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The subventricular zone (SVZ) contains neural stem cells (NSCs) in which germinal activity persists following birth to produce glial cells and neurons. Shortly after birth, this neurogenesis becomes exclusively gabaergic, because of the rapid closure of the period of glutamatergic neurogenesis.

Mechanisms leading to this decline, as well as the possibility to reactivate glutamatergic neurogenesis following injury, remain to be evaluated.

We performed a single cell transcriptome analysis of postnatal dorsal SVZ to explore mechanisms leading to the closure of the glutamatergic germinal activity. We describe an entry into deep quiescence of pallial NSCs, which correlates with Tgfꞵ signaling pathway activity and Hopx expression. This massive entry into quiescence is accompanied by an abnormal differentiation of glutamatergic progenitors and neuroblasts.

Thus, several mechanisms converge to close glutamatergic germinal activity within the postnatal SVZ.

We then used a model of neonatal injury (i.e. chronic hypoxia) to test the competence of these NSCs to participate in tissue regeneration. Histological and transcriptomic analysis indicate a reactivation of dorsal SVZ NSCs, which results in the production of sparse cortical glutamatergic neurons. Their specification and maturation can be encouraged by pharmacological activation of the Wnt/ꞵ-catenin signaling pathway, with no detrimental effects on other cell types, including oligodendrocytes as well as the reservoir and activity of adult NSCs.

Altogether, my work provides novel insights on the dynamic and competence of postnatal SVZ NSCs to produce different types of neurons, in health or following injury.

Long abstract (french _ résumé substantiel)

Le système nerveux central est un tissu particulièrement complexe, composé de nombreuses régions fonctionnellement distinctes mais interconnectées. A l'échelle cellulaire, cette complexité s'illustre par la présence de milliards de cellules, notamment des neurones et des cellules gliales. Celles-ci peuvent être classifiées en de nombreux sous-types, basés sur leurs caractéristiques morphologiques, électriques, protéiques ainsi que sur leur schéma de connexion. Ces cellules sont majoritairement produites durant la vie embryonnaire et proviennent des cellules souches neurales qui sont présentes dans la région périventriculaire.

Le développement de cette organisation complexe et unique, débute par la mise en place des axes antéro/postérieur et dorso/ventral du cerveau, qui est dirigée par l'expression de morphogènes, tels que sonic hedgehog (shh) et wingless (Wnt). Le cortex est la partie dorsale du cerveau antérieur, il est impliqué dans de nombreuses tâches, cognitives, sensorielles, émotionnelles ou motrices. La capacité du cortex à effectuer ces tâches est due à son organisation cytoarchitecturale très précise. Les cellules souches neurales corticales sont localisées dans le domaine le plus dorsal (i.e. le pallium) des zones ventriculaire et sous-ventriculaire qui constituent la zone germinale majeure du cerveau embryonnaire puis adulte. Ces cellules souches neurales produisent toutes les cellules corticales dans un processus séquentiel très précis, qui résulte en une organisation laminaire du cortex. Au début de la neurogenèse corticale, les programmes cellulaires intrinsèques prédominent qui résultent en la production des neurones corticaux des couches profondes. Ensuite, des signaux extrinsèques émergent progressivement, qui influencent la production des neurones corticaux des couches superficielles. Les neurones corticaux produits par les cellules souches neurales corticales sont excitateurs et représentent 80% des neurones corticaux ; les neurones inhibiteurs proviennent d'autres populations de cellules souches neurales situées dans les régions sous-corticales (i.e. sous-palliales). Enfin, autour de la naissance, une sous-population de cellules souches neurales change de destin pour produire les cellules gliales. Parallèlement, des modifications épigénétiques et des régulations post-transcriptionnelles participent à la modification de la compétence des cellules souches neurales au cours du temps. L'activité germinale persiste dans la zone sous-ventriculaire dorsale après la naissance.

Les cellules souches neurales dorsales postnatales donnent naissance à divers sous-types de neurones des bulbes olfactifs, et à des cellules gliales qui envahissent le parenchyme adjacent, incluant le cortex.

L'observation d'une persistance des cellules souches neurales à des temps postnataux, à entraîner de nombreuses études visant à étudier leur possible recrutement suite à une lésion cérébrale. Il est maintenant démontré que les cellules souches neurales adultes répondent à une lésion, notamment par une augmentation de leur prolifération. Cependant, leur implication directe dans la production de nouvelles cellules, migrant au site lésionnel et intégrant les réseaux cellulaires présents et lésés pour les « réparer » n'est pas, pour le moment, pleinement démontrée. Une telle capacité régénérative dépend notamment de la capacité des cellules souches postnatales à produire les types cellulaires affectés par la lésion.

Le cerveau néonatal est connu pour avoir une capacité de régénération et de récupération fonctionnelle importante suite à une lésion. En effet, le cerveau des nouveaux-nés est toujours en développement, et les cellules qui le composent sont dans un processus de maturation qui permet leur adaptation à une lésion. Néanmoins, cette récupération fonctionnelle néonatale ne semble pas être exclusivement due à la réorganisation des cellules déjà présentes dans le cerveau au moment de la lésion, mais semble aussi résulter de sa capacité à régénérer de nouvelles cellules. Néanmoins, l'implication directe des cellules souches neurales néonatales dans ce processus de régénération reste, pour le moment, à définir.

Ces observations soulèvent d'importantes interrogations sur 1) l'identité des cellules souches neurales de la zone sous-ventriculaire dorsale postnatale ainsi que sur les mécanismes aboutissant au déclin de l'activité germinale glutamatergique, 2) la possibilité de réactiver la neurogenèse glutamatergique dans un contexte lésionnel.

Objectif 1 : Nous avons effectué une analyse du transcriptome de cellules uniques de la zone sous ventriculaire dorsale postnatale afin d'explorer les mécanismes conduisant à la fermeture de l'activité germinale palliale. Nous montrons que des cellules souches palliales et sous-palliales coexistent dans cette région, permettant pour la première fois une étude comparative de leur activité germinale postnatale. A l'aide de différentes analyses bioinformatiques et d'approches histologiques, nous montrons que ces cellules entrent, après la naissance, dans un état de quiescence. D'une façon intéressante, les cellules souches neurales palliales entrent dans une quiescence profonde, caractérisée par une activité persistante de la voie de signalisation Tgfβ, ainsi que par une activité transcriptionnelle réduite et une expression du facteur de transcription Hopx. En revanche, les cellules souches neurales sous-palliales restent transcriptionnellement actives, dans un état de quiescence moins profond. De plus, la production de neurones par les cellules souches neurales palliales est aussi entravée par l'acquisition de traits souspalléaux, une prolifération réduite des progéniteurs et une différenciation neuronale altérée. Ainsi, de multiples mécanismes convergent pour arrêter l'activité germinale palliale tôt après la naissance.

Objectif 2 : Nous avons utilisé l'hypoxie néonatale chronique comme modèle de lésion précoce du cerveau chez les rongeurs, pour étudier le potentiel régénératif des cellules souches neurales de la zone sous ventriculaire dorsale postnatale, et leur compétence à produire différents types cellulaires. Nos résultats confirment que l'hypoxie chronique néonatale induit la mort d'une proportion de cellules et retarde la maturation des oligodendrocytes corticaux. De plus, nous révélons une augmentation de la prolifération dans la zone sous ventriculaire dorsale en fin de période d'hypoxie, qui inclut les progéniteurs d'oligodendrocytes et de neurones glutamatergiques. Le marquage de ces cellules et de leur progéniture démontre leur contribution à une nouvelle oligodendrogénèse et neurogenèse corticale limitée. Une analyse transcriptionnelle indique que cette réponse est associée à une réexpression de transcrits présents dans les progéniteurs corticaux embryonnaires. En particulier, une réactivation de la voie de signalisation N6-méthyladênosine, est observée. Des validations histologiques ainsi que des expériences de gain de fonction valident un rôle de cette voie de signalisation dans la réponse observée. Enfin, des évidences à la fois histologiques et transcriptionnelles montrent une réactivation de la voie de signalisation Wnt/βcaténine suite à la période d'hypoxie. Une activation pharmacologique de cette voie de signalisation, par administration intranasale de l'inhibiteur de Gsk3β : CHIR99021, promeut la production de nouveaux oligodendrocytes et neurones corticaux, ainsi que leur spécification et maturation, sans effet délétère sur le réservoir de cellules souches neurales et leur activité germinale.

Dans son ensemble, mon travail de thèse apporte de nouvelles connaissances sur la dynamique et la compétence des cellules souches neurales de la zone sous-ventriculaire postnatale à générer et régénérer différents types de cellules neurales, dans un tissu sain ou lésé. Mon travail identifie aussi de nouvelles pistes de réflexion qui sont résumées dans les perspectives de cette thèse.
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The central nervous system (CNS) is a heterogeneous and highly complex tissue composed of a high number of functionally distinct, but interconnected regions. This complexity can be further appreciated at the cellular level, with the existence of (i.e. neurons and glia), which can be further subdivided based on morphology, connectivity and marker expression (i.e. projection neurons vs. interneurons; oligodendrocyte vs. astrocyte) [START_REF] Lim | Development and Functional Diversification of Cortical Interneurons[END_REF][START_REF] Spruston | Pyramidal neurons: dendritic structure and synaptic integration[END_REF]. Recent studies continue shedding light on the heterogeneity of these cell types by revealing an ever increasing heterogeneity based on marked transcriptional differences (Gouwens et al., 2020;[START_REF] Scala | Phenotypic variation within and across transcriptomic cell types in mouse motor cortex[END_REF]. The vast majority of these multiple cell types are produced during the embryonic and perinatal periods by neural stem cells (NSCs). NSCs are found into specific brain regions, named germinal regions. Their production of the vast variety of CNS cell types has been a major field of research in neurosciences. At the population level, early studies have revealed that they sequentially produce all neural cells in a tightly controlled spatial and temporal manner, leading to a "sequential model" of neurodevelopment. The recent development of clonal approaches allowing to characterize individual NSCs and fate map their progeny, as well as the demonstration of an intense germinal activity persisting at postnatal and adult stages have partially revisited this original view.

The purpose of this introduction is to summarize forebrain and in particular cortical development in mice.

I will first summarize current knowledge on forebrain development in space and time, before discussing recent advances in our understanding of NSCs competence to produce diverse CNS cell types. Lastly, I will cover our current knowledge on the mechanisms that drive NSCs competence over time, as well as following injuries.

A. Development of the forebrain in space and time

The forebrain is issued from the expansion of the most rostral domain of the neural tube into vesicles. First the prosencephalon forms, followed by the appearance of paired vesicles that will enlarge massively to form the telencephalic hemispheres [START_REF] Molnár | Brain Development, in: Kaufman's Atlas of Mouse Development Supplement[END_REF]) (Fig. 1a). The cortex is the most dorsal part of telencephalic hemispheres. It is involved in a variety of higher cognitive, sensory, emotional and motor functions. The ability of the cortex to mediate these tasks is due to its exquisite and highly complex cellular organisation, whose development relies on the appropriate control of NSCs competence over space and time [START_REF] Götz | The cell biology of neurogenesis[END_REF].

The cortical development relies on NSCs that reside within the periventricular region (i.e. ventricular zone/subventricular zone (VZ/SVZ); that is the larger germinal region of the brain. It borders lateral ventricles. The ventricular zone (VZ) is the primary germinal region in which NSCs reside. The subventricular zone (SVZ) is located above and is a secondary germinal region in which progenitors reside). These cells derive from the neuroepithelium, and are therefore named neuroepithelial cells during the initial stages of CNS formation (from embryonic day (E) 9.5 in the mouse). They have the ability to selfrenew, through symmetric division which increases the stem cell pool. At a later stage (starting around E10.5), they gradually change shape to adopt a more radial morphology and are then named radial glia or NSCs. NSCs can perform symmetric and asymmetric divisions to self-renew and to produce neural progeny, respectively. NSCs are specialized to produce defined neuron subtypes across space [START_REF] Götz | The cell biology of neurogenesis[END_REF]. This regionalization relies on the existence of patterning centers, through the release of molecules, called morphogens, into the extracellular space. Within the forebrain, four principal patterning centers have been described: the commissural plate, the cortical hem, the antihem and the ventral patterning center (Fig. 1b). Morphogens induce the expression of a combination of transcription factors (TFs) in NSCs, which define their behaviour and fate within strict morphological boundaries. This early patterning process can be illustrated by the appearance of a dorsal (pallial) and ventral (subpallial) domains within the VZ/SVZ (O' Leary et al., 2007).

A.1. Forebrain development in space

The pallium is the most dorsal domain of VZ/SVZ (Fig. 1c). It is formed under the influence of morphogens released by two patterning centers, i.e. the commissural plate and the cortical hem. The commissural plate expresses members of the fibroblast growth factor (FGF) family, while the cortical hem expresses bone morphogenic protein (Bmp) and wingless (Wnt) morphogens [START_REF] Campbell | Dorsal-ventral patterning in the mammalian telencephalon[END_REF][START_REF] O'leary | Area Patterning of the Mammalian Cortex[END_REF] (Fig. 1b). In the presence of those morphogens NSCs express TFs paired box 6 (Pax6) and empty spiracles homeobox (Emx) [START_REF] Gorski | Cortical Excitatory Neurons and Glia, But Not GABAergic Neurons, Are Produced in the Emx1-Expressing Lineage[END_REF][START_REF] O'leary | Area Patterning of the Mammalian Cortex[END_REF]. They in turn induce expression of downstream TFs such as eomesodermin (Eomes; also referred as T-box brain protein 2 (Tbr2)) as well as neurogenin1 and 2 (Neurog1 and 2) [START_REF] Osumi | Concise Review: Pax6 Transcription Factor Contributes to both Embryonic and Adult Neurogenesis as a Multifunctional Regulator[END_REF][START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF]. Together, the initiation of this transcriptional cascade, instructs pallial NSCs to produce cortical glutamatergic neurons.

The subpallium is the lateral and ventral domain of the VZ/SVZ. The two major patterning centers driving subpallial differentiation are the antihem (lateral) and the ventral patterning center. The antihem expresses multiple signaling molecules (Neuregulin, secreted frizzled related protein 2 (Sfrp2) and transforming growth factor alpha (Tgfα)), as well as epidermal growth factor (Egf) that restricts Wnt expression to the dorsal domain [START_REF] Assimacopoulos | Identification of a Pax6-dependent epidermal growth factor family signaling source at the lateral edge of the embryonic cerebral cortex[END_REF]. The ventral patterning center expresses sonic hedgehog (Shh) [START_REF] Ericson | Sonic hedgehog induces the differentiation of ventral forebrain neurons: A common signal for ventral patterning within the neural tube[END_REF][START_REF] Fuccillo | Morphogen to mitogen: the multiple roles of hedgehog signalling in vertebrate neural development[END_REF] (Fig. 1b). In the presence of a high concentration of Shh NSCs express distal-less homeobox (Dlx) and Nk homeobox (Nkx) TFs [START_REF] Flames | Delineation of Multiple Subpallial Progenitor Domains by the Combinatorial Expression of Transcriptional Codes[END_REF][START_REF] Marín | A long, remarkable journey: tangential migration in the telencephalon[END_REF]. Those instruct subpallial NSCs to produce interneurons throughout the forebrain, including the cortex. The subpallial region is subdivided into lateral and medial ganglionic eminences (LGE and MGE, respectively; Fig. 1c), corresponding to germinal regions that differ in the subtypes of interneurons produced and in their migration toward distinct brain regions [START_REF] Wichterle | In utero fate mapping reveals distinct migratory pathways and fates of neurons born in the mammalian basal forebrain[END_REF].

A.2. Forebrain development in time

Within the germinal regions boundaries described above, NSCs produce distinct progenies depending on time. This temporal patterning process is best illustrated by the sequential production of cortical neuron subtypes then glial cells by pallial NSCs.

The cortex is composed of 6 layers composed of specific neuron subtypes, defined by different marker expression, electrophysiological properties and morphologies (Kwan et al., 2012;Molyneaux et al., 2007) (Fig. 2a andb). Pallial NSCs produce all glutamatergic cortical neurons, representing 80% of cortical neurons. Earliest born glutamatergic cortical neurons are produced between embryonic days 11 and 12 (E11 and 12, respectively; Fig. 2c, upper panel). They are named subplate neurons, they populate a transient deep layer of the cortex and express complexin3 [START_REF] Hoerder-Suabedissen | Expression profiling of mouse subplate reveals a dynamic gene network and disease association with autism and schizophrenia[END_REF][START_REF] Kanold | Role of Subplate Neurons in Functional Maturation of Visual Cortical Columns[END_REF][START_REF] Zhao | Functional Excitatory Microcircuits in Neonatal Cortex Connect Thalamus and Layer 4[END_REF]. They play a crucial role in cortical development. For instance, subplate neurons promote NSCs proliferation, neuroblasts migration, maturation and neuronal networks formation [START_REF] Hanganu | Functional Synaptic Projections onto Subplate Neurons in Neonatal Rat Somatosensory Cortex[END_REF][START_REF] Jantzie | Postnatal Erythropoietin Mitigates Impaired Cerebral Cortical Development Following Subplate Loss from Prenatal Hypoxia-Ischemia[END_REF][START_REF] Nagode | Abnormal Development of the Earliest Cortical Circuits in a Mouse Model of Autism Spectrum Disorder[END_REF]. From E12 to the perinatal period, pallial NSCs produce cortical neurons following a precise inside-out temporal scheme. Thus, deep layer neurons (layers 6 and 5) are produced first, at early cortical neurogenesis times (E12 to E14). Neurons located within deep cortical layers express, among others, Forkhead-box P2 (Foxp2), Tbr1 (layer 6) or Chicken ovalbumin upstream promoter transcription factor-interacting protein 2 (Ctip2) (layer 5). Then, upper layer neurons are produced and sequentially populate cortical layers 4 to 2. Neurons located into upper layers of the cortical area express Cut like homeobox 1 (Cux1) or Special AT-rich sequence binding protein 2 (Satb2) (layer 4 to 2; Fig. 2a andc). Deep layer cortical neurons mainly project to subcortical areas such as striatum, thalamus or spinal cord via their corticofugal projections. Upper layer neurons mostly connect locally as well as to the contralateral hemisphere via the corpus callosum. Importantly layer 4 contains glutamatergic neurons with a pyramidal but also stellate neuron morphology (whereas in other cortical layers neurons arbor only pyramidal morphologies), they receive thalamic axons and mainly participate in the treatment of sensory information (Kwan et al., 2012;Molyneaux et al., 2007) (Fig. 2b). It is classically accepted that most cortical neurons are born by E17, while only rare Satb2-positive neurons continue to be produced until a few days after birth (Donega et al., 2018).

The end of the period of neurogenesis is characterized by a period of intense gliogenesis (Gao et al., 2014;Martynoga et al., 2012) (Fig. 2c). Glial cells are primordial for the CNS as reflected by their proportion, i.e. 55 % of the cells within the mouse cortex [START_REF] Herculano-Houzel | The glia/neuron ratio: How it varies uniformly across brain structures and species and what that means for brain physiology and evolution[END_REF], most of which are oligodendrocytes and astrocytes [START_REF] Khakh | Diversity of astrocyte functions and phenotypes in neural circuits[END_REF][START_REF] Spassky | Adult Ependymal Cells Are Postmitotic and Are Derived from Radial Glial Cells during Embryogenesis[END_REF]Tekki-Kessaris et al., 2001). Oligodendrocytes are produced over a protracted period of time, through several waves during both embryogenic and early postnatal life. The two first waves of oligodendrocytes originate from subpallial regions at E12 and E15, to disperse throughout the forebrain, including the cortex. A third and final wave of oligodendrocytes invades the cortex, originating from the pallium and starting to be produced at E17 (Kessaris et al., 2006).

Oligodendrocytes produced by these different waves, were shown to be functionally equivalent [START_REF] El Waly | Oligodendrogenesis in the normal and pathological central nervous system[END_REF]Naruse et al., 2017;[START_REF] Spassky | Multiple restricted origin of oligodendrocytes[END_REF]Tekki-Kessaris et al., 2001), although they eventually compete at postnatal time to populate their respective dorsal and vernal territories. Oligodendrocytes have a supportive role by allowing the rapid signal transduction between neurons, via their production of myelin around axons [START_REF] Nave | Myelination and support of axonal integrity by glia[END_REF]. Among glial cells astrocytes are the most abundant and heterogeneous population [START_REF] García-Marqués | Clonal Identity Determines Astrocyte Cortical Heterogeneity[END_REF]. The pic of astrocyte production is at postnatal day (P) 3 [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF]. Similarly to neurons, astrocytes are produced in a region specific manner and allocated to spatial domains of the forebrain in accordance with their embryonic sites of origin in the VZ-SVZ [START_REF] Taverna | The cell biology of neurogenesis: toward an understanding of the development and evolution of the neocortex[END_REF][START_REF] Tsai | Regional astrocyte allocation regulates CNS synaptogenesis and repair[END_REF]. Astrocytes reportedly arise from two sources: NSCs in the VZ and glial progenitors in the SVZ, with the contribution from each region shifting with time. Recent studies have shown that differentiated astrocytes proliferate locally within the postnatal cortex to expand their population [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF]. Thus, during the first three weeks of postnatal development, the glial cell population, which contains predominantly astrocytes, expands 6-8-fold in the rodent brain. Further, other studies have shown that they are specified directly within the parenchyma in contact with their microenvironment [START_REF] Clavreul | Cortical astrocytes develop in a plastic manner at both clonal and cellular levels[END_REF]. This results in the presence of several subtypes of astrocytes within the cortex that can be distinguished by specific morphologies, molecular signatures and functions [START_REF] Bayraktar | Astrocyte layers in the mammalian cerebral cortex revealed by a single-cell in situ transcriptomic map[END_REF][START_REF] Chai | Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence[END_REF]. Astrocytes have a major function in the blood brain barrier, in which they regulate nutrient uptake and blood flow. They also play a critical role in neuronal survival and synaptic function by recycling neurotransmitters [START_REF] Barres | The Mystery and Magic of Glia: A Perspective on Their Roles in Health and Disease[END_REF].

A.3. A regionalized germinal activity persists at postnatal ages

Germinal activity does not stop at birth. NSCs continue to be present within the periventricular region and actively proliferate to produce glial cells but also olfactory bulbs interneurons. The transition from the embryonic to the postnatal period is a moment of important cytoarchitectural modifications in the VZ and SVZ in which NSCs adopt an astrocytic morphology and revoke their basal process to contact blood vessels.

A subpopulation of these cells give rise to adult NSCs, whereas others acquire ependymal or glial fate [START_REF] Merkle | Radial glia give rise to adult neural stem cells in the subventricular zone[END_REF][START_REF] Tramontin | Postnatal development of radial glia and the ventricular zone (VZ): a continuum of the neural stem cell compartment[END_REF]. During early postnatal period (first few weeks), the ependymal cells, which were generated between E14 and E16 during development by NSCs, gradually mature to form a fine epithelium lining the ventricle, separating NSCs from the cerebrospinal fluid (CSF) [START_REF] Mirzadeh | Neural Stem Cells Confer Unique Pinwheel Architecture to the Ventricular Surface in Neurogenic Regions of the Adult Brain[END_REF][START_REF] Spassky | Adult Ependymal Cells Are Postmitotic and Are Derived from Radial Glial Cells during Embryogenesis[END_REF]. Thus, the postnatal SVZ could be also named sub-ependymal zone (SEZ). Analysis of whole mount preparations of the lateral ventricle walls demonstrated that apical processes from multiple NSCs join together and are surrounded by ependymal cells, forming the pinwheel structure. These apical processes look like the end-feet of NSCs and possess single cilia that allow NSCs to remain in contact with the cerebrospinal fluid and feel potential cues [START_REF] Mirzadeh | Neural Stem Cells Confer Unique Pinwheel Architecture to the Ventricular Surface in Neurogenic Regions of the Adult Brain[END_REF]. On the striatal end of the periventricular region, the basal processes of NSCs contact blood vessels facilitating direct access to circulating trophic factors [START_REF] Tavazoie | A specialized vascular niche for adult neural stem cells[END_REF] (Fig. 3). A. Major cortical laminar specific markers expressed by glutamatergic neurons in the cortex. Dark blue corresponds to high intensity of expression, light blue corresponds to lower expression intensity. B. Glutamatergic cortical neurons (left panel) are categorized in two major classes: projection neurons (pyramidal) and stellated neurons (localized in layer 4). Projection neurons display differences into their morphology, in the dendritic compartment (black) and in the axonal projection (red). Deep layer neurons project to subcortical areas, such as thalamus; upper layer neurons project within the cortex to the contralateral hemisphere via the corpus callosum. Gabaergic neurons are also present in the cortical area and have diverse morphology, they project within local networks. C. Pallial NSCs give rise to multilayered neocortex in an inside-out fashion, such that later born neurons pass earlier born neurons. Different categories of projection neurons invade the cortex by temporal waves. Prior to neurogenesis, NSCs in the VZ (blue) divide symmetrically to expand the pool. Around E11 NSCs acquire radial morphology and start to divide asymmetrically to produce neuronal progeny, which migrate to the neocortex. Earliest born neurons form the transient deeply located subplate cortical layer. As neurogenesis progresses diverse subtypes of projection neurons are generated sequentially. First deep layer neurons are produced (red) and then upper layer neurons (green). Some daughter cells of NSCs form progenitors (transient amplifying progenitors; TAPS or intermediate progenitor cells; IPCs) that perform additional division into the SVZ before forming neuronal progeny for upper cortical layers. At the end of the neurogenesis (E17) NSCs become gliogenic and produce subependymal zone (SEZ), astrocytes (Ast) and ependymal cells (EP). Gabaergic interneurons are not illustrated. I/II/III/IV/Va/Vb/VI: respectively cortical layers 1 to 6; SP: subplate; NP: neural progenitor (NSCs); BV, blood vessel; CR, Cajal-Retzius neuron; DL Pyr, deep-layer pyramidal neuron; IZ, intermediate zone; UL Pyr, upperlayer pyramidal neuron, WM, white matter. (Adapted from Molyneaux et al., 2007 for A and C;from Kwan et al., 2012 for B and C).

NSCs activate by upregulating the epidermal growth factor (EGF) receptor (Codega et al., 2014;[START_REF] Giachino | Molecular diversity subdivides the adult forebrain neural stem cell population[END_REF]. Clonal analysis indicates that active NSCs generate several rounds of progenitors before becoming exhausted, while other NSCs become active [START_REF] Calzolari | Fast clonal expansion and limited neural stem cell self-renewal in the adult subependymal zone[END_REF]. Progenitors (also named transient amplifying cells; TAPs) form small clusters related with streams of elongated neuroblasts that undergo chain migration towards the olfactory bulbs [START_REF] Doetsch | Cellular composition and three-dimensional organization of the subventricular germinal zone in the adult mammalian brain[END_REF]. When they reach olfactory bulbs, neuroblasts perform radial migration to produce granular cells and periglomerular interneurons, which differ in their localisation and marker expression [START_REF] Merkle | Adult neural stem cells in distinct microdomains generate previously unknown interneuron types[END_REF][START_REF] Merkle | Mosaic Organization of Neural Stem Cells in the Adult Brain[END_REF].

Interestingly, dorso-ventral organisation of the periventricular domain is conserved between embryonic and postnatal stages. Indeed, fate-mapping experiments using Cre recombinase expression that was driven by promoters of pallial and subpallial TFs have shown that postnatal V-SVZ domains derives from In the neonatal period the VZ is composed of NSCs (also named radial glial cells); the SVZ is composed of proliferating progenitors (transient amplifying; TAPS: type C) and neuroblasts (type A). NSCs retract their basal processes and a subpopulation differentiate into ependymal cells (type E). The adult V-SVZ contain NSCs that could differ in their dynamic (active: type B1a vs quiescent: type B1). They contact cerebrospinal fluid with an apical process that is surrounded by ependymal cells that form pinwheel structures. On the parenchymal side NSCs contact blood vessels via a basal end-feet. CSF: cerebrospinal fluid; VZ: ventricular zone; SVZ subventricular zone; TAP: transient amplifying cell. (Adapted from Fiorelli et al., 2015). its embryonic equivalent (Kohwi et al., 2007;[START_REF] Ventura | Dorsal radial glia generate olfactory bulb interneurons in the postnatal murine brain[END_REF][START_REF] Willaime-Morawek | Embryonic cortical neural stem cells migrate ventrally and persist as postnatal striatal stem cells[END_REF][START_REF] Willaime-Morawek | Cortex-and striatum-derived neural stem cells produce distinct progeny in the olfactory bulb and striatum[END_REF]Young et al., 2007). The septum, the MGE, the LGE and the pallium generate NSCs that populate the medial, ventral, lateral and dorsal domains of the postnatal V-SVZ, respectively (Fig. 4). At the border of these regions, mixing of NSCs occurs, defining zones of transition like it was observed during development [START_REF] Long | Dlx-dependent and -independent regulation of olfactory bulb interneuron differentiation[END_REF]. For example, some NSCs of the dorsal domain migrate into the lateral V-SVZ around birth, in which they are "reprogrammed" in accordance [START_REF] Willaime-Morawek | Embryonic cortical neural stem cells migrate ventrally and persist as postnatal striatal stem cells[END_REF]. These migratory events could explain disparities that exist between studies. For example, despite the lateral domain derives from the LGE, which produces no calretinin interneurons, some were reported to come from this wall postnatally [START_REF] De Marchis | Generation of distinct types of periglomerular olfactory bulb interneurons during development and in adult mice: implication for intrinsic properties of the subventricular zone progenitor population[END_REF]Kohwi et al., 2007). In favour with their origin, dorsal NSCs express similar makers than the pallium (Emx1, Pax6, Tbr2 (Eomes), Tbr1, Neurog2) and lateral NSCs express similar markers than the subpallial ganglionic eminences (Dlx1/2/5, Glutathione synthase homeobox 1 and 2 (Gsh1/2; also called GSX1/2), Achaete-Scute homolog 1 (Ascl1; also called Mash1), Nkx2.1, Nkx6.2) then septal (Zinc finger 1 and 3 (Zic1/3)) markers are expressed in the lateral and medial domains of the postnatal V-SVZ (Azim et al., 2012;Kohwi et al., 2007;[START_REF] López-Juárez | Gsx2 controls region-specific activation of neural stem cells and injury-induced neurogenesis in the adult subventricular zone[END_REF][START_REF] Merkle | Adult neural stem cells in distinct microdomains generate previously unknown interneuron types[END_REF]Winpenny et al., 2011). These markers are the principal TFs and defined regions of the postnatal V-SVZ. This heterogeneity results in lineage specific NSCs that generate specific subtypes of neurons depending on their location (Fiorelli et al., 2015). Postnatal walls derive from their embryonic counterparts. The pallium gives rise to the dorsal SVZ (dSVZ; red). Ganglionic eminences give rise to the lateral SVZ (lSVZ; green) and the septum give rise to the medial SVZ (mSVZ; blue). LV: lateral ventricle; LGE: lateral ganglionic eminence; MGE: medial ganglionic eminence. (Adapted from Fiorelli et al., 2015).

Although germinal activity persists throughout life, it progressively declines with aging. Therefore, a profound decline in neurogenesis arises by 6-12 months of age in rodents [START_REF] Enwere | Aging results in reduced epidermal growth factor receptor signaling, diminished olfactory neurogenesis, and deficits in fine olfactory discrimination[END_REF][START_REF] Molofsky | Increasing p16INK4a expression decreases forebrain progenitors and neurogenesis during ageing[END_REF][START_REF] Shook | Spatiotemporal Changes to the Subventricular Zone Stem Cell Pool through Aging[END_REF] . Hence, the number of proliferative NSCs is reduced by at least 50% at 2 years of age [START_REF] Capilla-Gonzalez | Age-related changes in astrocytic and ependymal cells of the subventricular zone[END_REF][START_REF] Luo | The aging neurogenic subventricular zone[END_REF][START_REF] Maslov | Neural stem cell detection, characterization, and age-related changes in the subventricular zone of mice[END_REF][START_REF] Tropepe | Transforming growth factor-alpha null and senescent mice show decreased neural progenitor cell proliferation in the forebrain subependyma[END_REF]. In parallel, the cell cycle is lengthened [START_REF] Luo | The aging neurogenic subventricular zone[END_REF]. The dynamic and the degree of this decline appears to be marked into some region and lineage. Thus, although a large population of glutamatergic progenitors is present within the dorsal V-SVZ during the early postnatal period, it declines almost entirely by 2 months (Azim et al., 2012). In contrast, lateral V-SVZ conserves its ability to produce subtypes of Gamma-Aminobutyric acid (Gaba) interneurons throughout life [START_REF] Ahlenius | Neural stem and progenitor cells retain their potential for proliferation and differentiation into functional neurons despite lower number in aged brain[END_REF].

B. NSC competences across space and time

There is no doubt that at the population level, NSCs are competent at producing all neural cell types in a sequential manner. This can be observed in vitro, where NSCs recapitulate the generation of cortical neuronal subtypes, then produce astrocytes [START_REF] Naka | Requirement for COUP-TFI and II in the temporal specification of neural stem cells in CNS development[END_REF][START_REF] Qian | Timing of CNS cell generation: a programmed sequence of neuron and glial cell production from isolated murine cortical stem cells[END_REF]. Further, fate mapping experiments have shown, early, that this competence is observed within a germinal domain. For instance, fate mapping experiments, using Emx1 IREScre transgenic mice, show that pallial NSCs produce all subtypes of glutamatergic neurons present in the cortex as well as glial cells [START_REF] Gorski | Cortical Excitatory Neurons and Glia, But Not GABAergic Neurons, Are Produced in the Emx1-Expressing Lineage[END_REF]. Further, fate mapping in a transgenic mouse in which a random and sparse subset of neural progenitors undergoes CRE/lox recombination, reveals a coincident generation of pyramidal neurons and protoplasmic astrocytes that organise in cortical columns. Thus, within germinal domains (i.e. pallial or subpallial), populations of NSCs produce both a neuronal and glial progeny. This competence may rely on 1) the existence of an homogeneous population of NSCs capable of sequentially producing defined neuronal subtypes, then glial cells (i.e. multipotent NSCs), or 2) the coexistence a heterogeneous populations of NSCs restricted to produce neuron or glial cells (i.e. fate-restricted NSCs). Similar questions arise for postnatal and adult NSCs, which may either diverge from embryonically active ones during development (i.e. "set-aside" model), or represent an extension of their activity beyond birth (i.e. "continuous" model). Addressing the question of NSC competence has been greatly facilitated by the emergence of clonal approaches in histology and transcriptomic, enabling one to directly study and compare single/sibling NSCs.

