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Introduction

Early theories of chemotropism and chemoaffinity by Ramon Y Cajal and Sperry provided the basis for more than a century of research on axon guidance mechanisms [START_REF] Tessier-Lavigne | Target attraction: are developing axons guided by chemotropism?[END_REF][START_REF] Tessier-Lavigne | The Molecular Biology of Axon Guidance[END_REF]. These theories postulated the existence of molecules acting at long and short distances to attract the axon terminal, the growth cone. Their role was postulated to keep the axons along their proper path and to guide them towards their targets. Unanticipatedly from these theories, repulsive effects of axon guidance molecules turned out to provide major forces driving axon navigation. In 1984,
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Haydon and collaborators, using video-time lapse microscopy in neuronal cultures, reported that serotonin has a neuron-type specific inhibitory effect on growth cones [START_REF] Haydon | Serotonin selectively inhibits growth cone motility and synaptogenesis of specific identified neurons[END_REF]. The property of growth cone structures to retract after contact with some other axonal membrane surfaces was then discovered by Kapfhammer and Raper [START_REF] Kapfhammer | Collapse of growth cone structure on contact with specific neurites in culture[END_REF].

These observations echoed those of Verna, who wrote that dorsal root sensory neurons "interact differently with dermal than with epidermal cells. While nerve fibres readily extend over dermal cells, forming close membrane associations with some of them, they demonstrate a strong avoidance reaction with epidermal cells by changing their direction of extension" [START_REF] Verna | In vitro analysis of interactions between sensory neurons and skin: evidence for selective innervation of dermis and epidermis[END_REF]. He postulated that molecules released by epidermal cells might deflect away nerve fibre growth trajectory, oppositely to those which were found to attract the axons, namely at that time, the neurotrophic factor NGF [START_REF] Levi-Montalcini | A diffusible agent of mouse sarcoma, producing hyperplasia of sympathetic ganglia and hyperneurotization of viscera in the chick embryo[END_REF]. From these pioneer findings, repulsive forces have been demonstrated to play instrumental roles in a large range of developing neuronal circuits. As evidenced by numerous studies [7,[START_REF] Suetterlin | Axonal ephrinA/EphA interactions, and the emergence of order in topographic projections[END_REF], repulsive forces can constrain axon navigation in various ways, channelling axonal bundles, deflecting away the growth cone trajectory, and creating sharp boundaries to delineate non-permissive territories (Figure 1). As in a pinball, repulsive forces would act as launch pad, bumpers, and slingshots to propel and dynamically impact on the axon/ball trajectory. The development of commissural axons provides an appealing context to investigate how such repulsive forces can direct axon navigation. We review here the principal yet identified sources of repulsive cues, the nature of their influences and the molecular signals mediating their action during commissural axon navigation in the spinal cord.

1) Formation of commissural circuits

In Bilateria, commissural neurons form complex circuits that interconnect both sides of the central nervous system (CNS). They are essential for the correct processing and coordination of various sensory modalities, motor responses, and other brain functions [START_REF] Vulliemoz | Reaching beyond the midline: Why are human brains cross wired?[END_REF]. These interneurons extend their axon across the midline at various axial levels of the CNS. For instance, the corpus callosum enables communication between the left and right cortical areas, the optic chiasm allows organisms with bilateral vision to correctly integrate visual cues, and spinal commissures ensure the correct coordination of various motor commands. These commissures are established during embryonic and early post-natal development in a highly specific spatial and temporal manner [START_REF] Castellani | Building Spinal and Brain Commissures: Axon Guidance at the Midline[END_REF]. Defects in the correct wiring of commissural circuits have been observed in many neurodevelopmental disorders. However, if malformations of the corpus callosum have been well correlated with various human disorders, little is known of the consequences of spinal commissures defects. Indeed, patients having mutations in ROBO3 gene, affecting commissures of the hindbrain and the spinal cord, have no large sensorimotor deficit. Rather, they exhibit a very specific disease referred to as horizontal gaze palsy with progressive scoliosis (HGPPS) [START_REF]The Robo3 Receptor , a Key Player in the Development , Evolution, and Function of Commissural Systems[END_REF]. This suggests high degree of compensation of commissural defects with developmental origin.

Development of the dorsal commissural tract

The spinal commissural neurons are a heterogeneous population subdivided in several pools, differing in their location and timing of birth, each of them specified by various transcription factors [START_REF] Gómez-Skarmeta | Half a century of neural prepatterning: the story of a few bristles and many genes[END_REF][START_REF] Butler | From classical to current: Analyzing peripheral nervous system and spinal cord lineage and fate[END_REF]. Among them, dI1 interneurons settle early in the most dorsal part of the spinal cord, close to the Roof Plate (RP). They arise from a MATH1-positive pool of progenitors, that generates both ipsilateral and commissural lineages and are specified by LHX2/LHX9 transcription factors [START_REF] Lee | Neuronal patterning by BMPs: A requirement for GDF7 in the generation of a discrete class of commissural interneurons in the mouse spinal cord[END_REF][START_REF] Bermingham | Proprioceptor pathway development is dependent on MATH1[END_REF]. dI1 commissural (dI1c) neurons trajectory is highly stereotyped and has been extensively studied in the mouse, notably by using MATH1::LacZ and MATH1::GFP transgenic mice [START_REF] Helms | Progenitors of dorsal commissural interneurons are defined by MATH1 expression[END_REF]. dI1c axons first extend ventrally, turning away from the RP and laying close to the pial surface (Figure 2). At around mid-distance of the ventral border they break away from the lateral border to re-orient medially towards the central Floor Plate (FP) by running along the motoneuron domain. Such break of trajectory is also typical of chick commissural axons, apart from the pioneer ones which course with circumferential trajectory. In contrast, in xenopus and zebrafish embryos, the axons course by following the circumference of the tube until reaching the FP [START_REF] Oppenheim | Onset and development of intersegmental projections in the chick embryo spinal cord[END_REF][START_REF] Colamarino | The Role of the Floor Plate in Axon Guidance[END_REF]. Next, commissural axons enter the FP, cross it and turn rostrally without ever crossing the midline again to connect their final targets. Commissural neurons arise around E9.5 in the mouse and navigate towards the FP from this stage. By E10.5, some of them have already crossed the midline and by E12.5, most of them have. By E13.5, they are navigating towards their final target following longitudinal routes [START_REF] Kadison | Diversity of Contralateral Commissural Projections in the Embryonic Rodent Spinal Cord[END_REF][START_REF] Imondi | Misexpression of L1 on pre-crossing spinal commissural axons disrupts pathfinding at the ventral midline[END_REF][START_REF] Chen | Alternative Splicing of the Robo3 Axon Guidance Receptor Governs the Midline Switch from Attraction to Repulsion[END_REF].

