involved in tangential neuronal migration. mDia is activated by RhoA and is an actin nucleator [START_REF] Watanabe | Cooperation between mDia1 and ROCK in Rho-induced actin reorganization[END_REF]. Defects of cortical morphology and reduced olfactory bulb size were observed in mDia KO mice [START_REF] Shinohara | A role for mDia, a Rho-regulated actin nucleator, in tangential migration of interneuron precursors[END_REF]. These phenotypes are due to defects in INs migration [START_REF] Shinohara | A role for mDia, a Rho-regulated actin nucleator, in tangential migration of interneuron precursors[END_REF]. Neurons migrate slower and centrosome forward movements are affected. The pharmacological inhibition of Rho-associated protein kinase (ROCK), an activator of non-muscle Myosin II, also leads to neuronal migration impairment and more precisely to nuclear translocation inhibition. These results suggest that nuclear translocation is dependent on traction or pushing forces generated by acto-myosins contractions.

To go deeper in the involvement of RhoA signaling during neuronal migration, the use of a biosensor gave informations on its temporal and spatial activation [START_REF] Ota | Speed control for neuronal migration in the postnatal brain by Gmip-mediated local inactivation of RhoA[END_REF]. RhoA is activated in the proximal leading process prior to nucleokinesis and in the swelling during centrokinesis. Gmip, a gem-interacting protein, is an inhibitor of RhoA. Gmip is present where RhoA is activated [START_REF] Ota | Speed control for neuronal migration in the postnatal brain by Gmip-mediated local inactivation of RhoA[END_REF]. When RhoA signaling is not down regulated in Gmip KO mice, neurons migrate faster. The over migration of neurons can lead to defects in neuronal differentiation and misplacement which can induce functioning abnormalities [START_REF] Belvindrah | Abnormal Neuronal Migration Changes the Fate of Developing Neurons in the Postnatal Olfactory Bulb[END_REF][START_REF] Ota | Speed control for neuronal migration in the postnatal brain by Gmip-mediated local inactivation of RhoA[END_REF]. These results show the importance of controlling the activation and inhibition of RhoA signaling pathway to control the speed of neuronal migration.

Filamin A

Filamin A gene is mutated in X-linked periventricular heterotopia [START_REF] Fox | Mutations in filamin 1 Prevent Migration of Cerebral Cortical Neurons in Human Periventricular Heterotopia[END_REF].

Filamin A gene encodes a membrane receptor protein that interact either with actin and with β1 or β2 integrins which are important for neuron-radial glial interactions [START_REF] Loo | IDENTIFICATION OF AMINO ACIDS RESPONSIBLE FOR THIS INTERACTION[END_REF][START_REF] Sharma | Direct interaction of filamin (ABP-280) with the beta 2-integrin subunit CD18[END_REF]. Neuronal migration is delayed in Filamin A mutated neurons (Zhang et al., 2013). Moreover, overexpression of Filamin A leads to a decrease of membrane protrusions which also leads to defects in neuronal migration [START_REF] Calderwood | Increased filamin binding to β-integrin cytoplasmic domains inhibits cell migration[END_REF]. These data suggest that controlled amount of Filamin A is necessary for proper neuronal migration.

Common regulators of MTs and acto-myosins dynamic during neuronal migration?

Deregulation of proteins involved in the control of MTs or acto-myosins gives slightly the same phenotypes. Neurons migrate slower and the centrosome/nucleus coupling can be affected. However, neurons continue to migrate. These data suggest a tight regulation of actomyosin and MTs dynamics. It also suggests that both may work together to control neuronal migration. We can then suppose that MTs and acto-myosin need to be controlled by the same signaling pathways. However, key signal or signals involved in the control of MTs dynamics and acto-myosins contractions remain unknown.

Chapter 2: Primary cilium: Role in central nervous system development

Introduction to primary cilium

The cilium was first described in 1898 by Zimmerman in the kidney tubules lumen.

Sergei Sorokin that first distinguishes motile from non-motile cilia and called the non-motile cilium, primary cilium (PC) [START_REF] Sorokin | Reconstructions Of Centrile Formation And Ciliogenesis In Mammalian Lungs[END_REF]. For a long time, the non-motile PC was neglected and thought to be an evolutionary remnant with no real function. In this part, I will introduce the PC and I will talk about its role during neurodevelopment and its dynamic during neuronal migration. To finish, I will talk about cAMP signaling in the PC.

Primary cilium structure

The primary cilium (PC) is a small rod-shaped organelle emanating at the cell surface of almost all eukaryotic cells. The PC arises from the mother centriole, hence called the basal body (figure 12A). Generally, the PC contains an axoneme of 9 doublets of microtubules (9+0), while the motile cilium is composed of 9 doublets of MTs and a central pair of MT in the axoneme (9+2). However, unusual cilia have also been described. For example, motile cilium can have 9+4 organized axoneme [START_REF] Feistel | Three types of cilia including a novel 9+4 axoneme on the notochordal plate of the rabbit embryo[END_REF]. A ciliary membrane separates the PC from the extracellular environment. The PC length is generally between 1 to 10 µm and its width is between 0.2 to 0.3 µm. The PC is separated from the rest of the cell by the transition zone. The transition zone filters molecules entering and exiting the PC, so that proteins bigger than 7.9 nm cannot diffuse from or into the PC [START_REF] Lin | Chemically inducible diffusion trap at cilia reveals molecular sieve-like barrier[END_REF]. The ciliary gate is composed of the transition zone and the transition fibers. The transition fibers are necessary to recruit the IFTs (intraflagellar transport proteins), which are crucial to build and maintain the PC [START_REF] Wei | Transition fibre protein FBF1 is required for the ciliary entry of assembled intraflagellar transport complexes[END_REF]. Ciliary transport is necessary to supply the tip of the axoneme with proteins and to remove proteins that need to be destroyed, since no vesicles are present in the PC and since there is no protein synthesis. The ciliary transport motors are the Kinesin II, an anterograde transporter, and the cytoplasmic dynein II, a retrograde transporter. The two motors bind to their cargoes through the IFTs complexes composed of two complexes: IFT A and IFT B each composed of at least 22 proteins [START_REF] Taschner | The Intraflagellar Transport Machinery[END_REF]. The IFT B complex binds to Two main functions have been attributed to the PC. One of its function is during cell proliferation. The PC has a role of checkpoint during mitosis [START_REF] Kim | Nde1-mediated inhibition of ciliogenesis affects cell cycle re-entry[END_REF]. During cell cycle progression, the PC needs to disassemble at the G2/M transition to enter into the M-phase [START_REF] Pan | The Primary Cilium: Keeper of the Key to Cell Division[END_REF]. PC disassembly working as a checkpoint to enter M-phase suggests an important role for PC during cell cycle progression. It is hard to discriminate if the PC needs to be disassembled to free the centrosome in order for it to act as the MTOC or if the PC needs to be disassembled to stop signaling. However, the PC disassembly is a major step for the cell to enter in M-phase.

The second important role of the PC is to act as a signaling hub. The first description of a signaling hub function was observed in an IFT mutant where the PC was disrupted, and Shh (sonic hedgehog) signaling was not transduced any more [START_REF] Huangfu | Hedgehog signalling in the mouse requires intraflagellar transport proteins[END_REF]. Shh signaling pathway is linked to PC and this link has been extensively studied. A lot of phenotypes described after PC ablation were attributed to a defect in Shh signaling [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF][START_REF] Chang | Atoh1 Controls Primary Cilia Formation to Allow for SHH-Triggered Granule Neuron Progenitor Proliferation[END_REF]. However, Shh is not the only signaling pathway that is transduced by the PC. For example, a lot of receptors are enriched in the PC such as 5HT6R (5-hydroxytryptamine receptor 6, a serotonin receptor [START_REF] Brailov | Localization of 5-HT6 receptors at the plasma membrane of neuronal cilia in the rat brain[END_REF]), sstr3 (somatostatin receptor 3 [START_REF] Einstein | Somatostatin Signaling in Neuronal Cilia Is Criticalfor Object Recognition Memory[END_REF]) or PDGF (platelet-derived growth factor receptors [START_REF] Schneider | PDGFRαα Signaling Is Regulated through the Primary Cilium in Fibroblasts[END_REF]) among others. Other signaling pathways have been associated to the PC such as Notch [START_REF] Ezratty | A Role for the Primary Cilium in Notch Signaling and Epidermal Differentiation during Skin Development[END_REF] or Wnt [START_REF] Oh | Context-Dependent Regulation of Wnt Signaling through the Primary Cilium[END_REF].

The PC can also sense other types of environmental changes that are not chemicals such as mechanical stimulation, chemosensation, light [START_REF] Insinna | Intraflagellar transport and the sensory outer segment of vertebrate photoreceptors[END_REF], temperature (Kuhara et al, 2008), osmolarity [START_REF] Christensen | High expression of the taurine transporter TauT in primary cilia of NIH3T3 fibroblasts[END_REF] or even gravity [START_REF] Moorman | The primary cilium as a gravitational force transducer and a regulator of transcriptional noise[END_REF].

Ciliopathies

Ciliopathies are a group of multisystemic genetic disorders where the mutated genes encode proteins involved in PC functions or structure. Ciliopathies are heterogeneous and lead to pleiotropic clinical features with different affected tissues. Ciliopathies can touch the retina, the kidney or the nervous system among others [START_REF] Lee | Cilia in the nervous system: linking cilia function and neurodevelopmental disorders[END_REF]. Today, 187 mutated genes causing 35 known ciliopathies have already been found and 241 ciliopathy-associated genes are potentially causing ciliopathies [START_REF] Reiter | Genes and molecular pathways underpinning ciliopathies[END_REF]. In the majority of ciliopathies, the patterning of the forebrain development is severely affected [START_REF] Vogel | The role of primary cilia in the pathophysiology of neural tube defects[END_REF]. Due to this observation, the PC is thought to be involved in different steps of forebrain development. Here, I will talk about two ciliopathies that affect CNS development.

One of the most described and studied ciliopathy is the Joubert Syndrome (JBTS). JBTS is a rare disease with a prevalence estimated between 1:80000 to 1:100000. However, since a lot of JBTS genes are unknown and the phenotypes are broad, these numbers are probably underestimated. JBTS is predominantly an autosomal recessive disorder [START_REF] Sattar | The ciliopathies in neuronal development: a clinical approach to investigation of Joubert syndrome and Joubert syndrome-related disorders: Review[END_REF]. It is characterized by congenital malformation of the cerebellum and a cerebellar vermis hypoplasia. Moreover, the brainstem malformation, called the molar tooth sign, is visible by magnetic resonance imaging of JBTS patients [START_REF] Sattar | The ciliopathies in neuronal development: a clinical approach to investigation of Joubert syndrome and Joubert syndrome-related disorders: Review[END_REF] It is also associated with hypotonia, developmental delays, oculomotor apraxia and abnormal respiratory patterning. JBTS can also be associated in some cases with renal cystic disease, nephronophthisis, retinal dystrophy and congenital hepatic fibrosis among other possible defects of skeletal development. These pleiotropic defects induce difficulty for proper diagnosis of the different ciliopathies, and it is, in general, difficult to identify the causal genes. Until now, 35 genes were found to be mutated in JBTS patients. The first gene that has been identified was NPHP1 (nephrocystin1) in 2004 [START_REF] Parisi | The NPHP1 Gene Deletion Associated with Juvenile Nephronophthisis Is Present in a Subset of Individuals with Joubert Syndrome[END_REF]. Al13b was also found to be mutated in JBTS [START_REF] Cantagrel | Mutations in the Cilia Gene ARL13B Lead to the Classical Form of Joubert Syndrome[END_REF].

Meckel syndrome is an autosomal recessive disorder. It generally leads to perinatal death due to important malformation of major organs. It is the most common form of syndromic neural tube malformation [START_REF] Vogel | The role of primary cilia in the pathophysiology of neural tube defects[END_REF]. It is a multiple allelic disorder. Depending on the severity of the mutation and how much the protein function is affected it can give different phenotypes. RPGRIP1L (retinitis pigmentose GTPase regulator-interacting protein 1-like) gene was found mutated in Meckel syndrome patients [START_REF] Hildebrandt | Ciliopathies[END_REF].

Primary cilium during neurodevelopment

To study the role of the PC during development, different mouse lines were created with deletion of genes involved in cilipoathillies. However, full deletion of these genes is usually lethal. This suggests that ciliary proteins are crucial during development. Studies on embryos show that deletion of ciliary genes induces massive defects in CNS development [START_REF] Andreu-Cervera | The ciliopathy gene ftm/rpgrip1l controls mouse forebrain patterning via regionspecific modulation of hedgehog/gli signaling[END_REF]. To study the role of these proteins, conditional mouse models were generated. With these approaches, the community can assess the role of the PC during different developmental stages. Moreover, the use of a shRNA library targeting ciliopathy genes known to cause brain disorders confirmed the involvement of the PC in all brain developmental steps.

Primary cilium during neurogenesis

Ciliopathies can be associated with microcephaly [START_REF] Reilly | Loss-of-function mutations in KIF14 cause severe microcephaly and kidney development defects in humans and zebrafish[END_REF]. It is known that, in the developing cerebral cortex, the duration of the G1 phase controls the type of division [START_REF] Lange | Cdk4/CyclinD1 Overexpression in Neural Stem Cells Shortens G1, Delays Neurogenesis, and Promotes the Generation and Expansion of Basal Progenitors[END_REF]. Short G1 phase induces progenitors self-renewing division, while longer G1 phase leads to asymmetric division. Defects in cilia assembly or cilia disassembly lead to a switch between symmetric to asymmetric division probably by increasing the duration G1 phase [START_REF] Chang | Atoh1 Controls Primary Cilia Formation to Allow for SHH-Triggered Granule Neuron Progenitor Proliferation[END_REF][START_REF] Li | Ciliary transition zone activation of phosphorylated Tctex-1 controls ciliary resorption, S-phase entry and fate of neural progenitors[END_REF]. These data suggest that the PC is not only involved as a cell cycle checkpoint at the G2/M transition, as discussed before (see Primary cilium function) but also as a symmetric/asymmetric cell division controller.

The PC is also involved in early development of the cortex. The deletion of Arl13b in the radial glial progenitors induces defect in cortex polarization [START_REF] Higginbotham | Arl13b-regulated cilia activities are essential for polarized radial glial scaffold formation[END_REF]. Indeed, Arl13b deletion in early stage of development leads to a perturbation of apico-basal polarization of the radial glial cells, which induces aberrant localization of cortical neurons and a cortical inversion. These data suggest a crucial role of the PC during the apico-basal polarization of the cortex.

The PC is also involved in neurogenesis in the adult V/SVZ. In the ventral V/SVZ, the progenitor cells are Shh responsive. The conditional knockout of Kif3a or Ift88 induce the deletion of the PC [START_REF] Tong | Primary cilia are required in a unique subpopulation of neural progenitors[END_REF]. PC deletion leads to a reduction of proliferation rate but not in the non Shh responsive progenitors. This suggest that Shh is necessary for proliferation of the progenitor cells in the adult ventral V/SVZ.

Primary cilium during neuronal migration

Two studies showed the primordial role of the PC during neuronal migration [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF][START_REF] Higginbotham | Arl13b in Primary Cilia Regulates the Migration and Placement of Interneurons in the Developing Cerebral Cortex[END_REF]. Both studies looked at cortical INs neuronal migration after complete ablation of the PC [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF] or deletion of Arl13b [START_REF] Higginbotham | Arl13b in Primary Cilia Regulates the Migration and Placement of Interneurons in the Developing Cerebral Cortex[END_REF], a small ciliary GTPase. Arl113b deletion leads to the suppression of the PC ability to respond to extracellular signals associated with structure abnormalities [START_REF] Caspary | The Graded Response to Sonic Hedgehog Depends on Cilia Architecture[END_REF].

After complete deletion or truncation of the PC, defects of cortical INs migration were observed.

In [START_REF] Higginbotham | Arl13b in Primary Cilia Regulates the Migration and Placement of Interneurons in the Developing Cerebral Cortex[END_REF], they observed a retarded migration associated with defects in morphology. Arl13b depleted migrating neurons were more branched than the WT.

In [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF], they performed real time live imaging of MGE-derived migrating neurons depleted for Kif3a. They observed a slowed-down migration due to a decrease of nuclear translocation frequency. Moreover, the directionality of the neurons was affected.

These data suggest that the PC is implicated in the regulation of neuronal migration and in the control of neuronal directionality.

In both studies, they tried to find the upstream activator of the PC that regulates nucleokinesis frequency and directionality. The team of Eva Anton looked at the dynamic localization of different known ciliary receptors involved in different ciliary signaling pathways [START_REF] Higginbotham | Arl13b in Primary Cilia Regulates the Migration and Placement of Interneurons in the Developing Cerebral Cortex[END_REF]. They observed that the majority of guidance cue receptors normally enriched in the PC were not located in the PC after Arl13b deletion such as 5-HT6R, ErB4 or CXCR7. They also observed that the lack of ciliary receptors was due to a defect in the dynamic renewals of ciliary proteins. The team of C. Métin focused on Shh signaling [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF]. Pharmacologic activation of Shh in PC-ablated migrating neurons rescued the defective directionality. However, this did not rescue the speed of migration. This suggests that Shh participates in the guidance of migrating INs but does not regulate the rhythmicity of migration.

