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ENGLISH ABSTRACT

The primate cerebral cortex has undergone evolutionary expansion and complexification, which is reflected by an increase in the number of cortical areas and an enlargement of the supragranular neuron layers. The developmental mechanisms involved in cortical expansion and areal specification in primates are considered to be key factors underlying functional dynamics of the primate cortex as well as the highly developed computational abilities of the human brain. This PhD thesis seeks to refine our understanding of non human primate (NHP) cortical specification through two parallel approaches. The first part focuses on the analysis of the development of a cortical area rarely studied, the frontal cortex. Using long term live imaging with two-photon time lapse video microscopy on organotypic slices of embryonic NHP cortex as well as immunostaining experiments, we have characterized the morphology and proliferative behavior of frontal cortex progenitors. While our results point to conserved characteristics of cortical development between caudal and rostral regions of the cortex, it also reveals a differential temporal regulation of the balance between proliferative and differentiative divisions between the visual and the frontal cortex. In the second part of this work, we aimed to assess the role of thalamocortical afferents (TCA) on areal identity, focusing on their influence on cortical progenitor proliferation in the visual cortex of the embryonic NHP. Our first aim was to determine the relationship between the thalamocortical pathway and the germinal zones in the visual cortex, before assessing the influence of TCA on cell cycle kinetics. Tracing experiments show that the spatiotemporal features of embryonic TCA development provide the necessary circumstances for TCA to interact with and have an influence on progenitors during corticogenesis. We provide evidence of a temporally regulated and area-specific mitogenic effect by TCA on progenitors in the embryonic visual NHP cortex. Together, the results of this PhD thesis provide new insights on area specific features of NHP corticogenesis and on the mechanisms involved in areal specification. This work was presented as a poster at the 2018 Cortical Evolution Conference in Las Palmas, Spain.

Pace, C, Ribeiro Gomes, A.R., Cortay, V., Giroud, P., Carney, R.S., Molnar, Z., [START_REF] Magrou | How Areal Specification Shapes the Local and Interareal Circuits in a Macaque Model of Congenital Blindness[END_REF]. Role of thalamocortical axons in areal specification of the primate visual cortex.

RESUME EN FRANCAIS

Le cortex cérébral primate a subi une expansion et une complexification au cours de l'évolution, ce qui s'est traduit par une augmentation du nombre de zones corticales et un élargissement des couches de neurones supra granulaires. Les mécanismes développementaux impliqués dans l'expansion corticale et la spécification des aires corticales chez le primate sont considérés comme des facteurs clés sous-jacents à la dynamique fonctionnelle du cortex des primates et des capacités de computation hautement développées du cerveau humain. Cette thèse de doctorat cherche à affiner notre compréhension de la spécification corticale des primates non humains (PNH) à travers deux approches parallèles. La première partie se concentre sur l'analyse du développement d'une aire corticale rarement étudiée, le cortex frontal. En utilisant des techniques d'immunofluorescence et de microscopie en temps réel, nous avons caractérisé la morphologie et le comportement prolifératif des progéniteurs du cortex frontal. Alors que nos résultats indiquent des propriétés conservées du développement cortical entre les régions caudale et rostrale du cortex, ils révèlent également une régulation temporelle différentielle de l'équilibre entre la prolifération et la différenciation des progéniteurs corticaux entre le cortex visuel et le cortex frontal. Dans la deuxième partie de ce travail, nous avons cherché à évaluer le rôle des axones thalamocorticaux (TCA) sur l'identité des aires corticales, en nous concentrant sur leur influence sur la prolifération des progéniteurs corticaux dans le cortex visuel du PNH embryonnaire. Un premier objectif était de déterminer la relation entre la voie des TCA et les zones germinales du cortex visuel, avant d'évaluer leur influence sur la cinétique du cycle cellulaire. Des expériences de traçage montrent que les TCA sont en mesure d'interagir avec les progéniteurs corticaux pendant la corticogenèse. Nous montrons également que les TCA modulent le cycle cellulaire des progéniteurs du cortex visuel embryonnaire du PNH. Ensemble, les résultats de cette thèse fournissent de nouvelles perspectives sur les propriétés de la corticogenèse chez le PNH et sur les mécanismes impliqués dans la spécification des aires corticales.

GENERAL INTRODUCTION CEREBRAL CORTEX ORGANIZATION

General organization

The cortex is the seat of higher cognitive functions in mammals and is responsible for the neuronal computation of complex functions such as memory, attention, perception or movement [START_REF] Kennedy | Self-organization and pattern formation in primate cortical networks[END_REF]. It consists of the outer layer of the cerebrum and is divided into functionally distinct lobes: frontal, temporal, parietal and occipital. These lobes are further divided into different cortical regions which are identified based on anatomically and functionally specific features (Figure 1, [START_REF] Brodmann | Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues[END_REF][START_REF] Kaas | The evolution of brains from early mammals to humans: Evolution of brains from early mammals to humans[END_REF]. The cerebral cortex is partitioned in cortical areas in its tangential dimension, with a distinction between primary and associative cortices. While primary areas directly receive sensory input or, in the case of the motor cortex, directly participates in the generation of movement, associative areas are involved in the complex processing and integration of external inputs (Schez and Miller, 2002;[START_REF] Buckner | The evolution of distributed association networks in the human brain[END_REF].

Each area is considered as a functional module structurally characterized by unique cytoarchitectural and connectional features (Glassner et al., 2016).

The cerebral cortex derives from the dorsal telencephalon and is organized into six cellular layers, each containing neurons which share common features such as gene expression, cell morphologies or connectivity [START_REF] Hevner | Beyond laminar fate: toward a molecular classification of cortical projection/pyramidal neurons[END_REF][START_REF] Rash | Area and layer patterning in the developing cerebral cortex[END_REF]. Of note, the motor cortex, immediately anterior to the central sulcus, exhibits a reduced layer IV [START_REF] Meyer | Forms and spatial arrangement of neurons in the primary motor cortex of man[END_REF]. The radial organization of the cortex is the result of sequential neuron production and migration of these neurons from the germinal zones (GZ) [START_REF] Gupta | Life is a journey: a genetic look at neocortical development[END_REF]. The cortex is composed of different cell types, neurons and glial cells which are generated at different time points of development. Neurogenesis occurs first, followed by gliogenesis [START_REF] Choi | Prenatal gliogenesis in the developing cerebrum of the mouse[END_REF][START_REF] Fallet | Cortical radial glial cells in human fetuses: depth-correlated transformation into astrocytes[END_REF].

There are two types of cortical neurons. Excitatory glutamatergic neurons, which represent 80% of cortical neurons, are projection neurons and make connections with other parts of the cortex [START_REF] Jones | Microcolumns in the cerebral cortex[END_REF]. Inhibitory gabaergic neurons exhibit shorter projections and regulate neuronal networks locally [START_REF] Ascoli | Petilla terminology: nomenclature of features of GABAergic interneurons of the cerebral cortex[END_REF]. While interneurons are generated in the subpallium, glutamatergic neurons are produced in the GZ of the cortex [START_REF] Anderson | Interneuron Migration from Basal Forebrain to Neocortex: Dependence on Dlx Genes[END_REF][START_REF] Rash | Area and layer patterning in the developing cerebral cortex[END_REF]. 

Radial organization

The mammalian cortex is a 2 to 4 mm thick laminar structure composed of six neuron layers [START_REF] Kandel | Principles of Neural Science, Fourth Edition[END_REF]. Each cortical layer is distinguished by its different neuronal morphotypes, their molecular identity and connectivity (Figure 2, [START_REF] Jones | Neurotransmitters in the cerebral cortex[END_REF][START_REF] Kwan | Transcriptional co-regulation of neuronal migration and laminar identity in the neocortex[END_REF]. Subtypes of both excitatory neurons (spiny neurons) and inhibitory interneurons (non spiny interneurons) display laminar preferences.

Layer I is the molecular layer and has a low cell density. Layer II, the external granular layer, is a thin layer of small, densely packed neurons while layer III, the external pyramidal layer, is composed of medium sized pyramidal neurons. Functionally, layers I to III constitute the supragranular layers, which are the target of intra and inter hemispheric cortical efferents as well as the principal source of cortico-cortical connections. Layer IV, the granular layer is composed of pyramidal neurons and include many stellate neurons especially in primary sensory areas. It is the main target of thalamic input to the cortex. Layers V and VI form the infragranular layers. Layer V contains large pyramidal neurons that project to subcortical regions. Layer VI is made of mainly small pyramidal neurons with a few larger ones.

These layers are involved in reciprocal connections with subcortical regions. While layer V project to basal ganglia, brainstem and spinal cord, layer VI is involved in reciprocal connections with the thalamus [START_REF] Molyneaux | Neuronal subtype specification in the cerebral cortex[END_REF].

The first neurons which are generated during corticogenesis form a preplate (PP) which is then split by later generated neurons [START_REF] Marin-Padilla | Dual origin of the mammalian neocortex and evolution of the cortical plate[END_REF][START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF].

The laminar fate of postmitotic neurons is determined by the timing of the last mitosis [START_REF] Rice | Role of the reelin signaling pathway in central nervous system development[END_REF]. Birthdating experiments use S phase markers to label proliferating cells and show the temporal manner in which the neurons are produced as it was observed that the cell position in the laminae is systematically related to the time and place of origin of cells [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF][START_REF] Angevine | Autoradiographic study of cell migration during histogenesis of cerebral cortex in the mouse[END_REF][START_REF] Smart | The location of nuclei of different labelling intensities in autoradiographs of the anterior forebrain of postnatial mice injected with [3H]thymidine on the eleventh and twelfth days post-conception[END_REF][START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF][START_REF] Smart | Growth patterns in the lateral wall of the mouse telencephalon. II. Histological changes during and subsequent to the period of isocortical neuron production[END_REF]. More specifically, the earliest generated postmitotic cells comprise the infragranular layers (VI and V), whereas the granular and supragranular layers (IV, III, II), are generated later and migrate past the neurons from the deeper layers [START_REF] Angevine | Autoradiographic study of cell migration during histogenesis of cerebral cortex in the mouse[END_REF][START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF]. Distinct molecular mechanisms have been identified for the specification of infragranular and supragranular lineages. Studies in mutant mice show that factors such as NGN1 and NGN2 are required for deep layer neuron specification, whereas factors such as Pax6

and TLX are involved in the specification of upper layer neurons [START_REF] Zimmer | Dynamics of Cux2 expression suggests that an early pool of SVZ precursors is fated to become upper cortical layer neurons[END_REF][START_REF] Nieto | Expression of Cux-1 and Cux-2 in the subventricular zone and upper layers II-IV of the cerebral cortex[END_REF][START_REF] Roy | The Tlx gene regulates the timing of neurogenesis in the cortex[END_REF][START_REF] Schuurmans | Sequential phases of cortical specification involve Neurogenin-dependent and -independent pathways[END_REF]. Kwan et al., 2002;[START_REF] Jones | Neurotransmitters in the cerebral cortex[END_REF].

Evolution and expansion

Evolutionary expansion of the mammalian cortex and most notably of the primate cortex, has been both tangential and radial, as there has been an increase in the number of cortical areas as well as in the diversity of cortical columns and networks [START_REF] Kaas | The evolution of brains from early mammals to humans: Evolution of brains from early mammals to humans[END_REF][START_REF] Rakic | Confusing cortical columns[END_REF][START_REF] Markov | Cortical High-Density Counterstream Architectures[END_REF]. Radially, the expansion of the cerebral cortex has led to a selective enlargement of its supragranular compartment (Figure 3, Marin-Padilla, 1992). [START_REF] Rakic | Evolution of the neocortex: Perspective from developmental biology[END_REF][START_REF] Hill | Molecular insights into human brain evolution[END_REF] As a result of this expansion, there has been a significant increase in the volume and surface area of the cortex and its folding during evolution. The developmental process of cortical folding is called gyrencephaly [START_REF] Fernández | Cerebral cortex expansion and folding: what have we learned?[END_REF][START_REF] Borrell | How Cells Fold the Cerebral Cortex[END_REF].

Gyrencephalic brains are usually found in species with larger brains and are characterized by ridges (gyri) and grooves (sulci). While the resulting patterns vary significantly between species, the pattern of the major gyri and sulci is largely conserved among members of the same order of mammals (Herculano-Houzel, 2009;

Figure 4). The process of cortical folding optimizes the functional organization and wiring of the brain and allow fitting a large cortex in a limited cranial volume. All six neuronal layers are bent in each and every fold, with varying thickness between folds and fissures, which are thinner. The mechanisms which determine these specific folding patterns have yet to be fully identified. While the first hypothesis was that cortical folding happens randomly as a result of cranial constraint, there are now several hypotheses as to which events lead to cortical folding [START_REF] Welker | Why does cerebral cortex fissure and fold? A review of determinants of gyri and sulci[END_REF][START_REF] Kelava | The secondary loss of gyrencephaly as an example of evolutionary phenotypical reversal[END_REF].

Gyrencephaly has been linked to developmental events, including the expansion of the progenitor pool during neurogenesis, although some species deviate from this rule, as illustrated by the marmoset, a lissencephalic primate, or the agouti, a gyrencephalic rodent [START_REF] Reillo | A role for intermediate radial glia in the tangential expansion of the mammalian cerebral cortex[END_REF][START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF][START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF][START_REF] Borrell | Recent advances in understanding neocortical development[END_REF].

One major rodent-primate difference is the expansion of the supragranular neuron layers which culminates in the primate. It has been attributed to the emergence of the outer subventricular zone (OSVZ), a GZ compartment which is considered as an evolutionary adaptation underlying brain expansion [START_REF] Rakic | Vive la difference![END_REF][START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF]). This GZ is uniquely structured and exhibits a high diversity of progenitor types as well as specific proliferative properties [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF][START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF]. It is the largest germinal compartment of the cortex in the primate and constitute the major progenitor pool generating supragranular neurons [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF].

While some basic principles of brain development are relatively conserved between mammalian species such as rodents and primates, seemingly small changes in some developmental features can lead to substantial differences, both qualitative and quantitative [START_REF] Workman | Modeling transformations of neurodevelopmental sequences across mammalian species[END_REF]. For example, through whole genome comparison, it is possible to identify genes with elevated rates of amino acid change or divergent expression in humans [START_REF] King | Evolution at two levels in humans and chimpanzees[END_REF][START_REF] Mclean | Human-specific loss of regulatory DNA and the evolution of human-specific traits[END_REF][START_REF] Pollard | An RNA gene expressed during cortical development evolved rapidly in humans[END_REF]. Such studies led to the identification of molecular events likely to produce significant regulatory changes in humans, such as complete deletion of sequences otherwise highly conserved between other mammals or the rearrangement of genes on chromosomes [START_REF] King | Evolution at two levels in humans and chimpanzees[END_REF][START_REF] Mclean | Human-specific loss of regulatory DNA and the evolution of human-specific traits[END_REF]. As a result, a relatively small number of genetic changes in systems controlling the expression of genes may account for major differences between species and the emergence of a more complex cortex in the primate would suggest a concomitant evolution of regulatory systems and gene expression [START_REF] Kosik | MicroRNAs and Cellular Phenotypy[END_REF].

CORTICAL AREALIZATION

The mechanisms underlying cortical arealization are still incompletely understood. Two main hypotheses have been put forward. In 1988, Rakic proposed the protomap hypothesis while the protocortex model was theorized by O'Leary in 1989 [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] O'leary | Do cortical areas emerge from a protocortex?[END_REF].

Protomap hypothesis of cortical arealization

1. Early regionalization of the cortex

The regional layout of the cortex is established at early stages of development and involves signalling centres located along the edges and midline of the neural plate and, at later stages, in the telencephalic vesicles (Figure 5, Hebert et al., 2002;[START_REF] Furuta | Bone morphogenetic proteins (BMPs) as regulators of dorsal forebrain development[END_REF][START_REF] Shimogori | Embryonic signaling centers expressing BMP, WNT and FGF proteins interact to pattern the cerebral cortex[END_REF][START_REF] Monuki | Mechanisms of cerebral cortical patterning in mice and humans[END_REF]. This leads to an early cortical patterning in the GZ as signalling molecules generate positional information and a graded expression of transcription factors [START_REF] Sur | Patterning and plasticity of the cerebral cortex[END_REF][START_REF] O'leary | Patterning centers, regulatory genes and extrinsic mechanisms controlling arealization of the neocortex[END_REF]. Wnts, SHH and FGF8 are among the molecules underlying the molecular regionalization of the GZ and the generation of proto-areas [START_REF] Sur | Patterning and plasticity of the cerebral cortex[END_REF][START_REF] Rash | Area and layer patterning in the developing cerebral cortex[END_REF][START_REF] Fukuchi-Shimogori | Neocortex patterning by the secreted signaling molecule FGF8[END_REF][START_REF] Shimogori | Embryonic signaling centers expressing BMP, WNT and FGF proteins interact to pattern the cerebral cortex[END_REF][START_REF] Monuki | Mechanisms of cerebral cortical patterning in mice and humans[END_REF][START_REF] O'leary | Patterning centers, regulatory genes and extrinsic mechanisms controlling arealization of the neocortex[END_REF].

The role of FGF8 in cortical arealization has been thoroughly investigated (Figure 5).

Ectopic expression of FGF8 in the caudal pole of the neocortex elicits a partial duplication of the S1 barrel-field which is the receptive field for whisker responses [START_REF] Fukuchi-Shimogori | Neocortex patterning by the secreted signaling molecule FGF8[END_REF]. Moreover, it has been shown that increasing or decreasing the concentrations of certain signalling molecules modifies rostral-caudal growth and areal dimensions. Ectopic expression of FGF8 in the rostral cortex at embryonic day 11.5 leads to a caudal shift of areas, whereas a hypomorphic FGF8 cortex exhibits a rostral shift of areal borders with a rostral expansion of caudal regions [START_REF] Fukuchi-Shimogori | Neocortex patterning by the secreted signaling molecule FGF8[END_REF][START_REF] Garel | Molecular regionalization of the neocortex is disrupted in Fgf8 hypomorphic mutants[END_REF]. Although studies on cortical patterning have mostly been carried out in the mouse, dorso-ventral and anterior-posterior gradients of key genes of cortical development have been reported in humans [START_REF] Bayatti | A Molecular Neuroanatomical Study of the Developing Human Neocortex from 8 to 17 Postconceptional Weeks Revealing the Early Differentiation of the Subplate and Subventricular Zone[END_REF][START_REF] Ip | Investigating gradients of gene expression involved in early human cortical development[END_REF][START_REF] Ip | The corticofugal neuron-associated genes ROBO1, SRGAP1, and CTIP2 exhibit an anterior to posterior gradient of expression in early fetal human neocortex development[END_REF][START_REF] Chi | The Dorsoventral Patterning of Human Forebrain Follows an Activation/Transformation Model[END_REF].

Additionally, early studies of mutant mice with abnormal thalamocortical development claim that region specific markers show similar expression patterns at birth, with or without thalamic innervation [START_REF] Miyashita-Lin | Early neocortical regionalization in the absence of thalamic innervation[END_REF]. This seems to suggest that the mechanisms controlling boundary formation are intrinsic to the cortex.

Protomap hypothesis

The protomap model stems from seminal observations of the radial glial scaffold by Pasko Rakic. It suggests that the GZ constitute a protomap of the adult cortex [START_REF] Rakic | Specification of cerebral cortical areas[END_REF]. According to this model, topological relationships of progenitors in the GZ are preserved into the CP, as neurons originating from the same radial glial cell tend to occupy the same column of cortex. The team has reported early regionalization of proliferative programs in the cortical GZ that play a significant role in the generation of cytoarchitecturally distinct areas. This was shown in rodents [START_REF] Polleux | Regulation of neuroblast cell-cycle kinetics plays a crucial role in the generation of unique features of neocortical areas[END_REF], and primates [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF]. Strong evidence for the protomap theory has come from the identification of the graded expression of two regulatory genes along the antero-posterior axis of the brain at early stages of development. The homeodomain transcription factor, Emx2, and the paired-box-containing transcription factor Pax6 are expressed in opposing gradients;

Emx2 expression is low rostrally and high caudally, whereas Pax6 is expressed high rostrally and low caudally during early corticogenesis [START_REF] Walther | Pax-6, a murine paired box gene, is expressed in the developing CNS[END_REF][START_REF] Gulisano | Emx1 and Emx2 show different patterns of expression during proliferation and differentiation of the developing cerebral cortex in the mouse[END_REF]. Furthermore, the study of Emx2 and Pax6 mutant mice lacking one of these transcription factors shows changes in the areal patterning of molecular markers such as cadherins (Cad6, Cad8), as well as in area specific corticothalamic connections at later stages of corticogenesis [START_REF] Bishop | Regulation of area identity in the mammalian neocortex by Emx2 and Pax6[END_REF]. Of note, Pax6 has a number of roles in forebrain development, including regulation of progenitor proliferation, neurogenesis and cortical layer formation [START_REF] Manuel | Regulation of cerebral cortical neurogenesis by the Pax6 transcription factor[END_REF]Geogala et al., 2011;[START_REF] Manuel | Role of Pax6 in forebrain regionalization[END_REF]. Additionally, studies of Pax6-/-mutant mice have highlighted its requirement in the molecular patterning of thalamic neurons and their development [START_REF] Clegg | Pax6 is required intrinsically by thalamic progenitors for the normal molecular patterning of thalamic neurons but not the growth and guidance of their axons[END_REF][START_REF] Simpson | Normal ventral telencephalic expression of Pax6 is required for normal development of thalamocortical axons in embryonic mice[END_REF].

The radial unit hypothesis states that from the protomap formed by proliferative units at the ventricle, their neuron output is translated to the expanded cortex by the fiber guides of radial glia (Figure 6; [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Kornack | Radial and horizontal deployment of clonally related cells in the primate neocortex: relationship to distinct mitotic lineages[END_REF]. Consequently, neurons of the same ontogeny tend to migrate on a continuous fiber to the CP and form radial columns of cells of similar function and project a ventricular protomap onto the developing cortex. The protomap hypothesis offers a framework for the mechanisms underlying cortical development in the radial dimension but does not take into account any lineage relationship between radial glia and progenitors in the SVZ.

Experimental amplification of radial glial founders through cell death inhibition or mode of division modification have led to a significant surface expansion in mice, supporting the radial unit hypothesis [START_REF] Haydar | The role of cell death in regulating the size and shape of the mammalian forebrain[END_REF][START_REF] Chenn | Regulation of cerebral cortical size by control of cell cycle exit in neural precursors[END_REF].

Studies have shown that the disruption of the radial glia cells (RGC) scaffold tiling leads to aberrant radial unit assembly and neuronal layering [START_REF] Nakagawa | Memo1-Mediated Tiling of Radial Glial Cells Facilitates Cerebral Cortical Development[END_REF][START_REF] Contreras | Memo1 Tiles the Radial Glial Cell Grid[END_REF]. Deletion of Memo1, a mediator of cell motility involved in the regulation of microtubule stability, highlighted the importance of RGC scaffold integrity for the laminar and columnar distribution of upper and lower cortical neuron layers. Additionally, selective deletion of Memo1 in postmitotic neurons did not affect neuronal migration and laminar distribution.