B.1. The competence of single NSC gradually evolves over time in a predictable manner during embryonic development

Although, original studies had suggested that fate-restricted NSCs may co-exist that produce either neuron or astrocytes [START_REF] Groves | Repair of demyelinated lesions by transplantation of purified O-2A progenitor cells[END_REF][START_REF] Reid | Systematic widespread clonal organization in cerebral cortex[END_REF], or different subtypes of cortical neurons [START_REF] Franco | Fate-Restricted Neural Progenitors in the Mammalian Cerebral Cortex[END_REF], more recent studies based on new methods have challenged this view (Gao et al., 2014;[START_REF] Mayer | Clonally Related Forebrain Interneurons Disperse Broadly across Both Functional Areas and Structural Boundaries[END_REF]. The Mosaic Analysis with Double Makers (MADM) approach, allows to distingly and permanently label progenies in a temporally defined manner from a single dividing NSC by using tamoxifen induced recombination [START_REF] Zong | Neonatal brain injury unravels transcriptional and signaling changes underlying the regenerative potential of the postnatal SVZ[END_REF]. Using this approach in the pallium revealed that an individual NSC behaves in a highly predictable manner. Analysis of 370 pallial clones confirm that NSCs progressively and predictably lose their proliferative potential as development proceeds, and transit from symmetric proliferative division to asymmetric neurogenic division around E11-E12. Further, pallial NSCs appear to produce a defined number of neurons (8 to 9 neurons), including both deep and upper layer neurons.

Finally, they demonstrate that, upon the completion of neurogenesis, individual NSCs proceed to gliogenesis in a predictable manner. Interestingly however, this neurogenic to gliogenic transition is largely incomplete, as only a fraction of pallial NSCs (estimated to roughly 1/6), switch to produce glial cells (Gao et al., 2014). Thus, pallial NSCs appear to predictably produce neurons and astrocytes that assemble in cortical columns. Similar MADM fate mapping experiments were performed on the subpallial MGE.

Despite the greater complexity of their analysis, owing to the widespread migration of Gabaergic neurons, they identify subpallial NSCs as the primary source of progeny. Although the sequential production of distinct subtypes of interneurons and of astrocytes was however not reported in this study, it confirms that subpallial NSCs also behave in a rather systematic way by dividing asymmetrically to produce TAPs that subsequently divide symmetrically to expand their numbers, or more frequently, to produce pairs of neurons [START_REF] Mayer | Clonally Related Forebrain Interneurons Disperse Broadly across Both Functional Areas and Structural Boundaries[END_REF].

In accordance with clonal experiments, the analysis of the transcriptional profile of NSCs in time indicates a single and linear trajectory of NSCs during cortical neurogenesis [START_REF] Yuzwa | Developmental Emergence of Adult Neural Stem Cells as Revealed by Single-Cell Transcriptional Profiling[END_REF]. These transcriptional temporal changes were studied in exquisite detail in pallial NSCs, using a new flash tag fate mapping approach. This approach allows to label with a fluorescent dye, isochronic cohorts of NSCs to easily isolated those label cells (i.e. NSCs or immediate progenies) by fluorescent activated cell sorting (FACS). Intraventricular administration of flash tag between E12 and E15 in the mouse cerebral cortex and sacrifice of the embryos at 24h, when daughter cells are transiting through the SVZ, or at 96h, when daughter neurons have entered the cortical plate, allows to study the progression in NSCs transcriptional states as well as the transcriptional differentiation of neurons born on each of these embryonic days. Those experiments confirm a gradual transcriptional shifting of the population of pallial NSCs, rather than the coexistence of divergent fated subpopulations (Fig. 5a). Remarkably, Telley and colleagues also observed the appearance of the expression gliogenic related transcripts during late cortical neurogenesis that is in line with the occurrence of gliogenic switch [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF].

Taken together, those results support a predictive evolution of individual NSC competence over time to sequentially produce defined subtypes of neurons, then astrocytes, rather than the coexistence of fatebiased subpopulations. Interestingly however, they suggest that the neurogenic to gliogenic switch occurring at late embryonic time is largely incomplete, with only a fraction of NSCs, estimated at 1 in 6, switching fate to produce glial cells (Gao et al., 2014). This is likely to explain the observation of late cohorts of glutamatergic progenitos beyond closure of the period of cortical neurogenesis. Indeed, fate mapping approach using the Neurog2 CreERT2/TdTom mice, allowing to permanently and specifically label synchronous cohort of glutamatergic progenitor and their immediate progeny, show that a subpopulation of pallial NSCs continue to produce glutamatergic progenitors and progenies during perinatal period ( (Brill et al., 2009;Donega et al., 2018;Winpenny et al., 2011); see also experimental chapter 1 and 2 of this thesis).

B.2. Postnatal competence of a single NSC -biased?

The persistence of NSCs at postnatal and adult stages (here referred as postnatal NSCs) bring additional questions on their competence. Here, NSCs competence rely on their capacity to 1) enter quiescence to persist throughout postnatal life (i.e. their origin), 2) proliferate to produce a progeny (i.e. their dynamic), 3) produce neurons and/or glial cells (i.e. their potency). These different aspects of postnatal NSCs competence will be covered below.

The origin of postnatal NSCs was of interest to neuroscientists for decades. It was demonstrated that they are produced by embryonic NSCs and remained quiescent until their reactivation postnatally. By using histone 2B coupled with green fluorescent protein (GFP) (H2B-GFP) retention experiments, allow to look at the cell cycle. They demonstrated that during midgestation (E13.5-E15.5) a subpopulation of embryonic NSCs slows down their cell-cycle and will constitute the postnatal NSC pool. The vast majority of those embryonic NSCs that enter into quiescence, at this age, come from the ganglionic eminences and will populate the lateral most aspect of the postnatal SVZ (Furutachi et al., 2015). A second study confirmed those results by using bromodeoxyuridine (BrdU) delivery. They demonstrated that the majority of the postnatal NSCs are generated from dividing embryonic NSCs between E13.5 and E15.5, suggesting that postnatal NSCs are a progeny of embryonic NSCs. Indeed, the cloning approach demonstrated their common origin with neurons of cortical area or other brain regions. Postnatally the quiescent NSCs (qNSCs) are reactivated to produce olfactory bulb neurons. Interestingly, the regionalisation of embryonic NSCs that enter into quiescence is conserved postnatally allowing the production of olfactory bulb subtypes of neurons throughout life. Thus postnatal NSCs conserve a competence link with their origin into the postnatal SVZ (Fuentealba et al., 2015) (Fig. 5b). Interestingly, the timing of entry into quiescence of postnatal NSCs coincides with the generation of ependymal cells by a subpopulation of NSCs exiting the cell cycle [START_REF] Spassky | Adult Ependymal Cells Are Postmitotic and Are Derived from Radial Glial Cells during Embryogenesis[END_REF]. Recent work based on clonal approaches with MADM and multicolor experiments demonstrated that ependymal cells and NSCs are sibling cells. Adult NSCs appear to be produced just before ependymal cells [START_REF] Ortiz-Álvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF]. Additionally, the production of postnatal NSCs is not homogeneous along the lateral ventricle and it certainly explains spatial differences in the decline of germinal activity observed during aging. Indeed, label-retaining cells are observed mainly in the ganglionic eminences (MGE and LGE) but are rare in the pallium (Furutachi et al., 2015). This goes in line with the differences in dynamics that are observed in the neurogenesis from pallial or subpallial NSCs at postnatal ages (Azim et al., 2012) (Fig. 5b). Thus, although glutamatergic progenitors continue to be produced by pallial NSCs during early postnatal period (Donega et al., 2018), their production rapidly declines to become nearly extinguished by 2 months (Azim et al., 2012). In contrast, subpallial progenitors continue to be produced throughout adulthood that is in line with the presence of quiescent NSCs mainly in the lateral SVZ (Furutachi et al., 2015) (Fig. 5c).

The developmental switch from activation to quiescence is crucial for the establishment and long term maintenance of the NSC pool at adult ages (Furutachi et al., 2015). Reactivation however occurs at postnatal time to resume germinal activity. Thus, postnatal and adult NSCs can be found at multiple states of activation at any given time, as illustrated by the differential expression of mitotic markers such as Minichromosome maintenance complex component 2 (MCM2) and/or Ki67 (Codega et al., 2014). The complete sequence of cellular states that NSCs undergo to produce a progeny, can be fully appreciated by single cell RNA-Sequencing (scRNAseq) experiments (Llorens-Bobadilla et al., 2015). Using this approach, A. Transcriptional programs during cellular differentiation. A partition of transcriptional programs are generic (generic genes; dark grey), others are are differentially express in stage-dependent manner (stage specific) but remain generic to all lineages (generic genes; light greys), small numbers of genes defined the lineage specification that progressively increase with differentiation progression (RGs to neurons; skin color). B. Representation of VZ and SVZ germinal domains progression overtime, from embryonic to adult ages. C. Pallial and subpallial NSCs produce distinct neural subtypes overtime. For the subpallium the coding diversity is spatial (MGE vs LGE, not represented here). For the pallium the coding identity is temporal from E12 to perinatal time with the generation in sequential waves of deep layer cortical neurons followed by uppers. Ependymal cells are produced around E14, concomitantly to the production of quiescent NSCs in the subpallium providing adult NSCs. At perinatal age a subpopulation of NSCs switch fate and produce glial cells in both pallial and subpallial regions whereas other pallial NSCs continue to produce glutamatergic progenitors to early postnatal/young adult ages. In the adult germinal activity becomes restricted to the subpial region in which quiescent NSCs are reactivated throughout life. RGs: radial glial cells (also called NSCs); IPCs: intermediate progenitor cells (also called TAPs); LGE: lateral ganglionic eminence; MGE: medial ganglionic eminence; dSVZ, lSVZ, mSVZ: dorsal, lateral, medial subventricular zone; GE: ganglionic eminences; E10,12,17: embryonic days 10, 12, 17 respectively; P21, 60: postnatal day 21, 60 respectively. (Adapted from Marcy and Raineteau 2019).

the authors could reconstruct the continuum of transition states resulting in NSCs activation. Thus, the progression of postnatal NSCs from quiescent to active state transit through multiple intermediate states defined by expression of sets of co-regulated genes as well as by key biological processes. They identified a discrete subpopulation of qNSCs that express lineage specific TFs and characterized by a low protein synthesis rate. These cells then progress to activation via an intermediate "quiescent-primed" state in which they down-regulated quiescence marked, such as glycolytic metabolism, Notch and Bmp signaling. This is accompanied by an up-regulation of protein synthesis including lineage specific TFs. In their active state, NSCs express higher levels of lineage-specific transcription factors, they down-regulate the glial gene expression programme and have a high protein synthesis rate. Thus, postnatal and adult NSCs reacquire the competence to proliferate and produce a progeny, through a sequential reactivation process (Fig. 6a).

Sustainability of postnatal and adult germinal activity is therefore dependent on the size of the qNSC pool, as well as on the timing of their reactivation and possible exhaustion, both of which have been studied in detail. Clonal fate mapping approach, using the Glast CreERT2 mouse line crossed with the Confetti multicolor Cre reporter, allows, upon tamoxifen injection, to follow single NSC progenies. Tamoxifen induction at adult ages demonstrated that a single NSC in adult SVZ produces neuronal progeny in a reproducible manner. Indeed, active adult NSCs accomplish 3-4 rounds of symmetric cell division as progenitors, which are followed by 1-2 rounds of division as neuroblasts. This results in the rapid generation of multiple cohorts of olfactory bulbs interneurons. At long time points, recombined NSCs eventually disappear from the SVZ, suggesting that it disappears once it has produced its progeny. Thus, NSC activation appears to be a one-way process that upon occurrence, does not allow NSCs to return to quiescence and therefore, to eventually become exhausted resulting in their gradual depletion over time [START_REF] Calzolari | Fast clonal expansion and limited neural stem cell self-renewal in the adult subependymal zone[END_REF]. Other studies have, however, failed to detect qNSCs depletion during aging [START_REF] Giachino | Molecular diversity subdivides the adult forebrain neural stem cell population[END_REF]. This suggests that other cellular events may contribute to the decline in germinal activity observed within the SVZ during aging. Thus, other studies suggest that qNSCs gradually enter into a state of deep quiescence and gradually become unable to reactivate [START_REF] Chaker | A mosaic world: puzzles revealed by adult neural stem cell heterogeneity[END_REF]Kalamakis et al., 2019). A third model has been recently proposed that reconciles these seemingly opposing observations. This model, first proposed into the hippocampus (i.e. a second germinal region of the adult brain), confirms the intense depletion of NSCs during the juvenile period of life and the entry into deep quiescence of a subpopulation of NSCs during adulthood. Further, it demonstrates that in young adults, some active NSCs acquire the capacity to return into a state of shallow quiescence and progress through additional self-renewing divisions in adults [START_REF] Harris | Coordinated changes in cellular behavior ensure the lifelong maintenance of the hippocampal stem cell population[END_REF][START_REF] Urbán | Return to quiescence of mouse neural stem cells by degradation of a proactivation protein[END_REF], thereby replenishing the pool of NSCs to maintain germinal activity. Other evidence indicates that this model may also apply to the SVZ [START_REF] Basak | Troy+ brain stem cells cycle through quiescence and regulate their number by sensing niche occupancy[END_REF]. Lastly, other populations of more primitive NSCs may exist that replenish the pool of qNSCs, to maintain its size , as recently suggested by the description of a population of NSCs expressing Octamer binding transcription factor 4 (Oct4) [START_REF] Reeve | Quiescent Oct4+ Neural Stem Cells (NSCs) Repopulate Ablated Glial Fibrillary Acidic Protein+ NSCs in the Adult Mouse Brain[END_REF].

Questions remain concerning the potency of postnatal/adult NSCs, that is to say their capacity to produce diverse cell types, including neuronal subtypes and/or glial cells. Addressing this question relies on the development of new fate mapping approaches, such as "Star Track" plasmids that can be electroporate in the postnatal SVZ. This method permits to distinguish and compare the progeny of a single NSC with a high precision (including sibling cell into different lineages; i.e. neuronal vs glial). The multicolor lineage tracing uses a combination of fluorescent proteins to track sibling cells. One of the most powerful lineage tracing tools was developed by Lopez-Mascaraque laboratory and named UbC-StarTrack (Figueres-Oñate et al., 2016). It is based on the transfection of cells by DNA recombinant (i.e. plasmids), suppressing the necessity to use transgenic mice (compared to MADM). The transfection is performed by electroporation, a method allowing to easily label NSCs in embryonic and perinatal ages (Fernández et al., 2011). Plasmids encode for six different fluorescent proteins that are expressed in different cell compartments (cytoplasm or cell nucleus). The system requires the co-electroporation of two extra plasmids, the hyperactive transposase of the PiggyBac system (hyPBase) and a tamoxifen-inducible Cre-recombinase, which allow to degrade all non-integrated plasmids shortly after electroporation. This is transmitted to all the progeny of the NSC and permits the tracking in vivo. The high number of fluorescent proteins increases the number of possible combinations. For example the use of six different fluorophores in two different cell compartments allow the potential 4095 color codes. Thus, multicolor tracing with UbC-StarTrack is a highly reliable method to define lineage trees [START_REF] Figueres-Oñate | Deciphering neural heterogeneity through cell lineage tracing[END_REF], 2016). This method recently demonstrated that an ependymal cell and postnatal NSC share a common embryonic progenitor [START_REF] Redmond | Development of Ependymal and Postnatal Neural Stem Cells and Their Origin from a Common Embryonic Progenitor[END_REF]) and that at least some postnatal NSCs are multipotent [START_REF] Figueres-Oñate | Lineage Tracing and Cell Potential of Postnatal Single Progenitor Cells In Vivo[END_REF]. In this last study, electroporation of postnatal NSCs was achieved and their progeny studied 6 months later within the OB and periventricular region. Sibling cells were distributed throughout the olfactory bulbs in well defined clonal patterns. Clones were restricted to granular layer (86%), glomerular layer (7%) or both (7%) of the olfactory bulbs. This bias of NSCs to produce a unique subtype of olfactory bulbs interneurons appears to persist at adult stages. Indeed, Calzolari and colleagues showed that 85% of their clones were found only in the deeper part of the granule cell layer of olfactory bulbs. Remarkably, Figueres-Onate and colleagues found that some related olfactory bulbs interneurons have sibling cells along the periventricular region and in some cases either sibling astrocytes or oligodendrocytes were identified. The percentage of those multilineage clones (neurons and glial sibling cells) is estimated to be 43 %. These results clearly demonstrated, for the very first time, that bipotent single NSC are present within the postnatal SVZ [START_REF] Figueres-Oñate | Lineage Tracing and Cell Potential of Postnatal Single Progenitor Cells In Vivo[END_REF]. Interestingly, a recent transcriptomic study analysis shows that postnatal pallial NSCs appear to produce a population of progenitors co-expressing neuronal and glial TFs (i.e. Hes6; Btg2; Gsx2; Olig2). Those progenitors express the subpallial marker Gsx2 and may correspond to bipotent postnatal NSCs observed by Figueres-Onate and colleagues (Zhang et al., 2020). Finally, transcriptional evidence shows that adult NSCs express some lineage specific transcripts, supporting the fate-biased model into adulthood and extending it to all subtypes of NSCs (Llorens-Bobadilla et al., 2015) (Fig. 6b).

C. Mechanisms underlying changes of NSCs competence during development

Cellular events that lead, either at a population level or at a single NSC level, to produce neurons and glia, in a coherent scheme, are driven by both environmental (i.e. extrinsic) and genetic (i.e. intrinsic) mechanisms that are highly interconnected. The nature of these mechanisms evolve over time, along with the maturation of the niche into which NSCs become increasingly integrated. Further, epigenetic and posttranscriptional mechanisms have been shown to add a level of control in the evolution of NSCs competence to produce distinct progenies in space and time. 

C.1. Morphogens induce NSC lineages

Morphogens are the quintessence of extrinsic signals influencing NSCs identity and competence. During development, the organization of cells is a major achievement. Undifferentiated cells (i.e. stem cells) have to be organized in a spatial pattern that allow their specification into distinct cell types. Positional information is transferred by morphogens. A cell responds to a morphogen and acquires its spatial identity by sensing the concentration of morphogens. Thus, morphogens drive the body axis formation and give polarity to the tissue. Neural induction starts when ectoderm cells set asite to become neural ectoderm, this process requires several morphogens that act in concert, especially its need to block Bmps. However, fibroblast growth factor (FGF) and Wnt are also implicated in neural induction. Hence, the neural epithelium forms and changes shape during the neurulation. Then, the neural tube is established, the roof plate and the floor plate from which morphogens are secreted take place during the closure of the neural tube. Bmp and Wnt are secreted by the roof plate whereas Shh by the floor plate. Under the action of those morphogens the neuroepithelial cells differentiate. In the dorsal neural tube differentiation is under Bmp and Wnt action whereas the ventral differentiation is under action of Shh (Fig. 7a). At the anterior of the neural tube the brain shapes. Within the forebrain, morphogens expression lead to the formation of the dorso/ventral axis and emergence of pallial/subpallial NSC populations. Morphogens diffuse in complementary gradients, which local concentration results in the induction of specific TFs combination within NSCs, thereby defining their regional identity and competence in producing pallial and subpallial cell types [START_REF] Stoeckli | Morphogens and Neural Development[END_REF].

The specification of pallial NSCs is driven by several morphogens that act in cooperation, Wnt and Bmps are the two preponderant signaling implicated [START_REF] Campbell | Dorsal-ventral patterning in the mammalian telencephalon[END_REF]Martynoga et al., 2012). During early development, Wnt signaling induces NSCs proliferation to increase the pallial NSCs pool and inhibits neuronal differentiation [START_REF] Guillemot | Cell fate specification in the mammalian telencephalon[END_REF][START_REF] Hirabayashi | Stage-dependent fate determination of neural precursor cells in mouse forebrain[END_REF][START_REF] Zechner | beta-Catenin signals regulate cell growth and the balance between progenitor cell expansion and differentiation in the nervous system[END_REF], while Bmps promotes the latter [START_REF] Li | Neuronal differentiation of precursors in the neocortical ventricular zone is triggered by BMP[END_REF]. FGF signaling is also expressed in the dorsal telencephalon and promotes pallial NSCs proliferation [START_REF] Ghosh | Distinct roles for bFGF and NT-3 in the regulation of cortical neurogenesis[END_REF][START_REF] Raballo | Basic fibroblast growth factor (Fgf2) is necessary for cell proliferation and neurogenesis in the developing cerebral cortex[END_REF]. The pallial identity is achieved by the repression of subpallial morphogens via Wnt [START_REF] Backman | Effects of canonical Wnt signaling on dorso-ventral specification of the mouse telencephalon[END_REF][START_REF] Wilson | Induction and dorsoventral patterning of the telencephalon[END_REF] and by the expression of the transcriptional repressor Gli3 that antagonizes activity of the ventralizing morphogen Shh [START_REF] Campbell | Dorsal-ventral patterning in the mammalian telencephalon[END_REF]. The differentiation of subpallial NSCs is mainly driven by Shh [START_REF] Ericson | Sonic hedgehog induces the differentiation of ventral forebrain neurons: A common signal for ventral patterning within the neural tube[END_REF][START_REF] Fuccillo | Morphogen to mitogen: the multiple roles of hedgehog signalling in vertebrate neural development[END_REF]. Morphogens signaling translates into the expression of specific cascades of TFs that define NSCs competence to produce pallial vs subpallial (i.e. glutamatergic vs Gabaergic) neuronal subtypes (Martynoga et al., 2012). Proteins that have a major role into pallial NSCs specification are basic helix-loop-helix (bHLH) proteins such as Neurogs. In pallial NSCs Wnt directly induce the expression of Neurog1 and Neurog2 proteins, which both act as proneural TFs [START_REF] Hirabayashi | The Wnt/ -catenin pathway directs neuronal differentiation of cortical neural precursor cells[END_REF][START_REF] Israsena | The presence of FGF2 signaling determines whether βcatenin exerts effects on proliferation or neuronal differentiation of neural stem cells[END_REF]. The upstream TF Pax6 also has a major role in neurogenesis induction and maintenance. Moreover, it is also a direct activator of Neurog2 [START_REF] Hack | Neuronal fate determinants of adult olfactory bulb neurogenesis[END_REF][START_REF] Heins | Glial cells generate neurons: the role of the transcription factor Pax6[END_REF]. Then, other TFs, such as Neuronal differentiation (NeuroD) and Tbrs proteins conclude the competence of pallial NSCs to a glutamatergic fate. Specific TFs of subpallium are Nkx2.1, Nkx6.2 and Dlx2 that conclude the competence of subpallial NSCs to a Gabaergic fate [START_REF] Flames | Delineation of Multiple Subpallial Progenitor Domains by the Combinatorial Expression of Transcriptional Codes[END_REF]Kwan et al., 2012;[START_REF] Lim | Development and Functional Diversification of Cortical Interneurons[END_REF][START_REF] Marín | A long, remarkable journey: tangential migration in the telencephalon[END_REF]) (Fig. 7b).

Morphogens are not only involved in the establishment of dorso-ventral germinal domains, but are also playing a role in the progression of NSCs competence to produce defined neuronal subtypes over time.

For example, Wnt signaling activity decreases over embryonic development, while the sequential production of cortical projection neurons unfold (Gunhaga et al., 2003). It is tempting to speculate that the high Wnt expression observed at early embryonic times, instructs pallial NSCs to produce deep layer neurons. This is supported by a recent study using heterochronic transplantation, which reveals the competence of E14.5 pallial NSCs to produce deep layer neurons when grafted in E12.5 embryos.

Moreover it can be encouraged by Wnt activity stimulation prior to engraftment (Oberst et al., 2019).

These data indicate an essential role of Wnt signaling as an evolutive extrinsic factor triggering cortical neurogenesis in a stage specific manner.

Morphogens also contribute to the glial competence of NSCs. Oligodendrocytes can be generated under several signaling pathways. Indeed, NSCs from different domains of VZ-SVZ give rise to oligodendrocyte precursor cells during development [START_REF] Casper | GFAP-positive progenitor cells produce neurons and oligodendrocytes throughout the CNS[END_REF][START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF] (Fig. 7c). Several studies have demonstrated that Shh and Wnt signaling are implicated in oligodendrocyte lineage specification [START_REF] Guillemot | Cell fate specification in the mammalian telencephalon[END_REF]. Shh is important for oligodendrocytes specification into both ventral and dorsal sources [START_REF] Kessaris | Cooperation between sonic hedgehog and fibroblast growth factor/MAPK signalling pathways in neocortical precursors[END_REF]. Oligodendrocytes from dorsal SVZ were often considered as Shh independent [START_REF] Richardson | Oligodendrocyte wars[END_REF]. However, they harbor Shh receptors such as Patched1 and Smoothened, suggesting their sensibility to Shh signaling [START_REF] Murray | Sonic hedgehog is a potent inducer of rat oligodendrocyte development from cortical precursors in vitro[END_REF]. Shh allows the differentiation of NSCs into oligodendrocyte precursors and maintains them into an undifferentiated state by promoting their proliferation [START_REF] Amankulor | Sonic hedgehog pathway activation is induced by acute brain injury and regulated by injury-related inflammation[END_REF]. Shh regulates oligodendrocyte specification by controlling expression of Nkxs, Oligodendrocyte transcription factor (Olig), Mash1, Pax6, Dlx2 and Gsx2

TFs [START_REF] Alberta | Sonic hedgehog is required during an early phase of oligodendrocyte development in mammalian brain[END_REF][START_REF] Balaskas | Gene Regulatory Logic for Reading the Sonic Hedgehog Signaling Gradient in the Vertebrate Neural Tube[END_REF][START_REF] Fuccillo | Morphogen to mitogen: the multiple roles of hedgehog signalling in vertebrate neural development[END_REF]Ortega et al., 2013;Tekki-Kessaris et al., 2001). Importantly, Wnt signaling also supports oligodendrocyte progenitor's proliferation and maturation, especially for the dorsal source of oligodendrocytes. Manipulation of the Wnt pathway strongly influences oligodendrocyte lineage. However results obtained by different groups are conflictuel.

Then the role of Wnt signaling on oligodendrocyte lineage specification remains unclear. Results suggest that the Wnt pathway acts differentially on oligodendrocytes in a maturity-stage dependent manner.

Together, numerous studies tends to show that Wnt inhibits NSCs to oligodendrocyte progenitor step [START_REF] Dai | Stage-Specific Regulation of Oligodendrocyte Development by Wnt/β-Catenin Signaling[END_REF], then promote precursors proliferation [START_REF] Fancy | Dysregulation of the Wnt pathway inhibits timely myelination and remyelination in the mammalian CNS[END_REF][START_REF] Langseth | Wnts influence the timing and efficiency of oligodendrocyte precursor cell generation in the telencephalon[END_REF]Ortega et al., 2013;[START_REF] Shimizu | Wnt signaling controls the timing of oligodendrocyte development in the spinal cord[END_REF] and finally its inhibition is necessary for proper and complete maturation (Azim et al., 2014;[START_REF] Dai | Stage-Specific Regulation of Oligodendrocyte Development by Wnt/β-Catenin Signaling[END_REF]Ortega et al., 2013;[START_REF] Tawk | Wnt/beta-catenin signaling is an essential and direct driver of myelin gene expression and myelinogenesis[END_REF]. Therefore, Wnt is a key player of oligodendrocyte lineage rising.

As for oligodendrocytes, morphogens contribute to astrogenesis. For example it was shown that Bmps proteins (downstream effector of Tgfꞵ signaling) stimulate astrocytes differentiation in vitro [START_REF] Gross | Bone morphogenetic proteins promote astroglial lineage commitment by mammalian subventricular zone progenitor cells[END_REF][START_REF] Lim | Noggin antagonizes BMP signaling to create a niche for adult neurogenesis[END_REF]. Moreover, Bmp4 signaling overexpression in transgenic mice promotes astrocyte differentiation rather than oligodendrocytes [START_REF] Gomez-Lira | Myelin oligodendrocyte glycoprotein polymorphisms and multiple sclerosis[END_REF] . Extrinsic signals regulate directly transcription of astrocytic promoters Glial fibrillary acid (Gfap) and S100ꞵ: the Cardiotrophin1/Janus kinase 2/Signal transducer and activator transcription 1 and 3 (Stat3) [START_REF] He | A positive autoregulatory loop of Jak-STAT signaling controls the onset of astrogliogenesis[END_REF]; the Delta/Notch; the Neuregulin 1/v-erb-a Erythroblastic leukemia viral oncogene homolog B4 [START_REF] Ge | Notch signaling promotes astrogliogenesis via direct CSL-mediated glial gene activation[END_REF][START_REF] Sardi | Presenilin-dependent ErbB4 nuclear signaling regulates the timing of astrogenesis in the developing brain[END_REF]; transforming growth factor ꞵ1 (Tgfꞵ1)/Tgfꞵ-receptor I and II/Small mothers against decapentaplegic homologue 2 and 4 (Smad2 and 4) [START_REF] Stipursky | TGF-beta1/SMAD signaling induces astrocyte fate commitment in vitro: implications for radial glia development[END_REF] and Pituitary adenylate cyclase-activating polypeptide/Pituitary adenylate cyclase/Downstream regulatory element antagonist modulator [START_REF] Cebolla | DREAM Mediates cAMP-Dependent, Ca2ϩ-Induced Stimulation of GFAP Gene Expression and Regulates Cortical Astrogliogenesis 11[END_REF][START_REF] Hirabayashi | Stage-dependent fate determination of neural precursor cells in mouse forebrain[END_REF][START_REF] Rowitch | Developmental genetics of vertebrate glial-cell specification[END_REF][START_REF] Scholze | BMP Signaling in Astrocytes Downregulates EGFR to Modulate Survival and Maturation[END_REF]. It was shown that Stat3 activation is essential for astrogenesis occurrence [START_REF] He | A positive autoregulatory loop of Jak-STAT signaling controls the onset of astrogliogenesis[END_REF]. Notch appears to promote the astrocytic phenotype through its downstream effectors Hairy and enhancer of split 1 and 5 (Hes1 and 5). Then, Hes proteins inhibit proneural proteins [START_REF] Hirabayashi | Stage-dependent fate determination of neural precursor cells in mouse forebrain[END_REF].

The pro-astrogenic Tgfꞵ1/TgfꞵRI,II pathway was demonstrated to induce translocation of Smad2 and 3 to the nucleus of NSCs, then induces the downregulation of NSC markers such as nestin and induces the activation of Gfap promoteur [START_REF] Stipursky | TGF-beta1/SMAD signaling induces astrocyte fate commitment in vitro: implications for radial glia development[END_REF]. Tgfꞵ was also shown to participate to the sequestration of the proneural effector Neuregulin 1 (Nrg1) via its interaction with Transforming growth factor beta-activated kinase 1 (Tak1) [START_REF] Mallamaci | Developmental control of cortico-cerebral astrogenesis[END_REF].

Thus, multiple morphogens act in influencing NSCs competence to produce neuronal subtypes and progress to gliogenesis. The distinct nature of signals inducing oligodendrogenesis or astrogenesis suggest an early divergence of these two lineages. This is in line with the complete absence of clones containing both oligodendrocytes and astrocytes into the clonal StarTrack study performed in newborn mice, from Lopes-Mascaraque laboratory [START_REF] Figueres-Oñate | Lineage Tracing and Cell Potential of Postnatal Single Progenitor Cells In Vivo[END_REF].

C.2. Epigenetic mechanisms regulate progression of NSCs temporal competence

It is evident that morphogens expression and diffusion cannot explain solely the establishment of forebrain cellular exquisite complexity. Epigenetic modifications appear to act as an additional level of refinement in regulating NSCs identity acquisition, maintenance, and differentiation [START_REF] Juliandi | Epigenetic regulation in neural stem cell differentiation: Epigenetic in NSC differentiation[END_REF]. During corticogenesis, scRNAseq revealed that transcripts involved in the regulation of gene expression and chromatin structure, such as High mobility Group AT-hook 2 (Hmga2) and Tripartite motif containing 27 (Trim27), are widely expressed in pallial NSCs [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF]. Further, the polycomb repressive complex 2 (PRC2), which methylates histones and regulates chromatin accessibility, is an epigenetic mark of cortical neurogenesis progression [START_REF] Jepsen | SMRT-mediated repression of an H3K27 demethylase in progression from neural stem cell to neuron[END_REF][START_REF] Lim | Chromatin remodelling factor Mll1 is essential for neurogenesis from postnatal neural stem cells[END_REF]. PRC2 is composed of remodelling complexes that methylate nucleosomes and catalyzes histone H3 lysine 27 trimethylation (H3K27me3) via its components Embryonic ectoderm development (Eed), Suppressor of zeste 12 (Suz12) and methyltransferases Enhancer of zeste 1 and 2 (Ezh1 and 2) [START_REF] Cao | The functions of E(Z)/EZH2-mediated methylation of lysine 27 in histone H3[END_REF][START_REF] Schwartz | Polycomb silencing mechanisms and the management of genomic programmes[END_REF][START_REF] Shen | EZH1 mediates methylation on histone H3 lysine 27 and complements EZH2 in maintaining stem cell identity and executing pluripotency[END_REF]. Importantly, Ezh2 levels decrease into NSCs over the period of cortical neurogenesis, suggesting an important role of the PRC2 complex in the evolution of pallial NSCs competence during cortical neurogenesis. Indeed, Ezh2 loss of function results in a removal of the repressive H3K27me3 chromatin modification and a marked up-regulation in gene expression. As a consequence, a shift in the balance between self-renewal and differentiation toward differentiation is observed, narrowing the neurogenic period for progenitor cells and reducing their neuronal output [START_REF] Pereira | ESCs require PRC2 to direct the successful reprogramming of differentiated cells toward pluripotency[END_REF].

