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Chapter 1: Central nervous system and commissures

The first written description of the brain comes from the ancient Egyptian mummifications [START_REF] Adelman | Encyclopedia of neuroscience[END_REF]. At that time, they considered that this organ was much less important than the heart, indeed useless for the afterlife, so it was pulled out and liquified after death. Since then, our vision of the central nervous system (CNS) has tremendously evolved. Through centuries of neuroanatomical practices, medical and neurological studies, the appearance of the first microscopes and the contribution of brilliant neuroscientists (Camillo Golgi or Santiago Ramón y Cajal) uncovered the essential role of the CNS in the interpretation of our environment, the maintenance of our vital functions, the fine-tuning of motor movements and the origin of certain pathological human behaviors.

All these efforts revealed that the CNS is divided into two almost identical halves that might differ in some functions, but that have to be tightly interconnected to ensure proper integration of sensory modalities, motor commands, or processing of brain functions. These contralateral connections appear at early developmental stages and keep arising and refining during the first postnatal weeks. All the bilaterian species have a symmetry axis defining these two halves, commonly called the midline (Meinhardt, 2004).

During development, the CNS follows a rostrocaudal regionalization, which defines it in four major portions. The most rostral region being the forebrain, followed by the midbrain, the hindbrain, and the spinal cord as the most caudal part (Figure 1A). This segmentation can even go further, as the Prosomeric model defines a subsegmentation of the forebrain, the hindbrain and the spinal cord in prosomeres, rhombomeres, and myelomeres, respectively [START_REF] Puelles | Forebrain Development: Prosomere Model[END_REF]. Specific transcription factors tightly regulate this regionalization all along the axis, such as the delimited expression of Hox genes in the caudal rhombencephalon and the spinal cord (Guthrie, 2007).

The CNS also follows a dorso-ventral regionalization. By expressing other transcription factors, the ventricular zone progenitors pattern the different regions in a dorso-ventral manner. For instance, the posterior brain (rhombencephalon and spinal cord), both the dorsal expression of Wnt and the ventral expression of Shh trigger a precise patterning that ends with the segmentation of the neural tube in 4 segments: the floor plate, the basal plate, the alar plate and the roof plate [START_REF] Wilson | The mechanisms of dorsoventral patterning in the vertebrate neural tube[END_REF] (Figure 1B,C). (A) The central nervous system is segmented along the rostro caudal axis. This segmentation is defined by the expression of morphogens. The forebrain (Fb) is the most rostral sub-division, followed by the midbrain (Mb), the hindbrain (Hb) and the spinal cord (Sc) at the most caudal part. (B,C) The CNS, here illustrated by the spinal cord (B) and the hindbrain (C), is also segmented dorso-ventrally, defining 4 different plates: the floor plate (Fp), the basal plate (Bl), the alar plate (Ap) and the roof plate (Rp). Adapted from Martinez-Ferre and Martinez 2012.

Interestingly, most commissural systems cross the midline at its most ventral point: the floor plate.

In the mammalian CNS, we can observe three different types of commissural projections: the commissures, the decussations, and the optic chiasm (Vulliemoz et al., 2005).

• Commissural systems are composed by cell populations that send axons across the midline towards homotopic target nuclei on the contralateral side of the CNS. They are found all along the rostro-caudal axis, and include the anterior commissure or the corpus callosum.

• Decussations systems project to target neurons located at different (more rostral or more caudal) levels of the contralateral CNS, such as the corticospinal tract or the lateral lemniscus.

• Although it could be considered as a decussation, the optic chiasm is unique as the midline crossing occurs outside the so called "brain".

For a matter of simplicity, from now on, I will refer to these systems as commissures, as the aim of the manuscript is to describe state of the art axon guidance mechanisms that orchestrate midline crossing, the main shared feature of these systems.

Mammalian commissural systems

Through evolution, each of these commissural systems adapted among species and acquired a specific physiological function (Vulliemoz et al., 2005). In vertebrates and more precisely in mammals, commissures are observed all along the rostro-caudal axis of the brain and spinal cord. To get a better picture of their development, function and diversity in rodents and humans, forebrain, midbrain, hindbrain and spinal cord commissures will be briefly described.

Forebrain commissures

The mammalian forebrain contains three largest commissures: the anterior commissure, the corpus callosum and the hippocampal commissure (Suárez et al., 2014) (Figure 2A,B). Although other commissural projections exist, such as the habenular, the posterior and the post optic commissures (Figure 2A). They all form compact axonal bundles which have been visualized, described and characterized on humans since the 17 th century, only by their morphological features, without any specific staining. They were also identified in other vertebrate species (Serres, 1824).

They ensure the proper communication between hemispheres of the anterior brain to maintain the right and left body synchrony during motor co-ordination among others (Preilowski, 1972).

The corpus callosum (CC) is the tract containing the largest number of contralateral projections [START_REF] Ashwell | [END_REF]. Its function is to interconnect the right and the left. Unlike most of the other CNS commissures, the corpus callosum fibers cross the midline dorsally. To send a projection through the corpus callosum, cortical neurons from the layers 2, 3 and 5 wait for the dorsal midline fusion (Richards et al., 2004). Moreover,

pioneer callosal axons open the way by following the developing cingulate projections [START_REF] Rash | [END_REF], to create a scaffold for these axons. It has also been extensively described that axon guidance molecules and receptors play key roles in the development of the CC at the decision points towards a contralateral path (Dufour et al., 2003;Polleux, 1998;Serafini et al., 1996). The agenesis (complete absence) or dysgenesis (partial absence) of the CC are observed in different congenital human syndromes (Jeret et al., 1987), with a large range of consequences, such as behavioral and neuropsychiatric impairments (Edwards et al., 2014).

The anterior commissure (AC) is located rostro-ventrally in the forebrain and it is formed by 3 branches [START_REF] Jouandet | Experimental Brain Research Basal Telencephalic Origins of the Anterior Commissure of the Rat*[END_REF]: the anterior part interconnects the olfactory structures (aCA) and is composed by the projections from the anterior olfactory nucleus (AON). The posterior part connects the piriform cortices of the temporal lobes (pCA) to the stria terminalis with the amygdala.

It was first reported that in mice lacking CC, there is a significant increase in the number of fibers forming the AC bundle. The authors demonstrated that these increase wasn't due to a miss-routing of callosal axons into the AC, but that it was instead a compensatory mechanism to counter-balance the CC absence (Livy et al., 1997). More recently, it has been shown, that in specific knockout conditions, CC axons could be rerouted towards the AC, triggering its size increase (Britanova et al., 2008). Moreover, the CC is a commissure exclusive to eutherian mammals. Non-eutherian mammals, like Sminthopsis crassicaudata (fat-tailed dunnarts), only possess the AC, which plays the role of the eutherian CC [START_REF] Suárez | Proc. Natl. Acad. Sci[END_REF](Suárez et al., , 2014)). Interestingly the removal of some axon guidance receptors on AC axons lead to midline crossing reduction or complete abolition (Robichaux et al., 2016;Serafini et al., 1996). Illustration of the corpus callosum, the hippocampal commissure and the anterior commissure, on an E16 rostral coronal section of the forebrain (B), and the optic chiasm on a more caudal section (C). Forebrain (Fb), midbrain (Mb), hindbrain (Hb) and spinal cord (Sc). Adapted from Suárez et al. 2014.

Figure :
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This made the differentiation between CC and HC fibers during midline crossing very difficult for a long period. Fine axonal retrograde tracing experiments with the lipophilic carbocyanine dye, DiI (1, 1'-dioctadecyl-3, 3, 3', 3'-tetramethylindocarbocyanine perchlorate), showed that HC axons cross the midline in association with the basal lamina while first callosal axons use these pioneer axons as a scaffold to grow (Livy and Wahlsten, 1997). These experiments also allowed to highlight that in mouse embryonic models of CC agenesis and dysgenesis, HC development is delayed but not aberrant (Livy and Wahlsten, 1997).

The optic chiasm belongs to the vertebrate visual system. As previously mentioned, it is where the two optic nerves crossed each other. More precisely, the crossing occurs at the ventral midline of the diencephalon (Figure 2C). The eyes of chiasmatic vertebrate species, project contralaterally and ipsilaterally into different superior brain areas, responsible of the visual information treatment (Figure 3A). These bilateral projections allow a stereoscopic vision and accurate estimation of distances. The retina is the structure of the eye that processes light information and transmits it to brain via the optic nerve which only contains the axons of retinal ganglion cells (RGC). RGCs receive visual information from the photoreceptor layer through bipolar cells [START_REF] Wernet | So many pieces, one puzzle: Cell type specification and visual circuitry in flies and mice[END_REF]. They arise and project into the forebrain between E10 and the first postnatal weeks. During this journey, they extend an axon out of the eye cup, form the optic nerve, reach the ventral forebrain, make a guidance decision at the midline and grow towards their final targets (Erskine and Herrera, 2014). The ipsilateral or contralateral identity of mouse RGCs is established prior their axons leave the eye by a combination of transcription factors (Figure 3B). From E14 to E17.5, ventro-temporal RGCs project ipsilaterally, while before, after and in the rest of the retina, they project contralaterally (Herrera et al., 2003;Kuwajima et al., 2017). Ipsilateral RGCs are specified by the expression of Zic2 (Herrera et al., 2003), while contralateral ones express SoxC and Islet2 (Kuwajima et al., 2017;Wang et al., 2016).

It has been extensively described that axon guidance is essential for RGCs journey.

First, in the developing retina, RGCs projections have to be guided towards the optic disk to leave the retina and form the optic nerve. Then, at the optic chiasm, guidance molecules and receptors will ensure the contralateral, and the ipsilateral, projections of the two different eyes into the forebrain (Figure 3C). The expression of these guidance receptors, directly relies on the ipsilateral or contralateral TFs expression at the cell body. This development process make of the visual system an interesting model to study and dig into axon guidance molecules, their function and midline crossing (Herrera et al., 2019).

Midbrain commissures

The midbrain is detected as a separate neural segment [START_REF] Puelles | Forebrain Development: Prosomere Model[END_REF]. The origin of its name comes from its location in the growing CNS, in between two other primary areas: the forebrain and the hindbrain (Figure 4A). Its rostro-caudal delimitation has been complicated to establish due to the progressive ventral bending of this area, followed by the narrowing of the ventral portion and the expansion of its dorsal part (Figure 4A,B). A large number of commissural neurons develop in this area but only circumferential descending axons (CDA) and the posterior commissure, as singular example of dorsal midline crossing, are going to be discussed (Figure 4B).

CDA are dorso-ventral projecting axons that develop all over the rostro-caudal axis of the midbrain already from E9.5 (Mastick and Easter, Jr., 1996). The large majority of these axons cross the midline and project rostrally, using the medial longitudinal fasciculus as a scaffold.

The posterior commissure is a particular decussation projecting from ventral to dorsal and crossing the roof-plate (dorsal midline) at the most rostral area of the developing midbrain around E10 (Mastick and Easter, Jr., 1996). Its axons have two different origins, a ventral group of neurons located in the rostral midbrain and the caudal prosomere 1 (p1), and a dorsal group located in the dorsal p1 area. The main role of this commissure is to give an auxiliary visual function, regulating the pupillary light reflex by connecting the pretectum, and the optic tectum with the dorsal thalamus (Ozdemir, 2015;Suárez et al., 2014).

Hindbrain commissures

The developing hindbrain progenitors give rise to different structures: the cerebellum (dorsally) and the medulla oblongata (ventrally), which contains major neuronal systems such as the precerebellar nuclei and some cranial motor neurons. It also receives many inputs from sensory cranial nerves (Figure 5A). Hindbrain nuclei control (A) he central ner ous s stem undergoes a fast and important expansion during embr ogenesis. he midbrain (Mb) is located between the de eloping forebrain and the hindbrain. Its rostral delimitation with the prosomere 1 (p1) was difficult to establish due to the progressi e bending of the entral midline and the expansion of the dorsal midline. (B) Commissural descending neurons (C A) pro ect entrall towards the midbrain floor plate. he posterior commissure is formed b pro ecting neurons from the midbrain and the prosomere 1, which midline crossing occurs dorsall . Adapted from Mastic and Easter, r. 1 6.
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(A) he de eloping hindbrain is segmented in rhombomeres, which distribute along the rostro-caudal axis. he dorsal neuroepithelium lining the 4th entricle is the rhombic lip ( ellow) and gi es rise to a portion of the cerebellum and the precerebellar nuclei. Cranial ner es are also distributed along the hindbrain (gre ). (B) In the adult hindbrain, there are 12 molecularl distinct rhombomeres. he Cerebellum entirel originates and belongs to the rhombomere 1. Forebrain (Fb), midbrain (Mb), hindbrain (Hb), spinal cord (Sc) and cerebellum (Cb). Adapted from atson et al. 
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a large amount of physiological processes such as sleeping periods, blood pressure, breathing (Bouvier et al., 2010), vestibular, auditory control (Farago et al., 2006), and head muscles motor control (Guthrie, 2007). As the CNS itself, the hindbrain is strictly segmented from early developmental stages. In mice, at E8.5 we can already observe the caudal rhombomeric segmentation [START_REF] Chambers | Neural Dev. 4[END_REF] (Figure 5A). At first, it was segmented in 8 rhombomeres, the first being the most rostral and the 8 th the more caudal (Lumsden, 1990). This segmentation has been revisited and today, it counts 12 molecularly discrete segments, the isthmus (also r0) and 11 rhombomeres (Cambronero and Puelles, 2000;Tomás-Roca et al., 2016;Watson et al., 2019) (Figure 5B). In the hindbrain, commissural projections develop embryonically and are involved in different important physiological modulations. In order to highlight their relevance, only the cerebellar commissures, the precerebellar nuclei projections, and the anterior brain commissures crossing the midline in the hindbrain are going to be overviewed. Some of the cerebellar populations [START_REF] Butts | Development of the cerebellum: Simple steps to make a 'little brain[END_REF] and the precerebellar nuclei, share the same origin. They arise from the rhombic lip (RL), which corresponds to the most dorsal part of the neuroepithelium lining the 4 th ventricle (Figure 5A). This proliferative area gives birth to a large diversity of neurons and stays proliferative from E9 to E18 (Wingate, 2001;Wullimann, 2011). The rostral part of the RL contributes to the cerebellar development, generating the precursors of the granule cells and a portion of the deep cerebellar nuclei (DCN) (Wingate, 2001). The caudal RL generates the precerebellar neurons, the cochlear nuclei and other hindbrain populations (Wullimann, 2011). A precise and segmented expression of different transcription factors (TFs) induces the regionalization of the RL during CNS development, allowing the generation of this large diversity of neural populations (Gray, 2013).

The cerebellar commissure

Rigorously organized and conserved among vertebrates (Leto et al., 2016), the cerebellum entirely arises from the rhombomere 1 (r1) (Hallonet et al., 1990;Otero et al., 1993) (Figure 6A). The involvement of the cerebellum in the control of the motor movements is known since the first medical reports of the consequences of cerebellar lesions (Flourens, 1842). Nevertheless, more recent studies showed that the cerebellum also participates to a large variety of cognitive processes [START_REF] Schmahmann | [END_REF]Wagner et al., 2017). The cerebellum is a good model to study developmental processes and neuronal circuits as it has a relatively simple organization with a cortex containing only 6 cell types distributed into 3 layers, and with inputs mostly coming from mossy and climbing fibers (Figure 6B). In addition, the DCN and the Purkinje cells (PC) are its only efferences (Figure 6C). The DCN are the main target of the cerebellar cortex. They project to ipsilateral and contralateral nuclei such as the thalamus, the red nucleus and some of the precerebellar nuclei: the pons (PN) and the inferior olive (IO) [START_REF] Green | Developmental origins of diversity in cerebellar output nuclei[END_REF] (Figure 6C). The DCN contralateral projections cross the midline outside the cerebellum, at the ventral hindbrain, intermingled with other hindbrain commissures (Figure 6C). Interestingly, PC are the only components of the cerebellar cortex to ipsilaterally project to the DCN and to some contralateral extracerebellar targets, such as the vestibular nuclei, forming the Hook bundle (De Camilli et al., 1984). Contrary to DCN efferences, PC commissural projections cross the midline inside the cerebellum, not at the hindbrain ventral midline (Figure 6C).

Climbing and mossy fibers

There are four main precerebellar nuclei, the pons (PN), the inferior olive (IO), the lateral reticular nucleus (LRN) and the external cuneate nucleus (ECN). As mentioned before, all precerebellar neurons are generated in the rhombic lip and migrate tangentially and circumferentially while they project an axon to their respective targets (Franck Bourrat and Sotelo, 1990;Kawauchi et al., 2006) (Figure 7A,B). The PN, the ECN and the LRN migrate tangentially on the pial surface. The PN follows the anterior extramural stream (AES), while the ECN and the LRN follow the posterior extramural stream (PES). The ECN and the LRN migrate ventrally towards the midline but the PN undergoes a tangential migration that can be divided in two steps: a first rostral migration through different rhombomeres to then re-orient and start to migrate ventrally at the level of the r3-r4 (Kratochwil et al., 2017) (Figure 7B). On its side, the IO also migrates ventrally after exiting the RL, but deeper that the two other streams, following the so called submarginal migration stream (smms) (Franck Bourrat and Sotelo, 1990) (Figure 7B).