Neuronal migration was also recently shown to be affected in RMS tangentially migrating neurons after PC ablation [START_REF] Matsumoto | Dynamic changes in ultrastructure of the primary cilium in migrating neuroblasts in the postnatal brain[END_REF]. Postnatal electroporation of dominant negative form of Kif3a or short hairpin RNA against Ift88 followed by acute brain slices real time imaging showed defects in RMS neuronal migration. They observed a sloweddown migration associated with a decrease of NK frequency and increase in pausing phases.

They also observed defects in directionality. Co-electroporation of dnKif3a with a centrosomal marker showed an increase in centrosomal backward movement. These data suggest an important role of the PC in all tangentially migrating neurons (summary in figure 13). However, the mechanisms by which PC signaling is mediated into a migratory response has not been studied until now.

The PC was first suggested not to be involved in radial glial-guided neuronal migration.

Arl13b was deleted in postmitotic radially migrating projection neurons [START_REF] Higginbotham | Arl13b in Primary Cilia Regulates the Migration and Placement of Interneurons in the Developing Cerebral Cortex[END_REF]. After tissue fixation, the authors did not observe any retarded neurons. However, the use of a shRNA library targeting ciliopathy genes known to cause brain disorders showed their involvement in radial neuronal migration [START_REF] Guo | Developmental disruptions underlying brain abnormalities in ciliopathies[END_REF]. On fixed tissues, they showed that

Primary cilium dynamic during neuronal migration

During a long time, PC assembly and disassembly were just thought to be related to the cell cycle. More and more evidence suggest that the PC is really dynamic during different cell events, particularly during neuronal migration. The first insight of a dynamic presence of the PC during neuronal migration was formulated by Baudoin et al [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF]. They performed static electron microscopic analysis of cortical tangentially migrating INs at different phases of cyclic saltatory migration. They observed that during the pause of migrating neurons a ciliary vesicle was attached to the centriole suggesting that the PC was disassembled. When the neurons were migrating and forming the swelling, the PC seemed to start assembling [START_REF] Baudoin | Tangentially Migrating Neurons Assemble a Primary Cilium that Promotes Their Reorientation to the Cortical Plate[END_REF].

However, live imaging of PC during neuronal migration did not show the same dynamic. Arl13B-labeled PC displayed a dynamic orientation and length without visible disassembly [START_REF] Higginbotham | Arl13b in Primary Cilia Regulates the Migration and Placement of Interneurons in the Developing Cerebral Cortex[END_REF][START_REF] Trivedi | Leading-process actomyosin coordinates organelle positioning and adhesion receptor dynamics in radially migrating cerebellar granule neurons[END_REF].

Another study looked at the PC dynamic during neuronal migration using electron microscopy [START_REF] Matsumoto | Dynamic changes in ultrastructure of the primary cilium in migrating neuroblasts in the postnatal brain[END_REF]. They performed 3D-reconstruction of electron microscopy images of tangentially migrating neurons along the RMS. The PC seems to be dynamically extended at the cell surface of the PC during cyclic saltatory neuronal migration as resumed and schematized in figure 15. During pausing phases, the PC seemed not to be extended at the cell surface. When the neuron starts NK, the PC is extended outside of the cell surface. The orientation of the PC is also dynamic (figure 15). After NK, the PC is internalized again. These observations suggest that the PC can be a key regulator of the cyclicity of neuronal migration, since it is itself cyclically extended. We can suppose that the PC cyclically receives extracellular signals.

Different studies looked at cAMP dynamic in the PC to understand if the PC could be a potential cAMP rich compartment (more details in the part: tools to visualize cAMP/PKA signaling dynamics).

In an in vivo context, ciliary cAMP production was suggested to be involved in the control of Shh signaling pathway during CNS development [START_REF] Vuolo | Ciliary adenylyl cyclases control the Hedgehog pathway[END_REF]. AC5/6 localizes in the primary cilium of cerebellar granular cell precursors. When AC5/6 was overexpressed, the Shh pathway was repressed in the embryonic neural tube, which induced defects in the development of the neural tube. In this paper, they assessed the role of the ciliary ACs but they did not analyze cAMP dynamics. However, these data still suggest a role of PCproduced cAMP in the development of the neural tube via the modulation of Shh pathway. Sutherland and T. Rall [START_REF] Rall | The Relationship of Epinephrine and Glucagon to Liver Phosphorylase[END_REF]. In 1958, they observed that after adrenaline stimulation of liver cells, the level of cAMP was increased in cell homogenates. With these results, they hypothesized that cAMP was transducing the extracellular increase of adrenaline in intracellular signals and they proposed the idea of second messenger [START_REF] Rall | Formation of a Cyclic Adenine Ribonucleotide by Tissue Particles[END_REF][START_REF] Sutherland | Fractionation and Characterization of a Cylic Adenine Ribonucleotide Formed by Tissue Particles[END_REF].

Extracellular cues cannot enter the cells and need second messengers such as cAMP (cyclic adenosine monophosphate), cGMP (cyclic guanosine monophosphate), Calcium (Ca 2+ ) or other small molecules to translate extracellular signals into intracellular responses. cAMP is a key second messenger and is involved in numerous signal transduction pathways. cAMP can regulate a large number of cellular events including cell growth and differentiation or regulation of specific gene transcription, During CNS development and in the adult brain, cAMP is involved in axon formation and growth [START_REF] Averaimo | A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune developing retinal axon arbors[END_REF][START_REF] Shelly | Local and Long-Range Reciprocal Regulation of cAMP and cGMP in Axon/Dendrite Formation[END_REF], memory and plasticity [START_REF] Lee | Global and local missions of cAMP signaling in neural plasticity, learning, and memory[END_REF], synaptic bouton outgrowth [START_REF] Ueda | Cyclic Adenosine Monophosphate Metabolism in Synaptic Growth, Strength, and Precision: Neural and Behavioral Phenotype-Specific Counterbalancing Effects between dnc Phosphodiesterase and rut Adenylyl Cyclase Mutations[END_REF] and neurotransmitter responses such as dopaminergic responses [START_REF] Thummel | Powered by Gas-A Ligand for a Fruit Fly Nuclear Receptor[END_REF][START_REF] Yapo | Detection of phasic dopamine by D1 and D2 striatal medium spiny neurons: Comparison of D1 and D2 responsiveness to transient dopamine[END_REF]. However, how cAMP can modulate specific signaling pathways and specific cellular events still remains elusive. The compartmentalization of cAMP signaling might be key in explaining the specificity of cAMP signaling in multiple pathways [START_REF] Castro | Decoding spatial and temporal features of neuronal cAMP/PKA signaling with FRET biosensors[END_REF] (see part Mechanism of compartmentalization).

cAMP signaling Pathway

Production and destruction

Adenylyl cyclases

The Adenylyl cyclases (ACs) family contains 10 different proteins. The secondary structure of the nine membrane-bounds ACs are comparable. All are composed of an intracellular N-terminus, two cassettes of six transmembrane domains separated by a cytoplasmic loop and a C-terminal cytoplasmic domain. The ATP-binding domain is in the cytoplasmic loop. The ATP binding cassettes of the 9 ACs are really similar to each other, they conserve 65% of the peptide sequence [START_REF] Willoughby | Organization and Ca 2+ Regulation of Adenylyl Cyclases in cAMP Microdomains[END_REF]. This ACs architecture suggests a possible homodimerization of ACs or heterodimerization with other transmembrane proteins to form signaling complexes [START_REF] Cooper | Higher-order organization and regulation of adenylyl cyclases[END_REF]. AC10 is a soluble AC that is really different from the other 9 ACs [START_REF] Tresguerres | Intracellular cAMP signaling by soluble adenylyl cyclase[END_REF]. Here, I focus on the transmembrane adenylyl cyclases.

The mRNAs of the different ACs can be alternatively spliced which can give rise to many isoforms. The isoforms have different properties and cellular or subcellular localizations.

All ACs can be activated or inhibited downstream from numerous GPCRs (G protein-coupled receptors). GPCRs can trigger the activation of the α sub-unit of G proteins of Gs or Gi/o types.

Gs-type and Golf proteins activate ACs while Gi/o inhibits most ACs [START_REF] Mick | Proteomics of Primary Cilia by Proximity Labeling[END_REF]. Besides this main regulating route, ACs are also modulated by various mechanisms like phosphorylation (by PKA or PKC) and binding to other signaling proteins, such as calcium-calmodulin.

Therefore, some ACs are sensitive to calcium signaling: AC1 and 8 can be activated by calcium signaling whereas AC5 and 6 are inhibited by calcium signaling. The sensitivity of AC3 for calcium is controversial [START_REF] Halls | Regulation by Ca2+-Signaling Pathways of Adenylyl Cyclases[END_REF]. However, AC3 was first classified as a calcium activated AC. Calcium sensitive ACs can be localized in specific membrane compartment like lipid rafts (membrane compartments rich in cholesterol and sphingolipid), while insensitive ACs are excluded from lipid rafts [START_REF] Averaimo | Intermingled cAMP, cGMP and calcium spatiotemporal dynamics in developing neuronal circuits[END_REF][START_REF] Willoughby | Organization and Ca 2+ Regulation of Adenylyl Cyclases in cAMP Microdomains[END_REF]. This specific localization of ACs in sub-membrane compartments can lead to specific cAMP-rich subcompartments in the cell.

Phosphodiesterases

Phosphodiesterases (PDEs) were discovered in 1962 by [START_REF] Butcher | Adenosine 3[END_REF]. Phosphodiesterase can either degrade cAMP, cGMP or both. cAMP and cGMP are hydrolyzed by PDEs on their 3' phosphate bond [START_REF] Manganiello | Diversity in Cyclic Nucleotide Phosphodiesterase Isoenzyme Families[END_REF]. In mammals, PDEs are encoded by 21 genes, with approximately 100 mRNA transcriptvariants. The different PDEs isoforms have specific cellular and sub-cellular localization with different catalytic activity. The different phosphodiesterases are classified in three groups, the cAMP specific PDEs (PDE4, PDE7 and PDE8), the cGMP specific PDEs (PDE5, PDE6, and PDE9) and the PDEs that hydrolyze both cyclic nucleotides (PDE1, PDE2, PDE3, PDE10 and PDE11). The PDEs that can hydrolyze both cyclic nucleotides have a higher affinity for one of the cyclic nucleotides [START_REF] Francis | Mammalian Cyclic Nucleotide Phosphodiesterases: Molecular Mechanisms and Physiological Functions[END_REF][START_REF] Knott | Phosphodiesterase Inhibitors as a Therapeutic Approach to Neuroprotection and Repair[END_REF]. Structure of the PDEs are highly conserved between different species.

Deregulation of expression of PDEs isoforms was shown in different neurodegenerative

diseases such as Alzheimer Disease (AD) or Amyotrophic Lateral Sclerosis among others. For AD, depending on the stage of the disease, the PDEs expression pattern changes. At the beginning of the disease, the brain tissues express PDE4A, PDE4B and PDE7A, while more severe AD stages are associated with an increase in PDE8B expression [START_REF] Heckman | Phosphodiesterase Inhibitors as a Target for Cognition Enhancement in Aging and Alzheimer's Disease: A Translational Overview[END_REF][START_REF] Knott | Phosphodiesterase Inhibitors as a Therapeutic Approach to Neuroprotection and Repair[END_REF][START_REF] Pérez-Torres | Alterations on phosphodiesterase type 7 and 8 isozyme mRNA expression in Alzheimer's disease brains examined by in situ hybridization[END_REF]. Since all PDEs have their own specificity, perturbation of PDEs expression induces changes in cAMP level which can disturb the normal signaling pathways. A perfect control of cAMP signaling is mandatory for proper brain functioning.

cAMP downstream effectors

cAMP signaling can act on 3 types of effectors: Protein Kinase A (PKA), Epac (exchange protein directly activated by cAMP) and cyclic-nucleotide gated ion channels. Since they are involved in cell migration, I chose to focus on PKA and Epac. In addition, I will present some features of the transcription factor CREB (cAMP Response Element-Binding protein) which can be indirectly activated by cAMP via PKA-mediated phosphorylation.

Protein kinase A

PKA was first described in 1968 by Donal Walsh and Ed Krebs [START_REF] Walsh | An Adenosine 3') 5'-Monophosphatedependant Protein Kinase from Rabbit Skeletal Muscle[END_REF].

PKA is composed of two catalytic subunits and two regulatory subunits. The binding of the regulatory subunits to the catalytic subunits leads to PKA inactivation. The interaction of cAMP with the regulatory subunits activates the catalytic subunits by disturbing the interaction between the regulatory and the catalytic subunits [START_REF] Taylor | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. Each regulatory subunit binds two cAMP molecules. Three genes encode the catalytic subunits and four the regulatory subunits in mice. The genes encoding the catalytic subunits produce the Cα, Cβ and Cγ subunits. All have between three to ten different isoforms [START_REF] Torres-Quesada | The many faces of compartmentalized PKA signalosomes[END_REF][START_REF] Turnham | Protein kinase A catalytic subunit isoform PRKACA; History, function and physiology[END_REF]. For the regulatory subunits, the genes produce two classes of regulatory subunits each composed of two different subunits, the RI α and β and the RII α and β [START_REF] Scott | Type II Regulatory Subunit Dimerization Determines the Subcellular Localization of the CAMP-dependent Protein Kinase[END_REF]. The expression of the different isoforms is spatially and temporally regulated, which can induce specific PKA proteins expression in different tissues.

PKA can be tightly compartmentalized thanks to its interaction with the AKAPs (A kinase anchoring proteins). Different AKAPs exist and can trap PKA to different subcellular localization, such as the centrosome and the Golgi apparatus, the lipid rafts or other subcellular localizations [START_REF] Raslan | Targeting of type I protein kinase A to lipid rafts is required for platelet inhibition by the 3′,5′-cyclic adenosine monophosphate-signaling pathway[END_REF][START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. PKA is involved in a pleiotropic number of cellular events. For example, in radial glial cells, PKA symmetrical localization to the two centrosomes during M phase is necessary for symmetrical division while its localization to one of them leads to asymmetrical division [START_REF] Saade | Shh-mediated centrosomal recruitment of PKA promotes symmetric proliferative neuroepithelial cell division[END_REF]. Moreover, PKA has been found to play a crucial role during cell migration [START_REF] Mckenzie | Protein Kinase A Activity and Anchoring Are Required for Ovarian Cancer Cell Migration and Invasion[END_REF][START_REF] Ohshima | Neuronal migration and protein kinases[END_REF][START_REF] Paulucci-Holthauzen | Spatial Distribution of Protein Kinase A Activity during Cell Migration Is Mediated by A-kinase Anchoring Protein AKAP Lbc[END_REF]. In cancer cells, cAMP was shown to stop migration. Further investigation of the process shows that PKA inhibits focal adhesion and paxillin turnover [START_REF] Burdyga | cAMP inhibits migration, ruffling and paxillin accumulation in focal adhesions of pancreatic ductal adenocarcinoma cells: Effects of PKA and EPAC[END_REF] inducing the arrest of migration. These data show the importance of PKA-controlled cell-cell adhesion dynamic during migration.

PKA phosphorylates a large number of targets on one of their serine or threonine residues, including various proteins involved in neuronal migration. RhoA signaling pathway is crucial during neuronal migration due to its action on actin dynamics regulation (see part RhoA signaling pathway [START_REF] Ota | Speed control for neuronal migration in the postnatal brain by Gmip-mediated local inactivation of RhoA[END_REF][START_REF] Shinohara | A role for mDia, a Rho-regulated actin nucleator, in tangential migration of interneuron precursors[END_REF][START_REF] Wang | Girdin Is an Intrinsic Regulator of Neuroblast Chain Migration in the Rostral Migratory Stream of the Postnatal Brain[END_REF]). PKA can phosphorylate RhoA and inhibit its activity [START_REF] Jones | Protein kinase A-mediated phosphorylation of RhoA on serine 188 triggers the rapid induction of a neuroendocrine-like phenotype in prostate cancer epithelial cells[END_REF][START_REF] Qiao | PKA inhibits RhoA activation: a protection mechanism against endothelial barrier dysfunction[END_REF].

PKA can also be involved in the modulation of MTs dynamics since PKA can phosphorylate two proteins important for its regulation, DCX and Ndel1. DCX is a MT associated protein involved in the control of MT dynamics [START_REF] Toriyama | Phosphorylation of Doublecortin by Protein Kinase A Orchestrates Microtubule and Actin Dynamics to Promote Neuronal Progenitor Cell Migration[END_REF]. Ndel1 is located at the centrosome and is part of a complex involved in neuronal migration composed of Lis1-nde1-ndel1-dynein [START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF]. Phosphorylation of both proteins by PKA can have an impact on the dynamics of MT important for neuronal migration. All these data show the potential central role of PKA during neuronal migration since PKA can act both on actin and MT dynamic.

Exchange protein directly activated by cAMP

Epac (exchange protein directly activated by cAMP) is, as suggested by its name, activated by a direct binding of cAMP. It is a guanine nucleotide exchange factor. Two isoforms have been found: Epac1 and Epac2. Epac 1 and 2 are composed of a regulatory region with a Disheveled-Egl-10-Pleckstrin domain and a cyclic-nucleotide binding domain in the Nterminal and a catalytic region with a Ras exchange motif, a CDC25 homology domain and a Ras-association domain in the C-terminal region. Epac2 is also composed of a second cyclicnucleotide-binding domain in its N-terminus. Epac1 is ubiquitously expressed while Epac2 expression is restricted to some tissues [START_REF] Kawasaki | A Family of cAMP-Binding Proteins That Directly Activate Rap1[END_REF]. The capacity of Epac to bind cAMP and to change conformation was used to create biosensor to sense cAMP dynamics (see part: Tools to visualize cAMP/PKA signaling dynamic). Epac is involved in multiple processes such as cell adhesion, cell junction, secretion and differentiation (Borland et al., 2009;[START_REF] Rangarajan | Cyclic AMP induces integrin-mediated cell adhesion through Epac and Rap1 upon stimulation of the β2-adrenergic receptor[END_REF]. The majority of these events also involves PKA. The two cAMPs signaling pathways crosstalk in some specific cellular processes; however, they can also act independently [START_REF] Cheng | Epac and PKA: a tale of two intracellular cAMP receptors[END_REF].