Epigenetic processes also appear to be a key player in controlling the neurogenic to gliogenic switch. Thus, the open configuration of chromatin during early corticogenesis promotes NSCs self-renew and neuronal production, whereas its progressive compaction promotes gliogenesis [START_REF] Kishi | HMGA regulates the global chromatin state and neurogenic potential in neocortical precursor cells[END_REF]. Evidence points out the fact that such changes inhibit pro-neural genes that are known to repress gliogenic proteins [START_REF] He | A positive autoregulatory loop of Jak-STAT signaling controls the onset of astrogliogenesis[END_REF]. In addition, specific mechanisms act in modifying chromatin accessibility of key gliogenic genes, such as observed during oligodendrogenesis [START_REF] Emery | Transcriptional and Epigenetic Regulation of Oligodendrocyte Development and Myelination in the Central Nervous System[END_REF][START_REF] Küspert | SomethiNG 2 talk about-Transcriptional regulation in embryonic and adult oligodendrocyte precursors[END_REF]. In this context, Olig2 with Switch/Sucrose non-fermentable (SWI/SNF) have been shown to have a chromatin remodeler function to promote robust oligodendrocyte differentiation gene expression [START_REF] Yu | Olig2 targets chromatin remodelers to enhancers to initiate oligodendrocyte differentiation[END_REF][START_REF] Zaret | Pioneer transcription factors, chromatin dynamics, and cell fate control[END_REF]. Likewise, chromodomain-helicase-DNA-binding 7 and 8 (Chd7 and 8), which are ATP-dependent nucleosome remodelling factors, regulate gene expression via chromatin modulation, to promote oligodendrocyte precursor survival. Together, Chd7 and Chd8 cooperate with Olig2 to activate oligodendroglia genes in a time specific manner [START_REF] Marie | Oligodendrocyte precursor survival and differentiation requires chromatin remodeling by Chd7 and Chd8[END_REF]. Similarly, a large body of evidence reveals that initiation of astrogenesis relies on a progressive opening of chromatin structure by demethylation process [START_REF] Hatada | Astrocyte-specific genes are generally demethylated in neural precursor cells prior to astrocytic differentiation[END_REF][START_REF] Namihira | Committed neuronal precursors confer astrocytic potential on residual neural precursor cells[END_REF]. In this context it was shown that the polycomb-group (PcG) proteins play an important role in controlling the timing of neurogenic to gliogenic switch at late embryonic stages [START_REF] Hirabayashi | Polycomb limits the neurogenic competence of neural precursor cells to promote astrogenic fate transition[END_REF].

Lastly, postnatal and adult NSCs positional information also appears to be encoded, at least partly, by epigenetic modifications. Thus, transplantation of NSCs present in ventral position within the SVZ to more dorsal regions, fails to respecify them to produce dorsally born neuron subtypes [START_REF] Merkle | Mosaic Organization of Neural Stem Cells in the Adult Brain[END_REF].

Similarly, targeted genetic stimulation of b-catenin activity (a downstream Wnt effector) in NSCs of the lateral SVZ fails to induce expression of pallial markers. This non permissiveness of lateral SVZ NSCs appears to be a postnatal acquisition, since embryonic respecification of ventral NSCs can be achieved by expression of constitutively active ꞵ-catenin, resulting in partial expression of dorsally restricted markers in the ventral forebrain (most notably Neurog2) and a decrease in expression of ventral-restricted markers [START_REF] Backman | Effects of canonical Wnt signaling on dorso-ventral specification of the mouse telencephalon[END_REF]. Remarkably, it was recently demonstrated that the positional information of ventral NSCs is partly engraved within postnatal/adult NSCs by the chromatin modifier mixed-lineage leukemia 1 (Mll1). Indeed, experiments of deletion of Mll1 leads to Nkx2.1 downregulation. Moreover, graft experiments of ventral NSCs deleted in Mll1 clearly demonstrated the loss of their ventral identity and produce dorsal-like superficial granule neurons [START_REF] Delgado | Maintenance of neural stem cell positional identity by mixed-lineage leukemia 1[END_REF]. It is know that Mll1 regulates chromatin accessibility via methyltransferase domain, recruitment of acetyl-transferase and by blocking polycomb repressive factors [START_REF] Cosgrove | Mixed lineage leukemia: a structure-function perspective of the MLL1 protein[END_REF][START_REF] De Guzman | Structural basis for cooperative transcription factor binding to the CBP coactivator[END_REF][START_REF] Dou | Regulation of MLL1 H3K4 methyltransferase activity by its core components[END_REF][START_REF] Ernst | MLL and CREB bind cooperatively to the nuclear coactivator CREB-binding protein[END_REF][START_REF] Milne | MLL targets SET domain methyltransferase activity to Hox gene promoters[END_REF][START_REF] Patel | On the mechanism of multiple lysine methylation by the human mixed lineage leukemia protein-1 (MLL1) core complex[END_REF][START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF]. Therefore, deletion of Mll1 induces modifications of histone H3 lysine 27 (H3K27) that lead to differential gene expression [START_REF] Delgado | Maintenance of neural stem cell positional identity by mixed-lineage leukemia 1[END_REF]. Thus, in the adult SVZ, positional information mediated by morphogens is engraved within NSCs by epigenetic mechanisms (Fig. 8). Chromatin dynamics and histone modifications status changes lineage progression. Into NSCs pluripotency genes (gene A) are silence by the repressive mark H3K27me3 (green circles), genes that kept NSCs in an undifferentiated state are active (gene D) by the activation mark H3K4me3 (red circles) and neural differentiation genes are kept in silence but primed form activation by bivalent marks (green and red circles). During differentiation NSCs multipotency genes are silenced by H3K27me3 (green circles) marks whereas differentiation genes (genes B and C) are activating by H3K4me3 (red circles) in a lineage dependent manner, that determines NSCs fate. NSC: neural stem cell. (Adapted from [START_REF] Juliandi | Epigenetic regulation in neural stem cell differentiation: Epigenetic in NSC differentiation[END_REF].

Finally, it is tempting to speculate that epigenetic mechanisms may be involved in quiescence entry. Indeed, quiescence is often associated with a downregulation of transcriptional activity. Methylation processes may occur to maintain quiescence and/or induce deeper levels of quiescence, as recently described in muscle stem cells [START_REF] Cho | Mechanisms, Hallmarks, and Implications of Stem Cell Quiescence[END_REF][START_REF] Srivastava | Regulation of cellular chromatin state: insights from quiescence and differentiation[END_REF], although it remains to be fully explored within NSCs [START_REF] Baser | Neural Stem Cell Activation and the Role of Protein Synthesis[END_REF].

C.3. Posttranscriptional mechanisms regulates the temporal competence

In parallel to epigenetic modifications, posttranscriptional regulation of gene expression also plays an important role for cell fate decisions. Cortical area specific genes for upper and deep layers, such as Cux1 and Ctip2, are co-expressed in NSCs throughout the neurogenic period. This co-expression is however not observed at protein level. These results imply the presence of posttranscriptional regulation as a controller of cortical neurogenesis progression. Zahr and colleagues identified the 4E-Transporter (4E-T) / Pumilio homolog 2 (Pum2) complex as a player regulating fate specification of cortical neurogenesis via repression of mRNA translation (Zahr et al., 2018). Recently, the CUGBP Elav-like family member 2 (CELF2) RNA- In this context, the discovery of the reversible pattern of N6-methyladenosine (m6-a) modification [START_REF] Duan | Dynamic and reversible RNA N 6 -methyladenosine methylation[END_REF][START_REF] Jia | N6-Methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO[END_REF] was shown to play a key role in various developmental processes, including corticogenesis. M6-a modification is the most abundant mRNAs modification in eukaryotic cells (Jia et al., 2013). It is a dynamic and reversible modification, generated by methyltransferases complex Methyltransferase 3 and 14 (Mettl3 and 14), protein virilizer homolog isoform X1 (KIAA1429) and Wilms tumor 1-associated protein (Wtap) (writers), and erased by demethylases Fat mass and obesity-associated protein (FTO) and Alpha-Ketoglutatrate-dependent dioxygenase B homolog (Alkbh) (erasers). M6-a modification is then recognized by YTH domain containing family protein 1 and 2 (YTHdf1 and 2), YTH domain containing protein 1 (YTHdc1), Insulin like growth factor binding proteins (Igfbps) and Heterogeneous nuclear ribonucleoproteins A2/B1 (hnRNPA2B1) (readers), through their specific domains YTH and KH (Zhao et al., 2017;[START_REF] Zhou | An additional class of m6A readers[END_REF]. Into the cytoplasm, m6-a methylation mediates mRNA turnover and decay when recognized by YTHdf2, or translation when recognized by YTHdf1 or Igfbps [START_REF] Huang | Recognition of RNA N6-methyladenosine by IGF2BP proteins enhances mRNA stability and translation[END_REF]Wang et al., 2015). Moreover, m6-a methylation also affects mRNA processing into the nucleus such as splicing [START_REF] Liu | N6-methyladenosine-dependent RNA structural switches regulate RNA-protein interactions[END_REF][START_REF] Zhou | N6-Methyladenosine Modification in a Long Noncoding RNA Hairpin Predisposes Its Conformation to Protein Binding[END_REF], mRNA export [START_REF] Fustin | RNA-Methylation-Dependent RNA Processing Controls the Speed of the Circadian Clock[END_REF][START_REF] Zheng | ALKBH5 Is a Mammalian RNA Demethylase that Impacts RNA Metabolism and Mouse Fertility[END_REF], as well as regulation of transcription by histone modifications [START_REF] Liu | N 6 -methyladenosine of chromosome-associated regulatory RNA regulates chromatin state and transcription[END_REF]Wang et al., 2018) when recognized by YTHdc1 (Fig. 9b). These multiple functions give to m6-a methylation a central role as a post-transcriptional epigenetic regulator during mammal's development. As a consequence, it was shown to be involved in numerous biological processes, such as stem cell maintenance, proliferation, fate, differentiation and maturation (Cao et al., 2016;Zhao et al., 2017). In addition, it is now clear that m6-a methylation participates in the maintenance of neural stem cells (Y. Wang et al. 2018), as well as to cortical neurogenesis progression (Donega et al., 2018;Yoon et al., 2017). A. Cortical neurogenesis is a highly precise symphony process. During early cortical neurogenesis an intense posttranscriptional regulation allows the production of deep layer cortical neurons. Then upper cortical neurons production is permitted by a reduction of post-transcriptional regulation. B. m6-a methylation is installed by writers (Mettl3, Mettl14, WTAP and KIAA1429) and revoked by erasers (FTO and ALKBH). Into the nucleus m6-a methylation is able to impact chromatin state and transcription via its recognition by YTHDC1 reader operating histone modifications. Then into the cytoplasm m6-a methylation is able to lead to both mRNA decay as well translation respectively via its recognition by YTHDF2 reader (YTH domain) or IGFBPs reader (KH domain).

Since recently, the implication of m6-a methylation in embryonic brain development had not been studied in vivo. In 2017, Yoon and colleagues performed the first Mettl14 conditional Knockout (cKO) into the developing mouse nervous system, using the Nestin-Cre xMettl14 fl/fl cKO mice, resulting in Mettl14 deletion in NSCs from embryonic day 11.5 (E11.5). The authors demonstrate that Mettl14 cKO, in contrast to Mettl3, is not lethal until early postnatal times [START_REF] Geula | m 6 A mRNA methylation facilitates resolution of naïve pluripotency toward differentiation[END_REF]. Littermates show an important delay of maturation at the macroscopic and microscopic levels, as later confirmed by Wang and colleagues (Wang et al., 2018). Both studies described a similar immaturity of the SVZ as well as an enlargement of ventricles at early postnatal time point. While a default production of upper layer (Cux1+ and Stab2+) cortical neurons is observed at birth, their production persists until P5. These observations suggest a delay of cortical development progression, prolonging cortical neurogenesis to postnatal ages. This is paralleled by an elongation of S, G2 and M phases in cortical NSCs, resulting in their persistence within the postnatal SVZ (Yoon et al., 2017). Together, these studies conclude on the essential purpose of m6-a machinery for proper temporal progression of cortical development. These effects appear to be mediated by modification of gene expression that involve multiple mechanisms. Regulation of transcripts encoding histone modifiers via m6-a methylation, result in epigenetic modifications observed on histones, known to regulate stem cell activities by changing chromatin accessibility. This includes changes in histone H3 acetylation (at lysine 27; H3K27ac) and trimethylation (at lysine 4 and 27; respectively H3K4me3 and H3K27me3), resulting in modification of NSCs gene expression involved in cell cycle/proliferation (Wang et al., 2018). Further, m6-a marks can also be observed on transcripts primordial for cortical neurogenesis progression (i.e. Neurog2, Tbr2 and NeuroD1). There, m6-a modification regulates mRNA fate via promoting either their decay or translation (Yoon et al., 2017). Interestingly, a decreased expression of m6-a writers (i.e. Mettl3 and Mettl14) can be observed in cortical progenitors (Neurog2-expressing cells) at perinatal ages, correlating with the closure of the period of cortical neurogenesis. This downregulation correlates with a decreased pattern of mRNA m6a methylation and a dysregulation of transcripts involved in glutamatergic neurogenesis progression (Donega et al., 2018). Altogether, these results highlight an important role of m6-a methylation in regulating the expression of transcripts driving NSCs self-renewal, as well as the balance between translation vs. decay of transcripts driving NSCs differentiation. It remains to be determined if m6-a methylation also plays a role in regulating transcripts involved in other aspects of NSCs biology, such as receptors which mediate their response to environmental signals. This is suggested by recent evidence supporting interactions between m6-a methylation and the Wnt signaling pathway. In intestinal stem cells, expression of Ythdf1 (m6-a reader) is up-regulated by canonical Wnt signaling, while Ythdf1 deletion dramatically blocks Wnt activity. This suggests regulation of Wnt/TCF signaling in an m6-a methylation dependent manner to maintain intestinal stem cells (Han et al., 2020).

Another recent study underlines the intimate relationship between Wnt signaling and DNA methylation that provides genome stability and homeostasis in mouse embryonic stem cells (Theka et al., 2019). Finally, transcriptional analysis performed following Mettl14 cKO (Yoon et al., 2017) or during the period of cortical neurogenesis closure (Donega et al., 2018), highlight a correlation between m6-a tags and expression of transcripts related to the Wnt signaling pathway. Based on these observations, it is tempting to speculate that m6-a and Wnt signaling act in parallel and regulate each other in controlling corticogenesis progression.

Posttranscriptional regulation, and in particular m6a signaling, could also play a particular role in neurogenic to gliogenic NSCs potency switch. Although Mettl14 cKO perturbes the closure of the period of cortical neurogenesis, it is unclear if it also plays a role in mediating the switch towards astrogenesis. So far, no direct evidence for an implication of m6-a methylation into this fate switch exists. However, evidence points at an interaction between m6-a methylation and the Smad complex [START_REF] Bertero | The SMAD2/3 interactome reveals that TGFβ controls m6A mRNA methylation in pluripotency[END_REF], a signaling pathway involved in initiation of the neurogenic to gliogenic switch [START_REF] Ma | Spatiotemporal Decline of BMP Signaling Activity in Neural Progenitors Mediates Fate Transition and Safeguards Neurogenesis[END_REF]. It is also interesting to note that Yoon and colleagues observed modifications of the number of cortical astrocytes following their genetic manipulation of m6-a writer Mettl14 (Yoon et al., 2017). Finally, m6-a modification may be involved in the entry of NSCs into quiescence, which is characterised by a reduction of mRNA translation [START_REF] Baser | Neural Stem Cell Activation and the Role of Protein Synthesis[END_REF]Llorens-Bobadilla et al., 2015). The observations m6-a methylation [START_REF] Li | Fat mass and obesity-associated (FTO) protein regulates adult neurogenesis[END_REF], Wnt signaling (Kalamakis et al., 2019) and post-transcriptional regulation [START_REF] Baser | Onset of differentiation is post-transcriptionally controlled in adult neural stem cells[END_REF], all regulate adult neurogenesis, make this hypothesis particularly attractive.

Finally, posttranscriptional regulation also participates in the dynamic of the adult NSCs. Indeed, once quiescence is induced mechanisms have to maintain this state. Interestingly, inhibitor of DNA binding (Id) proteins, which are transcriptional repressors (i.e. inhibitors of DNA binding) and necessary for selfrenewal capacity, which is a characteristic of a stem cell, are expressed in qNSCs. First, Id1 was shown to be expressed by a rare subpopulation of adult NSCs (Gfap+) into SVZ [START_REF] Nam | High levels of Id1 expression define B1 type adult neural stem cells[END_REF]. More recently, an in vitro study demonstrated that Id4 participates in the maintenance of quiescence via its capacity to regulate pro-activation transcripts, such as E47 that is a heterodimerization partner of Ascl1 (Blomfield et al., 2019). Moreover, as seen before, a subpopulation of aNSCs have the capacity to return to quiescence (i.e. resting NSCs) to maintain the pool at long term. This mechanism was described recently in the hippocampus by the Guillemot laboratory. Resting NSCs have distinct cellular and molecular properties than the qNSCs that have not proliferate yet. Into those cells an intense post-transcriptional regulation of the pro-activation factor Ascl1 via HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1 (Huwe1) coordinates this rare capacity to return into a quiescence like state [START_REF] Harris | Coordinated changes in cellular behavior ensure the lifelong maintenance of the hippocampal stem cell population[END_REF][START_REF] Urbán | Return to quiescence of mouse neural stem cells by degradation of a proactivation protein[END_REF]. Then posttranscriptional regulation participates in the maintenance of adult NSCs pool helping to the conservation of the quiescence state and via induction of shallow quiescence (resting NSCs) into active NSCs, by repression of activation signals, such as Ascl1.

C.4. Germinal niche maturation contributes to NSCs competence progression

It is worth mentioning that the cytoarchitectural organisation of the SVZ considerably complexifies over time, from early embryonic to adult times. This has a direct consequence on NSCs that gradually become increasingly embedded within the niche to directly interact with an increasingly number of differentiated cell types, but also on environmental signals, which diffusion and sensing by NSCs is likely to change dramatically with the maturation of the extracellular matrix. Integration of these late appearing signals are likely to play important roles in NSCs competence progression (Fig. 10a).

The scRNAseq approach used by Telley and colleagues, provides interesting information on the nature of these signals. They show that expression of genes associated with external signaling cell-cell interaction processes, such as notch signaling, ion transport-related processes, synapses and neurotransmission appear during late cortical neurogenesis [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF]. These changes correlate with NSCs becoming more hyperpolarized as they generate successive waves of neurons. Hyperpolarization altered the transcriptional program of NSCs to a later stage and resulted in a precocious production of transient amplifying cells by NSCs. Moreover, the identity of the produced neurons is also affected with a shift into their final laminar position accompanied by modifications in molecular and morphological characteristics. This effect appears to involve an inhibition of Wnt signaling, due to an increase of Ba2+-sensitive-K+ conductances within cortical progenitors. Hence, the transcription of genes that enhance extracellular interaction and the modification of bioelectric membrane properties overtime of NSCs change the sensitivity of NSCs to extrinsic signals, such as Wnt signaling, and regulate the temporality of cortical neurogenesis [START_REF] Vitali | Progenitor Hyperpolarization Regulates the Sequential Generation of Neuronal Subtypes in the Developing Neocortex[END_REF].

Beside, maturation of the niche involves a maturation of its microvasculature. During development, stem cells are known to be in close proximity to blood vessels, which provide oxygen and nutrients to face their high metabolic needs [START_REF] Rafii | Angiocrine functions of organ-specific endothelial cells[END_REF]. However, it is now accepted that blood vessels-derived molecules also regulate stem cell properties. Indeed, when endothelial cells (cells lining the interior surface of blood vessels) are cultured with embryonic NSCs, it promotes stemness (Gama [START_REF] Sosa | Interactions of primary neuroepithelial progenitor and brain endothelial cells: distinct effect on neural progenitor maintenance and differentiation by soluble factors and direct contact[END_REF][START_REF] Vissapragada | Bidirectional crosstalk between periventricular endothelial cells and neural progenitor cells promotes the formation of a neurovascular unit[END_REF]. During development, the pattern of angiogenesis is correlated with the beginning of neurogenesis [START_REF] Shen | Endothelial cells stimulate self-renewal and expand neurogenesis of neural stem cells[END_REF]. For example, in the pallial SVZ, blood vessels patterning coincides with the generation of intermediate progenitors (TAPs; Eomes/Tbr2+). Interestingly an abnormal vasculature leads to abnormal production of progenitors, demonstrating their close association, although underlying mechanisms remain unclear [START_REF] Javaherian | A stem cell niche for intermediate progenitor cells of the embryonic cortex[END_REF] (Fig. 10b). The intimate relation between NSCs and vasculature, which is initiated during development, is maintained at adult ages. In the adult, the vasculature in SVZ is highly organized and shows distinctive features when compared to non-neurogenic regions. In the neurogenic niche, the vascularisation is dense and is spatially associated with proliferating NSCs (Q. Shen et al., 2008;[START_REF] Tavazoie | A specialized vascular niche for adult neural stem cells[END_REF]. Blood vessels are associated with extracellular matrix that form extravascular structure, which interact with NSCs, underlying the close relation between vasculature and the NSCs niche, which adds a level of complexity to NSCs environment (Q. Shen et al., 2008). Besides its role in providing oxygenation to the niche (see part D of the introduction for more details), it was proposed that the blood vessels of the SVZ exhibit a particular blood brain barrier (lacking unsheathing astrocytes or pericytes) that facilitates access and the diffusion of circulating trophic factors [START_REF] Tavazoie | A specialized vascular niche for adult neural stem cells[END_REF]. Endothelial cells also regulate NSCs behavior via secreted factors. For example, endothelial cells secrete factors, such as Brain derived neurotrophic factor (BDNF) and betacellulin (a member of EGF family) that both have the capacity to enhance neurogenesis [START_REF] Gómez-Gaviro | Betacellulin promotes cell proliferation in the neural stem cell niche and stimulates neurogenesis[END_REF][START_REF] Louissaint | Coordinated interaction of neurogenesis and angiogenesis in the adult songbird brain[END_REF]. Moreover, NSCs directly contact blood vessels via their basal process [START_REF] Fuentealba | Adult neural stem cells bridge their niche[END_REF][START_REF] Mirzadeh | Neural Stem Cells Confer Unique Pinwheel Architecture to the Ventricular Surface in Neurogenic Regions of the Adult Brain[END_REF] . This direct cell-cell interaction between NSCs and endothelial cells was shown to promote quiescence via the expression at the endothelial cell membrane of ephrinB2 and Jagged1 and the activation of Eph and Notch signaling [START_REF] Ottone | Direct cell-cell contact with the vascular niche maintains quiescent neural stem cells[END_REF]. Thus, the temporal development of the SVZ vascularization illustrates the temporal complexification of the germinal niche, which correlates to gradual changes in NSCs behaviors and competence [START_REF] Karakatsani | Blood Vessels as Regulators of Neural Stem Cell Properties[END_REF] (Fig. 10b).

Although mechanisms that drive NSCs into quiescence are still poorly understood, evidence also points at a role of their local environment and their interaction with blood vessels. Thus, vascular cell adhesion molecule 1 (VCAM1), a cell surface sialoglycoprotein in the immunoglobulin family was shown to be associated with the progression of NSCs identity and competence during development. Conditional ablation of VCAM1 during the embryonic period into NSCs, using Emx1-Cre or Nestin-Cre mouse lines, leads to premature differentiation of embryonic NSCs and prevents the induction of slow-cycling NSCs.

Furthermore, VCAM1 was shown to act by inhibiting Glycogen synthase kinase 3 beta (GSK3ꞵ), therefore preventing the degradation of ꞵcatenin and promoting activity of key signaling pathways such as Wnt.

Hence, VCAM1 is needed for induction of quiescence during embryonic period to produce adult NSCs (Hu et al., 2017). It remains expressed at high levels in adult qNSCs and therefore represents a useful marker to identify them (Codega et al., 2014;Kokovay et al., 2012;Llorens-Bobadilla et al., 2015).

Other cell-cell contact interactions participate in controlling the level of activation of qNSCs within the niche. This tight regulation allows the maintenance of a pool of adult qNSCs, but also their activation to rapidly respond to tissue demand (see also part D below). Quiescent NSCs are in direct contact with vascular endothelial cells, ependymal cells, neurons as well as with other NSCs and their direct progeny (TAPs and neuroblasts). They express a higher level of transcripts that encode for membrane receptors (Codega et al., 2014), and are therefore highly responsive to environmental signals such as neurotransmitters, ligands and adhesion molecules. For example, it was shown that Gabaergic signals control the proliferation of the in the SVZ [START_REF] Wang | GABA depolarizes neuronal progenitors of the postnatal subventricular zone via GABAA receptor activation[END_REF]. Indeed, neuroblasts can release Gaba that induce a decrease in proliferation of NSCs. This mechanism results in a negative feedback from neuroblast to NSCs [START_REF] Bordey | Adult neurogenesis: basic concepts of signaling[END_REF][START_REF] Liu | Nonsynaptic GABA signaling in postnatal subventricular zone controls proliferation of GFAP-expressing progenitors[END_REF] (Fig. 10c). Moreover, active NSCs and progenitors express the ligand Delta-like 1 (Dll1) that binds Notch receptors expressed by neighboring NSC and instruct their quiescence [START_REF] Kawaguchi | Dll1 maintains quiescence of adult neural stem cells and segregates asymmetrically during mitosis[END_REF]. Neuroblast performs similar feedback via the expression of Nogo-A [START_REF] Rolando | Distinct roles of Nogo-a and Nogo receptor 1 in the homeostatic regulation of adult neural stem cell function and neuroblast migration[END_REF]. These multiple feedback loops prevent the overactivation of the adult NSCs pool and thus its premature exhaustion. Vascular niche also participates in the maintenance of the quiescence state, via, for example, the expression of Notch ligand Jagged 1 [START_REF] Ottone | Direct cell-cell contact with the vascular niche maintains quiescent neural stem cells[END_REF]. However, the vasculature could also provide signals for activation and proliferation of adult NSCs [START_REF] Crouch | Regional and stage-specific effects of prospectively purified vascular cells on the adult V-SVZ neural stem cell lineage[END_REF]. Activated NSCs expressed EGF receptors suggesting that they change signal sensitivity (Llorens-Bobadilla and Martin-Villalba, 2017). Thus in adulthood, the regulation of NSCs niche dynamic is highly dependent on a complex and multiple of extrinsic signalings.

D. NSCs competence for tissue repair

Since the initial observation of their persistence at postnatal and adult stages, NSCs have fueled the idea of their potential recruitment to promote tissue repair. The competence of NSCs for tissue repair relies on their capacity to reactivate following an injury, but also on their capacity to produce specific neuronal and glial subtypes, including those generated during embryonic development. The early postnatal period appears to be a period particularly well-suited to address these fundamental questions. 

D.1. The early postnatal period is optimal for studying NSCs competence for repair

The early postnatal life is a period of intense growth and maturation. This period coincides with the maturation of embryonically born neurons that gradually assemble into functional neuronal networks, under the influence of the environment during the first postnatal weeks in mice and months in humans [START_REF] Whitford | Molecular Control of Cortical Dendrite Development[END_REF]. Thus, experience-induced neuronal activity shapes the making, breaking and refinement of neuronal networks that will later define the organisms' cognitive capabilities. Because this period is a time of intense neuronal maturation and plasticity, the consequence of injuries on the premature brain have been under early scrutiny. Conclusions of early seminal studies have led to the formulation of the Kennard principle, i.e. "early CNS damage is less likely to result in long-term deficits than later damage" [START_REF] Kennard | Age and other factors in motor recovery from precentral lesions in monkeys[END_REF]. Thus, a period of "critical plasticity" exists early after birth during which the brain has the capacity to repair, at least partially. This repair is likely not restricted to the functional reorganization of neuronal networks that have been spared by the lesion, but also to the regeneration of cells that have been lost. Indeed, as discussed above, a significant germinal activity is observed at early postnatal ages, within both the brain parenchyma [START_REF] Buffo | Origin and progeny of reactive gliosis: A source of multipotent cells in the injured brain[END_REF][START_REF] Götz | Reactive astrocytes as neural stem or progenitor cells: In vivo lineage, In vitro potential, and Genome-wide expression analysis[END_REF][START_REF] Laywell | Identification of a multipotent astrocytic stem cell in the immature and adult mouse brain[END_REF][START_REF] Ohira | Ischemia-induced neurogenesis of neocortical layer 1 progenitor cells[END_REF][START_REF] Sirko | Reactive glia in the injured brain acquire stem cell properties in response to sonic hedgehog. [corrected][END_REF][START_REF] Sirko | Focal laserlesions activate an endogenous population of neural stem/progenitor cells in the adult visual cortex[END_REF] and subventricular zone (Fiorelli et al., 2015;Sequerra, 2014;Young et al., 2007). Together, this germinal activity and important plasticity are likely to allow regeneration at a higher level than in adulthood [START_REF] Donega | Postnatal Neural Stem Cells: Probing Their Competence for Cortical Repair[END_REF][START_REF] Johnston | Plasticity in the developing brain: Implications for rehabilitation[END_REF][START_REF] Johnston | Clinical disorders of brain plasticity[END_REF]Scafidi et al., 2009).

The most frequent cause of perinatal brain injuries are related to periods of hypoxia that are often associated with very premature births, trauma, or developmental disorders such as congenital cardiac or pulmonary abnormalities. It results from a deficiency of oxygenation in newborn infants that can result in important CNS tissue damage [START_REF] Mcguire | Perinatal asphyxia[END_REF]. In our modern societies, the rate of preterm, very low weight birth is rising steadily. These very premature infants are defined by a birth before 32 gestational weeks or a birth weight under 1.500g. In preterms the deficit in oxygenation is due to the immaturity of their lungs. In parallel the progress in quality of care increased the survival of preterm births but brought up new issues concerning their developmental outcomes [START_REF] Larroque | Neurodevelopmental disabilities and special care of 5-year-old children born before 33 weeks of gestation (the EPIPAGE study): a longitudinal cohort study[END_REF] . They can develop brain deficits such as mental retardation, cerebral palsy or epilepsy [START_REF] Johnston | Mechanisms of Hypoxic Neurodegeneration in the Developing Brain[END_REF]. Indeed, approximately 20% of premature children develop long term brain deficits. In particular, cerebral palsy affects 18% of premature infants whereas also 1% of children born at term [START_REF] Abbott | Neuroscience: The brain, interrupted[END_REF]. The range of consequences of prematurity on brain development is broad. Research has provided cellular and molecular aspects of neurodegeneration in the immature brain. Mainly, the insult impacts genetically determined programs of cortical development. Indeed, preterm infants develop trouble associated with cerebral gray and withe matter anomalies such as ventriculomegaly, cortical volume default and long term cognitive difficulties (Anderson et al., 2003;[START_REF] Johnson | Psychiatric disorders in extremely preterm children: longitudinal finding at age 11 years in the EPICure study[END_REF]. Moreover, preterm children often develop diffuse white matter injuries with significant disruption of myelination [START_REF] Kinney | Human oligodendroglial development: relationship to periventricular leukomalacia[END_REF].

Neuroimaging suggests that preterm infants establish aberrant neuronal connectivity that could be due to a perturbation of the period of critical plasticity [START_REF] Myers | Functional connectivity to a right hemisphere language center in prematurely born adolescents[END_REF].

D.2. Chronic hypoxia as a clinically relevant model of premature brain injury

Multiple animal models were developed to study premature brain injuries. In mice two models were elaborated. The hypoxia/ischemia in which mice are exposed to hypoxia after a carotid occlusion reproduces some aspects of the preterm birth, such as behavioral and functional deficits [START_REF] Cengiz | Chronic neurological deficits in mice after perinatal hypoxia and ischemia correlate with hemispheric tissue loss and white matter injury detected by MRI[END_REF][START_REF] Fan | Hypoxia-ischemia induced neurological dysfunction and brain injury in the neonatal rat[END_REF]. The chronic hypoxia model in which newborn mice are placed in a hypoxic chamber à 10% of oxygen for 8 days from postnatal days 3 to 11. This second model recapitulates most physiopathological changes observed within premature babies (Salmaso et al., 2014;Scafidi et al., 2009).

In particular, a decrease of cortical volume is observed (Fagel et al., 2009(Fagel et al., , 2006)), which has been suggested to rely, at least in part, on a loss of neurons . This is accompanied with an enlargement of the ventricles as well as diffuse white matter injuries (Salmaso et al., 2014). Interestingly, this model also reproduces the progressive spontaneous recovery observed in humans with the cortical volume and brain weight returning to baseline by 3 weeks of age. Furthermore, the chronic hypoxia model, in contrast to hypoxia/ischemia, induces only a mild inflammatory response that limits the presence of reactive astrocytes and of scar formation that otherwise could block any spontaneous recovery attempt [START_REF] Donega | Postnatal Neural Stem Cells: Probing Their Competence for Cortical Repair[END_REF][START_REF] Hagberg | Inflammation during fetal and neonatal life: implications for neurologic and neuropsychiatric disease in children and adults[END_REF]Salmaso et al., 2014) (Fig. 11a).