When the contralaterally projecting PN neurons and IO cell bodies reach the floor plate, they stop their migration (Figure 7C). Only their projections, the mossy and the climbing fibers respectively, keep growing to the contralateral cerebellum. The ECN and LRN cell bodies do not follow the same pattern, instead of ceasing their migration process at the midline, they cross it and migrate to their final position in the contralateral alar (B) he different nuclei follow distinct migrator streams to reach their final position. ontine neurons ( ) follow the anterior extramural migrator stream (AES) and reach their anterior final position, ad acent to the floor plate, migrating tangentiall . he ateral reticular ( ) and the external cuneate nuclei (EC ) follow the posterior extramural migrator stream ( ES) to reach their final in the contralateral side of the hindbrain. Inferior oli ar neurons (I ) migrate entrall following the sub-marginal migrator stream (SMMS) until their entral position ad acent to the floor plate. (C) uring their migration, precerebellar neurons send a pro ection towards the cerebellum. ontine and inferior oli ar neurons will be contralateral while EC and pro ections are ipsilateral. ( ) I targets ur in e cells and deep cerebellar nuclei. he latter, also targets the I . his crosstal is defined as the oli o-cerebellar loop, which ensure sensorimotor information integration. eep cerebellar nuclei ( C ), ur in e cell ( C) and olgi cell ( C). Adapted from Friocourt F. 7C). That switches their projections (also considered as mossy fibers) to the cerebellum from being contralateral to ipsilateral (F Bourrat and Sotelo, 1990).

AES

As specified earlier, the main inputs to the cerebellum, are the mossy and the climbing fibers. The mossy fibers, coming from the PN, the ECN, the LRN and the spinocerebellar tract among others, represent a rich excitatory input to the cerebellar cortex. The climbing fibers are also excitatory. They are uniquely generated by the IO and target the Purkinje cell layer in a one-to-one manner (Sillitoe and Fu, 2012).

However, a single PC is first innervated by multiple climbing fibers (Crepel et al., 1981(Crepel et al., , 1976)). Through activity dependent selection, one single climbing fiber is maintained while the others are eliminated (Kano et al., 2018). Taking in account the PC projection to the DCN and the DCN output towards the IO, it describes the IO-cerebellar loop (Figure 7D). This loop is essential for the integration of sensory and motor information.

The ipsilateral rewiring of the projection of IO projection to the PC triggers a severe ataxia (Renier et al. 2010;Chédotal 2014, see chapter 4).

Extrinsic hindbrain commissures

Many axonal tracts crossing the midline in the hindbrain originate from neurons that are localized in other (rostral or caudal) CNS areas. Two examples of descending commissural tracts are the fasciculus retroflexus tract (FR) and the corticospinal tract (CST) (Figure 8A).

The habenula (Hb), a nucleus originating from the alar plate of the 2 nd prosomere [START_REF] Puelles | [END_REF] (Figure 8B), receives inputs from the limbic forebrain, and directly targets the rostral hindbrain (Fakhoury, 2018). Its functions are diverse, going from circadian rhythms to sleep regulation and addiction (Viswanath et al., 2014).

It is composed by two sub-nuclei: the medial habenula (mHb) and the lateral habenula (lHb). Their projection towards the rostral hindbrain is the FR (Figure 8B), which is a highly conserved structure among vertebrates. The lHb project towards the ipsilateral ventral tegmental area (VTA), whereas mHb axons target the interpeduncular nuclei on both sides (IPN), zig-zagging several times across the floor plate in rhombomere 1 (Moreno-Bravo et al., 2016). Recently, the combination of classical histological studies and new imaging techniques allowed for a better understanding of its development (Belle et al., 2014;Moreno-Bravo et al., 2016). FR axons reach the ventral midline in the prosomere 2, where they start to migrate caudally parallel to the midline. This process will follow the emerging cephalic flexure, and at the r1 it will zig-zag around the IPN and cross the midline several times. Several guidance molecules act at different steps during their pathfinding (Schmidt and Pasterkamp 2017;see chapter 4).

The CST is a mammalian commissural controlling fine voluntary movements [START_REF] Schieber | Chapter 2 Comparative anatomy and physiology of the corticospinal system[END_REF]. The CST only exist in mammals, but its organization varies between species. CST axons originate from layer 5 neurons located different cortical areas projecting towards the spinal cord (Chédotal, 2014;Wang et al., 2017) (Figure 8C). It plays a major role in the cortical control of spinal cord activity, regulating the afferent inputs, the spinal reflexes and the motor neurons activity among others. In rodent, CST axons originate from pyramidal neurons of several cortical areas (mainly motor and somatosensory cortex). They leave the cortex via the internal capsule and the cerebral peduncles, before reaching the ventral brainstem where right and left CSTs extend ventrally along the floor plate to the junction between the hindbrain and the spinal cord.

At this point (around birth in mice) most of the CST axons project ventro-dorsally and cross the dorsal midline, forming the pyramidal decussation (Figure 8C.1). After midline crossing, they keep migrating caudally (Figure 8C.2), to their final targets in the spinal cord which in mice, are premotor interneurons. Some of the CST fibers don't follow the pyramidal decussation and project ipsilaterally instead [START_REF] Armand | The Origin, Course and Terminations of Corticospinal Fibers in Various Mammals[END_REF].

These contra-ipsi proportion, is known to differ among species and changes also during development. The pyramidal decussation has also been largely studied in terms of guidance mechanisms due to its inverted midline crossing pattern, and this dual projection towards ipsi and contralateral sides of the spinal cord (Canty and Murphy, 2008).

Spinal cord commissures

The spinal cord is the most caudal part of the CNS. It is where the majority of somatosensory informations enters the CNS to be processed by superior brain areas.

As previously mentioned, it also receives input from descending tracts coming from cortical areas, controlling the fine tuning of voluntary movements. The spinal cord differentiation occurs along the rostro-caudal axis and generates different functional areas. This process is driven by the restricted expression of certain Hox genes along the developing neural tube (Philippidou and Dasen, 2013). This differentiation also occurs along the ventro-dorsal axis and it is the origin of the large cellular diversity of the spinal cord (Lu et al., 2015) (Figure 9A). This second differentiation process is possible due to the external expression of morphogens. The notochord, ventral to the neural tube, will express Sonic Hedgehog (Shh), while the dorsal ectoderm produces transforming growth factor β (TGFβ) (Figure 9A). These two opposite morphogens induce the floor plate (ventral midline) and the roof plate (dorsal midline). These differentiated populations start themselves to produce morphogenic gradients: a Shh gradient ventrally and Bone morphogenic proteins (BMPs) and Wingless-related integration site (Wnt) gradients dorsally (Avilés et al., 2013). These gradients, divide the progenitor layer in twelve distinct domains, that can be divided as dorsal (dl1-dl6)

and ventral (v0-v3, plus the motor-neurons) domains. The specific expression of TF combinations in each domain generates the heterogeneous neuronal populations of the spinal cord [START_REF] Hernandez-Miranda | The dorsal spinal cord and hindbrain: From developmental mechanisms to functional circuits[END_REF] (Figure 9A).

From a functional point of view, the spinal cord is mainly composed of motor neurons and interneurons, its ventral portion being motor-related and the dorsal part having somatosensory purposes. Spinal commissural neurons are interneurons that arise from E9 to E14 from different progenitor domains, and they can be either excitatory or inhibitory (Bannatyne et al., 2003;Comer et al., 2015). Ramón y Cajal already evidenced in his observations and drawings the heterogeneity of this commissural pool in the adult spinal cord. During their differentiation, as they exit the progenitor layer, they extend an axon towards the basal lamina. At this point, commissural axons start to grow ventrally and cross the floor plate to continue their journey to their final targets.

At early stages (from E10 to E12), commissural neurons avoid the motor column in their path to the floor plate. This behavior is not shown by late-born neurons (Moreno-Bravo et al., 2019), that freely cross the motor column from E13. Later on, around E15 and after the reduction of the central canal, an inhibitory commissural population arises and projects dorsally (Comer et al., 2015).

As mentioned before, commissural neurons arise from different progenitor domains and have distinct either motor or somatosensory related functions. A great effort has been done to characterize this heterogeneous population to identify the diversity of their projection patterns and the developmental programs controlling their differentiation (Figure 9B). Tracing studies, allowed to determine that already at E19, 18 different types of commissural neurons can be identified based on morphological features (Silos-Santiago and Snider, 1992). Moreover, four different types of postcrossing behavior have been evidenced (Kadison and Kaprielian, 2004): intermediate and medial longitudinal commissural axons (iLC and mLC), bifurcating longitudinal axons (bLC) and forked transverse commissural axons (fTC). Even though if from a molecular point of view less has been described. Atoh1 expression in dl1 (the most dorsal domain) induces either ipsilateral or contralateral projecting neurons by the upregulation of Lhx2 and Lhx9 (Saba et al., 2005). The fine modulation of these two factors differentiates the two projecting types of interneurons. Their depletion doesn't affect ipsilateral projections while it impairs midline crossing of the dl1 commissural neurons portion (Wilson et al., 2008).

The stereotypic growth and long development period of spinal cord commissural axons have made them one of the most used models to study axon guidance mechanisms in mice for the last 30 years (Chédotal, 2019). Many different mechanisms have been related to midline crossing, but there is still a lot to reveal about the origin of their diversity.

Central and peripheral nervous system crosstalk and boundary

The CNS needs a permanent cross-talk with the peripheral nervous system (PNS) in order to tune motor control, analyze, and depict the environment. The PNS is composed of several neuronal units, each specialized in a particular sensory or motor process. For instance, hair cells in the mouse cochlea will act as mechanosensors, allowing the interpretation of sounds. The information of these sensitive cells is collected by bipolar spiral ganglion neurons (SGNs), that form the cochlear output towards the cochlear nuclei in the rhombencephalon (Nayagam et al., 2011). To be able to process right and left sound information at the same time, the cochlear nuclei is connected to the superior olivary complex of the ipsilateral and the contralateral side [START_REF] Grothe | [END_REF]. The collection of right and left information in the superior olivary nucleus allows the localization of the sound in a determined environment. This example evidences the tight relationship between PNS and CNS communication coupled to commissural projections.

However, only certain fibers are able to interconnect these two systems. In the CNS, motor neurons are the only cell-type being able to send a projection to their final target in the PNS (Bravo-Ambrosio and Kaprielian, 2011). In the PNS, among others, sensory neurons from the dorsal root ganglions (DRGs) and the cranial nerves, are the only cell populations able to send a projection in the developing spinal cord and hindbrain (reference). To ensure this unique cross-talk, the confinement of the two systems and avoid invasive incidents, some mechanisms ensure their separation. From early stages, an extracellular sheet-like structure develops around the CNS: the basal lamina. This structure is in close contact with radial glia end-feet and is mainly composed of laminins, collagen and proteoglycans (Timpl and Brown, 1996). At the PNS/CNS boundary, this sheet is interrupted to allow motor and sensory axons to interconnect the two systems. In the spinal cord, the motor exit point (MEP) and the dorsal root entry zone (DREZ) are the two main exit points. To prevent cell bodies from exiting the CNS or entering it, boundary cap cells, a neural crest derivative population, act as a physical and molecular barrier (Kucenas et al., 2009;Vermeren et al., 2003) secreting repulsive factors for CNS cells (Bron et al., 2007;Mauti et al., 2007). Their ablation or the modulation of these secreted factors induces motor neuron migration into the PNS (Garrett et al., 2016). Interestingly, axon guidance related cues are also involved in the CNS population confinement (Laumonnerie et al., 2014), even if the mechanisms regulating this process are still unclear.

Pathologies and physiological impairments related to commissural axon defects

Commissural tracts, as illustrated above, are involved in multiple physiological

processes. An important disruption of these tracts during embryonic stages, often leads to a premature embryonic or postnatal death (Sabatier et al., 2004;[START_REF] Serafini | Netrin-1 is required for commissural axon guidance in the developing vertebrate nervous system[END_REF]. Mutations in some human genes encoding midline axon guidance receptors or cues have already been associated to neurological disorders (Friocourt and Chédotal, 2017;Méneret et al., 2017). Here the focus will be on three particular disorders: Horizontal gaze palsy with progressive scoliosis (HGPPS), congenital mirror movements (CMM), and some cases of corpus callosum agenesis.

HGPPS is an autosomal recessive pathology caused by mutations of the ROBO3 gene on human chromosome 11 (Jen et al., 2004). Different studies characterized this syndrome by three distinct and defined symptoms shared among most of the patients: complete or almost complete absence of conjugate horizontal gaze, a progressive scoliosis during childhood and a severe malformation of the brainstem. The latter has been correlated with an hypoplastic basilar pons and the uncrossed descending CST (Bosley et al., 2005;Friocourt and Chédotal, 2017;Jen, 2004). Indeed, somatosensory and motor evoked potential tests performed in HGPPS patients, revealed two features:

the unilateral responses to touch tests and ipsilateral muscle responses after stimulation. This supports an ipsilateralization of the ascending dorsal column and descending corticospinal tracts (Jen, 2004). In mice, it is known that in absence of Robo3, there is a complete lack of commissural midline crossing along the posterior CNS (Sabatier et al., 2004), highlighting its role in commissural axon guidance.

Congenital mirror movements are an autosomal dominant disorder characterized by involuntary symmetrical movements of distal upper extremities that copy voluntary movements of the other extremity (MM). Besides CMM, MM are one of the symptoms of other neurological disorders in which the lateralization of the CST is altered (Cincotta et al., 1994;Farmer et al., 1990). A complete ipsilateral projection of the CST doesn't lead to MM, evidencing the need of an abnormal bilateral projection in the spinal cord to generate asymmetrical involuntary hand movements. In normal individuals, the transcranial stimulation of the primary motor cortex, only induces a muscular response contralateral to the stimulated hemisphere. In CMM patients, such stimulation induces bilateral motor responses [START_REF] Gallea | [END_REF]. These experiments suggested the existence in CMM patients of bilateral CST projections from the primary motor cortex towards both, right and left spinal cord targets. Two hypotheses could explain this bilateral functional pathway: (i) a defect in the CST decussation inducing a bilateral projection to both spinal cord sides, or (ii) a projecting defect of the CST when reaching its final targets in the spinal cord. Interestingly, both an aberrant CST decussation (Welniarz et al., 2017b) and a complete ipsilateralization of the tract (Koenigkam-Santos et al., 2010) have shown to trigger CMM.

In human, distinct gene mutations have been related to these motor defects.

Interestingly, several mutations in guidance ligand/receptor couples have been observed, leading to these involuntary movements (Franz et al., 2015;Méneret et al., 2017).

CC agenesis (agCC) is the most common form of neurodevelopmental malformation affecting about 4/1000 individuals (Paul et al., 2007). Complete or partial agCC results of developmental guidance defects occurring at early stages of fetal development, impairing CC establishment (between 74 and 115 days of pregnancy, Achiron and Achiron 2001). Often, atypical rostro-caudal fiber bundles (Probst bundles) appear along the interhemispheric fissure, where the CC should form (Tovar-Moll et al., 2006).

Sigmoid bundles are another type of aberrant interhemispheric tracts observed in some agCC patients. Interestingly, they appear to be bilateral and in this case, they are the most robust tract connecting the two cortices (Tovar-Moll et al., 2014). Imaging studies, demonstrated that between 3 and 5% of patients assessed for neurodevelopmental disorders present partial agCC (Bodensteiner et al., 1994).

Surgical sectioning of the CC ("split-brain" commissurotomies) were conducted on adult patients with untreatable epilepsy (all the anterior brain commissures were sectioned, including the AC) (Gazzaniga et al., 1965;Sperry, 1982). These patients suffered a "disconnection syndrome", an absence of callosal transfer of sensory information and deficiencies in coordinated motor activity (Paul et al., 2007). In contrast, agCC patients often present a better interhemispheric visual and tactile information transfer. Even if agCC patients also present visual, motor and behavioral impairments. The scope of these behavioral deficiencies comes from the need of quick processing of complex information to affront social situations. They require fast interhemispheric coordination due to the lateralization of lexical and affective processes (Paul, 2011;Paul et al., 2007). Recently, it has been demonstrated that different mutations in the axon guidance receptor Dcc are present in four distinct families affected by agCC (Marsh et al., 2017).

Altogether, these physical and behavioral conditions evidence the tremendous impact of developmental disorders of axon midline guidance. Their proper establishment and maintenance are two pillars for human social interaction, motor coordination and sensory integration.

Altogether, these physical and behavioral conditions evidence the tremendous impact of axon guidance developmental defects on commissural systems. Their proper establishment and maintenance are essentials for human social interaction, motor coordination and sensory integration.

