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Functioning of the neocortex relies on a complex architecture of circuits, as illustrated by the causal link between neocortical excitation/inhibition imbalance and the etiology of several neurodevelopmental disorders. An important entry point to cortical circuits is located in the superficial layer 1 (L1), which contains mostly local and long-range inputs and sparse inhibitory interneurons that collectively regulate cerebral functions. While increasing evidence indicates that L1 has important physiological roles, our understanding of how it wires up during development remains limited. Here, we provide an integrated overview of L1 anatomy, function and development, with a focus on transient early-born Cajal-Retzius neurons, and highlight open questions key for progressing our understanding of this essential yet understudied layer of the cerebral cortex. Highlights • -Cortical layer 1 is a major site of integration providing context for sensory information • -Layer 1 inputs exhibit a stereotypical organization generated early in development • -Layer 1 interneurons contribute to disinhibition and hence plasticity and learning • -Developing layer 1 transiently hosts migrating interneurons and Cajal-Retzius cells • -Cajal-Retzius cells regulate layer 1 circuits and upper cortical layers Short title: Cortical layer 1 in the wiring of functional circuits

Introduction

The neocortex controls sensory perception, motor behaviors and cognition [START_REF] Harris | The neocortical circuit: Themes and variations[END_REF]. To do so, this brain structure relies on complex circuits that assemble two large classes of neurons: excitatory glutamatergic neurons, including pyramidal neurons that project long distances; and inhibitory GABAergic interneurons, which are morphologically and functionally heterogeneous, and form local circuits. A precise balance between excitation and inhibition is essential to ensure normal cortical activity and function. Indeed, an imbalance in the excitation/inhibition (E/I) ratio is linked to the etiology of several neurodevelopmental disorders, including Autism Spectrum Disorders and Schizophrenia [START_REF] Marín | Interneuron dysfunction in psychiatric disorders[END_REF]. The constituent microcircuits of the neocortex are further organized into six layers, which collectively ensure an organized flow of information and enable the remarkable computational properties of the neocortex.

Whereas many studies have focused on deciphering the structure/function relationships in cortical circuits, the most superficial layer 1 (L1) has long remained "a crowning mystery" [START_REF] Hubel | Cortical Neurobiology[END_REF].

L1 has an atypical composition compared to other cortical layers, containing axons and dendrites, glial cells but only a limited number of neuronal cell bodies [START_REF] Ibrahim | ScienceDirect Mining the jewels of the cortex ' s crowning mystery[END_REF]. In particular, L1 comprises long-range excitatory, inhibitory and neuromodulatory inputs that target apical dendrites of pyramidal neurons located in different neocortical layers, as well as sparse inhibitory interneurons (Figure 1) [START_REF] Ibrahim | ScienceDirect Mining the jewels of the cortex ' s crowning mystery[END_REF], [START_REF] Jiang | The organization of two new cortical interneuronal circuits[END_REF]. Despite increasing evidence that L1 is important for sensory processing, cross-modal communication, learning and arousal [START_REF] Cauller | Layer I of primary sensory neocortex: where top-down converges upon bottom-up[END_REF]- [START_REF] Doron | Perirhinal input to neocortical layer 1 controls learning[END_REF], we still have a fragmented understanding of how it wires up during development. In this review, we collate the current knowledge on L1 structure in adults and how it emerges during development, focusing on the model system of the mouse barrel cortex and highlighting the key regulators of cortical wiring, the transient Cajal-Retzius neurons.

Anatomy and function of the mature cortical layer 1

To grasp how L1 develops, it is essential to first understand its mature architecture and associated functions. A hallmark of L1 is that it hosts apical dendrites of pyramidal cells from distinct layers (Figures 1A,B) that integrate "top-down" information providing context, value, meaning and congruence to "bottom-up" sensory information, which is mostly relayed through basal dendrites [START_REF] Cauller | Layer I of primary sensory neocortex: where top-down converges upon bottom-up[END_REF], [START_REF] Bartolini | Integration of GABAergic Interneurons into Cortical Cell Assemblies: Lessons from Embryos and Adults[END_REF].

