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You are so young, and you have accomplished so much. Having you at home during my writing has comforted me and given me the strength to continue. Vozeca, thank you for welcoming me into your house when I arrived, thank you for your sweet and tender words (Example: "Stop your bullshit, lift your head and keep going, that's not how you're going to succeed") you taught me to be strong, not to let me down, you're an example of strength and I'm proud to be your little girl. Jimmy, thank you for always showing your pride in us. Efficient functioning of the central nervous system (CNS) requires controlled composition of the fluid within its internal environment. The CNS has four protective barriers that regulate exchange with the vasculature: the blood-brain barrier (BBB), composed of endothelial cells that limit paracellular diffusion of solutes between capillaries and brain matter; the blood cerebrospinal fluid barrier (BCSFB), a highly vascularized structure located in the brain ventricles composed of a fenestrated epithelium that forms the choroid plexus (ChP); the bloodretinal barrier (BRB) composed of two distinct barriers, [START_REF] Lehtinen | The Choroid Plexus and Cerebrospinal Fluid: Emerging Roles in Development, Disease, and Therapy[END_REF] the outer BRB, a retinal pigment epithelium that regulates transport between the choriocapillaris and the retina and (2) the inner BRB, which regulates transport across retinal capillaries (Díaz-Coránguez, Ramos, and Antonetti 2017); and finally the blood-spinal cord barrier which has a composition similar to the BBB (De [START_REF] Bock | A New Angle on Blood-CNS Interfaces: A Role for Connexins?[END_REF]). Together, these four barriers control the passage of solutes, macromolecules and cells of the immune system from the blood into the protected structures, and vice-versa, creating a balance between the entry and exit of various elements. In keeping with the interests of my thesis, I will focus mainly on the development and function of the BCSFB, which remains relatively poorly understood due to the general "uninterest" in its functions (Lehtinen et al. 2013).

The history of choroid plexus

The existence of the ChP was first thought of by Aristotle who, while studying the anatomy of humans and animals, described perfectly that vessels from the heart reach the brain. However, it was Claudius Galenus (129-216), named "The Anatomist", who performed detailed dissections and described for the first time the existence of several layers of tissue on the outside and inside of the brain. He provided a comprehensive view of the ventricles and described the ChP as a "plexus of veins and arteries held together by delicate membranes". In 1664, Thomas

Willis suggested that the ChP contained structures responsible for the production of the fluid found within the ventricle cavities and suggested a year later that they were responsible for cerebrospinal fluid (CSF) absorption. During the 17 th century, final pieces of the puzzle were found by Humphrey Ridley (1653-1708), who described the presence of a third ventricle, and by Peter Tarin (1725-1761), who published in 1750 his "Adversaria Anatomica" in which he established that the ChP from the lateral ventricles were connected by the Foramen of Monro [START_REF] Liddelow | Fluids and Barriers of the CNS: A Historical Viewpoint[END_REF].

homeoproteins. LMX1A is responsible for the normal specification of the roof plate, from which ChP progenitors derive, and is essential for hindbrain formation [START_REF] Chizhikov | Lmx1a Regulates Fates and Location of Cells Originating from the Cerebellar Rhombic Lip and Telencephalic Cortical Hem[END_REF].

When Otx2 is conditionally deleted at E9, all ChPs are unable to form, but when deleted at E15, only hindbrain ChP development is compromised with increased cell death, thus revealing a key role of Otx2 in ChPs generation and maintenance, providing evidence of the heterogeneity between the different ChPs (Johansson et al. 2013). During hindbrain ChP development, Wnt1

is expressed in the progenitors of the lower rhombic lip, which is a germinal matrix that initially appears as a thin strip of cells along the dorsal midline of the neural tube following its closure.

High expression of Wnt1 in these cells gives rise to the hindbrain roof plate epithelium (hRPe), which is a pseudostratified epithelium that covers the roof of the fourth ventricle [START_REF] Lun | Development and Functions of the Choroid Plexus-Cerebrospinal Fluid System[END_REF]. Within the hRPe, progenitors are differentially distributed. Field 1 cells contain Wnt1 + progenitors and are mitotic until E9.5 but their fate remains unknown. Field 2 cells are situated laterally and are derived from Wnt1 + and Gdf7 + progenitors. After E9.5, these cells are non-mitotic and contribute to the hindbrain ChP epithelium [START_REF] Hunter | Molecularly and Temporally Separable Lineages Form the Hindbrain Roof Plate and Contribute Differentially to the Choroid Plexus[END_REF]. They begin to express the transthyretin (Ttr) and potassium voltage-gated channel (Kcne2) genes, which are key markers of ChP epithelial cells (Figure 2) [START_REF] Hunter | Molecularly and Temporally Separable Lineages Form the Hindbrain Roof Plate and Contribute Differentially to the Choroid Plexus[END_REF]. Other factors include Gli3, which regulates Wnt2b, 3a, 5a that are required for telencephalic ChP formation [START_REF] Grove | The Hem of the Embryonic Cerebral Cortex Is Defined by the Expression of Multiple Wnt Genes and Is Compromised in Gli3-Deficient Mice[END_REF], and Bmpr1a, which is highly expressed in the telencephalon midline and essential for differentiation into cuboidal epithelium that expresses Ttr. Indeed, BMP signaling, in particular that of BMP4, is necessary for telencephalic ChP specification in both mouse and humans [START_REF] Hébert | BMP Signaling Is Required Locally to Pattern the Dorsal Telencephalic Midline[END_REF].

After specification, the ChPs mature in four different stages that are well-conserved between species (Figure 3). At first, ChP epithelial cells become pseudostratified with centrally located nuclei and with no villous elaboration, and then they progress into a columnar epithelium with apically located nuclei. At this stage they become convoluted with sparse primary villi. During the third stage, the cells mature into a more cuboidal shape with an apical or central nucleus and the villi become more abundant. In the final stage, nuclei become more basally located, which is thought to be due to the enrichment of an apical machinery of transport and to the abundance of microvilli. At this point, ChP epithelial cells are connected by junctional complexes composed mostly of claudins, adherent junctions and desmosomes. These tight junctions have barrier properties, suggesting that the BCSFB gains importance during late embryonic development [START_REF] Lun | Development and Functions of the Choroid Plexus-Cerebrospinal Fluid System[END_REF].

The mature ChP is organized as a tight epithelial barrier surrounding vessels with diaphragmed fenestrations that permit the exchange of ions, water and small molecules between the blood and the CSF. These exchanges are enhanced by three major properties: high local blood flow; permeability to a large range of molecules of a single cellular layer localized between the blood and the CSF; and apical microvilli in the luminal membrane which increase surface contacts between the epithelial cells and the surrounding fluids. In addition, the presence of both primary cilia and motile cilia in ChP epithelium plays a major role for the balanced production of CSF;

defects in these cilia lead to increased CSF production and hydrocephaly [START_REF] Damkier | Cerebrospinal Fluid Secretion by the Choroid Plexus[END_REF]. Moreover, thanks to high claudin 2 and 11 expression, ChPs are water permeable and can exchange fluids in both directions. The exchanges taking place in the ChPs are highly controlled throughout life and prevent the entry of noxious compounds into the brain.

Such tight control requires an active secretary machinery and an important production of energy. Indeed, electronic microscopy reveals that ChP epithelial cells, in addition to their nucleolus, Golgi apparatus and smooth endoplasmic reticulum, present a very high density of mitochondria (Ghersi-Egea et al. 2018).

The cerebrospinal fluid

While the first written records of CSF were made by the Egyptians around 1700 BC describing skull fractures and referring to the CSF as the "liquid (that) gushes from inside the head", it was only several centuries later that scientists began to understand what this liquid is. "The Anatomist" Claudius Galenus was the first to correctly describe the CSF movement from the lateral ventricles to the subarachnoid space, a description not very different from the modern one. However, in ancient Greece it was believed that the body and spirit were tempered by vapors, and Galenus considered that the CSF was produced in the lateral ventricles in response to sickness and that it was drained by the nasal cavity. In the University of Paris, over a thousand years later, Andreas Vesalius (1514-1564) described the CSF as a fluid and not a vapor that was present even in healthy individuals, although he maintained the idea that the CSF was drained by the nasal cavity. Around the same time, Leonardo Da Vinci became interested in human anatomy and, drawing his observations, produced one of the most impressive series of sketches of the ventricular system. He initially drew the ventricular system as three spheres behind the eyes, however, thanks to wax casts, Da Vinci was later able to perfectly describe the positioning of the ventricular system in the brain (Figure 4). Unfortunately, his drawings remained unavailable for centuries which may have delayed the understanding of this system. François Magendie (1783-1855), professor of the first Experimental Physiology chair at Collège de France, claimed to be the first person to correctly describe the CSF through experimentation. However, he made a mistake in the direction taken by the fluid. This error was corrected by Key and Retzius, but the presently accepted description of CSF production and fluid "route" was provided by Walter Dandy (1886Dandy ( -1946) ) when he plugged the foramen of Monro in the brain of a kitten, which caused hydrocephalus of the ipsilateral ventricles and proved that CSF had an intraventricular source.

The secretion of the CSF by the ChP starts with passive plasma filtration by the choroidal capillaries along a pressure gradient into the choroidal interstitial compartment, followed by active transport across the choroidal epithelium to the ventricular lumen, involving carbonic anhydrase and membrane ion carrier proteins. The CSF is constantly bathing the brain. In humans, the total volume of CSF is close to 150 mL and renewed 2-3 times per day, while in mice, the total volume is 35 µL [START_REF] Pardridge | CSF, Blood-Brain Barrier, and Brain Drug Delivery[END_REF]. The CSF has a defined route: it is secreted in the lateral ventricles, flows through the Foramen of Monro into the third ventricle, and through the aqueduct of Sylvius to the fourth ventricle. The CSF leaves the ventricular space and goes into the subarachnoid space via the Foramina of Luschka and Magendie. At this point the CSF is no longer in contact with the ependyma and is separated from the outer surface of the brain by the pia mater (see Figure 1).

It is generally accepted that CSF reabsorption takes place in the brain sinuses thanks to arachnoid granulations and villi in the subarachnoid space and that this mechanism is dependent on the pressure gradient between the subarachnoid space and the venous sinus. However, the way by which waste products from the brain are removed remains controversial. Previously, this clearing activity was thought to be the exclusive function of either the CSF or the glymphatic system. Yet, it is presently thought that both systems participate in parallel to the clearing activity. Indeed, the CSF from the subarachnoid space is driven into the Virchow-Robin spaces where it passes through the parietal influx to the brain parenchyma, facilitating clearance through exchanges between CSF and interstitial brain fluid [START_REF] Marques | The Choroid Plexus in Health and in Disease: Dialogues into and out of the Brain[END_REF].

These exchanges are driven by arterial pulsation and are also regulated during sleep, which is when the glymphatic system is active [START_REF] Marques | The Choroid Plexus in Health and in Disease: Dialogues into and out of the Brain[END_REF]. In humans, breathing was also identified as a major player in the mechanics of CSF flow. Reduced inspiratory thoracic pressure leads to a pronounced CSF flow, acting probably as a modulator of hydrostatic pressure for CSF clearance [START_REF] Dreha-Kulaczewski | Inspiration Is the Major Regulator of Human CSF Flow[END_REF].

The ChP secretes factors into the CSF in a region-dependent manner. These factors play a major role in embryonic development and adult physiology. Among them, TTR, which is exclusively synthetized by the ChPs, promotes the transfer of the thyroid hormone from the blood to the brain, thus maintaining brain thyroid hormone homeostasis [START_REF] Thouvenot | The Proteomic Analysis of Mouse Choroid Plexus Secretome Reveals a High Protein Secretion Capacity of Choroidal Epithelial Cells[END_REF]. Moreover, retinoic acid, carried as retinol by retinol-binding protein (RBP) stabilized by TTR, is essential for cortical neuron formation and migration [START_REF] Strazielle | Choroid Plexus in the Central Nervous System: Biology and Physiopathology[END_REF]. The ChPs are a source of Insulin Growth Factor 2 (IGF2), which has been shown to promote neuronal growth and survival in the developing cerebral cortex and is also implicated in adult neurogenesis. The chemorepulsive factor, Slit2, is released by the ChPs and is implicated in migration guidance of cortical neurons away from the ventricular surface [START_REF] Thouvenot | The Proteomic Analysis of Mouse Choroid Plexus Secretome Reveals a High Protein Secretion Capacity of Choroidal Epithelial Cells[END_REF]. In vitro analyses of the ChP epithelial cells secretome revealed the presence of WNT7B and WNT10A, part of the Wnt family, implicated in neuronal migration, axonal remodeling and synaptic differentiation [START_REF] Fradkin | Wnt Signaling in Neural Circuit Development[END_REF]).

The choroid plexus -cerebrospinal fluid system in brain physiology

The ChP-CSF system is a dynamic system responsible for the maintenance of brain homeostasis and is implicated in brain physiology. For example, factors secreted by the ChP and transported by the CSF have been implicated in the regulation of critical periods of cortical plasticity (Spatazza et al. 2013) and in developmental and adult neurogenesis (Silva-Vargas et al. 2016;[START_REF] Mizrak | Single-Cell Analysis of Regional Differences in Adult V-SVZ Neural Stem Cell Lineages[END_REF]. Additionally, this system has provided a key tool to detect CNS diseases.

Proteomic analyses of the CSF have been used to detect biomarkers of diseases such as Parkinson's or Alzheimer's diseases and hold the promise of providing early detection [START_REF] Marques | The Choroid Plexus Is Modulated by Various Peripheral Stimuli: Implications to Diseases of the Central Nervous System[END_REF]. Indeed, the CSF contains factors coming not only from the ChP but also from the parenchyma. Hormones are present inside the CSF and the ChP expresses a large panel of hormone receptors that, under stimulation, can modulate the expression of many genes and influence CSF composition. The ChP responds to sex hormones by modifying expression of its olfactory and taste transduction apparatus and by altering chemical CSF composition which ultimately impacts on brain homeostasis [START_REF] Tomás | Tasting' the Cerebrospinal Fluid: Another Function of the Choroid Plexus?[END_REF]Gonçalves et al. 2016). ChP responses to steroid hormones influences drug metabolism and circadian rhythms. Gene expression in the ChP can be regulated in a sex-dependent manner, an example is the circadian cycle genes, including Arntl, Per2, Dbp and Per3. [START_REF] Marques | The Choroid Plexus in Health and in Disease: Dialogues into and out of the Brain[END_REF].

The ChPs also synthesize numerous receptors, transporters, and effectors that regulate metal concentrations in the CSF. Iron, manganese and copper are essential co-factors for many enzymes, and their concentration must be tightly regulated to prevent oxidative stress, cell damage, and/or brain dysfunction. An important example is the synthesis of metallothionins which are essential for metal cellular homeostasis and heavy metal detoxification, and protect cells and tissues against the toxicity of metals such as zinc, copper, mercury and silver [START_REF] Marques | The Choroid Plexus in Health and in Disease: Dialogues into and out of the Brain[END_REF]. Finally, in the context of brain physiology, it is important to consider that, throughout life, CSF composition changes in its capacity to protect and nourish the brain. For example, the ChP secretome of aged mice presents higher levels of markers of inflammation, mostly interferon-dependent genes. When these factors are neutralized in old mice, enhanced neurogenesis along with improved learning and memory is induced (Baruch et al. 2014).

bromodeoxyruridine (BrdU) injections [START_REF] Gratzner | Monoclonal Antibody to 5-Bromo-and 5-Iododeoxyuridine: A New Reagent for Detection of DNA Replication[END_REF]. BrdU replaces thymidine in the proliferating cell during S phase and can be detected by immunohistochemistry. This technique not only reveals the number of cells that were proliferating at a precise timepoint but also their current state, thanks to co-labelling by markers for the different states of maturation.

Adult neurogenesis, which is defined as the generation and functional integration of new neurons into the adult brain, was identified in the hippocampus and olfactory bulb of mammals including human beings [START_REF] Eriksson | Neurogenesis in the Adult Human Hippocampus[END_REF][START_REF] Gage | Survival and Differentiation of Adult Neuronal Progenitor Cells Transplanted to the Adult Brain[END_REF][START_REF] Kuhn | Neurogenesis in the Dentate Gyrus of the Adult Rat: Age-Related Decrease of Neuronal Progenitor Proliferation[END_REF][START_REF] Lois | Proliferating Subventricular Zone Cells in the Adult Mammalian Forebrain Can Differentiate into Neurons and Glia[END_REF][START_REF] Praag | Functional Neurogenesis in the Adult Hippocampus[END_REF]. Elizabeth Gould and her team showed that BrdU injections in the macaque labeled new neurons from the subventricular zone (SVZ) of the lateral ventricles that migrate into the white matter of the prefrontal cortex, inferior temporal and posterior parietal cortex where they mature into functional neurons. At the same moment, Rakic confirmed the existence of newborn neurons in the hippocampus of the adult macaque brain. Thanks to Peter Eriksson, adult neurogenesis was also observed in human cancer patients in which BrdU was administered in order to follow tumor division and was co-labeled with neuronal markers [START_REF] Eriksson | Neurogenesis in the Adult Human Hippocampus[END_REF]. However, in 2018 adult human neurogenesis was challenged again. Arturo Alvarez-Buylla and colleagues, reported that, after birth, neurogenesis decreases substantially, persisting at low levels in children and inexistent in the adult, and they suggested that doublecortin (DCX + ) staining observed in the adult brain belongs to differentiated neurons (Paredes et al. 2018). On the other hand, Maura Boldrini and colleagues demonstrated the presence of neuronal progenitors and newborn neurons in the adult dentate gyrus (DG) with a decline correlating with age (Tartt et al. 2018). Seemingly, the conflicting observations can be explained by the different methodologies used to address adult neurogenesis, tissue conservation and treatment and even the postmortem interval before tissue fixation [START_REF] Kempermann | Human Adult Neurogenesis: Evidence and Remaining Questions[END_REF]Moreno-Jiménez et al. 2019).

Adult neurogenic niches in mice

In most mammals, adult neurogenesis occurs throughout life in two neurogenic niches, the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus. In both niches, neural stem cells (NSC) can proliferate and differentiate into neurons although they remain in a quiescent state until activation by intrinsic or extrinsic cues.

Many factors are involved in adult neurogenesis. In adult mice, BMPs and their receptors are highly expressed in the SVZ, where they negatively affect NSC proliferation. BMP4 overexpression inhibits proliferation in the SVZ [START_REF] Mercier | Bone Morphogenetic Protein-4 Inhibits Adult Neurogenesis and Is Regulated by Fractone-Associated Heparan Sulfates in the Subventricular Zone[END_REF], and this effect is counteracted by BMP inhibitors, such as NOGGIN and the low-density lipoprotein related protein (LRP2), which are naturally expressed in the ventricular ependyma, along with NEUROGENIN-1 (Ngn1), which is produced by SVZ astrocytes [START_REF] Ueki | A Novel Secretory Factor, Neurogenesin-1, Provides Neurogenic Environmental Cues for Neural Stem Cells in the Adult Hippocampus[END_REF]. BMP4 and BMP7 show high expression in astrocytes that contact newly formed neuroblasts and play a role in the survival and differentiation of newborn neurons of the SVZ [START_REF] Choe | Control of Adult Neurogenesis by Short-Range Morphogenic-Signaling Molecules[END_REF]. Local expression of BMPs and of their antagonists regulates the balance of proliferation and NSC differentiation in the SVZ. In the DG, BMPs are not regulated in the same manner, given that LRP2 is not expressed. Nevertheless, high expression of Noggin, which is controlled by the decrease in the expression of Fragile X relative protein 2 (FXRP2)

RNA binding protein, creates a microenvironment strong enough to antagonize BMP activity and thus enable neurogenesis [START_REF] Gobeske | BMP Signaling Mediates Effects of Exercise on Hippocampal Neurogenesis and Cognition in Mice[END_REF].