Chapter 2: Molecular mechanisms of commissural axon guidance

Commissural systems are at the origin of all human coordinated sensorimotor tasks.

As previously described, most of these systems develop during embryogenesis and defects occurring during these developmental stages can lead to important and permanent behavioral and motor defects.

As aforementioned, commissural neurons arise in determined areas of the central nervous system, sending an axonal projection towards a contralateral (homotopic or not) target. Defects in guidance processes can lead to both, either bilateral projections or the ipsilateralization of contralateral tracts. Besides, the recent emergence of a broad variety of neurodegenerative diseases and t he progressive loss of brain functions, implies the need of novel and effective therapies. Interestingly, the hypothesis that developmental processes, including axon guidance, could be recycled and applied to induce regeneration and brain repair appeared to be largely accepted.

Altogether, it means that the understanding of molecular mechanisms tuning axon guidance from developmental stages to pathological situations is a central query for modern Neuroscience.

Santiago Ramón y Cajal: the chemotactic hypothesis

During almost fifty years , Santiago Ramón y Cajal described brain networks complexity and composition, detailing tissue architecture and the corresponding cellular morphologies. In addition, based on his own observations, he hypothesized about neurophysiology, neuropathology and psychology [START_REF] Ramón Y Cajal | A quelle époque apparaissent les expansions des cellules nerveuses de la moelle épinière du poulet?[END_REF][START_REF] Ramón Y Cajal | Estudios sobre la degeneración y regeneración del sistema nervioso[END_REF]Ramón y Cajal, 1892). Considering all his methodological and conceptual contribution to all neuroscience fields, he is considered the founder of modern Neuroscience [START_REF] Sotelo | Chapter 2 The chemotactic hypothesis of Cajal: a century behind[END_REF]. One of his most prophetic theories was the "neurotropic hypothesis" (Ramón y Cajal, 1892), his idea of chemotactism aiming to explain growth cone pathfinding during embryogenesis. When Cajal got interested by developmental neurobiology, he primarily focused on the development of the chicken embryo spinal cord.

Studying this structure, Cajal got interested by the ability of motor and dorsal commissural neurons to extend a projection. Indeed, he showed that the growth cone, a motile structure at the axonal extremity, was able to re-orient their trajectory (Ramón y Cajal, 1892). In his review of Cajal's hypothesis, Dr. Sotelo, describes this structure as "one of the most sophisticated machines imaginable for steering the growing neural processes towards their terminal domains" (Sotelo, 2004[START_REF] Sotelo | Chapter 2 The chemotactic hypothesis of Cajal: a century behind[END_REF]. Cajal believed that the growth cone integrated extracellular information to orient axonal growth, and that axons were guided to their specific target by "an intelligent force" (Ramón y Cajal, 1892). Moreover, he also proposed that neuronal cell bodies migration could also rely on the readout of the extracellular matrix, where stimulating substances (neurotropic substances) were deposited by their target cells. Interestingly, after proposing his chemotactic theory, Cajal considered that this axon guidance forces could only be attractive. He claimed that "nothing indicated the intervention of negative neurotropic substances", going against his first statements about neurotropic substances capable of attracting and repulsing axons [START_REF] Ramón Y Cajal | Estudios sobre la degeneración y regeneración del sistema nervioso[END_REF]. The elaboration of this theory required the establishment of gradients of these neurotropic substances. In fact, Cajal considered them much broader that what we could imagine nowadays. Indeed, in his first hypotheses, he never proposed or considered the idea of intermediate targets able

to guide axons along their way to their final target, which would also contribute to this guidance process.

Being extremely difficult to demonstrate these "intelligent forces" guiding axons specifically from their birth place to their final targets during embryogenesis, Cajal decided to prove their presence later on, during axonal regeneration [START_REF] Ramón Y Cajal | Estudios sobre la degeneración y regeneración del sistema nervioso[END_REF]. In these studies, Cajal obtained evidence supporting the attraction of re-growing axons from the proximal to the distal part of sectioned PNS nerves. Moreover, he suggested that this attractive force was due to the release in the medium of chemotactic substances by living cells (Schwann cells), and that it was not the result of physical or mechanical interactions [START_REF] Ramón Y Cajal | Estudios sobre la degeneración y regeneración del sistema nervioso[END_REF][START_REF] Sotelo | Chapter 2 The chemotactic hypothesis of Cajal: a century behind[END_REF]. Taken together, all these observations, hypotheses and assumptions are, without any doubt, the basis of modern molecular axon guidance.

Evolution of the Neurotropic theory and emergence of the intermediate targets

Soon after Cajal proposed his theory, some authors directly questioned it. They argued that growth cones and growing axons couldn't navigate in liquid mediums, reinforcing the need of a structural scaffold to migrate. Instead, they proposed a "contact guidance" mechanism allowing growth cones oriented growth by attachment to specific substrates containing those chemoattractant particles [START_REF] Weiss | Nerve patterns : the mechanics of nerve growth[END_REF].

Almost a century later, the first experimental evidence of a natural chemoattractant released during embryogenesis to guide growing nerves was published (Lumsden and Davies, 1986). It demonstrated that trigeminal ganglion axons were guided, at a distance, by their target tissue, the whisker pad epithelium. This exclusive oriented outgrowth by their target and not by adjacent tissues (maxillary mesenchyme)

supported the second of their two main initial hypotheses. Supporting Cajal's theory, these growing nerves were responding to a long-range chemotactic attractant released by their target instead of being guided towards their targets by cues deposited in the extracellular matrix, creating an oriented highway (Lumsden and Davies, 1986;[START_REF] Sotelo | Chapter 2 The chemotactic hypothesis of Cajal: a century behind[END_REF].

As aforementioned, Cajal introduced the idea of intermediate targets during his studies on regenerating nerves [START_REF] Ramón Y Cajal | Estudios sobre la degeneración y regeneración del sistema nervioso[END_REF]. They are discrete cell populations along axons' pathway to their target, that provide guidance cues to orient the axon growth to their final destination. Interestingly, soon after the first evidence of chemotropic gradients appeared (Lumsden and Davies, 1986), different groups started to provide evidence of these intermediate targets in axonal guidance (Bovolenta and Mason, 1987;Tessier-Lavigne et al., 1988). In the first study, a precise analysis of RGCs growth cone morphology was performed all along their pathway from the retina to their brain targets. It was found that growth cones were changing their morphology when approaching and getting into the optic chiasm (Bovolenta and Mason, 1987). In addition, Dr. Tessier Lavigne and colleagues, using embryonic dorsal spinal cord explants, reported for the first time that commissural axons were attracted by the floor plate, an intermediate target (Tessier-Lavigne et al., 1988). Their results directly supported the hypothesis of a chemotropic guidance of commissural axons by an intermediate target: "floor plate cells secrete a diffusible factor(s) that influences the pattern and orientation of commissural axon growth in vitro without affecting other embryonic spinal cord axons". Concurrently, and going against Cajal's theory, a study was published demonstrating the existence of repulsive cues for growing axons in the developing CNS. This study showed that chemorepellent diffusible molecules diffusing from the septum can keep lateral olfactory tract axons away from the midline (Pini, 1993).

The criticisms, the support and the add-ons to Cajal's beliefs induced an evolution and adjustment of the neurotropic theory at the end of the 20 th century, establishing the basis of axon guidance as we know it nowadays and relying in four different mechanisms: contact attraction, contact repulsion, chemoattraction and chemorepulsion. Altogether being at the origin of all CNS projection maps [START_REF] Sotelo | Chapter 2 The chemotactic hypothesis of Cajal: a century behind[END_REF][START_REF] Tessier-Lavigne | [END_REF].

The midline as a key intermediate target for commissural axon guidance

Since Cajal studies, the vertebrates (chicken or rodents) spinal cord and its dorsal commissural neurons have been a key model to study axon guidance. As previously mentioned, the first in vitro evidence of the floor plate role in chemoattraction came from the work from Tessier-Lavigne and colleagues (Tessier-Lavigne et al., 1988).

Later, by co-culturing floor plate explants adjacent to dorsal spinal cord explants they induced the oriented growth of commissural axons towards the floor plate explant (Placzek et al., 1990). These studies reinforced Cajal's neurotropic theory and presumed the release of a diffusible factor(s) by floor plate cells, which would induce commissural axons growth and oriented attraction.

Interestingly, a few years later, evidence for a role of adhesion molecules in this process came up [START_REF] Stoeckli | Axonin-1, Nr-CAM, and Ng-CAM Play Different Roles in the In Vivo Guidance of Chick Commissural Neurons[END_REF]. The use of blocking antibodies for

Axonin-1 or NrCam on dorsal spinal cord and floor plate in vitro co-cultures, induced axons collapse before floor plate entry or its avoidance (Stoeckli et al., 1997). These results confirmed the contribution of contact-mediated cues in commissural axon guidance at the floor plate vicinity.

Even if the vertebrate spinal cord has been one of the most used models to study axon guidance processes, the earliest discoveries of axon guidance family cues and receptors at the midline emerged using other models: Drosophila melanogaster and Caenorhabditis elegans. By the simplicity of their genetic manipulation, they became two key species to study the guidance mechanisms in vivo. The group of Corey Goodman conducted a large mutagenesis screen in Drosophila, which led to the identification of two different mutants presenting midline guidance defects: Slit, Roundabout (robo) and Commissureless (comm) (Rothberg et al., 1990;Seeger et al., 1998). Comm was selected because its absence induced a complete lack of commissural tracts while all the longitudinal tracts of the drosophila embryo were maintained. Robo was isolated because of the observation of a commissural axons' fuzzy behavior in its absence. Interestingly, even if the phenotype was fully penetrant, some individuals made it to the adulthood and were able to breed. As Comm mutants, they didn't present any differentiation phenotype (Rothberg et al., 1990). A third mutant, Slit, was identified as a gene expressed by glial like populations at the midline and presented a similar structure to adhesive glycoproteins (leucine-rich repeats) and EGF-like receptor binding ligands (EGF-like repeats). Moreover, Slit was observed only on commissural growth cones crossing the midline, never on their cell bodies or on glial cells. These findings suggested that Slit was secreted by midline cells. The disruption of Slit expression induced the collapse of commissural and longitudinal tracts. In addition, midline differentiation defects were also observed (Rothberg et al., 1990).

Contemporaneously, Unc-5, Unc-6 and Unc-40 were isolated in C. elegans as possible candidates expressed in a gradient manner and able to direct commissural axon guidance (Brenner, 1974;Hedgecock et al., 1990;Ishii et al., 1992). They were isolated because their mutation affected midline crossing of the nematode growing nerves:

Unc-5 affected dorsal crossing, Unc-40 affected mainly ventral crossing and Unc-6

affected both of them. However, longitudinal tracts also exhibited some guidance defects (Hedgecock et al., 1990). Two years later, it was shown that Unc-6 encoded a laminin-like protein and that most likely it would have an impact on circumferential axon guidance and cell migration (Ishii et al., 1992). The protein was located on glial cell surfaces and basal laminae, probably promoting contact attraction.

Very quickly, the Drosophila homologous genes of these candidates were also isolated. NetrinA/B and Frazzled, respective homologous of Unc-6 and Unc-40, were also isolated by their implication in commissures establishment in this specie (Harris et al., 1996;Kolodziej et al., 1996;Mitchell et al., 1996). To schematize the results obtained in Drosophila, the absence of NetrinA/B (NetrinA/B) and Frazzled (Fra) induced a complete disruption of commissural midline crossing. On their side, Slit and Robo respective disruption, induced an accumulation of commissural and longitudinal axons in the ventral midline. In addition, NetrinA, NetrinB and Slit are expressed by midline glial cells while Robo and Fra are expressed in the growing axons. Altogether, these results suggested that Fra is a NetrinA and NetrinB receptor, which promotes axon growth and attraction whereas Robo, binds Slit and induces commissural axons exit from the midline [START_REF] Kidd | Slit Is the Midline Repellent for the Robo Receptor in Drosophila together, these results suggest that Comm regulates Robo function by either controlling Robo levels or Robo signaling. Further analysis revealed that Comm controls Robo expression[END_REF].

Considering that Robo is already expressed in pre-crossing axons [START_REF] Kidd | Slit Is the Midline Repellent for the Robo Receptor in Drosophila together, these results suggest that Comm regulates Robo function by either controlling Robo levels or Robo signaling. Further analysis revealed that Comm controls Robo expression[END_REF], it was difficult to imagine how commissural axons could switch from attraction to repulsion during midline crossing. The analysis of the comm mutant suggested a possible mechanism (Seeger et al., 1993). Contrary to Robo, commissural axons do not cross the midline in comm mutants (Kidd et al., 1998). This opposition suggested an interaction between the two proteins. Short after, it was shown in vitro, that Comm recruits Robo in endosomes to trigger its degradation before midline crossing (Keleman et al., 2002). The later confirmation of a transcriptional activation of comm by Fra during axonal attraction (Yang et al., 2009) These results consisted in the basis of the molecular mechanisms orchestrating midline crossing and evidencing the capital role of the floor plate in the process. Most importantly, in parallel of these suggestions, the homologues of all these proteins were isolated in vertebrates. Leading to the idea that most likely, axon guidance mechanisms were highly conserved across species through the same molecular actors (Goodman, 1994).

4

. Midline secreted proteins and their impact on vertebrate commissural axon guidance

The Netrin family

Following Cajal's hypotheses about an "intelligent force" able to attract spinal commissural axons from their dorsal origin towards the floor plate, several groups tried isolate an accurate candidate. The first axon guidance molecules identified in vertebrates were the Unc-6 homologues, netrin-1 and netrin-2. They were isolated from chick CNS through a purification process implying heparin affinity chromatography (Kennedy et al., 1994;Serafini et al., 1994). In situ hybridization experiments showed that netrin-1 was strongly expressed by floor plate cells while netrin-2 was expressed in the ventricular-zone (VZ). Both expressions were maintained during commissural axons development both in the hindbrain and the spinal cord (Kennedy et al., 1994). Moreover, co-culturing spinal cord dorsal explants with netrin-1/2 transfected COS cells, showed that netrin-1, but also netrin-2, were able to induce directional outgrowth, suggesting a ventro-dorsal gradient of netrins, attracting commissural axons to the floor plate.

Right after netrin-1 identification and association with chemoattraction, this cue was also suggested to be involved in chemorepulsion (Colamarino and Tessier-Lavigne, 1995). By co-culturing floor plate explants or netrin-1-transfected COS cells with hindbrain-midbrain junction explants containing trochlear motor neurons cell bodies, they evidenced that netrin-1 was inhibiting the growth of their motor axons in vitro. This was the first evidence of the floor plate chemorepulsive capacities and they were at first, wrongly associated to netrin-1 (see chapter 3). In mice, unlike in chick, only netrin-1 is expressed by floor plate cells and VZ progenitors during commissural axon outgrowth and midline crossing (Serafini et al., 1996). To assess the function of this novel chemoattractant in vivo, they next generated a mouse line with a β-galactosidase gene-trap vector aiming to disrupt netrin-1 expression. This novel mutant showed an almost complete disruption of netrin-1 expression, both at the floor plate and the VZ and as expected, midline crossing was severely impaired (Serafini et al., 1996). From early stages, the ventral commissure of the spinal cord and the hindbrain was almost abolished. Moreover, an absence of AC and CC, accompanied by a precerebellar nuclei disorganization were observed. In addition, newborn pups were unable to feed and had motor coordination defects, leading to their premature death (Serafini et al., 1996). To further confirm these results, co-culture assays between mutant floor plate explants and wild type dorsal spinal cord explants were performed. At a distance directed outgrowth was not induced, but when cultured at short distances, mutant floor plate explants were still able to induce oriented axon outgrowth. This result suggested the existance of other complementary mechanisms, albeit less significant [START_REF] Serafini | Netrin-1 is required for commissural axon guidance in the developing vertebrate nervous system[END_REF]. Using novel genetic approaches, two Ntn1 full knockouts have been recently

published (Bin et al., 2015;Yung et al., 2015). Both studies confirmed the initial findings by showing that a complete lack of netrin-1 results in even stronger midline crossing defects.

As first reported in C. elegans, netrins appeared to be closely related to the laminins (Ishii et al., 1992). The analysis of the nematode netrin-1, revealed a high homology between the N-terminal portion of the presumptive protein and the laminins from both, insects and mammals. The C-terminal portion codes for a netrin-specific domain, never previously reported and later on defined as a netrin domain. Other members of the netrin family were next identified in vertebrates: netrin-3, 4 and 5 are soluble while netrin-G1 and G2 are anchored to the membrane (Nakashiba et al., 2000;Van Raay et al., 1997;H. Wang et al., 1999;Yamagishi et al., 2015;Yin et al., 2000) (Figure 10A). Interestingly, a comparative analysis of these members highlighted the singularity of netrin-4, which instead of being related to laminin γ, which presents a high homology with the β chain of laminins (Leclère and Rentzsch, 2012;Yin et al., 2000) (Figure 10B). To illustrate their broad expression pattern and functions a review of their main features will follow (Figure 10C).