Following chronic hypoxia, cellular loss has been described within the cortex (Fagel et al., 2006). This neuronal loss mainly involves glutamatergic (⅔), but also embraces Gabaergic neurons (⅓). A complete recovery of excitatory neuron (Tbr1+) numbers is however observed 1 month following injury, while a reduction of mature Gabaergic markers such as parvalbumin and somatostatin, persists, suggesting persistent deficits of maturation of some cortical neurons. Interestingly, 1 week following the end of the hypoxic period, de novo cortical glutamatergic neurogenesis has been described, which is accompanied by a large increase in cell proliferation within the SVZ (Fig. 11b). FGF signaling is suggested to participate in this regenerative response, supporting both the neurogenesis as well as the maturation and survival of newborn neurons following chronic hypoxia (Fagel et al., 2009). The oligodendroglial lineage is also impacted by chronic hypoxia. Oligodendrocytes precursor cells' (OPCs) survival is dramatically impaired, as well as their maturation during the early phase of injury (Fig. 11a). Then, a global delay of oligodendrocytes maturation is observed following chronic hypoxia, which results in abnormal myelination and long term behavioral deficits [START_REF] Jablonska | Oligodendrocyte regeneration after neonatal hypoxia requires FoxO1-mediated p27Kip1 expression[END_REF]Salmaso et al., 2014). As for neurons, a spontaneous recovery is observed, with oligodendrocyte precursors increasing their proliferation within the SVZ shortly after closure of the period of hypoxia [START_REF] Jablonska | Oligodendrocyte regeneration after neonatal hypoxia requires FoxO1-mediated p27Kip1 expression[END_REF]. Finally, a study demonstrated that chronic hypoxia also impacts astroglial cell properties. For instance, it was demonstrated that these astrocytes produce newborn neurons directly within the cortex [START_REF] Bi | Cortical Glial Fibrillary Acidic Protein-Positive Cells Generate Neurons after Perinatal Hypoxic Injury[END_REF]. This is in line with more recent work demonstrating that astrocytes conserve their capacity to proliferate during the perinatal period (as seen in the first part of the introduction) [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF] and exhibit stem cell like properties [START_REF] Laywell | Identification of a multipotent astrocytic stem cell in the immature and adult mouse brain[END_REF] . Moreover, it was recently shown that following a cortical injury resident astrocytes can generate Gabaergic neurons via Notch signaling depletion [START_REF] Zamboni | A Widespread Neurogenic Potential of Neocortical Astrocytes Is Induced by Injury[END_REF].

D.3. NSCs competence to participate to tissue repair relies on their capacity to respond to an injury

A variety of brain insults occurring at postnatal or adult stages have been shown to result in an increased proliferation within the SVZ. Quiescent NSCs appear to show a rapid response to injury possibly due to A. Chronic hypoxia results in dying cells within the forebrain, especially cortical neurons and callosum oligodendrocytes. Dying progenitors are also observed in the SVZ. Microglia is activated but reactive astrocytes are not observed following the injury. Then, chronic hypoxia results in a mild injury. B. The absence of scar formation (reactive astrocytes) allows de novo neurogenesis following chronic hypoxia (the de novo oligodendrogenesis is not illustrated). (Adapted from [START_REF] Donega | Postnatal Neural Stem Cells: Probing Their Competence for Cortical Repair[END_REF].

their increased availability of surface receptors, as discussed above. The signals leading to this activation are likely to be multiple, including changes in ionic or metabolic equilibrium (see below for oxygenation), changes in neural circuits activity innervating different SVZ microdomains [START_REF] Paul | Hypothalamic regulation of regionally distinct adult neural stem cells and neurogenesis[END_REF] or perturbation of select signaling pathways.

The activation of qNSCs following injury may also be a consequence of cell-cell interaction modifications occurring within the niche, such as a modification of Notch signaling, which was described to be instrumental in NSCs activation [START_REF] Kawaguchi | Dll1 maintains quiescence of adult neural stem cells and segregates asymmetrically during mitosis[END_REF]. Concerning modification of signaling pathways, it was demonstrated that brain ischemia induces interferon-gamma signaling and releases NSCs from their quiescent state (Llorens-Bobadilla et al., 2015). An Interesting similar mechanism, through interferon signaling, was also demonstrated to lead to activation of hematopoietic stem cells [START_REF] Essers | IFNalpha activates dormant haematopoietic stem cells in vivo[END_REF].

Further,radiation induce secretion of Tgfꞵ by the vasculature in the SVZ that regulate dynamic of the niche [START_REF] Magnusson | A latent neurogenic program in astrocytes regulated by Notch signaling in the mouse[END_REF]. Future studies will have to fully characterize the nature and sources of signaling that are implicated in the response of germinal niches to an injury.

Oxygenation is a key element for cellular behavior (Yun et al., n.d.). Oxygen regulates both cellular development and tissue homeostasis. Its variation induces oxidative stress that can result in cellular apoptosis [START_REF] Kannan | Oxidative stress and apoptosis[END_REF]. Thus, a failure of oxygenation during development often leads to long term cognitive and behavioral deficits [START_REF] Basovich | The role of hypoxia in mental development and in the treatment of mental disorders: a review[END_REF]. Brain tissue is extremely sensitive to changes in oxygen levels, which varies greatly depending on the tissu and time of development. This led to formulation of the concept of "physioxia" (corresponding to oxygen level measured within the tissue of interest). The importance of controlled levels of oxygen within a tissue has been outlined by in vitro studies. It was reported that NSCs under "physioxia", which correspond to 3% of oxygen for NSCs, have a greatest level of proliferation and neurogenesis whereas a rarefaction of oxygen (1% and below) prevents both neurogenesis (in particular glutamatergic neurogenesis) and oligodendrogenesis (Braunschweig et al., 2015;Ortega et al., 2017), while promoting NSCs proliferation [START_REF] Storch | Functional characterization of dopaminergic neurons derived from rodent mesencephalic progenitor cells[END_REF][START_REF] Storch | Long-term proliferation and dopaminergic differentiation of human mesencephalic neural precursor cells[END_REF]. Together those results highlight the importance of oxygenation for driving NSCs behavior, including their competence to proliferate and differentiate [START_REF] Zhu | Effects of hypoxia on the proliferation and differentiation of NSCs[END_REF] (Fig. 12).

Interestingly, the level of oxygen in vivo, are highly variable depending of 1) time (i.e. embryonic vs adult) and 2) space, likely influencing the local activity of NSCs [START_REF] Maltepe | Oxygen, genes, and development: an analysis of the role of hypoxic gene regulation during murine vascular development[END_REF][START_REF] Simon | Hypoxia, HIFs, and cardiovascular development[END_REF].

Thus at the surface of the brain "physioxia" corresponds to 8% oxygen, whereas it is at 1% within the mesencephalon. In the developing brain the oxygenation of germinal regions is around 3%. As in vitro this low oxygenation level is important to promote NSCs proliferation [START_REF] Mohyeldin | Oxygen in stem cell biology: a critical component of the stem cell niche[END_REF][START_REF] Simon | The role of oxygen availability in embryonic development and stem cell function[END_REF]. Together those results demonstrated a strong impact of oxygenation level on NSCs behavior in vivo, which have to be taken into account in the context of chronic hypoxia.

D.4. NSCs competence to participate to tissue repair relies on their capacity to produce various cell types

The postnatal and adult SVZ is composed of a multitude of domains that contain NSCs capable of giving rise to distinct cell populations. In particular, the dorsal SVZ contains NSCs that give rise to a large diversity of progenitor subtypes. Besides Gabaergic progenitors [START_REF] Merkle | Mosaic Organization of Neural Stem Cells in the Adult Brain[END_REF]Sequerra, 2014), it produces glial precursors [START_REF] Azim | Mosaic Subventricular Origins of Forebrain Oligodendrogenesis[END_REF]Kessaris et al., 2006;Naruse et al., 2017;Qi et al., 2002;Tekki-Kessaris et al., 2001) as well as glutamatergic progenitors (Brill et al., 2009;Donega et al., 2018;Winpenny et al., 2011).

Although diverse progenitor populations co-exist within the postnatal SVZ, they may have lost their capacity to produce subtypes of neurons normally produced at embryonic times. This question was classically addressed by heterochronic/heterotopic transplantation experiments, allowing isolated cells to be exposed to signals active at earlier time points or in different brain regions. For example, Lim and colleagues tested the competence of postnatal NSCs (isolated from the SVZ at P5-P10) by transplanting them into the ventricle of E15 embryos. Grafted cells' progenies were found in multiple brain areas. Their neuronal differentiation was confirm by ꞵ-tubulin expression as well as morphological criteria. However, the subdomain of the embryonic VZ/SVZ in which graft cells were able to integrate and produce neuronal progenie, as well as their subtype identity was not investigated. Nevertheless, this study clearly shows that Illustration of mechanisms that lead to the activation of a NSCs following hypoxia. The activation is parallel by modifications in cell-cell communication and increase of translational activity. Metabolism is changed due to the oxidative stress leading to modifications in the balance of glycolysis/oxidative phosphorylation. NSCs change their marker expression from quiescent to active corresponding to activation. [START_REF] Donega | Postnatal Neural Stem Cells: Probing Their Competence for Cortical Repair[END_REF].

postnatal NSCs have the capacity to migrate extensively and to differentiate into neurons within multiple embryonic brain regions other than the olfactory bulb [START_REF] Lim | Postnatal mouse subventricular zone neuronal precursors can migrate and differentiate within multiple levels of the developing neuraxis[END_REF]. More recently, Oberst and colleagues demonstrated that pallial NSCs also conserve their former competence (i.e. revert their temporal identity) when exposed to an earlier-stage environment. They isolated late NSCs (E15) and transplanted them into younger embryos (E12). Fate mapping reveals the capacity of E15 NSCs to participate to the earlier cortical neurogenesis (E12) by producing deep layer cortical neurons. They further demonstrated, that in vitro stimulation of Wnt-canonical pathway by CHIR99021 treatment prior to grafting, promotes this respecification. Interestingly, cycling progenitors, in contrast to NSCs, failed to generate deep neurons in similar contexts, suggesting that they are irremediably specified to produce upper layer neurons (Oberst et al., 2019). This is in accordance with original studies in which the transplanted cells were selected based on their proliferative status, and similarly failed to respecify [START_REF] Desai | Progressive restriction in fate potential by neural progenitors during cerebral cortical development[END_REF]Frantz and McConnell, 1996). Thus, only qNSCs appear to show the competence to produce a variety of cell types, depending on their environment, including earlier born neuron subtypes. This is in accordance with a study in which authors co-cultured explants of the dorsal SVZ (containing NSCs; not only cycling progenitors) from postnatal (9-11 day old) and 3 month old mice, with explants of the embryonic pallium. They observed a significant de novo cortical glutamatergic neurogenesis, further supporting the capacity of some postnatal and adult SVZ NSCs to still produce cortical glutamatergic neurons (Sequerra et al., 2010).

Accumulating evidence also supports injury-induced plasticity of NSCs fate within the postnatal SVZ. Indeed, in response to injuries, a fraction of NSCs progeny migrate to the injury site, in place of the olfactory bulbs and produce diverse cell types (Fig. 13a). For example, following a stroke NSCs produce neurons, astrocytes and oligodendrocytes that are observed within the injured area [START_REF] Li | Endogenous interferon gamma directly regulates neural precursors in the non-inflammatory brain[END_REF]. Thus, postnatal NSCs are able to produce striatal medium spiny neurons following a stroke [START_REF] Arvidsson | Neuronal replacement from endogenous precursors in the adult brain after stroke[END_REF][START_REF] Parent | Rat forebrain neurogenesis and striatal neuron replacement after focal stroke[END_REF]. In addition, it is now accepted that postnatal NSCs generate astrocytes that migrate to the site of injury and restrict tissue damage [START_REF] Benner | Protective astrogenesis from the SVZ niche after injury is controlled by Notch modulator Thbs4[END_REF]. Interestingly, injury-inducedastrocytes have distinct features to resident astrocytes and may be programmed for recovery ability [START_REF] Benner | Protective astrogenesis from the SVZ niche after injury is controlled by Notch modulator Thbs4[END_REF][START_REF] Faiz | Adult Neural Stem Cells from the Subventricular Zone Give Rise to Reactive Astrocytes in the Cortex after Stroke[END_REF]. Furthermore, following a demyelinating lesion NSCs produce oligodendrocytes that migrate to the injury site [START_REF] Menn | Origin of oligodendrocytes in the subventricular zone of the adult brain[END_REF][START_REF] Picard-Riera | Experimental autoimmune encephalomyelitis mobilizes neural progenitors from the subventricular zone to undergo oligodendrogenesis in adult mice[END_REF]. Surprisingly, following an acute demyelinating injury differentiated neuroblasts "reprogrammed" to produce oligodendrocytes. This fate switch was shown to be driven by chordin expression, which is an inhibitor of Bmp. Remarkably, chordin treatment appears to be sufficient to respecify neuroblasts into oligodendrocytes [START_REF] Jablonska | Chordin-induced lineage plasticity of adult SVZ neuroblasts after demyelination[END_REF]. Other signals, such as Bmp signalling, were proposed to promote neuronal induction. Indeed, noggin (i.e. a Bmp inhibitor) associated with BDNF delivery instructs NSCs to produce striatal medium spiny neurons and enhance survival as well as functional recovery in mouse Huntington models [START_REF] Benraiss | Sustained mobilization of endogenous neural progenitors delays disease progression in a transgenic model of Huntington's disease[END_REF] (Fig. 13b). Finally, the capacity of NSCs to produce various cell types, was also demonstrated following a lesion of the ventricular surface. Indeed, a chemical damage of ependymal cells leads to a de novo generation of ependymal cells from NSCs, through inhibition of Notch signaling [START_REF] Nomura | EphB signaling controls lineage plasticity of adult neural stem cell niche cells[END_REF]. Interestingly, ependymal cells acquire NSCs features following the lesion, suggesting a bidirectional plasticity and a potential stem cell potency of the ependymal cells, as recently shown within the spinal cord (Moreno-Manzano, 2020).

In the neonatal brain, as seen above, germinal activity is still intense however plasticity of those active NSCs has still to be fully explored. Recently, Jinnou and colleagues demonstrated that early postnatal NSCs are able to contribute to functional recovery following a cortical perinatal injury (i.e. a cryogenic injury at 

P2)

. They demonstrated that endogenous NSCs are capable of producing de novo cortical Gabaergic neurons (NeuN+Gad67+), which appear to mature and integrate to the existent networks due to their marker expression (NeuN) and the functional recovery observed. To note that the authors also demonstrated a crucial role of radial glial cells scaffold in promoting the migration of neuroblasts to the cortex. It remains to be determined if this regenerative attempt is restricted to Gabaergic neurons, or may also embrace glutamatergic neurons, a question that we will address in this Phd thesis (see chapter 2 of the results).

D.5. NSCs competence to participate to tissue repair relies on their amenability to manipulation

Endogenous NSCs activity can be improved to promote brain repair. Pharmacological approaches are of particular interest in the context of brain regeneration [START_REF] Ikonomidou | Why did NMDA receptor antagonists fail clinical trials for stroke and traumatic brain injury?[END_REF][START_REF] Narayan | Clinical trials in head injury[END_REF][START_REF] Willis | Excitatory amino acid inhibitors for traumatic brain injury[END_REF]. The timing and dosage of treatment as well as the route of administration are key and necessitate careful optimization [START_REF] Shoichet | Strategies for Regeneration and Repair in the Injured Central Nervous System[END_REF]. In particular the blood brain barrier may represent a physical barrier for accessibility to the brain that needs to be considered for each candidate drug [START_REF] Pardridge | Drug transport across the blood-brain barrier[END_REF]. However, the administration of bioactives molecules by different routes following CNS injury, have shown promising results. For example, intraventricular administration of EGF and erythropoietin promotes the recruitment of NSCs following a stroke and enhances functional recovery [START_REF] Kolb | Growth factor-stimulated generation of new cortical tissue and functional recovery after stroke damage to the motor cortex of rats[END_REF]. Further, administration of allopurinol that inhibits xanthine oxidase shows neuroprotective effects in rats following hypoxia/ischemia [START_REF] Palmer | Allopurinol administered after inducing hypoxiaischemia reduces brain injury in 7-day-old rats[END_REF]. Thus, in view of their therapeutic potential, the administration of bioactive molecules has to be as less-invasive as possible.

Thereby, intranasal drug administration appears as a powerful therapeutic option. Interestingly, intranasal administration of heparin-binding epidermal growth factor, following chronic hypoxia, enhances oligodendrocyte progenitor proliferation, as well as their maturation, leading to long term behavioral recovery (Scafidi et al., 2014). This illustrates the possibility to promote endogenous NSCs activity via intranasal administration of bioactive molecules. Similar approaches may be used to direct the specification of NSCs in chosen cell type, and therefore the nature of the regenerative response, as further explored in this PhD work (See experimental chapter 2).

The control of NSCs fate acquisition represents a key therapeutic challenge, which could be tackled by using small molecules activating signaling pathways implicated into NSCs lineage commitment. The objective is to induce similar gene expression to those observed during specific space and time windows of the development and that way to drive NSCs into a specific fate. This has been explored by developing "pharmacogenomic" approaches (Azim et al., 2015;Llorens-Bobadilla et al., 2015). These studies highlight links between specific signaling pathways and transcriptional networks that defined NSCs specific competence, to identify small molecules targeting them. This strategy is now facilitated by the important transcriptional datasets published and available, as well as by the development of large scale initiatives (i.e. connectivity map (CMAP) project, [START_REF] Lamb | The Connectivity Map: using gene-expression signatures to connect small molecules, genes, and disease[END_REF]) that allow identifying similarities in transcriptional signatures defining a drug or acquisition of a given fate.

As we show in the first parts of the introduction, specific pathways regulate the regionalization of the VZ/SVZ as well as the fate of NSCs they contain. Because we are interested in the generation of glutamatergic neurons and oligodendrocytes, which appear to be particularly vulnerable to chronic hypoxia, I will here focus on the Wnt/ꞵ catenin signaling pathway, also referred as "canonical wntpathway" that I will call "Wnt" in the following part. Wnt signaling is highly conserved across species. In the absence of Wnt ligand, ꞵcatenin is degraded, by phosphorylation, by a complex composed of glycogen synthase kinase 3 (GSK3ꞵ), casein kinase 1⍺ (Ck1⍺) and the scaffolding protein Axin adenomatous polyposis coli (APC). Its phosphorylation prevent ꞵ-catenin to reach the nucleus and Wnt target genes are repressed by T cell factor (TCF) and lymphoid enhancer factor (LEF). The Wnt/ꞵ-catenin signaling is activated when Wnt ligand binds to the membrane receptor Frizzles (Fz) and its co-receptor low-density lipoprotein receptor related protein 6 or 5 (LRP6 or 5). The formation of the complex recruits the scaffolding protein Dishevelled (Dvl) that results in LRP6 phosphorylation and the recruitment as the activation of the axin complex. These events lead to inhibition of the phosphorylation of ꞵcatenin via the repressive complex composed of GSK3ꞵ/Ck1⍺/APC and the stabilization of ꞵ-catenin that accumulates and translocate to the nucleus in which its form a complex with TCF/LEF and thereby activate wnt target gene expression [START_REF] Macdonald | Wnt/β-catenin signaling: components, mechanisms, and diseases[END_REF] (Fig. 14a).

Based on this knowledge, several means have been developed to study and manipulate Wnt-signaling in vivo. The generation of transgenic mice is one of them. Especially, the BatGal mouse line, in which the ꞵgalactosidase is under the control of TCF/LEF binding sites, allows identifying cells responding to Wnt ligands (Maretto et al., 2003). Using such transgenic approaches, it is now feasible to trace Wnt responding cells in the tissue, in control condition across the development or following an injury [START_REF] Barker | Mining the Wnt pathway for cancer therapeutics[END_REF][START_REF] Van Amerongen | Alternative Wnt pathways and receptors[END_REF]. Then, to manipulate Wnt-signaling, in the context of a brain injury or not, the most translational way appears to be the administration of small molecules inhibiting GSK3ꞵ such as AR-A014418 or CHIR9901 (Fig. 14b). These molecules are commonly used by the laboratory to manipulate Wnt pathways in several contexts, such as following chronic hypoxia by intranasal treatment (see chapter 2 of the results).

Thus, intraventricular infusion of GSK3ꞵ inhibitor, AR-A014418, results in an increased proliferation within the dorsal SVZ, with no major impact on the lateral SVZ (Azim et al., 2014). In another study, a similar pharmacological activation of Wnt-signaling showed a beneficial impact on oligodendrocyte lineage maturation (Azim and Butt, 2011). Interestingly, a more recent study from the laboratory indicates that following chronic hypoxia, the germinal activity of the dorsal SVZ, and therefore its regenerative potential is amenable to pharmacological manipulation by intranasal administration. In the study authors administered CHIR9901 intranasally, resulting in an increased proliferation within the dorsal SVZ and in an increased production of oligodendrocytes and glutamatergic progenitors following chronic hypoxia (Azim et al., 2017).

However, as we saw earlier, the postnatal pool of NSCs is limited and regulated to maintain long term neurogenesis and tissue homeostasie. Then, juvenile lesion and/or manipulation of postnatal NSCs could result in long term side effects, such as a depletion of the NSCs reservoir. These questions are not currently A. Without Wnt, ꞵ-catenin is phosphorylated by the inhibition complex (Gsx3ꞵ, Axin, Ck1a) leading to it degradation. In presence of Wnt, ꞵ-catenin accumulate in the cytoplasm and translocate in the nucleus in which it form a complex with LEF/TCF and acquire the capacity to target specific genes (Wnt target genes). B-C. Gsx3ꞵ inhibitors active Wnt pathway by inhibition of the cytoplasmic inhibitor complex (B) leading to the accumulation of ꞵ-catenin in the cytoplasm and to its nucleus translocation (C). (adapted from Angers and Moon, 2009).

Objectives of the Thesis

Based on the knowledge covered in this introduction, the objectives of my thesis were 1) to explore the diversity and dynamic of NSCs that composed the dorsal domain of the postnatal SVZ to better understand the closure of the period of glutamatergic neurogenesis; 2) to explore the competence of these NSCs to resume glutamatergic neurogenesis following perinatal injury.

Aim 1: To investigate the heterogeneity and the dynamic of dorsal SVZ NSCs we used a single cell transcriptomic approach (10X). By focusing our analysis on an early postnatal time point we aimed at exploring mechanisms that drive the closure of glutamatergic neurogenesis, while gabaergic neurogenesis is maintained. For this project, I participated in transcriptional dataset analysis, and I performed most of the histological analysis of the study.

Aim 2: To investigate the competence of dorsal SVZ NSCs following a perinatal injury, we used the model of chronic hypoxia as a clinically relevant perinatal injury model. We used a histological fate mapping approach (i.e. electroporation) to interrogate the competence of dorsal SVZ NSCs to produce glutamatergic neurons following neonatal injury. We then questioned mechanisms underlying injuryinduced glutamatergic progenitor's activation, by performing a bulk transcriptomic analysis. We next tested the amenability of this regenerative response to pharmacological activation of the Wnt/ꞵ-catenin signaling pathway, by intranasal administration of the GSK3ꞵ inhibitor CHIR99021. Finally, the potential side effects of such manipulation on the adult NSCs reservoir and long term germinal activity, was studied using label-retaining protocols as well as specific histological markers. For this project, I've expanded previous pilote results produced by former PhD students and performed all analysis presented in the study.

A.1. Abstract

The ventricular-subventricular zone (V-SVZ) is the largest neurogenic region of the postnatal forebrain, containing neural stem cells (NSCs) emerging from both the embryonic pallium and subpallium. Despite of this dual origin, glutamatergic neurogenesis declines rapidly after birth, while gabaergic neurogenesis persists throughout life. Here, we performed single-cell RNA-sequencing (scRNA-Seq) of the postnatal dorsal V-SVZ for unravelling the mechanisms leading to pallial lineage germinal activity silencing. We identify cell lineage-specific NSCs primed for the generation of neurons or glial cells, as well as a large population of so far uncharacterized quiescent NSCs (qNSC). Pallial qNSCs enter a state of deep quiescence, characterized by persistent TGFβ signalling, reduced transcriptional activity and Hopx expression, whilst in contrast, subpallial qNSCs remain transcriptionally primed for activation. In addition, neurogenesis by pallial NSCs is paralleled by acquisition of subpallial traits, reduced progenitor proliferation and impaired neuronal differentiation. Thus, multiple mechanisms converge in silencing pallial germinal activity early after birth. halt in glutamatergic neurogenesis shortly after birth, contrasting with the continuity of gabaergic neurogenesis throughout life.

Single-cell RNA-sequencing (scRNA-Seq) is a powerful approach to unravel the heterogeneity and dynamics of NSCs at distinct postnatal stages. For instance, prospective isolation of NSCs has been achieved by flow activated cell sorting of these cells based on the expression of selected markers [START_REF] Mizrak | Single-Cell Analysis of Regional Differences in Adult V-SVZ Neural Stem Cell Lineages[END_REF]. Microdissection of the lateral, ventral and medial V-SVZ followed by drop-seq have also been achieved [START_REF] Zywitza | Single-Cell Transcriptomics Characterizes Cell Types in the Subventricular Zone and Uncovers Molecular Defects Impairing Adult Neurogenesis[END_REF], providing insights into the transcriptional coding of NSCs competence and dynamics. Here, we aimed at complementing these previous studies by focusing on a so-far unexplored region of the V-SVZ, i.e. its dorsal compartment where NSCs of both the pallial and subpallial origin coexist (Fiorelli et al., 2015). Therein, we reveal the transcriptional hallmarks associated with the rapid closure of glutamatergic neurogenesis, while gabaergic neurogenesis persists. Most notably, we demonstrate that several mechanisms coordinate the rapid silencing of pallial NSCs. These include their transition into deep quiescence, their acquisition of subpallial traits, and finally a dysregulation in their differentiation efficiency.

A.3. Material and Methods

Animals and Ethics

Mice used in this study were OF1 wild type (Charles Rivers, France) and HopxCreERT2 [START_REF] Takeda | Interconversion Between Intestinal Stem Cell Populations in Distinct Niches[END_REF]. FACS. Viable cells (DAPI-and Hi Draq5+) were then sorted using BD FACS Aria sorter. 30 000 cells were collected per replicate in ice-cold PBS.

Single-cell RNA sequencing

Cell suspension (300 cells per µl) was added to 10x Genomics Chromium Single-Cell Controller (10x Genomics) to achieve 7000 encapsulated cells per replicate. The next steps for cDNA synthesis and library preparation were done following the manufacturer's instructions (chemistry V3). Libraries have been sequenced independently using the Novaseq 6000 platform (Illumina) in order to target 100k reads per cell. Cell Ranger version 3.0.1 was used to align reads on the mouse reference genome GRCm58 and to produce the count matrix.

Analysis of single-cell RNA-sequencing data

Quality control and filtering. We filtered 11 298 cells based on two-quality control criteria: the number of genes per cell and the fraction of counts from mitochondrial genes per cell. Cells with <2500 genes or >7500 and with >10% mitochondrial genes fraction were removed.

Clustering analysis. Filtering and Data analysis were performed using the R package Seurat (version 3.1) [START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF]. First, genes expressed in less than 3 cells were removed in each dataset. Gene expression was normalized using the standard Seurat workflow and the 2000 most variable genes were identified. Then, the 2 batches were integrated using the integration function of Seurat and anchor genes were scaled without any type of regression and used for PCA at 50 dimensions. We then performed preliminary clustering with permissive parameters to identify and remove low-quality clusters. We only removed one cluster of 19 cells that expressed fewer genes compared to average. The remaining cells were subjected to second-level clustering (20 PCs; resolution = 0.5) yielding 15 final clusters (full_identity), merged into 9 clusters (simplified_identity). The clusters were visualized in two dimensions using the RunUMAP() function (minimum distance = 0.3; n_neighbors = 30 L; UMAP.method = 'UMAP-learn'; metric = 'correlation'). We then performed differential expression analysis and categorized each cluster as one of the following major cell types. RNA Velocity. We predicted the direction of transcriptional changes using the RNA velocity framework, which estimates the gene expression dynamics from exonic and intronic expression. We first annotated spliced, unspliced and ambiguous reads using the run10x command (velocyto.py). RNA velocities were then predicted using the R package scVelo based on the 2000 most variable genes and 30 PCs and 30 neighbours. Estimated RNA velocities are represented on the UMAP with streamlines (scv.pl.velocity_embedding_stream). The direction of the arrows indicates the estimated future state of the current cells. Long arrows correspond to large gene expression changes. We determine RNA velocity using stochastic and dynamical models.

Differential expression analysis. To identify enriched genes, we performed a non-parametric Wilcoxon rank-sum test using the FindMarkers() function from Seurat. p-value adjustment is performed using bonferroni correction based on the total number of genes in the datasets. Genes with a p-value <0.05, at least 0.25 average fold change (log scale) and at least 25% cluster-specific detection (percentage of cells expressing a particular gene in a cluster) were defined as enriched genes for each cluster.

Cell cycle assignment.

For each cell, we computed a score based on its expression of G2/M and S phase markers; cells that express neither of these markers are likely not cycling or are in G0/G1 phase. The scoring strategy is described in [START_REF] Kowalczyk | Single-cell RNA-seq reveals changes in cell cycle and differentiation programs upon aging of hematopoietic stem cells[END_REF]. We used Seurat's implementation of this strategy in the CellCycleScoring() function.

Identification of differentially expressed genes. Identification of differentially expressed genes was based on the following criteria min.pct = 0.1, logfc.threshold=0.25.

Identification of transcription factors and transcriptional regulators. Differentially expressed genes were compared to gene sets "DNA Binding" (GO:0003677) et "Transcriptional activity" (GO:0140110).

Gene set enrichment. Over-representation analyses were performed using the R package "Cluster Profiler"

(https://guangchuangyu.github.io/2016/01/go-analysis-using-clusterprofiler/) [START_REF] Yu | clusterProfiler: an R package for comparing biological themes among gene clusters[END_REF]. DEG were extracted by using the following criteria (Logfc.threshold=0.25, min.pct=0.1).

GSEA [START_REF] Subramanian | Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles[END_REF] 

Combine gene expression score

We used AUCell to score cells based on the expression of sets of genes. For creating the "pallial" and "subpallial" scores, we used all cells identified in both lineages, to identify the score of individual cells, we normalized both "pallial" and "subpallial" scores to values between 0 (min) and 1(max). A value of 0 indicates equal contribution of both scores to the identity of the cell, a positive score (>0 to 1) reveals dominance of subpallial genes, while a negative score (<0 to -1) a dominance of pallial genes.

ClusterMap analysis

A correlative analysis was performed using the R package "ClusterMap". It provides a way for automatically and unbiasedly matching sub-groups based on a list of marker genes detected in the analysis. ClusterMap can generate circular graphs, called circos plots, between several datasets. It identifies the similarity of clusters, based on transcriptional similarities, and represents them as an arc linking one or more clusters together. First, the gene list for each sub-cluster in each sample is used to match the sub-cluster between samples. The file containing the gene list can be the direct output of the Seurat package's "FindAllMarkers" function. The arcs in the circos plot indicate the subgroups' relationships. The width of the gray or pink sectors represents the proportion of cells in each sample. Lastly, the degree of similarity between the matched groups is shown by the transparency of the hue of the arcs. Similarity is a measure of the percentage of overlapping genes between groups [START_REF] Gao | ClusterMap: compare multiple single cell RNA-Seq datasets across different experimental conditions[END_REF].

Integration of multiple datasets

Integration was done by identification of cells that are in the same biological state (anchors) using the function FindIntegrationAnchors() of the Seurat R package. The function IntegrateData() was then applied with the previous anchor set to perform dataset integration using the rpca (Reciprocal PCA) approach. The following datasets were used for integration: GSE123335 dataset corresponding to embryonic (E14.5) and neonatal (P0) pallium and overlying cortex [START_REF] Loo | Singlecell transcriptomic analysis of mouse neocortical development[END_REF]; GSE134918 dataset corresponding to P56 and P70 V-SVZ and olfactory bulb [START_REF] Mizrak | Single-Cell Profiling and SCOPE-Seq Reveal Lineage Dynamics of Adult Ventricular-Subventricular Zone Neurogenesis and NOTUM as a Key Regulator[END_REF].

Label retaining protocol

A single injection of BrdU (50mg/kg, i.p.) was made in pregnant mice at E14.5 or in newborn mice (P1, P3, P5). Mice were sacrificed at P21.

Histology and Immunostainings

Mice were sacrificed by an intraperitoneal overdose of pentobarbital followed by perfusion with Ringer's Lactate solution and 4% paraformaldehyde (PFA) dissolved in 0.1 M phosphate buffer (PB; pH 7.4). Brains were removed and postfixed for 12-48 hr at 4°C in 4% PFA and sectioned in 50-µm thick coronal serial sections. When necessary, antigen retrieval was performed for 20 min in citrate buffer (pH 6) at 80°C, then cooled for 20 min at room temperature and washed in 0.1 M PB. Immunostaining was performed as previously described (Donega et al., 2018;[START_REF] Zweifel | HOPX Defines Heterogeneity of Postnatal Subventricular Zone Neural Stem Cells[END_REF].

Blocking was done in TNB buffer (0.1 M PB; 0.05% Casein; 0.25% Bovine Serum Albumin; 0.25% TopBlock) with 0.4% triton-X (TNB-Tx). Sections were incubated overnight at 4°C with gentle shaking the following primary antibodies in TNB-Tx. The following primary antibodies were used for immunohistochemical procedures: Rabbit anti-Hopx (1:400; Santa Cruz; sc-30216); Goat anti-DCX (1:500; Santa Cruz; sc-8066); 

A.4. Results

Analysis of the postnatal dorsal V-SVZ by large-scale single cell profiling

To gain an in-depth overview of the cellular and molecular heterogeneity of the dorsal V-SVZ, we performed large-scale single-cell profiling from the microdissected dorsal wall of the V-SVZ at postnatal day 12 (Fig. 1A). Following quality control of independent replicates (Fig. S1A-H), we obtained the transcriptome of 11,279 cells (out of >15,000 raw cell counts) by scRNA-Seq using 10x Genomics protocol and high coverage (median of about 4,500 genes detected per cell).

Successful isolation of the dorsal V-SVZ cells were validated by the absence of cells expressing Nkx2-1 (0 cell), Nkx2-3 (0 cell), as well as by minimal expression of Vax1 (67 cells) [START_REF] Coré | Stem cell regionalization during olfactory bulb neurogenesis depends on regulatory interactions between Vax1 and Pax6[END_REF]. In sharp contrast, expression of more dorsal markers such as Msx1 (1,486 cells), Gsx2 (1,845 cells) and Emx1 (4,082)

was detected in a significant proportion of all cells (11.1%, 16.3% and 36.1%, respectively). Further evidence that our strategy was not contaminated by cells of ventral lineages is by virtue of the 4 genes (Rlbp1, Gm29260, Pax6, Dcc) recently identified to be confined throughout the dorsal lineage were consistently detected, whilst the 5 gold standard genes (Adgrl3, Slit2, Ptprn2, Rbms1, Sntb1) delineating the ventral lineage were consistently absent (Cebrian Silla et al., 2021) (Fig. S1I).