The existence of canonical Wnt/b-catenin-responsive stem cells was revealed in both SVZ and DG. Canonical WNT signaling induces ß-catenin stabilization, avoiding its degradation by the proteasome, and allowing it to enter the nucleus where it binds transcription factors (T-cell factor/Lymphoid enhancer-binding factor) that activate target gene expression [START_REF] Angers | Proximal Events in Wnt Signal Transduction[END_REF]. Among Wnt family members, WNT3A, WNT5A and WNT7A enhance proliferation in vivo and in vitro [START_REF] Yu | Increase in Proliferation and Differentiation of Neural Progenitor Cells Isolated from Postnatal and Adult Mice Brain by Wnt-3a and Wnt-5a[END_REF][START_REF] Qu | Wnt7a Regulates Multiple Steps of Neurogenesis[END_REF]). In the SVZ, astrocytes produce WNT7A, which enhances symmetric self-renewing divisions of adult NSCs. In the DG, loss of WNT7A expression leads to a decrease in dendritic arborization of newborn neurons [START_REF] Qu | Wnt7a Regulates Multiple Steps of Neurogenesis[END_REF]. Moreover, the WNT3A/b-catenin interaction plays a central role in hippocampus development: without WNT3A the DG fails to develop. In the adult, WNT3 derived from astrocytes stimulates proliferation of the progenitors and neuronal differentiation in the DG [START_REF] Lie | Wnt Signalling Regulates Adult Hippocampal Neurogenesis[END_REF]. Part of this activity involves NeuroD1 (bHLH transcription factor), which is regulated by the Wnt/b-catenin pathway and induces neuronal differentiation [START_REF] Kuwabara | Wnt-Mediated Activation of NeuroD1 and Retro-Elements during Adult Neurogenesis[END_REF].

Other factors that regulate adult neurogenesis include Notch, which is a single-pass transmembrane protein expressed in both neurogenic niches. This pathway targets HES transcription factors which in turn limit proneural transcription factors, such as NGN and MASH, and thus maintain the cells in an undifferentiated state [START_REF] Choe | Control of Adult Neurogenesis by Short-Range Morphogenic-Signaling Molecules[END_REF].

Vascular endothelial growth factor (VEGF) is another major factor implicated in both SVZ and SGZ neurogenesis. Its receptor, VEGFR2/FLK-1, is highly expressed in both astrocytes and NSCs, and an increase in VEGF protein consequently increases neurogenesis [START_REF] Jin | Vascular Endothelial Growth Factor (VEGF) Stimulates Neurogenesis in Vitro and in Vivo[END_REF].

Brain-derived neutrophic factor (BDNF) also regulates neurogenesis in both niches. A decrease in BDNF/TRB signaling impedes the differentiation of neurons originating from the SVZ and reduces the expression of glutamic acid decarboxylase 65 (GAD65) which is essential for neuronal differentiation in the DG [START_REF] Numakawa | Actions of Brain-Derived Neurotrophic Factor and Glucocorticoid Stress in Neurogenesis[END_REF].

The ChP also secretes factors into the CSF that regulate adult neurogenesis, which will be extensively described later in the manuscript.

Dentate gyrus of the hippocampus

In the hippocampus, newborn neurons from the SGZ of the DG mature into excitatory granule cells from which the axons form the mossy fiber tract that links the DG to CA3. It is important to emphasize the complexity of this structure. DG neurons receive excitatory and inhibitory inputs from different structures of the brain, notably from the entorhinal cortex and the DG itself. The high connectivity of the hippocampus with these structures can influence neurogenesis thanks to the different inputs and the different types of neurotransmitters and neural peptides that reach the SGZ neurogenic niche. In the SGZ, two different types of precursors can be identified and distinguished based on their morphology and molecular markers. As we can appreciate in figure 12, in terms of morphology, Type 1 cells have a radial process spanning the entire granule cell layer and ramifying in the inner molecular layer, while Type 2 cells only have short processes limited to the SGZ [START_REF] Zhao | Mechanisms and Functional Implications of Adult Neurogenesis[END_REF]. Both cell types express NESTIN and SOX2; interestingly, type 1 cells express exclusively the glial fibrillary acidic protein (GFAP), an astrocytic marker, even though they are morphologically and functionally different from astrocytes [START_REF] Zhao | Mechanisms and Functional Implications of Adult Neurogenesis[END_REF]. The role of SOX2 in the maintenance of the quiescent cell niche was highlighted using a SOX2-GFP transgenic mice. Indeed, SOX2 + cells divide asymmetrically, giving rise to another SOX2 + cell and to a cell expressing DCX + , a neuroblast marker (type 3 cells) [START_REF] Suh | In Vivo Fate Analysis Reveals the Multipotent and Self-Renewal Capacities of Sox2+ Neural Stem Cells in the Adult Hippocampus[END_REF]). Neuroblasts, have short vertical process and are already committed to differentiate into immature neurons. Finally, when they differentiate and mature into granule cells (GCs), they express the neuronal marker Calbindin (CalB) and they extend an axon toward the CA3 region while their dendrites extend into the molecular layer [START_REF] Toni | Maturation and Functional Integration of New Granule Cells into the Adult Hippocampus[END_REF].

The involvement of the hippocampus in spatial learning and memory has led to study the implication of neurogenesis in the latter activities. These studies have provided contradictory result. Several of them report impaired learning and memory in mice upon reduced neurogenesis, while others report no effect [START_REF] Alam | Adult Neurogenesis Conserves Hippocampal Memory Capacity[END_REF][START_REF] Morcuende | Increased Neurogenesis and Brain-Derived Neurotrophic Factor in Neurokinin-1 Receptor Gene Knockout Mice[END_REF].

Nevertheless, long term potentiation (LTP), which measures the synaptic plasticity underlying memory processes, is considerably enhanced when neurogenesis is increased [START_REF] Jin | Vascular Endothelial Growth Factor (VEGF) Stimulates Neurogenesis in Vitro and in Vivo[END_REF].

Many studies show that an enriched environment and physical exercise, such as running, increase cell proliferation and survival of the new granular neurons in the DG ( [START_REF] Praag | Running Increases Cell Proliferation and Neurogenesis in the Adult Mouse Dentate Gyrus[END_REF]. One of the mechanisms underlying increased NSC proliferation and neurogenesis in response to physical exercise is the release of acetylcholine in the hippocampus. Additionally, running increases Noggin expression, which inhibits Bmp4 expression in the hippocampus, thus increasing proliferation and differentiation in this structure, as well as learning and memory [START_REF] Guo | RNA-Binding Protein FXR2 Regulates Adult Hippocampal Neurogenesis by Reducing Noggin Expression[END_REF]. Aging and stress can lead to the reduced expression of neurotrophic and growth factors, such as WNT3, NEUROD1, BDNF and FGF2 along with their receptors, resulting in decreased neurogenesis [START_REF] Fan | Mechanisms of Hippocampal Aging and the Potential for Rejuvenation[END_REF]. In both mice and humans, aberrant neurogenesis provoked by seizure leads to augmented neurogenesis and ectopic localization of the newly generated neurons, such as in the hilus and the DG molecular layer, resulting in morphological and electrophysiological changes (van Praag, Kempermann, and Gage 1999).

Subventricular zone neurogenesis

Figure 13: Representation of SVZ-RMS-OB neurogenesis in the adult brain and its markers. Taken from [START_REF] Mobassarah | Spatially Regulated Adult Neurogenesis[END_REF].

In the SVZ of the lateral ventricles, NSCs can be found in two different states: quiescent (qNSC) and actively dividing (aNSC) (see Figure 13 for markers). aNSCs provide transient amplifying cells that differentiate into immature neural cells, the neuroblasts, which migrate through the rostral migratory stream (RMS) to the olfactory bulb (OB) where they mature into olfactory interneurons.

Localization of qNSC and aNSC in the ventricular walls of the lateral ventricles allows them to directly receive signaling cues from the CSF. A pioneering study showing a role of ChPs in adult neurogenesis comes from Sawamoto et al (2006) who used transgenic mice (Tg737orpk)

with disrupted CSF flow due to a defect in cilia formation in the ChP epithelium. The infusion of tagged Slit2 protein with alkaline phosphatase revealed disordered migration of SVZ neuroblasts [START_REF] Sawamoto | New Neurons Follow the Flow of Cerebrospinal Fluid in the Adult Brain[END_REF]. Importantly, this work highlighted that CSF composition influences not only NSCs but also progenitors. Adult ChPs also secrete mitotic factors such as the Fibroblast Growth Factor 2 (FGF2), which supports NSC proliferation (Hayamizu et al. 2001;[START_REF] Douet | Fractone-heparan sulphates mediate FGF-2 stimulation of cell proliferation in the adult subventricular zone[END_REF], IGF2, which is involved in NSC maintenance and renewal [START_REF] Ziegler | IGF-II Promotes Stemness of Neural Restricted Precursors[END_REF], and Transforming Growth Factors (TGF) (α and β), which regulate NSC proliferation (Tropepepe et al. 1997;[START_REF] Wachs | Transforming Growth Factor-β1 Is a Negative Modulator of Adult Neurogenesis[END_REF]. Moreover, recent ChP secretome analysis and in vitro studies demonstrated the presence of factors essential for proliferation and differentiation, such as BMP5, IGF1 and Wnt signals (Silva-Vargas et al. 2016). Interestingly, these factors are decreased in aged mice, suggesting a correlation between their expression and the level of neurogenesis.

Neuroblasts from the SVZ migrate into the RMS and interact directly with blood vessels and astrocytes which form a tube surrounding the neuroblast chains. Astrocytes have a morphology unique to this structure with an elongated shape and processes orientated parallel to the RMS, allowing them to regulate neuroblast migration. For example, neuroblasts secrete GABA and RMS astrocytes express GABA receptors leading to the regulation of neuroblast migration rate [START_REF] Platel | Control of Neuroblast Production and Migration by Converging GABA and Glutamate Signals in the Postnatal Forebrain: GABA and Glutamate Control of Postnatal Neurogenesis[END_REF]. Neuroblast can also be controlled through glutamate released by these astrocytes. Neuroblasts express various glutamate receptors such as kainate and mGluR5 receptors, the activation of which affects migration and proliferation rates, respectively (Platel & Bordey 2016). Similarly to ChP expression of Slit2, expression of Slit1 by neuroblasts mediates their migration into RMS by repelling astrocytes that express Robo 2 receptor [START_REF] Kaneko | New Neurons Use Slit-Robo Signaling to Migrate through the Glial Meshwork and Approach a Lesion for Functional Regeneration[END_REF]. Moreover, integrin β1 is expressed by neuroblasts and allows their corridor-like organization that serves directed neuroblast chain migration [START_REF] Belvindrah | Beta1 integrins control the formation of cell chains in the adult rostral migratory stream[END_REF]).

In the SVZ and RMS, the extracellular matrix (ECM) is unique and captures signaling molecules such as BMPs or FGFs that can regulate adult neurogenesis. Tenascin-C (TNC) is an ECM protein expressed by astrocytes mostly confined to the stem cell niches. Due to its adhesive and repulsive proprieties, it participates in the regulation of cell migration [START_REF] Wiese | Astrocytes as a Source for Extracellular Matrix Molecules and Cytokines[END_REF][START_REF] Faissner | The Tenascin Gene Family in Axon Growth and Guidance[END_REF]). In the adult, Thrombospondin-4 (THSB4), an ECM protein that mediate cell-to-cell and cell-to-matrix interactions, is specifically expressed by the astrocytes in the RMS. The THSB4-KO mice show a 28% decrease in the number of newborn interneurons in the OB without a decrease in the number of proliferative cells. Neuroblasts were found to be misrouted outside of the RMS, suggesting THSB4 participates in neuroblast adhesion within the RMS [START_REF] Girard | Thrombospondin 4 Deficiency in Mouse Impairs Neuronal Migration in the Early Postnatal and Adult Brain[END_REF].

The expression of Tenascin-R (TNR) and Reelin in the OB attracts migrating neuroblasts from the RMS. In the OB, neuroblasts migrate through the granule cell layer (GCL) and into the mitral, external plexiform, and glomerular layers where they mature in two different subtypes of interneurons: around 94% differentiate into granule neurons (GNs), while only 4% differentiate into periglomerular neurons (PGNs), which surround the glomeruli, and about 2% differentiate into astrocytes (Silva-Vargas et al. 2016;Lledo and Valley 2016). The PGNs are mostly glutamatergic and GABAergic neurons that mediate interactions between synchronized glomeruli, which are activated at the level of the olfactory epithelium by specific odor sensory receptors. These PGNs neurons also receive various axonal inputs (i.e. cholinergic, noradrenergic, etc) from the brain that modulate their activity in response to behavior context.

The GNs are inhibitory interneurons essential for the induction and maintenance of synchronization of local projection neurons (Lledo and Valley 2016). In the adult, OB neurogenesis is modulated by odor exposure. Odor enrichment can lead to increased SVZ cell proliferation and reduced cell death (newly generated neurons have a lifespan of around 60 days), changing the distribution of newborn neurons in the OB, and resulting in improved odor discrimination (Lledo and Valley 2016;[START_REF] Alonso | Olfactory Discrimination Learning Increases the Survival of Adult-Born Neurons in the Olfactory Bulb[END_REF]. Conversely, olfactory deprivation in adults leads to decreased SVZ proliferation as well as decreased number, dendritic length, and spine density of newly generated interneurons (Lledo and Valley 2016;[START_REF] Corotto | Odor Deprivation Leads to Reduced Neurogenesis and Reduced Neuronal Survival in the Olfactory Bulb of the Adult Mouse[END_REF] In humans, due to our rudimentary olfactory system compared to that of other species, OB neurogenesis is thought to be locally generated in a very small number, leading the scientific community to hypothesize that either this neurogenesis is not large enough to be taken in consideration [START_REF] Ernst | Adult Neurogenesis in Humans-Common and Unique Traits in Mammals[END_REF] or that the newly generated neurons could indeed be implicated in odor discrimination as observed in rodents (Lledo and Valley 2016). However, thanks to IdU (equivalent of BrdU) injections in cancer patients, neuroblasts from the SVZ have been shown to reach another structure in the human brain: the striatum. Interestingly, in Huntington's disease, in which individuals lose movement control, the number of new born neurons in the adult striatum is decreased [START_REF] Ernst | Adult Neurogenesis in Humans-Common and Unique Traits in Mammals[END_REF].

Alzheimer Disease and the Amyloid Precursor Protein implication

Alzheimer disease (AD) was first described in 1907 by the neuropathologist Alois Alzheimer.

He performed an autopsy on one of his patients, August D., who died at the age of 55 with a type of dementia and cognitive decline different from what was typically reported at the time. Glenner & Wong isolated and purified a senile plaque from post-mortem tissue and found a 4.2 kDa peptide which they named the Ab peptide [START_REF] Glenner | Alzheimer's Disease: Initial Report of the Purification and Characterization of a Novel Cerebrovascular Amyloid Protein[END_REF]. They also predicted that this fragment was originating from a larger peptide, which was confirmed in 1987 by Kang et al [START_REF] Kang | The Precursor of Alzheimer's Disease Amyloid A4 Protein Resembles a Cell-Surface Receptor[END_REF]. Presently, AD affects 50 million people despite decades of research and numerous clinical trials. No therapy has proven to be efficient in curing or preventing disease progression.

APP structure

The amyloid precursor protein (APP) is a type I single-pass transmembrane protein with a large The sAPPa peptide, which is the first product of APP cleavage in the non-amyloidegenic pathway, has been attributed roles in memory and learning. Notably, a role was demonstrated in mice made amnestic by scopolamine (anticholinergic drug) in which an intracerebroventricular injection of sAPPa resulted in improved learning, and long-and shortterm memory [START_REF] Meziane | Memory-Enhancing Effects of Secreted Forms of the -Amyloid Precursor Protein in Normal and Amnestic Mice[END_REF]. Memory processes are highly correlated with brain plasticity that can be evaluated ex vivo by electrophysiology through LTP measurements. A decrease in endogenous sAPPa expression in aged mice resulted in decreased memory and LTP which could be rescued by intrahippocampal sAPPa injections and by sAPPa incubation on hippocampal slices before electrophysiological tests, respectively (Xiong et al. 2017).

Furthermore, in APP/PS1 mice (a model accepted for AD pre-clinical research, described in the next section), which at 12 months of age have senile plaques and deficits in LTP and memory, overexpression of sAPPa by unilateral hippocampal viral injection rescues defective synaptic plasticity (LTP), synaptic density and spatial memory (Fol et al. 2016). In a different context, sAPPa was described as a regulator of adult neurogenesis through in vivo and in vitro experiments that showed sAPPa binds to EGF-receptor expressing cells in the SVZ and regulates their proliferation [START_REF] Caille | Soluble Form of Amyloid Precursor Protein Regulates Proliferation of Progenitors in the Adult Subventricular Zone[END_REF]).

In the amyloidogenic pathway, the sAPPb peptide is the first APP cleavage product and has been reported to regulate TTR and Klotho expression. In APP/APLP2 knock-out (KO) mice, genetic insertion of sAPPb reversed the decrease in TTR and Klotho expression independently of full-length APP, although the physiological outcomes remain unknown [START_REF] Li | Soluble Amyloid Precursor Protein (APP) Regulates Transthyretin and Klotho Gene Expression without Rescuing the Essential Function of APP[END_REF].

Moreover, sAPPb induces neuronal degeneration. When sAPPb is released into the extracellular milieu it is cleaved by an unknown mechanism that releases N-APP, which acts as a ligand for the Death Receptor 6 (DR6) and activates both caspase 3 and caspase 6 (Figure 16), resulting in cell body and axonal apoptotic degeneration, respectively [START_REF] Nikolaev | APP Binds DR6 to Trigger Axon Pruning and Neuron Death via Distinct Caspases[END_REF]. However, few studies have been able to attribute functions to sAPPb, although it is often used in parallel with sAPPa in many studies. Thus, it is not for lack of effort that only a small number sAPPb functions have been revealed.

2016; Jarosz-Griffiths et al. 2016). In AD, Ab peptide is present in two sizes, Ab40 and Ab42

depending on the cleavage site by the g-secretase. Ab40 is the most abundant Ab peptide in the brain corresponding to 90% of the total, while Ab42 represents only 10%. However, the less abundant Ab42 has the most elevated aggregation capacity, and the Ab42:Ab40 ratio can be quantified from CSF samples to help improve AD diagnosis [START_REF] Spies | The Cerebrospinal Fluid Amyloid β42/40 Ratio in the Differentiation of Alzheimers Disease from Non-Alzheimers Dementia[END_REF]) Despite the fact that Ab peptide is known for its deleterious functions in the brain, Ab was found to reduce apoptosis by reducing the excitatory activity of potassium channels (F. [START_REF] Peña | The Role of _-Amyloid Protein in Synaptic Function: Implications for Alzheimer's Disease Therapy[END_REF] Moreover, it has been shown to affect LTP by increasing acetylcholine release and activating nicotinic receptors, resulting in improved learning and memory [START_REF] Morley | What Is the Physiological Function of Amyloid-Beta Protein?[END_REF]). Thus, the negative impact on brain function due to the formation of plaques might also be attributed to the loss of Ab peptide activity.

AD mouse model

Over the years, several mouse models have been developed to study AD mechanisms and, currently, about twelve models (for examples see table 1) are well described for AD studies. occurring near the g-secretase cleavage site that lead to an increased Ab42/Ab40 ratio. Finally, the Artic mutation (genetic localization: E693G) occurs within the Ab peptide region and results in a highly aggregation-prone peptide despite a relatively low Ab42/Ab40 ratio. On the other hand, genetic mutations in PSEN1, which codes for PS1, by themselves do not cause plaques in transgenic mice even though they trigger an increased Ab42/Ab40 ratio. However, mouse lines combining both APP and PS1 mutations are often used, given that this provokes

Thesis objectives

The ChP-CSF system is a dynamic system responsible for the maintenance of brain homeostasis and is implicated in brain physiology.

The first objective of my thesis was to determine whether OTX2 from the ChP regulates adult neurogenesis. During development, Otx2 is implicated in functions such as tissue specification and gene regulation, notably genes implicated in Wnt signaling which controls cell proliferation. In the adult, OTX2 secretion by the ChP has an essential role in the regulation of critical periods of plasticity. However, whether OTX2 from the ChP modulates adult neurogenesis was unknown. To answer this question, we modulated the expression of cell and non-cell autonomous functions of OTX2 in the ChP. We used BrdU injections as well as the NSC markers to determine if OTX2 alters neurogenesis and used qPCR to identify altered factors.

The second objective of my thesis was to identify transcriptional targets of OTX2 in the ChP implicated in brain homeostasis. To this end, we used conditional and constitutive Otx2 knockdown mouse models, along with a loss-of-function viral approach to target directly ChP Otx2 expression. Changes in gene expression and splicing were determined by RNAsequencing analysis and quantitative PCR.