Epac was shown to mediate cell adhesion, apoptosis and growth arrest in multiple cell types and more specifically in cancer cells [START_REF] Grandoch | Epac inhibits migration and proliferation of human prostate carcinoma cells[END_REF][START_REF] Lissitzky | Cyclic AMP Signaling as a Mediator of Vasculogenic Mimicry in Aggressive Human Melanoma Cells In vitro[END_REF][START_REF] Tiwari | Among circulating hematopoietic cells, B-CLL uniquely expresses functional EPAC1, but EPAC1mediated Rap1 activation does not account for PDE4 inhibitor-induced apoptosis[END_REF]. Overexpression of Epac increases cancer cell migration in melanoma [START_REF] Baljinnyam | Epac increases melanoma cell migration by a heparan sulfate-related mechanism[END_REF]. This effect of Epac is mediated by its capacity to translocate a cell-surface heparan sulfate proteoglycan, syndecan-2, to lipid rafts which induces cell migration [START_REF] Baljinnyam | Epac increases melanoma cell migration by a heparan sulfate-related mechanism[END_REF]. Epac induced-cell migration is also regulated by the production of a major extracellular matrix component, heparan sulfate [START_REF] Baljinnyam | Epac increases melanoma cell migration by a heparan sulfate-related mechanism[END_REF]. These changes induce the colonization of new tissues by cancer cells. These data suggest a crucial role of Epac in cell migration and a potential interesting therapeutic target in some cancers, especially in melanoma. Epac is involved in migration of other cell types, such as dendritic cells or mesenchymal cells [START_REF] Ring | Regulatory T Cell-Derived Adenosine Induces Dendritic Cell Migration through the Epac-Rap1 Pathway[END_REF][START_REF] Yu | Epac Activation Regulates Human Mesenchymal Stem Cells Migration and Adhesion: Epac Enhances Human MSCs Homing[END_REF].

cAMP Response Element-Binding protein

cAMP Response Element-Binding protein (CREB) is a basic leucine zipper transcription factor and is indirectly activated by cAMP through PKA-mediated phosphorylation. It is an ubiquitously expressed transcription factor involved in a pleiotropic number of cellular processes. CREB needs to be phosphorylated at a conserved serine residue by PKA or other kinases to be activated [START_REF] Mantamadiotis | Disruption of CREB function in brain leads to neurodegeneration[END_REF]. When the catalytic subunits of PKA detach from the regulatory subunits after cAMP binding, the catalytic subunits can enter the nucleus by passive diffusion [START_REF] Harootunian | Movement of the free catalytic subunit of cAMP-dependent protein kinase into and out of the nucleus can be explained by diffusion[END_REF]. PKA can phosphorylate CREB which activates the transcription of genes whose promoters display a CRE (cAMP regulatory elements) sequence [START_REF] Mayr | Transcriptional regulation by the phosphorylationdependent factor CREB[END_REF]. These genes transcription can control multiple cellular events such as proliferation and differentiation of multiple cells. CREB is also involved in various developmental processes of the CNS and during neuronal migration.

Mutant mice deleted for CREB display defects in layering of the cortex, hippocampus and olfactory bulb [START_REF] Díaz-Ruiz | Regulation of neural migration by the CREB/CREM transcription factors and altered Dab1 levels in CREB/CREM mutants[END_REF]. Analysis of early development shows defects in neuronal migration. In CREB-invalidated mice, the migrating neurons are retarded [START_REF] Díaz-Ruiz | Regulation of neural migration by the CREB/CREM transcription factors and altered Dab1 levels in CREB/CREM mutants[END_REF]. These data suggest an important role of CREB during development of the CNS and specifically during neuronal migration.

Tools to visualize cAMP/PKA signaling dynamics

Genetically encoded biosensors were developed two decades ago, and the area has constantly progressed since to create the most stable and reliable tools. Biosensors have been developed for a large number of proteins, for example to sense Ca 2+ , cyclic nucleotides or kinase activity. The development of biosensors allowed to visualize second messenger dynamics in real time during physiologic cellular events.

The first of optical biosensor, FlCRhR, was conceived by Roger T. Tsien in the 1990s [START_REF] Adams | Fluorescence ratio imaging of cyclic AMP in single cells[END_REF]. He took advantage of the property of PKA holoenzyme to release the catalytic subunits upon cAMP binding to the regulatory subunits. The catalytic subunits were tagged with fluorescein and the regulatory subunits with rhodamine. The reconstituted chemically-labelled holoenzyme was then introduced in cells. In the holoenzyme, the proximity of fluorescein and rhodamine tags allows for some fluorescence resonance energy transfer (FRET) to occur. When cAMP binds to the regulatory subunits, subunits are separated and energy transfer between the two fluorescent tags is disrupted. This was the first FRET (Fluorescent/Förster energy transfer)-based cAMP biosensor [START_REF] Adams | Fluorescence ratio imaging of cyclic AMP in single cells[END_REF]. The major limitation of this biosensor was that it had to be mechanically re-introduced into the living cell, via microinjection [START_REF] Hempel | Spatiotemporal dynamics of cyclic AMP signals in an intact neural circuit[END_REF] or patch pipette [START_REF] Vincent | Cyclic AMP imaging in neurones in brain slice preparations[END_REF], with a very limited success rate.

A major breakthrough was the discovery of GFP, and soon after that, the development of fluorescent proteins of different colors [START_REF] Heim | Engineering green fluorescent protein for improved brightness, longer wavelengths and fluorescence resonance energy transfer[END_REF]: this allowed the creation of similar biosensors in their concept, but contrary to FlCRhR, that were entirely geneticallyencoded. The first demonstration of a genetically-encoded FRET biosensor was Camelon [START_REF] Miyawaki | Fluorescent indicators for Ca2+based on green fluorescent proteins and calmodulin[END_REF], soon followed by many others [START_REF] Zhang | Creating new fluorescent probes for cell biology[END_REF]. A wide diversity of such biosensors is now available for various cell events, ranging from the detection of diffusible molecules to the detection of molecular tension.

In our work, we used the biosensor Epac-S H187 (figure 16), which was designed by the team of K. Jalink to detect cAMP [START_REF] Klarenbeek | Fourthgeneration epac-based FRET sensors for cAMP feature exceptional brightness, photostability and dynamic range: characterization of dedicated sensors for FLIM, for ratiometry and with high affinity[END_REF]. It is composed of a part of Epac protein including its inactivated catalytic domain, the CDC25 domain and an inactive Disheveled-Egl-10-Pleckstrin domains. The protein is flanked by a donor fluorescent protein (mTurquoise2) and a tandem of acceptor fluorescent protein (cpVenus). Epac-S H187 has the capacity to change its conformation as a consequence of cAMP binding.

In the absence of cAMP Epac-S H187 , the donor and acceptor fluorescent proteins are in a conformation which favors FRET. In this context, when the donor fluorophore is excited, part of the energy of the donor is transferred to the acceptor by FRET, which is measurable as a reduction in the donor fluorescence intensity and an increase in acceptor fluorescence intensity.

When cAMP binds to the catalytic domain of Epac-S H187 , the protein changes for a conformation less favorable to FRET, which produces the opposite effects on fluorescence emission. The FRET process can be followed by monitoring the ratio of donor intensity divided by acceptor intensity. The ratio ranges between Rmin (the ratio for the biosensor in the conformation with the lowest FRET) and the Rmax (ratio when all the biosensor is in FRET conformation). The most important advantages to use a ratiometric measurement is that it is not dependent from biosensor concentration, the light pathway or the instrument employed.

Epac-S H187 is one of the best biosensor of its generation since the sensitivity for cAMP has been improved due to a mutation in the catalytic domain of the biosensor and the photobleaching is reduced with the use of a tandem of acceptor proteins [START_REF] Klarenbeek | Fourthgeneration epac-based FRET sensors for cAMP feature exceptional brightness, photostability and dynamic range: characterization of dedicated sensors for FLIM, for ratiometry and with high affinity[END_REF]. This biosensor gave us the opportunity to observe more subtle cAMP changes and new cAMP subcellular domain.

Figure 16: Schematic representation of Epac-S H187 . Epac-S H187 is in FRET conformation when cAMP is not present. When cAMP bind Epac-SH 187 the biosensor changes in conformation and the biosensor is not in FRET conformation anymore.

cAMP compartment 4.1. Mechanism of compartmentalization

To control specific events, it was hypothesized that the cAMP signal had to be controlled in space and time. AKAPs directly interacts with PKA and can trap it to specific subcellular localization [START_REF] Christian | Small Molecule AKAP-Protein Kinase A (PKA) Interaction Disruptors That Activate PKA Interfere with Compartmentalized cAMP Signaling in Cardiac Myocytes[END_REF][START_REF] Wong | AKAP signalling complexes: focal points in space and time[END_REF]. The subcellular localization of PKA was thought to account for the subcellular specificity of cAMP signaling. However, more and more studies highlighted the specific localization of ACs and PDEs and suggested a specific compartmentalization of cAMP production in association with its targets [START_REF] Lefkimmiatis | cAMP signaling in subcellular compartments[END_REF]. Moreover, the different characteristics of ACs and PDEs lead to a high combination of spatial and temporal control of the signal [START_REF] Averaimo | Intermingled cAMP, cGMP and calcium spatiotemporal dynamics in developing neuronal circuits[END_REF][START_REF] Kleppisch | Phosphodiesterases in the Central Nervous System[END_REF][START_REF] Omori | Overview of PDEs and Their Regulation[END_REF] (as shown in figure 17).

ACs characteristics can lead to a particular compartmentalization. The Ca 2+ sensitive ACs (AC1, 3,5,6 and 8) are located in lipid rafts whereas the non-Ca 2+ sensitive ACs are not [START_REF] Averaimo | Intermingled cAMP, cGMP and calcium spatiotemporal dynamics in developing neuronal circuits[END_REF][START_REF] Willoughby | Organization and Ca 2+ Regulation of Adenylyl Cyclases in cAMP Microdomains[END_REF]. This specific localization of certain ACs in lipid rafts or outside the lipid rafts probably complexifies cAMP signaling in order to have specific cellular responses to a specific extracellular signal. cAMP production is not the only level of compartmentalization. The specific localization of PDEs is also involved in the compartmentalization of cAMP signaling. AKAPs have first been described to bind PKA; however, since a couple of years, AKAPs were described to bind ACs and PDEs [START_REF] Piggott | The A-kinase anchoring protein Yotiao binds and regulates adenylyl cyclase in brain[END_REF][START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]Willoughby et al.,
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centrosome and the rest of the cell was not present during the other mitosis phases. The disruption of the low cAMP signaling led to the arrest of the cell in prophase [START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. These data suggest that spatial and temporal control of cAMP signaling is crucial for cell division in CHO (Chinese Hamster Ovary) cultured cells and probably in other cell types. This is the first evidence of a cAMP microdomain involved in a physiological cellular event without any pharmacological activation.

cAMP in axons

cAMP is important for the polarization of neurons. The Mu-Ming Poo lab showed the antagonistic roles of cAMP and cGMP in the formation of Axons/Dendrites [START_REF] Shelly | Local and Long-Range Reciprocal Regulation of cAMP and cGMP in Axon/Dendrite Formation[END_REF]. They cultured hippocampal neurons on stripes with fluorescent analogues of cAMP or cGMP. After 60 hours of culture, the neurites that were on the cAMP analogue stripes became axons while the neurites that were on the cGMP analogue stripes became dendrites. By using inhibitors of cAMP or cGMP signaling, they confirmed the importance of cAMP for axonogenesis and cGMP for dendritogenesis [START_REF] Shelly | Local and Long-Range Reciprocal Regulation of cAMP and cGMP in Axon/Dendrite Formation[END_REF]. With FRET-based biosensors, they observed that cAMP and cGMP seemed to regulate each other. Western Blot experiments showed that cGMP inhibits the activation of axon determinants induced by cAMP.

These data suggest that axon determination is an active phase where cAMP induces the activation of axon determinant proteins. On the other hand, dendrite specification seemed to be a more "passive" differentiation since cGMP inhibited the formation of axon [START_REF] Shelly | Local and Long-Range Reciprocal Regulation of cAMP and cGMP in Axon/Dendrite Formation[END_REF]. It would be interesting to look in vivo at cAMP or cGMP dynamics during in vivo axonogenesis and dendritogenesis to confirm the importance of these second messengers during these important steps.

cAMP was also shown to be involved in axonal growth. Ephrin induces cAMP production in specific membrane compartments and influences axonal growth and guidance [START_REF] Averaimo | A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune developing retinal axon arbors[END_REF]. The use of FRET-based biosensors targeted to membrane lipid rafts or excluded from lipid rafts showed that Ephrin signaling induces cAMP production in membrane lipid rafts but not outside the lipid rafts [START_REF] Averaimo | A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune developing retinal axon arbors[END_REF]. These data suggest a specific activation of cAMP production in lipid rafts and an important role of cAMP in axons formation and differentiation. It also suggests that the tight control of cAMP in microdomains is necessary for proper intracellular signaling responses. Restriction of cAMP signaling is probably crucial to avoid propagation of the signals in other cell regions and to avoid uncontrolled intracellular events.

cAMP in single synaptic Boutons

cAMP has been found to be involved in synaptic plasticity [START_REF] Kandel | The Molecular and Systems Biology of Memory[END_REF] and bouton outgrowth [START_REF] Koon | Autoregulatory and paracrine control of synaptic and behavioral plasticity by octopaminergic signaling[END_REF]. However, the dynamic of cAMP and the compartmentalization of the signal was unknown in this context. Using a cAMP-biosensor in drosophila neurons, cAMP was shown to be specifically produced in synaptic bouton and was not diffusing to the rest of the cell [START_REF] Maiellaro | cAMP Signals in Drosophila Motor Neurons Are Confined to Single Synaptic Boutons[END_REF]. The localization of ACs and PDEs in the synaptic boutons maintains the specificity of cAMP signal in single synaptic boutons [START_REF] Maiellaro | cAMP Signals in Drosophila Motor Neurons Are Confined to Single Synaptic Boutons[END_REF]. These data show the importance of specific cAMP localization that induces a tight control of synaptic plasticity to single synaptic boutons without perturbing the rest of the neurons.

cAMP in Primary Cilium

Since the discovery of specific ciliary adenylyl cyclase and GPCRs [START_REF] Mick | Proteomics of Primary Cilia by Proximity Labeling[END_REF], different groups have been interested in the potential role of the PC as a cAMP microdomain.

Targeting of different biosensors to the PC confirmed that it is indeed a cAMP-rich compartment.

The targeting of a ciliary targeted cAMP-specific biosensor in mouse embryonic fibroblasts showed that cAMP concentration was higher in the PC than in the rest of the cell after ACs activation [START_REF] Moore | Cilia have high cAMP levels that are inhibited by Sonic Hedgehog-regulated calcium dynamics[END_REF]. cAMP production in the PC was inhibited by the activation of Shh, which induces Ca 2+ entry and inhibits ciliary AC5/6.

A paper published a bit later showed an opposite effect of Shh on cAMP level in the PC. They reported that Shh activates ciliary GPCRs, which leads to the activation of ACs and induces the production of cAMP [START_REF] Jiang | Direct visualization of cAMP signaling in primary cilia reveals up-regulation of ciliary GPCR activity following Hedgehog activation[END_REF].

Even if both papers reported different roles of Shh on cAMP level in the PC, these data still show the capacity of the PC to produce cAMP and to concentrate the signal.

The PC was also shown to be able to concentrate cAMP in renal epithelial cells via the activation of the vasopressin receptor 2 [START_REF] Sherpa | Sensory primary cilium is a responsive cAMP microdomain in renal epithelia[END_REF]. They observed that cAMP was involved in mechanosensory responses of the PC, suggesting an important role of cAMP in ciliary signaling transduction.

While these approaches are interesting, it should be noticed that targeting the biosensor to the PC (by fusing it to a ciliary protein) might lead to artifacts: it leads to accumulation of the biosensor in the small volume of the PC, which could buffer cAMP and trigger FRET between adjacent biosensor molecules instead of intramolecular FRET. Furthermore, fusion of the biosensor with a ciliary targeting protein can interfere with the conformational changes Chapter 4: Fragile X syndrome 1. Fragile X Syndrome

History of FXS

Fragile X Syndrome (FXS), also known as Martin-Bell syndrome, was first described in 1943 by [START_REF] Martin | A PEDIGREE OF MENTAL DEFECT SHOWING SEX-LINKAGE[END_REF] trying to understand the distribution of a form of mental retardation in a family. They discovered that the inheritance of this mental retardation disorder followed a X-linked inheritance. It was in 1969 that Lubs described a fragile site in the X chromosome in a family with intellectual disability [START_REF] Lubs | The Fragile X Protein binds mRNAs involved in cancer progression and modulates metastasis formation: FMRP and breast cancer[END_REF] and in 1991 the causal link between the X fragile site and the intellectual disability syndrome was confirmed [START_REF] Verkerk | Identification of a Gene (FMR1-1) Containing a CGG Repeat Coincident with a Breakpoint Cluster Region Exhibiting Length Variation in Fragile X Syndrome[END_REF]. Moreover, they observed that FMR1 (Fragile X mental retardation 1) gene was located in this X fragile site and that the protein encoded by this gene, FMRP (Fragile X mental retardation protein) was absent in this pathology [START_REF] Pieretti | Absence of Expression of the HIM-7 Gene in Fragile X Syndrome[END_REF][START_REF] Verkerk | Identification of a Gene (FMR1-1) Containing a CGG Repeat Coincident with a Breakpoint Cluster Region Exhibiting Length Variation in Fragile X Syndrome[END_REF]. The same year, the team of JL Mandel shows that FXS was the consequence of an accumulation of CGG triplets in the fragile site of the X chromosome associated with an aberrant DNA methylation of the 5'UTR of FMR1 [START_REF] Oberle | Instability of a 550-base pair DNA segment and abnormal methylation in fragile X syndrome[END_REF].