Protocortex hypothesis of cortical arealization

The second hypothesis for cortical arealization, the protocortex model, postulated that the cortex is initially homogeneous and remains a uniform structure until later stages of corticogenesis when it is divided into functional areas through cues from extrinsic factors, notably incoming thalamic projections [START_REF] O'leary | Do cortical areas emerge from a protocortex?[END_REF]. It assumes the cortex is initially a uniform structure, a tabula rasa, where all neurons are born equal and multipotent (Figure 7). Then afferent axons such as thalamic axons later impose cortical areal identity through activity dependent mechanisms (O'Leary 1989; [START_REF] Van Der Loos | Somatosensory cortex: structural alterations following early injury to sense organs[END_REF][START_REF] Killackey | Neocortical Expansion: An Attempt toward Relating Phylogeny and Ontogeny[END_REF][START_REF] Antón-Bolaños | Prenatal activity from thalamic neurons governs the emergence of functional cortical maps in mice[END_REF].

In favor of this hypothesis, studies have shown the immature cortex exhibits a high degree of plasticity. Frost and Métin induced functional retinal projections in the somatosensory system in newborn hamsters [START_REF] Frost | Induction of functional retinal projections to the somatosensory system[END_REF]. In this study, the authors show that optic tract axons can form functional synapses in the thalamic somatosensory nucleus and suggests that neural structures which normally process information specific to one sensory system have the potential to mediate function for other systems. Sur and Pallas showed this plasticity at the cortical level in the ferret, following a rewiring between visual and auditory cortex, where retinal afferents were induced to project into the auditory relay nucleus of the thalamus, the medial geniculate nucleus [START_REF] Pallas | Visual projections induced into the auditory pathway of ferrets: II. Corticocortical connections of primary auditory cortex[END_REF]. Although electrophysiological studies showed that cells in primary auditory cortex responded to visual stimulation, auditory cortex with visual input did not make ectopic connections with the visual cortex, but maintained its connections with other auditory cortical areas. This suggests that thalamocortical input controls postsynaptic cortical area function [START_REF] Pallas | Visual projections induced into the auditory pathway of ferrets: II. Corticocortical connections of primary auditory cortex[END_REF].

Heterotopic transplantation of visual cortex to presumptive somatosensory cortex, showed that thalamic afferents innervated layer IV and barrel-like morphologies developed, suggesting that barrel development was not dependent on patterning information intrinsic to the cortex, but rather was conferred on the cortex by ventrobasal thalamic afferents [START_REF] Schlaggar | Potential of visual cortex to develop an array of functional units unique to somatosensory cortex[END_REF]. However, grafting experiments by Gaillard and Roger lessened the importance of extrinsic factors in the development of topographic distribution of cortical efferents, as different areas, even within a single cortical region, were not totally interchangeable and cortical cells retained developmental characteristics of their cortical site of origin [START_REF] Gaillard | Neocortical grafting to newborn and adult rats: developmental, anatomical and functional aspects[END_REF][START_REF] Gaillard | Early Commitment of Embryonic Neocortical Cells to Develop Area-specific Thalamic Connections[END_REF]. Embryonic cells of parietal or occipital cortex completing their development within the parietal cortex were not capable of developing or maintaining the specific cytoarchitectonic traits of the parietal cortex [START_REF] Gaillard | Early Commitment of Embryonic Neocortical Cells to Develop Area-specific Thalamic Connections[END_REF].

Interplay between intrinsic and extrinsic factors

Although the protomap and the protocortex hypotheses seem to describe opposing mechanisms, they are not mutually exclusive and could both be part of a single cortical patterning model, resulting from an interplay between intrinsic genetic mechanisms and extrinsic inputs by thalamocortical projections (Figure 7, O'Leary and Nagakawa, 2002;[START_REF] Sur | Patterning and plasticity of the cerebral cortex[END_REF][START_REF] Rash | Area and layer patterning in the developing cerebral cortex[END_REF][START_REF] Kennedy | Cortical Specification of Mice and Men[END_REF]. The role of thalamic input in shaping cortical arealization has been illustrated by enucleation experiments where there is a depletion of thalamic input during early stages of corticogenesis, as it lead to significant changes in areal specification in the macaque [START_REF] Rakic | Specification of cerebral cortical areas[END_REF]Dehay et al., 1996a;Dehay et al., 1996b). As such, extrinsic influence on the cortex could refine the protomap further, making the two model complimentary.

Birthdating experiments in rodents have suggested that cell fate is determined prior to migration [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF][START_REF] Caviness | Time of origin or corresponding cell classes in the cerebral cortex of normal and reeler mutant mice: an autoradiographic analysis[END_REF][START_REF] Krushel | Spatially localized neuronal cell lineages in the developing mammalian forebrain[END_REF][START_REF] Jensen | Subcortical projections from ectopic neocortical neurons[END_REF]. Furthermore, it has been shown in mutant mice that disrupting the cell environment during corticogenesis had no consequence on the timetable of corticospinal neuron production or on areal differences in their generation, which seemed to indicate a causative link between birth date and cell fate [START_REF] Polleux | Neurogenesis and commitment of corticospinal neurons in reeler[END_REF][START_REF] Polleux | Pre-and post-mitotic events contribute to the progressive acquisition of area-specific connectional fate in the neocortex[END_REF]. However, experiments of heterochronic transplantation have highlighted a progressive restriction of cortical fate during corticogenesis. [START_REF] Mcconnell | Fates of visual cortical neurons in the ferret after isochronic and heterochronic transplantation[END_REF][START_REF] Mcconnell | Cell cycle dependence of laminar determination in developing neocortex[END_REF][START_REF] Frantz | Restriction of late cerebral cortical progenitors to an upper-layer fate[END_REF][START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF].

Lineages studies of isolated cortical progenitors have put forth the existence of cell intrinsic programs which are then influenced by extrinsic factors [START_REF] Shen | The timing of cortical neurogenesis is encoded within lineages of individual progenitor cells[END_REF][START_REF] Mcconnell | Cell cycle dependence of laminar determination in developing neocortex[END_REF][START_REF] Frantz | Restriction of late cerebral cortical progenitors to an upper-layer fate[END_REF][START_REF] Fishell | Striatal precursors adopt cortical identities in response to local cues[END_REF][START_REF] Qian | FGF2 concentration regulates the generation of neurons and glia from multipotent cortical stem cells[END_REF]. In a recent study, single cell RNA sequencing was used to distinguish the molecular identity lineages of APs over successive generations [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF].

The authors identified embryonic age-dependent AP molecular states, which are defined by temporally patterned genes. APs then follow early postmitotic differentiation programs and are subject to environment-dependent signals. These conserved molecular birthmarks in progenitors, which are then epigenetically regulated further support the idea that both intrinsic and extrinsic factors are involved in cell fate determination and that as corticogenesis proceeds, progenitors lose their capacity to generate early stages subtypes. Temporal plasticity of cortical progenitors was further studied by the Jabaudon group through heterochronic transplantation of progenitors experiments [START_REF] Oberst | Temporal plasticity of apical progenitors in the developing mouse neocortex[END_REF]. After isolating APs and IPs and transplanting them into younger embryos, they found APs to be temporally plastic, while fate mapping of IP progeny showed they were already committed progenitors [START_REF] Oberst | Temporal plasticity of apical progenitors in the developing mouse neocortex[END_REF]. In recent years, the idea that both premitotic and postmitotic events contribute to cortical arealization has been studied at the cellular level. Indeed, studies relying on new cell profiling tools have led to a mixed model of arealization where both intrinsic and extrinsic mechanisms underlie the emergence of neuronal diversity [START_REF] Lein | Transcriptomic Perspectives on Neocortical Structure, Development, Evolution, and Disease[END_REF][START_REF] Nowakowski | Spatiotemporal gene expression trajectories reveal developmental hierarchies of the human cortex[END_REF][START_REF] Mayer | Developmental diversification of cortical inhibitory interneurons[END_REF]. In a recent study, Nowakowski et al.

studied the spatiotemporal gene expression of cells from both the visual cortex and the frontal cortex. Interestingly, while they found a strong distinction between pallial and subpallial radial glial cells, progenitors from both areas seemed to share a common initial molecular program. Only a few genes were differentially expressed between visual and frontal progenitors but significant differences were observed in maturing neurons.

EARLY CORTICOGENESIS

Mouse neurogenesis

Mouse corticogenesis starts at embryonic day 11 (E11) and lasts until E19. Cortical development starts with the proliferation of neuroepithelial cells (NECs), which self amplify prior to generating neurons. Their proliferation and mode of neuron production vary across species. NECs first constitute the neural plate and early neural tube. These polarized cells span the entire width of the neuroepithelium, between the ventricular and pial surfaces [START_REF] Götz | The cell biology of neurogenesis[END_REF]. NECs first expand by undergoing symmetric proliferative divisions, which leads to an expansion in both lateral and radial dimensions of the ventricular zone (VZ) [START_REF] Rakic | A small step for the cell, a giant leap for mankind: a hypothesis of neocortical expansion during evolution[END_REF]. Of note, during the G1 phase of the cell cycle, NECs move from the apical surface of the epithelium toward the basal part, before migrating back to the apical surface after the S phase. Mitosis then occurs at the apical surface. This dynamic process, which is called interkinetic nuclear migration (INM) and is a common feature of developing neuroepithelia, leads to the pseudostratification of the neuroepithelium allow a more efficient progenitor expansion at a limited apical surface [START_REF] Sauer | Mitosis in the neural tube[END_REF][START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF].

As neurogenesis starts, there is a switch to asymmetric divisions which give rise to two types of daughter cells: one progenitor cell and one neuron [START_REF] Chenn | Cleavage orientation and the asymmetric inheritance of Notch1 immunoreactivity in mammalian neurogenesis[END_REF][START_REF] Rakic | A small step for the cell, a giant leap for mankind: a hypothesis of neocortical expansion during evolution[END_REF][START_REF] Takahashi | The cell cycle of the pseudostratified ventricular epithelium of the embryonic murine cerebral wall[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. From E12-E13, a subventricular zone (SVZ) is distinguishable as some dividing cells accumulate at the basal border of the VZ [START_REF] Smart | Proliferative characteristics of the ependymal layer during the early development of the mouse neocortex: a pilot study based on recording the number, location and plane of cleavage of mitotic figures[END_REF]. In contrast to the compact radial organization of the VZ, cells in the SVZ display a more random organization. After E13, neurons split the preplate (PP) into an outer marginal zone (MZ) and an inner subplate (SP) (Figure 7; [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF][START_REF] Marin-Padilla | Dual origin of the mammalian neocortex and evolution of the cortical plate[END_REF].

Throughout corticogenesis, newly born neurons migrate radially through the SP to reach the cortical plate (CP), leaving the germinal compartments. Formation of the different neuronal layers occurs in the CP in an intside out manner as deep layers are formed by early born neurons while later born neurons constitute the more superficial neuronal layers after migrating past earlier born neurons (Figure 8; [START_REF] Angevine | Autoradiographic study of cell migration during histogenesis of cerebral cortex in the mouse[END_REF][START_REF] Sidman | Neuronal migration, with special reference to developing human brain: a review[END_REF][START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF]. There are three main types of cortical progenitors, which can be distinguished by their morphology and their proliferative features : the VZ-restricted radial glial cells (RGCs), short neural progenitors (SNPs) and intermediate progenitor cells (IPs) (Figure 9; [START_REF] Gal | Molecular and Morphological Heterogeneity of Neural Precursors in the Mouse Neocortical Proliferative Zones[END_REF][START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF][START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. Additionally, while VZ progenitors give rise to SVZ progenitors, these two progenitor pools differ in their gene expression (Figure 9). For example, OTX1 and FEZ1 are expressed in VZ progenitors, which are involved in the generation of lower layer neurons [START_REF] Frantz | Otx1 and Otx2 define layers and regions in developing cerebral cortex and cerebellum[END_REF]. These

transcription factors are downregulated in SVZ progenitors and subsequently upregulated in neurons from deeper layers in the adult [START_REF] Frantz | Otx1 and Otx2 define layers and regions in developing cerebral cortex and cerebellum[END_REF]. In contrast, several transcription factors such as Cux2, Tbr2 or Satb2 are selectively expressed in the SVZ or upper layer neurons [START_REF] Britanova | Novel transcription factor Satb2 interacts with matrix attachment region DNA elements in a tissue-specific manner and demonstrates cell-type-dependent expression in the developing mouse CNS: A novel transcription factor interacting with MARs[END_REF][START_REF] Zimmer | Dynamics of Cux2 expression suggests that an early pool of SVZ precursors is fated to become upper cortical layer neurons[END_REF][START_REF] Wu | Pyramidal neurons of upper cortical layers generated by NEX-positive progenitor cells in the subventricular zone[END_REF].

As corticogenesis progresses, progenitors become progressively restricted in their competence states, the intrinsic molecular state determining the differentiation potential of a cell. More specifically, studies have shown that early cortical progenitors destined to form deep layer neurons are multipotent and can generate upper layer neurons when transplanted in a late progenitor environment [START_REF] Mcconnell | Cell cycle dependence of laminar determination in developing neocortex[END_REF][START_REF] Oberst | Temporal plasticity of apical progenitors in the developing mouse neocortex[END_REF][START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF]. In contrast, progenitors fated to produce upper layer neurons exhibit less plasticity [START_REF] Frantz | Restriction of late cerebral cortical progenitors to an upper-layer fate[END_REF]Mitzutani and Saito, 2005). 

Primate specific features of cortical GZ

In the monkey, neurogenesis occurs between E40 and E100, over a 60 day period [START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF]. There are a number of features, notably in the organization, developmental timing and relative dimensions of the different cortical compartments, which differ in the primate when compared with the rodent [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF].

The VZ is the only proliferative zone until E55 when the SVZ appears [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]). An early emerging outer fibre layer (OFL) forms a major landmark from E55 onwards. Contrary to what is observed in the rodent, where the VZ is the major germinal compartment throughout corticogenesis, the primate VZ declines rapidly during the course of corticogenesis starting at E65 [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. The SVZ by contrast, increases progressively in depth and by E65 is divided into an inner SVZ (ISVZ) and outer SVZ (OSVZ) (Figure 10; [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF].

At E78 an intruding inner fibre layer (IFL) separates the large OSVZ from the thin ISVZ.

The increase in the OSVZ is particularly important between E65 and E72. After E72, the OSVZ starts to progressively decline, the IFL becomes larger and intrudes into the ISVZ and OSVZ. The VZ is characterized by dense elongated cells unlike the ISVZ with sparser round cells. The OSVZ however shares VZ properties with dense, radially oriented nuclei [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF].

Specific properties and behavior of primate progenitor will be further explored in the next part of this chapter. 

PROGENITORS

Cortical features such as the general tangential and radial organization of the cortex are common to all mammals, although there is a high diversity amongst mammalian cortices [START_REF] Herculano-Houzel | The Human Brain in Numbers: A Linearly Scaled-up Primate Brain[END_REF]. This diversity and more specifically the evolutionary expansion of the primate cortex is believed to derive from the arrangement and cell biology properties of cortical progenitors during corticogenesis [START_REF] Kriegstein | Patterns of neural stem and progenitor cell division may underlie evolutionary cortical expansion[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF][START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF].

In mammals, all pyramidal neurons are produced by two proliferative zones, the VZ and SVZ, each zone containing specific progenitors distinguishable by their morphologies as well as their proliferative properties. Apical progenitors (APs)

undergoing mitosis in the VZ and basal progenitors (BPs) undergoing mitosis in the SVZ are the two principal progenitor cell types which have been reported in primates and nonprimates.

Apical progenitors

APs are found in the VZ, exhibit high proliferative capacities across mammals and generate others APs as well as BPs and sometimes neurons [START_REF] Götz | The cell biology of neurogenesis[END_REF][START_REF] Rakic | Elusive radial glial cells: Historical and evolutionary perspective[END_REF]. NECs, apical radial glia (aRG) and apical intermediate progenitors (aIP) constitute APs. As corticogenesis gets underway, NECs start to undergo asymmetric differentiative divisions where one daughter cell becomes an NEC and the second daughter cell becomes either an AP [START_REF] Hartfuss | Characterization of CNS precursor subtypes and radial glia[END_REF][START_REF] Götz | The cell biology of neurogenesis[END_REF]. As corticogenesis progresses, the other daughter cell becomes an aIP, BP or postmitotic neuron (PM). This then leads to the partition of the neuroepithelium into different compartments: APs are confined in the VZ, at the apical surface of the neuroepithelium while BPs constitute the SVZ.

Like NECs, aRGs are polarized cells spanning the entire width of the neuroepithelium and undergoing INM [START_REF] Götz | The cell biology of neurogenesis[END_REF]. They differ in that differentiative divisions prevail in aRGs. Additionally, more progenitor types come from their asymmetric divisions [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

aIPs are short neural progenitors [START_REF] Gal | Molecular and Morphological Heterogeneity of Neural Precursors in the Mouse Neocortical Proliferative Zones[END_REF][START_REF] Tyler | Multiplex genetic fate mapping reveals a novel route of neocortical neurogenesis, which is altered in the Ts65Dn mouse model of Down syndrome[END_REF]. Unlike aRGs, they lose their connection to the basal lamina as their processes retract. They do not self renew and undergo one round of symmetric neurogenic division.

Basal progenitors

BPs are found in an abventricular location, in the SVZ. In contrast to APs, their proliferative capacity vary among mammals. In lissencephalic species, BPs exhibit low proliferative capacity whereas in gyrencephalic species BPs generally undergo several rounds of mitosis and generate other BPs before producing neurons [START_REF] Florio | Neural progenitors, neurogenesis and the evolution of the neocortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF].

Among BPs, two types are found: the basal intermediate progenitors (bIP) and the basal radial glia (bRG). bIPs are non epithelial BPs which come from either APs or BPs themselves and after delamination reside in the SVZ [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF][START_REF] Miyata | Asymmetric production of surface-dividing and non-surface-dividing cortical progenitor cells[END_REF][START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. These cells are not polarized as they lose their processes. bIPs undergo one round of self consuming, symmetric neurogenic division although they can also undergo one or more rounds of symmetric proliferative divisions prior to that [START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF]. As such, these cells are referred to as transit amplifying cells although studies have shown that in some species such as the non human primate, bRGs can generate different progenitor types and behave like transit amplifying cells as well [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Primate specific progenitors

Studies in primates have identified the SVZ as an expanded and specialized GZ, subdivided in inner and outer domains [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. In particular, the enlargement of supragranular neuron layers originate from the OSVZ, which include a large fraction of bRG cells in human and non human primates [START_REF] Fietz | Cortical progenitor expansion, self-renewal and neurogenesis-a polarized perspective[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF][START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF]. A study by Betizeau et al., explored the diversity of OSVZ progenitors in the visual cortex of the embryonic macaque, using real-time imaging of individual progenitors from long-term organotypic slice cultures and immunohistochemistry [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

The authors identified five different BP cell morphotypes: the already described basal process-bearing bRG (bRG-basal-P) and no process-bearing transit amplifying cell (IP), as well as apical process-bearing bRG (bRG-apical-P) cells, apical and basal process bearing bRG (bRG-both-P), and bRG cells alternating between stages

showing either an apical and/ or a basal process, the transient bRG (tbRG) (Figure 11, [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Additionally, IP cells bearing no process represent a small fraction of OSVZ progenitors, contrary to the previously prevailing view of mode of OSVZ amplification [START_REF] Kriegstein | Patterns of neural stem and progenitor cell division may underlie evolutionary cortical expansion[END_REF][START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Fietz | Cortical progenitor expansion, self-renewal and neurogenesis-a polarized perspective[END_REF].

Further characterization of OSVZ progenitors in the primate visual cortex by means of marker expression analysis shows that the distribution of Pax6+ and Tbr2+ cells in primates is different from that in rodents. Indeed, Pax6+ cells have been shown to be restricted to the VZ in rodents but located in both the VZ and SVZ in human and non human primates [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF][START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Similarly, Tbr2+ cells are largely restricted to the SVZ of rodents while they are also found in the OSVZ in human and non human primates [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. 

Mode of division and amplification

In rodents, AP cells consist of RG cells which are restricted to the VZ while BP cells include IP cells as well as rare bRG cells [START_REF] Götz | The cell biology of neurogenesis[END_REF][START_REF] Shitamukai | Oblique Radial Glial Divisions in the Developing Mouse Neocortex Induce Self-Renewing Progenitors outside the Germinal Zone That Resemble Primate Outer Subventricular Zone Progenitors[END_REF][START_REF] Wang | A new subtype of progenitor cell in the mouse embryonic neocortex[END_REF]. In primates, studies have shown that the BP cell pool is more diverse and includes a large fraction of bRG cells [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Garcia-Moreno | Compartmentalization of Cerebral Cortical Germinal Zones in a Lissencephalic Primate and Gyrencephalic Rodent[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Characterization of bRG lineage relationships in the primate visual cortex provides insights into the mechanism of OSVZ progenitor pool expansion. The prevailing hypothesis, put forward by A. Kriegstein in 2010, stated that in the OSVZ, bRG-basal-P divide asymmetrically to generate a new bRG-basal-P and an IP, which would then undergo several proliferative symmetric divisions before generating neurons [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF]. However, further study of progenitor lineage relationships using live imaging an unbiased sampling of cycling progenitors shows each progenitor morphotype can undergo symmetric proliferative divisions and has both self-renewal capabilities and the capacity to directly produce neurons (Figure 12, [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Additionally, OSVZ progenitors exhibit stage-specific differences in their progeny, corresponding to the sequential production of infra and supragranular neurons. Morphology at mitosis has been shown to be a good indicator of the morphology after birth and throughout the lifetime (ie between two mitoses) of a progenitor so that morphology at mitosis can be used to assess the inheritance of the basal or apical process. Here, analysis of the paired daughter cells of the different bRG morphotypes

shows that, as was first described in the visual cortex, the basal process is predominantly inherited by the upper daughter cells while the apical process is inherited by the lower daughter cells, although there are higher proportions of inherited basal processes in the frontal lower daughters.

Recent work from the Huttner group suggests a link between the neocortical expansion and the increase in BP proliferation capacity by means of an increased number of progenitor process [START_REF] Kalebic | Neocortical Expansion Due to Increased Proliferation of Basal Progenitors Is Linked to Changes in Their Morphology[END_REF]. As previously mentioned, BPs proliferative capacity vary across mammals. In the mouse, they exhibit a low proliferative capacity, usually dividing only once to produce neurons [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF][START_REF] Miyata | Asymmetric production of surface-dividing and non-surface-dividing cortical progenitor cells[END_REF][START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. In contrast, species with an expanded cortex such as ferret or human, BPs typically undergo several proliferative divisions before generating neurons [START_REF] Florio | Neural progenitors, neurogenesis and the evolution of the neocortex[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF]. In their study, Kalebic et al., quantified BP morphology in embryonic mouse, ferret and human, manipulated BP morphologies by inducing BP process growth in these species and it resulted in a modification of BP proliferative capacity. They suggest a mechanism of how cell morphology contributes to the proliferative capacity of cortical progenitors, and further, cortical expansion.