2-Guidepost territories instructing commissural axon navigation in the spinal cord through repulsive action

Historically, the main intermediate target and crucial signalling hub for commissural axon navigation has been found to be the FP. It heavily influences the dI1c guidance, and we can thus refer to FP cells as guidepost cells. The FP has been extensively studied and many of its molecular mechanisms have been unveiled. However, a variety of other cells within the spinal cord bring contributions to the navigation of commissural axons, including glial cells, neurons and progenitors. These different cell-types contribute together to sharply delineate the path of commissural neurons.

2.a) Kick off repulsive forces to orient commissural axon navigation

The roof plate

The RP is probably the second most studied group of guidepost cells after the FP. It is composed of glial cells that lay on the dorsal midline of the spinal cord. These cells come from progenitors that are induced in the most lateral regions of the neural folds [START_REF] Chizhikov | Mechanisms of roof plate formation in the vertebrate CNS[END_REF]. This induction relies heavily on BMP signalling, mediated by the transcription factors LMX1A/B [START_REF] Millonig | The mouse Dreher gene Lmx1a controls formation of the roof plate in the vertebrate CNS[END_REF]. Upon neural tube closure, they are not easily distinguishable from other cells, in particular neural crest cells, but as they differentiate they start to express specific markers, notably BMPs and WNTs [START_REF] Chizhikov | Mechanisms of roof plate formation in the vertebrate CNS[END_REF]. The RP is the first dorsal structure to differentiate and then impacts all other dorsal populations differentiation.

Electro-microscopy studies revealed that, when differentiated, RP cells have two small processes extending radially towards the pial surface and the central canal [START_REF] Sturrock | An electron microscopic study of the development of the ependyma of the central canal of the mouse spinal cord[END_REF][START_REF] Snow | Molecular and cellular characterization of the glial roof plate of the spinal cord and optic tectum: A possible role for a proteoglycan in the development of an axon barrier[END_REF]. The RP acts as a barrier that no axon can cross before E16.5, when a dorsal commissure is established [START_REF] Comer | Sensory and spinal inhibitory dorsal midline crossing is independent of Robo3[END_REF]. Interestingly, the RP itself undergoes rather important morphological changes between E11.5 and E16.5, from an arch structure to a thin wall-like structure [START_REF] Snow | Molecular and cellular characterization of the glial roof plate of the spinal cord and optic tectum: A possible role for a proteoglycan in the development of an axon barrier[END_REF]. The RP is a crucial organizing centre of the different dorsal lineages. Notably through BMPs and WNTs, it specifies several classes of adjacent dorsal interneurons and regulates their proliferation, migration, and guidance [START_REF] Dréau | Dorsal-ventral patterning of the neural tube: A tale of three signals[END_REF].

Beyond this patterning function, RP cells provide the driving force which propels dl1c axons emerging from their soma away from the dorsal side. This effect was shown to be mediated by the morphogens BMPs, namely by GDF7:BMP7 heterodimers acting via the BMPRIB receptor [START_REF] Augsburger | BMPs as Mediators of Roof Plate Repulsion of Commissural Neurons[END_REF][START_REF] Butler | A role for BMP heterodimers in roof plate-mediated repulsion of commissural axons[END_REF] (Figure 3). Not only their direction but their growth rate also appears regulated by BMPs [START_REF] Phan | The bone morphogenetic protein roof plate chemorepellent regulates the rate of commissural axonal growth[END_REF]. An additional repellent protein was found produced by the RP, a secreted factor named Draxin. Draxin mutant mice display commissural axonal migration and fasciculation defects consistent with a repulsive mode of action [START_REF] Islam | Draxin, a Repulsive Guidance Protein for Spinal Cord and Forebrain Commissures[END_REF]. Draxin shares UNC5, DCC, and Neogenin receptors with Netrin-1, a secreted molecule initially discovered to act as a chemoattractant [START_REF] Serafini | The netrins define a family of axon outgrowth-promoting proteins homologous to C. elegans UNC-6[END_REF][START_REF] Kennedy | Netrins are diffusible chemotropic factors for commissural axons in the embryonic spinal cord[END_REF].

Although Draxin has been shown to bind UNC5 and Neogenin in vitro [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted Netrin-1 antagonist[END_REF], its repellent role in vivo was reported to be triggered via its binding to DCC [START_REF] Ahmed | Draxin Inhibits Axonal Outgrowth through the Netrin Receptor DCC[END_REF] (Figure 3). It can also be noted that the repulsive factor Slit2 is highly expressed at the RP at E13 [START_REF] Brose | Slit Proteins Bind Robo Receptors and Have an Evolutionarily Conserved Role in Repulsive Axon Guidance[END_REF]. Most dorsal commissural axons are already on their way in the contralateral side at this stage, whether this source contributes to the kick off of commissural axons is therefore questionable.

2.b) Repulsive forces to confine commissural axon navigation in the central nervous system

Commissural axons are destined to connect neurons of the central nervous system (CNS) and must be consequently strictly confined within the spinal cord. This is not true for all spinal cord axons, since on the contrary, those of the motoneurons project out of the CNS through the Motor Exit Point (MET). Moreover, in this case, only the axons exit the CNS, the neuronal soma being confined within the CNS. Conversely, sensory axons of the dorsal root ganglia penetrate the spinal cord via the Dorsal Root Entry Zone (DREZ), while their soma remain outside. In contrast, some nonneuronal cells enter the CNS, such as endothelial cells which infiltrate the CNS tissue to build the blood vessels. Thus, cells and neurites trafficking across the CNS/PNS frontier is strictly controlled, from the onset and throughout life.