Another feature of L1 is that it hosts only few cell bodies, namely sparse GABAergic interneurons and glial cells. GABAergic interneurons of the neocortex shape activity patterns and comprise three main classes. First, Parvalbumin (PV + ) neurons, including Basket and Chandelier cells, respectively target the soma and axonal initiation segment of pyramidal neurons, thereby regulating neuronal output (Figure 1B,C) [START_REF] Bartolini | Integration of GABAergic Interneurons into Cortical Cell Assemblies: Lessons from Embryos and Adults[END_REF], [START_REF] Huang | The diversity of GABAergic neurons and neural communication elements[END_REF]. Second, Somatostatin (SST + ) neurons, including Martinotti cells which send axons to upper L1 (or L1a) and target apical dendrites of pyramidal neurons, regulate dendritic excitatory entries (Figure 1B,C) [START_REF] Bartolini | Integration of GABAergic Interneurons into Cortical Cell Assemblies: Lessons from Embryos and Adults[END_REF]- [START_REF] Lim | Optimization of interneuron function by direct coupling of cell migration and axonal targeting[END_REF]. Third, a broad class of 5HT3R + neurons, with various morphologies, elicits either local inhibition or disinhibition by targeting PV + or SST + interneurons (Figures 1B,C) [START_REF] Bartolini | Integration of GABAergic Interneurons into Cortical Cell Assemblies: Lessons from Embryos and Adults[END_REF], [START_REF] Huang | The diversity of GABAergic neurons and neural communication elements[END_REF], [START_REF] Niquille | Neurogliaform cortical interneurons derive from cells in the preoptic area[END_REF]- [START_REF] Anastasiades | Mediodorsal and ventromedial thalamus engage distinct L1 circuits in the prefrontal cortex[END_REF]. L1 interneurons all belong to this third class of 5HT3R + neurons and have been recently characterized as four distinct sub-populations characteristic of L1, with particular morphologies, electrophysiological properties and molecular markers: i) Bipolar cells (VIP + ), which are also largely present in deeper cortical layers; ii) Neurogliaform (NGF) cells, which are also found in deeper cortical layers but specifically co-express Reelin + NDNF + NPY + in L1; iii) Canopy cells (NDNF + NPY -); iv) α7-subunit of Nicotinic Receptors cells and Bipolar cells (VIP + ). Their axonal projection is either restricted to L1 -for NGF and Canopy cells -or dives deeper into the neocortex -for Bipolar VIP + and α7-subunit of Nicotinic Receptors cells (Figure 1B,C) [START_REF] Ibrahim | ScienceDirect Mining the jewels of the cortex ' s crowning mystery[END_REF], [START_REF] Schuman | Four unique interneuron populations reside in neocortical layer 1[END_REF]- [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF]. In addition, L1 contains dendritic arborization of several interneurons residing outside of L1, especially Chandelier cells and Bipolar VIP + cells of L2/3 (Figure 1B,C). Collectively, such organization highlights inhibitory modules that contribute to L1 circuits as well as to the deeper neocortical layers (Figure 1B,C) [START_REF] Ibrahim | ScienceDirect Mining the jewels of the cortex ' s crowning mystery[END_REF], [START_REF] Schuman | Four unique interneuron populations reside in neocortical layer 1[END_REF]- [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF].

Besides interneurons, L1 also contains glial cells such as astrocytes and microglia (Figure 1B,C). L1 astrocytes have been so far the main focus of study and form a particular subpopulation of pial astrocytes, with a characteristic morphology and with potentially specific roles [START_REF] Clavreul | Cortical astrocytes develop in a plastic manner at both clonal and cellular levels[END_REF]- [START_REF] Takata | Cortical layer 1 and layer 2/3 astrocytes exhibit distinct calcium dynamics in vivo[END_REF].

L1 also contains several long-range projections coming from higher order thalamic nuclei, such as the POm or motor thalamus in the barrel cortex [START_REF] Audette | POm Thalamocortical Input Drives Layer-Specific Microcircuits in Somatosensory Cortex[END_REF]- [START_REF] Zhang | High-Order Thalamic Inputs to Primary Somatosensory Cortex Are Stronger and Longer Lasting than Cortical Inputs[END_REF], from other cortical regions [START_REF] Lee | A disinhibitory circuit mediates motor integration in the somatosensory cortex[END_REF], [START_REF] Caputi | The long and short of GABAergic neurons[END_REF] and from subcortical structures that convey neuromodulatory or GABAergic inputs (Figure 1A,B) [START_REF] Poorthuis | Rapid Neuromodulation of Layer 1 Interneurons in Human Neocortex[END_REF]- [START_REF] Vitalis | Serotonin homeostasis and serotonin receptors as actors of cortical construction: Special attention to the 5-HT3A and 5-HT6 receptor subtypes[END_REF]. These long-range projections exhibit precise spatial ordering: thalamic axons and GABAergic projections from the Zona Incerta are mainly restricted to the upper L1a, whereas cortical and neuromodulatory inputs are spread across L1, meaning L1a and L1b (Figure 1A,1B) [START_REF] Anastasiades | Mediodorsal and ventromedial thalamus engage distinct L1 circuits in the prefrontal cortex[END_REF], [START_REF] Cruikshank | Thalamic Control of Layer 1 Circuits in Prefrontal Cortex[END_REF], [START_REF] Chen | A GABAergic projection from the zona incerta to cortex promotes cortical neuron development[END_REF].