The study of the behavior of progenitors and their daughter cells using real-time imaging led to the identification of mitotic somal translocations (MSTs) at the time of cell division [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF]. Right before cytokinesis, cell soma move rapidly up the basal fibre, contrasting with the INM where the nucleus moves towards the ventricle before mitosis. These events, although frequently occurring, are not systematic. MSTs are believed to have a role in progenitor zone expansion and it has been hypothesized that they could be affected in some genetic pathologies leading to brain malformations [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF]. Interestingly, while some studies first described basally directed only MSTs as a means for progenitors to amplify neuron numbers while simultaneously extending the boundary of the OSVZ outwards, they have since been described as having either an upward or downward direction [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF][START_REF] Nelson | Dynamic Interactions between Intermediate Neurogenic Progenitors and Radial Glia in Embryonic Mouse Neocortex: Potential Role in Dll1-Notch Signaling[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Daughter cell fate analysis in mouse cortical progenitors has showed that the inheritance of the basal process is required in order for the cell to retain proliferative abilities [START_REF] Shitamukai | Oblique Radial Glial Divisions in the Developing Mouse Neocortex Induce Self-Renewing Progenitors outside the Germinal Zone That Resemble Primate Outer Subventricular Zone Progenitors[END_REF]. This contrasts with what has been reported in the macaque, where the inheritance of either the apical or basal process does not impact self renewal properties of bRG daughter cells in the visual cortex [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Additionally, analysis of progenitor divisions showed that bRG-apical-P correspond mostly to lower daughter cells and bRG-basal-P to upper daughter cells, suggesting an inheritance process based on the apical or basal position of the daughter cells.

CELL CYCLE

Modification of cell cycle regulation during corticogenesis has an important impact on the balance between proliferation and differentiation, which has been shown to have an impact on the size of the GZ and subsequently, on cytoarchitecture as well as arealization of the mature cortex [START_REF] Dehay | Cell-cycle control and cortical development[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF].

Cell cycle

The cell cycle of eukaryotic cells is a multi stage process resulting in cell division. Four different phases have been distinguished, corresponding to cell growth (gap phase G1), DNA replication (S phase), distribution of DNA between the daughter cells (gap phase G2) and division (mitosis, the M phase) (Figure 13, [START_REF] Cunningham | Cyclin-dependent kinase inhibitors in the development of the central nervous system[END_REF][START_REF] Frank | Alternative functions of core cell cycle regulators in neuronal migration, neuronal maturation, and synaptic plasticity[END_REF]. Both gap phases and the S phase account for the cell cycle duration (Tc) as it corresponds to the time between two divisions. There are two cell cycle checkpoints controlling the G1/S and G2/M transitions, ensuring that all phases of the cell cycle occur in the correct order and that critical events such as DNA replication and chromosome segregation are completed before entering the next phase of the cell cycle [START_REF] Frank | Alternative functions of core cell cycle regulators in neuronal migration, neuronal maturation, and synaptic plasticity[END_REF]. The G1 phase in particular is a critical time window during which the cell can respond to extracellular cues. Beyond the restriction point R at the G1/S transition, the cell will either commit to cell division or withdrawal from the cell cycle, thus entering the G0 phase and differentiating [START_REF] Mummery | Commitment to differentiation induced by retinoic acid in P19 embryonal carcinoma cells is cell cycle dependent[END_REF][START_REF] Zetterberg | What is the restriction point?[END_REF].

The complex regulatory systems which regulate cell cycle progression are highly conserved and involve many regulatory proteins [START_REF] Mcclellan | Novel functions for cell cycle genes in nervous system development[END_REF][START_REF] Murray | Recycling the cell cycle: cyclins revisited[END_REF]. Such proteins mainly consist of cyclins and cyclin dependent kinases (CDKs).

The activity of CDKs and their activating subunits can be suppressed through interaction with CDK inhibitors, the INK4 family and the CIP/KIP family (Figure 13, [START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1-phase progression[END_REF]. 

Cell cycle regulation during corticogenesis

Cell cycle parameters affect cortical lamination and arealization through regulation of the balance between proliferation and differentiation of cortical progenitors, as neuron production is driven by Tc and mode of cell division [START_REF] Dehay | Cell-cycle control and cortical development[END_REF].

Studies have found these two parameters to be linked [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF][START_REF] Calegari | An inhibition of cyclin-dependent kinases that lengthens, but does not arrest, neuroepithelial cell cycle induces premature neurogenesis[END_REF][START_REF] Lukaszewicz | Contrasting effects of basic fibroblast growth factor and neurotrophin 3 on cell cycle kinetics of mouse cortical stem cells[END_REF]. In the non human primate, the study of cytoarchitectonic differences between A17 and the bordering A18 in the visual cortex shows that differential rates of proliferation as well as migration and tangential expansion are involved in the establishment of the areal boundary between these two areas in the macaque (Figure 14, [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF].

In vivo analysis of cell cycle kinetics shows that proliferation rates are involved in the formation of a sharp border separating cortical areas, as illustrated by the A17/A18 boundary [START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF]. This could be in part attributed to differential expression of positive and negative cell cycle regulators.

Additionally, there is a stage-specific regulation of Tc which varies between early and late stages of corticogenesis in the visual cortex. There is first a progressive lengthening of Tc during infragranular neuron production around E65 followed by a shortening of Tc corresponding to the high proliferation rates in the then expanded OSVZ, at the time of the production of the supragranular neurons around E78 (Figure 14, [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

The species difference in the tempo of cell cycle regulation, which notably results in an upsurge in proliferative activity of OSVZ progenitors during supragranular neuron production, plays a key role in the expansion of the primate OSVZ. The influence of cell cycle parameters on rates of neuron production means that the extrinsic factors modulating the cell cycle are also likely to determine cortical cytoarchitecture.

Causal link between G1 duration and mode of division

Findings in both rodents and primates show that the temporal regulation of the cell cycle are largely due to G1 phase regulation [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | Contrasting effects of basic fibroblast growth factor and neurotrophin 3 on cell cycle kinetics of mouse cortical stem cells[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. During mouse corticogenesis, the increase of differentiative divisions is associated with a progressive increase in Tc (Figure 14, [START_REF] Takahashi | The cell cycle of the pseudostratified ventricular epithelium of the embryonic murine cerebral wall[END_REF]. The progressive lengthening of Tc during rodent corticogenesis is primarily due to an increase in G1 phase, while a shortening of the S phase seems to be associated with neurogenic divisions [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF][START_REF] Calegari | Selective lengthening of the cell cycle in the neurogenic subpopulation of neural progenitor cells during mouse brain development[END_REF].

Studies in the mouse and the ferret indeed reported the S phase as having a more prominent role in cell cycle regulation [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF], Turrero Garcia et al., 2016). In the case of the ferret, S phase duration variations were reported as the main source of Tc variations, arguing for a decrease in the quality control of DNA replication of cells committed to neurogenic divisions (Turrero Garcia et al., 2016).

When treated with differentiation promoting factors, cortical progenitors show an increase in the duration of the G1 phase, while the use of mitogenic factors decreases its length [START_REF] Lukaszewicz | Contrasting effects of basic fibroblast growth factor and neurotrophin 3 on cell cycle kinetics of mouse cortical stem cells[END_REF]. Additionally, markers such as Tis21 and BM88

which are selectively expressed during neurogenic divisions, inhibit G1 progression [START_REF] Iacopetti | Expression of the antiproliferative gene TIS21 at the onset of neurogenesis identifies single neuroepithelial cells that switch from proliferative to neuron-generating division[END_REF][START_REF] Koutmani | BM88 is an early marker of proliferating precursor cells that will differentiate into the neuronal lineage[END_REF]. G1 phase reduction through forced expression of cyclin D1 or cyclin E alters mode of division which leads to cytoarchitectural modifications, as rates of proliferative divisions are increased at the expense of differentiation [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF].

Studies on the cell cycle of embryonic stem (ES) cells provide evidence on the regulation of G1 and its relation to the balance between differentiation and self-renewal. Both primate and murine self-renewing ES cells show a reduced duration of the G1 phase [START_REF] Savatier | Withdrawal of differentiation inhibitory activity/leukemia inhibitory factor up-regulates D-type cyclins and cyclin-dependent kinase inhibitors in mouse embryonic stem cells[END_REF][START_REF] Fluckiger | Cell cycle features of primate embryonic stem cells[END_REF]. A prolonged G1 phase could facilitate the integration of extrinsic signals, influencing cell fate possibly by allowing unequally inherited cell fate determining factors to act over a sufficient time period [START_REF] Götz | The cell biology of neurogenesis[END_REF][START_REF] Calegari | An inhibition of cyclin-dependent kinases that lengthens, but does not arrest, neuroepithelial cell cycle induces premature neurogenesis[END_REF]. 

Primate specific miRNA

Considering the link between cell cycle and cortical complexity, the systems involved in the regulation of the cell cycle would be expected to be more complex as well and play a key role in cortical expansion. Primate specific microRNAs have been suggested as playing an important part in cell adaptation to environmental events [START_REF] Kosik | MicroRNAs and Cellular Phenotypy[END_REF].

They are non coding RNAs, which have been linked to cellular phenotypy and cell cycle regulation [START_REF] Lu | MicroRNA expression profiles classify human cancers[END_REF][START_REF] Arcila | Novel primate miRNAs coevolved with ancient target genes in germinal zone-specific expression patterns[END_REF]. The latter has been explored by 

THALAMOCORTICAL DEVELOPMENT

The thalamus is a central structure of the brain, acting as a relay of incoming sensory and motor information to the cerebral cortex. It consists of glutamatergic projection neurons organized in several distinct nuclei, each having a stereotyped connectivity pattern and functional roles. It provides the cerebral cortex with inputs from sensory organs, subcortical systems and the cortex itself. Its pathways carry almost all peripheral and subcortical information that reaches the neocortex, and it facilitates information transfer between cortical areas [START_REF] Sherman | The role of the thalamus in the flow of information to the cortex[END_REF][START_REF] Jones | The Thalamus 2nd Edition[END_REF][START_REF] Nakajima | Thalamic control of functional cortical connectivity[END_REF]. Mutual collaborations between cortex and thalamus are established during development and define areal patterning and cell differentiation in both thalamus and cortex [START_REF] Jones | The Thalamus 2nd Edition[END_REF]Dehay et al., 1996;[START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF][START_REF] Chou | Geniculocortical input drives genetic distinctions between primary and higher-order visual areas[END_REF][START_REF] Pouchelon | Modality-specific thalamocortical inputs instruct the identity of postsynaptic L4 neurons[END_REF]. Thalamic and cortical development programs overlap in time and both structures influence each other during brain ontogeny (Figure 15).

Thalamocortical development

Studies on the tangential organization of thalamic projections in the rodent show that all areas of the rodent cortex receive thalamic input with high specificity in its areal and laminar termination [START_REF] Caviness | Tangential organization of thalamic projections to the neocortex in the mouse[END_REF]. Cortical areas are reciprocally connected with specific thalamic nuclei, and generally adjacent cortical areas receive input from adjacent thalamic nuclei [START_REF] Caviness | Architecture and development of the thalamocortical projection in the mouse[END_REF].

In the mouse, thalamic neurons are produced between E10,5 and E16,5 [START_REF] Angevine | Time of neuron origin in the diencephalon of the mouse. An autoradiographic study[END_REF]. Thalamocortical axons (TCA) travel through the ventral telencephalon to cross the diencephalic/telencephalic boundary around E12, the pallial/subpallial boundary (PSB) by E14,5 and start innervating the SP by E15,5 [START_REF] Miyashita-Lin | Early neocortical regionalization in the absence of thalamic innervation[END_REF][START_REF] Auladell | The early development of thalamocortical and corticothalamic projections in the mouse[END_REF][START_REF] López-Bendito | Thalamocortical development: how are we going to get there?[END_REF][START_REF] Gezelius | Thalamic neuronal specification and early circuit formation[END_REF][START_REF] Antón-Bolaños | Developmental interactions between thalamus and cortex: a true love reciprocal story[END_REF]. The "handshake hypothesis" states that projections from the early born SP, the corticothalamic afferents (CTA) and TCA meet at the PSB, acting as a crucial scaffold for TCA arrival in the cortex (Molnár et al., 1998). One study illustrating this point describes the premature death of SP neurons in Coup-tfi mutant mice, as TCA are unable to grow out of the internal capsule (IC) and fail to reach the cortex (Zhou et al., 1999). Studies have shown that such pathfinding defects could be rescued by the correct positioning of the reciprocal projection. Indeed, when the maturation of cortical neurons was blocked by cortex specific deletion of an intracellular protein, TCA could not cross the pallial-subpallial boundary, whereas they were able to when mutant cortex was replaced by control cortex [START_REF] Chen | Evidence That Descending Cortical Axons Are Essential for Thalamocortical Axons to Cross the Pallial-Subpallial Boundary in the Embryonic Forebrain[END_REF]. Additionally, there are a number of guidance cues such as migrating corridor cells acting as guideposts which essential for TCA to grow towards the pallium as these cells express gradients of guidance molecules (Bielle et al., 201;[START_REF] López-Bendito | Tangential Neuronal Migration Controls Axon Guidance: A Role for Neuregulin-1 in Thalamocortical Axon Navigation[END_REF][START_REF] Garel | Inputs from the thalamocortical system on axon pathfinding mechanisms[END_REF]. By contrast, a recent study suggested this "handshake" occured at a different meeting point in both marmosets and humans, as the authors described TCA and CTA in different compartments of the intermediate zone (IZ) of the cortical wall [START_REF] Alzu'bi | Thalamocortical Afferents Innervate the Cortical Subplate much Earlier in Development in Primate than in Rodent[END_REF].

Between E16 and E18,5, there is a waiting period during which TCA interact with SP cells before invading the CP (Figure 15, [START_REF] Catalano | Activity-Dependent Cortical Target Selection by Thalamic Axons[END_REF][START_REF] Kanold | The Subplate and Early Cortical Circuits[END_REF][START_REF] López-Bendito | Thalamocortical development: how are we going to get there?[END_REF]. 

Cortical influence on thalamocortical development

Cortical maps are initially controlled by intrinsic factors and particular genetic development programs (reviewed in Grove and Fukushi-Shimogori, 2003). A number of factors influence the positioning of sensory maps and guide TCA toward their final destination . For example, FGF8 acts as an indirect regulator of TCA innervation by providing early positional information of cortical guidance cues [START_REF] Shimogori | Fibroblast Growth Factor 8 Regulates Neocortical Guidance of Area-Specific Thalamic Innervation[END_REF].

Other factors such as Pax6 are important to specify positional information in the cortex.

Indeed, specific deletion of Pax6 in cortical progenitors led to the principal somatosensory area remaining greatly reduced during development [START_REF] Zembrzycki | Sensory cortex limits cortical maps and drives top-down plasticity in thalamocortical circuits[END_REF]. There is an influence of cortical genetic patterns to the final position of TCAs as well. This was shown through specific cortical knock-out mice studies in which disruption of cortical neuronal activity provokes defects in somatosensory map formation. Cortical deletion of NMDAR1 led to a modification of TCA patterns and more specifically in barrell wall formation in these mice [START_REF] Iwasato | Cortex-restricted disruption of NMDAR1 impairs neuronal patterns in the barrel cortex[END_REF].

Thalamic influence on cortical development

TCA have long been studied in the context of cortical arealization. In the rodent, these studies have described an interplay between intrinsic genetic programs and extrinsic thalamocortical input. Experimental removal of vibrissae follicles leads to the absence of the corresponding barrels while supernumerary vibrissae leads to the development of additional vibrissae (Van der Loos and Dörfl, 1973;Van der Loos and Woolsey, 1978). Additionally, TCA input sharpen boundaries between cortical layers and areas [START_REF] Chou | Geniculocortical input drives genetic distinctions between primary and higher-order visual areas[END_REF][START_REF] Pouchelon | Modality-specific thalamocortical inputs instruct the identity of postsynaptic L4 neurons[END_REF]. Recent studies have suggested that the influence of the thalamus on cortical development occurs even prior to sensory processing through thalamic spontaneous calcium waves [START_REF] Moreno-Juan | Prenatal thalamic waves regulate cortical area size prior to sensory processing[END_REF][START_REF] Antón-Bolaños | Prenatal activity from thalamic neurons governs the emergence of functional cortical maps in mice[END_REF].

In primates, embryonic thalamic input seems to be essential for areal specification [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF]Dehay et al., 1996a;Dehay et al., 1996b). Early anophtalmy in the fetal monkey, which consists in the depletion of the embryonic TCA from the LGN projecting to the A17, results in a drastic reduction of A17 surface and a shift in the A17/A18 boundary (Figure 16; [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF]Dehay et al., 1996a;Dehay et al., 1996b). Additionally, a study from Dehay et al., showed that TCA promote proliferative divisions of murine cortical progenitors through the release of a mitogenic factor [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF]. inferior-occipital sulcus, OT: occipital-temporal sulcus, LS: lunate sulcus. Reproduced from Dehay et al. 1996aDehay et al. , 1996b.

Interspecies heterochrony of TCA development

Interspecies comparison of afferent specification shows that there is an heterochrony in the timing of thalamus and cortex development, as illustrated by the timing of thalamic neuron production in the LGN. Indeed, in rats, LGN neurons are produced between E10,5 and E16,5. This ensures that afferent specification in rat somatosensory cortex continues after cell migration. In contrast, LGN neurons are produced between E36

and E43 in primates. The late onset and prolonged duration of corticogenesis in primates means that not only is the periphery able to exert its influence on corticogenesis early, it also persists longer. As such, afferent specification can occur at the early stages of neuron production in the striate cortex.

In addition, thalamic projections differ between rodents and primates. While there is a highly convergent organization of thalamic projections to the visual cortex in the primate, these projections are more diffuse in the rodent [START_REF] Polyak | The vertebrate visual system : its origin, structure, and function and its manifestations in disease with an analysis of its role in the life of animals and in the origin of man[END_REF][START_REF] Garey | The projection of the lateral geniculate nucleus upon the cortex in the cat[END_REF]. These primate specific features of cortical development illustrate the idea that while rodents exhibit many of the key developmental features observed in mammals and constitute an important model for the study of cortical development, the study of non human primate corticogenesis should allow a better understanding of human corticogenesis [START_REF] Molnár | New insights into the development of the human cerebral cortex[END_REF][START_REF] Cadwell | Development and Arealization of the Cerebral Cortex[END_REF].

CHAPTER 1 : Characterization of the morphology and proliferative behaviour of the progenitors in the non human primate germinal zones of the frontal cortex

INTRODUCTION

Evolutionary expansion of the mammalian cortex and most notably of the primate cortex, has been both tangential and radial. While tangential expansion has brought about an increase in the number of cortical areas, radial expansion of the cerebral cortex has led to a selective enlargement of its supragranular compartment (Marin-Padilla, 1992;[START_REF] Kaas | The evolution of brains from early mammals to humans: Evolution of brains from early mammals to humans[END_REF]. This primate-specific expansion of the supragranular layers has been attributed to the emergence and increase of the outer subventricular zone (OSVZ), a germinal zone exhibiting a high diversity of progenitor types and specific proliferative properties [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]Lui et al., 2013;[START_REF] Arcila | Novel primate miRNAs coevolved with ancient target genes in germinal zone-specific expression patterns[END_REF][START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF]. This constitutes a major difference in the development of the primate cortex, compared to that of the rodent, which does not exhibit this specialized progenitor pool [START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF]. The OSVZ in the primate comes from the subventricular zone (SVZ) being split into an inner SVZ (ISVZ) and outer SVZ (OSVZ), which are separated by a layer of fibers, the inner fiber layer (IFL) [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. Birthdating experiments in macaque have demonstrated that the primate supragranular compartment is generated by OSVZ progenitors and that high proliferative rates maintain and amplify the OSVZ progenitor pool during supragranular neuron production in the visual cortex [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Cell cycle parameters affect cortical structure (lamination and arealization) through regulation of the balance between proliferation and differentiation of cortical progenitors. There is a stage-specific regulation of the cell cycle duration (Tc) which varies between early and late stages of corticogenesis in the visual cortex. There is first a progressive lengthening of Tc during infragranular neuron production around E65 followed by a shortening of Tc corresponding to the high proliferation rates in the then expanded OSVZ, at the time of the production of the supragranular neurons around E78 [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Additionally, the study of the emergence of cytoarchitectonic differences between area 17 (A17) and the bordering area 18 (A18) in the visual cortex showed that differential rates of OSVZ progenitor proliferation are involved in the establishment of the cytoarchitectural differences between these two areas in the macaque [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF]. The influence of cell cycle parameters on rates of neuron production means the extrinsic factors modulating the cell cycle are also likely to determine cortical cytoarchitecture.

In the visual cortex, a major extrinsic factors is the sensory thalamus: the lateral geniculate nucleus (LGN). Indeed, one important feature of the developing visual cortex is the presence of the outer fiber layer (OFL). This zone located directly above the OSVZ corresponds to thalamo cortical afferents (TCA) from the LGN, which have been shown to promote proliferative divisions of murine cortical progenitors through the release of a mitogenic factor [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF][START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF][START_REF] Borello | The logistics of afferent cortical specification in mice and men[END_REF]. In the macaque, previous studies have shown that embryonic TCA contribute to the specification of cytoarchitectonic cortical fields (Dehay et al., 1996). This will be further explored in the second chapter of this work. In contrast, in the frontal cortex, thalamic input from the mediodorsal and ventromedial thalamus does not target a specific recipient layer but is diffuse in the superficial adult layers of the cortex [START_REF] Kievit | Organization of the thalamo-cortical connexions to the frontal lobe in the rhesus monkey[END_REF][START_REF] Russchen | The afferent input to the magnocellular division of the mediodorsal thalamic nucleus in the monkey,Macaca fascicularis[END_REF][START_REF] Collins | Reciprocal Circuits Linking the Prefrontal Cortex with Dorsal and Ventral Thalamic Nuclei[END_REF]. As such, we would expect to find a specific regulation of embryonic progenitor proliferative behavior in the frontal cortex.