Confinement by the meninges

Meninges are a protective multi-layered structure that envelops the brain and the spinal cord. They are mainly composed of fibroelastic cells and blood vessels.

Meninges originate from somatic mesoderm that covers the neural tube shortly after neural tube closure, around E9 in the mouse embryo [START_REF] Choe | A cascade of morphogenic signaling initiated by the meninges controls corpus callosum formation[END_REF][START_REF] Suter | Meninges-derived cues control axon guidance[END_REF]. They act as barriers throughout life, controlling exchanges between the central nervous system and what lays outside. In the brain, meninges have been shown to initiate a morphogenic signalling cascade that regulates the development of a major dorsal commissure, the corpus callosum. The meninges inhibit callosal axon outgrowth through BMP7. WNT3, expressed by pioneer callosal axons, later counters this effect. WNT3 expression is regulated by another member of the BMP family, GDF5, expressed by adjacent Cajal-Retzius neurons, which in turn is regulated by a soluble inhibitor, DAN, expressed by the meninges [START_REF] Choe | A cascade of morphogenic signaling initiated by the meninges controls corpus callosum formation[END_REF]. In the spinal cord, in vivo studies lack to highlight the role of the meninges on commissural neuron development. However, a recent in vitro study showed that the meninges are able to produce secreted cues that can either attract or repulse different neuronal populations. Consistent with in vivo behaviours, these experiences showed that motoneurons and sensory neurons are attracted by meninges while ipsilateral and commissural neurons are repelled by them [START_REF] Suter | Meninges-derived cues control axon guidance[END_REF].

Closing the CNS/PNS gate: confinement by the Dorsal Root Entry Zone (DREZ)/ Dorsal Root Bifurcation Zone (DRBZ)

Commissural axons navigate at close proximity of the pia. Early studies established that their growth cones rarely, if ever, contact the basal lamina (Holley & Silver 1987, Yaginuma et aI 1991). The basal lamina is punctuated by the DREZ and the MET, which ensure the circulation between the central Nervous System (CNS) and the surrounding tissues. The DREZ consists of a break in the lamina and a cluster of specialized cells arising from the neural crest, the boundary cap cells, which prevent both cell bodies and their axons from leaving the CNS, and gaps between the glial end-feet [START_REF] Vermeren | Integrity of developing spinal motor columns is regulated by neural crest derivatives at motor exit points[END_REF]. Around E11, the peripheral sensory neurons send axons towards the spinal cord through the DREZ and start to form the dorsal root bifurcation zone (DRBZ), where they project in an anterior-posterior direction within the tract [START_REF] Altman | The development of the rat spinal cord[END_REF].

Therefore, the DRBZ is in direct apposition to the DREZ. Some cues released from these gates to confine commissural axons have been identified. Netrin-1 is expressed at the border of the DRBZ between E11.5 and E12.5 [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted Netrin-1 antagonist[END_REF]. In Netrin-1 mutant embryos, commissural axons invade the DREZ and DRBZ. The presence of ectopic axons can even be detected in the dorsal root ganglia (DRG) [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted Netrin-1 antagonist[END_REF]. This study thus indicates that Netrin-1 participates in forming an inhibitory boundary at the border of the DRBZ and the DREZ [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted Netrin-1 antagonist[END_REF]. The nature of the Netrin receptors mediating these effects has also been investigated. Ectopic axons were detected in the DRBZ of both DCC and UNC5C mutant embryos, while only in DCC mutant was their presence observed in the DREZ, suggesting a differential contribution of these receptors [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted Netrin-1 antagonist[END_REF] (Figure 4A). Other receptors could also potentially transduce a Netrin-1 signal. Down's syndrome Cell Adhesion Molecule (DSCAM), whose expression is high in the DREZ and in commissural axons, was indeed shown to modulate Netrin-1 attractive response with or without DCC [START_REF] Ahmed | Draxin Inhibits Axonal Outgrowth through the Netrin Receptor DCC[END_REF] (Figure 4A). In the chick which lacks DCC [START_REF] Friocourt | Recurrent DCC gene losses during bird evolution[END_REF], a candidate could be Neogenin, a Netrin-1 receptor which is expressed in some commissural axons [START_REF] Phan | Neogenin may functionally substitute for Dcc in chicken[END_REF] (Figure 4A). The mode of action of Netrin-1 remains unclear. A simple view would be that it acts as a repellent in this context. Moreover, it should be noted that Netrin-1 is not detected in the dorsolateral region of the spinal cord prior to E11.5 whereas ectopic axons are already observed at E10.5 in the DRBZ of Netrin-1 and DCC mutant embryos [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted Netrin-1 antagonist[END_REF]. Thus, other Netrin sources might act to confine the axons at the early stages, whose release in the mutants result in their ectopic position in the DRBZ. Additional repulsive forces might also be involved in this confinement. Draxin, transducing repulsive signals via axonal DCC, is namely also expressed at the dorsal pial surface and in the DREZ [START_REF] Dréau | Dorsal-ventral patterning of the neural tube: A tale of three signals[END_REF] (Figure 4A). Furthermore, the role of extracellular matrix (ECM) components and glycoproteins in the confinement of axons along the pial surface might be essential. Laminin is present all along the pial surface in close contact with the commissural axons during their navigation [START_REF] Wright | Dystroglycan Organizes Axon Guidance Cue Localization and Axonal Pathfinding[END_REF]. Type IV Collagen and Heparan sulfate proteoglycans are also components of the basement membrane and their deposition is spatially and temporally controlled in coordination with morphogenesis [START_REF] O'shea | Differential deposition of basement membrane components during formation of the caudal neural tube in the mouse embryo[END_REF]. Along this line, the glycoprotein Dystroglycan, an important scaffold for ECM proteins including Laminin, has been shown to interact with Slit and this interaction is detected all along the pial surface [START_REF] Wright | Dystroglycan Organizes Axon Guidance Cue Localization and Axonal Pathfinding[END_REF]. In the visual system, Laminin has been shown to modulate the attractive response of retinal axons to Netrin-1 by turning it into a repulsive signal [START_REF] Hopker | Growth-cone attraction to netrin-1 is converted to repulsion by laminin-1[END_REF]. Thus, co-expression of Netrin-1 and Laminin could, as well, contribute to set the pia as a repulsive barrier, explaining the observed lack of contacts between the basal lamina and commissural growth cones (Figure 4A).