L1 inputs target both apical dendrites, with a remarkably stereotyped organization and ordering [START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF], as well as interneurons which, in turn, provide another level of regulation [START_REF] Huang | The diversity of GABAergic neurons and neural communication elements[END_REF], [START_REF] Audette | POm Thalamocortical Input Drives Layer-Specific Microcircuits in Somatosensory Cortex[END_REF], [START_REF] Cruikshank | Thalamic Control of Layer 1 Circuits in Prefrontal Cortex[END_REF], [START_REF] Chen | A GABAergic projection from the zona incerta to cortex promotes cortical neuron development[END_REF]. For instance, higher order thalamic inputs constitute a major excitatory drive of apical dendrites and L1 interneurons [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF], [START_REF] Audette | POm Thalamocortical Input Drives Layer-Specific Microcircuits in Somatosensory Cortex[END_REF], [START_REF] Williams | Higher-Order Thalamocortical Inputs Gate Synaptic Long-Term Potentiation via Disinhibition[END_REF], [START_REF] Audette | Rapid Plasticity of Higher-Order Thalamocortical Inputs during Sensory Learning[END_REF], which either directly inhibit apical dendrites providing feedforward inhibition, or target PV + or SST + Martinotti cells, thereby disinhibiting pyramidal neurons (Figure 1C) [START_REF] Abs | Learning-Related Plasticity in Dendrite-Targeting Layer 1 Interneurons[END_REF], [START_REF] Letzkus | A Disinhibitory Microcircuit for Associative Fear Learning in the Auditory Cortex[END_REF], [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF], [START_REF] Audette | POm Thalamocortical Input Drives Layer-Specific Microcircuits in Somatosensory Cortex[END_REF], [START_REF] Lee | A disinhibitory circuit mediates motor integration in the somatosensory cortex[END_REF]. The correlated activation of these thalamic inputs can thus sharpen or potentiate the pyramidal neuron responses via interneuron circuits, ultimately forming a powerful mechanism for rapid sensory plasticity and learning [START_REF] Abs | Learning-Related Plasticity in Dendrite-Targeting Layer 1 Interneurons[END_REF], [START_REF] Doron | Perirhinal input to neocortical layer 1 controls learning[END_REF], [START_REF] Williams | Higher-Order Thalamocortical Inputs Gate Synaptic Long-Term Potentiation via Disinhibition[END_REF]- [35]. Direct inputs from other cortical or subcortical regions also provide top-down information regarding the context of sensory experience [START_REF] Ibrahim | Cross-Modality Sharpening of Visual Cortical Processing through Layer-1-Mediated Inhibition and Disinhibition[END_REF], [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF], [START_REF] Mesik | Sensory-and Motor-Related Responses of Layer 1 Neurons in the Mouse Visual Cortex[END_REF], [START_REF] Tanaka | Thalamocortical Axonal Activity in Motor Cortex Exhibits Layer-Specific Dynamics during Motor Learning[END_REF].

Collectively, the precise topology of excitatory and inhibitory synapses onto apical tufts [START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF] and local interneuron circuits [START_REF] Ibrahim | ScienceDirect Mining the jewels of the cortex ' s crowning mystery[END_REF] enable the diversity of pyramidal neuron firing patterns associated with their functions. The tight structure-function relationship in L1 raises the intriguing question of how such a spatially organized architecture forms during development.

Layer 1 as a migration hub: more than building up adult circuits

In contrast to what is observed in adults, the embryonic and early postnatal L1, called the marginal zone (MZ), hosts multiple transient neuronal populations, which are later either eliminated by cell death or migrate out of this structure (Figure 2A).

The first inhabitants of the MZ are Cajal-Retzius cells (CRc) [START_REF] Kirischuk | Cajal-Retzius cells: Update on structural and functional properties of these mystic neurons that bridged the 20th century[END_REF], [START_REF] Soriano | The cells of cajal-retzius: Still a mystery one century after[END_REF]. These cells are amongst the first cortical glutamatergic neurons to be generated and are the main embryonic source of Reelin -a secreted glycoprotein essential for cortical lamination and whose dysfunction is linked to the etiology of several neurodevelopmental disorders [START_REF] Kirischuk | Cajal-Retzius cells: Update on structural and functional properties of these mystic neurons that bridged the 20th century[END_REF]- [START_REF] D'arcangelo | Editorial: Reelin-related neurological disorders and animal models[END_REF]. In mice, CRc are generated between embryonic day (E)9 and E12 from four different sources around the neocortex: the cortical hem, septum (SE), pallial-subpallial boundary (PSB) and thalamic eminence (ET). From their production sites, CRc migrate tangentially in the MZ in close contact with meninges and tile the cortical surface, in part via contact repulsion [START_REF] Kirischuk | Cajal-Retzius cells: Update on structural and functional properties of these mystic neurons that bridged the 20th century[END_REF], [START_REF] Bielle | Multiple origins of Cajal-Retzius cells at the borders of the developing pallium[END_REF]- [START_REF] Ruiz-Reig | Lateral Thalamic Eminence: A Novel Origin for mGluR1/Lot Cells[END_REF]. This process leads to cell gradients, for instance with hem-derived CRc more concentrated mediocaudally and more SE-derived CRc medio-rostrally [START_REF] Barber | Tangential migration of glutamatergic neurons and cortical patterning during development: Lessons from Cajal-Retzius cells[END_REF], [START_REF] Barber | Migration speed of Cajal-Retzius cells modulated by vesicular trafficking controls the size of higher-order cortical areas[END_REF], [START_REF] Griveau | A novel role for Dbx1-derived Cajal-Retzius cells in early regionalization of the cerebral cortical neuroepithelium[END_REF]. Such distribution is linked to the migration dynamics since the genetic ablation of SE-derived CRc induces a reorganization of other CRc which now populate the depleted area [START_REF] Barber | Tangential migration of glutamatergic neurons and cortical patterning during development: Lessons from Cajal-Retzius cells[END_REF], [START_REF] Barber | Migration speed of Cajal-Retzius cells modulated by vesicular trafficking controls the size of higher-order cortical areas[END_REF], [START_REF] Griveau | A novel role for Dbx1-derived Cajal-Retzius cells in early regionalization of the cerebral cortical neuroepithelium[END_REF]. During this early migration phase, some SE and ET-derived CRc accumulate in a reservoir located in the olfactory cortex, from which they can re-enter migration, thereby maintaining CRc density in the neocortex during brain developmental growth (Figure 2A) [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF]. Thus, distinct steps of migration in the MZ are essential to regulate overall CRc density, as well as the local relative proportion of CRc from the different sources. While CRc were shown to contribute to cortical wiring, these cells are almost entirely eliminated in the postnatally neocortex of mice (Figure 2A) [START_REF] Soriano | The cells of cajal-retzius: Still a mystery one century after[END_REF], [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF]- [START_REF] Ma | Development of layer 1 neurons in the mouse neocortex[END_REF]. Intriguingly, SE and ET-derived CRc are eliminated by Bax-dependent apoptosis whereas the other populations are demised by a process that remains to be characterized [START_REF] Ledonne | Targeted Inactivation of Bax Reveals a Subtype-Specific Mechanism of Cajal-Retzius Neuron Death in the Postnatal Cerebral Cortex[END_REF], [START_REF] Causeret | Cortical developmental death: selected to survive or fated to die[END_REF]. The roles of CRc, their heterogeneity and the mechanisms regulating their density and elimination will be detailed in the next section.