Downstream clustering revealed 15 distinct clusters (resolution 0.5, Fig. 1B), amongst which 12 corresponded to cells of the neural lineage. Cell clusters identified were annotated based on the detection of landmark cell type markers, alone (Fig. 1C, see also Fig. S1J-K) or in combination (Fig. 1D). Identification of quiescent NSCs (i.e. qNSCs) was based on the expression of Glast and Prom1 but the exclusion of Egfr and of the ependymal cell marker FoxJ1. Activated NSCs (i.e. aNSCs) were assigned by their expression of Egfr and Ascl1, but exclusion of Dlx1 and Dlx2, whereas transient-amplifying progenitors (TAPs) were defined by an elevated expression of these markers, but low expression of Sp8, Gad1 & Gad2. Finally, we used broad generic markers defining the neuroblast pools (NBs: Dcx, cd24a, and Nrxn3) as well as cells of the oligodendroglial lineage cells (OLglia, Pdgfra & Sox10), and concomitant high expression of S100b and Aqp4 for astrocytes (Astros) (Fig. 1C-D). These initial analyses identified qNSCs as the prime cohorts of cells captured in our datasets (52% of all cells), followed by aNSCs and TAPs (17% each). Ependymal cells (6.6%)

and Astros (5.4%) were lowly represented. The restricted proportion of oligodendroglia (1%) and neuroblasts (NBs) (0.5%), underlined the accuracy of our dorsal V-SVZ microdissection. Finally, few nonneural cell types were also present in our datasets (endothelial/mural cells, microglial cells, <0.5%) (Fig. 1E).

Altogether, these findings highlight the precision of our microdissection strategy for careful inspection of NSCs at distinct stages of activation, as well as of all their neural progenies, i.e. ependymal, neuronal and glial cells.

Lineage progression within the postnatal dorsal V-SVZ

We next generated a UMAP with simplified identity annotation for qNSCs, aNSCs and TAPs/NBs (all composed of 3 subclusters) to explore the transcriptional relationship between clusters. Quiescent and activated neural stem cells occupied the center of the UMAP plot, while ependymal cells and neuronal and glial cells appeared as separated clusters in the periphery (Fig. 1F, see also Fig. S2). In order to gain insights into the major metabolic processes which define the subpopulation of NSCs and their progeny, the top 20 genes associated with previously known markers reflecting state transitions along the neurogenic lineage were overlaid onto the plots (Llorens-Bobadilla et al., 2015). This confirmed the identification of major cell types and revealed parallels with the adult V-SVZ, including: 1) the association of dormancy with elevated glycolytic rates and lipid metabolism in qNSCs [START_REF] Knobloch | Metabolic control of adult neural stem cell activity by Fasn-dependent lipogenesis[END_REF]; 2) the correlation of ribosomal transcripts with NSC activation; and 3) the rapid sequence of cell cycle initiation, mitosis and neuronal differentiation in TAPs and NBs (Fig. S3A-B). Similar Biological Processes (BPs) were highlighted by an overrepresentation analysis performed on genes up-and down-regulated at transitions between these differentiation stages (Fig. S3C). This analysis highlighted the gradual downregulation from qNSCs to TAPs/NBs of genes involved in pluripotency, gliogenesis, as well as glycolytic metabolism, and the inversely correlated upregulation of genes involved in ribosome biogenesis and mitosis (Fig. S3D).

We next assessed the cell lineage progression within our datasets by performing non-supervised RNAvelocity lineage trajectory reconstruction (La [START_REF] Manno | RNA velocity of single cells[END_REF]. In contrast to adult V-SVZ neurogenesis, in which the generation of olfactory neuronal subtypes initiates from qNSCs (Llorens-Bobadilla et al., 67 2015), postnatal aNSCs were the major pool from which multiple trajectories emerged projecting towards 1) qNSCs, 2) astrocytes and oligodendroglia, and 3) TAPs/NBs (Fig. 1G).

Thus, although important similarities can be observed in the NSC differentiation stages and metabolic machinery between postnatal and adult V-SVZ, important differences exist in lineage progression and entry into quiescence between its dorsal and lateral subregions.

Legend on next page

aNSCs are heterogeneous and primed for lineage differentiation

To further understand aNSCs molecular states, we performed a sub clustering analysis. This revealed four different clusters of aNSCs, which were clearly segregated in a UMAP plot (Fig. 2A-B), with aNSC3 spatially corresponding to the "starter cell population" identified in the RNA-velocity analysis (see asterisk location in Fig. 1G). To determine the main biological differences between aNSC clusters, we performed Gene Ontology (GO) analysis on genes enriched in each cluster (aNSC1:522 genes, aNSC2:337 genes, aNSC3:504 genes, aNSC4:525 genes). Genes related to "proliferation" (GO:0006260, GO:0044770, GO:0006281) were amongst those most highly associated to aNSC3, while terms related to "development" (GO:0021537, GO:0030900, GO:0021987), "differentiation" (GO:0010001, GO:0045685, GO:0048709) and "gliogenesis"

(GO:0042063) were enriched in aNSC1, aNSC2 and aNSC4 (Fig. 2C).

To gain further insights into this central aNSC3 population (569 cells), we performed additional sub clustering at higher resolution, producing 6 further clusters. Analysis of the differential expression of key transcription factors (TFs) among these clusters (Fig. 2D &E) supported that the aNSC3 cluster is composed of a mixture of cells primed for differentiation into different lineages, rather than a homogeneous population of multipotent NSCs. In particular clusters 3 and 5 expressed TFs associated with oligodendrogenesis (e.g. Olig1/2), while clusters 11 and 7 expressed TFs associated with neurogenesis (i.e.

Dlx2 and Neurog2, respectively). Interestingly, TFs defining pallial and subpallial lineages segregated across clusters 7/10 and 8/11 respectively, demonstrating the coexistence of both lineages within our datasets (Fig. 2E). Expression of markers for either pallial (Emx1, Neurod1, Neurod6, Neurog2, Tbr1, i.e. 3862 cells)

and subpallial markers (Gsx2, Dlx5, Sp9, Dlx2, Gad1, i.e. 2452 cells) lineages), confirmed the coexistence of two spatially segregated lineages within aNSCs (Fig. 2F), but also more broadly throughout the entire datasets (Fig. 2G). Furthermore, quantification of the proportion of Emx1 and Gsx2 cells contributing to defined cell types, revealed a differential contribution of both lineages (Fig. 2H): while astrocytes expressing pallial (Emx1) and subpallial (Gsx2) markers were observed in equal proportions (23% and 18%, respectively), ECs mainly expressed Emx1 (49% vs. 14% Gsx2), whereas OLs and TAPs/NBs mainly expressed the subpallial marker Gsx2 (22% and 68%, respectively, compared to 5% and 36% expressing Emx1). Further, comparison of qNSCs/aNSCs and TAPs/NBs respective proportions between both lineages reveal profound differences (Fig. 2I). Within the subpallial lineage (i.e. Gsx2-positive), TAPs/NBs were predominant (i.e. 47% of the cells, compared to 21% for aNSCs and 31% for qNSCs). In sharp contrast, qNSCs were predominant within the pallial lineage (i.e. 72% of all cells, with aNSCs and TAPs representing only 14% of all cells) (Fig. 2H-I).

This analysis further highlighted the existence of a population of cells expressing both pallial and subpallial markers (referred hereafter as "Dual cells", Fig. 2F-G). These cells were mostly observed within the neuronal lineage (i.e. qNSCs, aNSCs, TAPs and NBs), while they were consistently absent from ECs, astrocytes and oligodendrocytes. Their averaged RNA content was comparable to pallial and subpallial cells, and the vast majority of these cells (>90%) were confirmed not to be doublets by "scDblFinder" and "doubletfinder" analysis (Fig. S4A). Further, within the neuronal lineage, the proportion of dual cells increased from qNSCs (2.8%), to aNSCs (7%) to culminate within the TAPs/NBs (8%) (Fig. S4B), suggesting that expression of subpallial markers increases during neuronal differentiation. Finally, cluster tree analysis revealed a gradual shift from a pallial to subpallial identity as neurogenesis proceeds (Fig. S4C), further supporting that at least some pallial NSCs acquire subpallial progenitor markers at postnatal ages. To confirm the existence of pallial NSCs acquiring subpallial progenitor markers, we electroporated pallial NSCs at E15.5 with transposon GFP plasmids to permanently label and follow their fate at postnatal times (Fig. 2J-L). Immunostaining for Gsx2 at P12 confirmed the emergence of a population of pallial cells expressing subpallial markers (Fig. 2M). In addition, colocalization of Dlx2 and/or GAD67::GFP with Tbr2 confirmed that co-expression was not restricted to NSCs, but also includes TAPs/NBs (Fig. 2N).

Altogether, these results highlight the coexistence of cells presenting cardinal features of pallial and subpallial lineages, with a subpopulation presenting mixed features of pallial and subpallial lineages within the postnatal dorsal V-SVZ. Further, our results suggest profound differences in the dynamic of these two lineages, with most pallial cells entering quiescence, while subpallial cells produce a large population of TAPs/NBs.
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Quiescent NSCs are produced at postnatal stages within the dorsal V-SVZ

We next aimed at confirming the postnatal generation of qNSCs within the dorsal V-SVZ. To this end, we first integrated our datasets with those of E14.5 and P0 pallial cells [START_REF] Loo | Singlecell transcriptomic analysis of mouse neocortical development[END_REF] (Fig. 3A).

Differentiated mature cells present in both datasets (i.e. microglial cells, endothelial cells and astrocytes) overlapped extensively, validating the robustness of the integration (Fig. 3B). Further, significant overlaps were observed for aNSCs/TAPs with progenitor/cycling cell populations, a fraction of TAPs/NBs, and cortical neurons revealing strong transcriptional similarities among these datasets. TAPs/NBs separated in two trajectories corresponding to cortical inhibitory and excitatory neurons, with these cells being rather rare in our datasets due to our microdissection procedure restricted to the dorsal V-SVZ (Fig. S4D-E).

Remarkably, in sharp contrast to extensive overlaps in all other cell clusters, qNSCs were only observed within our datasets supporting their postnatal emergence (Fig. 3B). This was further supported by a ClusterMap analysis highlighting significant similarities in gene expression between all aforementioned cell types, while on the other hand, qNSCs from our datasets were entirely segregated from cell types present within the pallium at E14 or P0 (Fig. 3C). To confirm the postnatal generation of qNSCs within the dorsal V-SVZ, we used a label-retaining protocol. At P20, label-retaining progenitors expressing the NSC marker Sox2, but not the ependymal marker S100b, were only observed following BrdU pulses at postnatal times, but not at embryonic stages, thereby confirming the postnatal appearance of qNSCs (Fig. 3D).

Interestingly, qNSCs emerged through distinct aNSCs populations. Indeed, whilst significant overlap of aNSC3 with RGs from the Loo et al. datasets was observed, additional aNSCs subpopulations appear to bridge aNSC3 with other clusters. While aNSC2 linked aNSC3 with astrocytes, aNSC1 and aNSC4 appeared to bridge aNSC3 with qNSCs through two divergent trajectories suggesting the divergent production of pallial and subpallial qNSCs populations (Fig. 3E, see also velocity analysis of pallial and subpallial lineages in Fig. S4F-H). We extracted DEGs at each transition stage for these two trajectories, and using them for GSEA analysis, we identified gene sets based on 3 criteria: 1) similar expression within both trajectories, 2) predominance in the subpallial trajectory, 3) predominance in the pallial trajectory. Only a limited number of gene sets showed a similar induction within both trajectories, among which gene ontologies related to extracellular matrix (ECM) receptor interaction (KEGG:M7098), as well as detection of biotic stimuli (GO:0009595, GO:0098581), reflecting the increased anchorage of qNSCs within the niche and interaction with their microenvironment (Codega et al., 2014). Similarly, genesets related to inflammation (Hallmark:M5932) and regulation of cell killing (GO:0031343) were equally upregulated implying that at least a fraction of qNSCs may undergo cell death. Genes showing specific upregulation within the subpallial trajectory were more numerous and often associated with biological functions important for NSCs homeostasis. For example, these included multiple gene sets related to cell adhesion (« GO:0034110 regulation of homotypic cell-cell adhesion » , « GO:0098742 cell-cell adhesion via plasma-membrane adhesion molecules ») (Codega et al., 2014), cilium biology (GO:0003341 cilium movement) [START_REF] Tong | Primary cilia are required in a unique subpopulation of neural progenitors[END_REF] ), fatty acid metabolism ( « GO:0006631 fatty acid metabolic process », « GO:0001676 long-chain fatty acid metabolic process », « GO:0033559 unsaturated fatty acid metabolic process » [START_REF] Knobloch | Metabolic control of adult neural stem cell activity by Fasn-dependent lipogenesis[END_REF], synaptic transmission (« GO:0007271 synaptic transmission, cholinergic », « GO:0035249 synaptic transmission, glutamatergic »), and vasculogenesis (Lange et al., 2016) (GO:0001570 vasculogenesis). In sharp contrast, only a few genesets were specifically enriched in the pallial trajectory. The most noticeable was the "hallmark of TGFβ signalling" (Hallmark:M5896), which was downregulated in subpallial cells, while constantly increasing with the pallial lineage (Fig. 3F). We thus investigated the source and nature of TGFβ signalling, by exploring the pattern of expression of TGFβ ligands and receptors, as well as their dynamic expression by pseudotime. Our analysis detected Bmp4 and Gdf5 as putative TGFβ ligands expressed by OLs and qNSCs themselves and identified Bmpr1a as a likely receptor in integrating TGFβ signalling in the pallial lineage (Fig. 3G).

Pallial NSCs undergo deep quiescence and are characterized by Hopx expression and transcriptional repression

To identify the differences between pallial and subpallial qNSCs (qNSC1 and qNSC2, respectively, Fig. 4A & S5A), we performed DEGs analysis. Focusing on TFs, we confirmed that qNSC1 expresses higher pallial marker identity such as Emx1, as well as of the transcriptional regulators Hopx, and the Id protein family (Fig. 4B-C &S5B). This correlated with an overall reduced transcriptional activity, as reflected by a reduction of 12% in the number of genes detected in qNSC1, when compared to qNSC2 (i.e. 3762 vs. 4276 genes, respectively, Fig. S5C). In contrast, qNSC2 showed exclusive expression of subpallial markers including Gsx2, as well as higher expression of Rorb, Eno1 and Six3, which have previously been associated with progenitor proliferation (Appolloni et al., 2008) (Fig. 4C & Fig. S5B). The enriched expression of Hopx in pallial qNSCs (qNSC1) is of particular interest given its involvement in integrating TGFβ signalling in other systems [START_REF] Jain | HEART DEVELOPMENT. Integration of Bmp and Wnt signaling by Hopx specifies commitment of cardiomyoblasts[END_REF], together with its previously reported expression in the postnatal dorsal V-SVZ [START_REF] Zweifel | HOPX Defines Heterogeneity of Postnatal Subventricular Zone Neural Stem Cells[END_REF] as well as in adult qNSCs (Codega et al., 2014). We took advantage of HopxCreERT2 mice to fate map pallial qNSCs at postnatal stages and confirmed the presence of Sox2(+) qNSCs within the SVZ at P3, that were negative for the ependymal marker FoxJ1 (Fig. 4D), and their persistence until at least 3 weeks after birth (P21, Fig. 4E-F) within the SVZ. Furthermore, BrdU injection, as well as immunodetection of proliferation markers (Mcm2) confirmed that most fate-mapped cells quickly exited the cell cycle and remained quiescent (Fig. 4G). (GO:0043433), "negative regulation of cell development" (GO:0010721) and "TGFβ signaling pathway"

(GO:0007179). In sharp contrast, Hopx low expressing cells expressed genes involved in "stem cell differentiation" (GO:0048863), "cell maturation" (GO:0048469), and various metabolic pathways, suggesting primed activation (Fig. 4H) Such primed activation was further supported by a higher number of detected genes when compared to Hopx high cells (Fig. S5E) as well as by a GSEA analysis, showing that, while no gene sets were associated to Hopx high cells, gene sets important for NSCs activation were associated with Hopx low expressing cells. In particular, they included "mitochondrial biogenesis", "lipid metabolism", "fatty acid metabolism", all defining early stages of NSCs activation (Fig. 4I). In addition, markers of deep G0 phase (cell cycle inhibitor p27) were enriched in qNSC1 compared to qNSC2, further supporting the state of deep quiescence of those cells (Marqués-Torrejón et al., 2021)(Fig. S5F). In contrast markers of shallow quiescence (e.g. Cd9) were enriched in qNSC2, paralleled by the enriched expression of markers of activation (Six3, Egfr, Fig. S5G), as well as of Vcam1, a protein acting as an environmental sensor to regulate V-SVZ lineage progression (Kokovay et al., 2012), and Cpt1a, previously shown to be involved in regulating NSC activity, through the activation of fatty acid metabolism [START_REF] Knobloch | A Fatty Acid Oxidation-Dependent Metabolic Shift Regulates Adult Neural Stem Cell Activity[END_REF].

Altogether these results highlight the emergence of two qNSCs populations within the postnatal dorsal V-SVZ. Notably, a large cohort expressing pallial genes and persistent TGFβ signalling enters deep quiescence, whereas conversely, a smaller pool expressing subpallial genes remains primed for activation. we named GLU1 to 4 and GABA1 to 4 (Fig. 5A).

Additional integration of these cells with those derived from the isolated postnatal OB [START_REF] Mizrak | Single-Cell Profiling and SCOPE-Seq Reveal Lineage Dynamics of Adult Ventricular-Subventricular Zone Neurogenesis and NOTUM as a Key Regulator[END_REF], resulted in a clear overlap with cycling cells, and two trajectories towards neuronal populations generated postnatally by the dorsal V-SVZ (Fig. 5B). The first trajectory corresponded to the GLU's lineage in close proximity with periglomerular (PG) glutamatergic neurons, whose generation persists during postnatal development, albeit at a waned pace (Brill et al., 2009;Winpenny et al., 2011), whereas the second GABA lineage trajectory projected towards granular cells and periglomerular CR+/TH+ interneurons (Fig. 5B-C). Intriguingly, both lineages were markedly heterogeneous in size, reflected in the 2.5-fold greater densities in gabaergic vs. glutamatergic lineages. Upon the closer inspection of the enrichment of cell cycle stage markers, interestingly, all GABA subclusters corresponded to cycling cells, suggesting sustained amplification, whereas some GLU cells had exited cell cycle (i.e. GLU4), to become postmitotic (Fig. 5D).

To gain insights into the transcriptional differences observed between proliferating cells of both lineages we used the gene sets defining cells of the pallial and subpallial lineages (see material and methods) to calculate a composite AUC score (Aibar et al., 2017) for both cycling GLU and GABA cells trajectories. When superimposed onto the pseudotime, this score showed a gradual increase subpallial score for GABA cells (Fig. 5E & Fig. S6B). Remarkably, this increase was also observed for GLU cells, further supporting the gradual acquisition of subpallial traits by differentiating GLU cells (Fig. 5F). We completed these results by identifying DEG between cycling GABA and GLU cells. An over-representation analysis revealed key biological processes as differentially regulated between GABA and GLU cells. GO categories associated with mitosis (e.g. "mitotic sister chromatid segregation" (GO:0000070); "chromosome segregation"

(GO:0007059); "positive regulation of cell cycle" (GO:0045787), as well as "forebrain neuron differentiation" (GO:0021879) and "regulation of axonogenesis" (GO:0050770), appeared within the top enriched categories in GABA cells (Fig. 5G). In contrast, several GO categories related to "negative regulation of cell development", "negative regulation of neurogenesis" and "negative regulation of nervous system development" were enriched in GLU cells (Fig. 5H). These results are in line with the sustained expression of transcriptional repressors (i.e. Id1, Id2, Zhx2; Fig 5I), as well as with the higher expression of anti-proliferation and negative regulator of cells growth genes (i.e. Btg2 and Ppp2r2b, respectively) in GLU cells (Fig. 5I). Consequently, GLU cells showed no sustained amplification, reflected by the clear absence of Dcx and Ki67 concomitant expression, when compared to GABA cells (Fig. 5J). Finally, marked differences were observed in the expression of genes involved in neuron migration, including Slit1

and Arx (Fig. 5K), whose expression was restricted to GABA cells, suggesting pronounced differences in tangential migration immediately following their genesis in the dorsal V-SVZ.

Altogether, our findings highlight key transcriptional differences in the two postnatally-derived dorsal lineages characterised by major transcriptional differences in genes associated with proliferation, migration, and differentiation, contributing to the rapid postnatal closure of pallial glutamatergic neurogenesis.

A.5. Discussion

While the closure of glutamatergic neurogenesis was believed to mainly rely on a neurogenic-to-gliogenic switch, a recent clonal study has revealed that a large number of RGs do not undergo this switch (Gao et al., 2014). Here, we used scRNA-Seq and histological analysis of the dorsal V-SVZ to investigate at the cellular-level changes occurring in the dorsal most region at early postnatal ages. Identification and direct comparison of pallial and subpallial cell lineages within this germinal region reveal transcriptional hallmarks associated with pallial NSCs entrance into deep quiescence, their acquisition of subpallial traits, and dysregulation in their differentiation efficiency, that all converge onto a rapid closure of postnatal glutamatergic neurogenesis.

A large population of aNSCs is observed within our dataset, illustrating the sustained germinal activity observed within this region at early postnatal time points (Azim et al., 2012). We could observe an early fate priming of these cells, as illustrated by their clear segregation in cell clusters expressing TFs known to instruct neurogenesis, astrogenesis and oligodendrogenesis. Further, our results support the co-existence of both unipotent and bipotent NSCs, as reflected by the co-expression of neurogenic and oligodendrogenic TFs (e.g. Tbr2 and Olig2, not shown) in some aNSCs and TAPs. These observations are in line with the early priming of adult NSCs (Llorens-Bobadilla et al., 2015), as well as with recent clonal fatemapping studies within the postnatal V-SVZ [START_REF] Figueres-Oñate | Lineage Tracing and Cell Potential of Postnatal Single Progenitor Cells In Vivo[END_REF]. Thus, while at the population level, NSCs appear to act in a rather homogeneous manner, analysis at the single-cell level reveals a level of unsuspected heterogeneity. A. UMAP plot with identity of GLU (deep red gradient) and GABA (turquoise gradient) TAPs/NBs subclusters. B. Integration of current dataset with previously published dataset of postnatally born olfactory bulb neurons (GSE134918, gray). Annotated UMAP depicting the identity of both datasets cell types. Only clusters from the current dataset are colored. See legend in A for cluster identity. C. UMAP plot of integrated datasets with identity of GLU (red), GABA (blue) and Dual (yellow) cells depicted. Not the presence of two trajectories contributing to GABAergic and glutamatergic olfactory bulb neurogenesis. D. Feature plot indicating cycle phase, S.Score and G2M.Score of GLU and GABA cells. E-F. AUC score analysis during GLU (E) and GABA (F) cells differentiation (i.e. pseudotime). G-H. Bar plots of significantly over-represented Gene Ontology (GO) terms, selected among the top20 categories, identified by over-representation analysis using genes enriched in GABA cells (G) or GLU cells (H). I. Violin plots illustrating selected genes from representative Gene Ontology (GO) terms over-represented in GLU cells. J. UMAP plots comparing the timing of expression of the cell cycle marker Ki67 (green) and the neuroblast marker Dcx (red). Note the pronounced overlap in GABA cells only. K. Feature plots illustrating differential expression of migration associated transcripts between GLU and GABA cells.

Remarkably, RNA velocity reveals several trajectories emerging from aNSCs, the most noticeable driving them toward quiescence. Thus, although major transcriptional differences between the dorsal and lateral V-SVZ have been shown by previous studies (Azim et al., 2015(Azim et al., , 2017)), our work highlights novel important differences in NSCs dynamics, in particular in the timing of induction of their quiescence. Indeed, while original studies have pointed out an embryonic origin of adult NSCs (i.e. "set-aside" model, (Fuentealba et al., 2015;Furutachi et al., 2015), our results indicate that this rule does not apply to the dorsal V-SVZ.

Indeed, both our transcriptomic and histologic analyses reveal an entrance into quiescence at perinatal age. These conclusions are in line with fate mapping of embryonically born qNSCs in the H2B-GFP mouse following E9.5 induction, which revealed that GFP retaining cells are observed within the lateral, but not the dorsal most regions of the juvenile V-SVZ (Furutachi et al., 2015). Similarly, our results confirm that BrdU injection at E14.5 results in the detection of numerous positive cells within the lateral and ventral V-SVZ (data not shown), while no cells are observed within the dorsal V-SVZ (Fuentealba et al., 2015). Thus, while a population of qNSCs appears to diverge from embryonically active ones within the ganglionic eminence and to persist at postnatal ages in the lateral and ventral V-SVZ, those from the dorsal V-SVZ enter quiescence around birth, in line with a "continuous model" recently proposed within the hippocampus (Berg et al., 2019). Knowing the importance of the tight regulation of qNSCs/aNSCs balance in maintaining germinal activity, it is tempting to speculate that this temporal difference result in distinct states of germinal activity sustainability within the SVZ. Thus, while NSCs derived from the subpallium remain germinally active in producing various olfactory bulb interneurons throughout life, NSCs derived from the pallium declines rapidly in their capacity to produce glutamatergic periglomerular cells (Brill et al., 2009;Winpenny et al., 2011), then CR+ interneurons (Kohwi et al., 2007), possibly through their rapid exhaustion or induction of irreversible quiescence.

NSCs expressing pallial or subpallial markers coexist within the postnatal V-SVZ dorsal domain, allowing for the first time, their direct comparison. Interestingly, distinct levels of quiescence characterize these two cell populations. Indeed, parallel comparison of pallial and subpallial quiescence trajectories, reveals the synchronized and persistent expression in subpallial qNSCs of genes involved in biological functions known to be important for germinal activity maintenance. For instance, genes involved in ECM reorganisation and regulation of cell adhesion, are observed within subpallial qNSCs, in agreement with the importance of NSCs interactions with their microenvironment in regulating quiescence/activation balance (Codega et al., 2014;[START_REF] Kazanis | Quiescence and Activation of Stem and Precursor Cell Populations in the Subependymal Zone of the Mammalian Brain Are Associated with Distinct Cellular and Extracellular Matrix Signals[END_REF]. This is illustrated by the marked enrichment of Vcam1 which was shown to act in adult NSCs induction and maintenance (Hu et al., 2017;Kokovay et al., 2012).

Although also observed at the early stages of the pallial qNSCs trajectory, these gene sets appear to gradually vanish from pallial NSCs, suggesting their gradual loss of anchorage within the ECM and progressive isolation from both the vasculature and CSF. This is supported by our observation that most pallial qNSCs (Hopx-derived Sox2+/BrdU-, see below) can be seen at P21 at some distance from the ventricular lumen as well as in rostral SVZ regions, where the ventricle has collapsed. Deeper quiescence is further supported by multiple observations, including a reduced level of P27 (Cdkn1b) and Egfr expression, which defines acquisition of a primed GO state (Marqués-Torrejón et al., 2021) and entrance in proliferation [START_REF] Pastrana | Simultaneous prospective purification of adult subventricular zone neural stem cells and their progeny[END_REF], respectively.

Our results highlight Hopx as a marker of pallial qNSCs. Interestingly, Hopx was identified as a quiescent stem cell marker in intestines [START_REF] Takeda | Interconversion Between Intestinal Stem Cell Populations in Distinct Niches[END_REF] and hematopoietic stem cells [START_REF] Lin | Knock-out of Hopx disrupts stemness and quiescence of hematopoietic stem cells in mice[END_REF] in mice, as well as in dentate gyrus NSCs (Berg et al., 2019), another region of postnatal glutamatergic neurogenesis. The restricted Hopx expression within pallial NSCs allowed us to fate map those cells at early postnatal stages (P1). Interestingly, at this early stage, a large proportion of Hopx+ cells are nonproliferative as revealed by the absence of BrdU incorporation. Further, at least a portion of those cells persist within the dorsal V-SVZ for at least 3 weeks after birth (our observations) and probably later (see for example [START_REF] Silla | Single-cell analysis of the ventricular-subventricular zone reveals signatures of dorsal & ventral adult neurogenesis[END_REF]). Interestingly, Hopx transcripts remain detectable within adult qNSCs where they show a >33-fold enrichment when compared to aNSCs (Codega et al., 2014). Fate mapping of Hopx-expressing cells at 2 months results in no neurons being labelled in the OB (Li et al., 2015), further supporting deep, irreversible quiescence. It is unclear if Hopx contributes directly to the induction of deep quiescence. Indeed, a comparative GSEA analysis of Hopx high and Hopx low qNSCs fails to reveal significant gene set induction in Hopx high cells, while its low expression correlates with priming for activation, as reflected by induction of ribosomal and mitochondrial biogenesis transcripts. Thus, while

Hopx knock-out disrupts stemness and quiescence of hematopoietic stem cells in mice [START_REF] Lin | Knock-out of Hopx disrupts stemness and quiescence of hematopoietic stem cells in mice[END_REF], its role is likely to be more complex within the postnatal V-SVZ. Indeed, previous experiments aimed at investigating the consequences of Hopx gain of function and loss of function within the postnatal V-SVZ, failed to demonstrate a marked effect on germinal activity, although induction of quiescence was not investigated [START_REF] Zweifel | HOPX Defines Heterogeneity of Postnatal Subventricular Zone Neural Stem Cells[END_REF].

The molecular mechanisms underlying Hopx+ NSCs quiescence appear to be at least partially related to regulation of TGFβ versus Wnt-signalling. Hopx has been shown to modulate primitive hematopoiesis by inhibition of Wnt-signalling [START_REF] Palpant | Chromatin and Transcriptional Analysis of Mesoderm Progenitor Cells Identifies HOPX as a Regulator of Primitive Hematopoiesis[END_REF], and modulation of TGFβ/Wnt-signalling by Hopx has been shown to occur in the developing heart [START_REF] Jain | HEART DEVELOPMENT. Integration of Bmp and Wnt signaling by Hopx specifies commitment of cardiomyoblasts[END_REF], as well as during endothelial development and primary hematopoiesis [START_REF] Palpant | Chromatin and Transcriptional Analysis of Mesoderm Progenitor Cells Identifies HOPX as a Regulator of Primitive Hematopoiesis[END_REF]. Interestingly, our transcriptional results suggest a persistent activation of TGFβ-signalling in pallial qNSCs. Further, the transcriptional profile of pallial qNSC resembles those of NSCs exposed to BMP4 in vitro, which in the absence of FGF2 result in induction of deep quiescence (Marqués-Torrejón et al., 2021;[START_REF] Mira | Signaling through BMPR-IA regulates quiescence and long-term activity of neural stem cells in the adult hippocampus[END_REF]. BMPs belong to the superfamily of TGFβ cytokines and exert a plethora of effects in the nervous system, ranging from dorsoventral patterning and neurogenesis to gliogenesis [START_REF] Chen | Concise review: bone morphogenetic protein pleiotropism in neural stem cells and their derivatives--alternative pathways, convergent signals[END_REF]. Thus, TGFβ-signalling may play a pleiotropic role in pallial lineage germinal activity closure, by acting in both astrogenesis in concert with JAK-STAT signalling [START_REF] Nakashima | Synergistic Signaling in Fetal Brain by STAT3-Smad1 Complex Bridged by p300[END_REF] and induction of deep quiescence for cells of the pallial lineage. Our observation that stemness transcripts are retained, while GFAP expression remains absent at P21 in the Hopx progeny within the SVZ, suggests BMP signals do not drive terminal astrocyte differentiation, but rather impose quiescence in at least a fraction of pallial NSCs (Marqués-Torrejón et al., 2021). This is in line with a role of TGFβ-signalling in regulating the temporal identity and potency of NSCs in other regions of the CNS, such as the hindbrain [START_REF] Dias | Tgfβ signaling regulates temporal neurogenesis and potency of neural stem cells in the CNS[END_REF] and the retina [START_REF] Kim | GDF11 Controls the Timing of Progenitor Cell Competence in Developing Retina[END_REF]. Identification of TGFβ family members and receptors within the dorsal SVZ niche, suggests that BMP4 and 5 are involved, which are secreted by OPCs/newly-formed OLs and NSCs themselves, respectively (Azim et al., 2017). Furthermore, an enrichment for Bmpr1a expression is observed in pallial qNSCs. Bmpr1a is responsible for triggering the canonical BMP pathway by phosphorylating the SMAD1 protein, which translocation is associated with the upregulation of target genes, such as Id1-4 [START_REF] Mira | Signaling through BMPR-IA regulates quiescence and long-term activity of neural stem cells in the adult hippocampus[END_REF], all of which show higher expression in pallial NSCs and are known to block the action of pro-differentiation bHLH transcription factors (Blomfield et al., 2019). This elevated expression of several inhibitors of transcription, correlates with a mild reduction in their transcriptional activity, possibly by the recruitment of class I histone deacetylases as observed in other tissues [START_REF] Trivedi | Hopx and Hdac2 Interact to Modulate Gata4 Acetylation and Embryonic Cardiac Myocyte Proliferation[END_REF].