2.c) Repulsive forces to channel commissural path

Channelling of axon tracts can be achieved by dual lateral repulsive sources constraining their growth in between. Once reaching the half ventral half of the spinal cord towards the FP, commissural axons modify their initial circumferential trajectory and re-orient medially towards the FP, navigating at the border of the ventral motoneuron domain. A triad of three territories, the ventricular zone, the basal lamina, and the motoneuron domain, might thus act in synergy to channel the precrossing path of commissural axons in between these different territories.

The Ventricular zone

The ventricular zone (VZ) is composed of the neuronal progenitors, laying the central canal. The different populations of progenitors are specified by a combinatorial code of transcriptional factors [START_REF] Gómez-Skarmeta | Half a century of neural prepatterning: the story of a few bristles and many genes[END_REF]. These factors are activated by opposing gradients of BMP/WNT and SHH emanating respectively from the RP and the FP [START_REF] Gómez-Skarmeta | Half a century of neural prepatterning: the story of a few bristles and many genes[END_REF]. Neural progenitors of the CNS have a bipolar morphology, extending two processes, one connecting the pial surface and the other connecting the central canal [START_REF] Taverna | The Cell Biology of Neurogenesis: Toward an Understanding of the Development and Evolution of the Neocortex[END_REF]. During the cell cycle, their nuclei oscillate between the apical and basal pole, a process referred to as the interkinetic nuclear migration. Post-mitotic neurons born from neurogenic divisions detach their apical anchor and migrate laterally to establish themselves in the mantle. Strikingly, dI1c axons navigate at the VZ/mantle interface but never enter the VZ. The mechanisms underlying this navigation choice are unclear. The Netrin-1 attractant produced by the progenitors and transported via their basal process for lateral deposition at the basal lamina was recently proposed to direct commissural axon growth out of the VZ and close to the pia [START_REF] Cord | Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Report Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Spinal Cord[END_REF]. Interestingly, releasing the lateral deposition of this cue by specific deletion of Netrin-1 in progenitors induced some commissural axons, identified by their ROBO3 expression, to invade the VZ [START_REF] Cord | Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Report Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Spinal Cord[END_REF]. Nevertheless, some others, expressing the commissural marker TAG1, were still constrained out of the VZ [START_REF] Cord | Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Report Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Spinal Cord[END_REF]. A tempting model is that some repulsive forces also directly emanate from the VZ (Figure 4B). Indeed, such a mechanism was reported to prevent cortical and thalamic axons from invading the proliferative regions of the developing brain [START_REF] Leyva-Díaz | In and out from the cortex: Development of major forebrain connections[END_REF]. This would be consistent with reported expressions of transcripts encoding guidance molecules bearing repulsive activity, such as the Semaphorins and the Eph/Ephrins in mouse and chick spinal cord VZ [START_REF] Püschel | The Sensory Innervation of the Mouse Spinal[END_REF][START_REF] Moret | Semaphorin and neuropilin coexpression in motoneurons sets axon sensitivity to environmental semaphorin sources during motor axon pathfinding[END_REF][START_REF] Sanyas | Motoneuronal Sema3C is essential for setting stereotyped motor tract positioning in limb-derived chemotropic semaphorins[END_REF][START_REF] Arbeille | Cerebrospinal fluid-derived Semaphorin3B orients neuroepithelial cell divisions in the apicobasal axis[END_REF][START_REF] Laussu | Eph/Ephrin Signaling Controls Progenitor Identities In The Ventral Spinal Cord[END_REF].

The motoneuron domain

Motoneurons arise at around E9.5 in the mouse embryo, from a pool of ventral progenitors. They are specified by a set of homeodomain transcription factors (notably HB9, LHX3, ISL2, and ISL3) [START_REF] Dasen | Hox Networks and the Origins of Motor Neuron Diversity[END_REF]. Post-mitotic motoneurons migrate out of the VZ in streams, and cluster at various medio-lateral levels of the mantle to form distinct and adjacent pools. It is noticeable that commissural axons break their circumferential path when they reach the emerging mass of motoneurons accumulating in the ventral horn. Nevertheless, whether this reflects an instructive role of this territory in the reorientation of commissural axons is unclear. Indeed, in mouse and chick embryos in which the FP has been genetically or experimentally ablated, commissural axons no longer break their circumferential trajectory, reaching the FP through a path that resembles that of xenopus and zebrafish embryos, all along the pial surface. However, ablating the FP and/or the notochord in these experimental contexts, simultaneously prevented the specification of motoneurons, which were thus also lacking [START_REF] Bovolenta | Perturbation of neuronal differentiation and axon guidance in the spinal cord of mouse embryos lacking a floor plate: analysis of Danforth's short-tail mutation[END_REF][START_REF] Yamada | Control of cell pattern in the developing nervous system: Polarizing activity of the floor plate and notochord[END_REF]. Interestingly, motoneurons express various guidance molecules that could define this territory as non-permissive for commissural axons, such as the Slits and the Semaphorins (Figure 4B). A recent study features NELL2, expressed mainly in the motor columns, as mediating such a repulsive action of the motoneuron domain [START_REF] Jaworski | Operational redundancy in axon guidance through the multifunctional receptor Robo3 and its ligand NELL2[END_REF]. In vitro, NELL2 could repel commissural axons and this effect was found exerted via ROBO3. An in vivo contribution of signalling is suggested by the analysis of NELL2 -/-ROBO3 -/-embryos, in which many commissural axons were observed to defasciculate and invade the motor columns [START_REF] Jaworski | Operational redundancy in axon guidance through the multifunctional receptor Robo3 and its ligand NELL2[END_REF].