Together with the Subventricular zone (SVZ), the MZ is an important migration stream for GABAergic interneurons (Figure 2A), which are produced by the medial ganglionic eminence (MGE) for PV + and SST + interneurons, and by the Caudal Ganglionic Eminence (CGE) and Preoptic Area (POA) for 5HTR3 + subtypes (Figures 1B and2A) [START_REF] Bartolini | Integration of GABAergic Interneurons into Cortical Cell Assemblies: Lessons from Embryos and Adults[END_REF], [START_REF] Niquille | Neurogliaform cortical interneurons derive from cells in the preoptic area[END_REF], [START_REF] Ma | Development of layer 1 neurons in the mouse neocortex[END_REF]- [START_REF] Gelman | A wide diversity of cortical GABAergic interneurons derives from the embryonic preoptic area[END_REF].

While NGF cells were shown to be preferentially generated by the POA, the exact origins of other 5HTR3 + interneurons remain to be characterized in detail [START_REF] Niquille | Neurogliaform cortical interneurons derive from cells in the preoptic area[END_REF]. Before E16.5 in mice, cortical interneurons first migrate tangentially through the MZ and SVZ and then radially to position into the cortical plate (CP) where they undergo functional maturation (Figure 2A) [START_REF] Bartolini | Integration of GABAergic Interneurons into Cortical Cell Assemblies: Lessons from Embryos and Adults[END_REF],

[54]- [START_REF] Limoni | PlexinA4-Semaphorin3A mediated crosstalk between main cortical interneuron classes is required for superficial interneurons lamination[END_REF]. Thus a fraction of both MGE and CGE-derived interneurons are only passing through the MZ but for some of them, this migration constitutes an important step in their development. This is the case of SST + Martinotti cells, which preferentially migrate superficially, leaving their axon in the MZ while their cell bodies migrate deeper into the CP, thereby defining the cellular morphology and synaptic targeting of this major player in L1 circuits [START_REF] Lim | Optimization of interneuron function by direct coupling of cell migration and axonal targeting[END_REF], [START_REF] Favuzzi | Neurodevelopment: Distinct molecular programs regulate synapse specificity in cortical inhibitory circuits[END_REF]. The development and migration of the CGE and POA-derived interneurons that populate the mature L1 is less clear [START_REF] Niquille | Neurogliaform cortical interneurons derive from cells in the preoptic area[END_REF], [START_REF] Gelman | A wide diversity of cortical GABAergic interneurons derives from the embryonic preoptic area[END_REF], [START_REF] Miyoshi | Prox1 Regulates the Subtype-Specific Development of Caudal Ganglionic Eminence-Derived GABAergic Cortical Interneurons[END_REF], [START_REF] Gelman | The embryonic preoptic area is a novel source of cortical GABAergic interneurons[END_REF]; additional genetic tracing studies will be necessary to assess how these subtypes are generated and whether they also preferentially migrate through the MZ.

Recent studies have also aimed to address whether the migratory events occurring in the MZ are coordinated. While the migration of both interneurons and CRc relies on the meningeal Cxcl12 chemokine and its cognate CXCR4/CXCR7 receptors [START_REF] Barber | Tangential migration of glutamatergic neurons and cortical patterning during development: Lessons from Cajal-Retzius cells[END_REF], [START_REF] Borrell | Meninges control tangential migration of hem-derived Cajal-Retzius cells via CXCL12/CXCR4 signaling[END_REF]- [START_REF] Li | Regional distribution of cortical interneurons and development of inhibitory tone are regulated by Cxcl12/Cxcr4 signaling[END_REF], additional experiments suggest that impairing the migration of CRc might impact on the distribution of interneurons [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF], [START_REF] Li | Regional distribution of cortical interneurons and development of inhibitory tone are regulated by Cxcl12/Cxcr4 signaling[END_REF]- [START_REF] Caronia-Brown | Timing of cortical interneuron migration is influenced by the cortical hem[END_REF]. Here too, further studies will be needed to decipher potential cellcell interactions that occur in the MZ as well as their functional impacts.