Many studies have been focused on better understanding the mechanisms leading to the evolutionary expansion of the primate cortex through characterization of cortical progenitors [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF][START_REF] Garcia-Moreno | Compartmentalization of Cerebral Cortical Germinal Zones in a Lissencephalic Primate and Gyrencephalic Rodent[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. The prevailing hypothesis of OSVZ progenitor pool expansion, put forward by A. Kriegstein in 2010, was that in the OSVZ, bRG (basal radial glial-like cell) cells with a basal process (bRG-basal-P) divide asymmetrically to generate a new bRG-basal-P and a transit amplifying cell (IPs), which would then undergo several proliferative symmetric divisions before generating neurons [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF]. By contrast, the Betizeau study showed that each of these morphotypes could undergo symmetric proliferative divisions and had both self-renewal capabilities and the capacity to directly produce neurons [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

While the timetable of corticogenesis has been studied in vivo and BrdU labeling experiments have shown that there is a temporal shift in the timing of neuron production between A17 and the frontal cortex, little is known about frontal progenitors and their behavior throughout corticogenesis [START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF][START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Rakic | Neurogenesis in adult primate neocortex: an evaluation of the evidence[END_REF]. Using live imaging with two-photon time lapse The present study reveals conserved characteristics of cortical development between caudal and rostral regions of the cortex. However, it also points to a differential temporal regulation of the balance between proliferative and differentiative divisions between the visual and the frontal cortex as well as differences in MST direction, providing further characterization of area-specific features of non human primate corticogenesis.

RESULTS

I. Anatomical organization of the primate embryonic cortex

In this study, we focus on three distinct cortical regions: (l) the presumptive area 17 at the occipital pole, (ll) the presumptive somatosensory area (the more dorsal part of the hemisphere) and (lll) the frontal cortex at the most rostral pole. These different regions were examined throughout corticogenesis, from embryonic day 49 (E49) to E94. Total gestation time is 165 days in the macaque.

Low-power magnification of a parasagittal section at E63 illustrates the histological changes between the rostral and caudal poles of the hemisphere, from the frontal cortex to the occipital cortex (Figure 1A). Using Ki67 labeling to identify cycling cells [START_REF] Gerdes | Production of a mouse monoclonal antibody reactive with a human nuclear antigen associated with cell proliferation[END_REF], we can discriminate between the germinal zones (GZ) bordering the ventricle and the postmitotic compartments. We observed a difference in both thickness and density in the GZ throughout the hemisphere. There is a progressive rostrocaudal decrease in the total thickness of the GZ, which show a denser organization at the occipital pole. These differences in thickness and density are also found in the postmitotic compartments. Both the SP and the CP are thinner and show a denser cell organization at the caudal pole compared to more rostral regions, reflecting the rostro-caudal maturation gradient [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF].

A. Embryonic cortical compartments

We first used Tbr2 as a marker of the GZ [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF], Tbr1 as a marker of the deeper layer neurons [START_REF] Hevner | Tbr1 Regulates Differentiation of the Preplate and Layer 6[END_REF] and Satb2 as a marker of upper layer neurons [START_REF] Britanova | Novel transcription factor Satb2 interacts with matrix attachment region DNA elements in a tissue-specific manner and demonstrates cell-type-dependent expression in the developing mouse CNS: A novel transcription factor interacting with MARs[END_REF]. The combination of these three markers allows to distinguish between the mitotic and postmitotic compartments. In this first part, we describe these compartments over the period of corticogenesis between E63 and E78.

In the visual cortex, E63 corresponds to the production of the infragranular neurons of layers 5 and 6 while at E78, the layer 4 supragranular neurons and the upper layers of the cortex are produced [START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF][START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF].

Visual cortex

Proceeding from apical to basal at E63 in A17, the GZ are bordered by the outer fiber layer (OFL), where we can see radially oriented strands of migrating cells leaving the germinal layers towards the postmitotic compartments (Figure 1B). External to the OFL, there are two distinct layers of cells, the inner one being the SP with rounded nuclei and the outer one being the CP characterized by very crowded cells with radially arranged nuclei.

At E73 there is an increase in the thickness of the GZ and the OFL is thinner than at E63, while its migratory lanes are more crowded. The SP shows a sparser organization of cells as well as a significant increase in size, coincidentally with the GZ neuron output upsurge [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. The CP has increased in thickness as well and its nuclei become progressively more crowded when traced towards the marginal zone (MZ), more so than in its inner half.

At E78, which corresponds to the generation of SG neurons, there is a large expansion of the GZ. We observe a second fiber layer, going through the GZ. This IFL, as well as the different GZ, will be further described in the following part of this study. At this stage, the OFL shows the same characteristics as it does at E73, while the SP has increased in size. Additionally, the CP shows a much increased thickness. 

Presumptive somatosensory cortex

In this region, like in the visual cortex, the GZ are basally bordered by an OFL (Figure 1C). However, due to limited tissue availability, the region observed here at E63 is more rostral than the one shown at E73 and E78, which explains the presence of an intermediate zone (IZ) rather than an OFL. This is also why the cortical wall shows a more prominent thickness at this earlier stage of development compared to later developmental stages. In the dorsal cortex, we can see an inner fiber layer (IFL) going through the GZ as early as E63.

At E73, we observed the OFL separating the GZ and the postmitotic compartments which have increased in size. The SP shows a sparser organization than at E63.

At E78, there is an expansion of the GZ compared to E73, while the OFL does not show any changes. At this stage, the SP is similar than at E73 but the CP has increased in size.

Frontal cortex

Embryonic frontal cortex shows a general organization of the cortical wall similar to that described in more caudal areas (Figure 1D). However, we notice a major difference between these regions in that we did not detect an OFL but rather an IZ separating the GZ from the SP. The cells in this zone show a sparser organization than the SP and contrary to the OFL, no particular radial organization.

At E73, there is an increase in the thickness of the GZ and a decrease in the size of the IZ but the postmitotic compartments are of similar size than at E63. However, the cells of the SP show a denser organization at this stage.

At E78, the GZ have increased in size. We observed an IFL amongst the GZ, which show a much sparser organization at this stage. There is an expansion of the postmitotic compartments at this stage.

These results show that while there are some areal specificities, the global radial organization of the cortical wall throughout corticogenesis is conserved in the visual, dorsal and frontal cortex.

B. Evolution of the germinal zones across the cortex during corticogenesis

In a second step, we used Ki67 to label cycling cells as well as Pax6 and Tbr2, which are known to have a compartment specific pattern of expression [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF][START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF], in order to better understand the organization of the GZ in both the visual and frontal cortex. The ages included in this study range from E49 to E94.

Visual cortex

We can discriminate between the ventricular zone (VZ) and the above subventricular zone (SVZ) as early as E49 in A17 (Figure 2A). The VZ arrangement of cells is denser than the SVZ, which corresponds to a narrow layer of cells with rounded or irregularly shaped nuclei. The SVZ shows a sparser organization than the VZ. In A17, the SVZ has an overlying outer fibre layer (OFL) of equivalent thickness. This fibre layer is divided into flattened bundles by strands of radially oriented cells and marks the basal limit of the cycling cell pool.

By E63, while the VZ starts to decline, there is a marked increase in the thickness and cell packing density of the SVZ. There is also from this stage onward a sub compartmentalization of the SVZ with an inner SVZ (ISVZ), which forms a denser band of Tbr2+ cells and an outer SVZ (OSVZ) characterized by compact and elongated cells which have acquired a radial orientation. The OSVZ is the predominant GZ from this stage onward.

At E70, all layers except the OSVZ decrease in thickness in the visual cortex. The OSVZ cells show a denser arrangement than at previous stages.

By E79, the VZ as well as the ISVZ have further diminished in thickness. At this stage, an IFL appears within the GZ of the visual cortex. This layer of fibers shows an oblique orientation in contrast to the radial organization of the OSVZ and expands throughout corticogenesis. It separates the randomly organized ISVZ and the OSVZ, which remains radially organized and shows a decline in size.

This organization persists at E86. At E94, the germinal compartments continue to decline. At this stage, the VZ in A17 remains reduced, while the ISVZ is deeper but more diffuse than at E86, and its nuclei appear to blend into the dispersed nuclei lying among the fibres of an expanded IFL. The OSVZ is thinner and its nuclei less crowded.

Quantification of the number of Ki67+ cells within the GZ in A17 shows that in addition to being the largest GZ, the OSVZ is the major source of progenitors as early as E63

(Figure 3A). We then considered the proportions of Ki67+ cells in each compartment of the GZ and observed a sharp drop in the proportion of cycling progenitors in the VZ, ISVZ and OSVZ from E70 to E94 in A17 (Figure 3B). Each zone shows about 80% of Ki67+ cells at E70 and between 20% to 40% at E94. 

Quantification of

Frontal cortex

Similarly to the visual cortex, we can discriminate between the ventricular zone (VZ)

and the above subventricular zone (SVZ) as early as E49 in the frontal cortex (Figure 2B). We also observed a denser arrangement of cells in the VZ compared to the above SVZ. However, one major change in the frontal cortical organization compared to the visual cortex is that there is an IZ directly above the GZ instead of an OFL in this area.

At E63, we observed a decline in the size of the VZ and an increase in the thickness of the SVZ which is divided into an ISVZ and an OSVZ. The OSVZ is the predominant GZ from this stage onward.

At E73, the VZ is of similar size while both the ISVZ and OSVZ increase in size in the frontal cortex. Contrary to the visual cortex, the OSVZ cells show a sparser arrangement than at previous stages. The IFL which is first observed at E79 in the visual cortex can be seen in the frontal cortex as early as E73.

By E78, the VZ as well as the ISVZ have diminished in thickness, while the IFL shows a significant expansion. The OSVZ, which is radially organized and of similar size than at E73, shows a decrease in the density of progenitor cells. We observed the same situation at E86, although there is a sharp increase in the size of all zones except for the VZ. In terms of size, the IFL is now the largest cortical compartment in the frontal cortex. At E94, the germinal compartments show a similar organization than at E86, although there is a decrease in the size of the ISVZ.

Overall, the main difference between the visual and the frontal cortex during corticogenesis is the prominence of the IFL. However, caution must be considered as this might be related to the plane of section.

Quantification of the number of Ki67+ cells in the frontal cortex GZ, showed that the OSVZ is the major source of progenitors as in the visual cortex. However, in contrast to the visual cortex, the ISVZ is a growing source of progenitors throughout corticogenesis in the frontal cortex (Figure 3A). Despite being a less predominant GZ in terms of size, the ISVZ is much denser than the OSVZ in the frontal cortex.

Proportions of Ki67+ cells in each compartment of the frontal cortex show that there is a similar drop in the proportion of cycling progenitors in all compartments from E49 in the VZ and ISVZ and from E73 in the OSVZ (Figure 3B).

In the frontal VZ, only 50-60% of progenitors express uniquely Pax6 in earlier stages compared to 80% in the visual cortex (Figure 3C). These progenitors represent 20% at E73 and about 50% at later stages. 40% of VZ progenitors coexpress Pax6 and Tbr2

as early as E49. There is a subsequent increase in the percentage of these cells which represent about 70% of cycling cells at E78. We observed a subsequent decrease in their number, although they still represent about 50% of progenitor cells in the frontal VZ, similarly to what is observed in the visual cortex at this stage. Cells expressing only Tbr2 or Ki67 are rare, as was observed in the visual cortex.

In both the ISVZ and OSVZ, cells expressing only Pax6, Tbr2 or Ki67 represent less than 20% of progenitor cells. In contrast, the proportion of cells coexpressing Pax6 and Tbr2 in these zones stays high from E49 to E94. Although there is a drop to 55% at E73, they represent as much as 90% of cycling cells in early and late stages in the ISVZ. In the OSVZ, they represent between 65% and 85% throughout corticogenesis. with only a basal process (bRG-basal-P), bRG cells bearing an apical process (bRG-apical-P), bRG bearing both an apical and a basal process (bRG-both-P) and transient bRG, progenitors alternating between stages exhibiting either an apical and/or a basal process between two successive mitoses (tbRG) [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF][START_REF] Pfeiffer | Unsupervised lineage-based characterization of primate precursors reveals high proliferative and morphological diversity in the OSVZ: Unsupervised Characterization of Primate Precursors[END_REF].

Here, we used tissue from E65 to E80 monkey embryos for culture of parasagittal organotypic sections. After infection of the sections with a GFP retrovirus, two-photon time-lapse video microscopy was used to follow GFP-labelled cells for up to two weeks. Immunostainings were also performed to study the morphology and the expression of different markers at these stages.

Using the same identification criteria as Betizeau et al., TLV observations show that these five progenitor morphotypes are also found in the frontal cortex (Figure 4A-4D).

Proportions of the different morphotypes in the frontal cortex show that more than 80% of cells are polarized cells with a radial orientation, classified as bRG cells, while 10 to 15% are non polarized IP progenitors. We also observed a small number of multipolar cells exhibiting more than two processes (Figure 4E-4F). The analysis of TLV recordings show that we also find progenitor cells with a transient process, which can not be identified on immunostained sections. The cell illustrated in Figure 5, is a bRG-both-P for half of the time it was observed but is also seen having only one process the rest of the time, first an apical process (bRG-apical-P) and later a basal process (bRG-basal-P).

Figure 4 : Morphological diversity of progenitors in the frontal cortex of the macaque monkey. (A-D) Different GFP+ OSVZ morphotypes observed on immunostained parasagittal organotypic slices after retroviral infection at E65, E71 or E80. The organotypic slices were kept for 5 days in vitro after GFP retroviral infection. Scale bar 5μm. (A) bRG with only a basal process (bRG-basal-P). (B) bRG cells bearing an apical process (bRG-apical-P). (C) bRG bearing both an apical and a basal process (bRG-both-P). (D) Non polarized IP progenitors with no process. (E) Multipolar cell with several processes (white arrowheads). (F) Proportions

of each morphotype found at E65, E71 and E80 in the frontal cortex. These results were obtained with the help of Rafal Krawczyk, a PhD student in the team. Focusing on the OSVZ in both the visual and the frontal cortex, we then studied static morphologies on fixed tissue at the same stage of corticogenesis, E80. We observed that while there are similar proportions of bRG-basal-P in both areas, there are higher proportions of bRG-apical-P cells and lower proportions of bRG-both-P in the frontal cortex. A17 OSVZ includes 40% of bRG-basal-P, 10% of bRG-apical-P and 50% of bRG-both-P while in the frontal cortex we find circa 35% of bRG-basal-P, 30% of bRG-apical-P and 35% of bRG-both-P (Figure 6A).

We analyzed the different bRG morphotypes in the frontal cortex at different stages of corticogenesis (E65, E71 and E80). We find a decrease in the proportions of bRG-basal-P from 50% to about 35% while there is a sharp increase in the proportion of bRG-apical-P cells which represent about 5% of OSVZ bRG cells at E65 and 30% at E80 (Figure 6B). The proportion of bRG-both-P cells increases between E65 and E71 (45% to 55%) but decreases at E80 (35%). Of note, the proportion of the different Downward MST are of similar amplitude in both areas while upward MST are of higher amplitude in the frontal cortex (Figure 7B).

Figure 7 : Cell biology properties of frontal cortex OSVZ progenitors. (A) Example of a bRG undergoing a downward MST of 35 mm amplitude toward the ventricle (cyan line). Scale bar 10 mm. The time of the acquisition is indicated in hours (B) Amplitude of downward or upward MST in A17 and the frontal cortex (mean ± SEM). (C) Proportions of bRG cells undergoing upward or downward MST in the OSVZ. (D) Proportions of the different bRG morphotypes undergoing upward or downward MST in the OSVZ in A17 and the frontal cortex at E77. (E) Proportions of the different morphotypes of upper (D1) and lower daughter cells (D2) at the time of mitosis in the OSVZ in A17 and the frontal cortex at E77. See the Materials and methods section for detailed numbers of cells and specimens.

In both the visual and the frontal cortex, MST was observed to be basally (upward) as well as apically (downward) directed and the proportion of bRG cells undergoing MST varies throughout corticogenesis (Figure 7C). In the visual cortex, the proportion of bRG cells undergoing MST increases from 28% at E64 to 39% at E70. These cells represent 21% of all bRG cells at E77. In contrast, in the frontal cortex, there is a decrease in the proportion of bRG cells undergoing MST between E64 and E70, from 31% to 15% of MST. At E77, 17% of cells undergo MST. In both regions, we find that MST is mainly downward in bRG-apical-P cells and upward in bRG-basal-P cells, confirming that the down/up direction of MST is dictated by the apical/basal orientation of the process [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

MST in bRG-both-P cells, though, differs from one region to the other (Figure 7D). In the visual cortex, about 75% of bRG-both-P cells undergo downward MST compared to only 20% in the frontal cortex, where bRG-both-P cells undergo mostly upward MST.

Morphology at mitosis has been shown to be a good indicator of the morphology after birth and throughout the lifetime (ie between two mitoses) of a progenitor so that morphology at mitosis can be used to assess the inheritance of the basal or apical process. Here, analysis of the paired daughter cells of the different bRG morphotypes

shows that, as was first described in the visual cortex, the basal process is predominantly inherited by the upper daughter cells while the apical process is inherited by the lower daughter cells, although there are higher proportions of inherited basal processes in the frontal lower daughters (Figure 7E). These results in both the visual and the frontal cortex confirm an inheritance process based on the apical/basal position of the daughter cells.

III. Proliferative behaviour of frontal cortex progenitors A. Cell cycle duration and temporal regulation across the cortex

In the visual cortex, there is a stage specific regulation of Tc which varies between early and late stages of corticogenesis. There is first a progressive lengthening of Tc during infragranular neuron production around E65 followed by a shortening of Tc corresponding to the high proliferation rates in the then expanded OSVZ at the time of the production of the supragranular neurons around E78 [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Using two-photon TLV, we recorded divisions of GFP-expressing cells labeled via GFP retroviral infection on parasagittal organotypic slices at different stages of corticogenesis and obtained individual values for Tc of progenitors in both the visual and the frontal cortex. Tc corresponds to the number of hours between two consecutive mitoses.

As previously described, we observed that at E64 in A17, there is first an increase of Tc from 45 to 65 hr (Figure 8A). Subsequently, we observed a progressive decrease of Tc, from E64 to E77, with a mean Tc of 47 hr. Analysis of Tc in the frontal cortex show that at E64, the mean value of Tc is 50 hr before decreasing to 35 hr at E70 and increasing to 45 hr at E77. This shows that there is a temporal regulation of cell cycle dynamics in the frontal cortex as well, albeit seemingly different than what is observed in the visual cortex at the same stages.

To quantify the proliferative activity associated with these changes in Tc values during corticogenesis, we computed the proportion of proliferative and differentiative divisions in both regions (Figure 8B). Based on daughter cell fate, proliferative divisions are defined as divisions giving rise to two daughter cells undergoing further division.

Differentiative divisions occur when a progenitor gives rise to at least one daughter cell that exits the cell cycle. In A17, the shortening of Tc between E64 and E77 is associated with higher rates of proliferative divisions, which represent 34% of divisions at E64 and about 60% at E77. By contrast, in the frontal cortex, the shortening of Tc at E71 is associated with a majority of differentiative divisions. Additionally, at all stages studied here in the frontal cortex, the majority of the divisions are differentiative: 70% at E64, 97% at E71 and 69% at E77.

The timetable of corticogenesis has been studied in vivo [START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF][START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. In vivo BrdU labeling in primates has shown that there is a shift of several days in the timing of neuron production between A17 and the frontal cortex. The layer 4 neuron generation happening at E80 in the visual cortex occurs around E70 in the frontal cortex [START_REF] Rakic | Neurogenesis in adult primate neocortex: an evaluation of the evidence[END_REF].

The present results seem to confirm this timetable difference between the frontal and the visual cortex as there is a shift between the shortening of Tc observed in A17

(between E64 and E77) and in the frontal cortex (between E64 and E71). 

B. Cell cycle regulation

To further study the temporal regulation of Tc in the frontal cortex, we then analyzed the relative duration of the different cell cycle phases with both static and live imaging approaches.

The cell cycle is divided into different phases, the DNA synthesis phase (S phase), the mitosis (M phase) and two gap phases, G1 and G2 (Figure 9A), and different markers have been shown to have a specific pattern of expression during the cell cycle. Ki67

labeling, which we have previously used to identify cycling cells [START_REF] Gerdes | Production of a mouse monoclonal antibody reactive with a human nuclear antigen associated with cell proliferation[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF][START_REF] Fousse | Developmental changes in interkinetic nuclear migration dynamics with respect to cell-cycle progression in the mouse cerebral cortex ventricular zone[END_REF], is punctuated during G1 and more diffuse during S and G2 phases. PCNA labeling, while also observed all throughout the cell cycle, is punctuated only during the S phase and homogeneous during the other phases (Leung et al., 2011;[START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF][START_REF] Fousse | Developmental changes in interkinetic nuclear migration dynamics with respect to cell-cycle progression in the mouse cerebral cortex ventricular zone[END_REF]. Geminin labeling is observed during S phase, mitosis and G2 but cells in G1 show no Geminin labeling [START_REF] Mcgarry | Geminin, an Inhibitor of DNA Replication, Is Degraded during Mitosis[END_REF].

Here, we used immunolabeling against Ki67, PCNA and Geminin to identify the different cell population of the OSVZ and determine the distribution of OSVZ progenitors in the different cell cycle phases (Figure 9B). We find that in the OSVZ, the proportion of G1 phase cells decreases from E49 to E73 and increases from E73 to E86 (Figure 9C). G1 cells accounted for 72% of the total cycling progenitor pool at E49, 63% at E63 and 75% at E86. These results suggest that there is a temporal regulation of the G1 phase duration in the frontal cortex during corticogenesis, reminiscent of what has been observed in the visual cortex.

Using Tc values obtained with TLV at E63, E73 and E78, we then estimated the theoretical duration of cell cycle phases in the frontal cortex at these stages. The results we obtained show that Tc decrease between E63 and E73 is largely due to a reduction in the length of G1 in the OSVZ (Figure 9D). The G1 phase duration is 33 hr at E63 and 22 hr at E73. It is also due, to a lesser extent, in a shortening of G2 length.

Additionally, at E78, the increase in Tc is associated with a lengthening of G1.

These results confirm that the cell cycle kinetics variations are largely due to G1 phase regulation and S phase regulation to a lesser extent, as observed in the visual cortex [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. 

DISCUSSION

Corticogenesis timetable

The present findings need to be put into the context of the developmental timetable of corticogenesis, which has been studied in vivo [START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF][START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. In vivo BrdU labeling in primates has shown that there is a shift of several days in the timing of neuron production between A17 and the frontal cortex. The layer 4 neuron generation happening at E80 in the visual cortex occurs around E70 in the frontal cortex [START_REF] Rakic | Neurogenesis in adult primate neocortex: an evaluation of the evidence[END_REF]; Figure 10).

Most of our results were obtained between E64 and E80, which in the visual cortex covers both the infragranular and supragranular neuron production [START_REF] Rakic | Neurons in Rhesus Monkey Visual Cortex: Systematic Relation between Time of Origin and Eventual Disposition[END_REF]. This is not the case in the frontal cortex, where infragranular neuron production happens earlier. Taking into account this heterochrony between visual and frontal cortex neurogenesis allows to predict variations in Tc. Extending our window of investigation to cover later stages in the visual cortex and earlier stages in the frontal cortex would allow to precisely determine the temporal variations of cell cycle regulation and lead to a more comprehensive understanding of the area-specific characteristics of non-human primate corticogenesis.