Finally, the third objective of my thesis was to identify how APP expression by ChPs modulates AD hallmarks and neurogenesis. Indeed, in an RNA-seq study of the ChP, APP was identified as one of the most expressed genes. Moreover, a previous study from the lab demonstrated that sAPPa in the CSF modulates NSC proliferation in the SVZ. We used various gain-and lossof-function approaches to determine whether sAPPa from the ChP impacts adult neurogenesis.

We also used viral approaches to express human mutated APP specifically in the ChP in order to assess its impact on NSC proliferation, hippocampus LTP and on learning and memory.

My thesis results will be presented in three main articles: 

Introduction

Neurogenesis in the adult mouse brain provides continuous replacement of interneurons in olfactory bulbs (OBs) and is important for olfaction-based learning (Lledo and Valley, 2016). Neural stem cells (NSCs), located in the adult ventricular-subventricular zone (V-SVZ) lining the lateral cerebral ventricles, give rise to progenitor cells (the first transient amplifying cells that generate migrating neu-roblasts) that migrate though the rostral migratory stream (RMS) to reach the OB where they differentiate as interneurons and integrate into local circuitry. This process is regulated not only by factors intrinsic to the NSCs and progenitors but also by their microenvironment consisting of factors from local vasculature, neuronal circuits, CSF, and local supporting cells (Lehtinen et al., 2013;Silva-Vargas et al., 2013;Bjornsson et al., 2015). It has been shown that NSCs contact vascular endothelial cells and project into the ventricular wall where their cilia contact CSF, which participates in regulating proliferation and migration through mechanical influence and CSF-borne factors (Sawamoto et al., 2006;[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] Shen | Adult SVZ stem cells lie in a vascular niche: a quantitative analysis of niche cell-cell interactions[END_REF][START_REF] Petrik | Epithelial sodium channel regulates adult neural stem cell proliferation in a flow-dependent manner[END_REF].

The CSF is produced within brain ventricles by the choroid plexuses (ChPs), which express many secreted factors found to influence neurogenesis, including growth factors, morphogens, and guidance clues (Falcão et al., 2012;[START_REF] Kokovay | VCAM1 is essential to maintain the structure of the SVZ niche and acts as an environmental sensor to regulate SVZ lineage progression[END_REF]Silva-Vargas et al., 2016). Examples of CSF-borne factors include IGF2 (insulin like growth factor 2), which promotes adult NSC renewal [START_REF] Ziegler | Insulin and IGF receptor signalling in neural-stem-cell homeostasis[END_REF]; IGF1 and BMP5 (bone morphogenetic protein 5), which promote NSC colonies (Silva-Vargas et al., 2016); NT-3 (neurotrophin-3), which promotes quiescence [START_REF] Delgado | Endothelial NT-3 delivered by vasculature and CSF promotes quiescence of subependymal neural stem cells through nitric oxide induction[END_REF]; and SLIT2 (slit guidance ligand 2), a chemorepulsive factor that participates in neuroblast migration (Nguyen-Ba-Charvet et al., 2004;Sawamoto et al., 2006). Neuroblasts and NSCs also contact local non-neurogenic astrocytes [START_REF] Lois | Chain migration of neuronal precursors[END_REF][START_REF] Shen | Adult SVZ stem cells lie in a vascular niche: a quantitative analysis of niche cell-cell interactions[END_REF], which secrete factors that help to establish and maintain the microenvironment and can influence neurogenesis (for review, see [START_REF] Gengatharan | The role of astrocytes in the generation, migration, and integration of new neurons in the adult olfactory bulb[END_REF]. Such factors include DLK1 (delta-like noncanonical notch ligand 1), which induces NSC selfrenewal [START_REF] Ferrón | Postnatal loss of Dlk1 imprinting in stem cells and niche astrocytes regulates neurogenesis[END_REF], and thrombospondin 4 (THBS4), which guides neuroblast migration (Girard et al., 2014).

Homeoproteins are key regulators of neurogenesis both during embryogenesis and in the adult [START_REF] Curto | Pax6 is essential for the maintenance and multi-lineage differentiation of neural stem cells, and for neuronal incorporation into the adult olfactory bulb[END_REF]Prochiantz and Di Nardo, 2015). This class of transcription factors has the property to act both cell autonomously and non-cell autonomously after secretion and internalization in target cells. The Otx2 homeoprotein is a regulator of embryonic development and embryonic neurogenesis [START_REF] Yang | Otx2 and Oct4 drive early enhancer activation during embryonic stem cell transition from naive pluripotency[END_REF]Hoch et al., 2015;[START_REF] Acampora | Loss of the Otx2-binding site in the Nanog promoter affects the integrity of embryonic stem cell subtypes and specification of inner cell massderived epiblast[END_REF], but its role in adult neurogenesis has not been investigated. OTX2 is expressed by ChP, secreted in CSF, and transfers in brain parenchyma to regulate cortical plasticity in postnatal mice (Spatazza et al., 2013;Lee et al., 2017). We hypothesized that OTX2 in the CSF might also accumulate in adult neurogenic niches and impact neurogenesis. Indeed, we find that V-SVZ neurogenesis is regulated by OTX2 expression and secretion by the ChP, and find that OTX2 transfers into supporting astrocytes to control the expression of extracellular factors that impact neuroblast migration.

Materials and Methods

Animals

S129 mice were purchased from Charles River Laboratories. The Otx2 lox/lox (Otx2-lox) mice (S129 background) were donated by Dr. T. Lamonerie, Institut de Biologie Valrose, Nice, France (Fossat et al., 2006), and Otx2 ϩ/GFP mice were donated by Dr. A. Simeone, Institute of Genetics and Biophysics, Napoli, Italy (Acampora et al., 2009). The single-chain antibody (scFv) knock-in mouse model (scFv-Otx2 mice, C57BL/6J background) were previously described (Bernard et al., 2016). Adult mice (3 months old) of either sex were used in all experiments, with littermates distributed equally between control and treated groups while maintaining sex balance. All animal procedures, including housing, were conducted in accordance with the guidelines of the European Economic Community (2010/63/UE) and the French National Committee (2013/ 118). This research (project #00704.02) was approved by Ethics Committee 59 of the French Ministry for Research and Higher Education. Mice were conventionally raised (12 h light/dark cycle) in cages with red tunnels, nesting cotton, and food and water available ad libitum.

Mouse surgery

For surgical procedures, animals were anesthetized with xylazine (2% Rompun, Bayer; 5 mg/kg) and ketamine (Imalgene 500, Merial; 80 mg/kg). Cre-Tat recombinant protein (8-20 g/ml in 400 mM NaCl, 15% DMSO) or vehicle was injected as previously described (Spatazza et al., 2013). Ten days after Cre-Tat injection, mice were injected intraperitoneally with 150 mg/kg BrdU (B9285, Sigma-Aldrich; at 10 mg/ml diluted in NaCl 0.9%). For OB integration experiments, mice were injected with BrdU twice daily for 5 d, and then housed for 3 weeks before perfusion with PBS. For proliferation experiments, mice were injected with one pulse of BrdU and then perfused with PBS 2 h later. Brains were cut in half along the anterior-posterior axis: the anterior half was fixed for 48 h at 4°C in 4% formaldehyde-PBS, immersed overnight in 20% sucrose PBS, and processed for cryostat sectioning; the posterior half was used to recover fourth ventricle ChP for quantitative PCR analysis of Otx2 expression.

Astrocyte cell culture

Primary astrocytes were prepared from cortex of newborn mouse [postnatal day 0 (P0) to P4] of either sex and cultured in 10 ml of DMEM high glucose, 10% serum, 1ϫ antimitotic/antibiotic [START_REF] Même | Proinflammatory cytokines released from microglia inhibit gap junctions in astrocytes: potentiation by betaamyloid[END_REF]. After 7 d, astrocytes were passaged into 6-well plates at 400,000 cells/ ml, incubated for 14 d, and then treated with 1% Ara-C (in DMEM high glucose, 1% B27, 1ϫ antimitotic/antibiotic) for 24 h before treatment with 100 ng/ml OTX2 protein.

After 24 h, treated astrocytes were processed for quantitative PCR analysis.

Immunohistochemistry and histology

Frozen brains were sectioned (25 or 40 m) by cryostat and stored at Ϫ20°C. For all staining experiments, slides were thawed for 15 min at room temperature, hydrated in PBS, and incubated for antigen retrieval in a steamer for 15 min with 10 mM citrate buffer, pH 6. After cooling, sections were washed with PBS and incubated in blocking buffer [0.5% Triton-X, 10% normal donkey serum (Abcam) in PBS] for 30 min. Primary antibodies were incubated overnight at room temperature [1/100 rat anti-BrdU OBT0030, AbD Serotec (RRID:AB_609568); 1/400 rabbit anti-caspase #9661, Cell Signaling Technology (RRID:AB_2341188); 1/250 rabbit anti-OTX2 ab92326 Abcam (RRID:AB_10562130); 1/1000 guinea pig anti-DCX (doublecortin) AB2253, Millipore (RRID:AB_1586992); 1/200 mouse anti-GFAP G6171, Sigma-Aldrich (RRID: AB_1840893); 1/1000 chicken anti-Vimentin AB5733, Millipore (RRID:AB_11212377); 1/1000 chicken anti-GFP ab13970, Abcam (RRID:AB_300798)]. After PBS washes, secondary antibodies (1/2000 donkey anti-IgG Alexa Fluor, Invitrogen; RRID:AB_142924, RRID:AB_2535794, RRID:AB_141637, RRID:AB_141607) were incubated for 2 h at room temperature. For DCX labeling, sections were washed with PBS, incubated for 2 h at room temperature with secondary antibody (1/500 biotinylated goat antiguinea pig ab6907, Abcam; RRID:AB_954847), washed again with PBS, and incubated for 2 h with conjugated streptavidin (1/2000 Alexa Fluor Streptavidin, Invitrogen; RRID:AB_2336066). Sections were washed in PBS, dried, and mounted in DAPI Fluoromount-G (Southern Biotech). TUNEL was performed with the in situ cell death detection kit (11684817910 Roche) according to manufacturer instructions. In situ hybridization was performed as previously described (Spatazza et al., 2013).

Imaging and quantification

Imaging was performed with an SP5 inverted confocal microscope (Leica), a Nikon 90i upright wide-field microscope, or a Spinning-disk confocal microscope with constant parameters. For BrdU analysis, one 40 m coronal section every 200 m was quantified. BrdU counting in the granule cell layer (GCL) and glomerular layer (GL) from the same mice was performed on six sections per animal from bregma ϩ4.0 to its anterior end using an in-house ImageJ macro that automatically detects cells within an ROI. The cell number was normalized by the ROI area for each image; the mean for each animal was reported. This method was validated in initial experiments where counting by hand in parallel gave similar results. BrdU counting in the V-SVZ was performed by hand on 8 ϫ 40 m coronal sections every 200 m per animal, from bregma ϩ1.34 to bregma Ϫ0.58mm, which represents the anterior V-SVZ in which proliferation is more sustained [START_REF] Fiorelli | Adding a spatial dimension to postnatal ventricular-subventricular zone neurogenesis[END_REF]. Cell numbers were normalized by ventricular wall length.

Quantitative PCR

Total RNA from fourth ventricle ChP was extracted with the RNeasy Lipid Tissue Mini Kit (Qiagen) with DNA removal. RNA and protein were extracted for extracellular matrix (ECM) composition analysis using the AllPrep DNA/ RNA/Protein Mini Kit (Qiagen). RNA was processed with the QuantiTect Reverse Transcription Kit (Qiagen). cDNA was diluted 1:10 with RNase-free water for quantitative PCR samples, which were analyzed in triplicate with a LightCycler 480 II (Roche) and SYBR Green I Master mix.

After T m profile validation, gene expression was determined by the 2 Ϫ⌬⌬Ct method with hypoxanthine guanine phosphoribosyl transferase as the control gene. For expression analysis, the mean expression of vehicleinjected mice or control-treated cells was used for comparison.

Microdissection

For biochemical analysis, mice were killed by cervical elongation. Brain was placed in cold PBS, dorsal side facing up, and two equidistant longitudinal incisions in each OB were made to divide them into three parts while keeping them attached to the rest of the brain. The V-SVZ microdissection was performed as previously described [START_REF] Mirzadeh | The subventricular zone en-face: wholemount staining and ependymal flow[END_REF]. Afterward, the hemispheres were placed once again dorsal side facing up and the two sagittal cuts starting from the OB incisions were pursued along the entire length of the brain. The central piece of tissue was laid on its side, and RMS was excised (see Fig. 2D). All tissue samples were stored at Ϫ80°C.

Immunoprecipitation and Western blot

Microdissections were triturated in 100 l of lysis buffer [150 mM NaCl, 1% Triton X-100, 100 mM Tris, pH 7.4, 10 mM EDTA, 1ϫ protease/phosphatase inhibitor (Roche)] per 10 mg of tissue and incubated 10 min on ice. Supernatant was recovered in low-bind tubes after centrifugation for 10 min at 16,000 ϫ g. Antibody was added [2.5 g of anti-OTX2 (ab21990, Abcam) or anti-IgG (ab27478, Abcam)] and incubated overnight at 4°C with rotation. Protein A Sepharose beads (GE Healthcare) were washed twice and resuspended 1:1 with lysis buffer. Beads (30 l) were added to each sample and incubated 3 h at 4°C. Beads were recovered by centrifugation for 1 min at 16,000 ϫ g and washed five times with 1 ml of cold wash buffer (Lysis buffer with 500 mM NaCl). Proteins were eluted from the beads with 30 l of 2ϫ Laemmli buffer, heated for 5 min at 95°C, and stored at Ϫ20°C.

Samples were separated on NuPage 4 -12% Bis-Tris precast gels (Invitrogen) with 1ϫ MES buffer and antioxidant (Invitrogen) then processed for Western blotting for OTX2 detection. Membranes were blocked in 5% nonfat milk, TBS, 0.2% Tween, incubated with anti-OTX2 (inhouse mouse monoclonal) overnight at 4°C then incubated with HRP-conjugated anti-mouse (GeneTex) for 2 h at room temperature. A chemiluminescence reaction was performed with ECL Femto (Thermo Fisher Scientific). These immunoprecipitation experiments were performed three times, with similar results each time.

Statistical analysis

Prism 8 software (GraphPad Software) was used for all statistical analyses. Sample size was determined after preliminary experiments. 

Results

Otx2 knockdown in choroid plexus reduces newborn neurons in the olfactory bulb

Intracerebroventricular injections of vectorized Cre recombinase (Cre-Tat) leads to specific recombination of Otx2 in lateral ventricle ChP of Otx2-lox mice (Spatazza et al., 2013). With this paradigm, we find that Cre-Tat intracerebroventricular injection leads to a strong decrease in OTX2 protein in lateral ventricle ChP compared with vehicle-injected mice (Fig. 1A) and also a decrease in Otx2 mRNA expression in both lateral and fourth ventricle ChP (Fig. 1B). While the decrease is not necessarily proportional between both ChPs for a given mouse, when a decrease of Ͼ30% was observed in one ChP, a decrease of at least 30% was observed in the other ChP (Fig. 1B). Therefore, the fourth ventricle ChP quantitative PCR analysis is a valid method to assess Otx2 expression levels in lateral ChP so that anterior tissues can be used for histologic quantification. Otx2-lox mice with Ͻ30% Otx2 expression knockdown in the fourth ventricle after Cre-Tat intracerebroventricular injection where excluded from subsequent analysis. For the experiments described below, Cre-Tat injections in lateral cerebral ventricles lead to ϳ60% decrease in Otx2 mRNA expression on average in the fourth ventricle ChP (Fig. 1C).

To assess whether Otx2 knockdown in ChP alters V-SVZ neurogenesis, we used BrdU treatments to measure either newborn neuron integration in OB (3 weeks postinjection; Fig. 1D-F) or cell proliferation in V-SVZ (2 h postinjection; Fig. 1I-K) after Cre-Tat or vehicle intracerebroventricular injections. We found a significant decrease in the density of GCL newborn neurons but no change in the density of GL newborn neurons after Otx2 knockdown (Fig. 1F). This change in density was not due to gross structural changes as no significant change in OB area was observed (Table 1, GCLϩGL area) and was not dependent on sex (Table 1). Analysis of caspase-expressing cells revealed no change in cell death in the RMS of Cre-Tat-injected mice (Fig. 1G,H), suggesting that OTX2 does not affect neuroblast survival. However, Otx2 knockdown in ChP does not alter V-SVZ cell proliferation (Fig. 1K), suggesting that the observed decrease in newborn neurons is due to effects on neuroblast migration. To test this hypothesis, we used a migration paradigm in which we evaluated the density of BrdU/DCX colabeled cells in the RMS 6 d after final BrdU injection (Fig. 1L-N). We observed a significant decrease in Cre-Tatinjected animals, suggesting that fewer neuroblasts are leaving the V-SVZ and/or that they are migrating slower (Fig. 1N).

Non-cell-autonomous Otx2 in V-SVZ and RMS

Given that OTX2 is secreted from ChP into the CSF and accumulates in brain parenchyma (Spatazza et al., 2013), we hypothesized that OTX2 transfers from ChP to the V-SVZ niche. The Otx2 locus is silent in V-SVZ and RMS, as shown by the absence of GFP expression in Otx2 ϩ/GFP mice (Fig. 2A,B) and by Otx2 in situ hybridization (Fig. 2C). However, OTX2 protein is immunoprecipitated from lysates of V-SVZ and RMS microdissections (Fig. 2D)but not from striatum lysates (microdissection beneath V-SVZ); lysates of superior colliculus, in which Otx2 locus is active, were used as positive controls (Fig. 2E). Immunostaining showed the selective presence of OTX2 in a subset of cells within the V-SVZ and RMS (Fig. 3), suggesting that it could be targeting either neural stem cells or progenitor cells directly and/or other cells within the niche. OTX2 is not internalized in neuroblasts (DCX ϩ cells) in V-SVZ but accumulates in a small number of GFAP-labeled cells and many ependymal cells (Fig. 3A,B). In and around the RMS, OTX2 is again absent in neuroblasts yet is in many GFAP-labeled cells (Fig. 3C,D). OTX2 protein in regions of neuroblast proliferation and migration suggests that reduced newborn neurons in OB after Otx2 ChP knockdown in Otx2-lox mice (Fig. 1F) could be due in part to OTX2 non-cell-autonomous activity. To test this hypothesis, we used the scFv-Otx2 mouse model, which conditionally expresses a single-chain antibody (scFv) that blocks transfer by sequestering OTX2 in the CSF (Bernard et al., 2016). Cre-Tat intracerebroventricular injection leads to local scFv-Otx2 expression by ChP cells (GFP reporter; Fig. 4A) and secretion into the CSF, which can lead to ϳ20% decrease in cortical OTX2 levels after 2 weeks (Bernard et al., 2016). Here, 35 d after Cre-Tat intracerebroventricular injection, this sequestering of Otx2 in CSF led to ϳ10% decrease in OTX2 levels within V-SVZ (Fig. 4B,C), although it was not statistically significant given the large distribution of OTX2 mean intensity per cell (Fig. 4C). Subjecting these mice to the BrdU paradigm for OB integration (Fig. 4D) revealed a decrease in newborn neurons in the GCL of Cre-Tatinjected animals and no significant change in the GL (Fig. 4E). TUNEL assay revealed no change in neuroblast survival on arrival in the OB (Fig. 4F). Together, these results are similar to what was observed in Otx2-lox mice (Fig. 1F,H) and suggest that the transfer of OTX2 from CSF to V-SVZ plays a significant role in regulating adult neurogenesis. The accumulation of OTX2 protein in supporting cells (Fig. 3) within the niche further suggests that OTX2 regulates V-SVZ neurogenesis through modification of the niche microenvironment.