Although the entrance of pallial NSCs in a state of deep quiescence may solely explain the silencing of pallial germinal activity early after birth, other mechanisms appear to participate in the rapid decline of postnatal glutamatergic neurogenesis. This is suggested by the observation of a significant number of dual cells, co-expressing markers of both the pallial and subpallial lineages, within our dataset. These cells are not doublets as revealed by their comparable average gene expression as well as by "scDblFinder" and "doubletfinder" analyses. Our fate mapping of E14.5 pallial NSCs rather suggests that some of these cells acquire subpallial traits at postnatal timepoints. This "identity" switch is further supported by our transcriptional and histological observations of frequent TAPs and nascent neurons co-expressing pallial (i.e. Eomes/Tbr2) and subpallial markers (Dlx2, Gsx2, and Gad2), as suggested previously [START_REF] De Chevigny | Dynamic expression of the pro-dopaminergic transcription factors Pax6 and Dlx2 during postnatal olfactory bulb neurogenesis[END_REF]. These findings are in line with recent results (Zhang et al., 2020), and were proposed to depend on Shh-signalling which activity has been demonstrated to rise in the dorsal V-SVZ at postnatal stages where it participates to oligodendrogenesis [START_REF] Tong | A Dorsal SHH-Dependent Domain in the V-SVZ Produces Large Numbers of Oligodendroglial Lineage Cells in the Postnatal Brain[END_REF]. Interestingly, similarly to our observations, loss of Gli3-mediated Shh repression during development results in ventralization of the cerebral cortex, with genes normally expressed in the cerebral cortex (including Emx1) being lost, while genes associated with ventral and GABAergic neuronal identities (including Gsx2 and Dlx2) being expressed in the dorsal telencephalon (Rallu et al., 2002;Theil et al., 1999). This "reprogramming" of pallial NSCs correlates with the demonstration of a subpopulation of olfactory bulb gabaergic neurons deriving from Emx1 progenitors at postnatal ages (Kohwi et al., 2007). Finally, our results suggest that this "reprogramming" is incomplete, with a subpopulation of TAPs and nascent neurons presenting a clear glutamatergic identity. We have previously demonstrated the persistence of these cells within the dorsal V-SVZ by both Eomes immunostaining and fate mapping of Neurog2-expressing cells (Azim et al., 2012(Azim et al., , 2014;;Donega et al., 2018). Their transcriptional comparison with surrounding gabaergic TAPs/nascent neurons reveal a reduced proliferative capacity, as well as a failure of expression of genes necessary for tangential migration toward the OB. This is in line with our previous results showing a dysregulation of Glu progenitor proliferation and differentiation, which we have previously characterised (Donega et al., 2018).

Altogether, our results represent the first characterisation of the postnatal dorsal SVZ by scRNA-Seq. By allowing a direct comparison of pallial and subpallial cell lineages, our work shed new light on the multiple events that ultimately result in the rapid closure of the period of glutamatergic neurogenesis while gabaergic neurogenesis persists throughout life. A. Violin plot and histograms show the distribution of the number of genes expressed by the 8'617 cells captured from microdissected dSVZ during experiment 1. B. Cells to be analyzed are selected based on the following criteria: percent.mt<10% and number of genes expressed >2000 & <8000 (see blue box). C. Summary of selected cells (experiment 1) metrics used for subsequent analysis. D. Violin plot and histograms show the distribution of the number of genes expressed by the 6'400cells captured from microdissected dSVZ during experiment 2. E. Cells to be analyzed are selected based on the following criteria: percent.mt<10% and number of genes expressed >2000 & <8000 (see blue box). F. Summary of selected cells (experiment 2) metrics used for subsequent analysis. A. Umap with simplified identity annotation qNScs, aNSCs and TAPs/NBs are all composed of 3 subclusters. B.

Feature plots of markers used to define cell types. Percentage of expression of top 20 genes associated with previously known markers reflecting state transitions along the neurogenic lineage (Llorens-Bobadilla et al., Cell Stem Cell, 2015). Dormancy is associated with high glycolytic and lipid metabolism. Lipogenesis has recently emerged as a key metabolic pathway in hippocampal NSC maintenance [START_REF] Knobloch | Metabolic control of adult neural stem cell activity by Fasn-dependent lipogenesis[END_REF]. qNSCs share many markers (i.e., Aldh1l1 and Gjb6) and molecular features (i.e., high glycolytic activity). C. Gene ontology and pathway analyses on "generic genes" allowing transition between qNSCs, aNSCs and their progeny (TAPs and neuroblasts). D. Select genes from regulated gene sets illustrating the dynamics of gene expression during differentiation progression. Note the persistent downregulation of genes involved in gliogenesis as well as Glycolytic metabolism to allow differentiation progression. 

B.2. Introduction

During development neural stem cells (NSCs) generate the cellular diversity of the central nervous system in a strict spatial and temporal manner. NSCs localized within the most dorsal periventricular domain, named pallium, produces the vast majority of cortical cells, including all glutamatergic neurons (corresponding to 80% of cortical neurons) as well as glial cells (oligodendrocytes and astrocytes). Cortical cells are produced in sequential waves initiating at embryonic day (E) 12, and extending to the perinatal period (Molyneaux et al., 2007;Kwan et al., 2012). First pallial NSCs produce cortical neurons in an insideout manner, with deep layer neurons produced first, followed by upper layer neurons. In mice, it is classically accepted that cortical neurogenesis stops around E17 and that, at this time, NSCs switch their competence to produce glial cells [START_REF] Li | GSK3 temporally regulates neurogenin 2 proneural activity in the neocortex[END_REF]. This neurogenic to gliogenic switch however only concerns a fraction of NSCs (Gao et al., 2014), while others persist within the dorsal subventricular zone (see experimental chapter 1, Donega et al., 2018). Besides, a subpopulation of NSCs appear to enter quiescence around embryonic day 14 to reactivate at postnatal stages and contribute to the persisting germinal activity (Fuentealba et al., 2015;Furutachi et al., 2015).

The organisation of the postnatal ventricular-subventricular zone (V-SVZ), the main germinal region of the postnatal forebrain, is partly conserved from embryonic development (Fiorelli et al., 2015). Its dorsal most region derives from the embryonic pallium. Besides gamma-aminobutyric acid (Gabaergic) progenitors (Sequerra, 2014), it produces oligodendrocytes precursor cells (OPCs; Qi et al., 2002;Kessaris et al., 2001Kessaris et al., & 2006;;Naruse et al., 2017). Moreover, several studies demonstrated the persistence of glutamatergic progenitors within the dorsal domain until early adulthood (Brill et al., 2009;Winpenny et al., 2011).

Remarkably, it was recently suggested that these progenitors are still able to produce sparse cortical glutamatergic neurons during the very first days following birth. However, the gradual downregulation of Wnt/ꞵ-catenin pathway and of the posttranscriptional regulator N6-methyladenosine (m6-a) signaling leads to abnormality in this late cortical neuronal progeny (Donega et al., 2018).

The period of early postnatal development is a period of vulnerability to brain injuries, as well as a period during which spontaneous cellular regeneration has been observed in various injury models (Sequerra et al., 2010[START_REF] Sequerra | Adult neural stem cells: plastic or restricted neuronal fates?[END_REF]Jinnou et al., 2018). Chronic hypoxia is a clinically relevant model of perinatal brain injury.

This model recapitulates all physiopathological changes observed in premature, very low birth weight babies (Scafidi et al., 2009). In particular, a loss of cortical volume is observed (Fagel et al., 2006) accompanied with an enlargement of the ventricles and diffuse white matter injuries (Salmaso et al., 2014). Interestingly, in this model, spontaneous de novo cortical neurogenesis and oligodendrogenesis have been described following the hypoxic period (Fagel et al., 2006 and2009;Scafidi et al., 2009). Yet, a direct implication of subventricular zone NSCs, and in particular of its dorsal most demain, in the observed regenerative response, remains elusive.

Here we aimed at investigating the response of SVZ NSCs to chronic neonatal hypoxia, as well as their competence to produce new cortical neurons and oligodendrocytes. We further aimed at getting insights into the mechanisms underlying their response to hypoxia, to test their amenability to pharmacological manipulation.

B.3. Material and Methods

All procedures were performed in accordance with European requirements 2010/63/UE and have been approved by the Animal Care and Use Committee CELYNE (APAFIS#187 & 188). Animal procedures were executed in accordance with UK/Swiss/French law, with strict consideration given to the care and use of animals.

In vivo work

Animals. For fate mapping experiments, Rosa-YFP mice (ROSA26-Flox-Stop-Flox YFP, Jackson Laboratories) or OF1 (Charles Rivers; France) were used. For isolation of neurogenin 2 (Neurog2) progenitors, Neurog2CreERT2 transgenic mice were crossed with the reporter line RosatdTomato (tdTom) [START_REF] Madisen | A robust and high-throughput Cre reporting and characterization system for the whole mouse brain[END_REF]. Allowing the specific labeling of glutamatergic progenitors. Tamoxifen was administered to

Neurog2CreERT2 transgenic mice at various embryonic and postnatal time points. For measurement of Wnt/β-catenin pathway activity the Beta-Galactosidase (BatGal) transgenic mice were used. Allowing to visualize by Green Fluorescent Protein (GFP) reporter presence and intensity the activity of the Wnt/βcatenin canonical pathway into cells. For all experiments (fate mapping and glutamatergic progenitors labelling), the morning when the plug was observed was considered as E0.5 and the day of birth was defined as postnatal day (P)0.

Tamoxifen administration. Tamoxifen (Sigma-Aldrich, T5648-16, St. Louis Missouri, USA) and progesterone (Sigma-Aldrich, P8783-1G) were dissolved in Corn oil (Sigma-Aldrich, C8267) at final concentration of 20mg/ml and 10mg/ml, respectively. Pregnant Neurog2CreERT2/tdTom females were administered 0.5mg tamoxifen and 0.25mg progesterone by gavage at E13.5 or E15.5 and terminated 12h later. Mouse pups were injected subcutaneously with 1mg tamoxifen at P12 and were terminated 18h later.

Electroporation. Postnatal electroporation was performed on mice at P1, as previously described (Fernandéz et al., 2011). For permanent labeling of NSCs, a pCAGs-Cre plasmid under a chicken β-actin promoter (Cambridge, MA, www.addgene.org, plasmids 13775) was used to allow the permanent expression of Yellow Fluorescent Protein (YFP) in NSCs and their progeny coming from SVZ in Rosa-YFP mice were used. Alternatively, a pPB(Exp)-CAGG>3xNLS/EmGFP plasmid (pPB-EmGFP plasmid; plasmid #153947 addgene) with the insertion of Emerald GFP (EmGFP) and the co-electroporation of a transposon containing plasmid pRP[Exp]-Puro-CAGG>Pbase (pRP-pbase) allowing the nuclear integration were used.

The following electroporation parameters were used: 5 pulses at 95 V of 50 ms separated by 950ms using an Electroporator NEPA21 type II (Nepa Gene Co., Ltd) and tweezer electrodes coated with a conductive gel (Signa gel, Parker Laboratories, Fairfield, New Jersey, USA).

Hypoxia. Mice aged P3 placed in a hypoxic rearing chamber maintaining at 10 ± 0.5% O2 concentration by displacement with N2 as described previously (Fagel et al., 2006& Azim et al., 2017). Hypoxia began at P3, for 8 days, until P11. A separate group was maintained in a normal atmosphere (normoxic group; Nx).

Foster mother was used to conserve milk quality under a hypoxic environment, control mother and hypoxic mother were exchanged at P6 and P9.

Blocking was performed in a TNB buffer (0.1 M PB; 0.05% Casein; 0.25% Bovine Serum Albumin; 0.25% TopBlock) with 0.4% triton-X (TNB-Tx). Sections were incubated overnight at 4°C with gentle shaking.

Following extensive washing in 0.1 M PB with 0.4% triton-X (PB-Tx), sections were incubated with appropriate secondary antibodies conjugated with Alexa Fluor 488, 555 or 647 (1:500; Life Technologies or Jackson or Invitrogen) for 2 hrs at room temperature. Sections were washed and counterstained with Dapi (1:5000; Life Technologies; D1306). To increase the signal from YFP; GFP and to perform 405 stainings, biotinylated secondary antibodies (1:500; Jackson or Invitrogen) were used in combination with DTAF conjugated streptavidin (1:250; Jackson) or Alexa405 conjugated streptavidin (1:250; Invitrogen).

Revelation of EdU was done using Click-itTM, EdU cell proliferation Kit for imaging, Alexa fluorTM 55 or 647 dye (Thermo Fisher scientific). For BrdU revelation a step of acidic incubation was used (Hcl 2N) for 20 minutes at 37° followed by a Borate 0.1M incubation during 30 minutes.

Cell capture. cDNA library preparation and sequencing: The brains of E14, E16, P13 (control and hypoxic)

were harvested and placed on ice-cold Hank's balanced salt solution (HBSS) for microdissection. The region of intense tdTomato expression (i.e. dorsal pallium) were then microdissected and cells were finally chemically (Trypsin-EDA 0,05%) and manually (1000 µL pipet) dissociated. The cell suspension was FACsorted on a BD® FACSAria to isolate tdTom+ cells, DAPI was used to select only viable cells. For each condition, tissue collection, Fluorescence Activated Cell Sorting (FACS) and cell isolation were performed in two independent replicates and in three for postnatal controls to ensure biological significance. A minimum of 30.000 cells was used for each replication. The RNA sequencing was performed by Bulk technology.

Quantifications & statistics

Images were acquired using a Zeiss Axio Scan.Z1 (Zeiss Microsystems, Germany) Leica TCs SPE II and a TCs Leica SP5 confocal laser microscopes (Leica Microsystems, Wetzlar, Germany), using 10x/0. Images were assembled as representative pictures using Las-X and photoshop (CS4). Statistical analysis was done using Microsoft Excel 2013 and GraphPad Prism 7. All data are shown as mean ± SEM and statistical significance was calculated using appropriate test (unpaired T-test or 2-way ANOVA followed by Bonferroni post-hoc test).

B.4. Results

Chronic hypoxia induces diffuse cell death, disrupts brain maturation and is followed by a spontaneous period of cellular generation

We used chronic hypoxia as an established model of neonatal brain injury (Fig. S1A; Scafidi et al., 2009). As previously reported, animals exposed to chronic hypoxia showed reduced body and brain weight, paralleled by a significant reduction of cortical volume (Fig. S1B to D). A closer look at the cortex revealed a doubling of the number of apoptotic cells (i.e. Casp3a+ cells) by the end of the hypoxic period (i.e. p11), which encompassed cells of the glial (Olig2+) and neuronal (NeuN+) lineages, including upper (i.e. Satb2+)

and lower (i.e. Ctip2+) layer cortical projection neurons (Fig. S1E &F). This was paralleled by a marked effects of chronic hypoxia on oligodendrocytes maturation with a reduced expression of the premyelinating marker CC1 within oligodendroglial cells (i.e. Olig2+, Fig. S1G &H), as previously reported (Salmaso et al., 2014), which was paralleled by a reduced intensity of MBP staining (Fig. S1I &J).

We next analyzed the consequences of chronic hypoxia on the germinal activity of the dSVZ in time (Fig. 1A). Interestingly, cell proliferation increased within dSVZ (i.e. +43.1 ± 9.7 % Ki67+ cells; Fig. 1B &C) which encompassed both glutamatergic (Tbr2+; Fig. 1B &D) and oligodendroglial (Olig2+; Fig. 1B &E)

progenitors, although with different kinetics. Thus, while Olig2+ progenitors were increased by P11 (+22.7 ± 8.3 %), Tbr2+ progenitors showed a pronounced reduction (+53.1 ± 17.6 %) but returned to baseline by P19, following a transient blooming at P15 (Fig. 1F). This was paralleled by an increase of neuroblast (DCX+ cells) within the dSVZ of mice subjected to hypoxia (Fig. S1K &L). Together, these results indicate that perinatal chronic hypoxic period induces a dynamic and lineage specific response of dSVZ germinal activity.

Altogether these results confirm diffuse cells death and maturation blockade. They also suggest that SVZ NSCs respond to chronic hypoxia and may participate in the de novo cellular genesis within the cortex.

Dorsal SVZ progenitors participate in hypoxia-induced cellular generation

To directly address the contribution of SVZ progenitors to this cell genesis, we permanently labeled NSCs and their progeny by electroporation of a CRE plasmid into Rosa-YFP reporter mice or of an integrative (transposon GFP) plasmid in wild type mice, at P1. Because the SVZ is regionalized (Fiorelli et al., 2015) we performed restricted electroporations of its dorsal and lateral-most aspects (dSVZ and lSVZ, respectively; Fig. S2A). Interestingly, only fate mapped cells originating from the dSVZ were observed within the cortex at P19 following chronic hypoxia (Fig. S2B), while cells originating from the lSVZ dispersed within the striatum (Fig. S2C). Three different cellular morphologies were clearly distinguishable into the hypoxic cortex, which corresponded to neurons, astrocytes and oligodendrocytes based on lineage specific marker expression (NeuN, S100β, and Olig2, respectively; Fig. 1G), whereas into the normoxic cortex only glial cells are visualized. GFP+ cells with neuron-like morphology were observed in both upper and deeper cortical layers (Fig. 1H), they occasionally presented a pyramidal morphology (Fig. 1I, left upper panel) and widely presented axons (Fig. 1I, right upper panel) projecting into corpus callosum (Fig. 1I, left middle panel), to the intern capsule (Fig. 1I, right middle panel) and to the contra-lateral hemisphere (Fig. 1I, down panel).

They commonly showed dendritic spines (Fig. 1J & insert 1) as well as branched axons, arboring GFP+ swellings (i.e. putative synaptic sites) (Fig. 1J & insert 2). Interestingly, a subpopulation of the GFP+ neurons expressed mature glutamatergic cortical markers, i.e. Cux1 and Ctip2 (Fig. S2E), according to their location within upper and deeper cortical layers (Fig. 1K). This, together with the observation of a higher morphological complexity of Ctip2+ when compared to Cux1+ neurons (Fig. S2F to H), suggests a glutamatergic secondary cortical neurogenesis with appropriate specification of GFP+ newborn neurons, coming from postnatal NSCs following hypoxia. Together, these results underline the participation of the dSVZ wall (derived from embryonic pallium) to neuronal and glial cell genesis within the cortex, following a neonatal hypoxic period. Transcriptional changes are observed within dSVZ glutamatergic progenitors that parallel their reactivation following hypoxia

These observations suggest the reactivation of early transcriptional programs within cortical glutamatergic progenitors following hypoxia. To investigate these transcriptional changes in more details, we isolated these cortical progenitors from the Neurog2Ai14 CREERT2/tdtomato mice, following tamoxifen injection at two embryonic times (i.e. E13 and E15, time of production of deep and upper cortical neurons, respectively), as well as from P12 normoxic and hypoxic mice. We performed dSVZ microdissection of the most dorsal domain of the SVZ (i.e. pallium during embryonic period) in which cortical glutamatergic progenitors are located. Then FACS on tdtomato+ cells and on DAPI for viability give us the possibility to explore cortical progenitors RNA signature during development as well as following hypoxia by using BULK sequencing technology (Fig. S3A). Comparison of normoxic and hypoxic tdtomato+ cells at P12, revealed perturbation of 3258 transcripts following hypoxia (831 upregulated and 2427 downregulated, Padj<0.01, Fig. 2A).

Interestingly, 42% of the hypoxia-induced transcripts (350/831) showed enrichment in embryonic progenitors, while only 13% (108/831) were enriched in postnatal progenitors (Fig. 2B). Inversely, most hypoxic-repressed transcripts were enriched in postnatal progenitors rather than embryonic progenitors (21% vs 7%, respectively, Fig. S3B). To confirm this finding, we considered the top 50 transcripts enriched in E13/E15 cortical progenitors (based on both P-values and fold-change). All but 4 of these transcripts were upregulated (p<0.05 & FC>2) in cortical progenitors following hypoxia (Fig. 2C; see highlight genes), a correlation not observed for postnatally-enriched transcripts (data not shown). Next, we performed an over-representation enrichment analysis (ORA) for biological process gene ontology (GO) using DAVID web interface. We consider the 1000 first transcripts, based on padj, onto the several conditions (i.e. embryonic up regulated transcripts, postnatal up regulated transcripts, hypoxic up regulated transcripts and hypoxic down regulated transcripts). Comparison between embryonic and hypoxic enriched genes underline the functional similarity between those gene lists. Indeed, similar biological processes rise up at first and second positions with the two lists of transcripts (Fig. 2D). Interestingly some transcripts implicated into those GOs are known to participate in cortical neurogenesis regulation, such as Bcl11a and Neurog1

(Fig. 2E). Comparison between postnatal enriched and hypoxic repressed transcripts show also a resemblance (similar first GO). (Fig. S3C). Taken together, these results indicate a reactivation of development (i.e. embryonic) transcriptional programs within cortical progenitors following hypoxia, while late (i.e. postnatal) transcriptional changes are globally repressed. Thus, hypoxia-induced cortical glutamatergic neurogenesis arises from the reactivation of embryonic / development-like transcriptional programs in postnatal NSCs.

Transcriptional changes observed within dSVZ progenitors following hypoxia converge onto methylation modifications

To gain insight into hypoxia-induced transcriptional changes, we performed an ORA on transcripts induced by hypoxia. We first focused our analysis on the 350 transcripts upregulated by hypoxia and enriched in embryonic cortical progenitors. ORA for biological process GO, highlighted upregulation of transcripts related to RNA/DNA processes, such as methylation, translation and transcription (Fig. S4A). We next enlarged our analysis to a larger number of transcripts upregulated by hypoxia (i.e. top 1000 genes, padj<0.02). Again, ORA highlighted categories related to regulation of methylation-dependent chromatin silencing, histone H3-K9/H4-K20 trimethylation, RNA methylation and maintenance of DNA methylation Data are presented as mean ± SEM. Abbreviations: GO: gene ontology; Glu: glutamatergic; P0 and P19: respectively 0 and 19 days after birth; E13 and E15: respectively 13 and 15 embryonic days.

(Fig. 3A). Interestingly all transcripts implicated into these methylations GOs present a P-Value<0.01 (Fig. 3B). These categories were consistently absent from ORA performed on hypoxia-repressed transcripts, which rather reflected transcriptional changes related to synaptic plasticity, potentiation, assembly and transmission (Fig. S4A &S4B).

Considering methyltransferases and m6a methylation as an important player in cortical glutamatergic neurogenesis progression (Yoon et al., 2017), including its rapid decline at postnatal stages (Donega et al., 2018), we next focused on the expression of these enzymes following hypoxia. At the transcriptional level, we confirmed the downregulation of transcripts coding for "readers" of m6a modification (e.g. Ythdf3), while those coding for "erasers" were upregulated from embryonic to postnatal stages (Fig. 3C).

Interestingly, hypoxia resulted in the upregulation of several methyltransferases transcripts in cortical progenitors, the most prominent being Mettl14 (Fig. S4C). This result was confirmed at protein level by performing a quantification of the optical density of Mettl14 staining into Tbr2+ progenitors (Fig. 3D).

Remarkably, other components of m6a signaling were also up-regulated following the perinatal chronic hypoxic period, including the "readers" Ythdf2 and 3 (Fig. 3E), which are known to promote mRNA decay (Wang et al., 2015). These results suggest an important role for post-transcriptional regulation in promoting hypoxia-induced cortical glutamatergic neurogenesis, and prompted us to investigate the effect of Mettl14 gain of function (GoF) in mimicking some of the observations made following hypoxia. We constructed a plasmid vector allowing us to act by electroporation. First we confirm at two day postelectroporation (dpe) the impact of the electroporation on Mettl14 expression (Fig. S4D). At four dpe of Mettl14 plasmid in newborn mice, we observed a persistence of radial glial cells (RGCs; corresponding to NSCs) as observed following hypoxia (Fig. 3F & G), as well as an increased of proliferation (GFP+/Ki67+; Fig. 3H &I), similarly as following the hypoxic period within the dSVZ (see above). Interestingly, electroporated cells with neuronal morphologies were observed within the cortex of these animals at longer time points (i.e. P19) into both upper and deeper layers. However, although some of them (<10%) express mature neuronal markers (i.e. NeuN, Ctip2, Cux1), the majority failed in these marker expressions.

Moreover they failed to show dendritic spines as well as branched axons and GFP swellings (Fig. S4E), indicating that Mettl14 GoF alone is not sufficient to fully recapitulate the effects of hypoxia.

Activation of the Wnt canonical pathway promotes cellular differentiation/maturation following hypoxia Other pathways are likely to act in concert with methylation modifications to drive the postnatal cortical neurogenesis observed following hypoxia. The Wnt canonical pathway is, in this context, of particular interest. Indeed, previous work demonstrate a role of Wnt canonical pathway in promoting postnatal cortical neurogenesis (Azim et al., 2014(Azim et al., , 2017;;Donega et al., 2018), as well as in driving the competence of cortical progenitors to generate deep cortical neuron subtypes (Oberst et al., 2019). We used the Wnt/β-catenin reporter mouse (i.e. BatGal mice; Maretto et al., 2003), to monitor activity of this signaling pathway during development, and confirm a gradual decline of its activity from E13 to P1 within the pallium and dSVZ (Fig. S5A &B). Interestingly, chronic hypoxia resulted in a significant increase of BatGal expression within the dSVZ at P11 (Fig. 4A &B), indicating that reactivation of canonical Wnt signaling parallels the increased generation of glutamatergic and oligodendroglial progenitors observed following chronic hypoxia (see above). At the transcriptional level, into glutamatergic progenitors, these changes of activity were paralleled by increased expression of transcripts coding for Wnt/β-catenin activators (e.g.

Lrp6, Dvl2), while inhibitors were downregulated (Sfrp5, Axin1, Fig. 4C).

We used a previously established pharmacological strategy to activate the Wnt canonical pathway (intranasal delivery of the GSK3β inhibitor CHIR99021 (CHIR); Azim et al., 2017) following hypoxia. We confirmed that CHIR intranasal administration resulted in a further increase of canonical Wnt signaling activity within the dSVZ of BatGal mice (Fig. 4D &E). This increase of Wnt/β-catenin activity was confirmed to occur within both glutamatergic and oligodendroglial progenitors (Tbr2+ and Olig2+, respectively;

Fig.4D & F & G).

To investigate the consequence of this activation on cellular regeneration following hypoxia, we fate mapped dSVZ NSCs by P1 electroporation of Cre-plasmid in Rosa-YFP reporter mice or of an integrative (transposon GFP) plasmid in wild type mice, and investigated the fate of their progeny at P19 and P45. We first focused on cortical neurogenesis. Electroporation of dorsal SVZ NSCs, confirmed the observation of GFP+ neurons within the cortex of both treated and untreated hypoxic animals at P19 (see above). Interestingly, the proportion of GFP+ neurons expressing the cortical glutamatergic markers Cux1+

and Ctip2+ increased into the cortex, following CHIR treatment, when compared to hypoxic untreated mice. The larger increase was observed for Ctip2+ (>24%), which were predominantly observed within deeper cortical layers (Fig. 4H). Furthermore, morphological analyses showed a complexification of their dendritic arbors (Fig. 4I & J and Fig. S5E). Thus, CHIR treatment promotes acquisition of cortical deep layer markers, as well as the maturation of neurons generated in response to perinatal chronic hypoxic periods.

Interestingly, these effects were not restricted to neurogenesis, but also encompassed oligodendrogenesis. Indeed, while hypoxia resulted in a blockade of oligodendrocytes maturation at P19, as previously reported (see above; Salmaso et al., 2014), these effects were restored by CHIR treatment.

We used cell morphology and specific stainings to quantify oligodendrocyte lineage maturity (Fig. 4K; Fig. S5C &D). Thus, at P19 into electroporated GFP+ oligodendrocytes, CHIR treatment allowed a restoration of mature oligodendroglial morphologies (Fig. 4K &L) and CC1+/Olig1cytoplasmic+ expression (Fig. 4M). Then looking at myelinating marker (i.e. GSTpi) CHIR treated group shows a blockade of GSTpi acquisition at P19 (Fig. S5F), although the marker acquisition is restored by P45 (Fig. 4N). Interestingly at global population level similar results are observed, however with a fully complete restoration of lineage maturity by P45 (Fig. S5G &H).

Pharmacological activation of cellular generation does not deplete the reservoir of dSVZ neural stem cells Together, our results highlight a role for dorsal NSCs and progenitors in mediating the spontaneous cellular genesis occurring following neonatal chronic hypoxia, as well as their amenability to pharmacological manipulation. We next assessed the long-term impact of such manipulation onto dSVZ NSCs numbers and activity. Recent studies have highlighted the coexistence of subtypes of NSCs defined by their activation state, which numbers and dynamics underline the persistence of SVZ germinal activity (Llorens-bobadilla et al., 2015;Kalamakis et al., 2019). We combined label retaining protocols and cell cycle stainings to distinguish four states of NSCs activation, i.e. quiescent, transiently active, active and proliferative NSCs (Fig. 5A &B). Quiescent NSCs (qNSCs) were labeled by a single BrdU or EdU injection at E14 (Fuentealba et al., 2015). Quantification of qNSCs at different time points confirmed their gradual recruitment during postnatal life, as previously described (Kalamakis et al., 2019; Fig. S6A). The vast majority of qNSCs were negative for the proliferation marker MCM2 (<3 % overlap; Fig. S6B &C), and only minimally overlapped (< 6.5% overlap) with transiently active NSCs (taNSCs) marked by using a chronic BrdU chasing protocol (Futurachi et al., 2015; Fig. S6D &E). Half of this later population expressed MCM2, reflecting their transient active nature (Fig. S6F &G). Importantly, both populations expressed the stem cell marker Sox2

but not the ependymal cell marker S100b. Quantification revealed an absence of depletion of both qNSCs and taNSCs following CHIR administration (Fig. 5C-E). Immature and mature GFP+ oligodendrocytes can be distinguished based on their morphology (K). Hypoxia results in a reduction in the acquisition of mature morphologies, which was fully rescued by CHIR99021 treatment (L) (N≥5 We complemented those quantifications by staining active and proliferative NSCs (aNSCs and pNSCs, respectively), which were positive for the cell cycle marker MCM2 alone (Sox2+/MCM2+/ki67-) or in combination with Ki67 (Sox2+/MCM2+/ki67+), respectively (Codega et al., 2014; Fig. 5A &B). Our results reveal an absence of effects of hypoxia and CHIR treatment onto aNSCs numbers (Fig. 5F), while a tendency for an increase of pNSCs number was observed, suggesting that some proliferative effects of the treatment persisted until P45 (Fig. 5G). Because the Wnt pathway is mostly active within the dorsal most SVZ, we performed additional quantifications within this domain and could confirm a proliferative effect of CHIR treatment until P45 onto SVZ NSCs into dorso lateral domain, then quantifications at P90 revealed a progressive return to baseline of NSCs activity (Fig. S6H &I). These results were confirmed by augmentation of BrdU(P45-60)+NeuN+ cells and the normalization of DCX+ cells into olfactory bulbs at P90 (Fig. 5H &I). Together these results indicate that a short term CHIR treatment following hypoxia results in a long lasting increased germinal activity of the SVZ, which however gradually returns to baseline and does not lead to NSCs depletion.

B.5. Discussion

In the present study we used a neonatal chronic hypoxia model to interrogate the competence of postnatal NSCs to participate in cortical repair. We focus our analyses on NSCs of the dorsal SVZ, which derives from the embryonic pallium. Using the postnatal electroporation approach, we demonstrate the capacity of postnatal NSCs to produce diverse subtypes of cortical cells, including neurons expressing the deep layer marker Ctip2. We explored the mechanisms that parallel this regenerative response, by performing a transcriptomic analysis of glutamatergic progenitors, using the Neurog2Ai14 CreERT2/TdTomato mice. Our results highlight a profound modulation of m6a and Wnt/β-catenin signaling in hypoxic conditions. A pharmacological activation of Wnt/β-catenin signaling using a non-invasive (i.e. intranasal) administration of the Gsk3b inhibitor CHIR99021, promotes spontaneous cellular repair, with no long term impact on SVZ NSCs germinal activity.

The targeted electroporation approach used in this study, allows the selective and permanent labeling of NSCs residing in defined SVZ domains (Fernandez et al., 2011). A direct comparison of NSCs residing within the dorsal and lateral domains of the postnatal SVZ, revealed for the first time the unique competence of postnatal dSVZ NSCs to produce cortical newborn cells postnatally, when compared to those of the lateral wall. Further these experiments demonstrate that dorsal SVZ NSCs have the competence to produce both glial and neuronal cells within the cortex, including neurons expressing defined cortical layer markers (e.g.

Cux1 and Ctip2

). These results are in line with original studies reporting a secondary cortical neurogenesis, including glutamatergic neurons, (Fagel et al., 2009) and oligodendrogenesis (Salmaso et al., 2014), following chronic hypoxia. Our results support a direct contribution of dorsal SVZ NSCs to this regenerative (Frantz and McConnel, 1996). This view was however recently challenged by the demonstration of the competence of late palial NSCs to produce deep layer cortical neurons when exposed to an earlier-stage environment (Oberst et al., 2019). Further, SVZ explants from postnatal dSVZ (P9-11) and adult (3 months) brains produce cortical pyramidal neurons when cocultured with embryonic sections (Sequerra et al., 2010). Together, these results are in line with a persisting competence of late NSCs, including postnatal ones, to produce earlier born neurons when exposed to appropriate signals, such as those resulting from neonatal chronic hypoxia.

Our results underline that this response is paralleled by transcriptional changes resulting in a "rejuvenation" of postnatal progenitors (i.e. the acquisition of a transcriptional signature resembling those of corresponding embryonic progenitors). Interestingly, our results suggest a key role for oxygen tension in the induction of these transcriptional changes. Indeed, the embryonic period is a low oxygen environment [START_REF] Torres-Cuevas | Oxygen and oxidative stress in the perinatal period[END_REF], and oxygenation is a key regulator of cellular behaviors (Yun et al.,). Thus, in vitro low oxygenation promotes NSCs proliferation and neurogenesis (Ortega et al., 2017;Braunschweig et al., 2015). Oxidative stress is known to have multiple cellular consequences, through the activation of several signaling pathways acting to adapt organism across a range of oxygen concentration (tensions; [START_REF] Kaelin | Oxygen sensing by metazoans: the central role of the HIF hydroxylase pathway[END_REF]. More than 60 2-oxoglutarate oxygen-dependent dioxygenase enzymes continuously sense physiological changes in oxygen tension, among which the well characterized hypoxiainducible factor (HIF) pathway (Melvin et al., 2012). Those oxygen sensing enzymes act onto transcription, either directly by target genes promoter binding or indirectly by epigenetic modifications, including histone and DNA methylation [START_REF] Batie | Hypoxia induces rapid changes to histone methylation and reprograms chromatin[END_REF][START_REF] Chakraborty | Histone demethylase KDM6A directly senses oxygen to control chromatin and cell fate[END_REF][START_REF] Chawla | Effect of hypoxia on hepatic DNA methylation and tRNA methyltransferase in rat: similarities to effects of methyl-deficient diets[END_REF].