Netrin-2 has only been described in chick and in Danio rerio (zebrafish) (Kennedy et al., 1994;Won Park et al., 2005). In the developing chick spinal cord, VZ-progenitors express netrin-2, suggesting a synergistic function with the netrin-1 ventro-dorsal gradient guiding commissural axons (Kennedy et al., 1994;Serafini et al., 1994) (Figure 1C). Interestingly, in the developing zebrafish embryo, netrin-2 is expressed rostrally, in the anterior brain, the hindbrain (rhombomere 4) and in the most caudal ventral somites of the developing spinal cord. Due to the difference with Netrin1a/b expression pattern, a non-redundant role with the other netrins has been suggested (Won Park et al., 2005). netrin-2 function during chick or zebrafish embryonic development has not yet been characterized (H. Wang et al., 1999;Won Park et al., 2005).

Netrin-3, which was first described in human as netrin-2-like protein (Van Raay et al., 1997), was renamed netrin-3 after its discovery and characterization in mice. Indeed, the sequence analysis of murine netrin-3 showed a high homology with the human netrin-2L variant (87%) and divergent of chick netrin-2 (homology of a 70%, Wang et al. 1999). Netrin-3 seems only expressed outside the CNS, such as in DRGs and cranial nerves. In situ hybridization data suggest that netrin-3 is expressed in the brachial spinal cord and the ventral hindbrain (figure 5B/C and figure 6C/D in Wang et al. 1999). Netrin-3 is also able to bind to Dcc albeit with a lower affinity that netrin-1.

Furthermore, using recombinant netrin-3, can promote axon oriented-outgrowth from spinal cord explants, but at a concentration four times higher than netrin-1. These results were consistent with the previous interaction efficiency analyses with Dcc and suggest that netrin-3 could influence commissural axon guidance (H. Wang et al., 1999), but its functions remains to be characterized.

Netrin-4 is conserved in mouse, chick and zebrafish (Poliak et al., 2015;Won Park et al., 2005;Yin et al., 2000). Both in mice and chick, netrin-4 appears, as netrin-3, to be highly expressed outside the CNS. Netrin-4 is also present in a population of spinal cord cells adjacent to the floor plate (likely the p3 spinal cord domain) (Figure 10C). As for netrin-3, netrin-4 function in axon guidance is still unclear. Netrin-4 has been lately

proposed to play a role in angiogenesis most likely by interacting with netrin-1 receptors Dcc and Unc5 (Kociok et al., 2015;Lambert et al., 2012). Nevertheless, another study demonstrated that Netrin-4 does not bind efficiently any of the netrin-1 receptors efficiently but that through binding to γ1 laminin, it disrupts the laminin networks and basement membranes (Reuten et al., 2016). Moreover, netrin-4 induces neurite outgrowth in vitro (from olfactory bulb explants) in a laminin-dependent manner, but it still needs to be demonstrated in vivo.

Netrin-5 was the last netrin member to be discovered, and shown to be expressed in the adult neurogenic regions of the murine adult brain (Yamagishi et al., 2015).

Biochemically, netrin-5 does not present a laminin-binding domain and it seems to encode for a large number of splice variants. Llike the other netrin proteins, netrin-5 is expressed in the spinal cord by boundary cap cells at the dorsal and ventral boundaries between the CNS and the PNS (Garrett et al., 2016). Its colocalization with Krox20, lead to the hypothesis that it is expressed by boundary cap cells. The absence of netrin-5 leads to an invasion of the ventral PNS nerve roots by HB9 + motor neurons, demonstrating that besides netrin-1 (Laumonnerie et al., 2014), netrin-5 also controls the neuronal confinement in the CNS (Garrett et al., 2016).

Netrin-G1 and netrin-G2 are the two most divergent members of the netrin family, and are unique to vertebrate species. They encode for two proteins anchored to the cell membrane by their C-terminal part (Nakashiba et al., 2002(Nakashiba et al., , 2000)). This portion, as in the other netrins, codes for a glycosyl phosphatidylinositol (GPI) lipid anchor. Indeed, they present very little homology with other netrins. Moreover, even if they are more related to γ laminin, they also present hallmarks of β laminin (Nakashiba et al., 2000).

Both netrin-G1 and netrin-G2 are expressed in the developing CNS at the vicinity of commissural neurons (Figure 10C). Although, netrin-G1 has shown very low or null affinity for any of the netrin classical receptors (Nakashiba et al., 2000). In the developing midbrain and forebrain, they seemed to have a complementary expression pattern, defining precise areas of the developing CNS. As such they might participate in the formation of neuromeres (Nakashiba et al., 2002;Rubenstein et al., 1998).

Unexpectedly, netrin-G1 or G2, when coated on dishes, as if they were laminins, can induce neurite outgrowth from dissociated cortical neurons (Nakashiba et al., 2002).

Altogether, this suggests that these members of the netrin family might also play a role in axon guidance and cell migration but that their mechanism of action is nonredundant with secreted netrin. Moreover, their membrane anchorage also suggests that they can induce cell-autonomous signaling and transduce extracellular signals (Nakashiba et al., 2000).

Overall, in this heterogeneous protein family, only netrin-1 has directly shown to influence commissural axon guidance in the developing CNS (further details about netrin-1 role in CNS development will be given below). However, a lot has to be done for the other netrin family members to assess their putative roles in axon guidance.

The Slit family

After midline crossing, spinal commissural axons have to be repelled from the floor plate to reach their contralateral target. This last portion of the commissural axon journey corresponds to a longitudinal extension along the basal plate, counterbalancing attractive and repulsive signals from the midline (Kastenhuber et al., 2009;Kim et al., 2014). Slits are secreted midline chemorepellents which drive floor plate exit of crossing axons and prevent crossing of ipsilateral axons.

Three homologues of the Drosophila Slit were first found in rat: Slit1, Slit2 and Slit3 (Brose et al., 1999). As in the fly, Slits are strongly expressed by floor plate cells but Slit2 and Slit 3 are present in motor columns (Brose et al., 1999;Dominici et al., 2018;Philipp et al., 2012) (Figure 11A). The three Slits code for structurally related proteins: a succession of four LRR domains and nine EGF domains. Interestingly, all Slits present a cleaving site (Brose et al., 1999;Patel et al., 2001;Whitford et al., 2002) suggesting putative diverse functions between full length and cleaved version of ligands (Figure 11A). Indeed, Slit2 can be cleaved and generate a Slit2-N and a Slit2-C fragment (Brose et al., 1999;Nguyen-Ba-Charvet et al., 1999;K. H. Wang et al., 1999) (Figure 11A). Slit2-N was shown to bind Robo1 (Nguyen-Ba-Charvet et al., 1999) and have distinct role of Slit2-FL in vitro (Ba-Charvet et al., 2001;K. H. Wang et al., 1999). The three Slits also exhibited repulsive activity in vitro: axonal chemorepulsion of spinal cord motor neurons and retinal ganglion cells (Brose et al., 1999;Erskine et al., 2000;Niclou et al., 2000). As mentioned, the Slits have a similar structure, suggesting a possible redundant role. Strikingly, in mouse, the simultaneous inactivation of Slit1 and Slit2 does not affect spinal commissural axon guidance (Long et al., 2004;Plump et al., 2002). Yet, in absence of these two Slits, RGC axons are defasciculated and do not form a normal optic chiasm (Plump et al., 2002). Moreover, precerebellar nuclei migration is also affected by their deletion (Di Meglio et al., 2008).

These results support a synergistic activity between Slit1 and Slit2, inducing axonal fasciculation and repulsion for both, commissural axons and migrating neurons. The addition of a Slit3 deletion to the Slit1 and Slit2 knockout leaded to a midline crossing defect in the spinal cord. Axons stalled into the floor plate, inducing a widening of the ventral commissure (Long et al., 2004). The observation of major commissural defects, by deleting the three Slits, advance their high functional redundancy and recently suggested their possible interaction with other receptors than Robos (Dominici et al., 2018).

Besides their function in commissural axon guidance in the spinal cord and the hindbrain, Slits have also been shown to be involved in the development of the forebrain glial wedge and the guidance of callosal axons (Bagri et al., 2002;Unni et al., 2012a). Slit2 was identified as the possible effector of callosal axons chemorepulsion at the glial wedge, where it was strongly expressed (Shu and Richards, 2001). The analysis of forebrain commissural tracts in Slit1 and Slit2 knockouts confirmed this hypothesis. Indeed, in Slit2 or Slit1 and Slit2 double knockouts, most of callosal axons fail to cross the midline and project ipsilaterally instead (Bagri et al., 2002). Short-after, it was also shown that Slit2 also guides postcrossing callosal axons (Shu et al., 2003). More recently, the analysis of the three Slit mutants reinforced the pillar role of Slit2 in the guidance of callosal projections, but also attributed these guidance defects to the impairment of the glial wedge development (Unni et al., 2012b). Altogether, these results suggest that in flies and vertebrates, Slit are repulsive proteins secreted by midline cells.

Other midline secreted guidance factors

Although netrins and Slits play capital roles in chemoattraction and repulsion, several other factors are secreted by midline populations and influence commissural axon guidance (Chédotal, 2011).

Gli2 mutant, in which floor plate cells do not differentiate, were used to study floor plate contribution to spinal cord commissural axon guidance. In this model all floor platederived factors are missing in the developing neural tube (Ding et al., 1998) and commissural axons properly reach the floor plate, but fail to cross it. In their dorsoventral path, an abnormal motor column invasion was also described (Charron et al., 2003;Matise et al., 1999). Interestingly, midline crossing was more severely impaired in Gli2/Ntn1 compound mutants than in Ntn1 or Gli2 single mutants (Charron et al., 2003). This experiment highlighted the presence of other factors, produced by floor plate cells, that could contribute to axon guidance and midline crossing. One of the most important floor plate secreted factors is Sonic Hedgehog (Shh), which induces the differentiation of the ventral domains of the spinal cord.

As shown previously, netrin-1 hypomorphic floor plate explants are able to orient dorsal-spinal cord neurite outgrowth (Serafini et al., 1996). Interestingly, this directed outgrowth was abolished when incubated with cyclopamine, a specific inhibitor of the Shh pathway. They also evidenced that Shh transfected COS cells could reproduce commissural axons directed outgrowth. Which evidenced that in addition to its morphogenic function Shh was also implicated in commissural axon guidance (Charron et al., 2003).

Floor plate cells also express the vascular endothelial growth factor (Vegf) and the cytokine stem-cell factor (Scf). Vegf act as a guidance cue through the Flk1 receptor for spinal commissural axons and cerebellar granule cells migration (Ruiz de Almodovar et al., 2011Almodovar et al., , 2010;;Schwarz et al., 2004). At the optic chiasm, Vegf is detected by Nrp1 on RGCs growth cones (Erskine et al., 2011;Soker et al., 1998). The lack of Vegf triggers de ipsilateralisation of contralaterally projecting RGCs (Erskine et al., 2011). While in absence of Vegf in the spinal cord, commissural axons defasciculate and abnormally invade the motor column. Despite this aberrant migration they still cross the midline (Ruiz de Almodovar et al., 2011). After crossing, commissural axons become sensitive to Scf. Interestingly in Scf in vitro assays, commissural populations did not show any repulsive response. Instead, the presence of Scf in the medium lead to their outgrowth. These results suggested that Scf might give an outgrowth-promoting "boost" to commissural axons at the midline (Gore et al., 2008).

The analysis of spinal cord post-crossing repulsion mechanisms in vitro, suggested that the Semaphorins could be involved in axonal repulsion after midline crossing.

Sema3B appeared to be strongly expressed by floor plate cells (Zou et al., 2000).

Moreover, in vitro assays showed that Sema3B repels post-crossing commissural axons (Nawabi et al., 2010;Zou et al., 2000). In absence of this secreted factors, commissural axons properly reach the floor plate, but stall at the floor plate and fail to cross it (Nawabi et al., 2010). More caudally, in the forebrain, other Semaphorins have been described to be crucial for anterior commissures such as the CC and the optic chiasm. Sema3C, expressed at the glial wedge, triggers frontal CC projections midline crossing (Mire et al., 2018;Niquille et al., 2009). Likewise, the midline radial glia of the optic chiasm, expresses Sema6D. Its genetic ablation induced a strong defasciculation of migrating RGCs and an increase of ipsilateral fibers (Kuwajima et al., 2012). These studies, underline the importance of semaphorins in commissural axon guidance.

Overall, midline cells express a high diversity of factors implicated in commissural axon guidance. Most of these molecules have redundant functions, which appear to be conserved across species. Most likely, this reflects an evolutionary pressure to maintain commissural systems along the rostro-caudal CNS axis. The presence of these broad variety of factors implies that commissural axons need specific sets of receptors able to discriminate and interpret this multifactorial environment.

Commissural receptors, how to induce attraction and repulsion?

The interpretation of extracellular signals by commissural axons, at the right moment and the right place, is essential to the wiring of commissural circuits. Considering the diversity and development of the previously described commissural systems, it would be extremely difficult and challenging to create specific guidance environments for each of them. To bypass this limitation, commissural axons display specific configurations of membrane receptors during they navigation. These molecules allow the integration of extracellular guidance signals and are going to be described in the following section.

Attractive receptors: Dcc and Neogenin

Deleted in colorectal carcinoma (Dcc) was identified on chromosome 18q by its absence in numerous colorectal cancers (Fearon et al., 1990). Interestingly, Dcc predicted amino-acid composition was very similar to neural adhesion molecules such as N-Cam or L1. Dcc is a transmembrane protein, whose extracellular part contains four immunoglobulin domains (Ig) and six fibronectin type-III domains (FnIII) (Hedrick et al., 1994) (Figure 12A).

Neogenin was later discovered in the chick and closely related to Dcc (Vielmetter et al., 1994) (Figure 12A). Although Dcc and Neogenin are paralogues, Dcc was lost in some birds' genomes (Friocourt et al., 2017). In humans, Neogenin, like Dcc, is expressed in the lower gastrointestinal tract and in neural tissue (Vielmetter et al., 1994). Dcc and Neo are the homologues of the Drosophila receptor Fra and the nematode Unc40 (Chan et al., 1996;Kolodziej et al., 1996). In mice, only Dcc is expressed by commissural axons in the spinal cord, cerebellum, hindbrain, midbrain, and forebrain. Neogenin is expressed in a complementary manner to Dcc (Keino-Masu et al., 1996) (Figure 12B).

Dcc was shown to encode a vertebrate netrin-1 receptor, confirming the results obtained in the nematode for Unc-40 and Unc-6 (Chan et al., 1996). Classical in vitro assays, showed that Dcc is expressed on commissural axons growing from dorsal spinal cord explants. A Dcc-blocking antibody can almost completely abolish netrin-1induced axon outgrowth from the explants. Dcc has a high binding affinity to netrin-1 (Kd ~ 10 -8 M, consistent with the doses applied in Serafini et al. 1996), in particular to its domains V and VI (Keino-Masu et al., 1996). netrin-1 binding to Neogenin was cited, but not shown, as being equal to the one between netrin-1 and Dcc (Keino-Masu et al., 1996). Nevertheless, until recently, there was no evidence of this interaction.

The crystal structures of the Dcc/netrin-1 and Neogenin/netrin-1 complexes have been published recently (Finci et al., 2014;Xu et al., 2014). The two studies agree on the netrin-1 specific binding site of Dcc, corresponding to the FnIII4-5 domains.

Nevertheless, as DCC construct in Xu et al. 2014lacks its FnIII6 domain, only Finci et al. 2014 observed its generic binding site with netrin-1. This generic binding site would be able to dimerize Dcc or allow the interaction with Neogenin or Unc5 to trigger different axonal responses (Finci et al., 2014;Grandin et al., 2016). In addition, Dcc and Neo contain a splicing site in the exon 17 which codes for the FnIII4-5 domains.

Indeed, two isoforms (short and long) of each receptor could arise from alternative splicing. Dcc and Neogenin long isoforms and Neogenin short isoform would maintain their dimerization ability while the Dcc short isoform would lose it. These results suggest that the different isoforms might have different signaling functions (Xu et al., 2014).

The key role of Dcc in commissural axon guidance was elucidated through the phenotypic analysis of a Dcc knockout mouse line (Fazeli et al., 1997). The initial aim was to determine whether the suppression of Dcc accelerated or not the appearance of colorectal carcinomas. As Dcc -/-pups died shortly after birth, it became impossible to test this hypothesis. Instead, the authors described that in absence of Dcc, commissural axons massively invade the motor column and the ventral commissure is strongly reduced. Moreover, Dcc mutants present an agenesis of the CC, a strong reduction of the AC and an absence of pontine nuclei (Fazeli et al., 1997). Further analysis of this mutant also showed that spinal cord commissural axons invade the PNS (Laumonnerie et al., 2014), that there is a complete disorganization of the habenular projections (Belle et al., 2014). Other developmental defects have been reported in Dcc knockouts, affecting precerebellar nuclei cell migration and projections (Marcos et al., 2009;Zelina et al., 2014). Overall, this recapitulates most of the defects observed in netrin-1 depleted mutants. As aforementioned, homozygous or heterozygous mutations of Dcc in human are associated with MMs, CST malformations, agCC or split brain syndrome (Franz et al., 2015;Jamuar et al., 2017;Marsh et al., 2017). Altogether, these studies demonstrate Dcc implication in the development of the mammalian commissural systems.