OTX2 regulates astrocyte factors

As we observe OTX2 internalization all along the migrating route of neuroblasts (Fig. 3) and found decreased neuroblast migration (Fig. 1N) with no change in cell proliferation (Fig. 1K), we focused on a possible role for astrocytes found in both V-SVZ and RMS. Several receptors and factors are expressed in V-SVZ and RMS astrocytes that could potentially alter microenvironment composition and signaling. These include ECM proteins such as thrombospondin (Thbs1 and Thbs4) and tenascin-C (Tnc; [START_REF] Jankovski | Subventricular zone-olfactory bulb migratory pathway in the adult mouse: cellular composition and specificity as determined by heterochronic and heterotopic transplantation[END_REF]Girard et al., 2014) and signaling molecules such as Robo and Eph receptors along with Ephrin ligands [START_REF] Kaneko | New neurons clear the path of astrocytic processes for their rapid migration in the adult brain[END_REF][START_REF] Ming | Adult neurogenesis in the mammalian brain: significant answers and significant questions[END_REF]Falcão et al., 2012;[START_REF] Gengatharan | The role of astrocytes in the generation, migration, and integration of new neurons in the adult olfactory bulb[END_REF][START_REF] Todd | EphA4 regulates neuroblast and astrocyte organization in a neurogenic niche[END_REF], which may be under transcriptional control of OTX2 [START_REF] Gherzi | The human homeodomain protein OTX2 binds to the human tenascin-C promoter and trans-represses its activity in transfected cells[END_REF][START_REF] Boncinelli | Downstream of Otx2, or how to get a head[END_REF]Hoch et al., 2015;Peña et al., 2017). Expression analysis on V-SVZ microdissection lysates from the scFv-Otx2 non-cell-autonomous OTX2 knock-down model showed that EphrinA1, Thbs1, Thbs4, and Tnc were upregulated in V-SVZ (Fig. 5A). We also found that both Thbs4 and Tnc were upregulated in V-SVZ of Cre-Tat-injected Otx2-lox mice [mean Ϯ SD: 304.6 Ϯ 114.5% of vehicle (p Ͻ 0.0001) and 201.1 Ϯ 94% of vehicle (p ϭ 0.0037), respectively], reinforcing the similarity between both mouse models.

To confirm that supporting astrocytes are directly implicated in these changes in the expression of ECM and signaling factors, we turned to an in vitro astrocyte model involving aged astrocytes from newborn mouse cortex to provide mature astrocytes that do not contain NSCs typical of V-SVZ cultures. Indeed, cultured late juvenile and adult cortex astrocytes do not give rise to neurons, while cultured V-SVZ astrocytes retain this potential [START_REF] Laywell | Identification of a multipotent astrocytic stem cell in the immature and adult mouse brain[END_REF]. However, astrocyte cultures derived from early juvenile mouse cortex show low Thbs4 expression [START_REF] Benner | Protective astrogenesis from the SVZ niche after injury is controlled by Notch modulator Thbs4[END_REF], and cultured astrocytes typically show enriched expression of Thbs1 and repression of Thbs4 compared with their in vivo counterparts [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF][START_REF] Eroglu | The role of astrocyte-secreted matricellular proteins in central nervous system development and function[END_REF]. While astrocytes in our in vitro model do not perfectly represent isolated V-SVZ supporting cells, they are suitable for assessing non-cell-autonomous OTX2 activity on mature and differentiated astrocytes given the absence of confounding NSCs. Consistent with changes observed in vivo, treatment with OTX2 protein resulted in the downregulation of EphrinA1, Thbs1, and Tnc (Fig. 5B), with the exception of Thbs4, which is not expressed in our cultured astrocytes and is in keeping with previous studies. In this in vitro paradigm, OTX2 was also found to regulate EphrinA2 and Eph4 expression, which further highlights differences with adult V-SVZ astrocytes. Nonetheless, these results are in agreement with OTX2 transfer to niche astrocytes to regulate neurogenesis by controlling ECM composition and signaling.

Discussion

OTX2 homeoprotein was previously found to act noncell-autonomously in cortical interneurons (Sugiyama et al., 2008;Spatazza et al., 2013;Lee et al., 2017). The Otx2 locus is not active in the V-SVZ and RMS, but the protein can be immunoprecipitated, indicating that OTX2 homeoprotein transfers not only into several distant cortical regions but also into regions proximal to the lateral ventricles. In the cortex, OTX2 is specifically internalized by parvalbumin interneurons, which have a unique and stable ECM called perineuronal nets (PNNs) that often stain for the lectin Wisteria floribunda agglutinin (WFA; Sugiyama et al., 2008). The specificity of internalization arises from a glycosaminoglycan-binding motif in OTX2 protein (Beurdeley et al., 2012;Lee et al., 2017), and although specific target glycosaminoglycans of OTX2 have yet to be identified, OTX2 preferentially binds disulfated chondroitin sulfate proteoglycans (Beurdeley et al., 2012;[START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF]Bernard and Prochiantz, 2016). However, staining for WFA is not detected in the V-SVZ (data not shown), which is not surprising given that PNNs are synonymous with consolidation of ECM and a break on plasticity-events that would counter the function of the neurogenic niche. The hypothesis of ECM-OTX2 interaction accounting for the specific internalization remains the most plausible, given that homeoprotein cellsurface receptors have not been found (Bernard and Prochiantz, 2016). Thus, the specificity of OTX2 for astrocytes within the V-SVZ and RMS suggests that they are expressing glycosaminoglycans with high affinity for OTX2.

Through specific conditional recombination in the ChP of two mouse models, similar decreases in neurogenesis were observed. In Otx2-lox mice, recombination results in loss of local OTX2 expression in the ChP, while in scFv-Otx2 mice it results in sequestering OTX2 in the CSF due to single-chain antibody secretion by the ChP (Bernard et al., 2016). The first model includes both potential cellautonomous effects of loss of OTX2 in the ChP as well as potential non-cell-autonomous effects through reduced levels of secreted OTX2. The second model comprises only non-cell-autonomous effects as only secreted OTX2 is affected. This is confirmed by the absence of autocrine effects (i.e., CSF OTX2 signaling on ChP) assessed by ChP mRNA levels of OTX2 transcription targets on scFv expression (Bernard et al., 2016). Since both models provide a similar reduction in the number of newborn neurons, it suggests that OTX2 non-cell-autonomous function is of primary importance for adult neurogenesis. Interestingly, we observe an effect despite a nonsignificant reduction in OTX2 accumulation in V-SVZ, which is likely due in part to the large distribution of mean OTX2 staining intensity. Small (ϳ20%) decreases in OTX2 in adult mouse visual cortex induce cortical plasticity (Spatazza et al., 2013;Bernard et al., 2016), and OTX2 transcriptional targets can be activated at one concentration of OTX2 yet be suppressed at lower or higher concentrations [START_REF] Apulei | Non-cell autonomous OTX2 homeoprotein regulates visual cortex plasticity through Gadd45b/g[END_REF]. Concentration-dependent targets of homeoprotein are shown to be dependent on chromatin state, whereby some targets are concentration insensitive while others are highly concentration sensitive [START_REF] Hannon | Concentration dependent chromatin states induced by the bicoid morphogen gradient[END_REF]. Indeed, we find significant changes in some but not all putative targets of OTX2 in the V-SVZ despite the potentially subtle changes in OTX2 accumulation.

Previous studies on the role of factors secreted by the ChP mainly show effects on the proliferation of NSCs and transit-amplifying cells, as well as effects on maintaining NSC quiescence and the migration of neuroblasts (Bjornsson et al., 2015;Silva-Vargas et al., 2016). These factors were found to signal through quiescent and/or activated NSCs, such as for BMP5, IGF2, or NT-3 [START_REF] Delgado | Endothelial NT-3 delivered by vasculature and CSF promotes quiescence of subependymal neural stem cells through nitric oxide induction[END_REF][START_REF] Ziegler | Insulin and IGF receptor signalling in neural-stem-cell homeostasis[END_REF]Silva-Vargas et al., 2016), or were found to signal directly through neuroblasts to regulate migration, such as for SLIT1/2 (Nguyen- Ba-Charvet et al., 2004). Interestingly, ROBO2 is expressed by supporting astrocytes within the V-SVZ and RMS and influences the migration of neuroblasts, which express SLIT1 [START_REF] Kaneko | New neurons clear the path of astrocytic processes for their rapid migration in the adult brain[END_REF]. This suggests that SLIT1/2 from ChP can also be signaling through supporting astrocytes. We find the ChP knockdown of OTX2 reduces GCL newborn neurons without significantly modifying of cell proliferation or cell death but by modifying neuroblast migration into the RMS. However, one might expect reduced neuroblast migration to lead to a proportional reduction in dying neuroblasts. Yet cell death is difficult to study in this population given the spatiotemporal heterogeneity of their death and the high variability in their detection [START_REF] Ryu | Control of adult neurogenesis by programmed cell death in the mammalian brain[END_REF]. Thus, we cannot formally exclude that OTX2 is also affecting cell death. Nonetheless, OTX2 protein transfers in GFAP-positive cells in the V-SVZ, in the majority of GFAP-positive cells in the RMS, and in ependymal cells of the V-SVZ; this profile points to modification of the neurogenic niche instead of direct modification of progenitor activity.

Given the precedent of ECM and supporting astrocytes for regulating neuroblast migration [START_REF] Gengatharan | The role of astrocytes in the generation, migration, and integration of new neurons in the adult olfactory bulb[END_REF][START_REF] Kaneko | Mechanisms of neuronal migration in the adult brain[END_REF], we examined OTX2dependent expression of local ECM and signaling molecules expressed within V-SVZ and RMS. The RMS is composed of a compacted neuroblast network forming chains that migrate along blood vessels and are surrounded by astrocytic processes [START_REF] Lois | Chain migration of neuronal precursors[END_REF][START_REF] Whitman | Blood vessels form a migratory scaffold in the rostral migratory stream[END_REF]. While it is clear that RMS-associated astrocytes interact with neuroblasts [START_REF] Kaneko | New neurons clear the path of astrocytic processes for their rapid migration in the adult brain[END_REF], the role of astrocytes for neuroblast migration is not well known. Studies show that neurogenesis is impacted by the composition of ECM in stem cell niches [START_REF] Dityatev | Compartmentalization from the outside: the extracellular matrix and functional microdomains in the brain[END_REF], which include astrocyte-derived TNC and THBS4 in V-SVZ and RMS [START_REF] Jankovski | Subventricular zone-olfactory bulb migratory pathway in the adult mouse: cellular composition and specificity as determined by heterochronic and heterotopic transplantation[END_REF][START_REF] Benner | Protective astrogenesis from the SVZ niche after injury is controlled by Notch modulator Thbs4[END_REF]Girard et al., 2014), and OTX2 has been shown to regulate Tnc and Thbs4 transcription [START_REF] Gherzi | The human homeodomain protein OTX2 binds to the human tenascin-C promoter and trans-represses its activity in transfected cells[END_REF]Peña et al., 2017). While Tnc knock-out mice show no signs of altered adult neurogenesis [START_REF] Kazanis | The adult mouse subependymal zone regenerates efficiently in the absence of tenascin-C[END_REF], Thbs4 knock-out adult mice show reduced newborn neurons in the OB, yet no defect of embryonic neurogenesis (Girard et al., 2014). Cellautonomous OTX2 expression was found to parallel Thbs4 expression in the retina [START_REF] Housset | Loss of otx2 in the adult retina disrupts retinal pigment epithelium function, causing photoreceptor degeneration[END_REF], suggesting that OTX2 activity is context dependent, as previously suggested [START_REF] Buecker | Reorganization of enhancer patterns in transition from naive to primed pluripotency[END_REF]. However, given the global dysregulation observed, we cannot come to aconclusionontheroleofthedifferentECMmoleculesand interacting proteins. Nevertheless, changes in V-SVZ expression of Tnc and Thbs4 on Otx2 knockdown are in keeping with a transcriptional role for non-cell-autonomous OTX2 in astrocytes.

As OTX2 was found in RMS astrocytes and signalization with neuroblasts is still an open question [START_REF] Chaker | A mosaic world: puzzles revealed by adult neural stem cell heterogeneity[END_REF], we tested whether genes coding for migration and signaling factors might be modified in our models. Robo2 is strongly expressed in RMS astrocytes and is required for proper RMS organization and guidance of neuroblasts [START_REF] Kaneko | New neurons clear the path of astrocytic processes for their rapid migration in the adult brain[END_REF], and it has been hypothesized that astrocyte-derived laminin helps to form RMS scaffold for neuroblast migration [START_REF] Belvindrah | Beta1 integrins control the formation of cell chains in the adult rostral migratory stream[END_REF]. Also, EphA4 and EphrinA2 are expressed in RMS and V-SVZ, supporting astrocytes (along with other combinations of Ephs and Ephrins), and EPHA4 has been shown to be critical for maintaining a compact and organized RMS [START_REF] Todd | EphA4 regulates neuroblast and astrocyte organization in a neurogenic niche[END_REF]. While OTX2 has been shown to bind Robo2 promoter (Hoch et al., 2015) and to regulate Ephrin-A2 [START_REF] Rhinn | Cell autonomous and non-cell autonomous functions of Otx2 in patterning the rostral brain[END_REF], we did not detect any changes in V-SVZ expression after OTX2 knockdown. However, OTX2 affected expression more widely in cultured mature astrocytes, including the expression of EphA4 and EphrinA2, suggesting that it has the potential to influence RMS organization and/or that its activity is differentially regulated among astrocyte subtypes. While these cultured astrocytes are not derived from V-SVZ, they reflect better the activity of OTX2 in supporting astrocytes given that V-SVZ cultures are dominated by GFAP-expressing NSCs. This in vitro model confirms that transfer of OTX2 into V-SVZ can regulate the expression of genes found in supporting astrocytes.

Our results add to the growing research on homeoprotein transduction (Di Nardo et al., 2018) and add to the complexity of ChP function, which is essential for brain homeostasis and neuroimmune regulation [START_REF] Spector | A balanced view of choroid plexus structure and function: focus on adult humans[END_REF]Ghersi-Egea et al., 2018). OTX2 signaling through the CSF to cortical interneurons has been shown to regulate brain plasticity throughout the cortex and impact higher cognitive functions. We must now consider that ChP-derived OTX2 accumulates in diverse regions of the brain and that altering its concentration within CSF can influence a wide range of brain functions. Within the V-SVZ, OTX2 regulates ECM molecules and factors that likely impact neuroblast migration and ultimately newborn neuron numbers. These findings reinforce both ChP and V-SVZ non-neurogenic astrocytes as key niche compartments affecting adult neurogenesis.

Introduction

Choroid plexuses (ChPs) are located in the four ventricles of the brain and secrete the cerebrospinal fluid (CSF) containing molecules that regulate embryonic brain development and adult brain homeostasis (Lehtinen et al., 2013). These ventricles include the two lateral ventricles (LVs) in the cerebrum, the central third ventricle between forebrain and midbrain, and the fourth ventricle (4V) in the hindbrain. The OTX2 homeoprotein transcription factor is critical for ChP embryonic development and functions (Johansson et al., 2013). However, temporal and spatial heterogeneity is evident, as the role of OTX2 evolves during development and differs between ChPs. For example, in late embryonic development OTX2 is required for the maintenance of the 4V ChP but not LV ChP (Johansson et al., 2013). Indeed, different signaling properties might exist between ChPs from different ventricles, given that embryonic ChPs present specific gene expression (Lun et al., 2015). In adult, OTX2 is still strongly expressed by ChPs but its role has not been thoroughly investigated (Spatazza et al., 2013).

Homeoproteins are transcription factors important for embryonic development and adult brain maintenance, and several homeoproteins have been shown to have functions beyond transcription including translation regulation, DNA repair and signal transduction [START_REF] Rezsohazy | Non-transcriptional interactions of Hox proteins: Inventory, facts, and future directions[END_REF]Di Nardo et al., 2018). While several studies have explored the molecular partners and transcriptional targets of OTX2, they were typically restricted to embryonic contexts (Fossat et al., 2006;[START_REF] Béby | The homeobox gene Otx2 in development and disease[END_REF]Hoch et al., 2015). In the adult mouse, recent analyses of OTX2 protein and DNA targets have been performed on retina [START_REF] Samuel | Otx2 ChIP-seq reveals unique and redundant functions in the mature mouse retina[END_REF][START_REF] Fant | Comprehensive interactome of Otx2 in the adult mouse neural retina[END_REF]. These studies revealed targets implicated in tissue development and homeostasis, and confirmed that OTX2 not only binds multiple sites across DNA, but also discovered interactions with the machinery for RNA processing, export, and translation. To examine the role of OTX2 in adult ChP, we use a mouse model for constitutive heterozygous Otx2 knockdown and a model for ChP-specific conditional knockdown of Otx2.

Through transcriptomic analysis of LV and 4V ChPs, we reveal dysregulation of secreted factors, signaling factors, immune response and oxidative stress response. We also performed splice variant analysis and confirmed by acute Otx2 ChP knockdown in adult wildtype mice that OTX2 can regulate isoform distribution of genes involved in stress response and DNA repair. Taken together, our findings suggest that OTX2 has direct roles in ChP signaling, barrier, and surveillance functions.

Materials & Methods

Animal ethics statement

All animal procedures, including housing, were carried out in accordance with the recommendations of the European Economic Community (86/609/EEC), the French National Committee (87/848) and French bylaws (AGRG1240332A / AGRG1238724A / AGRG1238767A / AGRG1238729A / AGRG1238753A). For surgical procedures, animals were anesthetized with Xylazine (Rompun 2%, 5 mg/kg) and Ketamine (Imalgene 500, 80 mg/kg). For biochemical analysis, mice were sacrificed by cervical elongation. This research (project no. 00704.02) was approved by Ethics committee n° 59 of the French Ministry for Research and Higher Education.

Animals and stereotaxic surgery

Otx2 lox/lox mice were kindly donated by T. Lamonerie (Fossat et al., 2006) and Otx2 +/GFP mice by A. Simeone (Acampora et al., 2009). Three-month old Otx2 lox/lox mice were injected with Cre-Tat or vehicle as described in Planques et al. (2019) and housed for 15 days after surgery.

Adeno-associated virus (AAV) were of serotype 5 and purchased from Vector Biolabs (Malvern, USA): AAV5-CMV-EGFP; and AAV5-CMV-EGFP-U6-shRNA(mOtx2). Hightiter AAV5 (~10 13 GC/ml) were injected (2 µl per mouse) bilaterally into the LV (coordinates from bregma: x, -0.58 mm; y, ±1.28 mm; z, -2 mm) with a 10 µl Hamilton syringe (0.2 µl/min). Virus-injected mice were housed for 3 weeks after surgery. Animals (equal mix of male and female) were perfused transcardially with 20 ml phosphate buffer saline and ChPs were dissected and processed for biochemical analysis.

Quantitative PCR analysis

Total RNA from LV and 4V ChPs was extracted by using the RNeasy Lipid Tissue Mini Kit (Qiagen) with DNA removal. Total RNA (10 to 20 ng) was retrotranscribed by using the QuantiTect Reverse Transcription Kit (Qiagen). Quantitative PCR (qPCR) analyses of cDNA (diluted at 1/10) were performed in triplicate with a LightCycler 480 II (Roche) using the SYBR Green I Master mix (Roche). After Tm calling verification, gene-to-Hprt or gene-to-Gapdh ratios were determined by the 2 -ΔΔCt method. For Otx2 expression analysis, expression was compared to mean expression of vehicle-injected mice of the same experiment.

RNA sequencing analysis

For analysis of conditional knockdown mice, the RNA was extracted separately from LV and 4V ChPs of Cre-Tat and vehicle-injected mice. A small sample of each ChP was tested by qPCR to ensure Cre-Tat samples had less than 50% Otx2 expression on average compared to control mice. Duplicate samples were prepared by pooling ChP lysates from 2 x 5 Cre-Tat injected mice and from 2 x 4 vehicle-injected mice. For analysis of constitutive knockout mice, the RNA was extracted from pooled 4V ChPs of 2 x 4 Otx2 +/GFP mice and 2 x 5 wildtype mice in order to obtain duplicate samples of each genotype. PolyA+ mRNA purification, mRNA sequencing, and data normalization and quantification was performed by the Genomic Paris Center (IBENS, Paris, France) using Illumina HiSeq 1500.

Ontology analysis

Genes with > 10 mean reads in at least one of the ChP samples were selected for ontology analysis. Differentially expressed gene lists were generated using threshold of p-adj < 0.05.

Ontology term enrichment was analyzed with DAVID Bioinformatic resource v6.7 (Huang et al., 2009a(Huang et al., , 2009b) ) and plotted as -log10 scale of the enrichment p-values. Gene list comparisons and Venn diagram data were generated with web-based tools (http://www.bioinformatics.lu/venn.php).