Genetics of FXS

Fragile X syndrome is a neurodevelopmental disorder and the most common inherited form of intellectual disability. FXS patients display mental retardation, difficulty to pay attention, social anxiety comportment and in some cases epilepsy. Today, no treatment has been found to be efficient for FXS patients and new approaches need to be found. FXS is caused by an extension of the number of CGG triplets in the 5' UTR of FMR1 gene in 99% of FXS patients. For the 1% left, point mutation or deletion in FMR1 gene have been reported [START_REF] Myrick | Fragile X syndrome due to a missense mutation[END_REF][START_REF] Quartier | Intragenic FMR1 disease-causing variants: a significant mutational mechanism leading to Fragile-X syndrome[END_REF]. The accumulation of CGG triplets is in a sensitive location of the X chromosome and leads to the silencing of FMR1 gene and absence of FMRP. In normal condition, the number of triplets in the 5'UTR of FMR1 is between 5 to 54. When the number of triplets is between 55 to 200, it is called a premutation and when the number of triplets is above 200, it leads to FMR1 silencing and to Fragile X syndrome.

Premutation disorders

Different types of disorders are associated with premutation. The major disorder associated with premutation is Fragile X-associated tremor/ataxia syndrome (FXTAS). The clinical manifestations of FXTAS include kinetic tremors, cerebellar ataxia, cognitive declines and parkinsonisms [START_REF] Jacquemont | Fragile X Premutation Tremor/Ataxia Syndrome: Molecular, Clinical, and Neuroimaging Correlates[END_REF]. This syndrome is developed by 40% of men with premutation and 16% of women. Another syndrome caused by premutation is the Fragile X-Associated primary ovarian insufficiency [START_REF] Hunter | Fragile Xassociated primary ovarian insufficiency: evidence for additional genetic contributions to severity[END_REF]. Women with this syndrome are menopaused at early age. This syndrome occurs in 20% of women with premutation. Moreover, other neurological and psychiatric defects are associated with premutation in FMR1. Problems of depression and anxiety [START_REF] Roberts | Mood and anxiety disorders in females with the FMR1 premutation[END_REF], migraines [START_REF] Au | Prevalence and risk of migraine headaches in adult fragile X premutation carriers: Migraine headaches in fragile X premutation carriers[END_REF], hypertension [START_REF] Hamlin | Hypertension in FMR1 premutation males with and without fragile X-associated tremor/ataxia syndrome (FXTAS)[END_REF] or neuropathy [START_REF] Soontarapornchai | Abnormal Nerve Conduction Features in Fragile X Premutation Carriers[END_REF] can be due to FMR1

premutation. In premutated cells, the allele is unstable, and the number of triplets can quickly increase. One article shows that full mutation can be reached within two generations and lead to FXS [START_REF] Fernandez-Carvajal | Expansion of an FMR1 Grey-Zone Allele to a Full Mutation in Two Generations[END_REF].

Full mutation: Fragile X Syndrome

The number of triplets, per se, is not the cause of FMR1 silencing. The exact cause of FMR1 silencing is the methylation of the 5'UTR [START_REF] Hansen | Methylation analysis of CGG sites in the CpG island of the human FMR1 gene[END_REF][START_REF] Sutcliffe | DNA methylation represses FMR-1 transcription in fragile X syndrome[END_REF].

Complex epigenetic modifications lead to the methylation of FMR1 promoter in the region close to the CGG repeats sequence [START_REF] Pietrobono | Molecular dissection of the events leading to inactivation of the FMR1 gene[END_REF]. This methylation appears between the eleventh to the thirteenth weeks of human embryonic development [START_REF] Malter | Characterization of the full fragile X syndrome mutation in fetal gametes[END_REF]. In some cases of full mutation, FMR1 is not methylated and therefore not silenced. That is why some females carrying full mutation do not develop FXS in 30 to 50% of the cases [START_REF] Niermeijer | Mental Status of Females with an FMR1 Gene Full Mutation B. B. A. de Vries[END_REF]. Males carrying a full mutation without methylation are also highly functioning since FMRP is produced [START_REF] Hagerman | High functioning fragile X males: Demonstration of an unmethylated fully expanded FMR-1 mutation associated with protein expression[END_REF]. Some male carrying a mosaic of premutation and full mutation do not develop FXS, however their IQs (intellectual quotient) are borderline or at the low end of the normality. Other types of epigenetic modifications on the Histone H3 were found to be involved in FMR1 silencing [START_REF] Kumari | The distribution of repressive histone modifications on silenced FMR1 alleles provides clues to the mechanism of gene silencing in fragile X syndrome[END_REF].

Phenotypes of FXS

Clinical features

The different clinical and physical features described in FXS depend from a large number of variables such as genetic background, environmental features but also the level of lose of connective tissues. As the patients get older, other physical phenotypes can appear such as hernias, joint dislocation and flat feet with pronation. However, the different physical features are not apparent in all patients.

Defects in the brain architectures and volumes were observed in FXS patients [START_REF] Hazlett | Teasing apart the heterogeneity of autism: Same behavior, different brains in toddlers with fragile X syndrome and autism[END_REF][START_REF] Hazlett | Trajectories of Early Brain Volume Development in Fragile X Syndrome and Autism[END_REF]. Using volumetric magnetic resonance imaging, scientists observed that some brain regions were bigger or smaller in FXS patients. The caudal nucleus of the striatum was bigger in FXS patients probably due to an increase in gray matter volume as suggested with voxel-based morphometry studies [START_REF] Hazlett | Trajectories of Early Brain Volume Development in Fragile X Syndrome and Autism[END_REF]. Increase in grey matter volume was also visible in the thalamus; and fusiform gyrus. On the other hand, decrease in gray matter volume was visible in cerebellar vermis, and the amygdala was smaller. For the white matter volume, it was increased in the frontal striatal regions [START_REF] Hazlett | Trajectories of Early Brain Volume Development in Fragile X Syndrome and Autism[END_REF]. These data show that brain development in FXS patients is particularly affected.

Moreover, the morphology of neurons is also affected. The density and morphology of spines of cortical pyramidal cells were observed in the human cortex [START_REF] Hinton | Analysis of Neocortex in Three Males With the Fragile X Syndrome[END_REF][START_REF] Irwin | Abnormal dendritic spine characteristics in the temporal and visual cortices of patients with fragile-X syndrome: A quantitative examination[END_REF][START_REF] Rudelli | Adult Fragile X Syndrome. Clinico-neuropathologic Findings[END_REF]. The spines seemed more immature with a longer spine in FXS patients. These data suggest that FMRP is involved in spine production, maturation and/or pruning.

FXS model mice:

Fmr1-null mice

Behavioral defects

In Fmr1-null mice, the second exon of FMR1 gene was suppressed [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF]. The second exon of FMR1 gene carries the start codon. To test if Fmr1-null mice were recapitulating the behavioral abnormalities of FXS, the team of Scheel-Krüger performed behavioral experiments on "adolescent" Fmr1-null mice. Young mice were placed in an open field, a marble burying and a three-chamber test to evaluate the hyperactivity, anxiety, repetitive behavior, sociability and observation of novelty [START_REF] Sørensen | Hyperactivity and lack of social discrimination in the adolescent Fmr1 knockout mouse[END_REF]. The different tests show that Fmr1-null mice exhibit increased anxiety and hyperactivity. These behaviors are comparable to the abnormal behaviors observed in FXS patients. Moreover, Fmr1-null mice have also middle cognitive deficits [START_REF] Arbab | Impaired hippocampal representation of place in the Fmr1-knockout mouse model of fragile X syndrome[END_REF] and learning impairments [START_REF] Daroles | Fragile X Mental Retardation Protein and Dendritic Local Translation of the Alpha Subunit of the Calcium/Calmodulin-Dependent Kinase II Messenger RNA Are Required for the Structural Plasticity Underlying Olfactory Learning[END_REF][START_REF] Santos | Learning and behavioral deficits associated with the absence of the fragile X mental retardation protein: what a fly and mouse model can teach us[END_REF]. These data suggest that the Fmr1-null mice recapitulate some FXS phenotypes and are good models to study Fragile X syndrome.

Anatomical defects

The major visible anatomical defect in the Fmr1-null mice is the macro-orchidism. The testes of Frm1-null mice are bigger and weightier than the testes from the control mice [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF]. These anatomical defects correspond to the anatomical defects visible in male FXS patients. This macro-orchidism was first proposed to be due to interstitial edema or an increased amount of interstitial tissue [START_REF] Turner | X-linked mental retardation associated with macro-orchidism[END_REF]. However, histological analysis performed on FXS mouse model did not confirm these hypotheses since the general mass of interstitial tissue were the same between FXS mice and WT littermates (The Dutch-Belgian Fragile X Consortium, 1994).

Brain volume and architecture are affected in FXS patients [START_REF] Hazlett | Teasing apart the heterogeneity of autism: Same behavior, different brains in toddlers with fragile X syndrome and autism[END_REF][START_REF] Hazlett | Trajectories of Early Brain Volume Development in Fragile X Syndrome and Autism[END_REF].

Analyses of the brain of Fmr1-null mice gave some insights on the possible cellular causes of the volume differences in some brain regions of FXS patients. Experiments on Fmr1-null mice show that homeostatic responses are abnormal, which is probably induced by a defect in E/I balance [START_REF] Lee | Excitation/Inhibition Imbalance in Animal Models of Autism Spectrum Disorders[END_REF][START_REF] Vislay | Homeostatic Responses Fail to Correct Defective Amygdala Inhibitory Circuit Maturation in Fragile X Syndrome[END_REF]. Closer investigations on the number of neurons present in the cortex show a decrease in the general number of neurons and more specifically in the number of parvalbumin positive INs (Lee et al., 2019a;[START_REF] Selby | Major defects in neocortical GABAergic inhibitory circuits in mice lacking the fragile X mental retardation protein[END_REF]. The glutamatergic cell lineage is also shown to be particularly disrupted in FXS mouse model and embryonic human brain deficient for FMRP [START_REF] Tervonen | Aberrant differentiation of glutamatergic cells in neocortex of mouse model for fragile X syndrome[END_REF]. It was observed that the progenitors were accumulated in the subventricular zone of the embryonic Fmr1-null mice neocortex [START_REF] Tervonen | Aberrant differentiation of glutamatergic cells in neocortex of mouse model for fragile X syndrome[END_REF]. These phenotypes were associated with an increased density of pyramidal cells in the layer V of the postnatal neocortex. All these data suggest an important role of FMRP during cortical development and during differentiation of glutamatergic neurons.

The decreased number of parvalbumin INs and defects of differentiation and localization of glutamatergic neurons were also associated with defects in cortical lamination (Lee et al., 2019a). Moreover, the number of oligodendrocytes and GFAP positive cells was significantly increased in the cortex. On the other hand, the number of microglial cells was significantly decreased in the cortex (Lee et al., 2019a).

Closer analyses of neurons morphology also show defects in the density and morphology of spines in different brain regions. The number and the length of spines were increased in pyramidal cells of the cortex from Fmr1-null mice [START_REF] Comery | Abnormal dendritic spines in fragile X knockout mice: Maturation and pruning deficits[END_REF] suggesting an important role of FMRP in spine maturation. Increase in spine density and defects in morphology were also observed in the hippocampus [START_REF] Antar | Local functions for FMRP in axon growth cone motility and activity-dependent regulation of filopodia and spine synapses[END_REF][START_REF] Grossman | Hippocampal pyramidal cells in adult Fmr1 knockout mice exhibit an immature-appearing profile of dendritic spines[END_REF] in the amygdala [START_REF] Qin | Effects of chronic immobilization stress on anxiety-like behavior and basolateral amygdala morphology in Fmr1 knockout mice[END_REF] and in the OB [START_REF] Scotto-Lomassese | Fragile X Mental Retardation Protein Regulates New Neuron Differentiation in the Adult Olfactory Bulb[END_REF]. These defects were also observed in different brain regions of FXS patients [START_REF] Hinton | Analysis of Neocortex in Three Males With the Fragile X Syndrome[END_REF][START_REF] Irwin | Abnormal dendritic spine characteristics in the temporal and visual cortices of patients with fragile-X syndrome: A quantitative examination[END_REF][START_REF] Rudelli | Adult Fragile X Syndrome. Clinico-neuropathologic Findings[END_REF] and it was described as the anatomical landmark of FXS. These data suggest defects in spine production, stabilization and/or pruning.

All these data suggest that different developmental steps are affected in Fmr1-null mice.

More studies on potential developmental defects are needed to understand better the pathophysiology of FXS.

Fragile X Mental Retardation Protein

FMRP is an RNA binding protein. FMRP can bind different RNAs, such as mRNAs, microRNAs and small non-coding RNAs [START_REF] Brown | Microarray identification of FMRP-associated brain mRNAs and altered mRNA translational profiles in fragile X syndrome[END_REF][START_REF] Pasciuto | SnapShot: FMRP mRNA Targets and Diseases[END_REF].

FMRP is a 71 kDalton protein composed of 632 residues [START_REF] Bassell | Fragile X Syndrome: Loss of Local mRNA Regulation Alters Synaptic Development and Function[END_REF]. FMRP is composed of a N-terminal domain containing a nuclear localization signal, a protein-protein interactions site and a RNA binding domain (figure 19 (D'Annessa et al., 2019)). The central domain is composed of a kissing-complex (called like this because of its tertiary structure) that is important for its interaction with short RNAs (figure 19 [START_REF] Darnell | Kissing complex RNAs mediate interaction between the Fragile-X mental retardation protein KH2 domain and brain polyribosomes[END_REF]). A point mutation in this important domain was found to lead to FXS, suggesting a central role for this domain in FMRP physiological role. The C-terminal domain is crucial for its interaction with structural RNA elements, called G-quartets that can bind specific RNA with G-rich regions and microRNAs [START_REF] D'annessa | Handling FMRP and its molecular partners: Structural insights into Fragile X Syndrome[END_REF].

Since FMRP is composed of four different mRNA interacting domains, it suggests that FMRP is involved in multiple steps of mRNA metabolism. FMRP can be a negative or a positive regulator of translation; it can also be involved in maturation of mRNA stability, in regulation of mRNA transport and edition of mRNA [START_REF] Bagni | Fragile X syndrome: causes, diagnosis, mechanisms, and therapeutics[END_REF][START_REF] Darnell | The translation of translational control by FMRP: therapeutic targets for FXS[END_REF][START_REF] Doyle | A numbers game underpins cytoplasmic mRNA transport[END_REF][START_REF] Wang | New perspectives on the biology of fragile X syndrome[END_REF]. Its activity depends on the target RNA but also on the presence or not of noncoding RNAs and on the cell context.

FMRP was proposed to bind as many as 4% of the entire pool of mRNA [START_REF] Brown | Microarray identification of FMRP-associated brain mRNAs and altered mRNA translational profiles in fragile X syndrome[END_REF]. To identify mRNAs bound to FMRP, different labs have performed high throughput sequencing [START_REF] Ascano | FMRP targets distinct mRNA sequence elements to regulate protein expression[END_REF]Darnell et al., 2011a;Maurin et al., 2018a). However, only a small number of mRNAs were confirmed as FMRP targets by biochemistry experiments.

FMRP was found to bind five different RNAs motifs such as: U-Pentameres, Kissing complex, G-quartets, SosLip and G-rich regions [START_REF] Brown | Microarray identification of FMRP-associated brain mRNAs and altered mRNA translational profiles in fragile X syndrome[END_REF]Darnell et al., 2011b;[START_REF] Miyashiro | RNA cargoes associating with FMRP reveal deficits in cellular functioning in Fmr1 null mice[END_REF]. In this part, I talk about a few FMRP mRNAs targets that are related to my project.

FMRP targets involved in cAMP/PKA signaling pathway

Different papers have reported the deregulation of cAMP in FXS patients and Fmr1null mice (Berry-Kravis and Huttenlocher, 1992;[START_REF] Kelley | The Cyclic AMP Cascade Is Altered in the Fragile X Nervous System[END_REF]. Since cAMP signaling is deregulated in FXS, mRNA encoding proteins involved in the production or the degradation of cAMP could be FMRP targets:

-Adenylyl cyclase 1: In the paper Sethna et al, AC1 was shown to be deregulated in FXS mouse model. They observed that, in Fmr1-null mice, the level of Ac1 mRNA was increased [START_REF] Sethna | Enhanced expression of ADCY1 underlies aberrant neuronal signalling and behaviour in a syndromic autism model[END_REF]. This mRNA increase leads to an excessive accumulation of AC1. FXS mouse model shows autism-related symptoms such as repetitive behaviors, defective social interactions and audiogenic seizures. The reduction of Ac1 mRNAs leads to an amelioration of these different autism-related symptoms in FXS mouse model.