On the other side, Neogenin role in axon guidance still remains unclear. The absence of Dcc in some bird species, including chick, suggested that Neogenin could functionally substitute Dcc in these species (Friocourt et al., 2017;Phan et al., 2011;Vielmetter et al., 1994). Interestingly, in mice, Neogenin expression differs from Dcc: it is expressed in the optic nerve, the CC, AC, PC, CST and to some extent, spinal commissures (Bae et al., 2009;van den Heuvel et al., 2013;Palmesino et al., 2012;Phan et al., 2011). Nevertheless, Neogenin hypomorphic allele did not display any defect in spinal cord commissural axon guidance (Bae et al., 2009;Xu et al., 2014).

Neogenin contribution to commissural axon attraction towards the floor plate is supported by the phenotypic analysis of Neogenin and Dcc double knockouts (Xu et al., 2014). Dcc -/-mutants present a significant reduction of the ventral commissure, but weaker than netrin-1 -/-mutants. The Neogenin knockout itself does not present commissural defects. However, the simultaneous inactivation of both receptors induces spinal cord commissural defects that are as severe as in netrin-1 -/-mutants.

These results suggest that Dcc and Neogenin could act redundantly (Phan et al., 2011;Xu et al., 2014). Neogenin binding affinity for netrin-1 appeared to be much lower than for Rgm (repulsive guidance molecule) (Rajagopalan et al., 2004). Like netrin-1, Rgm binds Neogenin on the FnIII5-6 (Bell et al., 2013) suggesting a synergistic or antagonist function with netrin-1. The binding affinity of Rgm for Neogenin is not altered in vitro by the presence of netrin-1, favoring independent mechanisms of action (Rajagopalan et al., 2004). However, both in vitro and in vivo analyses have shown that Rgm/Neogenin induce the repulsion of growing axons, in regions were both Rgm and netrin-1 are present (Rajagopalan et al., 2004;Wilson and Key, 2006). Overall, these data suggested that Neogenin might have a role in commissural axons attraction but not as important than Dcc.

Dscam, Boc and Flk1 also act as attractive receptors

Other receptors have also been proposed to contribute to netrin-1 chemoattractive activity. The down syndrome cell adhesion molecule (Dscam) belongs to the Ig superfamily (Yamakawa et al., 1998) with an extracellular portion composed of ten Ig domains and 6 FnIII domains (Figure 12A). This receptor was also detected spinal cord commissural axons (Liu et al., 2009) and mouse Dscam binds netrin-1 in vitro. In vertebrates, Dscam role, as an attractant receptor has only been assessed in chick spinal cord explants by in ovo electroporations (Liu et al., 2009). In this model, Dscam seems to collaborate with Dcc to trigger netrin-1 mediated attraction towards the floor plate. However, the analysis of spinal cord commissures of Dscam -/-mutant mice alone, or in combination with Dcc -/-, failed to support the earlier findings (Palmesino et al., 2012). Altogether, these data suggest that either Dscam loss is compensated by other membrane receptors triggering midline attraction, or that Dscam mediates netrin-1 signaling in other commissural systems rather that in spinal cord commissural axons (Fuerst et al., 2009).

Brother of Cdo (BOC) is a Shh receptor expressed by spinal cord commissural axons (Okada et al., 2006). By gene trap, the downregulation of Boc, induced an aberrant invasion of the motor column and a defasciculation of the dorso-ventral commissural bundle (Okada et al., 2006). Similarly, as previously mentioned, the absence of Vegf also triggers an aberrant invasion of the motor columns. The Vegf receptor, Vegfr2 (Flk1), is also expressed by spinal cord commissural axons. Moreover, its absence induces the same midline crossing defects than after Vegf and Boc loss-of-function (Ruiz de Almodovar et al., 2011).

Overall we can see that also these mechanisms seem to be partially redundant, reinforcing netrin-1/Dcc interaction as the main component of commissural axon attraction.

Repulsive receptors: Robo1 and Robo2

Once commissural axons have reached the floor plate, they need to be repelled from it to avoid their re-crossing and continue their journey towards the following target. The floor plate expresses both attractive and repulsive factors, indicating that growth cones have to quickly replace their receptors composition or activity to switch from attraction to repulsion.

Roundabout (Robo) receptors were first described in flies. In vertebrates, the Roundabout family is constituted of four members belonging to the Ig superfamily.

Robo1 and Robo2, extracellularly, have five Ig domains followed by three FnIII domains and their cytoplasmic tail has four conserved domains (cc0-cc3, Chédotal 2007; Zelina et al. 2014) (Figure 13A). They are broadly expressed in the CNS from early stages and during commissural development (Brose et al., 1999;Dominici et al., 2018;Nguyen-Ba-Charvet et al., 1999) (Figure 13B). Robo3 and Robo4, the two other members of the Roundabout family, are not involved in chemorepulsion. Robo3 function will later be discussed and Robo4 is not expressed in the CNS. Robo4 structure differs significantly from the three other members and has been related to vascularization functions (Jones et al., 2008;Park et al., 2003) (Figure 13).

At first, Robo1 expression was described in rat embryo spinal cord: in situ hybridization experiments showed an expression pattern comparable with Dcc (Bai et al., 2011;Kidd et al., 1998) (Figure 13B). By contrast, Robo2 mRNA is strongly expressed by motor neurons, DRGs and it was not detected in spinal cord commissural neurons (Brose et al., 1999) (Figure 13B). Taking advantage of antibodies against Robo1 and Robo2, it was found that in fact, both receptors are strongly expressed by longitudinal axons.

This suggests that both could be either expressed by ipsilateral longitudinal tracts or by post-crossing commissural axons. Robo1 and Robo2 bind Slits, and induce axon repulsion in different systems, confirming their guidance function (Brose et al., 1999;Causeret et al., 2002;Erskine et al., 2000;Nguyen-Ba-Charvet et al., 1999). The Slit/Robo binding interface is located between the D2 Slit domain and the Ig1 Robo domain and this binding is reinforced and strengthened by the binding to heparan sulfates (Barak et al., 2019;Li et al., 2015;Morlot et al., 2007).

In mice, Robo1 and Robo2 in vivo function was first studied by using classic knockouts (Jaworski et al., 2010;Long et al., 2004). The observed midline guidance defects in the spinal cord were similar between the double Robo1/2 knockouts and the triple Slit1/2/3 knockout: a strong accumulation of commissural axons at the floor plate. In addition, Robo1/2 knockouts triggered a perturbation of precerebellar nuclei. It induced a premature ventral migration of a portion of the pontine neurons and an aberrant crossing of a broad number of ION cells bodies due to the lack of repulsion (Geisen et al., 2008;Di Meglio et al., 2008). Recently, it was shown that the specific depletion of Robo1 and Robo2 from ION cells, using novel conditional knockout lines, did not phenocopy the midline crossing and lamination defects observed in the full knockouts (Dominici et al., 2018). These results suggest that Slits might trigger repulsion through other receptors, inviting to revisit the previous work on Robo/Slit-mediated repulsion in the rest of commissural systems.

Robo1 and Robo2 not only play a role in hindbrain and spinal commissural axon guidance, but also in the guidance of other commissural systems such as the corpus callosum, and the optic chiasm. In these systems, the absence of Robo1 (Andrews et al., 2006), Robo2 or Robo1/Robo2 knockouts (López-Bendito et al., 2007) also lead to midline crossing defects and aberrant projections to unusually targeted nuclei (Plachez et al., 2008). In addition, they have also been implicated in the guidance of descending longitudinal tracts, including the medial, intermediate and lateral longitudinal fasciculi (MLF, ILF and LLF). They are some of the early developing axonal tracts related to motor control. They are pioneered by a group of migrating axons that grow parallelly to the floor plate distributed along the basal and the alar plate (Farmer et al., 2008).

Interestingly, Robo1 appeared predominant in the MLF while Robo2 was more expressed by LLF fibers (Kim et al., 2011), but the independent depletion of either of the two factors leads to a similar phenotype with MLF, ILF and LLF axons aberrantly projecting into the floor plate (Farmer et al., 2008;Kim et al., 2011). These descending tracts also express Dcc and are responsive to netrin-1 expressed by floor plate cells.

The combination of Robo1/2 and netrin-1 depletion induced a recovery of the defects induced by the single depletion partially rescues midline crossing defects (Kim et al., 2014), suggesting that a balance between Robo/Slit-repulsion and Dcc/netrin-1attraction is extremely important for the guidance of these longitudinal growing tracts along the ventral midline.

Other repulsive receptors

The control of midline crossing by repulsive forces involves additional receptors and ligands in addition to Robos and Slits.

PlexinA1 and Neuropilin2 (Nrp2) are expressed by commissural axons during midline crossing and form a receptor complex for the ligand Sema3B present in floor plate cells (Nawabi et al., 2010). In pre-commissural axons, the interaction between PlexinA1/Nrp2 and Sema3B is prevented by the expression of an intracellular calpain that cleaves PlexinA1 and inactivates it (Figure 14B). Floor plate cells also express the (C) he interaction between dnf and its receptor at the growth cone membrane, inacti ates Calpain1, which promotes lexinA1 accumulation at the membrane. he formation of the lexinA1, europilin2 and Sema3B complex triggers axonal repulsion. Adapted from the Appendix glial cell line derived neurotrophic factor (GDNF). The formation of the NrCam/Gfr!1 (Gdnf-family receptor alpha-1) complex at the commissural axons' membrane during midline crossing, induces the inactivation of the calpain and promotes PlexinA1 transport to the membrane (Figure 14C). This allows the formation of the PlexinA1/Nrp2/Sema3B complex, which triggers the repulsion of the crossing axons from the midline (Charoy et al., 2012).

Interestingly, the two Slit2 cleavage fragments, Slit2N and Slit2C trigger different responses at the floor plate. Whereas Slit2N binds Robos during midline crossing, Slit2C binds PlexinA1 and boost growth cone repulsion (Delloye-Bourgeois et al., 2015). These results support the role of Plexins/Semaphorins in midline crossing processes, which is not only restricted to the spinal cord (Pignata et al., 2016).

As previously described, Shh and Scf (through its receptor Kit) are known to be diffusible cues that contribute to commissural axon attraction and exit from the floor plate (Charron et al., 2003;Gore et al., 2008). Interestingly, Boc is not the only receptor of Shh expressed by commissural neurons, Patched (Ptch) and Hedgehog interacting protein (Hip) also bind Shh and modulate axon guidance (Bovolenta and Sanchez-Arrones, 2012). Indeed, at the floor plate vicinity, the activation of the PlexinA1/Nrp2 complex requires the interaction of Ptch and Shh. When this is prevented, axons enter the floor plate but can't leave it (Parra and Zou, 2009). Hip seems to mediate axon repulsion right after midline crossing. By silencing its expression in ovo, spinal cord commissural axons also fail to cross the midline (Bourikas et al., 2005).

The Unc5 receptors are also a group of transmembrane receptors for netrin-1 and with putative roles in axon guidance (corpus callosum, CST, precerebelar nuclei, etc).

These Ig superfamily receptors were discovered in the nematode (Leung-Hagesteijn et al., 1992) and there are 4 paralogues in vertebrates: Unc5a to Unc5d (Barallobre et al., 2005). Their extracellular domain contains two Ig domains followed by two thrombospondin domains while their intracellular tail, as Dcc, contains a cell-death domain (Llambi et al., 2001) (Figure 15A). Netrin-1 was reported to induce chemorepulsion when binding to the Unc5 receptors (Hong et al., 1999;Leonardo et al., 1997). This repulsive signaling is thought to require the interaction between Dcc and Unc5, possibly blocking attraction (Barallobre et al., 2005;Finci et al., 2014) (Figure 15B). This could explain some observed defects in the CST or the callosal projections, from which a portion projects ipsilaterally in Unc5c -/-mutants (Finger et al., 2002;Kim and Ackerman, 2011;Srivatsa et al., 2014). Still, spinal cord commissural neurons do not express the Unc5 receptors (Dillon et al., 2007) (Figure 1 A) although their expression has been reported in hindbrain commissures (Llambi et al., 2001;Di Meglio et al., 2013) and motor neurons (Barrett and Guthrie, 2001). However, direct in vivo evidence linking Unc5 to netrin-1 repulsion is still lacking.

Altogether, these studies suggest that the concomitant expression of this broad diversity of receptors allows the growth cone to rapidly change from attractive to repulsive signaling. The mechanisms underlying this switch are not clear yet and will be a portion of the last chapter of this introduction. Nevertheless, among all the overviewed mechanisms orchestrating commissural axon guidance, it seems that the couple formed by netrin-1 and its receptor Dcc is the key for commissural attraction.

Chapter 3: Netrin-1, "the one who guides" Cajal's chemotropic theory was the cornerstone of the axon guidance field as we know it nowadays. During the last thirty years, researchers tried to provide a molecular confirmation of his hypotheses and this is how netrin-1 became one of the pillars of axon guidance. As mentioned in the previous chapter, in vertebrates, netrin-1 activity was isolated from CNS extracts of chick embryos and by culturing dorsal spinal cord explants with floor plate-conditioned medium (Kennedy et al., 1994;Serafini et al., 1996). Confrontation assays in collagen gel showed that distance between the spinal cord explant and netrin-1 expressing cells could be extended to 250 µm, a result in favor of a long-range chemotropic activity of netrin-1 (Kennedy et al., 1994). Moreover, confirming Cajal's predictions, netrin-1 is strongly expressed by floor plate cells.

Together, these data led to propose a model according to which the floor plate secretes netrin-1 and establishes a ventro-dorsal gradient of this (Kennedy et al., 1994).

The chemoattractant gradient of netrin-1

In the hindbrain and the spinal cord, netrin-1 is expressed by floor plate cells and ventricular zone progenitors (Evelyne Bloch-Gallego et al., 1999;Serafini et al., 1996) (Figure 16B). In situ hybridization experiments indicate that netrin-1 floor plate cells expression is stronger than the VZ progenitors one (Figure 16B). In addition, an interaction between netrins and the extracellular matrix was thought to be a stabilizer for this ventro-dorsal gradient during embryogenesis (Kennedy et al., 1994;[START_REF] Serafini | The netrins define a family of axon outgrowth-promoting proteins homologous to C. elegans UNC-6[END_REF]. All these statements were based on the observation of netrin-1 mRNA distribution and of the midline crossing defects observed in the netrin-1 hypomorphic mutants (Figure 16A-C). However, whether netrin-1 was expressed in a gradient in the developing CNS remained to be shown.

The first in vivo evidence supporting such a gradient came from the generation of antibodies against netrin-1, netrin-2 and pan-netrin (recognizing both netrin-1 and netrin-2) and the quantification of immunofluorescence intensity of these two molecules in chick spinal cord sections (Kennedy et al., 2006). Interestingly, netrin-1 was found in floor plate cells and at the vicinity of this structure, overlapping with netrin-2, by ventricular zone ventral progenitors. Using the pan-netrin antibody, the authors aimed to confirm the ability netrin-1 up to 250 µm (Kennedy et al., 2006). These data have been recently challenged by a study in Drosophila showing normal midline crossing in a mutant expressing a membrane-tethered netrin-1 (Brankatschk and Dickson, 2006). First, they depleted midline glia of NetrinA and NetrinB (the two fly Netrins), which did not prevent commissural axons from entering the midline. Second, they anchored NetrinB to the membrane in a NetrinA mutant background. Therefore, the only available Netrin for commissural axons was anchored to the membrane of midline cells. Strikingly, almost no midline crossing defects were reported. Another recent study in the fly, proposed that in the fly visual system, Netrin promotes attachment through Fra (Drosophila version of Dcc), rather than chemoattraction or target recognition (Akin and Zipursky, 2016). Retinal R8 Fra + projections target Netrin expressing cells in the pupa medulla. In Netrin and Fra mutants, the observation of R8

growth cones navigation to their targets in vivo, showed that these axons do not have targeting or guidance defects but that they are unable to properly attach to their target.

Although no similar experiments were not yet performed in mice, in vitro studies suggest that only substrate-bound netrin-1 and not soluble netrin-1 is able to influence axonal growth (Moore et al., 2009). Therefore, the existence of a netrin-1 gradient in vivo remains to be established.