Isoform analysis

Raw reads were processed with fastp [START_REF] Chen | fastp: an ultra-fast all-in-one FASTQ preprocessor[END_REF] using standard parameters, and then pseudo-aligned on mm10 gencode transcriptome using salmon [START_REF] Patro | Salmon provides fast and biasaware quantification of transcript expression[END_REF]. The quantified transcriptome was then imported in R using the IsoformSwitchAnalyzeR package (Vitting-Seerup and Sandelin, 2017, 2019) with dIFcutoff = 0.15. Isoform switch test was performed using DEXseq [START_REF] Anders | Detecting differential usage of exons from RNA-seq data[END_REF][START_REF] Ritchie | limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF] in IsoformSwitchAnalyzeR. Gene coding potential, secondary structures, signal peptides, and protein domains were analyzed with CPAT [START_REF] Wang | CPAT: Coding-Potential Assessment Tool using an alignment-free logistic regression model[END_REF], Net-Surf2 [START_REF] Klausen | NetSurfP-2.0: Improved prediction of protein structural features by integrated deep learning[END_REF], SignalP [START_REF] Armenteros | SignalP 5.0 improves signal peptide predictions using deep neural networks[END_REF], and Pfam [START_REF] Finn | Pfam: the protein families database[END_REF], respectively.

Results and Discussion

Conditional and constitutive knockdown of Otx2 in adult ChP

OTX2 is a key regulator of ChP and brain development but its role in adult ChP is not well known. To gain insight into its adult "ChP functions", we performed RNA sequencing analysis with two mouse models. The first consisted of 3-month-old Otx2 lox/lox mice for conditional knockdown of Otx2 specifically in the ChP through intracerebroventricular (icv) injections of Cre-Tat recombinant protein (Spatazza et al., 2013). The ChPs from LV and 4V were dissected separately from both Cre-Tat injected and control vehicle-injected mice. While the bilateral stereotaxic injections of vehicle or Cre-Tat are performed only in lateral ventricles, we have previously shown with this protocol that the level of Otx2 knockdown in 4V ChP is proportional to that in LV ChP (Planques et al., 2019). The second model consisted of Otx2 +/GFP mice as a constitutive heterozygous knockout mutant with ~50% Otx2 protein levels compared to wildtype [START_REF] Bernard | Graded Otx2 activities demonstrate dose-sensitive eye and retina phenotypes[END_REF]. For this model, the 4V ChPs were dissected and pooled from 3-month-old wildtype and mutant mice.

The transcriptomics analysis of adult ChP showed highly expressed genes involved in energy metabolism, protein signaling, solute transport and RNA processing (Table 1). While not in exactly the same order of gene expression level, this list compares favorably with those obtained from other ChP transcriptomics studies (Baruch et al., 2014;Silva-Vargas et al., 2016). The conditional adult mouse knockdown of Otx2 led to significant changes in expression of 375 genes in LV ChP and 808 genes in 4V ChP (p-adj < 0.05). The top ten upregulated and downregulated genes show a range of functions, including solute transport, signaling, immune response, and trafficking (Table 2). While there is significant overlap in altered gene expression between the ChPs (Figure 1A), the 4V ChP seems more susceptible to loss of Otx2 activity. The response to Otx2 knockdown results in a rather even distribution of upregulation (522 genes) and downregulation (392 genes) among the ChPs. However, ontological analysis reveals that the downregulated genes in both ChP show higher levels of enrichment in significantly altered classes, suggesting that upregulated genes have more broadly distributed functions (Figure 1B-C). Interestingly, both ChPs have similar ontology enrichment in downregulated genes, indicated that Otx2 is generally important for the expression of membrane proteins, glycoproteins, signaling proteins and cell adhesion proteins. While some of these functions are recapitulated in the upregulated genes, there is much more heterogeneity between the LV and 4V ChP. The LV ChP shows more immune response ontology while the 4V ChP shows more signaling related ontology. This suggests that conditional knockdown of Otx2 leads to altered ChP barrier function and ChP signaling, and can impact immune responses.

The constitutive heterozygote Otx2 +/GFP adult mice showed significant expression changes in 528 genes of the 4V ChP (p-adj < 0.05), which is comparatively less than for conditional Otx2 knockdown in 4V ChP (Figure 2A). Given that fewer genes are deregulated in this constitutive model, this suggests that compensatory mechanisms for countering reduced OTX2 levels were activated during development. The changes in gene expression were relatively balanced between upregulation (273 genes) and downregulation (255 genes), and ontology analysis revealed shared terms including glycoprotein, signal, membrane-related, and secreted (Figure 2B). The upregulated genes are also enriched for cell adhesion and alternative splicing, while downregulated genes are enriched for trafficking and transport. This suggests that brain-wide and life-long knockdown of Otx2 leads to altered ChP signaling, barrier functions, and brain homeostasis.

We hypothesized that genes deregulated in both conditional and constitutive models could be either direct targets of OTX2 transcription regulation or targets of important OTX2dependent pathways. Comparison of gene expression changes in 4V ChP of these two models revealed an overlap of more than 80 genes in either upregulated or downregulated repertoires. This represented about half the identified expression changes in Otx2 +/GFP mice, but less than a third of changes in the conditional model. When genes from LV ChP conditional Otx2 knockdown are included in the analysis, we identified 43 genes globally upregulated and 33 genes globally downregulated (Table 3). To determine whether this list contains direct OTX2 transcription targets, we compared it with OTX2 chromatin-immunoprecipitation experiments previously performed in mouse embryonic brain (Hoch et al., 2015) and adult retina [START_REF] Samuel | Otx2 ChIP-seq reveals unique and redundant functions in the mature mouse retina[END_REF]. However, we find almost no overlap, with only Ttr being a common target. This suggests that transcriptional activity of OTX2 has different targets in the choroid plexus and/or that these deregulated genes are downstream targets of OTX2-dependent pathways. It will be necessary to perform ChIPseq analysis of adult choroid plexus to distinguish between these possibilities. Taken together, our analysis identifies new potential functions for Otx2 in the adult brain. We find upregulation of immune factors, specifically in the conditional Otx2 loss-of-function model, and deregulation of genes involved in cellular adhesion, trafficking, signaling, and secretion in both knockdown models, suggesting altered ChP function and disruption of ChP barriers.

Altered expression of ChP secreted factors

Given that our various ontology analyses often evoked secreted factors, we focused on ChP factors secreted in CSF and implicated in embryonic and/or adult neurogenesis (Table 4), which is one of the recently identified functions of adult ChP (Falcão et al., 2012;Silva-Vargas et al., 2016). Factors implicated in embryonic neurogenesis include SHH, BMPs and WNTs (Bjornsson et al., 2015). While Shh expression was not observed in either ChP of the conditional model, Otx2 +/GFP mice showed significant Shh expression. Between the various Bmp and Wnt family genes, only Bmp7 and Wnt2b were differentially expressed in Otx2 lox/lox mice. Canonical Wnt signaling is perturbed in embryos with conditional Otx2 ChP knockdown, and it has been proposed that WNT4 and TGM2, enriched in the CSF of mutant mice, are the effectors (Johansson et al., 2013). While Wnt4 was poorly expressed (~20 mean reads) and unchanged in both LV and 4V ChP of Cre-Tat injected Otx2 lox/lox mice, Tgm2 was significantly upregulated in 4V ChP, suggesting Otx2 retains some embryonic functions, such as repressing Tgm2 expression. Given that Otx2 knockdown experiments in late embryonic development showed OTX2 is necessary for 4V but not LV ChP maintenance (Johansson et al., 2013), these results suggest that adult Otx2 expression could retain this maintenance function in 4V ChP.

We have previously shown that OTX2 secreted into the CSF from the ChP can regulate adult neurogenesis non-cell autonomously by transferring into astrocytes in the ventricularsubventricular zone and rostral migratory stream, thereby affecting neuroblast migration (Planques et al., 2019). This study also showed that ChP Otx2 knockdown with Cre-Tat injected Otx2 lox/lox adult mice, which will impact both cell-and non-cell-autonomous activity, also showed significantly reduced neurogenesis, suggesting that cell-autonomous effects on ChP targets may also be involved. IGF2 and SLIT1/2 have been found to regulate both embryonic and adult neurogenesis (Nguyen-Ba-Charvet et al., 2004;Sawamoto et al., 2006;[START_REF] Lehtinen | The cerebrospinal fluid provides a proliferative niche for neural progenitor cells[END_REF][START_REF] Ziegler | IGF-II Promotes Stemness of Neural Restricted Precursors[END_REF]. While Slit1 is not expressed and Slit3 is only weakly expressed in adult ChP, Slit2 is highly expressed but shows no significant change in expression in ChP with reduced Otx2. Admittedly, there is a trend towards increased Slit2 expression and we cannot exclude the potential for biologically relevance. Igf2 was significantly downregulated more than 2-fold in all ChPs upon Otx2 knockdown. However, there were concomitant expression changes in IGF binding proteins, Igfbp2 and Igfbp7, suggesting the level of IGF2 activity could be maintained through compensatory reduction in inhibiting factors. Other factors influencing adult neurogenesis include amphiregulin (AREG) [START_REF] Falk | Amphiregulin is a mitogen for adult neural stem cells[END_REF], FGF2 [START_REF] Jin | Neurogenesis and aging: FGF-2 and HB-EGF restore neurogenesis in hippocampus and subventricular zone of aged mice[END_REF][START_REF] Douet | Fractone-heparan sulphates mediate FGF-2 stimulation of cell proliferation in the adult subventricular zone[END_REF][START_REF] Hayamizu | FGF-2 immunoreactivity in adult rat ependyma and choroid plexus: Responses to global forebrain ischemia and intraventricular FGF-2[END_REF], and TGF-α [START_REF] Tropepe | Transforming Growth Factor-α Null and Senescent Mice Show Decreased Neural Progenitor Cell Proliferation in the Forebrain Subependyma[END_REF]), yet we found no change in expression (and no detectible expression of Areg). Finally, other factors show more change in gene expression after acute Otx2 knockdown compared to constitutive knockdown. TGF-β negatively regulates adult neurogenesis [START_REF] Wachs | Transforming Growth Factor-β1 Is a Negative Modulator of Adult Neurogenesis[END_REF], and Tgf-β2 is downregulated in both ChP of Cre-Tat injected Otx2 lox/lox mice (Table 4). Taken together, these minimal or compensatory changes in specific secreted signaling factors suggest that Otx2 expression in ChP could have only a minor cell-autonomous role in regulating adult neurogenesis. This hypothesis is consistent with similar level of decrease in adult neurogenesis observed with both this ChP Otx2 knockdown model and the non-cell-autonomous-only OTX2 knockdown mouse model (Planques et al., 2019).

Altered expression of immune and stress factors

Given the altered expression of homeostasis and stress-response related factors in both ChPs of conditional Otx2 knockdown mice, we turned to viral expression of shRNA-Otx2 in LV and 4V ChPs to achieve greater reduction in Otx2 expression. Through qPCR analysis, we measured a 70% decrease in (mRNA) Otx2 and a concomitant very large decrease in expression of a known direct transcriptional target, transthyretin (Ttr) (Figure 3A). TTR, the most highly expressed protein in ChP (Table 1), is secreted into CSF and transports thyroxin and retinol-binding protein, and has a role in cognition and memory, psychological health and emotion (for recent review, see [START_REF] Sharma | The Extracellular Protein, Transthyretin Is an Oxidative Stress Biomarker[END_REF]. Given that OTX2 directly regulates Ttr expression, this strongly implies that Otx2 expression levels in ChP impact brain functioning.

Furthermore, the downregulation of aquaporin (Aqp) (Table 3) was also confirmed, specifically Aqp1 and not Aqp4 (Figure 3A), suggesting OTX2 helps regulate CSF water homeostasis.

In keeping with roles in brain homeostasis and surveillance, we also chose targets from ontology analysis (Figure 1) in functions related to oxidative stress, immune response and metal ion transport. A surprising finding was the over 100-fold increase in glutathione peroxidase 3 (Gpx3), an extracellular enzyme that catalyzes the reduction of peroxidases and protects cells from oxidative damage, suggesting loss of OTX2 has a significant impact on cell physiology (Figure 3B). Other compensatory mechanisms against oxidative stress include decreased fatty-acid oxidation (Scd1), increased peroxisome function (Acox2, Ddo) for countering oxidative stress and inflammation [START_REF] Terlecky | Peroxisomes, oxidative stress, and inflammation[END_REF], and changes in structural cell response (Vim) [START_REF] De Pablo | Intermediate filaments are important for astrocyte response to oxidative stress induced by oxygen-glucose deprivation and reperfusion[END_REF] (Figure 3C). In relation to immune response (Figure 3D), we tested a complement activation factor (CD55), an inflammatory response chemokine (Ccl9), and an innate immune response factor (Iigp1). The direction of change in expression of all of these factors was consistent with the constitutive and conditional mouse models, while only Vim and Iigp1 showed no significant changes upon acute viral Otx2 knockdown. Finally, we also quantified factors related to metal ion transport (Steap1 and Slc31a) (Figure 3E), which had altered expression in the conditional Otx2 lox/lox mice, given their role in brain homeostasis. Only Slc31a, which transports copper ion, had concomitant reduced expression upon Otx2 knockdown. These findings suggest that ChP function is greatly impacted by Otx2 expression level, opening the question whether Otx2 overexpression in ChP would also deregulate homeostasis and illicit immune responses in a wildtype context or on the contrary rescue deficits in homeostasis in an aged or diseased animal.

Splice variant analysis

We extended the analysis of our transcriptomic data of LV ChP from Cre-Tat injected Otx2 lox/lox mice to measure changes in splice variants. Isoform usage was found to be significantly changed for 51 genes (data not shown), with the majority showing changes in non-coding transcripts. Changes in coding transcripts were observed for only 4 genes (Mcrs,Ldlr,Tspan12 and Daxx), and generally for only 2 isoforms among the splice variants (Figure 4A,B). These genes showed no change in overall expression upon Otx2 knockdown, although their expression levels are relatively low (Figure 4C). In fact, of the 51 genes with altered isoform usage, all have mean reads less than 10, and only 9 show significant changes in expression level (data not shown). Nevertheless, we confirmed that acute Otx2 knockdown through viral expression of shRNA-Otx2 increases the expression of the Mcrs-209 and Daxx-204 isoforms. Interestingly, MCRS and DAXX interact within a protein complex with various nuclear functions including transcription regulation, chromatin remodeling, and DNA repair.

Further research is needed to determine the functional consequences of these changes in distribution of transcript isoforms.

Homeoproteins have been postulated to regulate transcript splicing. The PAX6 homeoprotein has been shown to modulate splicing machinery such that changes in Pax6 expression alter the population of Tenascin-C splice variants without changing total Tenascin-C expression [START_REF] Von Holst | Neural stem/progenitor cells express 20 tenascin C isoforms that are differentially regulated by Pax6[END_REF], while the ENGRAILED2 homeoprotein interacts with splicing machinery (J. Fuchs, personal communication). Regarding OTX2, its protein interactome in adult retina revealed RNA processing partners such as SFPQ and U2AF [START_REF] Fant | Comprehensive interactome of Otx2 in the adult mouse neural retina[END_REF]. Whether OTX2 can control ChP splicing activity either through direct interaction with splicing factors or by regulating their expression remains to be determined. 

Introduction

Alzheimer disease (AD) is a neurodegenerative disease that affects the aging human population.

Among several genetic risk factors [START_REF] Henstridge | Beyond the neuron-cellular interactions early in Alzheimer disease pathogenesis[END_REF], the amyloid precursor protein (APP) can produce amyloid plaque deposits, enriched in extracellular and intracellular Aβ40 and Aβ42 (thereafter Aβ) amyloid peptides, in the brain paranchyma of AD patients. Aβ peptides are generated from APP by sequential proteolytic cleavage by β-and !-secretases, while cleavage by α-secretase releases the secreted APPα ectodomain (sAPPα) from the cell surface.

Due to the position of the 3 cleavage sites, the secretion of sAPPα precludes the generation of Aβ peptides. In contrast, cleavage at the β site releases the sAPPβ ectodomain, in parallel with Aβ peptide production.

An important and still under-investigated issue is the physiological function of sAPPα.

Indeed, the pathological traits accompanying amyloid plaque formation could potentially be explained by a parallel decrease of sAPPα levels resulting in lost functions that cannot be compensated by sAPPβ [START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF]. Key functions of sAPPα include its ability to enhance spine density, synaptic plasticity, and memory (Müller et al. 2017, Mockett et al. 2019). Expression of sAPP⍺ in hippocampus has been shown to rescue cognition and synaptic transmission and to mitigate synaptic and cognitive deficits in a pathological context (Fol et al. 2016, Xiong et al. 2017[START_REF] Tan | Lentivirus-mediated expression of human secreted amyloid precursor protein-alpha prevents development of memory and plasticity deficits in a mouse model of Alzheimer's disease[END_REF]. sAPP⍺ dependent signals are important for neuroprotection through sAPPα binding to transmembrane APP [START_REF] Milosch | Holo-APP and G-protein-mediated signaling are required for sAPPα-induced activation of the Akt survival pathway[END_REF], and in synaptic plasticity through binding to partners such as the recently identified GABABR1a ligand and the ⍺7-nACh receptor [START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF][START_REF] Rice | Secreted amyloid-β precursor protein functions as a GABABR1a ligand to modulate synaptic transmission[END_REF], Morrissey et al. 2019).

Moreover, sAPPα stimulates the proliferation of neural progenitors [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF][START_REF] Baratchi | Secreted amyloid precursor proteins promote proliferation and glial differentiation of adult hippocampal neural progenitor cells[END_REF][START_REF] Demars | Soluble amyloid precursor protein-α rescues age-linked decline in neural progenitor cell proliferation[END_REF], while viral expression of sAPPα in the hippocampus of the APP/PS1 mouse rescues synaptic failure (Fol et al. 2016).

In addition to neurofibrillary tangles and amyloid plaques, a deficit in adult neurogenesis has been associated with AD [START_REF] Rodríguez | Neurogenesis in Alzheimer's disease[END_REF][START_REF] Winner | Adult neurogenesis in neurodegenerative diseases[END_REF][START_REF] Choi | Combined adult neurogenesis and BDNF mimic exercise effects on cognition in an Alzheimer's mouse model[END_REF][START_REF] Toda | The role of adult hippocampal neurogenesis in brain health and disease[END_REF], Moreno-Jiménez et al. 2019). Although adult neurogenesis in humans has been recently challenged (Paredes et al. 2018, Tartt et al. 2018), it has been demonstrated conclusively in rodents, with two primary neurogenic sites, the subventricular zone (SVZ) and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG). In the transgenic APP/PS1 mouse model of AD, a decrease in adult SGZ neurogenesis was observed in addition to amyloid plaques throughout the brain parenchyma including the hippocampus [START_REF] Zeng | Hippocampal neurogenesis in the APP/PS1/nestin-GFP triple transgenic mouse model of Alzheimer's disease[END_REF]. Furthermore, APP plays a role in neurogenesis, either as full-length transmembrane APP [START_REF] Wang | The amyloid precursor protein controls adult hippocampal neurogenesis through GABAergic interneurons[END_REF] or through its sAPPα ectodomain [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF]).

While the controversy on adult neurogenesis in the humans cannot be ignored, a recent study convincingly showed that adult DG neurogenesis is maintained at a high level until old age but drops sharply in AD patients, supporting the AD "neurogenesis" hypothesis of cognitive impairment (Moreno-Jiménez et al. 2019).

The cerebrospinal fluid (CSF) has been recognized recently as an important contributor to the neurogenic niche (Lehtinen et al. 2013, Silva-Vargas et al. 2013, Bjornsson et al. 2015).

Trophic factors, transcription factors and guidance molecules are secreted by the choroid plexus (ChPl) into the CSF. We previously showed that sAPPa infused in the CSF recognizes stem cells expressing the EGF-receptor within the SVZ and enhances their proliferation, while no effect on hippocampal neurogenesis was observed [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF]). In line with these observations, we aimed to evaluate the importance of the ChPl in regulating adult neurogenesis and to explore the possibility that the ChPl might constitute an important actor and translational target in healthy and pathological aging. We report that sAPPa produced specifically from the ChPl positively affects proliferation in both neurogenic niches. Conversely, we used serotype 5 adeno-associated virus (AAV5) vectors specifically targeting the ChPl to express human APP bearing the Swedish-Indiana (SwInd) mutations, thus favoring Aβ production, which resulted in reduced proliferation in both niches, caused defects in reversal learning and impaired synaptic plasticity mechanisms in the hippocampus.