-Phosphodiesterase 2A: as mentioned above, in 2018, the team of B. Bardoni performed a Hits-clips experiment in order to find new FMRP mRNA targets (Maurin et al., 2018a). They observed that Pde2a mRNA is a target of FMRP.

5. FMRP: a regulator of migration?

FMRP involvement in migration

A decreased risk of cancer was reported in FXS patients [START_REF] Schultz-Pedersen | Evidence of decreased risk of cancer in individuals with fragile X[END_REF].

FMRP is highly expressed in aggressive breast cancer and in distal metastases [START_REF] Lubs | The Fragile X Protein binds mRNAs involved in cancer progression and modulates metastasis formation: FMRP and breast cancer[END_REF]. These data suggest that FMRP could have a role in the development of cancer. To understand the role of FMRP, overexpression of FMRP in a 3D multicellular tumor spheroids invasion assay was performed [START_REF] Lubs | The Fragile X Protein binds mRNAs involved in cancer progression and modulates metastasis formation: FMRP and breast cancer[END_REF]. They observed that overexpression of FMRP increased the rate of tumor invasion, which suggests that FMRP regulates mRNAs encoding proteins involved in tumor invasiveness and migration. FMRP mRNAs targets involved in these phenotypes were identified as E-cadherin and Vimentin. Western blot experiments show that E-cadherin was less present while vimentin was overexpressed when FMRP was overexpressed [START_REF] Lubs | The Fragile X Protein binds mRNAs involved in cancer progression and modulates metastasis formation: FMRP and breast cancer[END_REF]. E-cadherin is involved in cell-cell interactions. Its downregulation correlates with the phenotype of increased invasiveness. Vimentin is a regulator of epithelial-tomesenchymal transition, which is a key step for tumor progression and metastasizing [START_REF] Roche | The Epithelial-to-Mesenchymal Transition in Cancer[END_REF]. Moreover, vimentin is required for invadopodia formation [START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF].

Its overexpression in tumor following FMRP overexpression could lead to increased tumor invasiveness. These data on cancer cells highlight the importance of FMRP during cell migration.

Neuronal migration in Fmr1-null mice was studied by [START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF][START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF]. The multipolar-to-bipolar transition in the embryonic cortex is delayed in Fmr1-null mice. The overexpression of Cadherin 2 rescues this phenotype, which suggests an important role of cadherin during multipolar-to-bipolar transition. Cultured organoid brain slices show that Fmr1-null neurons migrate slower than the control. These data suggest an important role of FMRP in neuronal migration.

A more recent study also reported retarded migration after Fmr1 knock-down [START_REF] Wu | MicroRNA-129 modulates neuronal migration by targeting Fmr1 in the developing mouse cortex[END_REF]. This study shows that FMRP needs to be regulated by microRNAs during radial neuronal migration in the developing mouse cortex. In addition, deletion or overexpression of FMRP leads to defects of neuronal migration. The neurons migrate respectively too slowly or too fast [START_REF] Wu | MicroRNA-129 modulates neuronal migration by targeting Fmr1 in the developing mouse cortex[END_REF]. These results are in accordance with the results of C. Bagni and colleagues (La Fata et al., 2014). These data strongly suggest that expression of FMRP needs to be perfectly controlled for proper neuronal radial migration.

FMRP targets involved in neuronal migration regulation

Recently, it has been hypothesized that neuronal migration could be affected in autism spectrum disorders (ASD) and in FXS. Different mRNAs encoding proteins involved in neuronal migration were shown to be regulated by FMRP. Among them are:

-cadherin 2: Cellular interactions are really important for neuronal migration. Every migrating neurons need to interact with other cells in order to generate forces to migrate.

In La Fata et al, the authors show that cadherin 2 is involved in the multipolar-to-bipolar transition in the embryonic cortex [START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF]. Cadherin 2 expression is reduced in Fmr1-null mice.

-APC: Adenomatous polyposis coli (APC) is involved in neuronal migration due to its role in microtubule anchoring (see the part Adenomatous polyposis coli [START_REF] Eom | Differential Regulation of Microtubule Severing by APC Underlies Distinct Patterns of Projection Neuron and Interneuron Migration[END_REF]). APC mRNA was found in Fragile X granules mainly associated with FMRP [START_REF] Chyung | Fragile X granules are a family of axonal ribonucleoprotein particles with circuit-dependent protein composition and mRNA cargos[END_REF]. APC mRNA was also found to bind FMRP by Hit Clips experiments (Maurin et al., 2018a). These interactions suggest that FMRP could regulate the production of APC. The study of the role of FMRP in the regulation of this protein would be interesting in order to understand the role of FMRP during neuronal migration.

Anatomical defects in FXS patients possibly due to defects in neuronal migration

Evidence of brain malformation related to neuronal migration abnormality was observed in FXS patients. The authors reported that two FXS patients had periventricular heterotopia [START_REF] Moro | Periventricular heterotopia in fragile X syndrome[END_REF]. They observed them with MRI (magnetic resonance imaging)

and EEG (electroencephalography). In the first patient, they observed three different nodules of ectopic neurons beneath the frontal horn of the lateral ventricle. The second patient displayed only one ectopic nodule of neurons located beneath the right lateral ventricle. In both patients, no seizures have been reported. These data suggest that FMR1 silencing can cause periventricular heterotopia. It is possible that more FXS patients have ectopic neuronal accumulation. However, the techniques used are maybe not resolutive enough to visualize it.

These observations suggest that FMRP is a key regulator of neuronal migration.

Context:

Initially, the aim of my PhD was to compare the dynamic of cAMP signaling during adult neurogenesis in the SVZ/OB pathway in WT mice or model of Fragile X syndrome. This PhD project was developed by Isabelle Caillé and Pierre Vincent to apply to a PhD funding proposal by the Institut Biologie Paris Seine (IBPS).

At the beginning, we wanted to look at the dynamic of cAMP in adult migrating and differentiating neurons. To do so, we constructed a Lentivirus expressing our biosensor Epac-S H187 to inject in the SVZ of adult mice. The lentivirus allowed transduction of SVZ cells but the expression in RMS cells was too low to perform live imaging. We thus decided to switch to the technique of intraventricular electroporation in the postnatal animal. This technique worked and, after solving some technical imaging issues, we were able to visualize the biosensor with a two-photon microscope on acute brain slices of postnatal brains.

Analysis of the WT animals was performed in order to analyze potential differences with Fmr1 KO mice. However, to our surprise, we discovered a cAMP hotspot at the centrosome that was highly dynamic during neuronal migration. Since the hotspot was presumably at the centrosome, we thought that the PC was potentially involved in the formation of the hotspot. At the same time, Maxime Chaulet, another PhD student working with Isabelle Caillé, was studying the role of the PC during neuronal migration and he had already showed that deletion of PC led to migration defects in the RMS. Maxime and I thus worked together afterwards to develop the story described in Part I.

At the same time, I continued to work on the Fmr1 project and started to have a few results on cAMP deregulation associated with neuronal migration defects. However, this project needs further investigation to understand if and how the two phenotypes are linked. This project is now developed by Salima Messaoudi a new PhD student in the lab.

Introduction

The primary cilium (PC) is a small microtubule-based organelle templated by the centrosome and involved in multiple cellular events, including cell motility (1) and neuronal migration in particular (2)(3)(4)(5). How the PC regulates neuronal migration remains largely unknown.

Neuronal migration is essential to the formation of functional neural circuits with defective migration leading to severe brain malformations and involved in psychiatric disorders (6). Most migrating neurons display a cyclic saltatory migration with alternations of somal translocation and pauses. Nucleus and centrosome move forward in a "two-stroke" cycle, with the centrosome moving first within a swelling in the leading process (centrokinesis, CK) and the nucleus following subsequently (nucleokinesis, NK) (Fig. 1A). Centrosome dynamics is thus pivotal in the regulation of migration, through microtubular centrosome to nucleus coupling allowing NK (7)(8)(9)(10).

As the PC is a cAMP-rich source [START_REF] Sherpa | Sensory primary cilium is a responsive cAMP microdomain in renal epithelia[END_REF][START_REF] Moore | Cilia have high cAMP levels that are inhibited by Sonic Hedgehogregulated calcium dynamics[END_REF][START_REF] Jiang | Direct visualization of cAMP signaling in primary cilia reveals up-regulation of ciliary GPCR activity following Hedgehog activation[END_REF][START_REF] Mick | Proteomics of Primary Cilia by Proximity Labeling[END_REF], we asked whether it could regulate neuronal migration through cAMP dynamics, in the context of migration along the postnatal Rostral Migratory Stream (RMS) from the ventricular/subventricular zone to olfactory bulb (OB) (Fig. 1A).

Results cAMP dynamics in migrating neurons of the postnatal RMS: a transient centrosomal hotspot during NK

To investigate cAMP dynamics in migrating neurons, we electroporated neonate mice with an intraventricularly-injected plasmid to express the Förster Resonance Energy Transfer (FRET)-based cAMP-specific biosensor Epac-S H187 (Fig. 1B) [START_REF] Klarenbeek | Fourthgeneration epac-based FRET sensors for cAMP feature exceptional brightness, photostability and dynamic range: characterization of dedicated sensors for FLIM, for ratiometry and with high affinity[END_REF]. Biosensor-expressing neurons were live-imaged in acute sections of the RMS with a two-photon microscope.

Ratiometric analysis revealed that a cAMP-rich region (hereafter called hotspot) was present during most NK (Fig. 1C-E and movies S1 and S2). Qualitative analysis revealed that 82% of migrating neurons displayed a dynamic hotspot during NK (101 neurons analyzed, 134 NK from 10 mice). This was further confirmed quantitatively by measuring the ratio along the cell profile (see Methods and Fig. S1,S2). In contrast, the hotspot was predominantly absent during pauses (Fig. 1F-G, Fig. S2 and movie S3). Indeed, heatmaps representing the presence of the hotpot in migrating neurons (Fig. 2A) or in non-migrating neurons (Fig. 2B) show that the frequency of the hotspot is significantly higher in cells exhibiting a NK. This hotspot specifically reflected a cAMP local enrichment, since it was absent from neurons transfected with a version of Epac-S H187 with mutated cAMP-binding site (movie S4). The cAMP-hotspot diameter was 0.97 ± 0.10 µm and the maximum hotspot ratio level was constant during NK, being 52% (±2%) higher than the mean cell ratio (see method in Fig. S1). The hotspot usually appeared at the front of the cell body before moving into the leading process, where it remained until after the nucleus performed NK (Fig. 1C-E, Fig. S1, S2, Movies S1, S2). As this movement resembled the centrosome movement during migration, we co-electroporated the biosensor and centrin-RFP to label the centrosome. The hotspot co-localized with the centrosome before and during NK (Fig. 2C). Thanks to biosensor imaging in acute slices [START_REF] Castro | Decoding spatial and temporal features of neuronal cAMP/PKA signaling with FRET biosensors[END_REF], we thus discovered a dynamic cAMP hotspot at the centrosome of RMS migrating neurons.

The PC is necessary for centrosomal hotspot formation through adenylate cyclase 3 (AC3)

The PC is a small rod-shaped organelle linked to the centrosome by its axoneme (Fig. 3A). Embryonic migrating neurons assemble a PC (2,3,[START_REF] Klarenbeek | Fourthgeneration epac-based FRET sensors for cAMP feature exceptional brightness, photostability and dynamic range: characterization of dedicated sensors for FLIM, for ratiometry and with high affinity[END_REF] and immunostainings revealed that it is also the case for RMS migrating neurons (Fig. 3B, Fig. S3), similar to what was described recently (5). The PC is a cAMP-rich region [START_REF] Sherpa | Sensory primary cilium is a responsive cAMP microdomain in renal epithelia[END_REF][START_REF] Moore | Cilia have high cAMP levels that are inhibited by Sonic Hedgehogregulated calcium dynamics[END_REF][START_REF] Jiang | Direct visualization of cAMP signaling in primary cilia reveals up-regulation of ciliary GPCR activity following Hedgehog activation[END_REF][START_REF] Mick | Proteomics of Primary Cilia by Proximity Labeling[END_REF], raising the possibility that the cAMP hotspot at the centrosome could be PC-dependent. To test this hypothesis, we used two mouse lines in which ablation of the PC can be genetically-induced by Cre recombination (Kif3a lox/lox and Rpgrip1l lox/lox mice). Cre-electroporated mice were compared to GFP-electroporated mice.

Cre electroporation led to an efficient ablation of the PC in both lines (Fig. S3). Co-transfection of the biosensor with Cre in floxed mice showed that cilium ablation led to a concomitant disappearance of the hotspot in both lines (Fig. 3C and movies S5, S6), showing that the PC is necessary for the cAMP hotspot formation.

The membrane-bound Adenylate Cyclase 3 (AC3) is the predominant cAMP-producer in neuronal PC [START_REF] Bishop | Type III adenylyl cyclase localizes to primary cilia throughout the adult mouse brain[END_REF]. Immunostainings indeed revealed that AC3 is subcellularly localized in the PC (Fig. 2D). We thus designed a microRNA targeting AC3 mRNA coupled to GFP (Fig. S4) and co-electroporated it with the biosensor. AC3 knock-down (KD) led to similar disappearance of the hotspot as PC ablation (movie S7, Fig. 2C), showing that ciliary AC3 produces the hotspot.

Migration defects in the absence of hotspot

To assess whether the hotspot influences migration, we compared the migration of control neurons with the migration of cilium-ablated or AC3 KD neurons, conditions leading to hotspot disappearance. Kif3a lox/lox mice were thus transfected with GFP, Cre-GFP or miRAC3-GFP. Tracking of the GFP cells showed that cilium ablation and AC3 KD both slowed-down migration (Fig. 4A, movies S9-11) and increased pausing time (Fig. 4B). The frequency of NK was reduced (Fig. 4C), while the speed and distance of NK were unchanged.

Moreover, the mutated neurons displayed an altered morphology with their leading process being more often bifurcated than control neurons (Fig. S5). To confirm that the migratory phenotype of recombined Kif3a lox/lox mice was due to cilium ablation, we performed the same experiment in the PC-ablated Rpgrip1l lox/lox mice and observed the same defects (Fig. S6).

Defects of centrosome dynamics in the absence of hotspot

Given the centrosomal localization of the hotspot, we wondered whether the hotspot could directly play a role in centrosome dynamics. We co-transfected centrin-RFP either with GFP, Cre-GFP or miRAC3-GFP in Kif3a lox/lox background and co-tracked the cell body and centrosome in migrating neurons (movie S12 (GFP) and S13 (CRE)). The maximum nucleuscentrosome distance reached by the centrosome during CK was reduced in cilium-ablated and AC3 KD neurons, compared to GFP neurons (Fig. 5A). Furthermore, inefficient CK (CK not followed by NK) was increased in cilium-ablated and AC3 KD neurons compared to GFP neurons (Fig. 5B), suggesting that the hotspot is necessary for proper coupling of centrosome and nucleus.

Altogether, our results show that the ciliary-dependent cAMP-hotspot regulates migration by a direct action on the centrosome, with consequences on centrosome dynamics and NK.

Centrosomal PKA is the downstream effector of the hotspot PKA is localized at the centrosome of diverse cell types including neurons [START_REF] Nigg | Cyclic-AMP-dependent protein kinase type II is associated with the Golgi complex and with centrosomes[END_REF][START_REF] Camilli | Heterogeneous distribution of the cAMP receptor protein RII in the nervous system: evidence for its intracellular accumulation on microtubules, microtubuleorganizing centers, and in the area of the Golgi complex[END_REF][START_REF] Saade | Shh-mediated centrosomal recruitment of PKA promotes symmetric proliferative neuroepithelial cell division[END_REF].

Immunostaining for the catalytic subunit of PKA (cPKA) showed that it is the case in RMS migrating neurons, where it appears as a diffuse area surrounding the centrosome (Fig. 6A), while it was not detected in the PC (not shown). To test the role of PKA, we electroporated the regulatory subunit of PKA devoid of its centrosomal anchoring domain (dominant-negative, dnPKA) coupled to GFP, which traps the endogenous cPKA in the cytoplasm ( 21) (Fig. 6B, Fig. S7). Similar to cilium ablation and AC3 KD, dnPKA slowed-down migration (Fig. 6C,), increased pausing phases (Fig. 6D) and reduced frequency of NK (Fig. 6E) (movies S9, S14).

Moreover, co-transfection with centrin-RFP revealed that centrosome dynamics was altered:

the maximum distance between centrosome and nucleus during CK was reduced as well as the percentage of efficient CK (Fig. 7A,B). Delocalization of PKA from the centrosome thus phenocopies cilium ablation and AC3 KD, suggesting that centrosomal PKA is the downstream effector of the hotspot. To confirm this result, we co-transfected Kif3a lox/lox mice with Cre and dnPKA (Fig. S8, movie S15): the non-additivity of the phenotypes strongly suggests that PKA indeed acts downstream of the ciliary-produced cAMP to regulate migration at the centrosome.

The hotspot is also present in adult and embryonic migrating neurons To test whether this pattern of cAMP dynamics is a general feature of migrating neurons, we assessed its presence in other types of neuronal migration. Radially-migrating neurons in the postnatal OB display a transient centrosomal hotspot (Fig. 8A, movie S16) as well as tangentially-migrating neurons of the adult RMS (Fig. 8B, movie S17) and radiallymigrating neurons of the embryonic cortex (Fig. 8C, movie S18).