Heparin sulfates (HS) mediate netrin-1/Dcc signaling

When netrin-1 and netrin-2 were discovered it was already suggested that their Cterminal part could bind heparin, proteoglycans and other extracellular membrane components (Kennedy et al., 1994;Serafini et al., 1994). It was also hypothesized that these novel cues could act on growing axons in two different manners: "commissural axons detect the netrins in solution (a chemotactic response) or bound to cells or the ECM (a haptotactic response)" (Kennedy et al., 1994). In current text-books, netrin-1 is the canonical long-range chemoattractant for Dcc + commissural axons. Interestingly, during the last decades, many studies showed that heparan-sulfates proteoglycans (HSPG) are required to promote netrin-1/Dcc interaction. First, a cell autonomous expression of HS is needed for netrin-1 attractive activity. Netrin-1 is inactive on dorsal spinal cord explants depleted of Ext1 (key enzyme for HS synthesis). Likewise, the enzymatic or chemical disruption of HS, also blocks netrin-1 activity (Matsumoto et al., 2007). Third, the disruption of netrin-1 capacity to bind HS (its C-terminal portion)

impaired in vitro outgrowth and turning of commissural axons (Moore et al., 2012).

Finally, as previously mentioned, structural analysis of the interaction between netrin-1 and Dcc is stabilized by HS (Finci et al., 2014). Incidentally, these studies seem to point towards an haptotactic mechanism of action rather than chemotactic one.

Netrin-1 and CNS development

Netrin-1 plays a major role in commissural axon guidance. To get a better overview of how this cue impacts the development of commissural systems, its role on other neuronal populations will be further described.

Spinal cord commissural neurons

The hypomorphic mutant generated by gene-trap was for more than 20 years the only genetic tool to address netrin-1 function in mouse development (Serafini et al., 1996).

The use of the Gli2 mutant was the first attempt to specifically ablate netrin-1 expression from the floor plate. As mentioned previously, in absence of Gli2, the floor plate does not differentiate and the ventral portion of the spinal cord does not undergo the Shh induced ventralization (Placzek and Furley, 1996). Indeed, the absence of floor plate cells only preserved netrin-1 expression in VZ progenitors (Matise et al., 1999). By combining the Gli2 knockout with a LacZ reporter under the Dbx1 promoter, dorsal spinal cord commissural axons trajectories could be analyzed in this environment. Strikingly, in absence of floor plate netrin-1, commissural axons were still able to reach the ventral midline and enter the floor plate. However, axons entering the ventral midline were no longer able to leave it and stalled in the floor plate, creating commissural accumulation in the ventral midline. Both, fine DiI injections and commissural axons immunostaining allowed the authors to confirm these observations. Moreover, the Gli2 mutant is also depleted of other floor plate derived attractive and repulsive guidance cues such as Shh or Slits, suggesting that the dorsoventral migration of spinal cord commissural axons could only require VZ-derived netrin-1 and that midline crossing would rely on a cocktail of floor plate guidance cues.

Recently, two novel full knockout netrin-1 mice lines have been published and allowed to analyze the consequence of netrin-1 complete depletion in the developing CNS (Bin et al., 2015;Yung et al., 2015) (Figure 1 C). In these two studies, netrin-1 full depletion induces stronger commissural axon guidance defects than in the hypomorphic mutants, and the ventral commissure of the spinal cord is almost completely absent.

Nevertheless, even in complete absence of netrin-1, a portion of Robo3 + commissural axons still projects from the dorsal portion of the spinal cord and reaches the ventral midline, suggesting that commissural spinal cord populations do not necessary require netrin-1 to reach the floor plate (Yung et al., 2015). However, these two studies conclude that netrin-1 is the major midline attractant for growing spinal cord commissural axons (Bin et al., 2015;Yung et al., 2015).

Spinal cord and hindbrain motor neurons

In the spinal cord, motor neurons are found in two columns, one at each side of the floor plate, all along the rostro-caudal axis. They arise from the ventral portion of the ventricular progenitors and the role of netrin-1 in their position is still controversial. In the hindbrain, their establishment finished by E12 and are organized in 7 distinct nuclei (Varela-Echavarría et al., 1997). Shortly after its discovery, netrin-1 was shown to repel in vitro motor axons from the trochlear nerve (Colamarino and Tessier-Lavigne, 1995), which grow away from the floor plate (Jacob and Guthrie, 2000). However, the analysis of the netrin-1 hypomorphic mutants and the full knockouts, confirmed that the trochlear nerve remains unaffected (Bin et al., 2015;Serafini et al., 1996;Yung et al., 2015). In the spinal cord, no defects in motor columns structure or motor neurons differentiation were observed. Despite this normal appearance, it has been shown that the lack of netrin-1 perturbs spinal motor neurons positioning. In netrin-1 full mutants, the motor columns appear positioned more laterally than in control animals (Bin et al., 2015;Kim et al., 2015).

Spinal cord afferent projections

Dorsal root ganglia (DRG) primary sensory axons enter the spinal cord through the dorsal root entry zone (DREZ) (Figure 17A), then grow longitudinally into the marginal zone and form the dorsal funiculus. Shortly after, collateral axons extend into the dorsal mantle layer to innervate the dorsal laminae of the spinal cord. The delay between the longitudinal projections and the extension of collateral projections defines a "waiting period". It was thought that this period could rely on a repulsive cue transiently expressed in the dorsal mantle layer. Interestingly, in addition to the floor plate and the ventricular zone progenitors, netrin-1 was also detected transiently in the mantle layer (Figure 17A), adjacent to the DREZ (Serafini et al., 1996) from E11.5 to E13.5 (Watanabe et al., 2006). Moreover, the analysis of netrin-1 hypomorphic and full knockouts, identified aberrant entry of these sensory axons into the mantle layer (Bin et al., 2015;K. H. Wang et al., 1999;Watanabe et al., 2006;Yung et al., 2015) (Figure 17B). These results suggested that netrin-1 could restrict the early growth of these primary axons into the marginal zone through Unc5c among others (Masuda et al., 2008;Watanabe et al., 2006).

Spinal cord commissural neurons confinement

Commissural neurons and axons are confined to the CNS (Figure 16A). In both, netrin-1 and Dcc mutants, spinal cord commissural axons start to exit the CNS through nerve roots (Laumonnerie et al., 2014) (Figure 18B). Several hypotheses have been proposed to explain this result. First, commissural axons Dcc/netrin-1 mediated attraction to the floor plate could be sufficient to orient them ventrally and prevent their exit CNS. Second, the expression of netrin-1 in the dorsal mantle layer, as for primary sensory axons, could be a repulsive area for neuronal migration in a Dcc-independent manner. Finally, a Dcc-dependent and yet unknown mechanism could prevent commissural axons from invading the PNS. The putative repulsive effect of netrin-1 on commissural neurons would also be independent of Unc5, in absence of which, commissural axons are still confined to the CNS (Laumonnerie et al., 2014).

At these CNS/PNS boundaries, boundary cap cells (BC), neural crest derivatives, act as a physical barrier to avoid motor neurons exit into the MEP (Bron et al., 2007). In absence of netrin-1, it has never been described whether BC are still correctly positioned. Therefore, netrin-1 could play a role in the development of this cell population and in netrin-1 mutants, abnormal BCs could allow PNS invasion by commissural axons.

Precerebellar neurons migration and projections

Between E12 and E16 in mice, inferior olivary and pontine neurons arise from the rhombic lips of the hindbrain. During this period, the two cell types migrate tangentially to their ventral final location, adjacent to the floor plate (Figure 19C). While they migrate, they extend an axon that will cross the floor plate to project towards the contralateral cerebellum. The pontine nuclei appeared absent on both sides of the floor plate in netrin-1 hypomorphic mutants (Serafini et al., 1996). A closer analysis of this mutant revealed that at least some pontine neurons were still present in these animals (Yee et al., 1999;Zelina et al., 2014), but that they failed to form a compact nucleus adjacent to the floor plate, and remained in a dorsolateral position upon leaving the rhombic lip (Figure 19B). Interestingly, netrin-1 is able to induce pontine neurons attraction from rhombic lip explants in vitro, and the addition of netrin-1-blocking antibodies, disrupts this migration (Yee et al., 1999). In the same mutants, it was observed that inferior olivary neurons also migrate aberrantly (E Bloch-Gallego et al., 1999;Marcos et al., 2009). A fraction of the olivary neurons manage to reach the ventral portion of the hindbrain and correctly project to the contralateral cerebellum.

Yet, a large part of olivary neurons stops laterally, far from the midline.

In vitro, floor plate explants expressing netrin-1 are able to attract inferior olivary neurons, and this effect is abolished by Dcc blocking antibodies or when using netrin-1-depleted floor plate explants (Causeret et al., 2002;Marcos et al., 2009).

Interestingly, olivary neurons in the ectopic lateral clusters still project to the cerebellum, but ipsilaterally (Figure 19C). Both in vitro and in vivo results also point to a chemotactic role of floor plate-derived netrin-1 on these migrating neurons and their projections, it would have been interesting to analyze the migration and projection of these nuclei in the Gli2 mutants, where only floor plate cells are absent and only ventricular zone progenitors produce netrin-1.

Forebrain tracts guidance

In the forebrain, ascending and descending tracts, such as the thalamocortical projections and corticofugal axons, interconnect long-distance areas of the developing CNS.

Thalamocortical projections carry sensory information from the thalamus to the cortical processing centers, whereas corticofugal projections innervate subcortical structures such as the thalamus and the spinal cord (Andrews et al., 2006;Auladell et al., 2000;Bagri et al., 2002). Finally, callosal axons ensure inter-hemispheric communication.

At E12.5, corticofugal axons leave the cortical plate through the internal capsule to extend longitudinally towards the thalamus (corticothalamic projections) or towards the spinal cord (corticospinal projections) [START_REF] Grant | Development of the corticothalamic projections[END_REF]Welniarz et al., 2017a).

During this longitudinal growth, the ganglionic eminences (GE) were shown to act as intermediate targets (Métin and Godement, 1996). This hypothesis is supported by the expression of netrin-1 at this level and the capacity of GE explants to induce oriented outgrowth of cortical axons in vitro (Metin et al., 1997). Furthermore, netrin-1 blocking antibodies disrupted corticofugal axons outgrowth, confirming the requirement of netrin-1 to promote their elongation.

Thalamocortical axons project through the internal capsule towards the developing cortex from E12 to E16 (Auladell et al., 2000). Netrin-1 expression in the ganglionic eminences by E12.5 is extended to the mantle layer and the internal capsule by E13.5 and to E16 (Braisted et al., 2000;Metin et al., 1997;Powell et al., 2008). In Ntn1 hypomorphic mutants, corticothalamic projections are disorganized and their density is reduced in the cortical plate, suggesting a role for netrin-1 in the guidance of these axons. This hypothesis was later confirmed by showing that netrin-1 was required for the topographic organization of corticothalamic projections (Powell et al., 2008).

Indeed, Dcc + rostral corticothalamic axons are attracted by high expressing netrin-1 areas, while Unc5 + axons are repelled from these areas to guide their specific projections to the cortex. However, netrin-1 alone cannot guide thalamocortical axons by itself, but Slit1 is required to mediate netrin-1 attraction on rostral projections (Bielle et al., 2011).

Finally, netrin-1 is expressed at the cortical midline, in ventral (septum) and dorsal (indusium griseum) regions surrounding the corpus callosum (Serafini et al., 1996).

Moreover, both Ntn1 and Dcc mutants display callosal defects (Fazeli et al., 1997;Serafini et al., 1996), with most of callosal fibers failing to cross the midline. Callosal axons originate in the cingulate cortex and the neocortex, which is the major source of these fibers (Fothergill et al., 2014). In vitro, netrin-1 attracts E15.5 cingulate cortex axons, whereas it has no effect on E17 neocortical projections. Moreover, netrin-1 is able to silence Slit2 repulsion of neocortical axons through Dcc, suggesting that as for thalamocortical axons, netrin-1 attenuates Slit/Robo repulsion when callosal axons cross the midline (Fothergill et al., 2014).

Other roles of netrin-1 beside axon guidance

Interestingly, netrin-1 is known to be involved in other developmental processes, such as the optic fissure closure, the lung epithelial branching and the mammary gland morphogenesis. Moreover, netrin-1 also acts as a survival factor in cancerology.

Netrin-1 role in these processes will now be described.

Netrin-1 as survival factor

Dcc was first identified, as a candidate tumor suppressor gene mutated in colorectal cancers. Its expression seems to be reduced or ablated in numerous other cancer cell lines (Latil et al., 2003;Mehlen et al., 1998). Dcc is a bona fide dependence receptor (Mehlen and Bredesen, 2011). When netrin-1 is absent of the environment of Dccexpressing cells, Dcc triggers cell death through its intracellular death domain and the activation of Caspase3 (Llambi et al., 2001). Likewise, Unc5 also promotes cell death in absence of netrin-1. In tumors, the suppression of these receptors would allow an apoptosis bypass promoting cell proliferation and migration [START_REF] Goldschneider | Dependence receptors: A new paradigm in cell signaling and cancer therapy[END_REF]. Whether this mechanism is at play during embryonic development is not well understood and controversial.

From a developmental point of view, this mechanism could induce the death of Dcc/Unc5 + miss-projecting neurons that invade netrin-1 poor domains, thereby correcting aberrant wiring. First, the analysis of the netrin-1 hypomorphic mutants reported a 40% reduction of the ION volume (E Bloch-Gallego et al., 1999). These results suggested that ION cells migrating from the rhombic lip and expressing Unc5

and Dcc, were dying in their course towards the floor plate in absence of netrin-1 due to the presence of dependence receptors. However, the analysis of the Dcc knockouts reported a decrease of the precerebellar nuclei volumes (instead of an increase), rather supporting a Dcc independent cell death mechanism (Yee et al., 1999). Although in the spinal cord, the analysis of Unc5a knockouts noted a decrease in neuronal cell death, these results were not reproduced in netrin-1 knockouts (Williams et al., 2006).

These results suggested instead that this developmental cell death program was netrin-1 independent.

More recently, the analysis of caspase3 activity in the netrin-1 full knockouts, both in the spinal cord and the DRGs, revealed a normal amount of cell death (Bin et al., 2015).

In addition, the results of TUNEL assays on hindbrain and spinal cord sections from netrin-1 hypomorphic mutants are also contradictory and do not clarify whether Dcc and Unc5 act as dependence receptors during development [START_REF] Furne | Proc. Natl. Acad. Sci. U. S. A[END_REF]Llambi et al., 2001;Williams et al., 2006). Overall, netrin-1 can be described at survival factor in cancer (Broutier et al., 2016;Castets et al., 2011;Negulescu and Mehlen, 2018), but whether it is also the case in the developing CNS is still unknown.

Netrin-1 involvement in morphogenesis

Netrin-1 is expressed in numerous locations besides the spinal cord, the hindbrain and the forebrain during embryonic development. The optic cup, the inner ear and the lungs are three examples illustrating the implication of netrin-1 and its receptors in nonneuronal developmental processes.

In human, mice and chick embryogenesis the closure of the optic fissure is due to the fusion of the two extremities of the neural retina and retinal pigmented epithelium [START_REF] Patel | Genes and pathways in optic fissure closure[END_REF]. Netrin-1 is expressed before and during the fusion process between the opposite extremities. In hypomorphic netrin-1 mutants, 90% of the Ntn1 -/- homozygous embryos, the optic fissure was not closed (Hardy et al., 2019). The authors suggest that this is due to an autonomous role of netrin-1 in the fusion process, independently of classical receptors Dcc and Unc5 (Hardy et al., 2019). This hypothesis was suggested by the absence of the netrin-1 receptors in the RNAseq analysis performed on pre-fusion and fussing samples (supplementary information in Hardy et al. 2019).

These data are reminiscent of previous studies of the developing inner ear. Inner ear formation occurs during early embryonic stages (between E11 and E13) and netrin-1 is expressed and required for the formation of the semi-circular canals (Salminen et al., 2000). In this case, fusion process has been suggested to be Dcc-or Unc5dependent due to their strong expression at the fusion site (Matilainen et al., 2007). A novel study also proposes that the fusion of these vestibular canals relies on the ability of netrin-1 to induce cell death to promote the tissue fusion and highlight the possibility that its role is divergent among vertebrates, taking mice and chick as model species (Nishitani et al., 2017).

netrin-1 and its receptors Dcc and Unc5 are also expressed in the developing lung (Dalvin et al., 2003). However, the analysis of the three separate knockouts did not reveal any developmental defect of the lung branches (Liu et al., 2004), questioning the role of netrin-1 in this morphogenic process. Nevertheless, as emphasized by the authors, a functional redundancy between Netrins reinforces their putative role in this developmental process.

netrin-1 and Neogenin were also found expressed in the terminal end buds (TEB) of the mammary glands (Srinivasan et al., 2003). The analysis of netrin-1 hypomorphic and Neogenin mutants showed that their short-range interaction was necessary to promote adhesion more than attraction in the TEB morphogenesis process.

Netrin-1 has been mainly studied for its role in axon guidance even if it is also strongly expressed by numerous developing tissues besides the CNS. Although the underlying molecular mechanisms are not always very clear yet, the development of new tools such as the two recently published conditional knockout lines could bring some answers (Bin et al., 2015;Yung et al., 2015).