Taken together, the developing L1 appears to be a central hub for the migration of GABAergic neurons, which are key regulators of the postnatal emergence of functional cortical circuits [START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF], [START_REF] Batista-Brito | Chapter 3 The Developmental Integration of Cortical Interneurons into a Functional Network[END_REF], [START_REF] Cossart | The maturation of cortical interneuron diversity: How multiple developmental journeys shape the emergence of proper network function[END_REF]. Are there any developmental roles of L1 interneurons or L1 projecting SST + Martinotti cells? Strikingly, these interneurons regulate circuit wiring in the early postnatal stages via early synchronization of their activity mediated by sensory inputs [START_REF] Che | Layer I Interneurons Sharpen Sensory Maps during Neonatal Development[END_REF], as well as shape, visual and auditory processing [START_REF] Lim | Optimization of interneuron function by direct coupling of cell migration and axonal targeting[END_REF], [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF]. Thus the MZ is a key hub for the construction of GABAergic circuits and hence for the functional emergence of cortical circuits during development.

Layer 1 wiring: from transient circuits to synaptic organization

In addition to cell bodies, the MZ contains several acellular processes including radial glia end feet (the leading processes of radially-migrating glutamatergic neurons which will give rise to apical dendrites), as well as long-range axonal projections (Figure 2B). While the formation of apical dendrites has been the focus of several reviews [START_REF] Whitford | Molecular Control of Cortical Dendrite Development[END_REF], [START_REF] Hakanen | Linking cell polarity to cortical development and malformations[END_REF], much less is known about the pathfinding of long-range axonal projections. Thalamic, cortical and neuromodulatory axons first reach the subplate (a transient structure located beneath the CP), then navigate through the CP and reach L1 in the stereotyped manner characteristic of adult circuits [START_REF] Vitalis | Serotonin homeostasis and serotonin receptors as actors of cortical construction: Special attention to the 5-HT3A and 5-HT6 receptor subtypes[END_REF], [START_REF] Fenlon | The anatomy, organisation and development of contralateral callosal projections of the mouse somatosensory cortex[END_REF]- [START_REF] Rubio-Garrido | Thalamic input to distal apical dendrites in neocortical layer 1 is massive and highly convergent[END_REF]. In addition to this "classical route", neuromodulatory axons can also follow a secondary tangential trajectory that directly reaches the MZ [START_REF] Vitalis | Serotonin homeostasis and serotonin receptors as actors of cortical construction: Special attention to the 5-HT3A and 5-HT6 receptor subtypes[END_REF]. While axons share similar routes, the timing of invasion differs across populations: neuromodulatory axons reach the MZ at embryonic stages, higher order thalamic axons during the first postnatal week and cortical axons by the beginning of the second postnatal week (Figure 2B). For GABAergic inputs, L1 is innervated from birth by long-range inputs from the Zona Incerta that regulate apical dendrite morphogenesis, and by the axonal plexus left by migrating Martinotti cells, as aforementioned (Figures 1 and2) [START_REF] Lim | Optimization of interneuron function by direct coupling of cell migration and axonal targeting[END_REF], [START_REF] Chen | A GABAergic projection from the zona incerta to cortex promotes cortical neuron development[END_REF], [START_REF] Taniguchi | The spatial and temporal origin of chandelier cells in mouse neocortex[END_REF].

In addition, the MZ is also innervated by the subplate, a transient structure eliminated postnatally by cell death, with few neurons being integrated in L6b [START_REF] Luhmann | The superior function of the subplate in early neocortical development[END_REF], [START_REF] Ghezzi | Non-canonical role for Lpar1-EGFP subplate neurons in early postnatal somatosensory cortex[END_REF] (Figure 2B). While the subplate forms transient circuits essential for the development of thalamic inputs [START_REF] Barber | Tangential migration of glutamatergic neurons and cortical patterning during development: Lessons from Cajal-Retzius cells[END_REF], [START_REF] Luhmann | The superior function of the subplate in early neocortical development[END_REF],

recent findings indicate that it also targets L1 interneurons during the first postnatal week, thereby transiently bridging peripheral sensory information relayed by the thalamus up to L1 [START_REF] Meng | Transient Coupling between Subplate and Subgranular Layers to L1 Neurons before and during the Critical Period[END_REF]. This connection is potentially of major importance, since early activity in L1 has been shown to be key for the maturation of interneurons as well as for the building of sensory circuits [START_REF] Takesian | Inhibitory circuit gating of auditory critical-period plasticity[END_REF], [START_REF] Ma | Development of layer 1 neurons in the mouse neocortex[END_REF], [START_REF] Che | Layer I Interneurons Sharpen Sensory Maps during Neonatal Development[END_REF] . Interestingly, early subplate to L1 connections have also been proposed to be observed in human fetal brains, where synapses have been detected in L1 from gestational week (GW)12 [START_REF] Zecevic | Synaptogenesis in layer I of the human cerebral cortex in the first half of gestation[END_REF], suggesting that this feature is evolutionarily conserved. How these transient early L1 circuits contribute to cortical function in rodents as well as in primates will be an important research focus.