The Slit/ROBO signalling pathway has been shown to be essential for the maintenance of boundaries, compartmentalizing the visual centres in the Drosophila brain [START_REF] Tayler | Compartmentalization of visual centers in the Drosophila brain requires Slit and Robo proteins[END_REF]. Slits are interesting candidates to consider in this channelling. Slit1/2 mRNAs are produced by both spinal progenitors and motoneurons [START_REF] Brose | Slit Proteins Bind Robo Receptors and Have an Evolutionarily Conserved Role in Repulsive Axon Guidance[END_REF]. The Semaphorin3F (SEMA3F) is also highly detected in the motoneuron domain and its repulsive action on spinal commissural axons has been evidenced in vitro, although it was reported to concern post-crossing rather than pre-crossing axons [START_REF] Zou | Squeezing axons out of the gray matter: a role for Slit and semaphorin proteins from midline and ventral spinal cord[END_REF]. Several other members of the Semaphorin family are indeed expressed both by motoneurons and progenitors. In the chick embryo, this is for example the case of SEMA3C and SEMA3A [START_REF] Moret | Semaphorin and neuropilin coexpression in motoneurons sets axon sensitivity to environmental semaphorin sources during motor axon pathfinding[END_REF][START_REF] Sanyas | Motoneuronal Sema3C is essential for setting stereotyped motor tract positioning in limb-derived chemotropic semaphorins[END_REF]. Specific deletion of these candidates in progenitors and motoneurons would be highly informative to address their contribution to the channelling of commissural axons.

2.d) Travelling a repulsive field: navigation across the midline in the floor plate

Being a prototypical example of intermediate target for long distance connections, the FP has been, by far, the most studied group of guidepost cells. The FP is composed of glial cells that lay ventrally at the midline of the embryo. Though discrepancies exist regarding its exact developmental origin and the signalling pathways involved in its specification between species, the FP influences neuronal differentiation and axon pathfinding in the spinal cord of all vertebrates. In the mouse, SHH through GLI2 and then FOXA2 is a key factor in FP induction [START_REF] Strähle | Vertebrate floor-plate specification: Variations on common themes[END_REF][START_REF] Placzek | The floor plate: multiple cells, multiple signals[END_REF][START_REF] Ribes | Distinct Sonic Hedgehog signaling dynamics specify floor plate and ventral neuronal progenitors in the vertebrate neural tube[END_REF]. FP cells display a morphology that resembles the one of RP cells. They possess 2 processes that extend radially, the shorter one towards the central canal and the longer one towards the basal lamina [START_REF] Sturrock | An electron microscopic study of the development of the ependyma of the central canal of the mouse spinal cord[END_REF][START_REF] Campbell | Expression of a lacZ transgene reveals floor plate cell morphology and macromolecular transfer to commissural axons[END_REF]. The FP is a unique group of guidepost cells for several reasons. First, up to now, it is the only one the commissural axons go through, instead of just passing by. Indeed, commissural axons enter the FP and then navigate through a meshing of FP cells basal processes, hugging the basal lamina [START_REF] Yaginuma | Pathfinding by growth cones of commissural interneurons in the chick embryo spinal cord: a light and electron microscopic study[END_REF]. FP cells and commissural axons are known to establish close contacts [START_REF] Okabe | Contacts between the commissural axons and the floor plate cells are mediated by nectins[END_REF]. Interestingly, it is probably the territory in which the dI1c axons form the most compact bundle during their navigation. Second, the FP is not only a group of guidepost cells but also an intermediate and not a final target. Thus, intermediate target must combine the properties of a target (a territory that the axons select to grow within) and a nontarget (a territory in which the axons do not stop). Studies of FP crossing helped resolving some aspects of this apparent paradox, by bringing to the scheme the notion of temporality. Indeed, temporal regulation of axon sensitivity to the guidance cues emanating from the intermediate target is the key to endow it first, with the properties of a target and second, with those of a non-target.

Signals conferring to the FP the properties of a target tissue are the cues that are perceived first by commissural axons on their way for midline crossing. These signals are thought to combine both short-range and long range attractive/promoting effects.

Cell adhesion molecules play a crucial role at a short-range level. Commissural axons and FP glial cells engage in dynamic and complex cis and trans interactions via various Cell Adhesion Molecules of the IgSuperfamily such as L1/NgCam, NrCam, and TAG1 [START_REF] Stoeckli | Axonin-1, Nr-CAM, and Ng-CAM play different roles in the in vivo guidance of chick commissural neurons[END_REF][START_REF] Stoeckli | Axon guidance at choice points[END_REF][START_REF] Kunz | Neurite fasciculation mediated by complexes of axonin-1 and Ng cell adhesion molecule[END_REF][START_REF] Imondi | Misexpression of L1 on pre-crossing spinal commissural axons disrupts pathfinding at the ventral midline[END_REF]. Long range attraction by Netrins, and additionally SHH and VEGF, have been thought to provide major signals guiding commissural axons towards the FP [START_REF] Kennedy | Netrins are diffusible chemotropic factors for commissural axons in the embryonic spinal cord[END_REF][START_REF] Serafini | Netrin-1 is required for commissural axon guidance in the developing vertebrate nervous system[END_REF][START_REF] Charron | The morphogen sonic hedgehog is an axonal chemoattractant that collaborates with Netrin-1 in midline axon guidance[END_REF][START_REF] De Almodovar | VEGF Mediates Commissural Axon Chemoattraction through Its Receptor Flk1[END_REF]. This view has been recently revisited by studies demonstrating that Netrin-1 might indeed rather act much more locally and, as described in the above paragraphs, from spinal cord sources other than the FP, essentially neural progenitors [START_REF] Cord | Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Report Netrin1 Produced by Neural Progenitors , Not Floor Plate Cells , Is Required for Axon Guidance in the Spinal Cord[END_REF][START_REF] Dominici | Floor-plate-derived netrin-1 is dispensable for commissural axon guidance[END_REF]. Once the midline crossed, the FP must acquire the properties of non-target territory, to prevent axons to stall and terminate their navigation. This process, which has been the focus of recent reviews [START_REF] Pignata | Commissural axon navigation : Control of midline crossing in the vertebrate spinal cord by the semaphorin 3[END_REF][START_REF] Neuhaus-Follini | Crossing the embryonic midline: molecular mechanisms regulating axon responsiveness at an intermediate target[END_REF], appeared from several works to be achieved, not by expressing novel molecules with repulsive activity in the FP, but rather by sensitizing commissural axons to repulsive cues yet present but that had been ignored until midline crossing. The temporality of the target to non-target switch is crucial. Prematurely releasing the sensitivity to the repellents would be disastrous, as it would block commissural axons entry in the FP and midline crossing. The mechanisms controlling the switch have started to be decrypted in the recent years and turn out to be highly complex. A broad panoply of transcriptional and post-translational mechanisms is indeed deployed to first silence the perception of the repellents and second to release this silencing and set the repulsive commissural response. In parallel, the properties that made initially the FP as a target -i.e. attractive cues-have to be shut-down. Shirasaki and collaborators demonstrated twenty years ago that this is indeed occurring. In ex vivo assays, grafting an ectopic FP close to commissural axons coursing towards their endogenous FP induced their re-orientation towards the ectopic FP. In contrast, exposing commissural axons which have already crossed the endogenous FP to ectopic FP had no effect [START_REF] Shirasaki | Change in Chemoattractant Responsiveness of Developing Axons at an Intermediate Target[END_REF]. It was subsequently proposed that Slit signaling blunts Netrin-1 attraction. cis interaction between ROBO and DCC was reported to silence Netrin-1 attractive signaling [START_REF] Stein | Hierarchical Organization of Guidance Receptors: Silencing of Netrin Attraction by Slit Through a Robo/DCC Receptor Complex[END_REF]. In parallel, SHH has been proposed to be sequestered by its FP specific receptor HHIP (Hedgehog Interacting Protein) to turn off its attractive function [START_REF] Bourikas | Sonic hedgehog guides commissural axons along the longitudinal axis of the spinal cord[END_REF].