Materials and Methods

Animals and ethics

C57Bl/6J mice were purchased from Janvier (France) and App flox/flox mice were described previously [START_REF] Mallm | Generation of conditional null alleles for APP and APLP2[END_REF] 

Protein and virus stereotaxic surgery

Vectored Cre recombinase protein, Cre-Tat, was produced as previously described (Spatazza et al. 2013). Adeno-associated virus (AAV) were of serotype 5 and purchased from either in-house tool rooted in MATLAB [START_REF] Jarlier | A Navigation Analysis Tool (NAT) to assess spatial behavior in open-field and structured mazes[END_REF]. Mice underwent a two-phase training protocol (Fig. 4E). The first phase consisted of 5 training days, 1 day of rest followed by probe test 1 (initial learning). For the second phase, the platform was moved to a different quadrant, and again training lasted 5 days followed by 1 day of rest before probe test 2 (reversal learning).

Training sessions consisted of 4 daily swimming trials (1 h interval between trials) starting randomly from different positions, with each quadrant sampled once per day. For each trial, mice were released at a starting point facing the inner wall and given a maximum of 90 s to locate and climb onto the escape platform. Mice that failed to locate the platform within 90 s were guided to it. In either case, mice were allowed to stay on the platform for 30 s. To assess spatial memory, probe tests were performed 24 h after the last training session by tracking mice for 60 s with the platform absent. Measured parameters during the training phases were the average time taken to reach the platform (i.e., mean escape latency) and the average speed.

Measured parameters during probe tests were the mean distance traveled by the mouse before arriving at the platform location, % time spent in the target quadrant, and the number of platform location crossings.

Electrophysiology

Acute transverse hippocampal slices (400 µm) were prepared as previously described [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Briefly, mice were culled by cervical dislocation and decapitation.

Brains were rapidly removed and placed in chilled (1-4 °C) 

PCR and Western blots

Mice were anesthetized for intracardiac perfusion with PBS. Subsequently, choroid plexus, hippocampus, cortex, retina and/or SVZ samples were extracted in ice-cold PBS, frozen on dry ice, and stored at -20 °C. Genomic DNA, total RNA and proteins were recovered by using the Allprep DNA/RNA/Protein Mini Kit (Qiagen 80004). The efficiency of Cre-induced recombination in App flox/flox mice was verified by PCR with primers F, C and D previously described [START_REF] Mallm | Generation of conditional null alleles for APP and APLP2[END_REF] (GraphPad). All data are given as mean ± standard error of the mean (SEM).

Results

App is highly expressed in the adult choroid plexus

Given that ventricular infusion of recombinant sAPPα has been shown to affect SVZ proliferation [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF][START_REF] Demars | Soluble amyloid precursor protein-α rescues age-linked decline in neural progenitor cell proliferation[END_REF], and that the ChPl has been shown to express APP [START_REF] Liu | γ-secretase binding sites in aged and Alzheimer's disease human cerebrum: the choroid plexus as a putative origin of CSF Aβ[END_REF], we hypothesized that the ChPl is a potential endogenous source for CSF-borne sAPPα. Indeed, App is one of the most highly expressed ChPl genes (Baruch et al. 2014). We confirmed high App expression levels in the ChPl by qPCR. In comparison to the hippocampus (that has been shown previously to strongly express APP) and the SVZ, we found higher and elevated levels in ChPl in lateral and 4th ventricles of 4-month-old adult mice (Fig. 1A). Interestingly, Transthyretin and Apoe, two genes involved in App functions [START_REF] Sousa | Transthyretin and Alzheimer's disease: where in the brain?[END_REF][START_REF] Deane | apoE isoform-specific disruption of amyloid beta peptide clearance from mouse brain[END_REF]) are also very highly expressed in the ChPl (Baruch et al. 2014, Silva-Vargas et al. 2016).

App knock-down in the choroid plexus decreases adult proliferation

In order to knock down App expression locally and specifically in ChPl, we performed Cre-Tat intracerebroventricular (icv) injections in 10-month-old App flox/flox mice (Fig. 1B). Cre-mediated deletion of the App locus and App expression were evaluated 15 days later in various structures including retina, hippocampus, cortex and ChPl (Fig. 1B-F). The specificity of Cre-Tat targeting selectively the ChPl was confirmed by the absence of recombination in other structures (Fig. 1C), as previously demonstrated for another floxed mouse model (Spatazza et al. 2013). Consequently, only in ChPl do we observe a decrease in App mRNA (by 37 ± 7%, Fig. 1D) and APP protein (by 52 ± 3%, Fig. 1E-F).

To evaluate the impact of App knock-down on cell proliferation, ~3-month-old App flox/flox mice were injected with vehicle or Cre-Tat and subsequently implanted with 15-day osmotic minipumps for CSF infusion of either vehicle or sAPPα (Fig. 1G). Compared to vehicle injected/infused controls, animals injected with Cre-Tat and infused with vehicle showed a significant reduction in the number of proliferating cells in the SVZ (Fig. 1H). This decrease was rescued by infusion of sAPPα (Fig. 1H), suggesting that knock-down of sAPPα leads to impaired neurogenesis. In contrast, this experimental paradigm did not alter DG proliferation (Fig. 1I-J), even under enriched environment conditions with free access to running wheels known to stimulate hippocampal proliferation (van [START_REF] Praag | Running Increases Cell Proliferation and Neurogenesis in the Adult Mouse Dentate Gyrus[END_REF].

In order to reduce App levels more robustly in the ChPl, a viral vector expressing shRNA against the mouse βA42 sequence was injected into the ventricles of ~3-month-old wild type mice (Fig. 2A). As previously reported [START_REF] Watson | Transduction of the choroid plexus and ependyma in neonatal mouse brain by vesicular stomatitis virus glycoprotein-pseudotyped lentivirus and adeno-associated virus type 5 vectors[END_REF], icv injection of AAV5 results in specific ChPl targeting, and indeed we did not detect expression of co-expressed eGFP marker protein in the parenchyma (Fig. 2B). Eight weeks post-injection, App (mRNA) and APP protein decreased nearly 5-fold in ChPl with no change in hippocampus and cortex levels (Fig. 2C-E).

This decrease led to a significant reduction in the number of proliferating cells in both SVZ and DG (Fig. 2F-I).

sAPPα gain-of-function in either cerebrospinal fluid or choroid plexus increases adult proliferation

To further investigate the impact of sAPP on adult neurogenesis, either sAPPα or sAPPβ was infused for 7 days in the lateral ventricles of ~3-month-old wild type mice (Fig. 3A). APP can be cleaved either along the non-amyloidogenic pathway to give rise to sAPPα or along the amyloidogenic pathway to produce its sAPPβ counterpart, and the icv injection of the two sAPP forms has been previously shown to have opposite effects on neurogenesis [START_REF] Demars | Soluble amyloid precursor protein-α rescues age-linked decline in neural progenitor cell proliferation[END_REF]).

In our paradigm, infusion of sAPPα but not of sAPPβ increased the number of proliferating cells both in the SVZ and DG of adult mice (Fig. 3B-E). To confirm that CSF and choroid plexus sAPPα gain-of-function are correlated, icv injections of AAV5 expressing mouse App were performed for ChPl-specific over-expression (Fig. 3F). After 8 weeks, the relative App expression was increased by approximately 2-fold (Fig. 3G), resulting in a significant increase in the number of proliferating cells in both the SVZ and DG (Fig. 3H-I).

Choroid plexus expression of APP(SwInd) impairs behavior

Because altering APP expression selectively in the ChPl impacted neurogenic niches, we hypothesized that favoring the production of Aβ specifically in ChPl could negatively affect niche functions. To explore this possibility, we overexpressed a mutated form of human APP (Swedish K670N/M671L and Indiana V17F mutations) specifically in the ChPl of wild type mice at 3 months of age (Fig. 4A). The consequences of this gain-of-function were evaluated 3 and 12 months after injection (when mice were 6 and 15 months old, respectively). We found strong hAPP(SwInd) mRNA expression in ChPl after 3 months which increased more than 3fold by 12 months (Fig. 4B). Strikingly, proliferation was significantly decreased at 3 months post-injection in both SVZ and DG of hAPP(SwInd) expressing mice. However, no difference was seen at 12 months post-injection (Fig. 4C-D), although this is likely due to the extremely low levels of proliferation also observed in control mice that may preclude further reduction.

Indeed, proliferation already dramatically decreases from the time of injection at 3 months ('No injection' in Fig. 4C-D) to 6 months (3 months post-injection) in both niches, and further decreases in the DG at 15 months (12 months post-injection) as previously reported [START_REF] Encinas | Division-coupled astrocytic differentiation and age-related depletion of neural stem cells in the adult hippocampus[END_REF]. This decrease in proliferation was not due to amyloid plaque accumulation, as none was observed in the cortex or hippocampus of mice expressing the human APP(SwInd) in the ChPl (data not shown).

We also evaluated spatial memory by using the Morris water maze reversal learning paradigm at either 3 months or 12 months post-injection (Fig. 4E). Mice from either group had not been subjected to previous spatial memory tests. During the learning phases, all groups showed significant improvement in latency to find the hidden platform after 5 days of training, but no differences were observed between groups (control and hAPP(SwInd)) in either latency or swimming speed at both ages (Supp. Fig. 1). During probe tests, platforms were removed and performance was evaluated by the time spent in the target platform quadrant, the number of platform area crossings, and the mean total distance taken to reach the platform area (Fig. 4F-H). At either 3 months or 12 months post-injection, hAPP(SwInd) mice showed no difference in performance compared to controls during probe test 1 (initial learning).

Performance after probe test 2 (reversal learning) was unchanged in 6-month old mice (3 months post-injection) but showed significant differences for all parameters at 15 months (12 months post-injection). The time spent in the trained target quadrant was decreased, as was the number of platform area crossings, while the mean distance to find the platform area was increased, indicating that reversal learning is impaired after long-term ChPl expression of hAPP(SwInd).

Choroid plexus expression of App(SwInd) impairs synaptic plasticity

Compromised reversal learning may be rooted in plasticity-dependent deficits in hippocampaldependent spatial memory. Interestingly, mouse models of AD show a marked decrease in hippocampal CA1 synaptic plasticity in the form of long-term potentiation (LTP) at 4 months of age [START_REF] Li | Metaplasticity mechanisms restore plasticity and associativity in an animal model of Alzheimer's disease[END_REF]. We thus assessed synaptic function at Schaffer collateral CA3 to CA1 synapses in the hippocampus of 15-month old mice expressing hAPP(SwInd) in the ChPl after receiving AAV5 icv injections at 3 months of age (Fig. 5A). We found no change in basal synaptic transmission in CA1 as shown by comparable input/output curves (F>1) (Fig. 5B).

However, paired-pulse facilitation, a form of short-term plasticity reflecting presynaptic function, is increased in mice expressing mutated APP thus indicating a decrease in presynaptic release probability (Fig. 5C). Consistently, induction of LTP by high-frequency stimulation is significantly impaired in AAV5-hAPP(SwInd) injected mice (Fig. 5D), revealing impaired plasticity which corroborates observed deficits in spatial memory (Fig. 4F-H).

Discussion

The present study takes its origin in the growing interest for the ChPl, a structure increasingly recognized for its physiological importance beyond its classical "kidney of the brain" functions as it secretes CSF containing a plethora of trophic compounds (Ghersi-Egea et al. 2018).

Among these compounds are growth factors, guidance cues and morphogens, some of which gain access to the SVZ and participate in the regulation of neuroblast migration (Falcão et al. 2012, Silva-Vargas et al. 2016, Planques et al. 2019). sAPPα infused into the CSF has been shown to increase proliferation and progenitor cell numbers in the SVZ [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF][START_REF] Demars | Soluble amyloid precursor protein-α rescues age-linked decline in neural progenitor cell proliferation[END_REF], with binding sites on type C and type A progenitor cells [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF]). Given the very high expression of APP by the ChPl, we hypothesized that sAPPα could be secreted by the ChPl into the CSF and participate in adult neurogenesis. By conditionally knocking down App expression specifically in the ChPl through either genetic deletion or shRNA expression, we establish that ChPl APP has neurogenic activity not only in the SVZ but surprisingly also in the DG. Furthermore, this reduced proliferation can be reversed by the infusion of sAPPα into the CSF. Thus, sAPPα secreted by the ChPl can not only gain access to cells within the "superficial" SVZ, which contact lateral ventricles, but also to cells within the "deeper" DG within the parenchyma. Such transport has been reported for transcription factors secreted into the CSF by the ChPl (Spatazza et al. 2013). Together, these results strongly suggest that sAPPα secreted by the ChPl functions as a neurogenic factor, further confirming ChPl as a major actor in regulating adult neurogenesis.

The full range of functions of the APP family have yet to be fully identified, but several studies strongly suggest important developmental and physiological roles (Müller et al. 2017).

Some functions involve cis or trans dimer interactions between transmembrane APP molecules, and others involve heterodimers between transmembrane APP and secreted sAPPα [START_REF] Milosch | Holo-APP and G-protein-mediated signaling are required for sAPPα-induced activation of the Akt survival pathway[END_REF]). These interactions modulate important processes including cell adhesion, synapse formation, synapse stabilization and cell survival (Müller et al. 2017). Full-length transmembrane APP or sAPPα also interact with a large number of other trans and cis interactors, thus acting as ligands or receptors in a variety of signaling pathways (Müller et al. 2017). Some of these properties are attributed to the extracellular C-terminal 16 amino acids of sAPPα, as compared to sAPPβ. For example, acute in vitro or in vivo application of sAPPα but not sAPPβ rescues hippocampal LTP in the adult brain of conditional double knockout mice lacking APP and the related protein APLP2 [START_REF] Hick | Acute function of secreted amyloid precursor protein fragment APPsα in synaptic plasticity[END_REF][START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF]. This Cterminal sequence facilitates synaptic plasticity in the hippocampus through binding to functional nicotinic α7-nAChRs [START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF], Morrissey et al. 2019). In keeping with previous results [START_REF] Demars | Soluble amyloid precursor protein-α rescues age-linked decline in neural progenitor cell proliferation[END_REF], we also find that in vivo icv infusion of sAPPα, but not sAPPβ, positively impacts neurogenic niche cell proliferation in the adult mouse brain. While the reason for this functional divergence between sAPPα and sAPPβ for proliferation remains unknown, a shift in APP processing towards the amyloidogenic pathway would clearly impair both synaptic plasticity and neurogenesis.

Mouse models developed to analyze the role of specific human APP mutations typically employ mutated genes often expressed throughout the brain and even the body. Our study is unique in that it explores whether expressing mutated APP only in the ChPl of adult mice (3 months old) could affect neurogenic niche proliferation and trigger learning defects. We found that ChPl expression of the human APP(SwInd) mutant, which favors sAPPβ and Aβ peptide formation, decreases proliferation at 3 months after infection (6 months old) with no change at 12 months after infection (15 months old), probably due to the fact that neurogenesis is naturally low at 15 months and cannot be further reduced. However, a reversal learning test showed a significant decrease in the cognitive performance of these mice at 15 months. Accordingly, electrophysiological analysis at 15 months revealed decreased pre-synaptic release probability and impaired synaptic plasticity. No amyloid plaques were observed in these mice, leading us to speculate that the functional outcome of increased sAPPβ and Aβ accumulation is rooted in either synaptic deficits, reduced neurogenesis, and/or neuronal aging [START_REF] Suberbielle | Physiologic brain activity causes DNA double-strand breaks in neurons, with exacerbation by amyloid-β[END_REF].

Given that sAPPβ icv infusion does not affect proliferation in the neurogenic niches, it is more likely that the observed deficits are due to increased Aβ (soluble or oligomers). Finally, while we observe no change in proliferation at 15 months, we cannot discount a negative long-term effect of ChPl human APP(SwInd) on the shaping of hippocampal synaptic circuits due to impaired proliferation during aging.

Our findings strengthen the unique role played by the ChPl in regulating adult neurogenesis, and it is important to consider the morphological and transcriptomic alterations of the ChPl during normal aging and in late-onset AD that can impact brain homeostasis [START_REF] Serot | Morphological alterations of the choroid plexus in late-onset Alzheimer's disease[END_REF], 2001, 2012, Silva-Vargas et al. 2016). These alterations can lead to changes in blood-CSF barrier properties, in ChPl function regulation, as well as in CSF composition and turnover.

Furthermore, adult neurogenesis failure clearly plays a role in the development of AD in familial and possibly sporadic AD patients [START_REF] Rodríguez | Neurogenesis in Alzheimer's disease[END_REF][START_REF] Mu | Adult hippocampal neurogenesis and its role in Alzheimer's disease[END_REF][START_REF] Hamilton | Aging and neurogenesis in the adult forebrain: what we have learned and where we should go from here[END_REF], Gonçalves et al. 2016[START_REF] Toda | The role of adult hippocampal neurogenesis in brain health and disease[END_REF], Moreno-Jiménez et al. 2019) and could be in part responsible for the decrease in neurogenesis observed in AD patients (Moreno-Jiménez et al. 2019). From a translational viewpoint, the fact that expressing a mutated APP gene exclusively in the ChPl can alter the cognitive abilities of mice raises the possibility that modifying the expression of APP or targeting APP mutations specifically in the ChPl, a structure accessible from the venous compartment (Spatazza et al. 2013), may represent a novel means to alleviate the burden associated with AD. During my thesis, I revealed novel roles of OTX2 homeoprotein expressed in the ChP for brain function and homeostasis. In my first manuscript, OTX2 secreted by the ChP was shown to be internalized by GFAP positive cells in the SVZ and that decreasing OTX2 levels in the CSF leads to decreased olfactory bulb neurogenesis in the GCL but not in the periglomerular layer.

Analysis of SVZ lysates demonstrated that the differential expression of OTX2 from the ChP modifies the expression of extracellular matrix proteins such as TNC and THBS4 as well as migration-related proteins such as Ephrins and Eph receptors. Similar results were obtained in astrocyte cultures treated with recombinant OTX2. However, questions remain. By which mechanism does OTX2 regulation of ECM proteins impact neurogenesis? Is it a particular cell type that is modified in the olfactory bulb? I will discuss preliminary results showing that OTX2 differential expression leads to different TNC isoforms, possibly due to interaction with splicing factors, such as SFPQ. Moreover, I describe techniques for identifying the different cells types arising from the SVZ in order to determine which family of newborn neurons is altered in the OB. In my second manuscript, OTX2 was implicated in essential brain homeostasis functions of the ChP such as immune system surveillance, oxidative stress regulation, and ion transport.

I will describe and discuss preliminary results suggesting OTX2 interacts with proteins implicated in the repair of DNA breaks caused by oxidative stress.