Specificities of the radial organization of the frontal primate embryonic cortex

In the first part of this study, we observed the radial organization of the frontal cortex and found that the global radial organization of the cortical wall throughout corticogenesis is conserved in the visual, dorsal, and frontal cortex (Figure 1,2).

Nevertheless, we also observed some areal differences, notably in both thickness and density of cells in the GZ and the postmitotic compartments throughout the hemisphere with a progressive rostrocaudal decrease in the total depth of the GZ (Figure 1A). In the GZ, one significant difference between the caudal and rostral poles of the hemisphere was the absence of an OFL and the prominence of the IFL in the frontal cortex (Figure 2, 10, 11B).

The latter might be related to the plane of section. We used parasagittal sections for this analysis. We checked the anatomical organization in coronal sections and observed that the general proportion of the GZ compared to the total thickness of the cortical wall is quite similar at equivalent stages. We do not identify an IFL in coronal sections. When examining stacked sections throughout the extent of the hemisphere in both parasagittal and coronal sections, we find a conserved cytoarchitecture.

Vimentin immunostainings in the frontal cortex at different stages of corticogenesis show that at E63, we can capture radial fibers on coronal sections (Figure 12). By contrast, at this stage the parasagittal plane of section is not parallel to the radial scaffold and radial glial cells are severed. At E78, we observe the opposite as radial fibers appear intact on parasagittal sections and not on coronal sections (Figure 12). It appears that at early stages coronal plane of section, which cuts parallel to the radial glia scaffold, better preserves the embryonic cortical architecture. At later stages, a parasagittal plane of section seems better suited. This could be explained by differential expansion and configuration of the cerebral wall in more rostral areas.

In the literature, while the presence or absence of an IFL is rarely discussed, it has been described many times in the human and non human primate and in some studies in the ferret [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF][START_REF] Zecevic | Contributions of cortical subventricular zone to the development of the human cerebral cortex[END_REF][START_REF] Bayatti | A Molecular Neuroanatomical Study of the Developing Human Neocortex from 8 to 17 Postconceptional Weeks Revealing the Early Differentiation of the Subplate and Subventricular Zone[END_REF]Kostović et al., 2019). Most of these studies use coronal sections of tissue and while the occipital cortical wall always exhibits an IFL at later stages, it is not always observed in more rostral areas [START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF]. Interestingly, in a recent study in the macaque monkey from Rash et al., an IFL can be identified in the dorsal parietal cerebral wall as early as E70 and up to E125 [START_REF] Rash | Gliogenesis in the outer subventricular zone promotes enlargement and gyrification of the primate cerebrum[END_REF].

Analysis of the proportion of the vertical size of the GZ compared to the entire thickness of the cortical wall shows that from E49 to E78, they represent between 40% and 55% of the cortical wall (Figure 11A). At later stages, they represent a more prominent part of the cortical wall, mostly due to the extent of the IFL which represents about 50% of the GZ at later stages (Figure 11C). In light of these results, one could wonder if the OSVZ is the predominant germinal zone in rostral regions, as it is in more caudal areas. Concurrently with the increase in IFL size, we find that the OSVZ represents a decreasing proportion of the GZ throughout corticogenesis (Figure 11D). However, quantification of the number of Ki67+ cells in the frontal cortex GZ, showed that the OSVZ is the major source of progenitors, as in the visual cortex [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF], Figure 13). Interestingly, in contrast to the visual cortex, the ISVZ is a sustained source of progenitors throughout corticogenesis in the frontal cortex, despite exhibiting a relatively constant size during corticogenesis (Figure 2, 11B, 13).

Additionally, further characterization of marker expression confirms that the distribution of Pax6+ and Tbr2+ cells in primates is different from that in rodents. Indeed, Pax6+ cells have been shown to be restricted to the VZ in rodents but located in both the VZ and the SVZ in human and non human primates [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF][START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Similarly, Tbr2+ cells are largely restricted to the SVZ of rodents while they are also found in the OSVZ in human and non human primates [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Martínez-Cerdeño | Comparative Analysis of the Subventricular Zone in Rat, Ferret and Macaque: Evidence for an Outer Subventricular Zone in Rodents[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Our results confirm these findings and show that frontal progenitors exhibit a different pattern of Pax6 and Tbr2 expression than that described in the visual cortex. The developmental timetable of corticogenesis could account in part for these differences, with the exception of the frontal cortex OSVZ where we find a high proportion of cycling cells or Pax6+/Tbr2+ all throughout corticogenesis (Figure 3C). 

High diversity of morphotypes in the frontal cortex

To better understand areal specificities between the visual and frontal cortex, we then focused on the study of frontal progenitors, through static and dynamic approaches.

We used retroviral infection for unbiased labeling of cortical progenitors and long-term live imaging of organotypic slices allowed for the study of progenitor behavior in a preserved environment.

In rodents, AP cells consist of RG cells which are restricted to the VZ while BP cells include IP cells as well as rare bRG cells [START_REF] Götz | The cell biology of neurogenesis[END_REF][START_REF] Shitamukai | Oblique Radial Glial Divisions in the Developing Mouse Neocortex Induce Self-Renewing Progenitors outside the Germinal Zone That Resemble Primate Outer Subventricular Zone Progenitors[END_REF][START_REF] Wang | A new subtype of progenitor cell in the mouse embryonic neocortex[END_REF]. In primates, studies have shown that the BP cell pool is more diverse and includes a large fraction of bRG cells [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Garcia-Moreno | Compartmentalization of Cerebral Cortical Germinal Zones in a Lissencephalic Primate and Gyrencephalic Rodent[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF].

In their study, Betizeau et al. identified five morphotypes including progenitors with radial glial morphology with basal and apical processes. They showed that each of them could undergo symmetric proliferative divisions and had both self-renewal capabilities and the capacity to directly produce neurons.

Our results show that OSVZ progenitors in the frontal cortex exhibit similar morphological and behavioral characteristics as OSVZ progenitors in the visual cortex.

In the frontal cortex, we found the same morphotypes as the ones previously described in the visual cortex, with a radial orientation and basal and/or apical processes (Figure 4). Additionally, these results confirm that IP cells bearing no process represent a small fraction of OSVZ progenitors, contrary to the previously prevailing view of mode of OSVZ amplification [START_REF] Kriegstein | Patterns of neural stem and progenitor cell division may underlie evolutionary cortical expansion[END_REF][START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Fietz | Cortical progenitor expansion, self-renewal and neurogenesis-a polarized perspective[END_REF].

Our TLV observations in the frontal cortex also confirm that a fraction of OSVZ progenitors, the tbRG cells, exhibits a structural re-patterning of their cytoskeleton during their lifetime (Figure 5). These cells alternate between stages, going from being a bRG-basal-P to a bRG-both-P to a bRG-apical-P. These results, show that the bRG cells of the frontal cortex OSVZ are as diverse as they are in the visual cortex and have dynamic basal and apical dynamic processes as well. These dynamic processes could account for dynamic cell interactions with apical processes allowing for interactions with the ventricular surface as well as the IFL, while the basal processes may enable signaling between pre and post-mitotic cells.

Of note, the proportions of the different morphotypes we observed at E71 corresponds to what has previously been observed in the visual cortex at E80, concurring with the temporal shift in corticogenesis previously described and suggesting a stage-specificity in the generation of different morphotypes (Figure 6B, Figure 10).

Cell biology properties of frontal progenitors

Many studies have been focused on better understanding the mechanisms leading to the evolutionary expansion of the primate cortex through characterization of cortical progenitors [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Incidentally, recent work from the Huttner group suggests a link between the neocortical expansion and the increase in BP proliferation capacity by means of an increased number of progenitor process [START_REF] Kalebic | Neocortical Expansion Due to Increased Proliferation of Basal Progenitors Is Linked to Changes in Their Morphology[END_REF].

Here, we describe the proliferative abilities of frontal OSVZ progenitors and their changes throughout corticogenesis. Analysis of lineage relationships in the visual cortex show differences in the topology of lineage state transitions during the generation of infragranular and supragranular layer neurons. Our results in the frontal cortex seem to confirm this, although due to our window of investigation and taking into account the temporal shift in corticogenesis between rostral and caudal areas, we could only focus on supragranular neuron production. While each progenitor morphotype is able to generate neurons in the visual cortex at E65 and E78, we do not have data on infragranular neuron production in the frontal cortex. Nonetheless, at all stages studied (E64, E70 and E77), our sparse preliminary data show that each bRG type produces postmitotic cells in the frontal cortex in a seemingly stage-specific manner (Figure 14). Furthermore, MSTs are believed to have a role in progenitor zone expansion and it has been hypothesized that they could be affected in some genetic pathologies leading to brain malformations [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF]. In agreement with previous studies, we observed bRG-basal-P cells, bRG-apical-P and bRG-both-P cells undergoing basally and apically directed MSTs, although some studies first suggested that MSTs were only upward [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Lamonica | OSVZ progenitors in the human cortex: an updated perspective on neurodevelopmental disease[END_REF][START_REF] Nelson | Dynamic Interactions between Intermediate Neurogenic Progenitors and Radial Glia in Embryonic Mouse Neocortex: Potential Role in Dll1-Notch Signaling[END_REF]. The majority of upward MSTs were observed in bRG-basal-P cells while the majority of downward MSTs were observed in bRG-apical-P (Figure 7D). Interestingly, our results suggest that in both the visual and the frontal cortex, the proportion of cells undergoing MST is stage-specific (Figure 7C).

Daughter cell fate analysis in the frontal cortex suggests that the inheritance of either the apical or basal process does not impact self renewal properties of bRG daughter cells. This contrasts with what has been reported in mouse cortical progenitors where the daughter cell is required to inherit the basal process in order to retain proliferative abilities [START_REF] Shitamukai | Oblique Radial Glial Divisions in the Developing Mouse Neocortex Induce Self-Renewing Progenitors outside the Germinal Zone That Resemble Primate Outer Subventricular Zone Progenitors[END_REF]. Additionally, analysis of progenitor divisions showed that bRG-apical-P correspond mostly to lower daughters and bRG-basal-P to upper daughters (Figure 7E). These results in both the visual and the frontal cortex confirm an inheritance process based on the apical/basal position of the daughter cell and supports the idea that the inheritance of the apical process plays a significant role in conferring self-renewal properties to macaque bRG daughter cells [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF].

Specific temporal regulation of the cell cycle in the frontal cortex

Cell cycle parameters affect cortical lamination and arealization through regulation of the balance between proliferation and differentiation of cortical progenitors. High proliferative rates seem to be required to maintain and amplify the OSVZ progenitor pool during supragranular neuron production in the macaque visual cortex [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF]. There is a stage-specific regulation of the Tc which varies between early and late stages of corticogenesis in the visual cortex. There is first a progressive lengthening of Tc during infragranular neuron production around E65 followed by a shortening of the Tc corresponding to the high proliferation rates in the then expanded OSVZ at the time of the production of the supragranular neurons around E78 [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF].

Here, we have extracted Tc from TLV recordings and our results seem to confirm this timetable difference between the frontal and the visual cortex as there is a shift between the shortening of Tc observed in A17 and in the frontal cortex (Figure 8, 10).

Consequently, one might expect to see a lengthening of Tc in the later stages of corticogenesis in the visual cortex, similar to what we observed in the frontal cortex after E70 (Figure 10).

However, despite this temporal shift in cell cycle regulation, progenitor proliferative behavior differs in the frontal cortex compared to the visual cortex. OSVZ progenitors in the frontal cortex undergo successive rounds of division but we found that, while in the visual cortex the shortening of Tc coincides with high rates of proliferation during supragranular production, shortening of Tc in the frontal cortex coincides with an increase in the proportion of differentiative divisions (Figure 15A). Although, in the context of the temporal shift in neuron production and our window of investigation, one could hypothesize that at a later stage, there would be a similar increase in differentiative divisions in the visual cortex. Of note, our initial analysis shows that at E70 in the frontal cortex, almost all recorded divisions are differentiative (97%), which would suggest an early end to corticogenesis and would not be consistent with a subsequent increase in the proportion of proliferative divisions (Figure 15A). However, this analysis which was based on the definitions used by Betizeau et al. for comparison, excluded cells giving rise to only one daughter cell undergoing further divisions [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Using a different nomenclature where divisions are defined as proliferative when at least one daughter cell undergoes further division shows that at E70 in the frontal cortex, about 40% of divisions still give rise to at least one cycling progenitor (Figure 15B). Nevertheless, additional experiments would be required to specify the type of progenitors we observe during late corticogenesis in the frontal cortex. Indeed, the increase in proliferative divisions that we observe could reflect the beginning of gliogenesis. Incidentally, a recent study carried out in the dorsal parietal cerebral wall of the macaque and focusing on enlargement and gyrification of the primate cerebrum shows that gliogenesis prevails after E92 that enduring presence of progenitor markers beyond this stage is due to gliogenesis rather than neurogenesis [START_REF] Rash | Gliogenesis in the outer subventricular zone promotes enlargement and gyrification of the primate cerebrum[END_REF].

Regardless of the disparity in proliferative behaviour between visual and frontal cortex, analysis of the relative duration of the different cell cycle phases with both static and live imaging approaches suggests that there is a temporal regulation of the G1 phase duration and to a lesser extent G2 phase in the frontal cortex during corticogenesis (Figure 9). These results confirm that the cell cycle kinetics variations are largely due to G1 phase regulation as observed in the visual cortex [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. We did not, however, observe changes in S phase duration in the frontal cortex, in contrast to what is observed in the visual cortex. Studies in the mouse and the ferret reported the S phase as having a more prominent role in cell cycle regulation [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF], Turrero Garcia et al., 2016). In the case of the ferret, S phase duration variations were reported as the main source of Tc variations, arguing for a decrease in the quality control of DNA replication of cells committed to neurogenic divisions (Turrero Garcia et al., 2016).

suggests that the signalling molecules in the SP such as WNTs act as specific extrinsic cues for specifying projection neurons pausing in the SP.

One important feature of the developing visual cortex is the presence of the OFL. This zone located directly above the OSVZ corresponds to embryonic TCA, which have been shown to promote proliferative divisions in the embryonic murine brain through the release of a mitogenic factor [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF]. In the macaque, previous studies have shown that embryonic TCA contribute to the specification of cytoarchitectonic cortical fields (Dehay et al., 1996). As described in this chapter, there is no OFL in the frontal cortex and although there is a thalamo-cortical projection in the adult frontal cortex, it is less dense and more diffuse [START_REF] Kievit | Organization of the thalamo-cortical connexions to the frontal lobe in the rhesus monkey[END_REF][START_REF] Russchen | The afferent input to the magnocellular division of the mediodorsal thalamic nucleus in the monkey,Macaca fascicularis[END_REF][START_REF] Collins | Reciprocal Circuits Linking the Prefrontal Cortex with Dorsal and Ventral Thalamic Nuclei[END_REF]. Further investigation would be required to identify the factors, whether intrinsic or extrinsic, involved in the temporal regulation of the cell cycle in the frontal cortex as well as other parameters involved in cortical arealization.

Nevertheless, our present results confirm the diversity and complexity of cortical progenitors and provide further understanding of area-specific features of non human primate corticogenesis.

CHAPTER 2 : Role of thalamocortical axons in areal specification of the primate visual cortex INTRODUCTION

The evolutionary expansion of the primate cerebral cortex has led to a tangential expansion, resulting in a complexification and increase in the number of cortical areas [START_REF] Kaas | The evolution of brains from early mammals to humans: Evolution of brains from early mammals to humans[END_REF]. The mechanisms underlying areal identity specification in the primate have been the focus of many studies but remain poorly understood. Thalamocortical afferents have long been studied in the context of cortical arealization. In the rodent, these studies have described an interplay between intrinsic genetic programs and extrinsic thalamocortical input. For instance, experimental removal of vibrissae follicles leads to the absence of the corresponding barrels while supernumerary vibrissae leads to the development of additional vibrissae (Van der Loos and Dörfl, 1973;Van der Loos and Woolsey, 1978). The idea that the sensory periphery exerts a strong control over cortical development has further been demonstrated in the mouse where TCA input sharpen boundaries between cortical layers and areas [START_REF] Chou | Geniculocortical input drives genetic distinctions between primary and higher-order visual areas[END_REF][START_REF] Pouchelon | Modality-specific thalamocortical inputs instruct the identity of postsynaptic L4 neurons[END_REF]. Additionally, recent studies have suggested that the influence of the thalamus on cortical development occurs even prior to sensory processing through thalamic spontaneous calcium waves [START_REF] Moreno-Juan | Prenatal thalamic waves regulate cortical area size prior to sensory processing[END_REF][START_REF] Antón-Bolaños | Prenatal activity from thalamic neurons governs the emergence of functional cortical maps in mice[END_REF].

In primates, the main model of study has been the visual cortex where embryonic thalamic input seems to be essential for areal specification [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF]Dehay et al., 1996a;Dehay et al., 1996b). Early anophtalmy in the fetal monkey, which consists in the depletion of the embryonic TCA from the LGN projecting to the A17, results in a drastic modification of areal specification. Indeed, the ablation of the thalamic fibers in the fetus leads to a reduction of A17 surface and a shift in the A17/A18 boundary. However, the reduced A17 still exhibits a normal cytoarchitecture with the enlarged supragranular layers specific to primate cortical development [START_REF] Dehay | Cell-cycle control and cortical development[END_REF]. The comparison of the size of A17 cortex in enucleated and normal brains shows that this is not due to an overall reduction of the visual cortex but rather a reduction of A17 specifically, which could suggest an influence on the production of neurons in this region (Dehay et al., 1996;[START_REF] Magrou | How Areal Specification Shapes the Local and Interareal Circuits in a Macaque Model of Congenital Blindness[END_REF].

The OSVZ, which reaches its maximum development in the primary visual cortex, is believed to be part of the cortical expansion and thus the complexification of the cortex, through its unique and highly proliferative properties [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. As such, events in the proliferative zones have great consequences on the number of neurons, a feature which helps define cortical areas [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF][START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]. More specifically, the study of the emergence of cytoarchitectonic differences between A17 and the bordering A18 in the visual cortex shows that differential rates of proliferation are involved in the establishment of the areal boundary between these two areas in the macaque [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF].

As previously described, cell cycle parameters affect cortical lamination and arealization through regulation of the balance between proliferation and differentiation of cortical progenitors. There is a stage-specific regulation of Tc which varies between early and late stages of corticogenesis in the visual cortex. There is first a progressive lengthening of Tc during infragranular neuron production around E65 followed by a shortening of Tc corresponding to the high proliferation rates in the then expanded OSVZ, at the time of the production of the supragranular neurons around E78 [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF].

The influence of cell cycle parameters on rates of neuron production means that the extrinsic factors modulating the cell cycle are also likely to determine cortical cytoarchitecture. A study from Dehay et al., showed that TCA promote proliferative divisions of murine cortical progenitors through the release of a mitogenic factor [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF]. However, considering the highly convergent organization of the geniculocortical connections to A17 in the primate, compared with the more diffuse projections observed in the rodent, primate visual cortex seems to be the best model to study the influence of TCA on corticogenesis and the specification of cytoarchitectonic cortical fields [START_REF] Polyak | The vertebrate visual system : its origin, structure, and function and its manifestations in disease with an analysis of its role in the life of animals and in the origin of man[END_REF][START_REF] Garey | The projection of the lateral geniculate nucleus upon the cortex in the cat[END_REF].

To further our understanding of areal specification in the primate cortex, we wanted to explore the possibility that TCA's influence on areal identity occurs through the regulation of progenitor proliferation and focused our study on the influence of TCA on cortical progenitor proliferation in the visual cortex of the macaque fetus. Consequently, through in vitro and in vivo experiments, we first aimed to determine the relationship between the thalamocortical pathway and the GZ in the visual cortex, before assessing the influence of TCA on cell cycle kinetics.

In the first part of our study, we describe anatomical data showing that the spatiotemporal features of embryonic TCA development provide the necessary circumstances for TCA to interact with and therefore have an influence on progenitors during corticogenesis. In agreement with previous observations showing that embryonic murine TCA release a mitogenic factor that promotes proliferative divisions, we then provide evidence of a mitogenic effect by TCA which affects the balance between proliferative and differentiative divisions in the embryonic macaque visual cortex [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF]. Furthermore, our findings show a temporal regulation of this mitogenic effect as well as an areal specificity, as it was only observed in A17 at later stages of corticogenesis, when the supragranular neuron production occurs.

Together, our results suggest that embryonic TCA trigger the upsurge in proliferation and shortening in cell cycle duration characteristic of the OSVZ supragranular layer progenitor pool in the primate.

RESULTS

I. TCA innervation of the cortex

A. Arrival of embryonic TCA in the developing cortex

As described in the first chapter of this work, temporal regulation of proliferation in the GZ is an essential feature of corticogenesis and arealization [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF]. Based on previous studies in the mouse and the known influence of embryonic TCA over areal identity in the monkey, the first objective of our study was to better characterize the spatio-temporal relationship of the thalamocortical pathway to the GZ [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF][START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF].

We wanted to assess if embryonic TCA development tempo provides the necessary circumstances for TCA to interact with cortical progenitors. To study the timing of the arrival of embryonic TCA in the cortex, DiI labeling was used at different stages of corticogenesis, from E40 to E83 (Figure 1). This window of investigation covers the onset of corticogenesis, as well as both infragranular and supragranular neuron production. Placing DiI in the LGN of fixed monkey brains to retrogradely label thalamic fibers showed that TCA can be observed even prior to the initial stages of neurogenesis (Figure 1A). Indeed, at a stage as early as E40, coronal sections show TCA in the vicinity of the cortex. At this stage, TCA can be observed going through the internal capsule (IC) and entering the dorsolateral cortex.

At E55 and E59, during infragranular neuron production, TCA labeling in the IC is denser and axons can be seen further entering the dorsolateral after exiting the IC (Figure 1B,C).

During supragranular neuron production in the occipital cortex, between E71 and E83, staining experiments were performed on coronal (E71) and horizontal (E83) sections.

The latter show thalamocortical projections extending to A17 as TCA formed a dense fibre projection in the cortical wall (Figure 1E).

Of note, and contrary to the rodent, thalamic fibers do not seem to accumulate in the SP but rather in the OFL, the fiber layer which can be observed directly above the OSVZ and is characteristic of the cortical wall during corticogenesis in the occipital lobe [START_REF] Auladell | The early development of thalamocortical and corticothalamic projections in the mouse[END_REF][START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. 