We can thus conclude that the centrosomal cAMP-hotspot is a general feature of migrating neurons, independent of age and type of migration.

Discussion

The importance of the PC for neuronal migration has been inferred from ciliopathies [START_REF] Valente | Primary cilia in neurodevelopmental disorders[END_REF] and evidenced in embryonic cortical interneurons (2,3). The PC is often considered as a signal integrator, with paramount importance for Shh signaling (2,[START_REF] Bangs | Primary Cilia and Mammalian Hedgehog Signaling[END_REF]. However, the mechanisms by which cilium-mediated signaling is converted into a migratory response are not understood [START_REF] Veland | Linking the primary cilium to cell migration in tissue repair and brain development[END_REF]. Our data provide such an intracellular mechanism, whereby the centrosome acts as a cAMP/PKA signaling platform downstream of the PC, with AC3-produced cAMP reaching the centrosome, where it locally activates PKA to regulate centrosome dynamics and the subsequent NK. Recently, the PC in postnatal and adult RMS was shown to cyclically emerge from the plasma membrane of migrating neurons before and during NK (5). Strikingly, this is coincident with the hotspot formation, so that the cyclic emergence of the PC could directly explain the cAMP hotspot cyclicity.

The centrosome as a signaling center is an attractive concept [START_REF] Arquint | Centrosomes as signalling centres[END_REF]. Its importance as a cAMP signaling platform was hypothesized with the discovery of PKA centrosomal localization [START_REF] Nigg | Cyclic-AMP-dependent protein kinase type II is associated with the Golgi complex and with centrosomes[END_REF][START_REF] Camilli | Heterogeneous distribution of the cAMP receptor protein RII in the nervous system: evidence for its intracellular accumulation on microtubules, microtubuleorganizing centers, and in the area of the Golgi complex[END_REF]. Interestingly, a study using a centrosome-targeted FRET-biosensor in cultured cells reported a low-cAMP microdomain at the centrosome, important for cell cycle progression [START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. Regulation of the pattern of division of neural progenitors also involves PKA at the centrosome [START_REF] Saade | Shh-mediated centrosomal recruitment of PKA promotes symmetric proliferative neuroepithelial cell division[END_REF]. Here, we report a role of the centrosome as a cAMP signaling platform in a non-mitotic cell, with a functional output on the regulation of migration through local PKA activation. The co-localization of the cAMP-hotspot with PKA at the centrosome might ensure that the concentration of cAMP locally exceeds the activation threshold of PKA [START_REF] Koschinski | Activation of PKA in cell requires higher concentration of cAMP than in vitro: implications for compartmentalization of cAMP signalling[END_REF].

This raises the question of the possible targets of PKA at the centrosome. Among other candidates, a possible PKA downstream effector could be the LIS1-dynein-nde1-ndeL1 complex, which is localized at the centrosome (9,[START_REF] Sasaki | A LIS1/NUDEL/Cytoplasmic Dynein Heavy Chain Complex in the Developing and Adult Nervous System[END_REF], essential for neuronal migration in diverse types of neurons (10,[START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF][START_REF] Shu | Ndel1 Operates in a Common Pathway with LIS1 and Cytoplasmic Dynein to Regulate Cortical Neuronal Positioning[END_REF] and involved in nucleus-centrosome coupling (10,[START_REF] Jheng | Lis1 dysfunction leads to traction force reduction and cytoskeletal disorganization during cell migration[END_REF].

PKA phosphorylates Ndel1 and Nde1, which induces the release of LIS1 and dynein from the complex (10,[START_REF] Bradshaw | PKA Phosphorylation of NDE1 Is DISC1/PDE4 Dependent and Modulates Its Interaction with LIS1 and NDEL1[END_REF], thus allowing their action on microtubule stability [START_REF] Sapir | Reduction of microtubule catastrophe events by LIS1, platelet-activating factor acetylhydrolase subunit[END_REF]. Interestingly, depletion of LIS1 induces a decrease of N-C distances and a decrease in NK frequency (9,10), which is very similar to the phenotypes of our hotspotless mutants. LIS 1 depletion also results in microtubule destabilization [START_REF] Sapir | Reduction of microtubule catastrophe events by LIS1, platelet-activating factor acetylhydrolase subunit[END_REF], potentially triggering a defect of microtubule tension between centrosome and nucleus [START_REF] Bertipaglia | Nuclear migration in mammalian brain development[END_REF]. This suggests that defective LIS1 release consecutive to the absence of the cAMP hotspot might be at the origin of the migratory defects in our mutants.

To conclude, we show that the PC and centrosome are functionally linked by cAMP signaling in migrating neurons. We propose that PC and centrosome may be considered as a single cAMP-signaling unit, where the PC is a cAMP producer through local AC3, and the centrosome is the effector, through activation of centrosomal PKA by short-range diffusion of ciliary cAMP. This might create a direct link between the PC and the microtubule-organizer function of the centrosome. This cAMP dialogue between PC and centrosome might exist in other ciliated cell types to subserve diverse functions in health and disease. 

MATERIAL AND METHODS

Mouse lines

Mice were housed in a 12-hour light/dark cycle, in cages containing 2 females and one male.

The postnatal mice were housed in the cages with their parents. 2018021915046521_v5). We strictly performed this approved procedure. The mice used were in a C57BL6-J background. Kif3a conditional knockout (Kif3a lox/lox ) [START_REF] Marszalek | Genetic Evidence for Selective Transport of Opsin and Arrestin by Kinesin-II in Mammalian Photoreceptors[END_REF] and Rpgrip1l conditional knockout (Rpgrip1l lox/lox ) were genotyped according to the original protocols. Kif3a is part of a kinesin motor required for cilium maintenance [START_REF] Rosenbaum | Intraflagellar transport[END_REF]. Rpgrip1l is a protein located at the transition zone of the PC, which mutation leads to ciliopathies in humans [START_REF] Arts | Mutations in the gene encoding the basal body protein RPGRIP1L, a nephrocystin-4 interactor, cause Joubert syndrome[END_REF].

Plasmid constructions

pCaggs-Epac-S H187 was derived from pCDNA3-Epac-S H187 kindly given by Kees Jalink [START_REF] Klarenbeek | Fourthgeneration epac-based FRET sensors for cAMP feature exceptional brightness, photostability and dynamic range: characterization of dedicated sensors for FLIM, for ratiometry and with high affinity[END_REF].

Minor modification on the Epac-S H187 sequence was performed to reduce codon redundancy without altering the protein sequence. pCaggs-GFP, pCaggs-CRE-IRES-GFP and pCaggs-CRE-IRES-Tdtomato were designed in the laboratory. pCIG-PKA RIΔ2-6 wt subunit flagged (call later on pdn-PKA) was kindly given by Elisa Marti [START_REF] Saade | Shh-mediated centrosomal recruitment of PKA promotes symmetric proliferative neuroepithelial cell division[END_REF]. pCs2-Centrin-RFP was ordered in addgene (#26753). All the plasmids were used at a concentration between 5 to 8µg/µL (0,01% Fast green) for postnatal electroporation, 2µg/µL (0,01% Fast green) for in utero electroporation and 10µg/µL for adult electroporation.

Biosensor

The Epac-S H187 cAMP biosensor is composed of a part of Epac protein coupled to a donor and an acceptor fluorophore [START_REF] Jiang | Direct visualization of cAMP signaling in primary cilia reveals up-regulation of ciliary GPCR activity following Hedgehog activation[END_REF]. This biosensor displays a high ratio change and excellent photostability for measuring live cAMP concentration in the micromolar range. It switches from a high FRET conformation to a lower FRET conformation upon binding of cAMP. Changes in cAMP concentration were analyzed by ratioing donor (mTurquoise2) and acceptor (td-cpVenus) images, and represented by pseudo-colors (see Fig. 1C,D).

miRNA production

Silencing of AC3 has been performed using BLOCK-iT TM Pol II miR RNAi Expression Vector kits (Invitrogen) and the RNAi Designer (Invitrogen). The sequence of the single stranded oligos are AC3.3: top: TGCTGTTAGGATGGAGCACACGGCATGTTTTG GCCACTGACTGACATGCCGTGCTCCATCCTAA, bottom: CCTGTTAGGATGGAGCA CGGCATGTCAGTCAGTGGCCAAAACATGCCGTGTGCTCCATCCTAAC. The double stranded oligos were inserted in a pcDNA TM 6.2-GW/EmGFP-miR. To produce the pcDNA TM 6.2-GW/Tdtomato-miR, GFP was replaced by tdTomato using Dra1 and BamHI. The resulting constructions were sequenced before use.

Postnatal electroporation

Postnatal electroporation was performed at P2. The postnatal mice were anesthetized by hypothermia. Pseudo-stereotaxic injection (from lambda ML: -1,2, A/P:2, D/V: 2,5-2) using glass micropipette (Drummond scientific company, wiretol I 50µL, 5-000-1050) was performed and 2µL of plasmid (betweeen 5 and 8 µg/µL) were injected. Animals were subjected to 5 pulses of 99,99V during 50ms separated by 950ms using the CUY21 SC Electroporator and 10mm tweezer electrode (CUY650-10 Nepagene). The animals were placed on 37°C plates to restore their body temperature before returning with their mother. Animals were considered as fully restored when pups were moving naturally, and their skin color returned to pink.

Acute brain slices

Brain slices from mice aged from P6 to P10 were prepared as previously described [START_REF] Yapo | Detection of phasic dopamine by D1 and D2 striatal medium spiny neurons: Comparison of D1 and D2 responsiveness to transient dopamine[END_REF]. Pups were killed by decapitation and the brain was quickly removed from the skull. 250µm sagittal brain slices were cut with a VT1200S microtome (Leica). Slices were prepared in the ice-cold cutting solution of the following composition: 125mM NaCl, 0.4mM CaCl2, 1mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3, 5mM sodium pyruvate, 20mM glucose and 1mM kynurenic acid, saturated with 5% CO2 and 95% O2. Slices were incubated in this solution for 30 min at room temperature and then placed in recording solution (identical to the solution used for cutting, except that the Ca 2+ concentration was 2mM and kynurenic acid was absent) for at least 30 min at 32°C before image acquisition.

Time-lapse video microscopy

To analyze cell migration and centrosome dynamics, images were obtained with an inverted SP5D confocal microscope (Leica). Images were taken every 3 min for 2-3h using a 40X/ 1,25 N.A. objective with 1.5 optical zoom.

Biosensor images were acquired with an upright two-photon microscope Leica SP5 MPII with a 25x/ 0,95 N.A, objective, 4x optical zoom, and GaAsP hybrid detector. The excitation wavelength was set at 850 nm to excite the the mTurquoise2 donor. The two emission wavelengths were acquired simultaneously with filters of 479+/-20 nm and 540+/-25 nm. Image stacks with 2µm intervals were taken every minute for 1h. The presence of tdTomato, indicative of CRE recombinase or miRNA, was assessed with a confocal head. For simultaneous detection of the centrin-RFP and biosensor, two-photon excitation for the biosensor and confocal head for centrin-RFP were alternated. Stacks were spaced by 1µm and acquired every 2 minutes.

The temperature in the microscope chamber was maintained at 32°C, for embryos and postnatal imaging, or 35°C, for P30 imaging, and brain slices were continuously perfused with heated recording solution (see above) saturated with 5% CO2 and 95% O2.

Analyses of neuronal migration

Analyses were performed using ImageJ (NIH Image; National Institutes of Health, Bethesda, MD) software and MTrackJ plug-in (38). The nucleus and the centrosome of each cell were tracked manually on each time frame during the whole movie. For cell migration and centrosome movement characteristics, calculation of speed, nuclear translocation frequency and pausing time were performed using the x,y,t coordinates of the nucleus of each cell.

Cells were excluded from the analysis if they were tracked during less than 30 min or did not perform any nuclear translocation during the whole tracking. A cell was considered as migrating if it performed a distance superior to 6 µm during a 3-minute interval.

A centrokinesis was defined as a forward movement superior to 2 µm followed by a backward movement superior to 2 µm. Maximal distance between centrosome and nucleus of every centrokinesis was considered.

Quantification of biosensor images

Image stacks obtained for donor and acceptor emission were processed with a custom code developed in the IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA). The maximum intensity was projected vertically to form a 2D image. The fluorescence intensity of donor and acceptor were averaged to build an image indicating biosensor concentration. The fluorescence intensity of donor and acceptor were ratioed for each pixel to report biosensor activation level. For each experiment, ratio values were multiplied by a constant such that baseline ratio was close to 1. These images were combined to produce pseudocolor images, with the ratio used as hue (from blue to red) and the intensity as value, while the saturation was set to the maximum [START_REF] Polito | Biosensor imaging in brain slice preparations[END_REF]. F

For each migrating neuron, the ratio was analyzed in one dimension, along its migration direction, and calculated as described in To quantify AC3 KD, a PC was considered AC3 negative when it was clearly immunonegative at high magnification (objective 63X, zoom 3 plus numerical zoom 4). To quantify cPKA delocalization after dnPKA electroporation, the quantification, the centrosome was considered to be devoid of PKA when it was clearly immunegative (objective 63X, zoom 3 plus numerical zoom 4).

Statistics

All manipulations and statistical analyses were implemented with R (3. 

In utero electroporation

Timed pregnant E15 C57Bl6 mice were anesthetized with isoflurane. During the experiment, mice were on a 37°C plate. The uterine horns were exposed, and the embryos were injected in the lateral ventricle with a glass micropipette. 1µL of plasmid (2µg/µL) was injected. The successfully injected animals were then subjected to 5pulses of 45V during 50ms separated by 950ms using the CUY21 SC Electroporator and 5mm tweezer electrode (CUY650-5

Nepagene). The uterine horns were then replaced in the belly and the belly was sewn up. The animals were placed in a cage on 37°C plates to restore their body temperature before returning in their own cage.

Adult electroporation

P21 C57Bl6 animals were anesthetized with a mixture of ketamine and xylazine. Stereotaxic injection (from the bregma M/L: 1, A/P:0, D/V:2,1) was performed with a glass micropipette and 2µL of the plasmids (10µg/µL) was injected in the right lateral ventricle. The animals were then removed from the stereotaxic setting and subject to 5 pulses of 200V during 50ms separated by 950ms using the electroporator NEPA21 with 10mm tweezer electrode (CUY650-10). The animals were then placed on a 37°C plates to restore their body temperature before returning in their cage.

Acute brain slices of embryonic and adult brains

For imaging of E18 embryos, the mother was killed by cervical dislocation and the embryos were removed from the horn and placed in an ice-cold cutting solution (same composition as above). The embryos were decapitated, and the brain was quickly removed from the skull.

300µm sagittal brain slices were cut in the same ice-cold solution. Then the same protocol as above was followed. P30 mice were killed by cervical dislocation. The brain was quickly removed from the skull. 200µm sagittal brain slices were cut with a VT1200S microtome (Leica). Slices were prepared in an ice-cold solution of the following composition: 130mM potassium gluconate, 15mM KCl, 2mM EGTA, 20mM HEPES, 25mM glucose, 1mM CaCl2 and 6mM MgCl2, supplemented with 0.05mM D-APV (304 mOsm, pH 7.4 after equilibration) saturated with 5% CO2 and 95% O2 [START_REF] Quiquempoix | Layer 2/3 Pyramidal Neurons Control the Gain of Cortical Output[END_REF]. Then the slices were places for 3 to 5 minutes in a icecold solution of the following composition: 225mM D-mannitol, 2.5mM KCl, 1.25mM

NaH2PO4, 25mM NaHCO3, 25mM glucose, 1mM CaCl2 and 6mM MgCl2 (40) saturated with 5% CO2 and 95% O2 before being placed in the recording solution (described above) at 32°C

and saturated with 5% CO2 and 95% O2 for at least 30 min.

Part 2: Preliminary results on defects of cAMP dynamic and neuronal migration in Fmr1-null mice

Problematic:

Neuronal migration is a crucial step for the establishment of brain circuitry and its dysfunction leads to severe pathologies. FXS is a neurodevelopmental disorder and the most common inherited form of intellectual disability. Among the numerous studies of Fmr1-null mice, only two studies described defects in neuronal migration. One shows a defect in the multipolar to bipolar transition of embryonic cortical neurons [START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF] and the second shows a retarded cortical radial migration [START_REF] Wu | MicroRNA-129 modulates neuronal migration by targeting Fmr1 in the developing mouse cortex[END_REF]. Moreover, the number of GABAergic interneurons is decreased in the cortex of Fmr1-null mice (Lee et al., 2019a;[START_REF] Selby | Major defects in neocortical GABAergic inhibitory circuits in mice lacking the fragile X mental retardation protein[END_REF]. This phenotype could be the consequence of an abnormal neuronal migration. We thus decided to analyze migration in the RMS of Fmr1-null mice.

cAMP is a second messenger involved in a large number of developmental processes [START_REF] Averaimo | Intermingled cAMP, cGMP and calcium spatiotemporal dynamics in developing neuronal circuits[END_REF]. The cAMP cascade was shown to be altered in cells from FXS patients and brain of FXS animal models (Berry-Kravis and Huttenlocher, 1992;[START_REF] Kelley | The Cyclic AMP Cascade Is Altered in the Fragile X Nervous System[END_REF]. Moreover, injection of phosphodiesterase inhibitors ameliorates the FXS phenotypes in mice [START_REF] Choi | PDE-4 Inhibition Rescues Aberrant Synaptic Plasticity in Drosophila and Mouse Models of Fragile X Syndrome[END_REF][START_REF] Maurin | Involvement of Phosphodiesterase 2A Activity in the Pathophysiology of Fragile X Syndrome[END_REF]. We asked whether Fmr1-null migrating neurons display cAMP signaling defects.