In my third manuscript, APP was shown to be highly expressed in both lateral and fourth ventricle ChP when compared to other structures, such as SVZ and Hc. The role of APP metabolites in adult neurogenesis was confirmed, and ChP-specific viral expression of APP bearing a human mutation was found to decrease neurogenic niche proliferation, alter animal behavior, and affect Hc electrophysiology. I will discuss the similarities between APP and NOTCH that may explain the decreased proliferation. Furthermore, I describe the mechanism by which Ab can affect the synaptic function and consequently the plasticity of the Hc, which is implicated in learning and memory. Taken together, these hypotheses provide potential mechanisms underlying the physiological changes in our novel model. EN2 has been shown to co-immunoprecipitate with the splicing factor proline/glutamine rich (SFPQ) (J. Fuchs, personal communication), a protein implicated in transcriptional regulation and RNA splicing [START_REF] Ke | Tau-Mediated Nuclear Depletion and Cytoplasmic Accumulation of SFPQ in Alzheimer's and Pick's Disease[END_REF]. SFPQ has also been reported as a putative target of OTX2 in adult retina [START_REF] Fant | Comprehensive interactome of Otx2 in the adult mouse neural retina[END_REF]. In the brain, SFPQ is expressed in both neuron and astrocyte nuclei (Figure 24A) and in zebrafish this expression is increased in the regions containing neuronal progenitors [START_REF] Lowery | Whitesnake/Sfpq Is Required for Cell Survival and Neuronal Development in the Zebrafish[END_REF]. Preliminary co-immunoprecipation experiments with adult mouse choroid plexus lysates, suggests an interaction between OTX2 and SFPQ (Figure 24B). Preliminary mass spectrometry analysis of interacting proteins in adult mouse ChP also suggests that OTX2 can bind to other splicing factors, such as MOV10, DDX46, and U2UFA2. This supports the idea that OTX2 not only controls Tnc expression through transcription regulation, but might also interact with the splicing machinery to direct Tnc splicing. It will be of interest to determine if the same interaction between OTX2 and SFPQ, as well as with the other splicing factors identified in the ChP mass spectrometry analysis, takes place in SVZ supporting astrocytes. One caveat of our OTX2 knockdown models (including mixed cell and non-cell autonomous OTX2 thanks to the Otx2 lox/lox mouse model and pure non-cell autonomous thanks to the scFv-Otx2 mouse model) is that CSF-borne OTX2 has brain-wide effects. For example, both mouse models have been used to reactivate adult brain plasticity in the primary visual cortex (Spatazza et al. 2013;Bernard et al. 2016). Thus, we cannot exclude that some of the effects on adult neurogenesis could be explained by changes in regions, yet to be identified, that influence OB functions. Illustrating this possibility, unpublished results from our laboratory indicate that PV::Cre;anti-Otx2 tg/o mice, which neutralize extracellular OTX2 around PV cells, have a slower rate of PV cell maturation, not only in the visual cortex as previously shown (Bernard et al. 2016), but also in the olfactory cortex (Figure 27B). In P400 mice, the amount of OTX2 present within PV cells is strongly reduced, and the number of cells labeled with the maturation markers (PV and PNNs) is also reduced (Figure 27). While the functional consequences of this phenotype still have to be understood, analysis of neurogenesis via BrdU injections have revealed a decrease in newborn GCL neuron numbers (Figure 28). Although the timescale in OTX2 reduction is not the same between this model and our ChP-targeted models, i.e. >1 year versus ~1 month, these findings confirm the possibility of confounding effects of reducing OTX2 levels brain-wide. It should also be mentioned that PV cells have been detected in the OB [START_REF] Kato | Parvalbumin-Expressing Interneurons Linearly Control Olfactory Bulb Output[END_REF]), however we have not yet determined whether OTX2 accumulates in these cells. Nevertheless, in order to specifically disrupt OTX2 transfer in adult SVZ, the ideal approach would be to construct Thbs4::CreRT2;anti-Otx2 tg/o mice, which would allow for conditional sequestering of OTX2 in the ECM and reduction of entry specifically into SVZ and RMS supporting astrocytes. Such an approach would eliminate confounding brain-wide effects.

Long-Term Potentiation in AD mouse models

It was recently proposed that without active astrogliosis and the accumulation of Ab, mice fail to develop cognitive defaults (tested by the Morris Water Maze test) at 24 months-old, suggesting that the Swedish mutation by-itself is insufficient to induce behavioral deficits [START_REF] Sakakibara | Amyloid-β Plaque Formation and Reactive Gliosis Are Required for Induction of Cognitive Deficits in App Knock-in Mouse Models of Alzheimer's Disease[END_REF]. In contrast, our study demonstrates that 15-month-old mice expressing the Swedish human mutation for 12 months (AAV5 injected at 3 months) in the choroid plexus, present reversal learning deficits in the Morris Water Maze test, in absence of Ab plaques or astrogliosis. This extremely sensitive test reveals if animals can extinguish their initial knowledge of a platform position and learn a new direct path to a new target position [START_REF] Vorhees | Morris Water Maze: Procedures for Assessing Spatial and Related Forms of Learning and Memory[END_REF]. Our finding of behavioral deficits in our mouse model is supported by impairments in LTP, which are typically correlated with cognitive defects in mice [START_REF] Bliss | A Synaptic Model of Memory: Long-Term Potentiation in the Hippocampus[END_REF][START_REF] Frey | Synaptic Tagging: Implications for Late Maintenance of Hippocampal Long-Term Potentiation[END_REF][START_REF] Kimura | Impairments in Remote Memory Stabilization Precede Hippocampal Synaptic and Cognitive Failures in 5XFAD Alzheimer Mouse Model[END_REF].

Many studies describe the importance of the non-fibrillar Ab oligomers in disrupting synaptic function. For example, a significant decrease in LTP was demonstrated in the PDAPP transgenic mice, which overexpress the V171F APP human mutation, before plaque accumulation, probably due to a decrease in NMDA receptor-dependent LTP at DG synapses [START_REF] Larson | Alterations in Synaptic Transmission and Long-Term Potentiation in Hippocampal Slices from Young and Aged PDAPP Mice[END_REF]. Indeed, in this model, Ab enters into the synaptic cleft where it binds to the a7 nicotin-receptor, which activates the protein phosphatase-2B (PP2B) and consequently promotes the dephosphorylation of the Striatal-Enriched protein tyrosine Phosphatase (STEP), known to gate NMDA-receptor activation and LTP (Figure 29) [START_REF] Frey | Synaptic Tagging: Implications for Late Maintenance of Hippocampal Long-Term Potentiation[END_REF][START_REF] Bliss | A Synaptic Model of Memory: Long-Term Potentiation in the Hippocampus[END_REF][START_REF] Kimura | Impairments in Remote Memory Stabilization Precede Hippocampal Synaptic and Cognitive Failures in 5XFAD Alzheimer Mouse Model[END_REF]. We cannot totally preclude that increased Ab accumulation in the brains of our mouse model, without plaque formation, leads to an increase in NMDA-receptor endocytosis thus impairing LTP and consequently inducing cognitive deficits. Thus, it will be important to perform LTP experiments at 6 months (3 months postinjection), in which no cognitive defaults were observed, in order to determine if LTP impairment are already present.

overexpressed mouse APP specifically in the ChP, we observed an increase in the number of proliferating cells. It would be of great interest to determine whether this increase is mediated by increased cleavage of NOTCH and Hes1 expression in both neurogenic niches.

GENERAL CONCLUSION

As you may now appreciate, the ChP provides a plethora of molecular signals implicated in numerous functions for brain physiology and homeostasis. During my thesis, I studied the role of two highly expressed factors in the ChP, the OTX2 homeoprotein and APP, both of which impact adult neurogenesis non-cell autonomously. ChP-derived OTX2 regulates astrocytederived ECM proteins in the SVZ and RMS, while ChP-derived APP affects both SVZ and SGZ, leading to altered synaptic plasticity and animal behavior. Moreover, the study of ChP transcriptomes in Otx2 knockdown mouse models opened numerous paths implicating brain homeostasis. While Otx2 is known for its critical roles in embryonic brain development, my work shows that Otx2 in the ChP regulates genes for immune system response, oxidative stress, metal homeostasis and splicing, thus revealing an important role for maintaining brain homeostasis throughout life. However, there is still much to investigate in these and other directions, as I have brought up in the Discussion. Coupled with its non-cell autonomous roles in postnatal plasticity and neurogenesis, a better understanding of OTX2 functions and OTX2dependent mechanisms will provide insights into pathologies (e.g. schizophrenia) and brain aging, and may identify new therapeutic targets.
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 1012 Figure 10: Two-threshold model of OTX2 accumulation in FSPV cells in critical period opening and closure Figure 11: Ezra Allen illustrations of mitotic cells Figure 12: Schematic representation of SGZ adult neurogenesis and its markers.

Figure 13 :Figure 14 :Figure 15 :Figure 16 :Figure 17 :Figure 18 :Figure 19 :Figure 21 :Figure 22 :Figure 23 :Figure 24 :
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 4 Figure 4 : Leonardo da Vinci representations of the ventricular system in humans. Source: The Royal Collection Trust, RCIN 919127
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 12 Figure 12: Schematic representation of SGZ adult neurogenesis and its markers. Taken from Mobassarah et al. (2013).

  Histological analysis of the brain revealed the accumulation of abnormal intracellular aggregates (now known as neurofibrillary tangles (NFTs), formed by the accumulation of phosphorylated TAU) and miliary foci (now known as senile plaques, formed by the accumulation of amyloid ß peptide) (O'Brien and Wong 2011). In 1984, AD affected approximately two million individuals, no test or therapy could be envisaged and no experimental model existed to analyze AD pathogenic mechanisms. In order to have a better understanding of the disease and the composition of the aggregates observed in AD brains,

  extracellular domain and a short cytoplasmic tail. It is ubiquitously expressed and part of a highly conserved gene family found in different species. In humans and mice, two homologues exist: APLP1 and APLP2 (APP protein like 1 & 2). Even though APP and APLP have similar sequences, only APP contains the Ab peptide sequence and gives rise to the Ab fragment. APP gene can be spliced into three major forms encoding 3 distinct isoforms: APP695 (the most common one), APP751 and APP770. Structural studies of APP by X-ray crystallography show that the extracellular domain is divided into E1 and E2 subdomains linked by an acidic domain (AcD). Structural analysis by NMR spectroscopy of the short cytoplasmatic tail identified the juxtamembrane domain, the transmembrane domain (TMD) and the intracellular domain (AICD). The cleavage sites for a-secretase and b-secretase are found in the flexible juxtamembrane region that links E2 to the TMD, whereas the g-secretase cleavage takes place familial forms of AD or due to aging, certain brain functions may be compromised or accentuated by the increase and/or decrease of certain metabolites.

  All current mouse lines are based on the discovery of several AD-related human mutations. The familial forms of AD, also referred as early-onset familial AD (FAD), are caused by mutations in the APP, PS1 and PS2 genes. Presently, 51 mutations are described for APP gene, 219 for PS1 gene and 16 for the PS2 gene. Regarding APP mutations, some of them are well characterized and were named based on the geographic localization of the first described family and the genetic localization of the mutation. The Swedish mutation, reported in 1991, is a double mutation (genetic localization: K670N/M671L) located at the BACE1 cleavage site that leads to increased Ab production. The London (discovered in 1991), Indiana (1992) and Florida mutations are single mutations (genetic localization: V717I, V717F, I716V, respectively)
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Figure 1 .

 1 Figure 1. OTX2 knockdown in the choroid plexus reduces newborn neurons in the olfactory bulb. A-C, Conditional Otx2 knockdown with Otx2 lox/lox mice. A, Staining for OTX2 in lateral ventricle choroid plexus 35 d after intracerebroventricular injection of vehicle or Cre-Tat. B, Comparison of Otx2 expression levels between fourth and lateral ventricles from the same brain (linked data points represent individual mouse) after vehicle or Cre-Tat intracerebroventricular injection. Dotted line represents 30% decrease in Otx2 expression. C, Quantitative PCR analysis of Otx2 expression in fourth ventricle ‪pءءءء( Ͻ 0.0001, Mann-Whitney test, 5 experiments). D, Schematic of adult (3 months old) neurogenesis study paradigm. E, Staining for BrdU in a coronal section of olfactory bulb 3 weeks after BrdU injections. F, Quantification of BrdU-positive cells in GCL and GL of the olfactory bulb ‪pءء( Ͻ 0.01, ns ϭ p Ͼ 0.05, t test, 3 experiments). G,StainingforcaspaseandDCXinasagittalsectionoftheRMS.Arrowsindicatecaspase-labeledneuroblasts throughout the entire RMS. H,Q u a n t i f i c a t i o no fc a s p a s e / D C Xc o l a b e l e dc e l l si nR M S( n sϭ p Ͼ 0.05, t test, 3 experiments). I, Schematic of adult V-SVZ proliferation study paradigm. J,S t a i n i n gf o rB r d Ui nac o r o n a ls e c t i o no ft h eV -S V Z2ha f t e rB r d U injection. K,QuantificationofBrdU-positivecellsinV-SVZ(nsϭ p Ͼ 0.05, t test, 2 experiments). L,Schematicofadultmigration study paradigm. M,S t a i n i n gf o rB r d Ua n dD C Xi nac o r o n a ls e c t i o no ft h eR M S .N,Q u a n t i f i c a t i o no fB r d U / D C Xc o l a b e l e dc e l l s in RMS (ءp Ͻ 0.05, t test, 2 experiments). IP, Intraperitoneal; icv, intracerebroventricular; inj, injection; veh, vehicle. Error bars represent SD.

Figure 2 .Figure 3 .

 23 Figure 2. OTX2 in RMS and V-SVZ is non-cell-autonomous. A-C, Absence of Otx2 expression in V-SVZ (A, C) and RMS (B), as shown by GFP staining in coronal sections of Otx2 ϩ/GFP mice (A, B) and by in situ hybridization for Otx2 mRNA in coronal sections of wild-type mice (C). Note the expression of GFP in choroid plexus (A) and of Otx2 in septum (C). D, Representative sagittal section of RMS microdissection. E, Western blot (WB) analysis of OTX2 immunoprecipitation from lysates of various brain regions (ctrl, IgG control). Bands include OTX2 (Ͻ40 kDa), IgG (25 and 55 kDa), and unknown (ϳ45 kDa). SC, Superior colliculus; Str, striatum; M.W., molecular weight.
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 45 Figure 4. Non-cell-autonomous OTX2 is sufficient to regulate adult neurogenesis. A, Efficient recombination in choroid plexus of scFv-Otx2 mice after intracerebroventricular injection of Cre-Tat assessed by GFP reporter. B, Change in OTX2 staining within V-SVZ 35 d after Cre-Tat intracerebroventricular injection. C, Quantification of OTX2 mean intensity per cell in V-SVZ (ns ϭ p Ͼ 0.05, Mann-Whitney test). D, Schematic of adult (3 months old) neurogenesis study paradigm with scFv-Otx2 mice. E, Quantification of BrdU-positive cells in olfactory bulb GCL and GL (ns ϭ p Ͼ 0.05, ‪pءء Ͻ 0.01, t test, 3 experiments). F, TUNEL analysis of GCL and GL to assess cell death in olfactory bulb of scFv-Otx2 mice (ns ϭ p Ͼ 0.05, Mann-Whitney test, 2 experiments). IP, Intraperitoneal; icv, intracerebroventricular; inj, injection; veh, vehicle. Error bars represent the SD.
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 1 Figures
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 2 Figure 2. Gene expression in choroid plexus of Otx2 +/GFP mice. (A) Venn diagrams of the number of up-or down-regulated genes (p-adj < 0.05) to compare overlap between 4 th ventricle (4V ChP) changes in Cre-Tat icv injected Otx2 lox/lox mice and Otx2 +/GFP mice. (B) Ontology analysis of differentially regulated genes in Otx2 +/GFP mice.

Figure 3 .

 3 Figure 3. OTX2 regulates choroid plexus expression of oxidative stress, immune system, and metal transport genes. Quantitative PCR analysis of lateral ventricle (LV) ChP gene expression in wildtype mice after viral expression of shRNA against mouse (mRNA) Otx2 (shRNA-Otx2). (A) Analysis of control genes to validate shRNA-Otx2 activity. (B) Otx2 knockdown induces high expression of Gpx3. (C) Analysis of select genes involved in oxidative stress response. (D) Analysis of select genes involved in immune system response. (E) Analysis of select genes involved in metal ion transport.

  .3], AAV5-CMV-mCherry-2A-hAPP(SwInd), and AAV5-CMV-eGFP].The hAPP(SwInd) sequence is a form of human APP [NM_201414.2] bearing both Swedish (K670N/M671L) and Indiana (V717F) related mutations. Cre-Tat protein (~30 µg), vehicle (protein vehicle is 1.8% NaCl, 15% DMSO; virus vehicle is 0.9% NaCl), or high-titer AAVs (~10 13 GC/ml) were injected (2 µl per mouse) into the right lateral ventricle (coordinates from bregma: x, -0.58 mm; y, +1.28 mm; z, -2 mm) with a 10 µl Hamilton syringe (0.2 µl/min). For protein infusion (3.5 µg per mouse), sAPPα (Sigma-Aldrich), sAPPβ (Sigma-Aldrich), or vehicle were infused for either 7 or 15 days with 100 µl osmotic mini pumps (Alzet) implanted at the same stereotaxic coordinates as above.Reversal learningSpatial memory was assessed by the Morris water maze test (D'Hooge and De Deyn 2001) in which mice use visual cues to locate an escape platform (9 cm in diameter) in an open circular swimming arena (150 cm in diameter, 40 cm deep) filled with opaque water (Acusol, 20 ± 1 °C). The escape platform was hidden 1 cm below the water surface. Room temperature was kept constant at 24°C and both arena placement and surrounding visual cues were kept fixed during all experiments. Data was acquired by the SMART recording system and tracking software (Panlab). Data processing was automated with NAT (Navigation Analysis Tool), an

  artificial cerebrospinal fluid (aCSF) composed of (in mM) 119 NaCl, 2.5 KCl, 0.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26.2 NaHCO3 and 11 glucose. After sectioning, hippocampal slices were maintained at room temperature in a storage chamber containing aCSF saturated with 95% O2 and 5% CO2 for at least 1 h before the experiments. Slices were then transferred to a submerged recording chamber mounted on a Scientifica SliceScope Pro 6000 microscope equipped for infrared-differential interference (IR-DIC) microscopy and were perfused with aCSF (2 ml/min) at RT. All experiments were performed in CA1 stratum radiatum region of the hippocampus. Field excitatory postsynaptic potentials (fEPSPs) were recorded with glass pipettes (2-5 MΩ) filled with 1 M NaCl.Postsynaptic responses were evoked by stimulating Schaffer collaterals (0.033 Hz) in CA1 stratum radiatum with aCSF-filled glass pipettes. Input/output relationships of evoked excitatory postsynaptic potentials (EPSPs) were assayed by incrementing stimulation strength (5 to 50 µA, 100 µs). The test-shock used in subsequent experiments was chosen to elicit 50% of the maximal slope. Paired-pulse experiments consisted of 2 identical stimuli with increasing inter-pulse intervals (50 to 250 ms). Paired-pulse ratios were generated by plotting the maximum slope of the second fEPSP as a percentage of the first. Long-term potentiation (LTP) was induced by high-frequency stimulation (HFS: 2 trains of 100 pulses at 100 Hz, 30 s intertrain interval).

Figure 1 .

 1 Figure 1. Choroid plexus App loss-of-function in App flox/flox mice decreases adult neural progenitor proliferation. A Quantitative PCR analysis of App expression in ChPl from ventricles (LV and 4V), SVZ, and Hc. Values are normalized to GAPDH and expression in Hc (Veh n = 4, Cre-Tat n=7). B Schematic of App ChPl knock-down model involving single icv injection of Veh or Cre-Tat in adult App flox/flox mice. C App specific recombination in LV choroid plexus after Cre-Tat icv injection. PCR of genomic DNA extracted from indicated structures. Grey arrow indicates App wild type locus, black arrow indicates deleted App locus upon Cre recombination. D Quantitative PCR analysis of App expression normalized to GAPDH after Cre-Tat or Veh icv injection (Veh n = 10, Cre-Tat n=10). E-F Western blot analysis (E) of various brain structures after Cre-Tat or Veh icv injection for quantification (F) of APP protein levels normalized to actin (Veh n = 10, Cre-Tat n=10). G Schematic of sAPPα rescue paradigm for evaluating SVZ cell proliferation. sAPPα was infused by 15-day osmotic mini-pump implanted immediately after Cre-Tat icv injection. H Analysis of SVZ cell proliferation by quantification of Ki67 positive cells after Veh or Cre-Tat icv injection followed by infusion of Veh or sAPPα (Veh/Veh n=7, Cre-Tat/Veh n= 6, Cre-Tat/sAPPα n=7). I Schematic of App ChPl knock-down with environmental enrichment (running wheel) for evaluating DG cell proliferation. J Analysis of DG cell proliferation by quantification of Ki67 positive cells after App recombination in mice in normal conditions or after physical exercise (Veh n=7, Cre-Tat n=8). *p<0.05; **p<0.01; t test in D, F, and J; one-way ANOVA in H; all values, mean ±SEM. LC, lateral ventricle; 4V, 4 th ventricle; ChPl, choroid plexus; Hc, hippocampus; Cx, cortex; Ret, retina; SVZ, subventricular zone; DG, dentate gyrus; icv, intracerebroventricular; Veh, vehicle.
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 5S1 Figure 3. sAPPα gain-of-function in the cerebral ventricles increases cell proliferation in neurogenic niches. A Schematic of sAPP icv infusion by 7-day osmotic mini-pump in adult wild type mice. B-C Analysis of cell proliferation in SVZ (B) and DG (C) by quantification of Ki67 positive cells after icv infusion of sAPPα or Veh (Veh n=9, sAPPα n=9). D-E Analysis of cell proliferation in SVZ (D) and DG (E) by quantification of Ki67 positive cells after icv infusion of sAPPβ or Veh (Veh n=5, sAPPβ n=5). F Schematic of App ChPl gain-of-function model involving a single icv injection of AAV5 expressing mouse App or eGFP (control) in wild type mice. G Quantitative PCR analysis of App expression in ChPl after AAV5 icv injection (AAV5-mAPP n=4, AAV5-eGFP n=3). H-I Analysis of cell proliferation in SVZ (H) and DG (I) by quantification of Ki67 positive cells after icv injection (AAV5-mAPP n=6, AAV5-eGFP n=5). *p<0.05; **p<0.01; ***p<0.001; t test; all values, mean ± SEM. ChPl, choroid plexus; Hc, hippocampus; SVZ, subventricular zone; DG, dentate gyrus; icv, intracerebroventricular; Veh, vehicle.