Our transcriptional analysis supports a key role for m6a signaling in the hypoxia-induced regenerative response. M6-a modification is the most abundant mRNAs modification in eukaryotic cells (Jia et al., 2013).

It plays a central role as post-transcriptional regulator during mammal's development, and is involved in numerous biological processes such as stem cell maintenance, proliferation and fate decisions (Cao et al., 2016;Zhao et al., 2016). In addition, it is now clear that m6-a methylation participates in the maintenance of NSCs (Wang et al., 2018), as well as to NSCs temporal competence progression (Yoon et al., 2017).

Moreover, it was recently demonstrated that its downregulation overtime parallels cortical glutamatergic neurogenesis closure (Donega et al., 2018). Remarkably, our transcriptional analysis supports a role for changes in m6-a methylation in hypoxia-induced glutamatergic progenitor activation and de novo cortical neurogenesis. Thus, even if Mettl14 overexpression appears not to be sufficient to fully reproduce the regenerative response observed following chronic hypoxia, it is sufficient to phenocopy some aspects of this response, including the increased proliferation, persistence of radial processes and migration of GFP+ cells presenting a neuronal morphology within the cortex.

The concomitant activation by chronic hypoxia of the Wnt-canonical pathway observed in our analysis, suggests possible links between these two signaling pathways. Recent evidence suggests a regulation of Wnt/ꞵcatenin signaling by m6-a methylation into other tissues. Indeed, in intestinal cells, Ythdf1 deletion dramatically blocks Wnt/ꞵcatenin activity, suggesting the regulation of canonical Wnt/TCF signaling in an m6-a methylation dependent manner (Han et al., 2020). Further, a reduction of Wnt signaling activity is paralleled by a reduction of DNA methylation in mouse embryonic stem cells (Theka et al., 2019). Finally, a correlation is observed between m6-a tags and expression of transcripts related to the Wnt/β-catenin signaling pathway in neural stem cells (Yoon et al., 2017, Donega et al., 2018). Thus, it is tempting to speculate that m6-a and Wnt/ꞵcatenin signaling act in parallel and regulate each other to control pallial NSCs competence over time, in health as well as following injury.

Interestingly, our observation of a spontaneous re-activation of Wnt/ꞵcatenin signaling following chronic hypoxia in the dSVZ is in line with previous studies showing links between activation of this signaling pathway, NSCs proliferation and oxygen tension (Mazumdar et al., 2010;Cui et al., 2010;Braunshweig et al., 2015). We used a pharmacological approach, i.e. intranasal administration of CHIR99021 to inhibits Gsk3ꞵ and thus promote Wnt/β-catenin activity in dorsal SVZ NSCs (Hirota et al., 2015;[START_REF] Adachi | β-Catenin Signaling Promotes Proliferation of Progenitor Cells in the Adult Mouse Subventricular Zone[END_REF]Ortega et al., 2012), in line with our previous work (Azim et al., 2017;Azim et al., 2014a;Azim et al., 2014b).

Fate mapping experiments revealed a production of both cortical neurons and oligodendrocytes following hypoxia and pharmacological treatment. Interestingly, CHIR99021 treatment promoted the generation of cortical neurons expressing the deep layer marker Ctip2 (as well as Tbr1, data not shown), suggesting an increased capacity of NSCs to produce early born neuron subtypes upon Wnt/β-catenin signaling activation. These results are in agreement with the observed decrease of Wnt/ꞵcatenin activity within the pallium during embryonic development, while the sequential production of cortical glutamatergic neurons unfold (see Supplementary figure 5, see also Gunhaga et al., 2003;[START_REF] Draganova | Wnt/β-catenin signaling regulates sequential fate decisions of murine cortical precursor cells[END_REF]. Further, in vitro exposure of late (E14.5) cortical progenitors to CHIR99021, promote their competence to produce deep layer neurons once transplanted in E12.5 embryos (Oberst et al., 2019). Together those results highlight a key role for Wnt/ꞵcatenin signaling in regulating pallial NSCs glutamatergic neuronal competence over time, as well as in promoting de novo cortical neurogenesis and oligodendrogenesis following neonatal chronic hypoxia.

Accumulating evidence indicates that a tight regulation of the balance between NSCs activity and quiescence must be maintained to allow the maintenance of postnatal and adult germinal activity. Further, the balance between canonical and non-canonical Wnt activity either promoting NSCs activity [START_REF] Adachi | β-Catenin Signaling Promotes Proliferation of Progenitor Cells in the Adult Mouse Subventricular Zone[END_REF]Chavali et al., 2019) or quiescence (Kalamakis et al., 2019) was shown to play a key role in germinal activity maintenance. In this context, it is therefore crucial to investigate the long term effect of any potential regenerative treatment onto the reservoir of NSCs and their long-term germinal activity. Importantly, our results using label-retaining protocols as well as various markers, demonstrated that CHIR99021 treatment does not induce depletion of the adult NSC pool, nor in their capacity to participate in olfactory bulb neurogenesis at adult stages. This suggests an underappreciated capacity of SVZ NSCs to adapt to adverse conditions (i.e. injury, changes in signaling…), possibly by changing the balance of symmetric vs asymmetric divisions [START_REF] Obernier | Adult Neurogenesis Is Sustained by Symmetric Self-Renewal and Differentiation[END_REF], which remains to be fully explored.

Altogether, our work reveals a discrete but significant capacity of postnatal SVZ NSCs to participate in cellular repair, and underline their amenability and resilience to pharmacological manipulation. proliferation [START_REF] Guo | Signaling cross-talk between TGF-β/BMP and other pathways[END_REF][START_REF] Liu | A dishevelled-1/Smad1 interaction couples WNT and bone morphogenetic protein signaling pathways in uncommitted bone marrow stromal cells[END_REF]. Moreover, it was shown in vitro that the activity of the Wnt/β-catenin signaling pathway preserves DNA methylation of mouse embryonic stem cells. The silencing of Wnt/ꞵ-catenin pathway results in a loss of DNA methylation resulting in an impairment of differentiation. Thus Wnt/ꞵ-catenin signaling maintains DNA methylation and appears as a regulator of genome stability and mouse embryonic stem cell identity (Theka et al., 2019). In addition and as already mentioned, recent evidence supports an interaction between m6-a methylation and the Wnt/ꞵ-catenin signaling pathway, in intestinal stem cells. In these cells, Ythdf1, an m6-a reader, promotes the translation of wnt/ꞵ-catenin effectors such as TCF, and as a consequence enhances activity of this signaling pathway (Han et al., 2020). Interestingly, some of my preliminary results tend to demonstrate that a similar synergie exists between m6-a and Wnt/ꞵ-catenin signaling in postnatal pallial NSCs. Indeed, overexpression of Mettl14 (i.e. a m6-a writer) by electroporation at P1 in BatGal transgenic mice promotes betagalactosidase expression into electroporated cells (GFP+) compared to adjacent non-electroporated cells (DAPI+) in the dSVZ at 2 dpe (Fig. 1a andb). In addition, it was recently demonstrated, into human pluripotent stem cells, that Tgfꞵ signaling modulate m6-a modification of RNA. Indeed, Tgfꞵ, via its intracellular effectors Smad2 and 3, promotes binding of m6-a methyltransferase to a subset of transcripts including transcripts involved in early cell fate decisions. By doing so, it facilitates changes in cell identity, especially between pluripotency and neuroectoderm transcriptional programs [START_REF] Bertero | The SMAD2/3 interactome reveals that TGFβ controls m6A mRNA methylation in pluripotency[END_REF].

Together, these data suggest that pallial NSC competence progression is the result of interactions between extrinsic and intrinsic signals. Further, my results suggest a model into which m6-a and Wnt/ꞵ-catenin signaling act in concert to regulate glutamatergic neurogenesis, whereas Tgfꞵ/Bmp signaling instructs both gliogenesis and entrance into deep quiescence. Thus, changes in the activity of multiple signalling pathways converge into closing pallial neurogenic activity at birth.

A.2. Hypoxia have global effects on signalings controlling pallial NSCs activity and competence

As seen above pallial NSCs activity and competence are driven by multiple pathways. Interestingly, hypoxia impacts at least some of those signalings via hypoxia inducible factors (HIFs). Indeed, HIFs were demonstrated to modulate both Wnt-signaling and methylation processes in various contextes.

Additionally, we demonstrate the activation of the m6-a signaling following hypoxia.

My PhD work provides additional evidence that activity of the Wnt/ꞵ-catenin pathway is modulated by hypoxia (Braunschweig et al., 2015;Cui et al., 2011;Mazumdar et al., 2010). Indeed, it was previously shown that HIFs modulate canonical Wnt-signaling activity in embryonic stem cells and in NSCs by promoting ꞵ-catenin nucleus translocation, thus enhancing expression of LEF and TCF. Interestingly, this mechanism appears to be restricted to stem-cells, while it is absent in postmitotic cells. In the hippocampus, in vivo deletion of HIFs decreases Wnt/ꞵ-catenin signaling and NSCs capacity to produce glutamatergic granular cells (Mazumdar et al., 2010). In parallel to Wnt/ꞵ-catenin, HIFs also impacts transcriptional activity by inducing epigenetic modifications. Indeed, HIFs can modulate transcriptional activity by inducing histone and DNA methylation. For instance, chromatin immunoprecipitation (ChIP) experiments, demonstrated that HIFs can modulate gene expression, including expression of genes that are at play for cell cycle and cell growth (Melvin and Rocha, 2012;[START_REF] Mole | Genomewide association of hypoxia-inducible factor (HIF)-1alpha and HIF-2alpha DNA binding with expression profiling of hypoxia-inducible transcripts[END_REF][START_REF] Schödel | High-resolution genome-wide mapping of HIF-binding sites by ChIP-seq[END_REF].

In this PhD work, I demonstrated at the histological level, i.e. by using BatGal transgenic mice, the activation of Wnt/ꞵ-catenin pathway within the dorsal SVZ, as well as into glutamatergic and Beside the impact of hypoxia and HIFs on the Wnt/ꞵ-catenin and m6-a pathways, the modulation of Tgfꞵ signaling by hypoxia remains to be fully explored. This could be approached by scRNAseq analysis. Thus, besides the normoxic datasets presented in the first experimental chapter of this thesis, additional datasets have been produced from hypoxic animals, at the same time point (P12). A preliminary analysis reveals that hypoxia does not change the identity and the distribution of cells present in the dorsal SVZ, allowing a direct comparison of the datasets (Fig. 2a andb). Interestingly, gene set enrichment analysis (GSEA) on Hopx-positive qNSCs (i.e. pallial NSCs, see experimental chapter 1) demonstrates a trend for their activation following hypoxia. In particular, this analysis highlights an upregulation of genes related to ribosome and oxidative phosphorylation, which have both been associated with NSCs activation (Llorens-Bobadilla et al., 2015). Interestingly, these signs for activation are parallel by a downregulation of genes associated to Tgfꞵ-signaling, including Bmpr1a; Bmpr1b and Id1 to 4 (Fig. 2c). These results are in line with a role of Tgfꞵ-signaling in regulating pallial NSCs quiescence, and suggest a key role of this pathway in parallel to Wnt/ꞵ-catenin and m6-a signaling in the regenerative response observed following early postnatal injuries such as hypoxia. An in depth analysis of these transcriptional datasets will be necessary to fully characterize the molecular correlates of pallial NSCs activation. Further, fate mapping and/or transcriptional analysis of Hopx-CreERT2 transgenic mice might prove to be informative to better understand the response of pallial NSCs to injury-induced activation.

B. Neonatal hypoxia provides a proof of principle for postnatal NSCs to generate new cortical neurons after birth, although the amplitude of this regenerative response remains low

The modulation by hypoxia of pathways and signalings that are implicated into pallial germinal activity and dynamic lead to de novo cortical glutamatergic neurogenesis from postnatal dorsal SVZ NSCs (see second experimental chapter). We chose the model of neonatal chronic hypoxia because previous studies suggested the occurrence of an important critical neuron death and regeneration (in the order of ~40'000 neurons) in this model (Fagel et al., 2006). We could indeed confirm an increase of caspase-positive cells within the cortex, including upper and lower glutamatergic neurons, early after the period of hypoxia (see page 126). However, even if stereological quantification of cortical neurons (NeuN+) and of glutamatergic neurons into deep (Ctip2+) and upper (Cux1+) cortical layers at P11, demonstrated a reduction in cell numbers (in particular for Cux1+ cells) by P11, this remained marginal and was not significant. We further explored the extent of de novo neurogenesis within the cortex following hypoxia by performing BrdU during or immediately after the period of hypoxia. Although these experiments revealed some BrdU/NeuN double positive cells, their numbers represented at most a few hundred neurons, far from the 40'000

suggested by previous studies (Fagel et al., 2006). These quantifications are in line with the numbers extrapolated from the electroporation experiments presented in the second experimental chapter of this thesis. Thus the neonatal hypoxia model can be employed to interrogate postnatal NSC competences and decipher signalings that drive pallial lineage germinal activity and dynamic, but does not appear to be a suitable model to demonstrate a massive de novo cortical neurogenesis nor to investigate the long term fate of these neurons.

Together, my results highlight the difficulty to trigger regenerative cortical glutamatergic neurogenesis after birth. Cortical neurogenesis has been observed in other neonatal lesion models, such as cryogenic injuries, but most if not all of these neurons are Gabaergic (Jinnou et al., 2018). Thus, although hypoxia appears able to trigger pallial NSCs activation, multiple mechanisms appear to act in restricting de novo neurogenesis, possibly to protect the brain from adverse effects.

C. Quiescence in the dorsal SVZ is multiple

During this Phd thesis, we demonstrated the presence of quiescent NSCs in the dorsal wall of the postnatal SVZ. Our results provide novel information on the identity of these cells as well as on the signals and markers defining them.

In the first experimental chapter, we demonstrated the capacity of pallial and subpallial NSCs (Emx1 and Gsx2-positive respectively) from the dorsal SVZ to enter quiescence early after birth. However, these two lineages appear to enter different states of quiescence. Quiescent pallial NSCs are into a deep quiescent state whereas subpallial qNSCs of the Gsx2-lineage appear to stay primed for activation. These observations are in line with a rapid closure of the capacity of SVZ NSCs to produce glutamatergic neurons [START_REF] Borrett | Single-Cell Profiling Shows Murine Forebrain Neural Stem Cells Reacquire a Developmental State when Activated for Adult Neurogenesis[END_REF]. Thus, deep quiescence of pallial NSCs appears not to be reversible. To explore this further, we have produced, besides the P12 datasets presented in the first experimental chapter, additional datasets at P2 and P22. Preliminary results confirm the closure of glutamatergic neurogenesis, by several converging mechanisms: 1) the maintenance of a deep quiescent state, 2) the gradual blockade of newborn glutamatergic neurons differentiation from P2 to P22 (data not shown). Additional analyses have to be performed on these new datasets to fully unravel the mechanisms implicated in the rapid decline of pallial NSCs neurogenic activity.

D. Hopx a marker of pallial/glutamatergic qNSCs

Our results highlight Hopx as a specific marker of pallial quiescent NSCs. Interestingly, the expression of Hopx is not restricted to qNSCs of the dorsal SVZ. Indeed, Hopx was already demonstrated to be a marker of qNSCs in the brain within the subgranular zone (SGZ) of the hippocampus, i.e. the second germinal niche of the postnatal brain, that remain competent to produce glutamatergic neurons, i.e. granular cells of the dentate gyrus (Berg et al., 2019;Li et al., 2015). Interestingly, fate mapping studies indicate that these Hopx-positive SGZ qNSCs have a pallial origin. Thus Hopx-positive qNSCs in the postnatal dorsal SVZ and SGZ appear to share a similar origin. However, while Hopx-positive SGZ qNSCs reactive throughout life to give birth to granule neurons (Berg et al., 2019), Hopx-positive SVZ qNSCs enter deep quiescence and rapidly stop producing glutamatergic neurons (see experimental chapter 1). Thus, although both Hopxpositive qNSCs population share a common embryonic origin, they show very different dynamics. These differences could be due to different extrinsic signals coming from their niches. In this context, it would be interesting to perform transplantation experiments of the SVZ Hopx-positive qNSCs into the SGZ, using the Hopx-CreERT2 transgenic mice, to explore their competence to reactive. Further, differences existing within the SVZ and SGZ may be explored by performing a comparative transcriptional analysis of Hopxpositive cells residing in both regions. This may be facilitated by the additional transcriptional datasets that we have recently produced (P2, P12, P22, see above), which are complementary to those published by Hochgerner and colleagues, generated from the developmental hippocampus [START_REF] Hochgerner | Conserved properties of dentate gyrus neurogenesis across postnatal development revealed by single-cell RNA sequencing[END_REF].

Thus integration of these datasets and isolation of Hopx-positive cells may allow directly comparing them to extract differentially expressed genes and explore related functions.

E. Implication of this PhD work for models of NSCs competence progression

Stem cell competence progression is classically described as a one-way process, which advances through a sequence of lineage restriction events. In this prevalent view, stem cells competence is gradually reduced as development proceeds. This was modeled by the "epigenetic landscape", proposed by Waddington, almost 70 years ago [START_REF] Waddington | The strategy of the genes. A discussion of some aspects of theoretical biology[END_REF]. This model represents the differentiation path as a hill composed of valleys separated by some ridges. A stem cell sits on top and goes down the hill by engaging into some successive valleys. Once inside a valley, the cell has no choice, but to continue its descent, as it cannot climb the ridges and change valleys. Thus, cells engage irremediably into a differentiation path, with no option to revert nor to change fate. In the field of NSCs, this model appears to be valid at the population level, but single cell studies as well as novel data refine it, or question it, both during development as well as following injury.

E.1. The model of Waddington can be challenged during development

During the early development, it was shown that the cranial neural crest cells (CNCCs) that are classically associated with the ectoderm shit, which give rise to neural and epidermis progenies, are also able to give rise to mesenchyme progenies that is classically associated with mesoderm lineage. Interestingly, CNCCs are not a residual population of pluripotent stem cells of the epiblast but a differentiate stem cells of the ectoderm, which give birth to neural progenies and later reprogrammed in vivo to produce mesenchyme progenies. This de novo acquisition of pluripotency-like competence is driven by the transient de novo expression of the pluripotency gene Oct4 [START_REF] Zalc | Reactivation of the pluripotency program precedes formation of the cranial neural crest[END_REF].

Later in development, during the perinatal period, our results and others demonstrate that pallial NSCs acquire subpallial transcriptional traits within the dorsal SVZ. The mechanisms leading to this postnatal "re-specification" appear to involve Shh-signalling (Zhang et al., 2020), and result in pallial NSCs participating in Gabaergic olfactory bulb neurogenesis (Kohwi et al., 2007). Then the "respecification" of a subpopulation of pallial NSCs into subpallial NSCs, can be viewed as a successful crossing of a Waddington's landscape ridge.

E.2. The model of Waddington can be challenged following an injury

Following perinatal injury, my work shows that NSCs can produce cell types normally generated during development. Even if sparse, this regenerative neurogenesis can be viewed as a crossing of Waddington's landscape ridges. The Gabaergic cortical neurogenesis described by Jinnou and colleagues following neonatal cortical cryo-lesions, is a first illustration of such breach to Waddington's model (Jinnou et al., 2018). Our results of a secondary cortical glutamatergic neurogenesis represents an even more drastic illustration. Indeed, our observation that postnatal dorsal NSCs produce glutamatergic cortical neurons postnatally following hypoxia, including earliest one's (i.e. depp layer Ctip2-positive cortical neurons)

clearly challenge the one-way NSC competence progression of Waddington model. Finally, the demonstration that some neurons are born from cortical astrocytes in the same neonatal or other adult animal models [START_REF] Bi | Cortical Glial Fibrillary Acidic Protein-Positive Cells Generate Neurons after Perinatal Hypoxic Injury[END_REF][START_REF] Magnusson | A latent neurogenic program in astrocytes regulated by Notch signaling in the mouse[END_REF][START_REF] Nato | Striatal astrocytes produce neuroblasts in an excitotoxic model of Huntington's disease[END_REF], suggest that terminally differentiated cells are capable of rolling up the Waddington's landscape valleys, to engage in a different differentiation path. Interestingly, transcriptional analysis demonstrates that the molecular mechanism of such neurogenesis is highly similar to the mechanisms of neurogenesis observed in the subventricular zone. Thus, it is suggested that a subpopulation of differentiated astrocytes can reverse their final identity and act as adult NSCs [START_REF] Zamboni | A Widespread Neurogenic Potential of Neocortical Astrocytes Is Induced by Injury[END_REF].

IV. Conclusion

In conclusion, my Phd thesis highlights very fundamental mechanisms that add a piece of knowledge to our understanding of NSCs' competence. My work demonstrates that multiple signaling pathways cooperate after birth to close the period of glutamatergic cortical neurogenesis. Further, my work shows that adverse neonatal conditions, such as chronic hypoxia, perturbs these signaling pathways and result in de novo cortical neurogenesis, which can be encouraged by pharmacological manipulations. Thus, my work provides evidence for the competence of postnatal NSCs to produce neurons normally generated during development, although it should be noted that the extent of this neurogenesis remains low.
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 1 Figure 1: Morphogens instructing regionalisation of VZ/SVZ area during forebrain development. A. The forebrain forms from the anterior part of the neural tube to produce primary forebrain (FB), midbrain (MB) and hindbrain (HB). Then the forebrain evolves to form the telencephalon (Tel) and the diencephalon (Di). The metencephalon (Met) and the myelencephalon evolve from MB and HB. B. Patterning centers of the forebrain: the cortical hem (purple); the ventral center (green); the anti-hem (blue); commissural plate or rostral center (pink). C. Spatial organisation of VZ/SVZ domains induced by morphogens from the most dorsal (D) to ventral (V); pallium, lateral ganglionic eminence (LGE), medial ganglionic eminence (MGE) and septum. FB: forebrain; MB: midbrain; HB: hindbrain; SC; spinal cord; Tel: telencephalon; Di: diencephalon; Met; metencephalon; Myel: myelencephalon; LV: lateral ventricle; D: dorsal; V: ventral. (Adapted from Argiman et al., 2017 for A; from Rowitch and Kriegstein, 2010 for B; from Fiorelli et al., 2015 for C).
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 2 Figure 2: Cortical neurons diversity and their generation during embryonic development.

Figure 3 :

 3 Figure 3: Periventricular cellular organization and maturation during postnatal life.

Figure 4 :

 4 Figure 4: VZ/SVZ regionalization is conserved from embryonic to postnatal ages.

Figure 5 :

 5 Figure 5: NSC competences progression from embryonic to adult ages.

Figure 6 :

 6 Figure 6: Lineage progression dynamic and competence of adult NSCs. A. NSCs stages from quiescence to activation and main molecular programmes implicated. B. Illustration of the coexistence of lineage primed adult NSCs. Glial primed NSCs produce callosal astrocytes or oligodendrocytes for the corpus callosum. Neurogenic NSCs produce specific type olfactory bulbs interneurons, at population level several subtypes are produced (only two are illustrated). OB: olfactory bulbs; LV: lateral ventricle; CC: corpus callosum. (adapted from Llorens-Bobadilla and Martin-Villalba, 2017).

Figure 7 :

 7 Figure 7: Morphogens induce NSC specification. A. The primitive neuroepithelium of the neural tube is patterned by organizing signals. BMPs instruct dorsal differentialisation in the roof plate and Shh instruct ventral differentiation in the floor plate. B. Morphogens act as gradient extrinsic signaling. Coronal view of the embryonic (E14.5) ventricular region illustrated the VZ/SVZ domains expressing different transcription factors and generating specific cell lineages. C. Three waves of oligodendrocytes precursors are produced during development from several regions of the VZ/SVZ demonstrating that multiple signalings result in the production of oligodendrocytes (Shh and Wnt). First waves come from subpallium areas and Nkx2,1 and Gsx2 NSCs, arriving at E12,5 and E15,5. The third wave comes from the pallial region and Emx1 NSCs starting at E17. OPC: oligodendrocyte precursor cells. (Adapted from Rowitch and Kriegstein, 2010).
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 8 Figure 8: Epigenetic modifications drive changes in NSC competence.

  binding protein was shown to regulate NSCs progression from symmetric to asymmetric divisions. This protein represses the translation of pro-differentiation factors such as NeuroDs and Neurogs when present in the cytoplasm. It is also found on Tbr2 mRNA suggesting it also regulates the transition from NSCs to intermediate progenitors. Its translocation to the cell nucleus releases mRNA for translation and induces NSCs differentiation. This same study confirms the participation of 4E-T to this process, through its association to Eomes/Tbr2 mRNAs (MacPherson et al., 2021) (Fig.9a).
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 9 Figure 9: Post-transcriptional regulation including m6a signaling participate to NSCs competence progression.

Figure 10 :

 10 Figure 10: Illustration of germinal niche complexification during corticogenesis. A. General vision of the complexification of the niche, including extracellular matrix (ECM) molecules and retinoic acid (RA) from the meninges, both participating in the regulation from symmetric to asymmetric division of NSCs. Non-neural cells such as microglia (µ) are also present during cortical neurogenesis and participate in the maintenance of the adult pool of NSCs. Cajal-Retzius neurons (CR) produce feedback to NSCs, via reelin secretion to mediate neuronal migration, they also participate in the regulation of NSCs proliferation via Notch signaling. Then, late born cortical neurons express signaling molecules such as neurotrophin 3 (Ntf3) and Fgf9 that regulate NSCs fate choices, participating in the gliogenic switch. B. During development blood vessels are in close relationship with intermediate progenitors (IPCs; also called transient amplifying progenitors (TAPs)) that regulate their proliferation. Blood vessels also participate in the regulation of adult neurogenesis by their interaction with NSCs. C. Postmitotic neurons, such as tangentially migrating neurons (i.e. Gabaergic; TM), produce feedback information to NSCs via neurotransmitter secretion, such as Gaba. (Adapted from Paridean and Huttner, 2014).
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 11 Figure 11: Chronic hypoxia injury and spontaneous cellular repair.
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 12 Figure 12: NSCs activation following hypoxia.

Figure 13 :

 13 Figure 13: Injury-induced NSCs activation and cellular repair. A. In the adult, NSCs produce neurons for the olfactory bulbs (OB) via the rostral migratory stream (RMS; green line). In response to cortical lesion (L; red) a subpopulation of NSCs progeny migrate to the injury site. B. After a lesion, NSCs and progenitors can "reprogrammed" to diverse lineages. Endogenous chordin activation and Gli1 inhibition drive NSCs and progenitors to an oligodendrocyte fate. Striatal astrocytes are also produced. Noggin and BDNF signalings induce the production of striatal neurons from NSCs. OB: olfactory bulbs, RMS: rostral migratory stream; SVZ: subventricular zone; L: lesion; V: ventricule; CC: corpus callosum; Cx: cortex. (adapted from Saha et al., 2012 for A and Llorens-Bobadilla and Martin-Villalba, 2017 for B).
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 14 Figure 14: Wnt/ꞵ-catenin signaling pathway and pharmacological activation via GSk3ꞵ inhibitors.

  All animal experiments were performed in accordance with European requirements 2010/63/UE had have been approved by the Animal Care and Use Committee CELYNE(APAFIS #187 & 188). Only males were included in this study. Mice were group-housed, with food and water ad libitum, under 12 h light-dark cycle conditions.Tissue preparation for single-cell RNA sequencingSingle-cell isolation. The dorsal subventricular zone (dSVZ) from P12 mice (2 males) of 2 independent experiments were dissected. During all stages of the dissociation protocol, the tissue was kept in aCSF solution containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 17 mM glucose, 1.25 mM CaCl2 and 1 MgCl2. The small dissected tissues were incubated in Papain during 20 minutes at 37°C. Following enzymatic digestion, tissues were triturated and resuspended on ice in Leibovit'z L-15 medium supplemented with 0.1% of bovine serum albumin. The cell suspension was then filtered through a 70-μm cell strainer to remove aggregated cells.

  Sub clustering. For sub clustering of aNSCs, corresponding to 1514 cells, a resolution of 0.5 was used leading to the appearance of 4 subclusters. For sub clustering of aNSC3, representing 569 cells, a resolution of 2 was used. Finally, for sub clustering of the neuronal trajectories, corresponding to 1029 cells, a resolution of 0.75 was used. Transcriptional criterias for cell type identification. We defined the various cell types based on marker combinations (normalized Logged counts): qNSCs (Slc1a3>1 & Prom1 >0.6 & Egfr<0.1 & Foxj1<0.1); aNSCs (Egfr>1 & Ascl1>1 & Dlx1<0.01 & Dlx2<0.01); TAPs (Egfr>1 & Ascl1>1 & Dlx1>0.01 & Dlx2>0.01 & Sp8<0.5 & Gad1<0.5 & Gad2<0.5); NBs (Dcx>1 & Cd24a>0.5 & Nrxn3>0.5); OLs (Pdgfra>0.5 & Sox10>0.525|Dlx6>0.25|Dlx5>0.25|Sp9>0.25|Dlx2>0.25|Gad1>0.25)&Emx1<0.25&Neurod1<0.25&Neuro d6<0.25&Neurog2<0.25&Tbr1<0.25).

  FiguresVenn diagrams. Venn diagrams were done by using "Multiple List Comparator" available online

  Venn diagrams were done by using "Multiple List Comparator" available online (https://molbiotools.com/listcompare.php).

Figure 1 :

 1 Figure 1: Analysis of the postnatal SVZ dorsal domain cellular composition and differentiation dynamics by large-scale single-cell profiling.A. Scheme of the microdissection and experimental workflow. B. t-SNE projections of major cell types. Colorcoding corresponds to cell types shown in (E). Note that qNSCs represent the larger cell clusters and comprise three clusters of different sizes, which have been grouped in the t-SNE plot (brown). C. Violin plots showing known markers for SVZ cell types. D. combined expression of key markers on t-SNEs (one combination of markers per major cell type). E. Treemap representing the proportion of the major cell types present in our dataset. F. UMAP with simplified identity annotation qNScs, aNSCs, and TAPs/NBs are all composed of 3 subclusters. G. Pseudotime calculated by RNA velocity highlights the trajectories resulting in the production of qNSCs, glial cells, and TAPs/NBs by aNSCs. The starting point of these trajectories is indicated by an asterix.

Figure 2 :

 2 Figure 2: Early priming of pallial and subpallial aNSCs along multiple trajectories. A-B. UMAP plot with the identity of activated NSCs subclusters. C. Bar plot of significantly over-represented Gene Ontology (GO) terms identified by over-representation analysis using genes enriched in all clusters. D. Heatmap showing the top 5 differentially expressed transcription factors/transcriptional regulators for each of the 6 aNSCs subclusters shown in (E). E. UMAP plot with identity of aNSC3 subclusters and feature plots of identified markers illustrating the heatmap clusters in D. F. UMAP plot identifying cells expressing pallial (red) or subpallial (blue) transcripts (or both, i.e. dual cells, yellow) within activated NSCs. G. UMAP plot identifying cells expressing pallial (red) or subpallial (blue) transcripts within the entire dataset. H. Percentage of cells expressing pallial (red) or subpallial (blue) transcripts within NSCs progenies. I. Percentage of qNSCs, aNSCs and TAPs/NBs in each lineage. Note the overrepresentation of qNSCs within the pallial lineage. J-M. Fate map of pallial NSCs by electroporation of a transposon GFP plasmid at E15.5, reveals NSCs of pallial origin acquiring subpallial lineage markers at postnatal stages (here Gsx2). N. Postnatal acquisition of subpallial traits by pallial NSCs and their neuronal progeny is further supported by co-expression of Tbr2 and Dlx2 as well as identification of Tbr2+ cells within GAD67GFP+ cells in the dorsal SVZ.

Figure 3 :

 3 Figure 3: Pallial and subpallial qNSCs are produced postnatally through distinct mechanisms.A. Integration of current dataset (pink) with previously published dataset of E14.5 and P0 pallium (GSE123335, gray). B. Annotated UMAP depicting the identity of both datasets cell types. Only clusters from the current dataset are colored. See legend for cluster identity. C. Circos plot representing transcriptional correlation between selected cell types of both datasets. Clusters showing transcriptional correlation are relied by line which intensity reflects the degree of similarities. D. Quantification of label-retaining cells following BrdU injection at embryonic or postnatal timepoints. qNSCs are defined based on Sox2 expression and S100b exclusion. E. Pseudotime calculated by RNA velocity highlights the trajectories resulting in the production of qNSCs showing a pallial and subpallial transcriptional signature. F. Identification of key cellular states transitions along both trajectories (see pseudotime for subpallial and pallial trajectories), and selected GO terms associated with the observed transcriptional changes. Associated GO terms can be grouped in 3 categories, i.e. showing similar dynamics (top, blue and red), enriched in the "subpallial" trajectory (middle, blue), enriched in the "pallial" trajectory (bottom, red). G. Pseudotime analysis of Bmpr1a expression in the pallial and subpallial trajectories. H. Violin plot showing expression of Bmpr1a ligands transcripts Gdf5 and Bmp4 in NSCs and Oligodendrocytes (Oligos), respectively.