The molecular players mediating repulsive forces

Repulsion involves several couples of ligands/receptors (Figure 5). The secreted Semaphorin 3B (SEMA3B) mediates repulsion at the midline by activating a complex formed of NEUROPILIN 2 (NP2) and PLEXINA1 (PLEXA1) receptors [START_REF] Nawabi | A midline switch of receptor processing regulates commissural axon guidance in vertebrates[END_REF]. In addition, the membrane-bound SEMA6B is expressed by commissural axons when they cross the FP and was reported to interact with PLEXA2 expressed by FP glial cells [START_REF] Andermatt | Semaphorin 6B acts as a receptor in post-crossing commissural axon guidance[END_REF]. Slit proteins are produced by FP cells and are submitted to proteolytic processing through yet unidentified protease(s). This cleavage releases N-terminal Slit fragment (SlitN), which binds to ROBO receptors, and C-terminal Slit (SlitC) which binds to PLEXA1 [START_REF] Delloye-Bourgeois | PlexinA1 is a new Slit receptor and mediates axon guidance function of Slit C-terminal fragments[END_REF]. B-class Ephrins can function as ligands or receptors, mediating forward or reverse signaling respectively [START_REF] Cowan | Ephrins in reverse, park and drive[END_REF]. In the FP, midline glial ephrin-B3 interacts with commissural Eph-B3 receptors [START_REF] Kadison | EphB receptors and ephrin-B3 regulate axon guidance at the ventral midline of the embryonic mouse spinal cord[END_REF]. Inhibitory effects of Nogo are carried out through the interaction to the Nogo receptor complex [START_REF] Domeniconi | Myelin-associated glycoprotein interacts with the Nogo66 receptor to inhibit neurite outgrowth[END_REF][START_REF] Wang | p75 interacts with the Nogo receptor as a co-receptor for Nogo, MAG and OMgp[END_REF].

Nogo is expressed by radial glia at the ventral midline of the spinal cord and Nogo receptors (NogoR) are detected in commissural axons extending through the FP [START_REF] Wang | Localization of an axon growth inhibitory molecule Nogo and its receptor in the spinal cord of mouse embryos[END_REF].

Recently, blocking NogoR was found to result in axon stalling at the FP and therefore in a reduction of the number of commissural fibers properly reaching the contralateral side of the spinal cord. Furthermore, it has been reported that the ligand interacting with NogoR is a truncated form of Nogo released by glial cells [START_REF] Wang | Nogo-B is the major form of Nogo at the floor plate and likely mediates crossing of commissural axons in the mouse spinal cord[END_REF].

Temporal regulation of commissural axon sensitivity to the repellents

Pioneer studies performed in Drosophila revealed that ROBO protein is degraded in pre-crossing commissural axons by the endosomal protein COMM [START_REF] Keleman | Comm sorts Robo to control axon guidance at the Drosophila midline[END_REF][START_REF] Keleman | Comm function in commissural axon guidance: cell-autonomous sorting of Robo in vivo[END_REF]. Yet, ROBO mutant phenotype is rescued by a mutated version of ROBO that cannot be sorted by COMM. COMM thus probably regulates Slit/ROBO interaction through an additional, sorting-independent mechanism [START_REF] Gilestro | Redundant mechanisms for regulation of midline crossing in Drosophila[END_REF]. ROBO2 is also expressed by midline glial cells and has been shown to interact with ROBO1 in trans. This interaction would occur upon crossing, when ROBO1 receptors reach the cell surface consequently of COMM suppression and it would repress Slit repulsion until the crossing is completed [START_REF] Evans | Robo2 acts in trans to inhibit Slit-Robo1 repulsion in pre-crossing commissural axons[END_REF].

How are ROBO distribution and activity regulated in time are therefore key questions to further understand the navigation of the midline. COMM expression was shown to be controlled at least in part by Frazzled/DCC in pre-crossing [START_REF] Yang | A frazzled/DCC-dependent transcriptional switch regulates midline axon guidance[END_REF], while it remains unknown how it is repressed after midline crossing. The nature of mechanisms silencing Slit repulsion before the crossing has been thought to totally differ in vertebrates since no COMM homolog was found in their genomes. Nevertheless, vesicular trafficking also appears as an important process in vertebrates. Indeed, vesicles containing ROBO1 were observed in commissural axons. Calsyntenin1 and RabGDI were found to regulate their trafficking and to allow the pulse exposure of ROBO1 at the growth cone surface [START_REF] Alther | Calsyntenin 1-mediated trafficking of axon guidance receptors regulates the switch in axonal responsiveness at a choice point[END_REF][START_REF] Philipp | RabGDI controls axonal midline crossing by regulating Robo1 surface expression[END_REF]. Interestingly too, a recent study identified PRRG4, a protein which displays structural similarities with COMM, as capable of relocalizing ROBO1 at the cell surface in vitro [START_REF] Justice | The WAGR syndrome gene PRRG4 is a functional homologue of the commissureless axon guidance gene[END_REF]. Another reported regulator of Slit/ROBO signaling is an isoform of ROBO3, a divergent member of the ROBO family, ROBO3.1. Its distribution is restricted to the pre-crossing commissural axons and it is thought to facilitate midline crossing by antagonizing Slit/ROBO1/2 mediated repulsion [START_REF] Chen | Alternative Splicing of the Robo3 Axon Guidance Receptor Governs the Midline Switch from Attraction to Repulsion[END_REF]. The underlying mechanism is not yet known. It might not involve ROBO3 as a Slit receptor since ROBO3 was shown to have lost its affinity to bind Slit ligands with evolution, instead rather acting as a DCC co-receptor for NETRIN-1 [START_REF] Zelina | Signaling switch of the axon guidance receptor Robo3 during vertebrate evolution[END_REF].