Figure 23 :

 23 Figure 23: Regulation of Tenascin C isoforms by OTX2. Quantitative PCR analyses of OTX2-treated astrocyte cultures demonstrate differential mRNA expression of Tnc isoforms. (Isoform 6: pvalue=0.037, t-test).

  are specifically altered in the OB after OTX2 decrease. If this is indeed the case, the next step would be to determine how this affects local connectivity and the projections into the olfactory cortex and how this ultimately regulates olfaction.

  

  Quantification was normalized by the mean value of vehicle-injected mice samples. Normal data distribution was assessed by the D'Agostino and Pearson omnibus normality test. If a normal test was not passed, the Mann-Whitney test was applied; otherwise, an unpaired t test with Welch's correction was used (note t test in figure legends). See figure legends for relevant statistical tests, and see Table 1 for results.

Table 1 : Statistical analyses

 1 

					Mean of	Mean of
		t	df	p	vehicle	Cre-TAT
	Welch's two-sample t tests					
	Fig. 1F, GCL	3.590	24.96	ءء4100.0	214.70	146.90
	Female	2.510	9.97	ء0130.0	197.40	137.80
	Male	2.684	12.95	ء8810.0	229.5	153.7
	Fig. 1F, GL	1.541	24.95	0.1358	63.900	50.090
	GCLϩGL area	1.100	18.63	0.2851	2.756	2.932
	Fig. 1H	0.768	12.57	0.4567	32.390	29.200
	Female	0.3007	6.670	0.7728	32.39	30.58
	Male	0.7001	4.389	0.5192	32.39	27.82
	Fig. 1K	0.028	11.79	0.9782	49.890	49.760
	Fig. 1N	2.300	10.03	ء2440.0	1706.0	1182.0
	Fig. 4E, GCL	3.761	15.72	ءء8100.0	180.70	120.40
	Female	1.593	4.88	0.1734	183.1	130.5
	Male	2.593	9.188	ء6820.0	178.7	124.9
	Fig. 4E, GL	1.688	11.96	0.1172	49.570	39.320
		n of Veh	n of Cre-Tat	p	Mean of	Mean of
					vehicle	Cre-TAT
	Mann-Whitney tests					
	Fig. 1C	21	25	ءءءء1000.0‪Ͻ	102.6	40.40
	Fig. 4C	84	103	0.3283	44.77	41.25
	Fig. 4F, GCL	5	5	0.3095	1.524	2.388
	Fig. 4F, GL	5	5	Ͼ0.9999	0.933	1.187
	Fig. 5A					
	Efna1	5	7	ء7710.0	101.50	153.00
	Efna2	5	7	0.2677	100.20	117.40
	Epha4	5	7	0.8763	100.30	103.10
	Robo2	5	7	0.2020	100.90	90.33
	Thbs1	5	7	ء0840.0	108.30	164.70
	Thbs4	7	7	ءء2100.0	102.10	179.90
	Tnc	7	7	ء9320.0	99.02	139.80
		n of Ctrl	n of OTX2	p	Mean of	Mean of
					Control	OTX2
	Fig. 5B					
	Efna1	11	8	ءءء3000.0	102.500	58.680
	Efna2	11	8	ءءء1000.0	103.300	52.690
	Epha4	11	8	ءء5200.0	102.600	72.510
	Robo2	11	8	0.17740	103.700	81.590
	Thbs1	11	8	ءءء1000.0	104.600	50.430
	Tnc	12	12	ءء5100.0	105.800	73.870

ءp Ͻ 0.05, ‪pءء Ͻ 0.01, ‪pءءء Ͻ 0.001, ‪pءءءء Ͻ 0.0001.

Table 1 . Top 50 genes expressed in lateral ventricle and 4 th ventricle choroid plexus.

 1 

	Tables					
	MGI symbol Mean reads	Mean reads 4V ChP	Mean reads LV ChP	Fold change p-adj
	Ttr	2623541.43 2348303.57 2898779.30 1.23	0.4700
	Enpp2	593931.55	612769.48	575093.62	0.94	1.0000
	Malat1	112726.25	157394.89	68057.62	0.43	0.1482
	Apoe	64482.11	54599.66	74364.55	1.36	0.7231
	Trpm3	39627.47	46150.05	33104.88	0.72	0.1606
	Bsg	49354.09	41700.89	57007.28	1.37	0.5023
	Kl	45044.23	40666.95	49421.51	1.22	0.4792
	Abhd2	41094.30	36405.11	45783.49	1.26	0.2413
	AY036118	25992.16	33903.28	18081.03	0.53	1.0000
	Slc4a10	30241.50	30563.40	29919.59	0.98	1.0000
	Psap	33695.31	28767.54	38623.08	1.34	0.0646
	Igfbp2	25336.28	28555.83	22116.74	0.77	0.4457
	Hspa5	25425.51	24959.76	25891.25	1.04	1.0000
	F5	25757.66	24672.29	26843.03	1.09	0.9813
	Slc12a2	23868.93	24279.26	23458.59	0.97	1.0000
	Ctsd	28199.82	23671.69	32727.95	1.38	0.0423
	Prlr	27451.94	22727.75	32176.13	1.42	0.7565
	Atp1a1	22895.76	22067.06	23724.47	1.08	1.0000
	Clu	26746.86	21750.07	31743.64	1.46	0.0323
	App	19290.01	21196.95	17383.08	0.82	0.4130
	Cntn1	25888.01	21016.68	30759.34	1.46	0.0175
	Atp2b3	20580.09	19744.88	21415.31	1.08	1.0000
	Ahcyl2	20725.94	19426.99	22024.89	1.13	0.8161
	Igf2	24978.47	18973.38	30983.55	1.63	0.0123
	Hsp90b1	18815.66	18514.44	19116.89	1.03	1.0000
	Sptbn1	18883.04	18275.86	19490.22	1.07	1.0000
	Cpe	17182.20	17448.90	16915.50	0.97	1.0000
	Car12	18529.42	17276.99	19781.85	1.14	0.7979
	Clic6	16952.83	16432.24	17473.42	1.06	1.0000
	Strip2	14776.49	16187.00	13365.99	0.83	0.4745
	Timp3	18530.30	15561.81	21498.79	1.38	0.0292
	Itpr1	16251.84	15546.31	16957.36	1.09	0.9741
	Kcne2	13860.56	15416.34	12304.78	0.80	0.8581
	Cgnl1	15182.58	15291.91	15073.25	0.99	1.0000
	Gpm6a	22456.49	15180.99	29731.99	1.96	0.0000
	Slc4a2	15501.32	14912.27	16090.37	1.08	1.0000
	Atp5a1	15922.37	14766.26	17078.49	1.16	0.7456
	Nsg2	15587.30	14668.85	16505.74	1.13	0.8949
	Zbtb20	12599.65	14602.65	10596.65	0.73	0.5636
	Stk39	14416.58	14506.96	14326.19	0.99	1.0000
	Tmem72	14820.55	14343.24	15297.86	1.07	1.0000
	Cab39l	15437.81	14310.93	16564.69	1.16	0.8214
	Nedd4	15836.75	14271.56	17401.95	1.22	0.4738
	Macf1	12704.45	14026.82	11382.08	0.81	0.5999
	Vat1l	14589.28	13982.94	15195.61	1.09	1.0000
	Hsp90ab1	14367.66	13756.36	14978.96	1.09	1.0000
	Calr	13888.82	13606.17	14171.47	1.04	1.0000
	Htr2c	13453.29	13342.50	13564.09	1.02	1.0000
	Slc5a3	11648.04	13281.46	10014.62	0.75	0.0914
	Sptan1	11913.10	13160.95	10665.26	0.81	0.3292

Table 2 . Top 10 differentially expressed genes in choroid plexus of knockdown Otx2 lox/lox mice.

 2 

	MGI symbol	Mean reads vehicle	Mean reads Cre-Tat	Fold change	p-adj
	Up-regulated in lateral ventricle ChP			
	Igkv1-135	0.55	33.39	61.02	0.00000
	Slc1a6	2.13	82.32	38.71	0.00000
	Mup5	122.97	4119.36	33.50	0.00000
	Gpx3	294.53	7229.24	24.55	0.00000
	Ighv1-67	1.64	36.35	22.14	0.00000
	Saa3	2.19	47.39	21.65	0.00000
	Tnfrsf11b	6.29	115.75	18.42	0.00000
	Cacnb3	24.19	324.98	13.44	0.00000
	Ndnf	88.77	1097.98	12.37	0.00000
	Gm4841	3.80	43.75	11.51	0.00000
	Down-regulated in lateral ventricle ChP			
	Ngfr	444.17	83.23	-5.34	0.00000
	Nrn1	1923.63	495.95	-3.88	0.00000
	B3galt2	109.09	30.64	-3.56	0.00070
	Dazl	207.10	60.18	-3.44	0.00000
	Itga10	183.61	53.72	-3.42	0.00001
	Slc26a7	1670.15	532.76	-3.13	0.00000
	Steap1	2223.53	735.40	-3.02	0.00000
	Defb11	473.13	168.88	-2.80	0.00000
	Entpd3	240.09	87.08	-2.76	0.00006
	Ccl9	2037.10	774.06	-2.63	0.00000
	Up-regulated in 4th ventricle ChP			
	9030619P08Rik	0.00	28.57	infinite	0.00002
	Tmigd1	0.00	33.08	infinite	0.00000
	A730020M07Rik	1.25	75.98	60.60	0.00000
	Gpx3	181.28	10779.69	59.46	0.00000
	Cacnb3	17.99	778.46	43.27	0.00000
	Mup5	25.56	1052.70	41.18	0.00000
	Fmod	285.91	8687.84	30.39	0.00000
	Slitrk6	4.71	125.19	26.58	0.00000
	Ndnf	83.58	2069.67	24.76	0.00000
	Adcy8	10.34	233.05	22.54	0.00000
	Down-regulated in 4th ventricle ChP			
	Ngfr	683.90	158.78	-4.31	0.00000
	Steap1	1224.64	326.15	-3.75	0.00000
	Elfn1	104.01	28.37	-3.67	0.00002
	Gnmt	121.85	33.27	-3.66	0.00001
	Gm22650	141.35	40.45	-3.49	0.00000
	Mir448	94.83	27.77	-3.41	0.00020
	Igf2os	88.59	26.21	-3.38	0.00053
	B3galt2	140.66	44.22	-3.18	0.00002
	Slc26a7	843.43	271.38	-3.11	0.00000
	Crhr2	504.22	163.84	-3.08	0.00000

Table 4 . Expression of secreted factors in Otx2 knockdown experiments.
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	Gene	Choroid Plexus	Mean reads control	Mean reads knockdown	Fold change	p-adj
	Bmp7	Otx2 lox/lox LV	5124.74	7090.08	1.38	0.18445
		Otx2 lox/lox 4V	2547.29	4035.79	1.58	0.00140
		Otx2 +/GFP 4V	2215.14	2261.21	1.02	1.00000
	Wnt2b	Otx2 lox/lox LV	10.09	66.23	6.57	0.00019
		Otx2 lox/lox 4V	12.10	65.67	5.43	0.00007
		Otx2 +/GFP 4V	29.04	34.69	1.19	1.00000
	Tgm2	Otx2 lox/lox LV	275.58	421.63	1.53	0.24956
		Otx2 lox/lox 4V	138.49	264.52	1.91	0.00399
		Otx2 +/GFP 4V	387.77	404.29	1.04	1.00000
	Shh	Otx2 lox/lox LV	0.00	1.37	infinite	1.00000
		Otx2 lox/lox 4V	0.69	4.59	6.64	1.00000
		Otx2 +/GFP 4V	0.00	63.86	infinite	0.00000
	Slit2	Otx2 lox/lox LV	2302.34	2673.52	1.16	1.00000
		Otx2 lox/lox 4V	3470.73	4803.44	1.38	0.71590
		Otx2 +/GFP 4V	4323.01	6098.80	1.41	0.64874
	Fgf2	Otx2 lox/lox LV	140.40	123.14	0.88	1.00000
		Otx2 lox/lox 4V	63.64	84.00	1.32	0.98782
		Otx2 +/GFP 4V	66.90	65.98	0.99	1.00000
	Areg	Otx2 lox/lox LV	0.00	0.88	infinite	1.00000
		Otx2 lox/lox 4V	NA	NA	NA	NA
		Otx2 +/GFP 4V	0.00	0.00	NA	NA
	Tgf-α	Otx2 lox/lox LV	2140.03	1424.51	0.67	0.06201
		Otx2 lox/lox 4V	1356.50	999.44	0.74	0.16105
		Otx2 +/GFP 4V	1039.62	1672.92	1.61	0.21629
	Tgf-β2	Otx2 lox/lox LV	9232.77	4747.14	0.51	0.00000
		Otx2 lox/lox 4V	3754.99	2169.15	0.58	0.00004
		Otx2 +/GFP 4V	3323.64	2563.34	0.77	0.36017
	Igf2	Otx2 lox/lox LV	42336.27	19143.87	0.45	0.00075
		Otx2 lox/lox 4V	18716.99	8086.73	0.43	0.00000
		Otx2 +/GFP 4V	42542.20	17197.34	0.40	0.00000
	Igfbp2	Otx2 lox/lox LV	30195.19	20992.24	0.70	0.32554
		Otx2 lox/lox 4V	28165.89	13235.08	0.47	0.00025
		Otx2 +/GFP 4V	47528.85	21660.37	0.46	0.00000
	Igfbp7	Otx2 lox/lox LV	6127.57	8331.33	1.36	0.94383
		Otx2 lox/lox 4V	3663.13	5362.11	1.46	0.01782
		Otx2 +/GFP 4V	10013.92	9927.87	1.46	1.00000

  . All colonies were maintained under a 12:12 light/dark cycle with free access to food and water. In environmental enrichment experiments, App flox/flox mice

	were placed in cages with running wheels (2 mice per cage) 7 days before surgery and kept for
	15 days in these cages before analysis. All animal procedures were carried out in accordance
	with the guidelines of the European Economic Community (2010/63/UE) and the French
	National Committee (2013/118). For surgical procedures, animals were anesthetized with
	xylazine (Rompun 2%, 5 mg/kg) and ketamine (Imalgene 1000, 80 mg/kg) by intraperitoneal
	injection. This project (no. 00702.01) obtained approval from Ethics committee no. 59 of the
	French Ministry for Research and Higher Education.

  . For quantitative RT-PCR, cDNA was synthetized from 13 ng total RNA with QuantiTect Reverse Transciption Kit (Qiagen 205313). Quantitative PCR reactions were carried out in triplicate with SYBR Green I Master Mix (Roche S-7563) on a LightCycler 480 system (Roche). Expression was calculated by using the 2 -ΔΔCt method with Gapdh as a reference. For Western blot analysis, proteins samples were separated on NuPAGE

	4-12% Bis-Tris pre-cast gels (Invitrogen NP0321) at 200 V for 1 h and transferred onto a
	methanol-activated PVDF membrane at 400 mV for 1 h. Primary antibody anti-APP (22C11
	mouse 1:500, Millipore MAB348) was incubated overnight at 4 °C and anti-mouse-HRP-
	coupled secondary antibody (1:3000, Life Technologies) was incubated for 1.5 h at RT. Signal
	was detected by SuperSignal West Femto Substrate (Thermo Scientific 34095) with a LAS-
	4000 gel imager (Fujifilm) and quantified by densitometry with ImageJ.
	Histology
	Mice were anesthetized for intracardiac perfusion with PBS, and brains were subsequently
	removed and fixed in 4% paraformaldehyde for 3 days. Coronal sections (60 µm) were obtained
	by Vibratome (Microm). For immunostaining, floating sections were steamed 10 min in citrate
	buffer (10 mM sodium citrate pH 6.0, 0.05% Tween), washed in PBS and treated with blocking
	solution (PBS pH 7, 1% triton-X100, 5% normal goat serum) for 1 h. Primary antibody anti-
	Ki67 (SP6 rabbit 1:500, Abcam ab16667) was incubated overnight at 4 °C in blocking solution
	and biotinylated anti-rabbit IgG secondary antibody (1:3000, Vector Laboratories BA-1000) at
	RT for 1h. Staining was visualized by using the Vectastain ABC HRP kit (Vector Laboratories
	PK-6100) with the DAB Peroxidase (HRP) Substrate Kit (Vector Laboratories SK-4100). Ki67-
	positive cells were counted manually in the DG on 5 sections per mouse (sections 180 µm apart,
	n = 5 to 8 mice per group). Cells in SVZ were counted by StereoInvestigator (Stereology
	Software, MBF Bioscience) on 8 sections per mouse (sections 180 µm apart, n = 5 to 8 mice
	per group).
	Statistical Analysis
	Morris water maze training data (escape latency and speed) were analyzed with two-way
	repeated measures ANOVA with Statview 5.0.1 (SAS). Probe test data were analyzed for
	normality (D'Agostino & Pearson omnibus normality test) and unpaired t test was used for
	group comparisons with Statview 5.0.1 (SAS). Electrophysiological data were analyzed by
	ANOVA with Statistica 6.1 and Statview 5.0.1. Histological and biochemical data were
	analyzed by unpaired t test or ANOVA (as described in Figure legends) with Prism v6
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DISCUSSION AND PERSPECTIVES

Newborn neuronal subtypes in adult olfactory bulb neurogenesis

The SVZ primary progenitors are heterogenous and generate specific types of neurons, and identifying their embryonic origin could help in understanding how they contribute to postnatal olfactory circuits and functions [START_REF] Lledo | Origin and Function of Olfactory Bulb Interneuron Diversity[END_REF]. Briefly, odor discrimination begins when odorant molecules bind to specific receptors in the olfactory epithelial sensory neurons that "send" a message to specific glomeruli (all sensory neurons expressing the same odorant receptor project onto the same glomeruli) in the OB. This information is relayed by OB mitral and tufted cells through axonal projections to the olfactory cortex [START_REF] Nagayama | Neuronal Organization of Olfactory Bulb Circuits[END_REF]. In the OB, two different types of interneurons mature from the SVZ progenitors and directly integrate within the tufted and mitral cell circuits:

the granule cells (GCs) and the periglomerular cells (PGCs). The GCs can be divided into 2 groups: the superficial GCs, with dendrites targeting primarily the external plexiform layer (EPL) and establishing synapses with the tufted cells; and the deep GCs, with dendrites targeting the deep lamina of EPL and establishing synapses with the mitral cells. The PGCs can be divided based on the expression of tyrosine hydroxylase (TH), required for dopamine synthesis, and that of the calcium binding proteins calbinding (CalB) or calretinin (CalR). The layer in which the newborn neurons integrate and the cell group into which they differentiate can thus provide clues to identify their final specific function (Figure 26A).

It is possible that the decreased number of newborn neurons in the OB observed after a decrease of OTX2 levels in the CSF affects a specific subgroup, thus regulating a specific type of projection and response to an odor signal. This would mean that OTX2 not only regulates neuroblast migration as a whole but also selects a physiologically significant repertoire by regulating the proliferation, differentiation or survival of distinct subpopulations. The identification of the different cell types that are integrated in the OB after acute OTX2 decrease could help to address this hypothesis. A few tools have been developed for identifying the different population of olfactory interneurons based on their localization of origin in the SVZ and on genes expressed by their progenitors. Notably, some tools make use of mouse lines expressing Cre driven by transcription factor promoters that are specifically activated in different regions of the SVZ. For example, Emx1, which is highly expressed in the dorso-lateral SVZ; Ghs2, which is expressed in the lateral SVZ and Nkx2.1, which is expressed in the ventral SVZ. Double staining with BrdU in adult mouse determined that progenitors expressing Emx1

give rise to superficial GC, TH + cells and a few CalR + cells, those expressing Ghs2 give rise to BIBLIOGRAPHY 123