  Glutamatergic and Gabaergic progenitors/nascent neurons are characterised by marked transcriptional differences in proliferation, migration and differentiation To investigate the neuronal output of dorsal NSCs, we isolated cells of aNSC3 neuronal trajectory (i.e. aNSC3 subclusters 8 and 10 and TAPs/NBs). Following removal of Olig1/2 positive cells, we obtained 1029 cells with a majority (66%) expressing Pax6 and Rlbp1, markers of dorsally born NBs (Cebrian[START_REF] Silla | Single-cell analysis of the ventricular-subventricular zone reveals signatures of dorsal & ventral adult neurogenesis[END_REF], while almost none (3/1029) expressed markers of ventrally born NBs (Runx1t1 and Vax1), confirming the exclusion of NBs from ventral regions in our datasets. New clustering of these cells followed by cluster identification using neural cell subtype markers (see methods for details) resulted in the generation of a UMAP distinguishing two main lineages corresponding to GLU and GABA cells (FigS6). Both lineages were subdivided into 4 subclusters corresponding to distinct steps of their differentiation, which

Figure 4 :

 4 Figure 4: Hopx and TGFꞵ signaling define pallial qNSCs quiescence/senescence.

Figure 5 :

 5 Figure 5: neuronal differentiation of pallial and subpallial lineages.

Figure Supplemental 1 :

 1 Figure Supplemental 1: Data Metrics and Markers, related to Fig 1.

G.

  The dimensionality reduction technique TSNE shows the great overlap of experiments 1 & 2. H. Their homogenous contribution to the 15 clusters are shown in percentage. I. % of cells expressing dorsal and ventral SVZ markers, and feature plots of most selected genes illustrating the precision of the microdissection approach. J. Markers of the main cell types observed in the dataset are shown as FeaturePlots. K. Heatmap depicting expression of top 5 markers distinguishing cell types.

Figure Supplemental 2 :

 2 Figure Supplemental 2: A core set of "generic genes" defines distinct cellular states, related to Fig 1.

Figure Supplemental 4 :

 4 Figure Supplemental 4: Pallial and subpallial lineages coexist within the dorsal SVZ, related to Fig 2 & 3.

Figure Supplemental 5 :

 5 Figure Supplemental 5: Pallial and subpallial qNSCs differ in their transcriptional profile and transcript content, related to Figure 4. A. UMAP highlighting 2 qNSCs sub-clusters. B. Violin plots illustrating expression of transcription factors/transcriptional regulators enriched in qNSC1 and qNSC2. C. Violin plots illustrate higher transcript content of qNSC1 when compared with qNSC2. D. UMAP plot showing enrichment of Hopx Hight cells in qNSC1, while Hopx Low cells are mainly associated with qNSC2. E. Violin plot showing higher transcript content in Hopx low cells when compared to Hopx high cells. F-G. Violin plots illustrating the enrichment of genes associated with deep quiescence (F) or primed quiescence (G), as defined by Marqués-torrejón, M. Á, Nat Comm 2021.

  3 NA dry objective (HCX PL Fluotar); 20X/0.70 NA dry objective (HC PL APO CS); 20X/0.70 NA oil objective (HX PL APO CORR CS); 40X/1.25 NA oil objectives (HCPL Fluotar) and software's Zen (Zen 3.1, Blue edition) and LAS (Leica Microsystems, V3.1.2.16221). Quantifications were performed on coronal sections by counting the number of cells from z-stack confocal images on ImageJ-Win-64. Depending on the analysis, quantifications were done either on an entire series of sections or on at least 3 equally spaced sections of the SVZ. Images for morphological analysis were taken with a Z-step of 0.30 µm and a resolution of 1024 x 1024. Morphological analysis was performed on Neurolucida 360 software (MBF Bioscience).

Figure 1 :

 1 Figure 1: Chronic hypoxia results in activation of postnatal neural stem cells and de novo cortical neurogenesis. A. Schematic representation of the SVZ domains and experimental procedure. Animals were sacrificed at P11, P15 and P19. B-E. Illustrations (B) and histograms (C-E) showing the increase of activity into dSVZ (C) and especially into glutamatergic (Tbr2+; D) and oligodendrocyte (Olig2+; E) progenitors (N≥8). Scale bars 50µm & 10µm. F. Histogram showing the kinetics of dorsal SVZ progenitor populations following hypoxia, glutamatergic (Tbr2+) and glial (Olig2+) (N≥3). G. Illustrations of cells observed into cortical area following postnatal electroporation of the dorsal SVZ at P1 into control (except for neurons like cells) and hypoxic conditions at 18dpe (P19). H. Representation of the types and the localization of the cells observed into cortical area following postnatal electroporation of the dorsal SVZ at P1 into control and hypoxic conditions at 18dpe (P19). I. Illustrations of GFP+ neurons into the cortical area showing a pyramidal morphology (left upper panel), a develop axon (right upper panel), going to the corpus callosum (left middle and down panels) and to the intern capsule (right middle panel). J. Illustration of a GFP+ neuron into the cortical area presenting spines onto dendritic (1) and swellings on axonal (2) segments. Scale bars 10µm. K. Histogram showing the expression by a partition of GFP+ neurons into the cortical area of mature glutamatergic markers, the majority of them are localized into the corresponding cortical layer of their marker expression (N≥9). * P<0.05; ** p<0.01; *** p<0.001. Data are presented as mean ± SEM. Abbreviations: SVZ: subventricular zone; P0/P3/P11/P15/P19: respectively 0, 3, 11, 15 and 19 days after birth; Nx: normoxic; Hx: hypoxic.

Figure 2 :

 2 Figure 2: Transcriptome of postnatal glutamatergic progenitors is rejuvenate following hypoxia. A & B. Venn diagrams showing the number of differentially expressed transcripts in glutamatergic progenitors following hypoxia (A) and the number of differentially enriched transcripts in glutamatergic progenitors at embryonic and postnatal time points, in control and hypoxic conditions. Both consider only transcripts with a Padj<0.01. C. Volcano plot showing the repartition of transcripts in glutamatergic progenitors following hypoxia compared to postnatal control. Differentially expressed transcripts are in red and unchanged transcripts are in black. Highlight transcripts correspond to the top 50 that are the most enriched into embryonic conditions compared to postnatal control. All are enriched following hypoxia, showing the rejuvenation of the transcriptome of glutamatergic progenitors following hypoxia. D. Over representation analysis of biological processes on DAVID web interface, considering the top 1 000 transcripts and the percentage of them into GOs. There is an upregulation of similar GOs between embryonic and hypoxic enriched transcripts, showing that similar biological processes are engaged into pallial embryonic glutamatergic progenitors than following hypoxia. E. Examples of transcripts that are present into the embryonic and hypoxic similar GOs presented in (D) that are known to be implicated in the regulation of glutamatergic cortical neurogenesis.

Figure 3 :

 3 Figure 3: N6-methyladenosine modification participate to hypoxia-induced NSCs activation. A. Over representation analysis of biological processes on DAVID web interface, considering the top 1000 upregulated transcripts following hypoxia, selected on Padj. Results are presented with the Fold enrichment of GOs categories, showing methylation as principal component enrich following hypoxia. B. Table showing the high enrichment (Pv < 0.01) of transcripts implicated into methylation GOs presented in A. C. Histogram of m6a signaling components (i.e. writers; readers and erasers) up regulated into embryonic (green) and postnatal (gray) condition based on P-values. Results show the down regulation, at global level, of the m6a signaling during time into glutamatergic progenitors. D. Illustrations and histogram showing the optical density measurement of mettlt14 into glutamatergic progenitors (Tbr2+) at P13. Results show the positive regulation of mettl14 at the protein level following hypoxia (N≥4). E. Histogram of m6a signaling components up and down regulated following perinatal hypoxic period, based on P-values. Results show the re-activation of the m6a signaling following hypoxia. F. Illustrations of the maintenance of neural stem cells (radial glial cells (RGCs) like morphology cells) into the dorsal SVZ, following hypoxia (upper panel) and following an electroporation of mettl14 plasmid at 4dpe (deeper panel). G. Histogram showing the increased number of RGCs-like morphology cells into the dorsal SVZ both following hypoxia and mettl14 gain of function at 4 dpe (N≥4). H-I. Illustration (H) and histogram (I)showing the expression of Ki67 marker into GFP+ cells and its increase following mettl14 GoF into the dorsal SVZ at 4dpe (N≥4).

Figure 4 :

 4 Figure 4: Wnt canonical signaling promote glutamatergic neuron specification and oligodendrocyte maturation following hypoxia. A & B. Illustrations (A) and histogram (B) showing the optical density measurement of beta-galactosidase expression at P11 in the batGal reporter mice. Results show its positive regulation following hypoxia (N≥4). Scale bar 20µm. C. Histogram of Wnt signaling components up and down regulated following hypoxia into glutamatergic progenitors, based on P-values. D to G. Illustrations (D) and histograms (E-G) showing the return to base line of wnt pathway activity by P15 following hypoxia into dSVZ (D & E) and in both progenitor populations, glutamatergic (Tbr2+; D & F) and oligodendrocytes (Olig2+; D & G). CHIR99021 treatment prolonged the wnt activity and potentiate it (D to G) (N≥3). Scale bar 50µm. H. Histogram showing that CHIR99021 treatment increases the proportion of the newborn neurons expressing cortical specific mature glutamatergic markers (N≥6). I & J. Illustrations (I) and histogram (J) of morphological analyses of deeper GFP+Ctip2+ neurons. Results show a complexification in the CHIR99021 treated group as shown by sholl (N≥10). Scale Bar 10µm. K & L.Immature and mature GFP+ oligodendrocytes can be distinguished based on their morphology (K). Hypoxia results in a reduction in the acquisition of mature morphologies, which was fully rescued by CHIR99021 treatment (L) (N≥5). Scale bar 10µm. M & N. Oligodendrocyte lineage maturation can be distinguished based onto marker expressions (see fig.S5C & D). Hypoxia results in a reduction in the acquisition of mature markers such as Olig1 into the cytoplasm (M) or GSTpi (N), which was rescued by CHIR99021 treatment (N≥4).

Figure 5 :

 5 Figure 5: Pharmacological activation of Wnt/βcatenin signaling do not impact adult NSC numbers and germinal activity.A. Schematic representation of subtypes of neural stem cells and their marker expressions corresponding to retaining labeling protocols and their cell cycle marker expression. B. Illustrations of neural stem cells subtypes, qNSCs (i.e. Sox2+ BrdUE14bright+ S100B-; left panel), taNSCs (i.e. Sox2+ BrdUP45-60+ S100B-; middle panel) and aNSCs & pNSCs (i.e. Sox2+ MCM2+ & Sox2+ MCM2+ Ki67+; right panel). C -G. Quantifications reveal the absence of dramatic modifications of the percentage (C) and raw number of qNSCs (D), taNSCs (E), aNSCs (F) and pNSCs (G) population at P45 following hypoxia and CHIR99021 treatment (N≥3). H. Quantification into olfactory bulbs of neuronal production between P45 and P60 (BrdU+ cells), confirm the increase of cell production around P45 (N≥4). I. Quantification into olfactory bulbs of neuroblasts (DCX+ cells) at longer time point (i.e. P90), reveals a normalization of neuronal production by P90 (N≥4).

Figure Supplemental 1 :

 1 Figure Supplemental 1: Neonatal chronic hypoxia perturbes forebrain development.A. Schematic representations of neonatal chronic hypoxia model procedure. Pups, with their mother, are placed into a hypoxic environment, at 10 percent of oxygen, for eight days, from P3 to P11. The mothers, between normoxic and hypoxic pups groups, were exchanged at P6 and P9 to avoid the impact of the law's milk quality on pups, due to the hypoxic environment. B. Histogram showing the default of global weight (g) observed into hypoxic pups at P11 (N≥10). C. Histogram showing the default of brain weight (g) observed into hypoxic pups at P11 (N≥6). D. Histogram showing the default of cortical volume (µm3) observed in hypoxic pups at P11 (N≥13). E & F. Illustrations (E) and histogram (F) showing the increase of the number of cells expressing the apoptotic marker Cas3 into the cortex into hypoxic condition at P11 (N≥6). Several cell types are impact neurons (NeuN), glial (Olig2), glutamatergic neurons (Satb2 & Ctip2) co-expressing the apoptotic marker Caspase3A (Cas3) following hypoxia at P11. Scale bars 20µm. G & H. Illustrations (G) and histogram (H) showing the default of maturation into the oligodendrocyte lineage observed following hypoxia at P11 (N≥5) based on the quantification of the immature (Olig2) and mature (CC1) oligodendrocytes markers into a brain section observed into normoxic and hypoxic conditions at P11. Scale bars 1mm and 50µm. I & J. Illustrations (I) and histogram (J) showing the default of myelin marker expression invading cortical area observed following hypoxia at P11 (N≥5). Based on the myelin marker (MBP) expression into a brain section observed into normoxic and hypoxic conditions at P11. Scale bars 1mm and 100µm. K & L. Illustrations (K) and histogram (L) showing the increase of the number of neuroblasts (DCX) in the SVZ into hypoxic conditions at P19 (N≥4). Based on the quantification of the neuroblast marker (DCX) into the SVZ observed into normoxic and hypoxic conditions at P19.
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 3 Figure Supplemental 3: Hypoxia repress acquisition of postnataly enriched transcripts.A. Schematic representation of isolation and enrichment of Neurogenine2Ai14_TdTomato cells, corresponding to glutamatergic progenitors and nascent neurons(Donega et al., 2018), from the Ngn2Ai14CREERT2 mice. Tamoxifen was administered by intraperitoneal injection at embryonic time points (E13 and E15; 0.5mg + 0.25mg of progesterone) and postnatal time point (P12; 1mg) into normoxic and hypoxic conditions. Then, the dorsal part of the SVZ was microdissected under binocular loop after 12h for embryonic time points and after 18h for postnatal time point (1). Next, fluorescent-activated cell sorting of Td-Tomato+ cells was perform, the selection of viable cells was perform on DAPI (2). Finally, the sequencing of the RNA was perform by using BULK technology and data was treated using dseq2 package on R software. B. Venn diagram showing the number of differentially enriched transcripts in glutamatergic progenitors at embryonic and postnatal control time point and repress transcripts in hypoxic conditions, considering only transcripts with a Padj<0.01. C. Over representation analysis of biological process on DAVID web interface, considering the top 1 000 transcripts and the percentage of them into GOs. There is an up regulation of similar GOs between embryonic and hypoxic repressed transcripts, showing that niche and glutamatergic progenitor's maturation is repressed following hypoxia.Data are presented as mean ± SEM. Abbreviations: LV: lateral ventricle; dSVZ: dorsal subventricular-zone.

Figure Supplemental 5 :

 5 Figure Supplemental 5: Chronic hypoxia impaired oligodendrocytes maturation is rescuted by CHIR99021 treatment. A & B. Illustrations (A) and histogram (B) of the optical density measurement of beta-galactosidase expression at E13, E15 and P1 in the BatGal reporter mice, showing a gradual negative regulation of wnt activity overtime within the embryonic pallium (E13 and E15) and neonatal dorsal SVZ (P1) (N≥3). Scale bar 10µm. C & D. Schematic representation (C) and illustrations (D) of oligodendrocyte lineage maturation based on morphological and marker expression criterias. E. Histogram of morphological analyses of deeper GFP+ Ctip2+ neurons, showing an increase of the number of nodes into the dendritic arborisation in CHIR99021 treated group (N≥10). F. Hypoxia and CHIR99021 treatment results in, respectively, a reduction and a blockage in the acquisition of the myelinating marker GSTpi at P19 (N≥3). G & H. Quantifications of CC1+GSTpi+/CC1+ cells into the cortex show a diminution of maturation at P19 either after hypoxia and treatment (G). At P45 there is no rescue of this ratio following hypoxia, showing a long term default of oligodendrocyte lineage whereas there is a rescue in the treated group (H) (N≥5). * P<0.05; *** p<0.001. Data are presented as mean ± SEM. Abbreviations: E13/E15/P1: respectively 13 and 15 embryonic days and 1 day after birth; OD: optical density; iOL: immature oligodendrocytes; mOL: mature oligodendrocyte Nx: normoxic; Hx: hypoxic; Hx+Chir: hypoxic treated group.

Figure Supplemental 6 :

 6 Figure Supplemental 6: Procedures for labeling quiescent and activated NSCs in the postnatal SVZ. A. Histogram showing qNSCs is a BrdUE14bright+ NSCs, this population decrease with aging before their maintenance as pool (N≥3). B & C. Illustration (B) and histogram (C) showing the absence of cell cycle marker in colocalization with BrdUE14Bright+ NSCs population, confirming their quiescent pattern (N≥5). D & E. Illustration (D) and histogram (E) showing the specificity of the two labelling retaining protocols, allowing the labelling of qNSCs (BrdUE14bright) and taNSCs (BrdU P45-60) (N≥4). F & G. Illustration (F) and histogram (G) showing that a non-negligible partition of BrdUP45-60+ express the cell cycle marker MCM2, confirming their transient activation pattern (N≥4). H & I. Illustrations of pNSCs into the dorsa lateral SVZ domain at P45 & P90 (I) and histogram showing the persistence of an increase of pNSCs into the dorso lateral SVZ domain at P45 and the normalization at P90 (J) (N≥3).*** p<0.001. Data are presented as mean ± SEM. Abbreviations: qNSCs: quiescent neural stem cells; P45/P90: respectively 45 and 90 days after birth.

Figure 1 :

 1 Figure 1: Mettl14 GoF enhance Wnt/ꞵ-catenin activity. Illustration (A) and histogram (B) showing the optical density measurement of beta-galactosidase expression at 2 days post-electroporation (P3) following Mettl14 GoF in the batGal reporter mice. Results show its positive regulation in Mettl14 GoF GFP+ cells.

Figure 2 :

 2 Figure 2: scRNAseq analysis of hypoxic dorsal SVZ suggest an activation of Hopx-positive qNSCs. (A) Uniform manifold approximation and projection (Umap) with simplified identity annotation qNScs, aNSCs and TAPs/Neuroblasts. The Umap contains normoxic and hypoxic cells. (B) Umap highlighting normoxic (blue) and hypoxic (red) cells, demonstrating the presence of both into each cluster and allowing the direct comparison of the data sets. (C) Umap showing the Hopx-positive qNSCs for GSEA analysis. Dotplot of GSEA analysis on Hopxpositive qNSCs cluster, demonstrating their transcriptional activation by ribosomal and oxidative phosphorylation upregulation as well as the loss of their quiescent identity by the down-regulation of Tgfꞵ signaling. qNSCs: quiescente neural stem cells; aNSCs: active neural stem cells; TAPs: transient amplifying cells.

  

  

  

  

  G. tdTom+ and Gsx2+ cells are present within the dorsal SVZ and only minimally overlap. While Gsx2+ and tdTom+/Gsx2+ cells are frequently Mcm2+ (asterisks and arrow heads, respectively), tdTom+ cells rarely express this marker further supporting deep quiescence (arrows). H. Bar plot of significantly over-represented Gene Ontology (GO) terms identified by over-representation analysis using genes enriched in Hopx high (red) or Hopx low (blue) cells among qNSCs. I. Hierarchical network of over-represented Gene Ontology (GO) terms identified by gene set enrichment analysis using genes enriched in Hopx low (blue) cells among qNSCs. Genes enriched in Hopx high cells did not result in any network.

  Table showing the high enrichment (Pv < 0.01) of transcripts implicated into methylation GOs presented in A.C. Histogram of m6a signaling components (i.e. writers; readers and erasers) up regulated into embryonic (green) and postnatal (gray) condition based on P-values. Results show the down regulation, at global level, of the m6a signaling during time into glutamatergic progenitors. D. Illustrations and histogram showing the optical density measurement of mettlt14 into glutamatergic progenitors (Tbr2+) at P13. Results show the positive regulation of mettl14 at the protein level following hypoxia (N≥4). E. Histogram of m6a signaling components up and down regulated following perinatal hypoxic period, based on P-values. Results show the re-activation of the m6a signaling following hypoxia. F. Illustrations of the maintenance of neural stem cells (radial glial cells (RGCs) like morphology cells) into the dorsal SVZ, following hypoxia (upper panel) and following an electroporation of mettl14 plasmid at 4dpe (deeper panel). G. Histogram showing the increased number of RGCs-like morphology cells into the dorsal SVZ both following hypoxia and mettl14 gain of function at 4 dpe (N≥4). H-I. Illustration (H) and histogram (I)showing the expression of Ki67 marker into GFP+ cells and its increase following mettl14 GoF into the dorsal SVZ at 4dpe (N≥4).

	* P<0.05; *** p<0.001. Data are presented as mean ± SEM. Abbreviations: OD: optical density; Nx: normoxic; Hx:
	hypoxic; ctrl: control; RGCs: radial glial cells.

  ). Scale bar 10µm. M & N. Oligodendrocyte lineage maturation can be distinguished based onto marker expressions (see fig.S5C & D). Hypoxia results in a reduction in the acquisition of mature markers such as Olig1 into the cytoplasm (M) or GSTpi (N), which was rescued by CHIR99021 treatment (N≥4).

* P<0.05; ** p<0.01; *** p<0.001. Data are presented as mean ± SEM. Abbreviations: OD: optical density; Nx: normoxic; Hx; hypoxic; IN: intranasal; Chir: CHIR99021; iOLs: immature oligodendrocytes; mOLs: mature oligodendrocytes.

  N≥4). I. Quantification into olfactory bulbs of neuroblasts (DCX+ cells) at longer time point (i.e. P90), reveals a normalization of neuronal production by P90 (N≥4). , in line with our previous demonstration of the persistence of glutamatergic progenitors within this postnatal region(Donega et al., 2018, see also experimental chapter 1).The observation of cortical neurons expressing the deep layer marker Ctip2, suggest that postnatal dorsal SVZ remain competent to produce early born cortical neurons. Cortical progenitors have long been thought to lose this competence during development progression. For instance, original heterochronic transplantation experiments of late cycling progenitors into the early embryonic ferret SVZ showed that they are committed to generate upper layer neurons

	* P<0.05. Data are presented as mean ± SEM. Abbreviations: RLC: retaining labeling protocol; qNSCs: quiescent
	neural stem cells; taNSCs: transiently active neural stem cells; aNSCs: active neural stem cells; pNSCs: proliferative
	neural stem cells; Nx: normoxic; Hx+Chir: hypoxic, CHIR99021 treated group.

response

Cortical neurons originate from the dorsal subventricular zone domain.

  ). Based on the quantification of the neuroblast marker (DCX) into the SVZ observed into normoxic and hypoxic conditions at P19. Schematic representations of postnatal electroporation procedures (dorsal and lateral). Plasmid is administered into the lateral ventricles of P1 pups. The ventricle localization is perform by using the virtual line between lambda and eye. Then electrodes are placed at the top and bottom of the head of the animal for dorsal electroporation or at each side of the head for lateral electroporation. The positive electrode is placed in the direction on which we wanted the plasmid go into the cells, corresponding to dorsal or lateral wall. The technic allow to be specific enough of one SVZ wall and to target NSCs (i.e. RGCs like morphology). B. Illustration of coronal section of hypoxic brain at P19. A CRE plasmid was electroporated in the dorsal domain of the SVZ of RosaYFP pups at P1. Inserts show the morphology of YFP+ cells in the cortex. Insert 1 show YFP+ cortical neuron, above which one co-expressed the glutamatergic marker Satb2. Inserts 2 and 3 shows glial YFP+ cells. Scale bars 20µm. C. Illustration of coronal section of hypoxic brain at P19. A CRE plasmid was electroporated in the lateral domain of the SVZ of RosaYFP pups at P1. Inserts show the morphology of YFP+ cells in the striatum. Inserts shows glial YFP+ cells. Scale bars 20µm. D. Histogram showing the presence of YFP+ neuronal cells following dorsal electroporation only into the hypoxic group (N≥4). E. Illustrations showing electroporated cells (GFP+) that differentiate into cortical neurons following hypoxia. Both express a specific and mature marker of cortical glutamatergic neuron, of upper layers (cux1) or of deeper layers (Ctip2). F-H. Graphs showing the morphological differences, of postnatally born following hypoxia, of cortical glutamatergic neurons dendrites, depending of their marker expression (Cux1 or Ctip2); shown by sholl analyze (F), number of nodes (G) and total length (H) (N≥7).

	Figure Supplemental 2:
	* P<0.05; ** p<0.01; *** p<0.001. Data are presented as mean ± SEM. Abbreviations: P0/P3/P6/P9/P11:
	respectively 0, 3, 6, 9 and 11 days after birth; Nx: normoxic; Hx: hypoxic; Cas3: caspase3a; LV: lateral ventricle.

A.

** p<0.01. Data are presented as mean ± SEM. Abbreviations: EPO: electroporation; dpe: day post electroporation; LV: lateral ventricle; Nx: normoxic; Hx: hypoxic.

Figure Supplemental 6: Pallial and subpallial qNSCs differ in their transcriptional profile and transcript content, related to Figure 5. A. UMAP plot highlighting distribution of GLU, GABA and Dual cells within TAPs/NBs. B. Pseudotime analysis within cycling GLU and GABA cells, and related subclusters. C. Violin plots illustrating expression of various cell types or cell status markers.
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III. General discussion and perspectives

tackled, but need to be systematically addressed. Indeed, a recent study demonstrated, for the very first time, that an early life stress reduced the number of proliferating NSCs-like surrounding the third ventricle into the adult hypothalamic region [START_REF] Bielefeld | Early life stress decreases cell proliferation and the number of putative adult neural stem cells in the adult hypothalamus[END_REF]. Addressing the existence of such side effects in the postnatal SVZ following pharmacological manipulation of the Wnt pathway represents an additional aim of the present work (see experimental chapter 2).

Together these observations reveal pharmacological treatment as a potential approach to promote NSCs activity and plasticity, for tissue repair. In this context, a better understanding of mechanisms driving NSCs lineage dynamics and fate commitment, may allow to refine such approaches.

Highlights

 The postnatal dorsal V-SVZ domain contains an intermix of NSCs expressing pallial or subpallial markers.

 Activated NSCs are heterogeneous and are primed for lineage differentiation.

 Quiescent NSCs emerge at postnatal stages within the dorsal V-SVZ.

 Pallial/subpallial NSCs enter distinct states of quiescence.

 Pallial neuronal progeny acquires subpallial traits contributing to the closure of glutamatergic neurogenesis.

A.2. Introduction

During development, radial glial (RG) cells residing in the ventricular zone (VZ) and subventricular zone (SVZ) are multipotent stem cells, generating ependymal cells, neurons and glial cells. Their production is molecularly regulated in space and time. In mammals, glutamatergic neurons are produced by dorsal (i.e. pallial) RG cells, whilst gabaergic neurons are generated by more ventral (i.e. subpallial) regions.

Whilst the vast majority of forebrain neurons are produced before birth, neurogenesis persists in specific brain regions. The ventricular subventricular zone (V-SVZ) is the largest and most heterogeneous germinal region of the postnatal brain (Fiorelli et al., 2015). The ventral and lateral parts of the V-SVZ both derive from the embryonic subpallium, while its dorsal part derives from the pallium (Young et al., 2007). V-SVZ germinal cells are derived from a subset of RG cells, which transiently enter quiescence late embryonically and then gradually reactivate postnatally (Fuentealba et al., 2015;Furutachi et al., 2015). In particular, these cells (defined as neural stem cells (NSCs) or type B cells) continue producing distinct subtypes of olfactory bulb (OB) interneurons throughout life, the vast majority of which are gabaergic.

Such exclusive gabaergic neurogenesis contrasts with the pallial origin of at least a subpopulation of V-SVZ NSCs. Indeed, a majority of RG cells do not undergo a neurogenic to gliogenic switch (Gao et al., 2014), but instead remain able to generate glutamatergic (Glu) progenitors (Donega et al., 2018). These progenitors express Neurog2 and Eomes/Tbr2 and persist until at least 2 months in the mouse (Azim et al., 2017).

Although evidence confirms that at least a subpopulation of these cells contributes to glutamatergic neurogenesis within the cortex at birth (Donega et al., 2018), as well as to OB neurogenesis during early postnatal life (Winpenny et al., 2011) until young adulthood (Brill et al., 2009), they are vastly outnumbered by gabaergic progenitors. Thus, uncharacterized mechanisms differentially fine-tune the relative abrupt

A.7. Supplemental figures

BrdU/EdU administrations. Labelling of quiescent NSCs (qNSCs) was performed using a single injection of bromodeoxyuridine (BrdU) (or deoxyuridine; EdU) at E14, time were the maximum of NSCs enter into quiescence (Fuentealba et al., 2015). Labelling and fate mapping of postnatal dividing cells was performed using multiple BrdU (or EdU) injections between P3 to P11 and between P11 to P12. BrdU or EdU (Sigma) was dissolved in Dulbecco's Phosphate Buffered Saline (DPBS; sigma) at 10 mg/ml and was shaken until it was completely dissolved. For intraperitoneal injections (IP) 50mg/Kg was administered. Labelling of transiently active NSCs (taNSCs) was performed using a chronic BrdU administration in drinking water during postnatal period between P45 to P59 (Kalamakis et al., 2019). BrdU was dissolved in water with 10mg/ml of sucrose in a concentration of 1 mg/ml, and changed every two days.

Intranasal drug administration. The Gsk3b inhibitor CHIR99021 (Sigma) was administered by intranasal administration as previously described (Scafidi et al., 2014& Azim et al., 2017). Mucus was first permeabilized by the use of type IV hyaluronidase, then, 10μl of CHIR99021 (Sigma) was administered 4 times (starting at the end of the hypoxic period, then every 12 h), at a concentration of 1.5 mM in sterile DPBS (Sigma).

Ex-vivo work

Immunohistochemistry. Mice were sacrificed by an intraperitoneal overdose of pentobarbital followed by perfusion with Ringer's Lactate solution and 4% paraformaldehyde (PFA) dissolved in 0.1 M phosphate buffer (PB; pH 7.4). Brains were removed and post fixed for 12-48 hrs at 4°C in 4% PFA and sectioned in 50-µm thick coronal serial sections. When necessary, antigen retrieval was performed for 20 min in citrate buffer (pH 6) at 80°C, then cooled for 20 min at room temperature and washed in 0.1 M PB.

The following antibody were used for immunohistochemical procedures: Mouse anti-APC (CC1 IgG2B; 1:100, calbiochem); Mouse anti-BrdU (G3G4; 1:1000, DSHB); Rat anti-BrdU (1:500; ABD Serotech); Rabbit anti-Caspase3 (1:1000; Millipore); Rat anti-Ctip2 (1:500; Abcam); Chicken anti-GFP (1:1000; AVES); rabbit anti-Cux1 (1:200, Santa Cruz);Rabbit anti-Cux1 (1:300; R&D system)Rabbit anti-Ki67 (1:500, Thermo scientific); Rabbit anti-MBP (1:1000; Abcam); Goat anti-MCM2 (1:300; Santa Cruz); Goat anti-MCM2

(1:300; R&D system); Mouse anti-NeuN (1:1000; Millipore); Guinea Pig anti-NeuN (1:2000; synaptic system); Mouse anti-Olig1 (IgG1; 1:500, Neuromab); Rabbit anti-S100B (1:5000, Swant); Guinea Pig anti-S100B (1:2000; synaptic system); Mouse anti-Olig2 (1:1500; Millipore); Rabbit anti-Olig2 (1:400; Millipore); Mouse anti-Sox2 (1:100; Santa Cruz); Goat anti-Sox2 (1:1000, R&D systems); ; Rabbit anti-Tbr2 (1:1500; Abcam); Rat anti-Tbr2 (1:1000; Invitrogen); Rabbit anti-GSTpi (1:1000, Enzo); Goat anti-DCX (1:500, Santa Cruz). 

B.7. Supplemental figures

A. Pallial NSCs activity is regulated by multiple pathways that are modulated by hypoxia

During this Phd thesis, we first confirmed that germinal activity persists within the postnatal dorsal SVZ (Fiorelli et al., 2015), with NSCs remaining competent to produce oligodendrocytes and glutamatergic progenitors as previously documented by the laboratory [START_REF] Azim | Mosaic Subventricular Origins of Forebrain Oligodendrogenesis[END_REF](Azim et al., , 2014;;Brill et al., 2009;Donega et al., 2018;Winpenny et al., 2011). We expanded this previous work by unraveling the cellular heterogeneity defining the dorsal SVZ, as well as the dynamic of defined NSCs lineages residing within this postnatal region. Further, we used a model of neonatal chronic hypoxia to demonstrate that dorsal SVZ NSCs participate to the spontaneous cellular regeneration in this model of premature brain injury (Fagel et al., 2006;Salmaso et al., 2014), and are competent to produce glutamatergic cortical neurons that express appropriate layer-specific markers according to their localisation. Finally, this work unravel signaling pathways which are involved in shaping dorsal SVZ NSCs germinal activity, including Tgfꞵ/Bmp, Wnt/ꞵ-catenin and m6-a signaling. Changes in the activity of these signaling pathways parallel the spontaneous cellular genesis observed following chronic neonatal hypoxia, which can be encouraged by pharmacological interventions. Altogether, this PhD work shed new light on mechanisms shaping germinal activity within the SVZ from pre-to postnatal life, as well as on the impact of their modulation in regenerative contexts.

A.1. Multiple pathways regulate pallial NSC activity and competence over time

As seen in the introduction, NSCs germinal activity and competence to produce defined cell types are driven by both extrinsic and intrinsic factors, e.g. morphogens and epigenetic marks, respectively. Those signals interact at multiple levels and in a dynamic manner, as illustrated by my PhD work.

Wingless (Wnt) acts as a morphogen and is a primary inductor of the pallium within the developing embryo [START_REF] Campbell | Dorsal-ventral patterning in the mammalian telencephalon[END_REF]. This is illustrated here, by the intense signal observed within the pallium in the Wnt/ꞵcatenin reporter mouse (Beta-Galactosidase (BatGal) transgenic mice, see page 133). Stainings performed at different embryonic and postnatal ages further demonstrate that Wnt/ꞵ-catenin activity decreases in this region over time, in parallel to a gradual shift in the competence of pallial NSCs to produce defined cell types, including different subtypes of neurons (Braunschweig et al., 2015;Gunhaga et al., 2003;Martynoga et al., 2012). Stimulation of Wnt/ꞵ-catenin activity through pharmacological treatments with the Glycogen Synthase Kinase 3 Beta (Gsk3ꞵ) inhibitors AR-A014418 or CHIR99021 promotes pallial NSCs activity as well as glutamatergic neurogenesis (in particular the generation of deep-layer, Ctip2 expressing neurons) and oligodendrogenesis (Azim et al., 2017(Azim et al., , 2014;;Donega et al., 2018).