Beyond the early wiring steps, what do we know about synaptogenesis in L1 and the development of the exquisite synaptic organization observed onto apical dendrites? While there is still limited information, evidence suggests that synaptogenesis in L1 is regulated by both intrinsic programs characteristic of the neuronal populations undergoing synaptogenesis, as well as by local environmental signals. Several molecular programs that regulate synapse specificity of L1 projecting interneurons have been recently identified [START_REF] Favuzzi | Neurodevelopment: Distinct molecular programs regulate synapse specificity in cortical inhibitory circuits[END_REF]. For example, Cbln4 expression in SST + Martinotti cells is sufficient to drive L1-restricted synapse formation onto apical dendrites of pyramidal neurons [START_REF] Favuzzi | Neurodevelopment: Distinct molecular programs regulate synapse specificity in cortical inhibitory circuits[END_REF]. In addition, local L1 signals, produced by either neurons or glial cells have been shown to act as synaptogenic factors. Prime examples are provided by the secreted glycoprotein Reelin [START_REF] Borrell | Reelin regulates the development and synaptogenesis of the layer-specific entorhino-hippocampal connections[END_REF], [START_REF] Bosch | Reelin Regulates the Maturation of Dendritic Spines, Synaptogenesis and Glial Ensheathment of Newborn Granule Cells[END_REF], which is produced by CRc and some CGE/POA-derived interneurons, and by Hevin, which is produced by astrocytes and promotes thalamocortical synapse formation in L1 [START_REF] Singh | Astrocytes Assemble Thalamocortical Synapses by Bridging NRX1α and NL1 via Hevin[END_REF]. Deciphering the cellular and molecular logic that shapes the exquisite L1 synaptic organization, in particular assessing the roles of transient neuronal circuits and glial cells, will constitute an important milestone.

Cajal-Retzius cells: pioneer neurons involved in layer 1 wiring

One of the major players in L1 wiring are the CRc, which are transient excitatory early-born neurons characterized by an elongated morphology, specific electrophysiological properties and the expression of molecular markers, such as Reelin and Tbr1 [START_REF] Kirischuk | Cajal-Retzius cells: Update on structural and functional properties of these mystic neurons that bridged the 20th century[END_REF], [START_REF] Sava | Electrophysiological and morphological properties of Cajal-Retzius cells with different ontogenetic origins[END_REF]. They are classically viewed as a single population of "guidepost cells" important for the migration of pyramidal neurons [START_REF] Ogawa | The reeler Gene-Associated Antigen on CajaI-Retzius Neurons Is a Crucial Molecule for Laminar Organization of Cortical Neurons[END_REF]- [START_REF] Yabut | Abnormal laminar position and dendrite development of interneurons in the reeler forebrain[END_REF]. However, several studies over the past years have collectively contributed to change our perspective on these superficial transient cortical neurons.

As mentioned, CRc form a heterogeneous population, being generated in distinct sources [START_REF] Kirischuk | Cajal-Retzius cells: Update on structural and functional properties of these mystic neurons that bridged the 20th century[END_REF], [START_REF] Bielle | Multiple origins of Cajal-Retzius cells at the borders of the developing pallium[END_REF], [START_REF] Ruiz-Reig | Lateral Thalamic Eminence: A Novel Origin for mGluR1/Lot Cells[END_REF], [START_REF] Luhmann | Control of cortical neuronal migration by glutamate and GABA[END_REF]- [START_REF] Yoshida | Massive loss of Cajal-Retzius cells does not disrupt neocortical layer order[END_REF], express selective molecular markers, including Calretinin, ∆Np73, Ebf2, Ebf3, depending on their origin [START_REF] Kirischuk | Cajal-Retzius cells: Update on structural and functional properties of these mystic neurons that bridged the 20th century[END_REF], and overall comprise transcriptionally distinct subtypes [START_REF] Li | Integrative genomic analysis of early neurogenesis reveals a temporal genetic program for differentiation and specification of preplate and Cajal-Retzius neurons[END_REF]. Remarkably, the elimination of SE-derived cells and their replacement by hemderived CRc revealed a specific role in cortical arealization [START_REF] Griveau | A novel role for Dbx1-derived Cajal-Retzius cells in early regionalization of the cerebral cortical neuroepithelium[END_REF]. These findings support the intriguing hypothesis that distinct CRc populations might be playing specific roles through their strategic positioning on the neocortical surface [START_REF] Barber | Tangential migration of glutamatergic neurons and cortical patterning during development: Lessons from Cajal-Retzius cells[END_REF], [START_REF] Barber | Migration speed of Cajal-Retzius cells modulated by vesicular trafficking controls the size of higher-order cortical areas[END_REF], [START_REF] Griveau | A novel role for Dbx1-derived Cajal-Retzius cells in early regionalization of the cerebral cortical neuroepithelium[END_REF].