Results:

Defect of cAMP dynamics in postnatal Fmr1-null migrating neurons cAMP was shown to be down-regulated in platelet cells of FXS patients and brain of Fmr1-null mice (Berry-Kravis and Huttenlocher, 1992; [START_REF] Kelley | The Cyclic AMP Cascade Is Altered in the Fragile X Nervous System[END_REF]. As described in the first article, PC-dependent cAMP activates centrosomal PKA and regulates neuronal migration.

We thus wondered if cAMP could be deregulated during neuronal migration in Frm1-null mice.

To answer this question, we electroporated a cAMP FRET-based biosensor, Epac-S H187 , in Frm1 +/+ or Fmr1 -/-P2 mice. Five to six days later, acute brain slices were cut and live imaged with a two-photon microscope. After ratiometric analysis, we observed, as described previously, a cAMP hotspot at the centrosome in control condition prior and after NK (figure 20A, co-localisation of the hotspot with a centrosomal marker has been done in the first part of the results), while in Fmr1 -/-migrating neurons, this centrosomal cAMP hotspot seemed to be present but was associated to supernumerary cAMP hotspots (figure 20B). In the Fmr1 +/+ cells, the average number of hotspots (averaging all time points for each cell) was 1.2 ± 0.1 hotspots, while in Fmr1 -/-condition the average number of hotspots was 2.9 ± 0.3 hotspots. This difference was significantly different as shown in figure 20C. These data suggest that cAMP signaling is deregulated in Fmr1-null mice.

Materials and Methods:

Mouse line

Mice were housed in a 12-hour light/dark cycle, in cages containing 2 females and one male.

The postnatal mice were housed in the cages with their parents. 2018021915046521_v5). We strictly performed this approved procedure. The mice used were in a C57BL6-J background. Fmr1-null mice were genotyped according to the original protocols [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF].

Plasmid constructions

pCaggs-Epac-S H187 was derived from pCDNA3-Epac-S H187 kindly given by Kees Jalink [START_REF] Klarenbeek | Fourthgeneration epac-based FRET sensors for cAMP feature exceptional brightness, photostability and dynamic range: characterization of dedicated sensors for FLIM, for ratiometry and with high affinity[END_REF]. Minor modification on the Epac-S H187 sequence was performed to reduce redundancy. To clone Epac-S H187 into the pCaggs, PCR was performed to introduce specific restriction site into the extremity of Epac-S H187 sequence. PCR product and pCaggs were cut with the specific restriction. The products were ligated with a T4 ligase enzyme. The obtained plasmid was sequenced in order to verify the proper insertion of Epac-S H187 and to confirm that no mutations were introduced. pCaggs-GFP was designed in the laboratory. The plasmids were used at a concentration between 5 to 8µg/µL (0,01% Fast green).

Lentivirus

In this study, two lentiviruses were used. The lentivirus expressing GFP was driven by the CMV promoters. The lentivirus expressing shRNA specific to Fmr1 mRNA and the GFP was designed in the lab as describes in [START_REF] Scotto-Lomassese | Fragile X Mental Retardation Protein Regulates New Neuron Differentiation in the Adult Olfactory Bulb[END_REF].

Postnatal injection and electroporation

Postnatal injection or electroporation was performed at P2. The postnatal mice were anesthetized by hypothermia. Pseudo-stereotaxic injection (from lambda ML: -1,2, A/P:2, D/V: 2,5-2) using glass micropipette (Drummond scientific company, wiretol I 50µL, 5-000-1050) was performed and 1µL of virus or 2µL of plasmid (between 5 and 8 µg/µL) were injected. For electroporation, animals were subjected to 5 pulses of 99,99V during 50ms separated by 950ms using the CUY21 SC Electroporator and 10mm tweezer electrode (CUY650-10 Nepagene).

The animals were placed on 37°C plates to restore their body temperature before returning with their mother. Animals were considered as fully restored when pups were moving naturally, and their skin color returned to pink.

Time-lapse video microscopy

To analyze cell migration, images were obtained with an inverted SP5D confocal microscope (Leica). Images were taken every 3 min for 2-3h using a 40X/ 1,25 N.A. objective with 1.5 optical zoom.

Biosensor images were acquired with an upright two-photon microscope Leica SP5 MPII with a 25x/ 0,95 N.A, objective, 4x optical zoom, and GaAsP hybrid detector. The excitation wavelength was set at 850 nm to excite the mTurquoise2 donor. The two emission wavelengths were acquired simultaneously with filters of 479+/-20 nm and 540+/-25 nm. Image stacks with 2µm intervals were taken every minute for 1h.

The temperature in the microscope chamber was maintained at 32°C, and brain slices were continuously perfused with heated recording solution (see above) saturated with 5% CO2 and 95% O2.

Analyses of neuronal migration

Analyses were performed using ImageJ (NIH Image; National Institutes of Health, Bethesda, MD) software and MTrackJ plugging [START_REF] Meijering | Methods for Cell and Particle Tracking[END_REF]. The nucleus of each cell was tracked manually on each time frame during the whole movie. For cell migration characteristics, calculation of speed, nuclear translocation frequency and pausing time were performed using the x,y,t coordinates of the nucleus of each cell. Cells were excluded from the analysis if they were tracked during less than 30 min or did not perform any nuclear translocation during the whole tracking. A cell was considered as migrating if it performed a distance superior to 6 µm during a 3-minute interval.

To calculate the index of sinuosity, the total distance was divided by the Euclidean distance.

When the index of sinuosity is close to 1, neurons migrate straightly while when the index of sinuosity is far from 1, neurons migrate more tortuously.

Biosensor images analyses

Image stacks obtained for donor and acceptor emission were processed with a custom code developed in the IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA). The maximum intensity was projected vertically to form a 2D image. The fluorescence intensity of donor and acceptor were averaged to build an image indicating biosensor concentration. The fluorescence intensity of donor and acceptor were ratioed for each pixel to report biosensor activation level. For each experiment, ratio values were multiplied by a constant such that baseline ratio was 1. These images were combined to produce pseudocolor images, with the ratio used as hue (from blue to red) and the intensity as value, while the saturation was set to the maximum [START_REF] Castro | Decoding spatial and temporal features of neuronal cAMP/PKA signaling with FRET biosensors[END_REF].

Quantification of the number of hotspots:

The number of hotspots has been counted at every time point for each cell. The average number of hotspots per cell has been calculated. The average number of hotspots of each cell has been averaged.

with an increased immunoreactivity in Fmr1-null mice. However, Pde2A is not expressed by RMS migrating neurons and hence not the protein involved in our phenotype.

Alternatively, the supernumerary cAMP hotspots could correspond to increased cAMP production in discrete domains of the mutated neurons. Interestingly, lipid rafts were described as cAMP rich microdomains [START_REF] Agarwal | Compartmentalized cAMP Signaling Associated With Lipid Raft and Non-raft Membrane Domains in Adult Ventricular Myocytes[END_REF][START_REF] Averaimo | A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune developing retinal axon arbors[END_REF]. Lipid rafts are specialized regions of the plasma membrane, enriched in cholesterol and glycosphingolipids, involved in the regulation of intracellular signaling including cAMP. They play an important role in normal and cancer cell migration (Brady et al., 2004;[START_REF] Mollinedo | Lipid rafts as major platforms for signaling regulation in cancer[END_REF].

Moreover, their protein composition is altered in FXS neurons [START_REF] Kalinowska | Quantitative Profiling of Brain Lipid Raft Proteome in a Mouse Model of Fragile X Syndrome[END_REF].

Interestingly, some ACs are subcellularly localized in lipid rafts including AC1, AC3, AC5, AC6 and AC8 [START_REF] Averaimo | Intermingled cAMP, cGMP and calcium spatiotemporal dynamics in developing neuronal circuits[END_REF][START_REF] Averaimo | A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune developing retinal axon arbors[END_REF][START_REF] Willoughby | Organization and Ca 2+ Regulation of Adenylyl Cyclases in cAMP Microdomains[END_REF]. AC1 is of particular interest given that it is an FMRP target (Maurin et al., 2018a;[START_REF] Sethna | Enhanced expression of ADCY1 underlies aberrant neuronal signalling and behaviour in a syndromic autism model[END_REF] overexpressed in FXS. Its accumulation in lipid rafts could lead to underlying ectopic cAMP rich hotspots.

To know if AC1 is involved in our phenotype, the first thing to do would be to perform immunocytochemistry in order to confirm AC1 expression in migrating neurons and its presence in lipid rafts (colocalization with caveolin or flotilin). Western blot analyses of AC1 in Fmr1 +/+ or Fmr1 -/-RMS cells would confirm AC1 overexpression in Fmr1 -/-migrating neurons. In addition, biochemical isolation of lipid rafts by detergent treatment of RMS homogenates would allow quantitative assessment of AC1 in lipid rafts of WT and mutant mice.

It would then be interesting to perform knock down experiments of AC1 and to look at cAMP dynamic and neuronal migration.

Neuronal migration defects in FXS mice

We would like to precise which FMRP mRNA targets might participate in the control of migration.

The first FMRP mRNA target that we want to test is N-Cadherin, which is the FMRP mRNA target involved in the migratory phenotype described in La Fata et al., for radially migrating embryonic neurons [START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF]. N-Cadherin is expressed in RMS migrating neurons [START_REF] Yagita | Ncadherin mediates interaction between precursor cells in the subventricular zone and regulates further differentiation[END_REF] and is involved in their homophilic adhesion through adherens junction-like complexes. Interestingly, N-Cadherin is also involved in centrosome positioning [START_REF] Dupin | Classical cadherins control nucleus and centrosome position and cell polarity[END_REF][START_REF] Luccardini | Cortical interneurons migrating on a pure substrate of N-cadherin exhibit fast synchronous centrosomal and nuclear movements and reduced ciliogenesis[END_REF]. We could assess its level of expression in mutated neurons by qRT-PCR, immunohistochemistry and western blot of the RMS. Ultimately, we could try to rescue the migratory phenotype by restoring a normal level as in [START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF]. Interestingly, N-Cadherin is described to be dynamically associated with lipid rafts [START_REF] Causeret | N-Cadherin Association with Lipid Rafts Regulates Its Dynamic Assembly at Cell-Cell Junctions in C2C12 Myoblasts[END_REF][START_REF] Guillaume | Flotillin microdomains stabilize cadherins at cell-cell junctions[END_REF][START_REF] Rossier-Pansier | Compartmentalization in membrane rafts defines a pool of N-cadherin associated with catenins and not engaged in cellcell junctions in melanoma cells[END_REF].

A second interesting potential FMRP target is APC (adenomatous polyposis coli). APC mRNA physically interacts with FMRP [START_REF] Chyung | Fragile X granules are a family of axonal ribonucleoprotein particles with circuit-dependent protein composition and mRNA cargos[END_REF]Maurin et al., 2018a). Moreover, APC is overexpressed the cortex and hippocampus of Fmr1-null mice [START_REF] Casingal | Identification of FMRP target genes expressed in corticogenesis: implication for common phenotypes among neurodevelopmental disorders[END_REF].

APC is involved in MT anchoring at the tip of the leading process of migrating neurons [START_REF] Wen | EB1 and APC bind to mDia to stabilize microtubules downstream of Rho and promote cell migration[END_REF]. APC deletion triggers neuronal migration delay and morphological defects of cortical INs [START_REF] Eom | Differential Regulation of Microtubule Severing by APC Underlies Distinct Patterns of Projection Neuron and Interneuron Migration[END_REF]. Our preliminary data in Fmr1-null mice show defects in neuronal morphology in mutated migrating neurons. APC deletion and Fmr1-null migrating neurons have thus common phenotypes and it would be interesting to verify if APC could be involved in Fmr1-null migration defects. APC is expressed in RMS migrating neurons [START_REF] Imura | Adenomatous Polyposis Coli Is Essential for Both Neuronal Differentiation and Maintenance of Adult Neural Stem Cells in Subventricular Zone and Hippocampus[END_REF]. We are thus planning to verify its increased expression in Fmr1-null mice and to try to rescue migration defects through its down-regulation by RNA interference. Interestingly here again, the ends of growing MTs where APC is localized may also be seen as another subcellular sub-membranous compartment, sometimes described as a raft-like domain [START_REF] Galjart | A plus-end raft to control microtubule dynamics and function[END_REF].

As a conclusion, a clear identification of the FMRP mRNA targets in the RMS is still needed to fully understand the role of FMRP in migration and the potential link between migratory defects and cAMP signaling defects. Moreover, the analysis of migration should be extended to the analysis of neuronal migration in the embryo. This could be essential for the understanding of FXS given the functional importance of GABAergic interneurons, the hyperexcitability described in FXS brains [START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF] and the recent discovery of an extended migration of INs in the cortex of human infants [START_REF] Paredes | Extensive migration of young neurons into the infant human frontal lobe[END_REF].

123 exposed to an extracellular signal during its emergence. Moreover, since the cAMP hotspot is present in all migrating neurons analyzed independent of region and age, it should be a signal common to all these conditions. The ideal candidate should thus be an ubiquitous factor, activating a ciliary GPCR coupled to Gs, which would in turn activate ciliary AC3 upstream of centrosomal PKA.

Shh is the most studied ciliary signaling pathway and Shh pathway is linked to cAMP [START_REF] Jiang | Direct visualization of cAMP signaling in primary cilia reveals up-regulation of ciliary GPCR activity following Hedgehog activation[END_REF][START_REF] Moore | Cilia have high cAMP levels that are inhibited by Sonic Hedgehog-regulated calcium dynamics[END_REF][START_REF] Vuolo | Ciliary adenylyl cyclases control the Hedgehog pathway[END_REF]. We analyzed the Shh responsiveness of RMS neurons in Shh reporter mice (Gli-BS-GFP, gift of S. Schneider-Maunoury) and observed that almost none of them were Shh responsive (Figure 23). It is thus very unlikely that Shh could be the upstream activator of AC3.

Another interesting potential upstream AC3 activator could be PACAP (Pituitary Adenylate Cyclase Activating Peptide). PACAP is a 27 to 38 amino acid long neuropeptide.

This peptide can either act as paracrine or autocrine signal [START_REF] Winters | PACAP, an Autocrine/Paracrine Regulator of Gonadotrophs1[END_REF] and is involved in migration of granule cells of the cerebellum [START_REF] Cameron | Role of PACAP in Controlling Granule Cell Migration[END_REF] and radial migration in the embryonic cortex [START_REF] Toriyama | Phosphorylation of Doublecortin by Protein Kinase A Orchestrates Microtubule and Actin Dynamics to Promote Neuronal Progenitor Cell Migration[END_REF]. Moreover, PACAP was shown to be involved in different CNS disorders, such as Schizophrenia [START_REF] Hashimoto | Pituitary adenylate cyclase-activating polypeptide is associated with schizophrenia[END_REF] or major depression disorders [START_REF] Hashimoto | Possible association between the pituitary adenylate cyclase-activating polypeptide (PACAP) gene and major depressive disorder[END_REF]. PACAP receptors are PAC1-R, VPAC1-R and VPAC2-R. PACAP is also described as an inhibitor of the Shh signaling pathway via ACs activation leading to PKA activation leading to Gli-Activator inhibition [START_REF] Niewiadomski | Interaction of PACAP with Sonic hedgehog reveals complex regulation of the Hedgehog pathway by PKA[END_REF]. PAC1-R is expressed in migrating neurons of the RMS [START_REF] Matsuno | Distribution and localization of pituitary adenylate cyclase-activating polypeptide-specific receptor (PAC1R) in the rostral migratory stream of the infant mouse brain[END_REF], however their subcellular localization is still unknown. However, if it is localized in the PC (which we are planning to verify), PACAP autocrine or paracrine binding to PAC1-R could lead to AC3 activation followed by PKA centrosomal activation in migrating neurons.

Serotonin is also an interesting candidate. The serotonin receptor 5HT6R is a ciliary GPCR that activates ACs [START_REF] Rasenick | Depression and Adenylyl Cyclase: Sorting Out the Signals[END_REF]. Moreover, serotonin was elegantly shown to regulate RMS neuronal migration [START_REF] García-González | Serotonergic Projections Govern Postnatal Neuroblast Migration[END_REF]. Serotonergic projections are parallel to migrating neurons along the postnatal and adult RMS. Optogenetic activation of serotoninergic axons increases the speed of migration. However, deletion of 5HT3R, which is a non-ciliary ligand-gated ion channel, is sufficient to abolish the effect of serotonin on migration. This strongly suggests that the ciliary 5HT6R is not involved in this process and thus that serotonin would not be the upstream activator of AC3.

As a conclusion, it is too early for us to conclude on the identity of the upstream activator of AC3. An alternative scenario to extracellular signaling onto the PC could be that the process of PC internalization and externalization could lead to mechanic or osmolar activation of AC3.

MTs dynamics and neuronal migration. Mutation of Lis1 induces defects of MTs acetylation which is a marker of stabilized MTs [START_REF] Gopal | Leading Process Branch Instability in Lis1+/-Nonradially Migrating Interneurons[END_REF]. We can suppose that the absence of Nde1 phosphorylation by PKA in our mutants inhibits the release of Lis1 and dynein from the complex, which leads to a defect in MTs regulation and acetylation.