Chapter 4: Robo3 expression programs, transcription regulators and the commissural fate

In the first three chapters, commissural populations diversity, development and guidance mechanisms have been overviewed. In this last one, the focus will be on Robo3. As previously mentioned, the Roundabout receptor 3 (Robo3) is a key and unique marker of commissural systems. Its role during their development is also essential because in its absence, most of these axons fail to cross the midline and project ipsilaterally (Sabatier et al. 2004;Renier et al. 2010).

The third member of the Roundabout family

Robo3 was identified independently of Robo1 and Robo2 as Rig-1 (Retinoblastoma inhibiting gene 1), a gene upregulated gene in Rb (Retinoblastoma susceptibility gene) knockouts (Yuan et al., 1999). Robo3 was found strongly and transiently expressed in spinal cord and hindbrain samples of Rb -/-mutants with a peak of expression at E11.5.

Interestingly, its sequence encodes for an immunoglobulin superfamily membrane receptor, presenting a 40% homology with Robo1. Similar to the Roundabout receptors, Robo3 has five Ig and three FnIII ectodomain receptor, but up to with 9 alternative splicing variants might exist (Camurri et al., 2005;Jen et al., 2004;Yuan et al., 1999). Robo3 expression pattern was restricted to the CNS and formed two dorsoventral columns along the dorso-ventral axis. In addition, the over-expression of Robo3

in Neuro-2A cells induce their premature entry to the cell division phase-S, suggesting an enhancement of cell proliferation (Yuan et al., 1999). Short after, Robo3 was identified on humans and related to the Roundabout receptors. More precisely, ten

Robo3 mutations were identified in HGGPs patients, from which 9 were in the extracellular domain of the receptor (Jen et al., 2004). Furthermore, the authors showed a strong Robo3 expression in the human fetal pons.

Concomitantly, a Robo3 expression pattern analysis on whole mount embryos was performed (Camurri et al., 2004), showing that it differed from Robo1 and Robo2.

Moreover, Robo3 is strongly detected in the embryonic spinal cord and hindbrain commissural axons (Marillat et al., 2004;Sabatier et al., 2004). Recently, a comparative analysis of Robo3 expression among amniotes has confirmed its conservation across species and its specific expression in most of the described commissural systems (Friocourt et al., 2019).

Sabatier and colleagues, also described a Robo3 putative interaction with Slit2 (Sabatier et al., 2004). Indeed, the incubation of mRobo3-expressing cells with huSlit2enriched supernatant allowed the detection of the repellent at the cell surface (although no Kd was reported). The development of specific antibodies against Robo3 showed that unlike Robo1 and Robo2, the novel receptor was only found on the pre-crossing portion of commissural axons. Moreover, Robo3 was quickly down-regulated after crossing. In addition, the generation of a Robo3 knockout revealed that in its absence, commissural midline crossing was almost abolished in the spinal cord (Sabatier et al., 2004) and the hindbrain (Marillat et al., 2004). These results supported to two possible mechanisms of action for Robo3: it could either act as an inhibitor of the repulsion before midline crossing by silencing Robo1/2 interaction with Slits (as Commissureless in Drosophila), or it could be a required receptor to mediate axonal attraction to the ventral midline. In fact, the Robo3 knockout did not impair Netrin-1/Dcc signaling in dorsal spinal cord explants, and the combination of Robo1 and Robo3 mutation induced a partial recovery of midline crossing (Sabatier et al., 2004). In view of these results, it was suggested that most likely, Robo3 presence inhibits the repulsive signaling mediated by Robo1. In parallel of this study, Robo3 was shown to be transiently expressed by different precerebellar neurons (Marillat et al., 2004). As in the spinal cord, Robo3 expression is quickly downregulated after the leading process entry to the floor plate. Interestingly, in Robo3 knockout embryos, precerebellar neurons migrate aberrantly, ended up as disorganized structures and their projections remain ipsilateral. These results supported Robo3 inhibition of the Robo/Slit repulsive signaling and anticipated its function in precerebellar neurons migration. Even though this model is applicable to most of the posterior brain commissures, midline crossing of ION axons is not rescued by the complete inactivation of Robo1/Robo2/Robo3 (Di Meglio et al., 2008). ION projections stay ipsilateral and no midline crossing is recovered in the triple roundabout knockout. This suggests a direct role of Robo3 during axonal attraction to the midline. Using the Pons as a model, it was later demonstrated that Robo3 could play a role in the potentiation of netrin-1 signaling through Dcc to mediate axonal attraction (Zelina et al., 2014). On the one hand, netrin-1 induces the phosphorylation of the intracellular domain of Robo3. On the other hand, floor plate explants or netrin-1 expressing cells are unable to trigger outgrowth and attraction of pontine neurons from Robo3 -/-rhombic lip explants (Zelina et al., 2014).

Moreover, it was discovered that the affinity of the mammalian Robo3 receptor for Slit proteins is significantly lower than the two other Robo receptors, due to three mutations of the Ig1 domain in comparison with Robo1 and Robo2. In contrast, Slits bind Robo3 from other vertebrates.

Another evidence for the yet unsolved role for Robo3 during commissural development, is its expression by the FR fibers during mHb development (Belle et al., 2014). As previously described, Robo3 + FR axons extend from the mHb to the IPN, where they zigzag around the midline and cross it several times. The persistent expression of Robo3 in FR axons at postnatal ages, long after they first crossed the midline suggested that this could contribute to midline re-crossing. Robo3 absence induced their stalling at the midline, contradicting the proposed model, being still attracted by the midline (Belle et al., 2014).

In the midbrain, the oculomotor commissural (OC) neurons, which innervate four of the six extraocular nerves, also express Robo3. Interestingly, during the formation of this commissure, the cell bodies migrate across the ventral midline after extending axons ipsilaterally (Bjorke et al., 2016). In Robo3 knockouts, OC neurons are still able to cross the midline, indicating that their rearward migration across the midline is Robo3independent. Another example of Robo3-independent midline crossing comes from the spinal cord where a late born commissural population arises around E15. The particularity of this commissure is that it crosses the midline dorsally, just above the central canal (Comer et al., 2015). At this stage Robo3 is sparsely expressed in the spinal cord and this dorsal commissure develops normally in Robo3 knockouts (Comer et al., 2015).

In the cortex, Robo3 is transiently expressed (from E11.5 to E15.5) in the preplate layer, the marginal zone and the cortical hem (Barber et al., 2009;Friocourt et al., 2019). Despite their Robo3 expression, Cajal Retzius cell number is not perturbed in absence of Robo3 (Barber et al., 2009). Moreover, Robo3 is also expressed by a subpopulation of MGE-derived interneurons. Although the tangential migration of these cells was not disturbed, they observed a decrease in the number of these interneurons in the marginal zone of Robo3 knockouts. Moreover, the morphology of these interneurons was affected, extending more and longer processes at early stages (E13.5). Altogether, these data suggest that Robo3 is involved in the development of cortical interneurons and support a role of Robo/Slit signaling during cortical formation.

In the previously mentioned study from Jen and colleagues (Jen et al., 2004), the authors observed an ipsilateralization of the CST in HGGPS patients with Robo3 mutations. As in mouse, Robo3 is not expressed by motor cortex projecting neurons (Barber et al., 2009). Therefore, the absence of CST decussation is unexpected.

Although Robo3 expression has not yet been verified in the developing CST, its crossing defects are most likely secondary.

Altogether, these results suggest that Robo3 might have different roles in the different commissural systems and that in most of them, Robo3 is required for midline crossing.

Nevertheles, some commissural neurons do not use a Robo3-dependent mechanism to project across the midline (particularly when crossing does not occur at the floor plate). Indeed, it seems that Robo3 knockout mainly impairs ventral midline crossing, The Tessier-Lavigne lab isolated a new Robo3 a putative ligand, Nell2 (Neural epidermal growth factor like-like 2), during an extracellular ligand screening (Jaworski et al., 2015). Co-cultures of E11.5 dorsal spinal cord explants with Nell2-expressing COS cells induces the repulsion of commissural axons. This chemotrophic effect is no longer observed when the Robo3 -/-dorsal explants, suggesting a possible repulsive interaction between Robo3 and Nell2. Moreover, at the time of spinal cord commissural axons development, Nell2 is mainly expressed by motor neurons and a central portion of the progenitors of the VZ, two cell types avoided by commissural axons. However, there is a slight invasion of the motor column by Robo3 + axons in Nell2 knockouts, that does not phenocopy Robo3 -/-midline crossing impairment.

at
Last, Sfrp (Secreted frizzled-related protein 1) was also proposed to be a Robo3 ligand after observing Robo3 enrichment in pancreatic cancer (Han et al., 2015). Their interaction was shown by immunoprecipitation experiments of Sfrp1 on Robo3 expressing cell lysates. Sfrp1 is also a Wnt inhibitor and expressed by spinal cord floor plate cells and VZ-progenitors (Domanitskaya et al., 2010). Interestingly, regardless of the expression pattern of the three mouse Sfrp genes, no function has been suggested

or attributed which could link them to Robo3.

To demonstrate that Robo3 acts cell-autonomously in commissural axon guidance, a conditional knockout line was generated to specifically ablate Robo3 expression in diverse hindbrain commissural populations and induce their ipsilateral rewiring (Renier et al., 2010). The physiological impact of the aberrant ipsilateral projections of Robo3 expressing commissural projections has been studied in multiple systems including the IO projections towards the Purkinje cells and the ventral cochlear nucleus (VCN) projection towards the medial nucleus of the trapezoid body (MNTB) (Michalski et al., 2013;Renier et al., 2017Renier et al., , 2010;;Zelina et al., 2014). In both cases, the commissural projections properly reach their targets, but in the ipsilateral side of the CNS (Michalski et al., 2013;Renier et al., 2010). Interestingly, in the cerebellum, the refinement of the ipsilateral climbing fibers occurs and the synaptic function is not different from the contralateral projections (Badura et al., 2013).

By contrast, the ipsilateral rewiring of VCNs axons to ipsilateral MNTB neurons results in multiple VCN axons innervating a single MNTB neuron, whereas the connection is monosynaptic in control mice. This perturbs auditory brainstem responses (Michalski et al., 2013;Renier et al., 2010). These observations suggest that commissural neurons do not require Robo3 to reach their final targets but that they do require it to cross the midline. Moreover, they suggest that midline crossing might trigger some molecular modifications in commissural axons ensuring the proper wiring between commissural neurons and their final targets.

Transcriptional codes inducing Robo3 expression

As depicted previously, Robo3 is transiently expressed and promotes midline crossing of most commissures in the caudal brain and spinal cord (Marillat et al., 2004;Di Meglio et al., 2008;Sabatier et al., 2004). If we take into consideration the time window between commissural neurons birth and the moment their leading processes cross the midline, the transcriptional regulation of Robo3 has to be rapid. This could involve two different processes:

• Regulation of Robo3 expression by transcription factors.

• Direct Robo3 mRNA regulation to enhance or silence Robo3 production.

Interestingly, both mechanisms have been shown be involved in Robo3 expression regulation (Figure 18).

Diverse transcription factors regulate Robo3 expression

As previously mentioned, in Rb -/-mutants (Yuan et al., 1999), Robo3 is upregulated and induces the entry of Neuro2A cells in the cell division S phase. Interestingly, the analysis of the upstream promoter region of Robo3, allowed to demonstrate its cellline specific activation and repression in a Rb expression dependent manner. Indeed, Rb is able to interact with Hbp1, a transcriptional repressor (Tevosian et al., 1997). In addition, Pax2 expression pattern in the hindbrain and the spinal cord is reminiscent of Robo3 (Yuan et al., 2002). In vitro, Robo3 inhibition by Rb can be re-activated by Pax2 expression (Yuan et al., 2002). These results suggest that as Rb might be an inhibitor of Robo3, Pax2 might be an enhancer of Robo3. However, Pax2 expression is not specific of hindbrain or spinal cord commissural neurons (Wehr and Gruss, 1996) and no commissural defect was reported in Pax2 knockout embryos (Torres et al., 1995), suggesting a partial or non-specific mechanism. Likewise, Robo3 enrichment was observed in fibroblast cultures lacking Sp3 (Specific protein 3), which was related to the silencing of diverse genes by inducing heterochromatin formation and the inhibition of the RNA pol II (Stielow et al., 2010;Valin and Gill, 2013).

Many transcription factors have also been associated to commissural development (Chédotal, 2014). Yet, no commissural specific transcription factor has been found to directly regulate Robo3 expression in all commissural populations. In the spinal cord, the most dorsal commissural population, dl1, arises from the Atoh1 + domain. These interneurons are divided in two different subtypes depending on the location of their targets: ipsilaterally (dl1i) or contralaterally (dl1c) (Wilson et al., 2008). Interestingly, their projection pattern relies on the balance between the expression of two transcription factors Lhx2 and Lhx9 (Lim homeobox) and their upstream activation by the transcription factor Barhl2 (Ding et al., 2012) (Figure 20A). Interestingly, Lhx2 binds to the regulatory region of Robo3 and modulate its expression in a dose-dependent manner (Figure 20B). Moreover, in Lhx2/9 knockouts, most of dl1 interneurons fail to cross the midline and project ipsilaterally (Marcos-Mondejar et al., 2012;Wilson et al., 2008). This transcriptional activation can still be restricted, such as in thalamo-cortical projections where the chromatin organization of Robo3 is regulated by Lhx2 (Marcos-Mondejar et al., 2012) (Figure 20B). This transcriptional program leading to Robo3 expression and midline crossing in a portion of dl1 interneurons cannot be extended to other Robo3-expressing neurons. Indeed, in the midbrain, both contralateral and ipsilateral projecting interneurons express the transcription factor Lhx2 (Inamata and Shirasaki, 2014). Another example is the transcription factor Dbx1 (developing brain homeobox protein1), expressed in a portion of progenitors cells in the midbrain (Inamata and Shirasaki, 2014). The post-mitotic neurons arising from these Dbx1 + progenitors are Robo3 + and project a commissural axon towards a contralateral target.

Interestingly, the expression of Dbx1 is sufficient and necessary to induce Robo3 expression and trigger midline crossing (Figure 20A). The regulation of Robo3 by Dbx1 occurs through the transcription factor Evx2 (even-skipped homeobox 2), which is coexpressed with Lhx2. However, any precise mechanism has been depicted yet. Two different studies showed that Dbx1 triggers Evx1/2 expression in spinal cord V0 interneurons and that this drives the contralateral projection of these neurons (Moran-Rivard et al., 2001;Pierani et al., 2001) (Figure 20A).

The Hox genes have also been implicated in the transcriptional regulation of Robo3.

In this case, the analysis of the expression and role of Hox2 in the auditory system, demonstrated that in the rostral rhombomeres, Robo3 expression depends on Hox2a expression. In fact, the selective ablation of Hox2a from rhombic lip derivatives triggers the downregulation of Robo3 in a subpopulation of VCN neurons, which then project ipsilaterally (Di Bonito et al., 2013). Interestingly, the neuronal populations derived from the caudal rhombic lip downregulate Robo2, a mechanism previously described in pontine neurons migration (Geisen et al., 2008).

Other transcription factors such as Zic2 (zinc finger 2), have been shown to trigger an ipsilateral transcriptional program, but also to inactivate a contralateral one (Escalante et al., 2013) (Figure 20A). Interestingly, the downregulation of Zic2 by in utero electroporation of siRNA induces an abnormal upregulation of Robo3 and a contralateral projection of dorsal horn neurons. On the other hand, a Zic2 gain of function has the reverse effect, reducing Robo3 expression and an increase of ipsilateral projections. Similarly, Sim1 and Sim2 (single-minded) control the ipsilateral projection of the mamillary bodies, projecting the mammillotegmental and mammillothalamic tracts (Figure 20A). In this system, the downregulation of these two transcription factors induces the aberrant contralateral projections of these tracts, together with an ectopic expression of Robo3 (Marion et al., 2005).

This overview of the different transcription factors that can either induce or inhibit

Robo3 expression by a large diversity of mechanisms illustrates the complexity of the commissural neuron differentiation program induction.

Axon guidance receptors mRNA regulation

As previously mentioned, most of the genes encoding axon guidance receptors such as Dcc, Neogenin, Unc5, Neuropilin1 and Dscam, can undergo alternative splicing (Cackowski et al., 2004;Keeling et al., 1997;Manitt et al., 2004;Reale et al., 1994;Schmucker et al., 2000). Little is known about the molecular mechanisms leading to these variants and whether they have specific roles during commissural axon guidance or not. Moreover, after splicing, mRNAs can be modified by either RNA binding proteins, or by miRNAs that will inhibit their translation. Recently, an in vivo screening of RNAi against RNA binding proteins on cultured embryos, identified Nova1 and Nova2 (neuro-oncological ventral antigen) for their role on Dcc alternative splicing (Leggere et al., 2016). Dcc alternative splicing generates two isoforms Dccshort and Dcclong, the latter being 60 bp longer (Reale et al., 1994). In fact, these two splicing variants differ in the linker sequence between the Fn4 and Fn5 domains, which corresponds to the netrin-1 binding domain (Leggere et al., 2016). The commissural axon guidance defects in Nova1 and Nova2 double knockouts phenocopy the Dcc knockout (Fazeli et al., 1997). Interestingly, the mutation of these two factors leads to a delay in neuronal migration but not differentiation as if by some complementary mechanism spinal cord interneurons were able to finally reach their final position and fate. Moreover, commissural axons outgrowth netrin-1/Dcc dependent was also impaired. At E13.5 two main commissural axon fascicles are present in the spinal cord (Laumonnerie et al., 2015;Leggere et al., 2016). Only the lateral fascicle of Robo3 + axons was affected by the lack of Nova1/2, suggesting that this mechanism could be unique to this particular commissural population. Yet, there is no information about the possible relationship between these RNA binding proteins and the previously described transcriptional programs.