In addition to their signaling activities, CRc are also electrically active neurons embedded in circuits. Irrespective of their origins, CRc are innervated by both serotonergic and noradrenergic axons, express mGluR and NMDA receptors and, postnatally, are predominantly innervated by GABAergic neurons [START_REF] Anstötz | Morphology, input-output relations and synaptic connectivity of Cajal-Retzius cells in layer 1 of the developing neocortex of CXCR4-EGFP mice[END_REF], [START_REF] Sava | Electrophysiological and morphological properties of Cajal-Retzius cells with different ontogenetic origins[END_REF], [START_REF] Janusonis | Early Serotonergic Projections to Cajal-Retzius Cells: Relevance for Cortical Development[END_REF]- [START_REF] Mienville | Low resting potential and postnatal upregulation of NMDA receptors may cause Cajal-Retzius cell death[END_REF]. In turn, CRc have been suggested to output onto L1 apical dendrites [START_REF] Marín-Padilla | Cajal-Retzius cells and the development of the neocortex[END_REF], but their post-synaptic targets still remain largely unknown.

Intriguingly, the mechanisms regulating CRc density, their remigration and their cell death have been shown to be partially activity-dependent [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF], [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF]. Indeed, the density of SE and ETderived CRc is regulated through a NMDA-dependent mechanism of redistribution from an olfactory reservoir (Figure 2A) [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF], while CRc hyperpolarization or general activity blockade impairs the Bax-dependent apoptosis of SE and ET-derived CRc (Figure 3B) [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF], [START_REF] Blanquie | vitro is activity-dependent. Blockade of the NKCC1 transporter in vitro or genetic deletion in vivo induces CRc survival[END_REF].

Intriguingly, the elimination of hem-derived CRc in the neocortex is not dependent on Bax and not regulated by activity, highlighting a major difference between CRc subsets [START_REF] Ledonne | Targeted Inactivation of Bax Reveals a Subtype-Specific Mechanism of Cajal-Retzius Neuron Death in the Postnatal Cerebral Cortex[END_REF], [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF]. Thus the life and death of CRc subsets is tightly regulated by activity, raising the question of their integration in transient circuits and their roles in the early wiring of the neocortex.

A certain level of understanding of the roles of CRc in cortical wiring has been gained by the use of genetic models that either decrease their density or impair their Bax-dependent apoptotic elimination (Figure 3 A,B) [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF], [START_REF] Ledonne | Targeted Inactivation of Bax Reveals a Subtype-Specific Mechanism of Cajal-Retzius Neuron Death in the Postnatal Cerebral Cortex[END_REF], [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF]. The first model, which uses a the ∆Np73 cre driver (80% of CRc, including hem, SE and ET-derived CRc) and a conditional allele expressing the A subunit of the diphtheria toxin, exhibits a 45% reduction in the number of CRc at P7 in the murine barrel cortex [START_REF] Tissir | DeltaNp73 regulates neuronal survival in vivo[END_REF]. This reduction in CRc density has an early influence on most actors of cortical L1: increased density of CGE/POA-derived interneurons, decreased density of axonal collaterals and decreased complexity of apical dendrite morphology (Figure 3A) [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF].

Interestingly, an early reduction in CRc density has the opposite effect to an impairment of CRc elimination [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF], [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF] . Early reduction in CRc density induces decreased apical dendrite branching and spine densities in L1, consistent with a decreased E/I ratio in upper cortical layers (Figure 3B) [START_REF] De Frutos | Reallocation of Olfactory Cajal-Retzius Cells Shapes Neocortex Architecture[END_REF]. In contrast, when electrically active CRc are not fully eliminated (via conditional invalidation of Bax proapoptotic gene specifically in CRc), the surviving CRc aberrantly integrate into circuits, leading to increased branching of apical dendrites, spine number and E/I ratio in upper cortical layers (Figure 3B) [START_REF] Ledonne | Targeted Inactivation of Bax Reveals a Subtype-Specific Mechanism of Cajal-Retzius Neuron Death in the Postnatal Cerebral Cortex[END_REF], [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF]. Hence, CRc have key roles in the wiring of upper cortical circuits, in particular the morphogenesis of apical dendrites and their associated synaptic inputs, and the complete elimination of CRc is required for proper brain wiring.

There are two main possible non-exclusive explanations for how CRc execute their roles: they might act through activity dependent mechanisms and/or through molecular cues.

Impairing the demise of CRc triggers an activity-dependent miswiring, indicating that these defects are mediated by the electrical activity of aberrant surviving SE and ET-derived CRc (Figure 3B) [START_REF] Riva | Activity-dependent death of transient cajal-retzius neurons is required for functional cortical wiring[END_REF]; however, hyperpolarization of CRc has no visible consequence for cortical circuits, suggesting that physiological functions of CRc might not rely on their electrical activity but rather on signaling mechanisms that remain to be characterized. One likely candidate would be Reelin since this secreted factor is known to promote synaptogenesis and deletion of its Cterminal portion leads to a morphologically similar phenotype as the ones observed in mutants with impaired CRc density [START_REF] Ha | C-Terminal Region Truncation of RELN Disrupts an Interaction with VLDLR, Causing Abnormal Development of the Cerebral Cortex and Hippocampus[END_REF]- [START_REF] Sakai | Mice that lack the C-Terminal region of Reelin exhibit behavioral abnormalities related to neuropsychiatric disorders[END_REF].