Thus, progress as yet to be accomplished to better understand how the regulators of ROBO receptors are temporally controlled and their activity synchronized with midline crossing.

Similarly, axon sensitivity to Semaphorin repulsive signaling is tightly controlled and PLEXA1 sorting at the axon surface in the FP is thought to be a key event switching on the sensitivity of commissural axons to SEMA3B. We indeed found that PLEXA1 is processed by Calpains in pre-crossing axons. This processing prevents PLEXINA1 cell surface sorting, and thus the association with NP2 co-receptor needed to transduce SEMA3B signaling [START_REF] Nawabi | A midline switch of receptor processing regulates commissural axon guidance in vertebrates[END_REF]. We also found that this silencing of SEMA3B responsiveness is released by local FP cues, GDNF and NrCAM, which trigger PLEXINA1 cell surface sorting by inhibiting Calpain activity [START_REF] Charoy | Gdnf Activates Midline Repulsion by Semaphorin3B via NCAM during Commissural Axon Guidance[END_REF]. In addition, SEMA6B and PLEXA2 were also shown to interact in cis at the growth cone surface and to silence the sensitivity of pre-crossing axons to midline-associated SEMA6B [START_REF] Andermatt | Semaphorin 6B acts as a receptor in post-crossing commissural axon guidance[END_REF].

Thus, as it is the case for the ROBO/Slit pathway, post-translational mechanisms appear to be instrumental in regulating the timing of activity of the Semaphorin repellents.

3) After FP crossing: a new pinball game starts

A second pinball game starts when FP repulsive signals propel commissural axons out of the FP. Concomitantly, a drastic change of direction is accomplished by the dl1c axons which turn in the rostral direction to navigate longitudinally to the FP. Two opposite chemotropic gradients control this guidance choice: a caudal high to rostral low repulsive one shaped by SHH, and a caudal low to rostral high attractive one shaped by WNT. Thus, as during the pre-crossing navigation game, repulsive forces play an important role in propelling the axons and imprinting the direction of their longitudinal growth. A temporal control of these forces is also needed. SHH has a reported pre-crossing attractive activity, shown to be mediated by SMO and one of its receptors, BOC (Brother of CDO) [START_REF] Charron | The morphogen sonic hedgehog is an axonal chemoattractant that collaborates with Netrin-1 in midline axon guidance[END_REF][START_REF] Okada | Boc is a receptor for sonic hedgehog in the guidance of commissural axons[END_REF][START_REF] Sloan | Integration of Shallow Gradients of Shh and Netrin-1 Guides Commissural Axons[END_REF]. Upon crossing, SHH attraction must be switched into repulsion, a process proposed in the chick to be achieved via the implication of another SHH receptor, HHIP (Hedgehog Interacting Protein), in addition to SMO in the mouse [START_REF] Bourikas | Sonic hedgehog guides commissural axons along the longitudinal axis of the spinal cord[END_REF][START_REF] Yam | 14-3-3 Proteins Regulate a Cell-Intrinsic Switch from Sonic Hedgehog-Mediated Commissural Axon Attraction to Repulsion after Midline Crossing[END_REF] (Figure 6). The cytoplasmic adaptor protein, 14-3-3, increases in amount during the pre-crossing navigation to culminate at the post-crossing stage, during which it is required for SHH-dependent repulsion [START_REF] Yam | 14-3-3 Proteins Regulate a Cell-Intrinsic Switch from Sonic Hedgehog-Mediated Commissural Axon Attraction to Repulsion after Midline Crossing[END_REF]. In parallel, the sensitivity of the complementary rostro-caudal chemoattractive gradient of WNT is also switched on upon the crossing. A mechanism was recently reported implicating a molecular cascade during which SHH/SMO downregulates transcript levels of Shisa2 in commissural neurons. Down-regulation of Shisa2 allowed the WNT receptor Frizzled3 to be glycosylated and translocated to the surface of the commissural axon growth cones [START_REF] Onishi | Sonic Hedgehog switches on Wnt/planar cell polarity signaling in commissural axon growth cones by reducing levels of Shisa2[END_REF].

Once the rostrocaudal direction is given, commissural axons segregate in several tracts. Reorganizations of post-crossing commissural axons during this step likely implicate selective fasciculation. In xenopus, live monitoring of commissural axons in the spinal cord revealed striking changes in the behaviors of the growth cones during crossing process. In fact, during pre-crossing navigation, growth cones were observed to avoid each others whereas in the post-crossing stage (after their longitudinal turning), they accomplished a series of fasciculation choices which suggest a process of bundle selection [START_REF] Moon | Adjacent pioneer commissural interneuron growth cones switch from contact avoidance to axon fasciculation after midline crossing[END_REF]. Several cell adhesion molecules are upregulated in post-crossing commissural axons, such as the IgSFCAM L1 in the mouse [START_REF] Imondi | Misexpression of L1 on pre-crossing spinal commissural axons disrupts pathfinding at the ventral midline[END_REF], which could contribute to this recognition process.