B. TCA grow through the primate visual cortex GZ

In a second step, we set out to map out precisely the time trajectory of embryonic TCA and determine if they are in a position to interact with the GZ in the visual cortex, as previous DiI experiments seemed to indicate that TCA are located in the OFL (Figure 1). In order to determine if the fiber pathway in the OFL could have a thalamic origin, we aimed to label lateral geniculate fibers using fetal intra-ocular injections of tritiated proline. These injections were performed at E82 and E110 and to allow for synaptic transport, a four day survival period was then observed. Autoradiographic sections were additionally stained for bisbenzimide to reveal cytoarchitecture and adjacent sections were labelled for AChE for comparison. Previous AChE staining experiments have shown positive labelling of the OFL all throughout corticogenesis and studies have found AChE to be transiently expressed by developing TCA in rodents [START_REF] Robertson | Investigations of the origins of transient acetylcholinesterase activity in developing rat visual cortex[END_REF][START_REF] De Carlos | Development of acetylcholinesterase-positive thalamic and basal forebrain afferents to embryonic rat neocortex[END_REF][START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. Here, our results

show that not only are the labelled fibers from the LGN entirely contained in the OFL, they also co-localize with the AChE activity, which labels TCA (Figure 2; [START_REF] Robertson | Investigations of the origins of transient acetylcholinesterase activity in developing rat visual cortex[END_REF][START_REF] De Carlos | Development of acetylcholinesterase-positive thalamic and basal forebrain afferents to embryonic rat neocortex[END_REF]. This can be seen at both stages studied, E88 and E114. Interestingly, no labelling was observed in the other fiber layer of the cortical wall, the IFL, which is found between the ISVZ and the OSVZ.

Focusing on the localization of thalamic fibers in the OFL, we observe that the labeled fibers are concentrated in its inner half, directly above the OSVZ. Indeed, we can see that the external half is less populated by labeled fibers on autoradiographic sections (Figure 2B, E) as well as AChE stained sections (Figure 2C,F). This suggests a different organization of axonal pathways in primates compared with non primates.

Here, the corticothalamic pathway seems to lie above the thalamocortical pathway, whereas in non primates, the opposite has been described [START_REF] Woodward | Localization and organization of geniculocortical and corticofugal fiber tracts within the subcortical white matter[END_REF][START_REF] Miller | The early development of thalamocortical and corticothalamic projections[END_REF]Bickenese et al., 1994; see review in [START_REF] Borello | The logistics of afferent cortical specification in mice and men[END_REF]. Additionally, these results confirm that the embryonic monkey geniculate axons express AChE as is the case in the rodent (Figure 2). To further illustrate these findings, horizontal sections were stained for AChE at E80 (Figure 3). We observed AChE fibers leaving the LGN and high power views of both the occipital as well as a more anterior region confirm the presence of fibers directly above the OSVZ with some fibers reaching into the ISVZ (Figure 3). At E88, this is confirmed by high power magnification microphotographs, as they further show the overlap between AChE expression and autoradiographic labeling in the GZ at E88 (Figure 4).

Taken together, these results show that both the timing and the spatial organization of embryonic TCA in the visual cortex support the idea that TCA could exert an influence on progenitor proliferation during corticogenesis. Indeed, not only do TCA arrive early in the cortex, but they are in direct contact with the GZ and more specifically the OSVZ as thalamic fibers comprise the OFL, which would permit a strong influence on this highly proliferative zone of the visual cortex. Interestingly, these results suggest that TCA could be located below the developing SP at very early stages as the forming OFL can be observed in the visual cortex as early as at E55 [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. 

II. Embryonic TCA influence cortical progenitors proliferation

To better understand the mechanisms of TCA influence on cortical specification while taking into account the substantial innervation of the GZ by embryonic TCA, we then focused our study on the influence of embryonic TCA on proliferation rates and cell cycle re-entry in the GZ. More specifically, we wanted to investigate the possible mitogenic effect of embryonic TCA on OSVZ progenitors, whose high rates of proliferation have been linked to supragranular compartment expansion. Such an effect would have an impact on the balance between proliferation and differentiation, which has been linked with the emergence of cytoarchitectural differences between cortical areas such as A17 and A18 in the visual cortex [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF].

A. In vitro study

Effect of TCM on area 17 progenitors

To determine whether embryonic TCA have a mitogenic effect on cortical progenitors, thalamus conditioned medium (TCM) was prepared from embryonic LGN explants. The explants from E80 LGN were treated with mitomycin in order to avoid glia proliferation and the medium from their culture was collected once we started to observe axon outgrowth, usually around 5 DIV.

As a means to assess the effect of TCM on dissociated A17 progenitors from OSVZ, PCNA was used as a marker of cycling cells and BrdU as an S phase marker. The percentage of cycling cells corresponds to the growth fraction (GF), while the percentage of cells in S phase amongst the cycling cells at the time of the BrdU pulse determines a labeling index (LI). Since the S phase has a relatively stable duration, LI is considered to be an indication of cell cycle re-entry, while GF characterize the proliferative activity of progenitors. Here, quantification in either control or TCM conditions shows a significant increase of both GF (from 52% to 65%) and LI (from 29% to about 40%) in A17 OSVZ progenitors (Figure 5). This indicates not only an increase in the rates of proliferation but also in cell cycle re-entry when TCM is used for dissociated A17 OSVZ cell culture. These results suggest a mitogenic effect of embryonic TCA on A17 progenitor cells. 2. Area specific effect of TCA So as to test the areal specificity of this mitogenic effect, A17 and A18 OSVZ progenitor cells were used in co-culture experiments. After being treated with mitomycin, E80 LGN explants were grown over dissociated OSVZ progenitors, as illustrated in figure 6A,B. Quantification of GF using PCNA labeling in these cocultures

shows that there is a significant and selective increase in proliferative divisions in A17

OSVZ progenitors when in close proximity to TCA (Figure 6C). However, no significant difference was observed in A18 between progenitors grown in close proximity of TCA compared to progenitors growing away from TCA (FIgure C). This area specific effect of TCA seems to indicate that A17 and A18 progenitors have different intrinsic properties, which would lead to distinct responses to mitogenic signals. 234).

In view of these observations, we then quantified the LI in the different compartments of the OSVZ at both stages (Figure 7C). At E64, we observed no significant changes in the proportion of S phase progenitors between the deeper and upper parts of OSVZ.

However, we found that the progenitors in the outer part of the OSVZ exhibit faster cell-cycle rates than their deeper counterpart in the inner part of the OSVZ. Of note, we observed no significant changes in cell cycle re-entry rates whether at E64 or E78.

This radial heterogeneity in cell cycle kinetics in A17 OSVZ progenitors in close proximity with the bulk of ingrowing TCA further argues in favor of a mitogenic in vivo influence of embryonic TCA on cortical proliferation. Additionally, our findings suggest this is stage specific as there does not see effect of embryonic TCA on proliferation during infragranular neuron production at E64 (Figure 7C). 

Early anophtalmic monkeys

Studies in a macaque model of congenital blindness have shown that early anophthalmy in the fetal monkey resulted in a modification of areal specification and provided evidence of the major influence of embryonic TCA on A17 identity during embryonic development [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF]Dehay et al., 1996a;Dehay et al., 1996b). They found that after bilateral enucleation was performed at E68, a stage at which the TCA have reached the cortex, there is a shift in the A17/A18 boundary following a large reduction of A17. This reduced A17 nevertheless shows a normal architecture with enlarged supragranular layers. Additionally, they observed the development of a hybrid cortex (HC) exhibiting mixed characteristics of both striate and extrastriate cortex (Figure 8A).

In order to determine if the depletion of TCA during corticogenesis influences proliferation rates in early anophtalmic monkeys, the mitotic history technique was used to quantify the LI in vivo [START_REF] Polleux | Regulation of neuroblast cell-cycle kinetics plays a crucial role in the generation of unique features of neocortical areas[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF]. This technique uses the intensity of autoradiographic labeling per nucleus as well as the distribution of the labeled cells to distinguish between first (FG) and subsequent generation (SG) neurons following a 3 H-Thy injection in a specific cohort of progenitors.

Cells exiting the cell cycle shortly after the injection exhibit a stronger labeling than progenitor cells undergoing further successive divisions. These progenitor cells re-entering the cell cycle display a diluted labeling. As the duration of the S phase is constant during corticogenesis, the ratio of SG neurons over the total is then reflective of the relative duration of the cell cycle and thus, proliferation rates.

Here, the LI was computed based on the proportion of SG neurons in a fetus after enucleation at E60. Interestingly, we still observe higher proliferative rates in the reduced A17, compared to the adjacent A18 and HC, despite the ablation of thalamic axons (Figure 8B). (A) reproduced from Dehay et al., 1996aDehay et al., , 1996b.

DISCUSSION

The macaque as a better model to study the influence of embryonic TCA Studies on thalamocortical pathways in the mouse have provided extensive information on its development and the establishment of its different connections. However, different aspects of monkey cortical development offer a number of advantages establishing it as a finer model for the study of the role of embryonic TCA in areal specification.

Contrary to rodents, neurogenesis of the LGN in the monkey starts before corticogenesis in the occipital cortex (Figure 9). Additionally, LGN fibers arrive in the vicinity of the neuroepithelium before the formation of the CP. This heterochrony between mouse and primate leads to an early and prolonged thalamic innervation of the cortex, which could suggest different roles for TCA in these species. Another substantial difference of cortical development in the primate compared to the rodent is the fact that the LGN projects massively to the striate cortex, the primary visual cortex, and only has minor projections to extrastriate visual areas (A18 and A19) (Figure 10). The high convergence of the LGN projections upon a single cortical area is a primate specific feature of thalamocortical pathways and further suggests that the primate is a better suited model to investigate the influence of thalamocortical pathway on cortical development.

The timing of TCA innervation and the differential projection pathways in these species could explain why in rodents, genetic deletion of TCA leads to different anatomical consequences than what is observed in the macaque fetus [START_REF] Chou | Geniculocortical input drives genetic distinctions between primary and higher-order visual areas[END_REF]Dehay et al., 1996). These experiments of TCA genetic depletion in the rodent illustrated TCA's role in differentiation of patterned gene expression allowing distinction between primary and higher order visual areas [START_REF] Chou | Geniculocortical input drives genetic distinctions between primary and higher-order visual areas[END_REF]. This study suggested that hierarchical area patterning is a multistage process where intrinsic genetic mechanisms first specify a cortical field in the visual cortex before TCA drive differentiation through primary visual cortex targeting. Interestingly, in this study, areal dimensions and connectivity were not altered, in contrast to enucleation experiments in the monkey (Dehay et al., 1996). Polyak, 1957 and (B) from Garey and Powel, 1967. More notably, in vivo findings in a macaque model of congenital blindness have shown that early anophthalmy in the fetal monkey resulted in a modification of areal specification and provided evidence of the major influence of embryonic TCA on A17 identity during embryonic development [START_REF] Rakic | Specification of cerebral cortical areas[END_REF][START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF]Dehay et al., 1996a;Dehay et al., 1996b). After bilateral enucleation was performed at E68, a stage at which the TCA have reached the cortex, there is a shift in the A17/A18 boundary following a large reduction of A17 (Figure 11). This reduced A17 nevertheless shows a normal architecture with enlarged supragranular layers. This drastic depletion of TCA input to the striate cortex results not only in a massive reduction of the spatial extent of A17 but also in the development of a phenotypically hybrid cortex (HC), exhibiting the combined histological and histochemical features of striate and extrastriate cortex. Of note, the A17 contraction observed after enucleation is area specific, and not due to an overall reduction of the visual cortex, as quantified in figure 11E. The proportion of striate cortex with respect to total visual cortex is substantially reduced after enucleation compared to normal neonates while the proportion of visual cortex with respect to total cortex were similar (Figure 11E). Dehay et al. 1996a, 1996b and[START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF] to (E) from [START_REF] Magrou | How Areal Specification Shapes the Local and Interareal Circuits in a Macaque Model of Congenital Blindness[END_REF].

A recent study postulates that the thalamus influences the size of cortical areas through spontaneous calcium waves relayed by TCA, prior to sensory information processing [START_REF] Pouchelon | Modality-specific thalamocortical inputs instruct the identity of postsynaptic L4 neurons[END_REF][START_REF] Moreno-Juan | Prenatal thalamic waves regulate cortical area size prior to sensory processing[END_REF]. Further characterization of prenatal activity from the thalamus suggests that there is a protomap of thalamic neurons driving the functional assembly of cortical maps in the rodent [START_REF] Antón-Bolaños | Prenatal activity from thalamic neurons governs the emergence of functional cortical maps in mice[END_REF]. As such, assessing the timing of TCA innervation would provide essential information on the extent of thalamic influence on cortical development and more specifically on cortical arealization.

TCA trajectories and tempo allow for an early influence on GZ during corticogenesis

Because of the cytoarchitectural differences between A17 and A18, as well as the specific and highly convergent innervation of these cortical areas by embryonic TCA, the primate visual cortex makes for a very useful model for the study of corticogenesis in general and the influence of thalamic fiber on proliferation in particular. To better understand the influence of TCA on corticogenesis, it is essential to better understand its spatiotemporal features during development.

Here, the study of TCA throughout corticogenesis after DiI labeling in the thalamus, indicates that the innervation of the cortex by TCA occurs at early stages of cortical development, even before the start of corticogenesis. This contrasts with findings in the rodent where TCA innervate the SP towards the end of cortical neurogenesis. A recent study from Alzu'bi et al. in the human and the marmoset, demonstrated that TCA cortical innervation in the primate occurs during early corticogenesis and prior to extensive outgrowth of corticofugal fibers [START_REF] Alzu'bi | Thalamocortical Afferents Innervate the Cortical Subplate much Earlier in Development in Primate than in Rodent[END_REF]. This supports the idea that in the primate, TCA have an influence on cortical development over a more extended period and from an earlier starting point, which could account for the differential features of corticogenesis between these species and further, participate in the primate specificity of cortical expansion.

Our results confirm the possibility of an early contribution of TCA to cortical circuitry.

This also suggests that even though it was previously stated that CTA guides arriving TCA in the cortex, some TCA actually enter the cortex before CTA leave. In vivo observations have suggested an anatomical relationship between early cortical axons and developing thalamic axons led to the "handshake hypothesis" (Molnár et al., 1998a,b). This hypothesis states that descending cortical axons and act as a guide for the ascending thalamic axons in order to reach the right cortical target (Molnár et al. 1998;[START_REF] Chen | Evidence That Descending Cortical Axons Are Essential for Thalamocortical Axons to Cross the Pallial-Subpallial Boundary in the Embryonic Forebrain[END_REF][START_REF] Molnár | Mechanisms controlling the guidance of thalamocortical axons through the embryonic forebrain[END_REF]. A different meeting point for these projections could indicate a different role than CTA guiding TCA in the cortex.

This further shows that spatial organization of TCA during development is essential to understand cortical development in primates. More specifically, however early TCA arrive in the cortex, a certain proximity to the GZ would be required for TCA to exert any influence on proliferation. After showing that TCA co-localize with AChE, we set out to characterize the spatial organization of TCA in the cortex and established that they are entirely contained in the internal half of the OFL. Our findings also suggest that TCA run above the AChE-negative cortico-cortical fibers. This would imply that in the monkey the corticofugal pathway lies above the corticopetal pathway, which is the inverted pattern of that which is found in non-primates (Figure 12; [START_REF] Woodward | Localization and organization of geniculocortical and corticofugal fiber tracts within the subcortical white matter[END_REF][START_REF] Miller | The early development of thalamocortical and corticothalamic projections[END_REF]Bicknese et al., 1994). Embryonic TCA trigger the upsurge in proliferation and shortening in cell cycle duration characteristic of the OSVZ supragranular layer progenitor pool in the primate Spatiotemporal features of TCA development and their specificity have proven to be essential in a number of events (Dehay et al., 1996;[START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF][START_REF] Pouchelon | Modality-specific thalamocortical inputs instruct the identity of postsynaptic L4 neurons[END_REF][START_REF] Moreno-Juan | Prenatal thalamic waves regulate cortical area size prior to sensory processing[END_REF][START_REF] Magrou | How Areal Specification Shapes the Local and Interareal Circuits in a Macaque Model of Congenital Blindness[END_REF]. Thus, characterizing the timing and spatial organization of embryonic TCA in the primate is essential to assess if their previously described role in cortical specification in the macaque could happen through mitogenic effect, as it has been previously demonstrated in the mouse [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF]. The present results show that embryonic TCA are in a position to exert such an effect on cortical progenitors as they arrive early in the cortex, and are in direct contact with the GZ. Although the in vitro nature of the first part of our study needs to be taken into account in the interpretation of our results, our in vivo experiments further confirm the relevance of our findings.

Both our in vitro and in vivo results show that TCA has a positive effect on proliferation during corticogenesis and more specifically during supragranular neuron production.

Our results suggest that TCA trigger the upsurge in proliferation and shortening in cell-cycle duration characteristic of the OSVZ supragranular layer progenitor pool in the primate (Figure 13). This has important implications regarding cytoarchitecture and cortical arealization.

Our results also put forth an areal specificity of this mitogenic effect. Progenitors from A17 and A18 did not react to the thalamic cues the same way, suggesting intrinsic differences between these cortical areas at the progenitor level.

Due to tissue availability, we did not test the possible dose dependant aspect of the mitogenic effect we observed. However, in the mouse, dilution of TCM led to a significant decrease of the effect observed, seemingly indicating that the mitogenic effect of TCM is proportional to the concentration of the active factor responsible [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF]. Additionally, while it was demonstrated that the cell cycle regulation occurring in the mouse under the influence of embryonic TCA was G1 dependant, we did not explore this aspect of the mechanism underlying the upsurge of proliferation in the primate. However, taking previous studies on G1 implication in the balance between proliferation and differentiation in the OSVZ into account, one would expect that the TCA mediated upsurge of proliferation during supragranular neuron production would be G1 dependant [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF][START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. TCA plays a major role in cortical development and cortical arealization. Our in vivo observations were particularly important in that they not only supported the idea that proximity of TCA led to specific cell cycle kinetics, but they also illustrated the previously described temporal regulation of the cell cycle (figure 7). In the macaque, peak proliferative rates in the OSVZ are observed around E80, during supragranular neuron production. Given our findings regarding the timing of TCA arrival in the cortex and the time specificity of the mitogenic effect observed on OSVZ progenitors in A17, there seems to be a time restrictive competence of OSVZ A17 progenitors.

Interestingly, postnatal bilateral enucleation experiments in the opossum, have led to cortical territories involved in visual processing being associated with auditory and somatosensory information processing [START_REF] Kahn | Massive cross-modal cortical plasticity and the emergence of a new cortical area in developmentally blind mammals[END_REF][START_REF] Karlen | Early blindness results in abnormal corticocortical and thalamocortical connections[END_REF]).

This functional reorganization seems to contradict the results obtained in the macaque.

However, this could be due to the timing of the enucleation experiments. Transient exuberant connections in the visual cortex have been described in several species, which are then eliminated [START_REF] Innocenti | Exuberance in the development of cortical networks[END_REF][START_REF] Dehay | Transient projections from the fronto-parietal and temporal cortex to areas 17, 18 and 19 in the kitten[END_REF][START_REF] Dehay | Callosal connectivity of areas V1 and V2 in the newborn monkey[END_REF]. However, in the macaque, there are no transient callosal connections or exuberant association projections in A17 [START_REF] Dehay | Maturation and connectivity of the visual cortex in monkey is altered by prenatal removal of retinal input[END_REF]; unpublished results from the team). This could explain the absence of connections with auditory and somatosensory cortices in enucleated macaque brains.

CONCLUSION AND PERSPECTIVES

While our study demonstrates a mitogenic effect of embryonic TCA on the proliferation of OSVZ progenitors, we have yet to identify the molecular mechanisms involved. Our results validate the RNA-Seq analysis and show that these genes are indeed strongly expressed in the A17 OSVZ. Further investigation would be required to test different candidates and determine which ones are involved in progenitor proliferation through up or down regulation by embryonic TCA.

The complexity of lineage relationships and how it differs in the primate compared to the rodent has been explored by Betizeau et al., providing insight into progenitor proliferative behavior and fate [START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF]. Their work highlighted frequent bidirectional transitions between progenitor types as well as their capacity for self renewal and direct neuron production, identifying lineages relationship in the primate OSVZ as more complex than previously thought [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF][START_REF] Betizeau | Precursor Diversity and Complexity of Lineage Relationships in the Outer Subventricular Zone of the Primate[END_REF][START_REF] Pfeiffer | Unsupervised lineage-based characterization of primate precursors reveals high proliferative and morphological diversity in the OSVZ: Unsupervised Characterization of Primate Precursors[END_REF].

In the context of the present study, one would expect that further analysis of lineage relationships would offer a better understanding of the mechanisms underlying the influence of embryonic TCA on OSVZ progenitor proliferation during corticogenesis. So as to explore this, we have ongoing experiments of live imaging using two-photon time lapse video microscopy (TLV) on long term organotypic slices of embryonic macaque monkey. We are currently recording divisions of GFP-expressing cells labeled via GFP retroviral infection on parasagittal organotypic slices and characterizing the proliferative behavior of A17 and A18 OSVZ progenitors grown in either control or TCM.

Taken together, the present findings offer further insights regarding the mechanisms underlying areal specification in the primate cortex during development. Although the major influence of embryonic TCA had previously been demonstrated through enucleation experiments carried out in the macaque fetus, little was known regarding the mechanisms involved. Studies have shown that the influence of the thalamus on developmental specification of the cortex is a hierarchical process involving both progenitors and neurons [START_REF] Chou | Geniculocortical input drives genetic distinctions between primary and higher-order visual areas[END_REF][START_REF] Pouchelon | Modality-specific thalamocortical inputs instruct the identity of postsynaptic L4 neurons[END_REF][START_REF] Moreno-Juan | Prenatal thalamic waves regulate cortical area size prior to sensory processing[END_REF][START_REF] Antón-Bolaños | Prenatal activity from thalamic neurons governs the emergence of functional cortical maps in mice[END_REF]. Here, we provide further evidence that arealization is the result of an interplay between intrinsic and extrinsic mechanisms and that cell cycle regulation contribute to cell numbers and cell fate, which then influences cortical arealization [START_REF] Dehay | Cell-Cycle Kinetics of Neocortical Precursors Are Influenced by Embryonic Thalamic Axons[END_REF][START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF].

MATERIALS AND METHODS

Animals

The cynomolgus monkey (Macaca fascicularis) facility in this study and all experimental protocols were approved by the Animal Care and Use Committee CELYNE (C2EA#42). The animals were housed in a controlled environment (temperature: 22 ± 1°C) with 12 hr light/12 hr dark cycle (lights on at 08:00 a.m.). All animals were given commercial monkey diet twice a day with tap water ad libitum and were fed fruits and vegetables once daily. During and after experiments, monkeys have been under careful veterinary oversight to ensure good health.