CRc are thus emerging as important mediators of the wiring of cortical L1 and of upper cortical layers. Still, we are yet to fully define the inputs driving both the activity-dependent CRc remigration and their elimination, as well as the mechanisms through which these transient neurons shape the wiring of cortical circuits.

Conclusions and perspectives

As functional roles of L1 emerge, it appears that the well stratified synaptic organization of this region is essential for the integration of information across apical dendrites. Linking the synaptic architecture to computation properties and ultimately behavioural responses, as well as deciphering the developmental mechanisms shaping L1 architecture constitute major challenges for the upcoming years. Transient CRc seem to be important regulators of L1 wiring; determining their roles, interplay with interneurons and connectivity will represent important steps forward in the field. A notable challenge is the heterogeneity of the CRc population: these cells derive from four distinct sources and it is yet to be discovered whether different CRc origins confer specific functional properties to these cells.

To date, most of the studies presented herein have been performed in rodents, raising the question of L1 in primates and humans. As circuits change during evolution, the importance of L1 for cortical function could be amplified because L1 interneurons in humans exhibit additional features, such as an increased complexity of apical dendrites and the axonal plexus [START_REF] Poorthuis | Rapid Neuromodulation of Layer 1 Interneurons in Human Neocortex[END_REF], [START_REF]Human cortical pyramidal neurons: From spines to spikes via models[END_REF]. Another key difference is that, unlike rodents, in the human cortex subtypes of CRc are not entirely eliminated [START_REF] Meyer | The heterogeneity of human Cajal-Retzius neurons[END_REF]. It is thus essential to understand how the intricate processes of L1 construction are coordinated both in space and time, how this varies across species with potential implications for pathologies, and how CRc, these "surplate neurons", orchestrate such wiring. 

FIGURES

Figure 1 .

 1 Figure 1. Architecture of circuits in the mature cortical L1 (A) Schematic representation of excitatory axonal projections (arrows) in the adult somatosensory barrel cortex (up) with a close-up on L1 (bottom) highlighting the spatial organization of inputs on apical dendrites of pyramidal neurons across L1a and 1b (bottom). Dotted lines delineate barrels. (B) Similar representations as in A showing the distribution of GABAergic interneuron subsets, classified by their developmental origins and molecular markers. (C) Schematic representations of circuit motifs recruited by excitatory (E) inputs in L1. Ia: layer 1a; Ib: layer 1b; CGE: Caudal Ganglionic Eminence; MGE: Medial Ganglionic Eminence, NDNF: Neuron Derived Neurotrophic Factor, NPY: Neuropeptide Y; POA: Preoptic Area, PV: Parvalbumin, SST: Somatostatin, VIP: Vasoactive Intestinal Peptide.

Figure 2 .

 2 Figure 2. Developmental timeline of L1 wiring (A) Schematic representation of the sequential migration steps and timing of invasion and death of Cajal-Retzius cells (CRc) and interneurons in the Marginal Zone (MZ), with developmental stages presented below each panel. Dotted lines represent streams of migration. Note the migration of Martinotti cells in the MZ, leaving their axon in L1 while they reach their position in the CP. (B) Similar timeline showing the timing of invasion of excitatory axons in L1. Axons arrive either directly in the MZ or via the subplate (SP), cross the CP and reach L1 at postnatal stages. Grey dotted lines represent barrels. CGE: Caudal Ganglionic Eminence, CP: Cortical Plate, CRc: Cajal-Retzius cells, HO Thalamic Axons: Higher Order Thalamic Axons, IZ: Intermediate Zone, MGE: Medial Ganglionic Eminence, MZ: Marginal Zone, POA: Preoptic Area, SP: Subplate: SVZ: Subventricular Zone.

Figure 3 .

 3 Figure 3. Models of Cajal-Retzius cell alterations and their impact on cortical wiring (A) Schematic representation of the consequences of reduced density of Cajal-Retzius (CRc) cells (∆Np73 cre/+ ;R26 dt-a/+ ) on upper layer connectivity at P7, highlighting an impact on L1 thickness, number of interneurons (green arrowheads), complexity of apical dendrites (black arrowheads) and axonal sprouting. (B) Similar representation at P25 highlighting that both impaired CRc density (∆Np73 cre/+ ;R26 dt-a/+ ) or impaired elimination of electrically-active CRc (∆Np73 cre/+ ;Bax fl/fl ) shape the morphology of apical dendrites and the number of spines (black arrows) and modulate of the Excitation/Inhibition (E/I) balance. Note that hyperpolarization of CRc (∆Np73 cre/+ ;R26 Kir2.1/+ ) impairs their elimination but not the branching, spine density or E/I ratio of the upper layers pyramidal neurons. CGE: Caudal Ganglionic Eminence, E/I: Excitation/Inhibition ratio, POA: Preoptic Area.
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