In Drosophila, commissural axons form three longitudinal tracts [START_REF] Evans | Axon guidance at the midline: of mice and flies[END_REF]. Their sorting and their position relative to the midline was shown to be controlled by a combination of ROBO receptors, differing between the tracts and thought to confer them different levels of sensitivity to midline Slit repellent [START_REF] Long | Conserved roles for Slit and Robo proteins in midline commissural axon guidance[END_REF]. A theoretical model predicts that a ROBO code based on quantitative differences of ROBO proteins could be on its own sufficient to generate different lateral tract position [START_REF] Goodhill | A theoretical model of axon guidance by the Robo code[END_REF].

In vertebrates, post-crossing commissural axons are sorted into two main tracts, navigating the ventral and lateral funiculi. The mechanisms underlying this sorting are still elusive. An implication of the Slit-ROBO signaling was reported from the analysis of Slit and ROBO null embryos, in which this sorting is defective [START_REF] Jaworski | Autocrine/juxtaparacrine regulation of axon fasciculation by Slit-Robo signaling[END_REF]. An interplay of Robo and N-cadherin was also found to contribute to the lateral sorting of postcrossing commissural axons [START_REF] Sakai | Axon sorting within the spinal cord marginal zone via Robo-mediated inhibition of N-cadherin controls spinocerebellar tract formation[END_REF]. The Ephrin signaling is also involved in the mediolateral positioning of the longitudinal tracts. Blocking EphB3/EphB signaling was reported to result in a lateral shift of commissural axons [START_REF] Kadison | EphB receptors and ephrin-B3 regulate axon guidance at the ventral midline of the embryonic mouse spinal cord[END_REF][START_REF] Imondi | Commissural axon pathfinding on the contralateral side of the floor plate: a role for B-class ephrins in specifying the dorsoventral position of longitudinally projecting commissural axons[END_REF].

Even though the topography of post-crossing axons differs from that of pre-crossing ones, the longitudinal navigation after midline crossing also appears constrained and channeled by the FP, the lateral basal lamina and the motoneuron domain. Whether the underlying mechanisms and signaling pathways are similar to those operating at the pre-crossing stage remains to be determined.

Conclusion and perspectives

Important progress has been made over the years to identify components of the molecular machinery controlling axon pathfinding. The versatility of growth cone responsiveness to guidance cues endows the axon with multiple possibilities to interpret in a highly specific manner the topographic signals and the physical elements encountered in the environment during its navigation. Recent tissuespecific deletions of guidance molecules have revealed unexpected contributions of territories surrounding axonal pathways. This provides a better integrated picture, which would require to be further extended, on how axon guidance proceeds in an environment that is also subjected to continuous developmental constraints. In addition, a series of molecular mechanisms has been discovered, which brings to light the importance of spatial and temporal controls of growth cone sensitivity to guidance cues. Altogether, this raises the need of better understanding at protein levels how topographic cues are distributed and deposited in the tissues and how the activity of guidance receptors and downstream effectors in the growth cones is focused and fine-tuned.

In the context of commissural axon guidance, many types of repulsive forces which remain underestimated are likely to play key contributions in the robustness of commissural axon pathfinding. While it is rather straightforward to conceive how a repulsive cue repel away a growth cone, it is much less simple to conceive how commissural growth cone can navigate a field expressing repellents to which it progressively acquires sensitivity. Several theoretical models of axon guidance have been elaborated to explain the building of topographic maps. A recent one was based on the principle that growth cones undergo concentration-dependent alternated choices of repulsive and attractive response to guidance cues [START_REF] Naoki | Revisiting chemoaffinity theory: Chemotactic implementation of topographic axonal projection[END_REF].

Interesting insights would come from such models of FP navigation that would integrate the different forces at play in time and space. Spinal commissural axon trajectory is highly stereotyped. dI1c axons (in black) arise from a dorsal territory. They extend ventrally, cross the midline through the floor plate (FP), and then turn rostrally without ever crossing the midline again to connect their final target. This trajectory is influenced by various guidepost cells along the way.

Figure legend

First, axons are pushed away by chemorepulsive cues emanating from the roof plate (RP) (in blue) and follow the pial surface (in green). Meninges (in grey) and the DREZ/DRBZ (in red) keep the axons away from the CNS/PNS boundary through diffusible cues. At around mid-distance from the ventral side, axons turn towards the FP (in purple), then run along the motoneurons domain (in red). Axons never enter the motoneuron domain nor the ventricular zone (in light green), these territories channeling the commissural tract towards the FP. As they reach the FP, axons interact with the basal lamina (in green) and navigate through the FP glial cells radial processes. Upon crossing, they gain sensitivity to repulsive cues emanating from the FP, that they did not perceive before and thus exit the FP, accomplish a sharp turning in the rostral direction and navigate longitudinally in bundles, guided by various gradients of guidance cues, including repulsive ones. 

Figure 1 :

 1 Figure 1: Modes of action of repulsive forces in axon guidance.As they grow, axons are oriented by a combination of attractive and repulsive forces.Among the repulsive ones, we can distinguish 3 main modes of action. A. Propelling.Axons perceive diffusible chemorepulsive cues emanating from a group of guidepost cells and turn away from this source. B. Confinement. A group of guidepost cells act as a barrier and confine the axons within a territory. They not necessarily deflect them away but prevent them from exiting it, partly by the emission of diffusible cues. C. Channeling. Several groups of physically separated guidepost cells constrain commissural axons within a narrow path, by releasing repulsive cues.

Figure 2 :

 2 Figure 2: Guidepost territories instructing commissural axons navigation in the spinal cord.

Figure 3 :

 3 Figure 3: Kick off repulsive forces at the roof plate.The BMP family members GDF7 and BMP7 are secreted by roof plate glia cells and bind to the axonal BMPR-IB receptor and repel axons toward the ventral part of the spinal cord. In parallel, the secreted factor Draxin propels axons via axonal DCC.
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 4 Figure 4: Confinement and channeling of commissural axons
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B. Repulsive forces channel axons between the ventricular zone (VZ) and the motoneuron domain.

The VZ is a territory non-permissive to the entry of axons. The mechanisms mediating this barrier are still unknown but might involve Semaphorins and Eph/Ephrins. Netrin-1 is produced by progenitors. The motoneuron domain expresses Slits, Semaphorins and ROBO3 ligand, NELL2. NELL2/ROBO3 signaling mediates repulsion on commissural axons.