Caesarean section

Fetuses from timed-pregnant cynomolgus monkeys (from E40 to E94) were delivered by caesarean section according to protocols described in Lukaszewicz et al. [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF] 

Retroviral infections in embryonic primate cortex

Cycling progenitors in the GZ were infected with a pCMV-EGFP retrovirus. Embryonic primate brain slices (300 μm thick) were incubated floating in Glasgow minimum essential medium (GMEM) (Gibco, 21710-025) culture medium containing pCMV-EGFP retrovirus (1 to 5.10 5 pi/mL), for 2 to 3 hrs at 37°C. The slices were then mounted on a laminin/poly-lysine (Sigma, L2020 and P1399) coated Millicell culture insert system (TW) (Millipore, PICM0RG50) on a drop of type I collagen (BD Biosciences, 354236) (see below for detailed procedure).

Organotypic Slice Culture

Lethally anesthetized fetuses were perfused through the heart with cold supplemented HBSS (Gibco, 14180046) (HBSS with glucose 18%, MgSO 4 and CaCl 2 ). Occipital and frontal poles of embryonic hemispheres were isolated and embedded in 3% low-gelling agarose (Sigma) in supplemented HBSS at 37°C. 300 μm-thick parasagittal slices were cut in 4°C supplemented HBSS using a vibrating blade microtome (Leica VT1000S).

Slices were mounted on laminin/poly-lysine coated 0,4 μm TW on a drop of type I collagen. Slices were cultured at 37°C and 7,5% CO 2 , in 6-well plates in 1,2 mL of GMEM supplemented with 1% sodium pyruvate (Gibco, 11360-039), 100 μM beta-mercaptoethanol (Gibco, 31350-010), 1% non-essential amino acids (Gibco, 11140-035), 2 mM glutamine, 1% penicillin/streptomycin (Gibco, 10378-016), and 10% fetal calf serum (FCS, Pan Biotech, P30-2602). Culture medium was renewed once a day.

Brain and organotypic slices cryosections

For organotypic brain slices (300 μm thickness), cultured slices were fixed 1 hr by immersion in cold buffered 2% Paraformaldehyde (PFA) and then cryoprotected in 10 and 20% sucrose (in phosphate buffer) and processed as described above. For whole brain cryosections, lethally anaesthetized primate fetuses from E63 to E94 were perfused through the heart with buffered 4% PFA for 30 min. Due to their size, primate fetuses at E48 were immersed in 2% PFA for 4 hrs. After sequential cryoprotection in 10% and 20% sucrose, brains were embedded in Tissue-Tek. 20 μm thick parasagittal cryosections were performed with a cryostat (Microm, HM550) then mounted on superfrost glass slides (Superfrost Plus, Thermo Scientific) and stored at -20°C.

Immunofluorescence, antibodies and confocal imaging

Cryosections were air-dried for 30 min and hydrated in Tris-buffered saline (TBS) for 30min. Glass slides were rinsed three times in TBS Triton (0.5%) and incubated in normal goat serum (10%, Gibco, 16210-064), BSA (1%, Sigma, A7906) in TBS for 30

Two-photon time-lapse video recordings on organotypic slices

Real time video recordings were performed on an inverted Axio-Observer Z1 (Zeiss) two-photon microscope, equipped with Zeiss optics and a Chameleon system Ultra (I) Titane Sapphire 80 Mhz laser. The recording system is equipped with a Microscope Cage Incubation System (Okolab) maintaining temperature at 37°C and CO 2 at 7,5%.

TW were imaged in a 6-well glass bottom plate (Iwaki, #5816-006). The medium was renewed twice a day. Laser was tuned to 910 nm for EGFP imaging (power range 14 to 20%). Observations were performed using a plan apochromatic dry objective 10x/0,45 with a digital zoom of 1,5. Video-analysis was initiated 24 hrs after EGFP labelling.

Using the Multi Time Series macro of Zeiss Zen software, 4D stacks were acquired over 80 μm thickness (14 optical sections spaced at 6 μm intervals), which allows following of the 4D migration pattern of precursors and postmitotic neurons.

Recording was performed using a single scanning run at 1024x1024 pixels resolution with a scanning speed of 6 μsec/pix. Images were acquired every 1,5 hrs for up to 15 days.

Progenitor morphological analysis

E65, E71 and E80 organotypic cortical slices (300 μm thick) infected with a pCMV-EGFP retrovirus were fixed with 4% PFA after 3 to 7 days in vitro (DIV) and immunostained for GFP. Confocal acquisitions of EGFP+ cells were performed using a Leica HC PL Apo immersion oil 20x/0.70 objective with a digital zoom of 3. 40 μm stacks were then taken 1 μm apart. The number of processes starting from the soma were determined based on GFP visualisation. Cells were classified as: bRG-basal-P (bRG with only a basal process), bRG-apical-P (bRG cells bearing an apical process), bRG-both-P (bRG bearing both an apical and a basal process), IP (non polarized progenitors with no process) and multipolar (≥ 3 processes). 

Morphotype cells analysis in the frontal cortex

Progeny and lineage analysis

For real time video recordings, images were acquired every 1,5 hrs for up to 15 days.

4D movies were reconstructed using ImageJ software. EGFP+ precursors were followed on the stack maximum projection and their progeny was tracked manually throughout the recorded period by playing the movie back and forth frame by frame to reconstruct lineage trees. A cell was considered proliferative if it underwent division during the recording period. It was designated as a neuron if it started radial migration with typical migrating neuron morphology or when it was observed non dividing for a duration exceeding 1,5 time the average cell-cycle length of the zone and age under consideration. Neuroanatomical tracing is facilitated by the use of carbocyanine dyes which are capable of retrograde and anterograde diffusion in material fixed by aldehyde fixatives [START_REF] Godement | A study in developing visual systems with a new method of staining neurons and their processes in fixed tissue[END_REF]. This method has been extensively used in tracing axonal projection in rodents [START_REF] Catalano | Early ingrowth of thalamocortical afferents to the neocortex of the prenatal rat[END_REF]Molnár et al., 1998a;[START_REF] Auladell | The early development of thalamocortical and corticothalamic projections in the mouse[END_REF].

Time Lapse Video analysis in the visual cortex

Prior to crystal placement, the hemispheres of monkey brains were separated by longitudinal section along the midline. The placement of the dye tracers was performed using stainless tungsten needles and aided by a binocular microscope.

Crystals of DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, OR) were placed in the dorsal thalamus. To trace the projections of the visual system, crystal placements were targeted to the putative LGN of fixed brains. The neurons of the LGN are generated between E36 and E43 in the macaque monkey [START_REF] Rakic | Genesis of the dorsal lateral geniculate nucleus in the rhesus monkey: Site and time of origin, kinetics of proliferation, routes of migration and pattern of distribution of neurons[END_REF]. At E40, it was too early to specifically and selectively target the LGN, so a dorsal thalamic crystal placement was carried out. In all other ages, crystal placements were targeted to a lateral portion of the dorsal thalamus. Pr.

Zoltan Molnár performed all crystal placements in fixed monkey brains. The brains were stored in 4% PFA, protected from light at 37°C/room temperature for typically 1-2 months, depending on the size of the brain, to enable diffusion of the dye.

After a suitable period of incubation, monkey brains at E40, E55, E59 and E71 were sectioned in the coronal plane to examine the TCA development in the IC. One brain at E83 was sectioned horizontally to investigate TCA once they reach the cortex. The brains were embedded in 3% low-gelling agarose in PBS and were cut at a thickness of 100 μm using a vibrating blade microtome and collected in serial order in wells containing PB 0,1 M. The brains then underwent a 2 hr incubation in a clarifying solution (Telebrix gastro), prior to counterstaining with bisbenzimide (Sigma; 0,5 mg/ml in dH 2 O for 10 mins). The sections were rinsed twice (each 10 minutes) in PB before mounting in PB on gelatinised slides. The sections were coverslipped using an antifading solution (50 mL glycerol, 50 mL PB 0,1 M, 100 mg p-phenyldiaminine). The coverslips were sealed with nail varnish and the sections were stored at -25°C.

Geniculo-striate pathway analysis

Fetal intra-ocular injections of tritiated ( 3 H)-Proline were performed in Cynomolgus monkey fetuses at E82 and E110. The fetuses were then replaced in the uterus according to previously described protocols [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF]. Following a 4 day survival period, fetuses were delivered by caesarean section, and were perfused through the heart with 4% paraformaldehyde after lethal anaesthesia.

Whole brain cryosections were performed following the protocol described above.

Immunostainings for bisbenzimide were carried out and AChE histochemistry was performed by using a modified protocol of Hardy and coworkers [START_REF] Hardy | Simultaneous demonstration of horseradish peroxidase and acetylcholinesterase[END_REF][START_REF] Mesulam | Chemoarchitectonics of axonal and perikaryal acetylcholinesterase along information processing systems of the human cerebral cortex[END_REF][START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. The sections which were stained for bisbenzimide were processed for autoradiography (K2 autoradiographic emulsion from Ilford).

Dissociated cell cultures

Cortical cells underwent enzymatic dissociation (trypsin 0,2%; 3 min at 37°C). Trypsin activity was stopped by washing in GMEM supplemented with 10% FCS. Cells then underwent a mechanical dissociation and were centrifuged for 5 min at 4°C and resuspended in GMEM/10% FCS. Viability was estimated by trypan blue exclusion assay, and cells were counted under a hemocytometer. Cells were seeded at a density of 4.10 5 cells per 14 mm diameter polylysine-laminin-coated glass coverslip and were cultured in 500 μL of GMEM/10% FCS. Cortical cultures were grown for 6 DIV in 500 μl of GMEM/10% FCS or TCM/10% FCS before cell-cycle parameters were assayed. The medium was renewed every day.

GF was measured as the number of cycling cells with respect to the total number of cells, using PCNA as a marker of cycling cells. LI values were determined as the proportion of BrdU positive cells (i.e. cells in S phase during the BrdU pulse) with respect to the total number of cycling cells. A total number of 3296 cells were analysed in the MCT condition and 3601 in the control condition.

Thalamus-conditioned medium preparation

TCM was prepared from thalamic explants. Explants from embryonic LGN at E80 were obtained by microdissection and cut into 300 μm pieces with a tissue chopper. Explants were treated with mitomycin at 5 μg/ml for 2 hrs at 37°C to prevent any putative effect of proliferating glial cells that could be present in the thalamus at this later stage [START_REF] Kilpatrick | Cloning and growth of multipotential neural precursors: requirements for proliferation and differentiation[END_REF]. Explants were then deposited on laminin/poly-lysine coated 0,4 μm TW. Explants were cultured at 37°C and 7,5% CO 2 , in 6-well plates in GMEM/10% FCS medium. The amount of explants per well corresponded to that obtained from the dorsal thalamus of the embryo. After 7 DIV to allow for axon growth, the culture medium was collected every 48 hrs and frozen at -80°C.

Co-culture of thalamic explants and dissociated cells

Dissociated OSVZ cells from A17 and A18 were prepared as previously described and seeded at a density of 2,5.10 5 cells on small TW with 0,8 mL of GMEM/10% FCS medium. Explants from embryonic LGN at E80 were obtained in parallel as previously described. 3 to 4 explants were deposited per TW with dissociated cells. The medium was renewed every day. After 6 DIV, the TW were fixed with 4% PFA. A total number of 2392 cells were analysed in A17 (seven explants from two animals, deposited over three TW) and 2197 in A18 (six explants from two animals, deposited over two TW).

BrdUrd labeling

BrdUrd was added to the culture medium [START_REF] Nowakowski | Bromodeoxyuridine immunohistochemical determination of the lengths of the cell cycle and the DNA-synthetic phase for an anatomically defined population[END_REF]. The cultures were then washed with phosphate buffer before being fixed with 2% PFA. Cells in S phase at the time of the pulse were positively stained for BrdUrd. Progenitors were identified by means of PCNA labeling. Cell nuclei were counterstained with Hoechst (1 ng/mL) (Molecular Probes, Eugene, OR). Coverslips were examined using an oil objective microscope (50x or 100x) under UV light to detect FITC (filter 450-490 nm) and Hoechst (filter 355-425 nm). PCNA labeling revealed by DAB was observed under white illumination. Coverslips were scanned at regular spacing with a grid corresponding to a field of 0,128 mm 2 . From 100 to 150 fields were observed per coverslip. A minimum of two coverslips were observed for each condition.

In vivo studies of cell cycle kinetics

Cynomolgus monkey fetuses of known gestational dates received approximately 10-20 μCi/g.b.w. (ip or im) or 2mCi (intra-amnios) of 3 H-Thy in saline (specific activity: 40-60 μCi/m.mole) and were replaced in the uterus according to previously described protocols [START_REF] Dehay | Modulation of the cell cycle contributes to the parcellation of the primate visual cortex[END_REF]. During survival time (1 to 3 hrs), the pregnant monkey was maintained under anesthesia. Following caesarean section, anaesthetized fetuses were perfused through the heart with 4% paraformaldehyde.

Observations in fetuses aged E64, E78 were made prior to the appearance of a clear cytoarchitectonic border of striate cortex. Acetylcholine esterase (AChE) is transiently expressed by extrastriate cortex [START_REF] Kostović | Development of prestriate visual projections in the monkey and human fetal cerebrum revealed by transient cholinesterase staining[END_REF]. The A17/A18 border can be clearly distinguished as early as E75 using AChE histochemistry [START_REF] Smart | Unique Morphological Features of the Proliferative Zones and Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and Extrastriate Cortex in the Monkey[END_REF]. We have taken advantage of this in an E75 fetus to approximate the location of the borders of striate cortex in the E64 and E78 fetuses. Because striate cortex is a large cortical area that has a tight spatial relationship to paleocortex, it is possible to extrapolate its position from E75 to the E64 and E78 fetuses.

Brains used for 3 H-Thy studies were embedded in paraffin wax and 5 or 10 μm thick parasagittal sections were cut. In the long survival group, sections were processed for autoradiography (K2 autoradiographic emulsion from Ilford) to give maximum counts of 40 grains per differentiated cell. The observations were made with a x50 or x63 oil objective, and observed on a video screen and positions charted by a high precision computer controlled plotting system (Biocom running on Histo software).

The LI values were determined as the proportion of 3 H-Thy positive cells (i.e. cells that were in S phase during the 3 H-Thy exposure) with respect to the OSVZ precursor population. Between 2 and 4 coverslips were used for each condition.

Statistical analysis

Statistical tests and p values are indicated in the figure legends. The Mann-Whitney test was used when two independent groups were analyzed. The Chi-square was used to test the relationship between categorical variables. Mann-Whitney and Chi-square tests were performed with the XLSTAT software.

For 3H-Thy cumulative labelling, statistical significance was tested by means of a generalized linear model using a binomial family (equivalent to a logistic regression) in which the covariates were time and visual area [START_REF] Mccullagh | Generalized Linear Models[END_REF]. The statistical difference between areas was tested by means of a Chi-square test. All tests were performed in the R statistical computing environment (R Development Core Team, 2004). While only two points in time were sampled, 4 measurements were made at each time point and for both conditions. This makes it possible to model the data. In fact, there is not a single overlap in the sample distributions. Logistic regression shows that the visual area of origin generates a significantly different temporal evolution in the proliferation rate.

Quantitative analysis of autoradiographic labeling in early anophtalmic monkeys

Retinal ablation was performed in a E60 fetus, coupled with the injection of S phase marker 3 H-Thy at E78 (Dehay et al., 1996). LI was computed using the mitotic history technique [START_REF] Polleux | Regulation of neuroblast cell-cycle kinetics plays a crucial role in the generation of unique features of neocortical areas[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF]. The intensity of autoradiographic labeling per nucleus as well as the distribution of the labeled cells is used to distinguish between first and subsequent generation neurons following the 
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Figure 1 :

 1 Figure 1 : Cortical organization. (A) Cartoon representation of the human brain. The cortex consists of the outer layer of the cerebrum and is connected with other regions of the brain: diencephalon, cerebellum and brainstem. (B) Cytoarchitectonic segmentation of the human brain as described by Brodmann. The different cortical regions are identified based on anatomically and functionally specific features. Adapted from ;[START_REF] Brodmann | Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues[END_REF] 

Figure 2 :

 2 Figure 2 : Cortical layers and types of neurons. Laminar organization of the cortex. The different neuronal morphotypes are represented, as well as the cortical layers (I to VI) in which their cell bodies and dendrites are observed. Afferent and efferent axons are indicated by arrows and efferent axons from the cortex or the thalamus are represented in red. Py: pyramidal cells, Asp: aspiny stellate neurons, Sp: spiny stellate neurons. Reproduced fromKwan et al., 2002;[START_REF] Jones | Neurotransmitters in the cerebral cortex[END_REF].

Figure 3 :

 3 Figure 3 : Cortical expansion. Tangential (A) and radial (B) expansion of the cortex with a selective enlargement of the frontal lobe (highlighted in blue), the supragranular layer neurons and gyrification. Reproduced from[START_REF] Rakic | Evolution of the neocortex: Perspective from developmental biology[END_REF][START_REF] Hill | Molecular insights into human brain evolution[END_REF] 

Figure 4 :

 4 Figure 4 : Cortical diversity among mammals. Brain mass and total number of neurons are indicated for each species. Brains are arranged from left to right, top to bottom, in order of

Figure 5 :

 5 Figure 5 : Cortical arealization. (A) Representation of the mouse embryo brain at E13 and the signaling factors (FGF8, WNTs, BMPs) regulating cortical arealization. The graded tangential expression of transcription factors are illustrated by the blue and red shading on the right panel.(B) Influence of FGF signaling on the relative dimensions and identity of cortical areas. Ectopic expression of FGF8 in the caudal pole of the neocortex elicits a partial duplication of the S1 barrel-field, the receptive field for whisker responses. (C) Effect of signaling molecule concentration variations on rostral-caudal growth and areal dimensions.Ectopic expression of FGF8 in the rostral cortex at embryonic day 11.5 leads to a caudal shift of areas, whereas a hypomorphic FGF8 cortex exhibits a rostral shift of areal borders with a rostral expansion of caudal regions. M: motor; S: somatosensory; V: visual. Adapted from[START_REF] Dehay | Cell-cycle control and cortical development[END_REF] 

Figure 6 :

 6 Figure 6 : Radial unit hypothesis. The Radial Unit Hypothesis postulates that the number of radial units determines the surface of the cortex and the amount of neurons generated by each unit gives the cortical thickness. Represented here are proliferative units in the VZ and the corresponding ontogenetic columns in the CP. CC: cortico-cortical connections; TR: thalamic radiations; NB: nucleus basalis; MA: monoamine subcortical structures; RG: radial glial fiber;

Figure 7 :

 7 Figure 7 : Pre and postmitotic models of neuronal diversity. Schematic representation of the different models of neuronal diversity. (A) The premitotic model: neuronal diversity (right) results from progenitor diversity (left) due to different locations in the cortex or timing of generation. This constitutes the Protomap Hypothesis. (B) The postmitotic model: neuronal diversity occurs after neuron maturation and results from the interaction of similar progenitors with different environments. This constitutes the Protocortex Hypothesis. (C) The mixed model of neuronal diversity illustrates the fact that the premitotic and postmitotic models are not mutually exclusive. This hypothesis suggests an interplay between intrinsic and extrinsic factors leading to cortical patterning. Reproduced from[START_REF] Telley | A mixed model of neuronal diversity[END_REF] 

Figure 8 :

 8 Figure 8 : Mouse corticogenesis. Schematic representation of the inside out production of projection neurons in the mouse. The top panel represents the evolution of the cortical compartments throughout corticogenesis and the bottom panel illustrates the temporal regulation of the birth date of the different cortical layers. The different classes of projection neurons are produced in overlapping temporal waves. Ncx: neocortex, CH: cortical hem, LGE: lateral ganglionic eminence, MGE: medial ganglionic eminence, VZ: ventricular zone, SVZ: sub ventricular zone, PP: preplate, IZ: intermediate zone, SP: subplate, CP: cortical plate, MZ: marginal zone, WM: white matter. Reproduced from[START_REF] Molyneaux | Neuronal subtype specification in the cerebral cortex[END_REF] 

Figure 9 :

 9 Figure 9 : Cortical progenitors: progeny and gene expression. Cartoon representation of the different types of cortical progenitors and their mode of division. (A, B) Schematic transects of rodent cortex at E13 (A) and E17 (B). RGCs and SNPs divide at the apical surface of the VZ. RGCs undergo several types of symmetrical and asymmetrical divisions, as indicated by the arrows, including self-renewing ones (A) or neurogenic divisions (B). SNPs are committed neural precursors. IPCs divide away from the VZ, in the SVZ. Through asymmetrical divisions, RGCs give rise to IPCs. IPCs have been reported to undergo mostly neurogenic divisions with a small fraction of IPCs undergo symmetrical proliferative divisions, as indicated by the dotted circular arrow. RGC: radial glia cell, SNP: short neural precursor, IPC: intermediate progenitor cell, VZ: ventricular zone, MZ: marginal zone, SVZ: subventricular zone.

Figure 10 :

 10 Figure 10 : Germinal zones. Schematic representation of the evolution of the cortical compartments throughout corticogenesis in the mouse (A), and in the monkey (B). Cartoons show transects through the presumptive visual cortex. Gestation period in the mouse is 19 days compared to 165 days in the monkey, and comparable developmental stages are

Figure 11 :

 11 Figure 11 : Progenitor types. Cartoon representation of the different cortical progenitor morphotypes observed in the OSVZ of the primate visual cortex. bRG-basal-P: basal process-bearing bRG cell, bRG-apical-P: apical process-bearing bRG cell, bRG-both-P: apical and basal process bearing bRG cell, tbRG: transient bRG cell, IP: no process-bearing transit amplifying cell.