However, PKA can also phosphorylate other interesting proteins involved in MT dynamics. For example, PKA can phosphorylate doublecortin (DCX) [START_REF] Toriyama | Phosphorylation of Doublecortin by Protein Kinase A Orchestrates Microtubule and Actin Dynamics to Promote Neuronal Progenitor Cell Migration[END_REF].

DCX is a MT binding protein. Moreover, DCX is particularly involved in MT regulation connecting the centrosome to the nucleus during cyclic saltatory neuronal migration (Tanaka et al., 2004). Mutation in DCX can cause subcortical band heterotopia [START_REF] Des Portes | Doublecortin Is the Major Gene Causing X-Linked Subcortical Laminar Heterotopia (SCLH)[END_REF] and type II lissencephaly [START_REF] Devisme | Cobblestone lissencephaly: neuropathological subtypes and correlations with genes of dystroglycanopathies[END_REF]. Neurons deleted for DCX show a retarded migration with morphological defects including excessive branching [START_REF] Friocourt | Both Doublecortin and Doublecortin-Like Kinase Play a Role in Cortical Interneuron Migration[END_REF].

These phenotypes are similar to our phenotypes. DCX is localized all along the MTs and is not particularly enriched at the centrosome. We show that centrosomal PKA is activated by cAMP.

However, we do not know if PKA activates its target directly at the centrosome or if its activation could lead to its transport to other subcellular compartments and phosphorylation of extra-centrosomal targets.

PKA could also act on acto-myosin contraction via RhoA. By using a RhoA biosensor, the team of Sawamoto showed that RhoA is activated at the swelling just before NK [START_REF] Ota | Speed control for neuronal migration in the postnatal brain by Gmip-mediated local inactivation of RhoA[END_REF]. RhoA is a negative regulator of actin contractility [START_REF] Narumiya | Rho effectors and reorganization of actin cytoskeleton[END_REF], probably by inhibiting mDia, an actin nucleator involved in neuronal migration [START_REF] Shinohara | A role for mDia, a Rho-regulated actin nucleator, in tangential migration of interneuron precursors[END_REF]. We can imagine that RhoA needs to be inactivated to allow a complete NK. PKA can phosphorylate RhoA at serine 188, which inhibits its activity [START_REF] Jones | Protein kinase A-mediated phosphorylation of RhoA on serine 188 triggers the rapid induction of a neuroendocrine-like phenotype in prostate cancer epithelial cells[END_REF][START_REF] Qiao | PKA inhibits RhoA activation: a protection mechanism against endothelial barrier dysfunction[END_REF]. In this scenario, activation of centrosomal PKA would lead to local inactivation of RhoA, which would in turn allow proper actin contractility allowing NK.

Centrosomal cAMP hotspot during different cellular events

A cAMP centrosomal hotspot is present in all types of migrating neurons that we analyzed. We thus asked whether it is a neuronal specific event or if it might be extended to other cell types.

In order to answer this question, we performed a fibroblast scratch assay. We cultured NIH3T3 until confluency and starved the fibroblasts to stop proliferation (since the PC is disassembled during division [START_REF] Pan | The Primary Cilium: Keeper of the Key to Cell Division[END_REF]) before transfecting the cells with Epac-S H187 . After 24 h of starvation, we performed a scratch and looked at cAMP dynamic during fibroblast migration with a two-photon microscope. Under these conditions, we did not observe any cAMP hotspot (even though the PC was indeed present as verified by immunohistochemistry). These data suggest that the PC-dependent cAMP hotspot is probably not necessary for fibroblast migration and might be specifically necessary for cyclic saltatory migration.

It would be extremely interesting to monitor the presence of a centrosomal cAMP hotspot in radial glial cells. The PC was shown to be involved in the polarization of early radial glia scaffold [START_REF] Higginbotham | Arl13b-regulated cilia activities are essential for polarized radial glial scaffold formation[END_REF]. It would thus be interesting to analyze cAMP dynamics during radial glia polarization.

Moreover, radial glia performs stereotypical interkinetic nuclear movement (INM; see figure 3). The nucleus cyclically moves away from the ventricular surface during S phase [START_REF] Miyata | Interkinetic nuclear migration generates and opposes ventricular-zone crowding: insight into tissue mechanics[END_REF]. The PC is extended in the ventricle [START_REF] Spear | Interkinetic nuclear migration: A mysterious process in search of a function[END_REF], suggesting that it receives information from the ventricle. Some regulators of cyclic saltatory neuronal migration are also involved in INM such as dynein [START_REF] Bertipaglia | Nuclear migration in mammalian brain development[END_REF]. Young neurons also display an early phase of polarization when their early processes adopt an axonal or dendritic fate. This polarization is centrosome-dependent [START_REF] De Anda | Centrosome localization determines neuronal polarity[END_REF] and involves compartmentalized cAMP [START_REF] Shelly | Local and Long-Range Reciprocal Regulation of cAMP and cGMP in Axon/Dendrite Formation[END_REF]. It would be extremely

interesting to analyze cAMP dynamics in this context to verify whether a centrosomal hotspot might be involved.

Conclusion :

My thesis work thus reveals an unsuspected degree of subcellular compartmentalization in migrating neurons. We would argue that the primary cilium is linked to the centrosome by cAMP signaling forming a single organ, as suggested initially by Michel Bornens (Bornens,

2018)

Our biosensor imaging thus allowed visualization of an as yet invisible cyclic compartment extending from the cilioplasm to the centrosome and involved in the complex cyclic behavior of migrating neurons. Subcellular compartmentalization is probably key to the understanding of second messenger signaling and more generally cellular biology. How nonmembrane-bound compartments are assembled and organized has remained mysterious until recently. The subcompartment that we visualize might indirectly take advantage of the ciliary membranes so that the ciliary concentrated cAMP might also be concentrated around the centrosome. The dilution of cAMP in the rest of the cytoplasm is probably limited by centrosomally located PDE like PDE4 [START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. The density of pericentriolar material might also play a role.

Another recently developed track to solve the mystery of membrane-less compartments is the process of liquid-liquid phase separation, which allows formation of invisible cellular droplets through the interactions of proteins and nucleic acid [START_REF] Yoshizawa | Biological phase separation: cell biology meets biophysics[END_REF].

Interestingly, FMRP has recently been described to be involved in phase separation [START_REF] Tsang | Phosphoregulated FMRP phase separation models activitydependent translation through bidirectional control of mRNA granule formation[END_REF]. This could be another exciting future field of investigation for the understanding of neuronal migration in health and disease.
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 S2 Figure S2: Spatio-temporal distribution of hotspots in migrating and non-migrating neurons.A) Profiles of 44 migrating neurons (also displayed as a heatmap in Fig.1H) are superimposed in the same coordinate system as that used for kymographs (Fig.1D, E). Time 0 is defined as the midpoint of NK. Position 0 corresponds to the position of the nucleus center at t=0. The black line with sigmoid shape shows the average trajectories of nucleus centers, reflecting NK movement. Gray shading indicates standard deviation. All hotspots in this series of experiments are presented by a symbol, with a same color and marker for a same experiment. Most hotspots appear ahead of the nucleus, while a few can appear next to or behind the nucleus (see for example Fig.2A). B) Same representation as A) for 20 neurons which showed no NK (also displayed as a heatmap in Fig1I). Time 0 is defined as the midpoint of the recording. Note that among these 20 neurons, only nine display a hotspot represented here.

  Fig S1.A series of anchor points were manually positioned along the length of the cell, and the profile of ratio and intensity was calculated along these line segments, over a total width of 4 pixels. The intensity profile was annotated manually, marking both sides of the nucleus. The movement of the nucleus during the recording was then used to determine the axis of the migration, by fitting a line to the positions of the center nucleus for all time points. Coordinates in the frame of reference of the image were then converted to a single position along the axis of cell migration. The width of the hotspot was estimated as 2x the width parameter of a Gaussian function fitted to the ratio trace.ImmunohistochemistryP7-P10 mice were lethally anesthetized using euthasol. Intracardiac perfusion with 4% paraformaldehyde were performed. Brain were postfixed overnight in 4% paraformaldehyde.Three rinses were done with PBS 1x (gibco 1400-067). 50µm sagittal slices were cut with VT1200S microtome (Leica). Slices were placed one hour in a saturation solution (10% fetal bovine serum; 0,5% Triton-X in PBS). The primary antibodies used in this study were: GFP (Aves, GFP-1020, 1/1000), PKAc (Cell Signaling Technology, #4782 1/250), AC3 (Santa Cruz, C-20 sc-588, 1/200), Arl13b (UC Davis/NIH NeuroMab Facility, 75-287, 1/1000), Ɣtubulin (Sigma-Aldrich, T6557, 1/500). The antibodies were diluted in saturation solution.Slices were incubated 48 to 72h at 4°C under agitation with the antibodies. Three rinses were done with PBS 1x. The secondary antibodies used were: anti-chicken IgY alexa Fluor 488 (1/1000, Jackson ImmunoResearch: 703-545-155) against anti-GFP, anti-rabbit IgG Cy5(1/1000, Jackson ImmunoResearch: 711-175-152) against anti-PKAc, anti-rabbit IgG Cy3(1/2000, Jackson ImmunoResearch: 711-165-152) against anti-AC3, anti-Mouse IgG, Fcɣ Subclass 1 specific alexa Fluor 594(1/2000, Jackson ImmunoResearch: 115-585-205) against anti-ɣ-tubulin, anti-Mouse IgG, Fcg subclass-2a specific alexa Fluor 647(1/1000, Jackson ImmunoResearch: 115-605-206) against anti-Arl13b . The antibodies were diluted in saturation solution. Slices were incubated 1h at room temperature under agitation with the secondary antibody solution. Three rinses with PBS 1X were done. Slices were counter-colored with Hoeschst and mounted with Mowiol.

  It would thus be interesting to analyze cAMP dynamics in ciliated radial glial cells during INM, which implicates movement of the nucleus but not of the centrosome. It would also be interesting to analyze cAMP dynamic during the final delamination of radial glial cells which involves coupled movement of both nucleus and centrosome.

  Animal care was conducted in accordance with standard ethical guidelines (National Institutes of Health publication no. 85-23, revised 1985 and European Committee Guidelines on the Care and Use of Laboratory Animals 86/609/EEC). The experiments were approved by the local ethics committee (Comité d'Ethique en Expérimentation Animale Charles Darwin C2EA-05 and the French Ministère de l'Education Nationale de l'Enseignement Supérieur et de la Recherche APAFIS#13624-

  5.1). Normality in the variable distributions was assessed by the Shapiro-Wilk test. Furthermore, the Levene test was performed to probe homogeneity of variances across groups. Variables that failed the Shapiro-Wilk or the Levene test were analyzed with nonparametric statistics using the one-way Kruskal-Wallis analysis of variance on ranks followed by Nemenyi test post hoc and Mann-Whitney rank sum tests for pair-wise multiple comparisons. Variables that passed the normality test were analyzed by means of one-way ANOVA followed by Tukey post hoc test for multiple

comparisons or by Student's t test for comparing two groups. Categorical variables were compared using Pearson's Chi-squared test or Fisher's exact test. All the statistical analyses have been performed on the five groups together (GFP, Cre, miRAC3, dnPKA, dnPKA/CRE). A p value of < 0.05 was used as a cutoff for statistical significance. Results are presented as the mean ± SD or medians and the given values in the text are the mean ± SEM, unless otherwise stated. The statistical tests are described in each Figure legend.

  Animal care was conducted in accordance with standard ethical guidelines (National Institutes of Health publication no. 85-23, revised 1985 and European Committee Guidelines on the Care and Use of Laboratory Animals 86/609/EEC). The experiments were approved by the local ethics committee (Comité d'Ethique en Expérimentation Animale Charles Darwin C2EA-05 and the French Ministère de l'Education Nationale de l'Enseignement Supérieur et de la Recherche APAFIS#13624-
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induced by cAMP. Moreover, the accumulation of biosensor in the PC can compete and disrupt the normal interaction of endogenous proteins in the PC. This is the reason why we have chosen to use a non-targeted biosensor in our study (Part I).

Primary cilium-dependent cAMP/PKA signaling at the centrosome regulates neuronal migration
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Discussion:

Our results show that in Fmr1-null mice, migration defects are associated with an increased number of cAMP hotspots.

Overproduction of cAMP after addition of Forskolin (activator of ACs) and IBMX (inhibitor of PDEs) induces migration arrest [START_REF] Burdyga | cAMP inhibits migration, ruffling and paxillin accumulation in focal adhesions of pancreatic ductal adenocarcinoma cells: Effects of PKA and EPAC[END_REF]. The increased number of cAMP hotspots that we observe could thus influence migration. However, at this point, we do not know if the abnormal cAMP signaling that we observe is linked with migration defects.

More experiments are needed in order to correlate these phenotypes.

Cell autonomous role of FMRP:

We observed defects in neuronal migration in the RMS of Fmr1-null mice. The speed of neuronal migration is decreased with decreased frequency of NK and increased pausing time.

These phenotypes were phenocopied by RNA interference suggesting that FMRP cell autonomously regulates the rhythm of migration. We also observed an increased index of sinuosity in the KO that was not present in KD neurons, which suggests that this defect is non cell autonomous. It would be important to better analyze other parameters of directionality, such as retro-migration or the angle of migration, in Fmr1-null migrating neurons and in KD neurons in order to better understand the defects in directionality. It is possible that the environment of migration is affected in Fmr1-null mice and indirectly influences migration directionality.

Increased number of cAMP hotspots in Fmr1-null migrating neurons:

cAMP levels are generally described to be reduced in FXS cells (Berry-Kravis and Huttenlocher, 1992;[START_REF] Kelley | The Cyclic AMP Cascade Is Altered in the Fragile X Nervous System[END_REF]. This could be the result of an increased expression of PDEs leading to increased hydrolysis of cAMP. The cAMP level could thus be generally reduced in the cytoplasm of RMS Fmr1-null neurons, which could indirectly reveal cAMP microdomains invisible in normal conditions.

Along these lines, the first FMRP target that we were interested in, in collaboration with B. Bardoni (IPMCC, Valbonne), was Pde2A. Pde2A mRNA is a target of FMRP (Maurin et al., 2018a), whose translation is increased in FXS. Moreover, inhibition of Pde2A in Fmr1-null mice was shown to rescue FXS phenotypes [START_REF] Maurin | Involvement of Phosphodiesterase 2A Activity in the Pathophysiology of Fragile X Syndrome[END_REF]. In order to know if Pde2A could be an interesting FMRP target in RMS migrating neurons, we performed immunocytochemistry against Pde2A (data not shown). Pde2A is nicely expressed in the OB Discussion:

cAMP compartmentalization

In our manuscript, we discover a new cAMP subcellular compartment. The PC produces cAMP which diffuses to the centrosome. This PC production is probably necessary to concentrate the signal and to reach the PKA activation threshold at the centrosome [START_REF] Koschinski | Activation of PKA in cell requires higher concentration of cAMP than in vitro: implications for compartmentalization of cAMP signalling[END_REF]. Our discovery was made possible by the development of a challenging technique involving electroporation of neonatal mice with a sensitive FRET biosensor, coupled with spatially and temporally resolutive two-photonic imaging on acute brain slices. cAMP signaling microdomains analyzed thanks to FRET biosensors have previously been described in different cell types. Interestingly, a study performed in CHO cells transfected with a centrosome targeted biosensor reported a centrosomal microdomain which, contrarily to the hotspot described in our study, displayed low cAMP levels [START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. This "coldspot" was dynamic, disappeared during mitosis and was important for cell cycle progression [START_REF] Terrin | PKA and PDE4D3 anchoring to AKAP9 provides distinct regulation of cAMP signals at the centrosome[END_REF]. cAMP microdomains were also described in diverse neuronal sub-compartments such as growth cones, axons and dendrites [START_REF] Averaimo | A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals to prune developing retinal axon arbors[END_REF][START_REF] Calebiro | cAMP signaling microdomains and their observation by optical methods[END_REF][START_REF] Castro | Type 4 Phosphodiesterase Plays Different Integrating Roles in Different Cellular Domains in Pyramidal Cortical Neurons[END_REF]. However, to our knowledge, we are the first to perform this type of analysis in migrating neurons. Moreover, we are the first to describe a cAMP compartment without targeting the biosensor to the compartment or to add specific drugs to increase cAMP production.

We detect a surprisingly dynamic cAMP hotspot at the centrosome, present during NK and absent during pauses. We show that the PC and ciliary localized AC3 are necessary for the formation of the hotspot. We thus think that the signal that we observe at the centrosome is a consequence of a short-range diffusion of the cAMP concentrated in the PC by AC3 activity.

Different studies using a ciliary targeted FRET-based cAMP sensor in fibroblasts and kidney epithelial cells indeed showed that the PC is a cAMP rich microdomain [START_REF] Jiang | Direct visualization of cAMP signaling in primary cilia reveals up-regulation of ciliary GPCR activity following Hedgehog activation[END_REF][START_REF] Moore | Cilia have high cAMP levels that are inhibited by Sonic Hedgehog-regulated calcium dynamics[END_REF][START_REF] Sherpa | Sensory primary cilium is a responsive cAMP microdomain in renal epithelia[END_REF], reaching levels of concentration as high as 5-fold higher than the rest of the cytoplasm.

AC3 possible activating signals

In the submitted article, different questions are still opened. For example, we have not identified the signal leading to AC3 activation. Since cAMP hotspot occurrence correlates with the emergence of the PC during NK [START_REF] Matsumoto | Dynamic changes in ultrastructure of the primary cilium in migrating neuroblasts in the postnatal brain[END_REF], we can suppose that the PC is