Figure 12 :

 12 Figure 12 : OSVZ lineages. (A) Previous and current hypotheses to account for OSVZ amplification. (B) State transition diagrams illustrating the lineage relationships in OSVZ at E65 and E78. The diagrams consist of two components: nodes represent precursor types (states) and directed edges represent the transitions between precursors. There are a total of 30 possible transitions; from each of the five precursor types to the five precursor types (25 transitions) and to neurons. The size of the nodes is proportional to the frequency of each

Figure 13 :

 13 Figure 13 : Cell cycle. Cartoon representation of the cell cycle structure as well as the regulatory and signaling pathways regulating cell cycle progression. Adapted from[START_REF] Dehay | Cell-cycle control and cortical development[END_REF] 

Figure 14 :

 14 Figure 14 : Temporal variation of cell cycle kinetics. (A) Example of areal boundary between two areas in the macaque.There is a sharp change in cytoarchitecture between A17 and A18, associated with differential rates of proliferation, migration and tangential expansion. (B) Stage specific differences in cell cycle parameters in the mouse (top panel) and macaque (bottom panel) cortex. In the mouse there is an overall lengthening of Tc, while there is a specific temporal regulation of Tc in the macaque. Indeed, Tc increases between E50 and E65 before decreasing at E78. Tc: cell cycle duration, Infra: infragranular neuron production; Supra: supragranular neuron production. Reproduced from[START_REF] Dehay | The Outer Subventricular Zone and Primate-Specific Cortical Complexification[END_REF] 

Figure 15 :

 15 Figure 15 : Corticothalamic and thalamocortical circuit development. Schematic representation of developmental timelines of cortical (A), and thalamic development (B).Reproduced from[START_REF] Antón-Bolaños | Developmental interactions between thalamus and cortex: a true love reciprocal story[END_REF] 

Figure 16 :

 16 Figure 16 : Changes in visual cortical parcellation subsequent to bilateral enucleation in the fetal monkey. (A, C) Parasagittal Nissl stained sections showing the cytoarchitecture of A17 and A18 and areas 17/18 boundary in normal and enucleated monkeys. Depletion of the geniculocortical axons following retinal ganglion cell ablation at E68 results in a drastic reduction of A17 (B, D) Schematic of the limits of striate, extrastriate and hybrid cortex. Black arrowheads indicate A17 borders. Scale bars, 2mm. Lat cal: lateral calcarine, IOS: inferior-occipital sulcus, OT: occipital-temporal sulcus, LS: lunate sulcus. Reproduced fromDehay et al. 1996aDehay et al. , 1996b. . 

  video microscopy (TLV) on long-term organotypic slices of embryonic macaque monkey as well as immunostainings experiments, we characterized the morphology and proliferative behavior of frontal cortex progenitors. We confirmed the high diversity of OSVZ morphotypes first described in the visual cortex by Betizeau et al., as we found basal process-bearing bRG (bRG-basal-P) cells, apical process-bearing bRG (bRG-apical-P) cells, apical and basal process bearing bRG (bRG-both-P), no process-bearing IP cells as well as bRG cells alternating between stages showing either an apical and/ or a basal process, the transient bRG (tbRG). These progenitors exhibited similar properties to the ones described in the visual cortex such as process inheritance, mitotic somal translocations (MST) and stage-specific proliferative behaviors. Through extraction of Tc data from TLV recordings our study confirms the timetable difference between the frontal and the visual cortex and shows that, while in the visual cortex the shortening of Tc coincides with high rates of proliferation during supragranular production, shortening of Tc in the frontal cortex coincides with an increase in the proportion of differentiative divisions.

Figure 1 :

 1 Figure 1 : Anatomical organization of the occipital, dorsal and frontal cortex during corticogenesis in the macaque monkey. (A) Microphotograph of a Ki67/DAPI immunostained parasagittal section of a macaque brain at E63. The areas of interest are

  Pax6+ and or Tbr2+ cells in the presumptive visual cortex shows the compartment specific pattern of Pax6 and Tbr2 expression amongst the cycling progenitors (Figure3C).In the A17 VZ from E58 to E79, 60%-80% of progenitors express uniquely Pax6, while at later stages, 40% of VZ progenitors coexpress Pax6 and Tbr2 and cells expressing only Tbr2 are rare. In the ISVZ, 60% to 80% of progenitors coexpress Pax6/Tbr2 at earlier stages. There is a decrease in the proportions of cells coexpressing Pax6 and Tbr2 which represent 40% of progenitor cells by E94. 5%-30% of ISVZ progenitors are Tbr2+ only throughout corticogenesis and less than 15% are Pax6+ only cells. In the OSVZ, 25%-50% of progenitors coexpress Pax6 and Tbr2, 20% to 35% are Pax6+ only and 10%-20% are Tbr2+ only. From E70 to E94, there is a sharp increase in the proportion of cells which are Ki67+ only. By E94 they represent about 70% of progenitor cells in the OSVZ.

Figure 2 :

 2 Figure 2 : Germinal zone compartmentation of the occipital and frontal cortex during corticogenesis in the macaque monkey. (A-B) Transects of Pax6/Tbr2/Ki67/DAPI

Figure 3 :

 3 Figure 3 : Quantification of Pax6/Tbr2/Ki67 expression in the occipital and frontal cortex. (A) Distribution of cycling progenitors in the GZ of the occipital and frontal cortex during

Figure 5 :

 5 Figure 5 : OSVZ Progenitors exhibit transient processes. TLV ex vivo recording of a bRG at E79 with a transient process going from being a bRG-basal-P to a bRG-both-P to a bRG-apical-P. The time at which the images were acquired is in hours. Progenitor morphology is schematized below each picture. Yellow arrows indicate apical processes, red arrows indicate basal processes. Scale bar 20μm.

  morphotypes we observed at E71 corresponds to what has previously been observed in the visual cortex at E80 with close to 40% of bRG-basal-P, 10% of bRG-apical-P and about 50% of bRG-both-P (Figure6A-6B).

Figure 6 :

 6 Figure 6 : Diversity of frontal cortex progenitor morphotypes. (A) Proportion of the different bRG morphotypes in the OSVZ in A17 and the frontal cortex. *** p < 0.001 Chi-square test. (B) Quantification of the different bRG morphotypes in the OSVZ in the frontal cortex at different stages of development (E65, E71 and E80). See the Materials and methods section for detailed numbers of cells and specimens.

  Consequently, one might expect to see a lengthening of Tc in the later stages of corticogenesis in the visual cortex, similar to what we observed in the frontal cortex after E70.

Figure 8 :

 8 Figure 8 : Cell cycle dynamics in the occipital and frontal cortex. (A) Mean values of cell cycle duration during corticogenesis in frontal and occipital cortex (mean ± SEM) *** p < 0.005 Mann-Whitney test. (B) Proportions of differentiative and proliferative divisions during corticogenesis in frontal and occipital cortex (mean ± SEM). Tc: cell cycle duration. See the Materials and methods section for detailed numbers of cells and specimens.

Figure 9 :

 9 Figure 9 : OSVZ cell cycle kinetics variations are largely due to G1 phase regulation. (A) Cartoon representation of the cell-cycle. (B) Example of Ki67/Geminin/PCNA immunolabeled progenitors. PCNA labeling is diffuse in G1, G2 and M phases but punctuated in S phase. Ki67 labeling is observed during all phases of the cell cycle. Geminin labeling is not observed during G1. Scale bar=2 μm. (C) Proportion of cells in each phase of the cell cycle in the OSVZ of the frontal cortex during corticogenesis (mean ± SEM) * p < 0.05, ** p < 0.01 Chi-square test. (D) Estimated length of each cell cycle phase from the number of cells in each phase and the measured cell cycle duration in the OSVZ of A17 and the frontal cortex. See the Materials and methods section for detailed numbers of cells and specimens.

Figure

  Figure 10 : Developmental timetable of corticogenesis in the frontal and visual cortex. Stage-specific differences in corticogenesis and cell-cycle parameters in the macaque cortex. The dotted lines show predicted values for Tc outside of our window of investigation. Tc: cell cycle duration, Infra: infragranular neuron production, Supra: supragranular neuron production.

Figure 11 :

 11 Figure 11 : Proportion of the germinal compartments in the frontal cortex during corticogenesis. (A) Proportion of the thickness of the GZ compared to the entire depth of the cortical wall during corticogenesis in parasagittal sections. (B) Proportion of the thickness of the ISVZ (red), IFL (blue) and OSVZ (purple) compared to the entire depth of the germinal zones during corticogenesis in parasagittal sections. GZ: germinal zones, Cx: cortex, ISVZ: inner subventricular zone, IFL: inner fiber layer, OSVZ: outer subventricular zone. Between two and four sections were analysed per stage.

Figure 12 :

 12 Figure 12 : Germinal zone Vimentin expression in different planes of section. (A) Transects of Vimentin immunostained parasagittal sections at E60 and E78 in the frontal cortex. (B) Transects of Vimentin immunostained coronal sections at E63 and E79 in the frontal cortex. Scale bar 100μm.

Figure 13 :

 13 Figure 13 : Quantification of Ki67 expression in the occipital and frontal cortex. Distribution of cycling precursors in the germinal zones of the occipital and frontal cortex during corticogenesis. GZ: germinal zones, VZ: ventricular zone, ISVZ: inner subventricular zone, OSVZ: outer subventricular zone. At E49 n=1695, E63 n=11091, E73 n=17871, E79 n=2301; E86 n=13594; E94 n=13579. Between one and two sections were used per stage.
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  Figure 14 : Diversity of bRG mother cell morphotypes generating post-mitotic cells in the frontal cortex. Quantification of the different bRG mother cell morphotypes generating post-mitotic cells in the frontal cortex at E64, E70 and E77. B: bRG-basal-P, 2p: bRG-both-P, Ap: bRG-apical-P.

Figure 15 :

 15 Figure 15 : Types of divisions in the occipital and frontal cortex. (A-B) Proportions of differentiative and proliferative divisions during corticogenesis in frontal and occipital cortex. (A) P: both daughter cells undergo further division, D: at least one daughter cell exits the cell cycle. (B) P: at least one daughter cell undergoes further division, DP: one daughter cell undergoes further division and the other exits the cell cycle, D: both daughter cells exit the cell cycle.

Figure 1 :

 1 Figure 1 : Timing of the arrival of thalamic fibers in the developing cortex. (A-E) Bisbenzimide stained coronal sections superimposed with DiI labeling of TC fibers at E40, E55, E59, E71, and E83. DiI was placed in the LGN of fixed monkey brains. Ctx: cortex, ic: internal capsule, th: thalamus. Scale bars: 100μm (A), 1mm (B-E). These results were obtained by the team in collaboration with Zoltan Molnár and Rosalind Carney.

Figure 2 :

 2 Figure 2 : Identification of the geniculo-striate pathway in the OFL at E88 and E114. (A, D) Bisbenzimide stained sections at E88 and E114 showing migrating cells in the strands traversing the OFL. (B, E) Autoradiograms of sections (A) and (D), with labeled fibers in the OFL following intraocular eye injection and trans-synaptic transport of proline. (C, F) Adjacent sections processed for acetylcholinesterase (AChE). Unpublished results obtained by the team.

Figure 3 :

 3 Figure 3 : AChE labeling in thalamus at E80. (A) AChE labeling at E80 showing fibers leaving the lateral geniculate nucleus. (B, C) High power view showing fibers running along the external aspect of the OSVZ, the internal half of the OFL. (B) is taken from the pole of the occipital lobe and (C) more anterior. Unpublished results obtained by the team.

Figure 4 :

 4 Figure 4 : Localization of thalamic fibers in the neuroepithelium at E88. (A) Co-localization of AChE positive fibers labeled with 3H-proline (arrow) at E88 following intraocular injection at E80. (B, C) High power autoradiography and AChE views of section (A). Unpublished results obtained by the team.

Figure 5 :

 5 Figure 5 : Effect of thalamus-conditioned medium on A17 progenitors. Proportions of cycling cells (GF) and progenitors in S phase at the time of the BrdU pulse (LI) in dissociated A17 OSVZ progenitors. TCM was prepared from mitomycin treated embryonic LGN explants at E80. PCNA is a marker of cycling progenitors and BrdU is an S phase marker. GF: growth fraction, LI: labeling index, TCM: thalamus conditioned medium.

Figure 6 :

 6 Figure 6 : Area specific effect of TCA. (A) Immunolabeling of dissociated cortical progenitors growing in the region of LGN axons (red). (B) Cartoon representation of the explant shown in (A) with PCNA positive cells (red dots) and differentiated cells (blue dots). (C) Proportion of cycling progenitors in close proximity (within 60 μm) of TCA after co-culture of E80LGN explants grown over dissociated A17 or A18 OSVZ progenitors. GF: growth fraction.

Figure 7 :

 7 Figure 7 : Cell cycle kinetics in horizontal domains of the germinal zones. (A, B) Histological sections of A17 at E64 and E78 showing S phase progenitors after a 3 H-Thy pulse. Survival time: 1 hour (A), 3 hours (B). (C) Proportions of S phase progenitors in the inner (in)and outer (out)OSVZ of A17 and A18 at E64 and E78. LI: labeling index, 3 HThy: 3 H-thymidine. Unpublished results obtained by the team.

Figure 8 :

 8 Figure 8 : Quantitative analysis of autoradiographic labeling in early anophtalmic monkeys. (A) Schematic representation of the cytoarchitecture and the limits of A17, A18 and hybrid cortex following a bilateral enucleation at E68. (B) Quantification of the LI in the cortex following retinal ablation in a E60 fetus, coupled with the injection of S phase marker 3 H-Thy at E78. The labeling index was computed using the mitotic history technique. LS: lunate sulcus, Lat Cal: lateral calcarine, OT: occipital temporal sulcus, HC: Hybrid cortex, LI: labeling index. (A) reproduced fromDehay et al., 1996aDehay et al., , 1996b. . 

Figure 9 :

 9 Figure 9 : Timeline and histological sequences in mouse and monkey occipital cortex development. Timeline for LGN and occipital cortex neurogenesis in mouse and monkey.

Figure 10 :

 10 Figure 10 : TCA pathways in non-primates and primates. (A) Cartoon representation of LGN projection pathways to striate and extrastriate cortex in primates and non human primates. (B) Cartoon representation of LGN projection pathways to striate and extrastriate

Figure 11 :

 11 Figure 11 : Influence of LGN input on A17 identity during embryonic development. (A, C) Parasagittal Nissl stained sections showing the cytoarchitecture of A17 and A18 and areas 17/18 boundary in the normal and enucleated monkey. (B, D) Schematic of the limits of striate, extrastriate and hybrid cortex. (E) Quantification of the effects of enucleation on the proportion of visual cortex. From left to right: surface area of striate cortex; proportion of striate cortex in relation to total visual cortex; proportion of visual cortex in relation to total cortex. The neonates in (C) and (D) underwent enucleation at E68. Scale bars, 2mm. Error bars, SD. (A) and (C) reproduced fromDehay et al. 1996a, 1996b and[START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF] to (E) from[START_REF] Magrou | How Areal Specification Shapes the Local and Interareal Circuits in a Macaque Model of Congenital Blindness[END_REF] 

Figure 12 :

 12 Figure 12 : Different organizations of axonal pathways during development. Cartoon representations of the organization of cortico-thalamic (C/T in purple) and thalamo-cortical (T/C in orange) pathways in primate and rodent. Green cells represent interneurons. MZ: marginal zone, IZ: intermediate zone, CP: cortical plate, SP: subplate, OSVZ: outer subventricular zone, VZ: ventricular zone. Reproduced from Borello et al. 2017.

Figure 13 :

 13 Figure 13 : Cell-cycle duration progression during primate corticogenesis.Stage-specific regulation of cell cycle duration during corticogenesis in the macaquecortex. Tc: cell cycle duration, Infra: infragranular neurons production, Supra: supragranular neurons production.

  Preliminary work to identify genes up or down regulated by TCA in cortical progenitors was carried out in collaboration with Nenad Sestan. Radial subcompartments of A17 GZ were laser-microdissected so as to perform RNA-Seq profiling in both VZ and OSVZ. The deep sequencing analysis identified a list of 578 genes differentially expressed (DEGs) in the outer part of OSVZ compared to the VZ. Further analysis highlighted OSVZ DEGs as members of different protein functional classes such as cell cycle, cell-cell adhesion, extracellular matrix, axon guidance and signaling pathways (Fgf, Notch, EGF, and Wnt). The differential expression of some of the strongest OSVZ DEGs was validated by ISH on embryonic primate tissue, including CRYM, LIX1, LYN, HIST1H-1B, HIST1H-1E, MAPK12, NEUROD6, SEMA6D, ARHGAP11A, FLRT1, PAQR8, SPRY2, ETV5. In addition, we have validated the expression of some of these genes by qPCR on cDNA extracted from the primate VZ and OSVZ (CRYM, TNC, LIX1, LYN, HS6ST3, MAPK12, NEUROD6, SEMA6D, UNC5A, CDK6, FLRT1, SPRY2).

3H-

  Thy injection. Cells exiting the cell cycle shortly after the injection exhibit a stronger labeling, as progenitor cells re-entering the cell cycle display a diluted labeling. A total number of 6571 cells were examined in A17 (4 coverslips), 1663 in A18 (3 coverslips) and 2676 in HC (4 coverslips). Cells were considered positive when over 5 grains were observed per nucleus.

  Arcila et al., who studied the specificity of miRNA expression patterns in the non human primate[START_REF] Arcila | Novel primate miRNAs coevolved with ancient target genes in germinal zone-specific expression patterns[END_REF]. With the aim of better characterizing the

emergence of primate specific cortical features, they performed deep sequencing of miRNAs from the different compartment of the cortical wall in embryonic macaque visual cortex. They found that the GZ and CP in A17 present specific miRNA expression profiles and a differential expression of miRNAs between the different GZ compartments through targeting of cell cycle and neurogenesis regulatory genes. This would suggest the involvement of primate specific miRNAs in OSVZ expansion. As such, miRNAs seem to play an important role in cortical expansion through a complexification of cortical functional architecture, following increased rates of neuron production. Of note, the study of primate specific miRNAs by Arcila et al., identified a number of miRNA targeted genes, including Mll2, which is involved in the cell cycle and more specifically in the G1/S transition.

Cell cycle machinery in primate cortical GZ has evolved as evidenced by primate specific miRNA.

  /Tbr2/Ki67/DAPI immunostained parasagittal sections at different stages of corticogenesis between E49 and E94 in the occipital (A) and frontal (B) cortex . Scale bar 20μm (A), 50μm (B). VZ: ventricular zone, ISVZ: inner subventricular zone, IFL: inner fiber layer, OSVZ: outer subventricular zone, OFL: outer fiber layer, IZ: intermediate zone, SP: subplate, CP: cortical plate.

  . Surgical procedures and animal experimentation were in

	accordance	with	European	requirements	2010/63/UE.	Protocols
	C2EA42-12-11-0402-003 and APAFIS#3183 have been approved by the Animal Care
	and Use Committee CELYNE (C2EA #42).		

Stage Number of foetuses Number of hemispheres Number of cells Number of quantified Tc Number of quantifiable types of division (P or D) Number of quantified MST

  

			Time				
	E48	1	1	52	33	9	
	E64	3	5	150	96	78	48
	E67	1	1	31	17	19	12
	E75	1	1	45	26	6	13
	E77	2	3	312	232	137	77

Lapse Video analysis in the frontal cortex

  This part of the research was carried out under the project licence "Structure and Development of the Mammalian Brain" issued in the name of Pr. Zoltan Molnár and Pr.Colin Blakemore (University Laboratory of Physiology, Oxford), code PPL 30/1722.

	Stage	Number of foetuses	Number of hemispheres	Number of cells	Number of quantified Tc	Number of quantifiable types of division (P or D)	Number of quantified MST
	E64	1	1	87	31	37	27
	E71	1	1	64	8	44	9
	E77	2	3	85	29	32	29
	Neuroanatomical tract tracing experiments			
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CONCLUSION AND PERSPECTIVES

The study of presumptive A17 and its neighbour A18 shows that differential rates of proliferation as well as migration and tangential expansion are involved in the establishment of the areal boundary between these two areas in the macaque visual cortex [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF][START_REF] Lukaszewicz | The Concerted Modulation of Proliferation and Migration Contributes to the Specification of the Cytoarchitecture and Dimensions of Cortical Areas[END_REF]. In vivo analysis of proliferation rates in these areas shows a gradual decrease from A17 to A18 which could be in part attributed to differential expression of positive and negative cell cycle regulators [START_REF] Lukaszewicz | G1 Phase Regulation, Area-Specific Cell Cycle Control, and Cytoarchitectonics in the Primate Cortex[END_REF]. One could hypothesize that similar types of regulatory gradients extend to more rostral areas such as the presumptive somatosensory cortex and the frontal cortex.

Although the mechanism of specification of postmitotic neuron identities remains incompletely understood, studies have started to give insight into the potential processes underlying neuronal diversity in primates [START_REF] Mayer | Developmental diversification of cortical inhibitory interneurons[END_REF][START_REF] Nowakowski | Spatiotemporal gene expression trajectories reveal developmental hierarchies of the human cortex[END_REF]. Nowakowski et al. used single cell profiling tools to study spatiotemporal gene expression trajectories during corticogenesis, focusing on cells from both the visual cortex (A17) and the prefrontal cortex (PFC) in human. Interestingly, while they found a strong distinction between pallial and subpallial radial glial cells, A17 and PFC cells seem to share a common initial molecular program. Indeed, they found that only a few genes are differentially expressed between A17 and PFC progenitors while significant differences are observed in maturing neurons (SP and CP).

Additionally, recent studies suggest that the SP exerts a role in the specification of migratory neurons [START_REF] Ozair | hPSC Modeling Reveals that Fate Selection of Cortical Deep Projection Neurons Occurs in the Subplate[END_REF][START_REF] Mostajo-Radji | Postmitotic Fate Refinement in the Subplate[END_REF]. Using organoids derived from human pluripotent stem cells (hPSCs) to model SP formation, the authors show that deep layer neurons can be specified from SP neurons. The authors compared the molecular profile of the frontal and occipital SP in human fetal brains and found different profiles in the two regions. This confirms that areal identity specification occurs mostly in postmitotic compartments [START_REF] Nowakowski | Spatiotemporal gene expression trajectories reveal developmental hierarchies of the human cortex[END_REF] and min. Primary antibodies were incubated overnight in BSA (1%) in TBS at 4°C. Mouse anti-Pax6 (DSHB, AB-191083, 1:200), sheep anti-Tbr2 (R&D, AF6166, 1:800), rabbit anti-Ki67 (Thermo Scientific, RM-9106, 1:200), rabbit anti-Ki67 FITC (Thermo Scientific, RM-9106-FO, 1:100), rabbit anti-Tbr1 (Abcam, AB31940, 1:1000), mouse anti-PCNA (Dako, AB191085, 1:100), rabbit anti-Geminin (Santa-Cruz, sc-13015, 1:400), mouse anti-Satb2 (Abcam, AB51502, 1/200), chicken anti-GFP (Invitrogen, A10262, 1:1000), mouse anti-Vimentin (Sigma, V6630, 1:400), rat anti-BrdU (Abcam, AB6326, 1:500). After 3 TBS wash, relevant secondary antibodies were incubated in Dako Diluent (Dako, S3022) 1 hr at RT, at the following concentrations: Alexa Fluor 488 goat anti-chicken IgY (Invitrogen, A11039, 1/:1000), Alexa Fluor 555 goat anti-mouse IgG (Invitrogen, A21422, 1/800), Alexa Fluor 488 goat anti-mouse IgG (Invitrogen, A11001, 1/1000), Alexa Fluor 555 goat anti-rabbit IgG (Invitrogen, A21428, 1/800).

Nuclear staining was performed using Dapi (Invitrogen, D1306, 3 μM in TBS), for 10 min at RT. Mounting was realized in Fluoromount G medium (Southern Biotech, 0100-01). Confocal examination of the fluorescent labelling was carried out on a LEICA DM 6000 CS SP5 equipped with an Argon laser tuned to 488 nm, a HeNe laser 543 nm, a HeNe laser 633 nm and a diode 405 nm. Acquisitions were performed using oil objectives (x40), thanks to the LAS AF software (Leica). 

Progenitor marker gene expression in the visual cortex