Besides splice variants, mRNAs can also be regulated at the level of their translation, triggering a modulation of the protein expression (Figure 20C). Mushasi1 (Msi1) encodes for a mRNA binding protein able to modulate Robo3 mRNA translation (Kuwako et al., 2010). Indeed, Msi1 is able to bind the 3'UTR region of Robo3 mRNA to recruit it in high density polysomes and to promote its translation. Interestingly, in Finally, miRNAs have also been reported to block Robo3 mRNA translation through its degradation. In the pancreas, miR-383 binds the 3'UTR portion of Robo3 mRNA and induce its degradation (Han et al., 2015). Moreover, other miRNAs regulate Robo1 expression, such as miR-218 which induces Robo1 mRNA downregulation during heart development (Fish et al., 2011;Yang et al., 2018). However there is no evidence that a similar mechanism is at play during commissural axon guidance (Fish et al., 2011). It was also shown that miR-92 is expressed in the developing chick spinal cord.

Msi1 -/-mutants,
miR-92 binds the 3'UTR portion of Robo1 mRNA in pre-crossing axons through an RNA silencing complex and its down-regulation after midline crossing induces the production of Robo1 and the activation of its repulsive signaling (Yang et al., 2018).

Nevertheless, these results have not yet been confirmed in mice. The authors only used mouse primary neurons to suggest that this mechanism could also be conserved but no in vivo evidence was provided. Considering the speed of midline crossing and the required molecular switch to change from attraction to repulsion it is clear that these post-transcriptional mechanisms must play a role in the process.

Overall, the review of all these single processes regulating axon guidance and midline crossing in distinct commissural populations evidence the diversity of molecular programs leading to commissural axon guidance. This variety of mechanisms probably reflects the diversity of commissural populations which have not yet been properly characterized. For many years, the scientific community has tried to find ways to access the proteomic and transcriptomic information hidden in large cell populations but also in single cells and the application of these technologies to commissural axon guidance could provide precious information.

Results

Chapter 1: Floor plate derived Netrin-1 is dispensable for commissural axon guidance Furthermore, we show that netrin-1 is highly expressed by cells in the ventricular zone, which can release netrin-1 at the pial surface where it binds to commissural axons.

Notably, Ntn1 deletion from the ventricular zone phenocopies commissural axon guidance defects previously described in Ntn1-knockout mice. These results show that the classical view that attraction of commissural axons is mediated by a gradient of floor-plate-derived netrin-1 is inaccurate and that netrin-1 primarily acts locally by promoting growth cone adhesion.

Contribution: S. R-P. joined the project during his Master internship, to characterize the Shh:Cre;Ntn1 fl/fl mutants with C.D. S. R-P. also performed the statistical analyses of the ventral commissure thickness and contributed to the text and figures editing. After submission, S. R-P. and J. A. M-B. realized all the reviews for the manuscript to be accepted. Mouse commissural neurons are diverse and comprise many subtypes 10 . In the midbrain, hindbrain and spinal cord, commissural neurons transiently express the Robo3 receptor 11,12 (Fig. 1a). At embryonic day 9.5 (E9.5), the first commissural neurons cross the floor plate 13 , where netrin-1 expression is the highest 4,7,14 . As previously shown, Ntn1 mRNA is also expressed in neural progenitors of the basal plate ventricular zone (Figs 1b, 2 and Extended Data Figs 1 and2). Netrin-1 protein is localized at the floor plate (labelled with Alcam/ BEN-a floor plate marker 12 ) and along commissural axons (Fig. 1c and Extended Data Figs 1 and2). The netrin-1 antibody used to identify the protein does not cross-react with netrin-3 (Extended Data Fig. 1d).

We s oug ht to deter mine w het her dors a l net r in-1 is pro duce d lo c a l ly in the ventricular zone, or if it diffuses from the floor plate. We detected netrin-1 on the radial processes and basal end-feet of ventricular zone neural progenitors, which are bipolar cells extending from the ventricular surface to the pia (Fig. 1 and Extended Data Fig. 1). We confirmed the presence of netrin-1 in the ventricular zone precursors using Ntn1 hypomorphs (Ntn1 βgeo ) in which netrin-1 is fused to β -galactosidase (β -gal) and trapped into endosomes (Fig. 1d) 7 . In Ntn1 βgeo/+ embryos, netrin-1 + /β -gal + puncta are observed in the floor plate and ventricular zone, but not in commissural neurons. However, commissural axons were netrin-1-immunoreactive (due to the wild-type allele; Fig. 1d and Extended Data Fig. 1c). The specificity of the netrin-1 axonal immunolabelling is supported by its absence in Ntn1 βgeo/βgeo embryos (Fig. 1e). A ventricular source of netrin-1 was confirmed with nestin, a marker of neural progenitors. At E10.5-E13, neural progenitor processes extending to the pial surface co-expressed netrin-1 and nestin (Fig. 1f and Extended Data Figs 1g and4h). This suggests that in the dorsal hindbrain and spinal cord, netrin-1 originates from ventricular zone precursors rather than floor plate.

We next s oug ht to clar if y t he s ource of net r in-1 t hat pione er commissural axons encounter at the onset of their extension. At E9-E9.5, the first Robo3 + commissural growth cones extend in the marginal layer of the hindbrain, where netrin-1 expression is high (Fig. 1g). This was confirmed using a Ptf1a:cre ERT2 ;Rosa Tom reporter line 15 (Fig. 1h). Ptf1a is expressed by diverse hindbrain commissural neuron progenitors, including those of the inferior olivary nucleus 16 (ION; see below). Importantly, commissural axon guidance errors were observed in Ntn1 βgeo/βgeo hypomorphs embryos as soon as growth cones appeared (Fig. 1i). These results suggest that netrin-1 is released or transported locally by neural progenitors to the pial surface and guides pioneer commissural axons by promoting their initial growth at the central nervous system periphery in the first stages of their extension. Netrin-1 accumulation on commissural axons might create a permissive pathway for follower axons.

The role of floor-plate-derived Ntn1 in mouse commissural axon guidance in vivo is supported by the phenotypic analysis of Ntn1 hypomorphs 7 and Ntn1-null embryos 8,9 . To identify the critical source of netrin-1 for mediating commissural axon guidance, we crossed a novel netrin-1 conditional mouse line (Ntn1 fl/fl ) to three mouse lines expressing Cre recombinase ubiquitously, only in the floor plate, or in all the neural tube except the floor plate. In homozygous Ntn1 -/- embryos, in which netrin-1 was ubiquitously deleted, no Ntn1 mRNA is detectable in the hindbrain or spinal cord (Fig. 1j and not shown), in contrast to the residual expression observed in Ntn1 βgeo/βgeo hypomorphs (Extended Data Fig. 2a-c). Likewise, netrin-1 immunolabelling is abrogated in E11-E13 Ntn1 -/-embryos (Fig. 1j and Extended Data Fig. 1h,i). Netrin-1 immunoreactivity persisted on commissural axons in the absence of permeabilization, suggesting that some netrin-1 exists at the extracellular surface (Extended Data Fig. 1j). This suggests that commissural axons and precursors could accumulate or internalize netrin-1, possibly in a Dcc-dependent manner as shown in Drosophila 17 . Accordingly, Dcc is not only expressed by E11 and E13 commissural axons, but also by neural progenitors in the hindbrain (Fig. 1k). The specificity of the Dcc antibody was demonstrated by the lack of staining in Dcc-knockout embryos 18 (Extended Data Fig. 1k). In the E13 cerebellar plate (Fig. 1l), 3 h pulse labelling with EdU (5-ethynyl-2′ -deoxyuridine) and immunostaining for the stem cell marker Sox2 confirmed that neural progenitors do express Dcc (Fig. 1m). Radial progenitor processes extended normally in Ntn1 -/- embryos (Extended Data Fig. 1l).

Next, we analysed the consequences of floor-plate-specific deletion of netrin-1 on commissural axon development (Figs 2 and3). As performed previously 19 , we used a mouse line expressing Cre recombinase fused to green fluorescent protein (GFP) under the control of the sonic hedgehog (Shh) promoter. Crossing Shh:cre and Rosa Tom lines showed that Cre was active in the E9 floor plate, before commissural axons reach it (Fig. 2a,d). Neither tdTomato nor GFP were expressed in the ventricular zone (Fig. 2j). In Shh:cre;Ntn1 fl/fl embryos, Ntn1 mRNA was ablated from the floor plate all along the spinal cord and hindbrain at E9, E10, E11 and E13 (Fig. 2b,c,e,f,k). Netrin-1 protein was also eliminated from the floor plate at E9 but maintained in the ventricular zone (Fig. 2g,h). Netrin-1 was not detected in E9 Ntn1 -/-embryos (Fig. 2i). Therefore, in Shh:cre;Ntn1 fl/fl embryos, netrin-1 ablation well precedes midline crossing. The absence of netrin-1 from Shh:cre;Ntn1 fl/fl floor plate was confirmed at E10-E13 (Fig. 2k-m and Extended Data Fig. 2a-d). Western blot analysis of floor plate extracts confirmed that netrin-1 is undetectable in Ntn1 -/-embryos and almost completely absent in Shh:cre;Ntn1 fl/fl embryos compared to controls (Extended Data Fig. 2h,i; for gel source data see Supplementary Fig. 1). However, netrin-1 was still present in commissural axons, ventricular Robo3 is expressed by pre-crossing axons 11 , Dcc before and after crossing 11 , and Robo1 after crossing 11 . As previously described, the number of axons crossing the midline was severely reduced in the hindbrain and spinal cord in E13 and E11 Ntn1 βgeo/βgeo embryos compared to controls (Shh:cre;Ntn1 fl/+ , Ntn1 βgeo/+ or wild type; Fig. 3a,b and Extended Data Fig. 3a,b). This was confirmed by the parallel reduction in Robo1 staining. As described 8,9 , this phenotype was exacerbated in Ntn1 -/-embryos in which midline crossing was almost completely abolished (Fig. 3c and Extended Data Fig. 3c). Remarkably, midline crossing was not perturbed in E10-E13 Shh:cre;Ntn1 fl/fl embryos in the hindbrain, nor at any levels of the spinal cord (Fig. 3d and Extended Data Fig. 3d, e and data not shown). At E12, 1,1′ -dioctadecyl-3,3,3′ , 3′ -tetramethylindocarbocyanine (DiI) injection in 'open book' hindbrains and spinal cords (that is, preparations of anatomical samples that have been dissected to unfold and lay flat, much like an open book) showed that commissural axons cross the midline and turn longitudinally in wild-type and Shh:cre;Ntn1 fl/fl embryos, whereas crossing is severely perturbed in Ntn1 βgeo/βgeo and Ntn1 -/-embryos (Fig. 3 and not shown). Therefore, floor-plate-derived netrin-1 is not required for commissural axon guidance to the floor plate.

To conf ir m t his resu lt, we cross e d Ntn1 fl/fl mice to lines expressing Cre in the hindbrain. In Foxg1:cre;Ntn1 fl/fl embryos, Ntn1 mRNA is undetectable in the hindbrain ventricular zone, but highly expressed in the floor plate (Fig. 4a,b). Accordingly, netrin-1 protein is almost absent from commissural axons and pial surface of E11 and E13 Foxg1:cre;Ntn1 fl/fl mouse hindbrains (Fig. 4a, b and Extended Data Fig. 4a,b). Netrin-1 immunoreactivity in the floor plate and its vicinity suggests that netrin-1 does not diffuse far from it. A Rosa Tom reporter line confirmed that Foxg1:cre drives Cre expression in most of the hindbrain but only a few floor-plate cells (Extended Data Fig. 4c). At E13, the number of hindbrain commissures are strongly reduced in Foxg1:cre;Ntn1 fl/fl embryos, phenocopying Ntn1 -/-embryos (Fig. 4c and Extended Data Fig. 4g and data not shown). DiI tracing of hindbrain commissural axons confirms the absence of crossing at E13 (Fig. 4c). Since ventricular zone netrin-1 persisted in Foxg1:cre;Ntn1 fl/fl spinal cord, we could not determine if the ventricular zone is also the source of netrin-1 for spinal cord commissural axons (Extended Data Fig. 4d,e). We next studied the development of ION neurons, whose migration from the dorsal hindbrain to the floor plate is perturbed in Ntn1 βgeo/βgeo embryos 20 (see also Fig. 1i). At E13, Foxp2 + migrating ION neurons have started to reach the floor plate in wild-type mice 21 (Fig. 4d). By contrast, in Ntn1 βgeo/βgeo (Extended Data Fig. 4f) and Ntn1 -/- embryos (Fig. 4d) most ION neurons either fail to migrate ventrally or migrate inside the hindbrain (Figs 4d and1i). Similar defects occurred in Foxg1:cre;Ntn1 fl/fl embryos, but the ION neurons migrated normally in Shh:cre;Ntn1 fl/fl embryos (Fig. 4d). The role of ventricular-zone-derived netrin-1 was further investigated in E11 Nes:cre;Ntn1 fl/fl embryos 22 , which lack Ntn1 mRNA in the ventricular zone but do express it in the floor plate (Fig. 4e). In this mutant, a severe reduction of midline crossing was observed (Fig. 4e) and ION neuron migration was abnormal (Fig. 4e).

Netrin-1 was initially proposed to be a diffusible cue, but sequence similarities with laminins and X-ray structural analyses have strengthened the view that netrin-1 is an extracellular matrix protein that influences cell adhesion 4,23 . This raised questions about the ability of netrin-1 to act simply as a soluble cue. Accordingly, studies in Drosophila showed that the expression of a membrane-tethered netrin-1 in midline glia rescues midline crossing 24 . Likewise, in the Drosophila visual system, interaction between netrin and Frazzled (the orthologue of Dcc) promotes attachment to target cells rather than chemoattraction 25 . In the mouse, netrin-1 attachment to a substrate is required for commissural axon extension 26 . Here we show that during their ipsilateral extension, commissural axons respond to netrin-1 produced dorsally by neural progenitors in the hindbrain and spinal cord and that floor-plate netrin-1 is not essential. The presence of netrin-1 in dorsal spinal cord extracts 14 most likely reflects its local production by neural progenitors rather than its diffusion from the floor plate. We propose that netrin-1 promotes growth cone attachment and haptotaxis, anchoring pioneer commissural axons close to the pial surface (Extended Data Fig. 4h).

Our results suggest that long-range attraction by gradient of chemoattractants might not be a major guidance mechanism for commissural axons, as previously proposed 27 . The role of floor plate netrin-1 is still unclear as Shh:cre;Ntn1 fl/fl mice are viable without any obvious behavioural defects. By contrast, Foxg1:cre;Ntn1 fl/fl and Nes:cre;Ntn1 fl/fl mutants die at birth. Yet, in the spinal cord, floor-plate-and ventricularzone-derived netrin-1 might act redundantly. In light of our results it will be important to consider floor-plate-independent cellular mechanisms of ipsilateral guidance of commissural axons.
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METHODS

Mouse strains and genotyping. Ntn1 βgeo (ref. 7) and Dcc (ref. 18) knockout lines have previously been described and genotyped by PCR. The Ntn1 conditional knockout was created (Genoway) by inserting two loxP sites flanking the coding sequences containing both the principal ATG (based on Ntn1 cDNA sequence NM_008744) and the cryptic ATG (based on Ntn1 cDNA: BC141294) and the alternative promoter described in intron 3 (ref. 28).

The targeting vector was constructed as follows: three fragments of 2.1 kb, 3.4 kb and 4.6 kb (respectively, the 5′ , floxed and 3′ arms) were amplified by PCR using 129Sv/Pas ES DNA as a template and sequentially subcloned into the pCR4-TOPO vector (Invitrogen). These fragments were used for the construction of the targeting vector in which a FRT-flanked neomycin cassette was inserted in 5′ of the loxP-flanked region. The linearized construct was electroporated into 129Sv/Pas mouse embryonic stem (ES) cells. After selection, targeted clones were identified by PCR using external primers and further confirmed by Southern blot analysis both with a neomycin and a 5′ external probe. The positive ES cell clones were injected into C57BL/6J blastocysts and gave rise to male chimaeras with a significant ES cell contribution. Breeding was established with C57BL/6 mice expressing the Flp-recombinase, to produce the heterozygous Ntn1 conditional knockout line devoid of the neomycin cassette. To generate a null allele of Ntn1, Ntn1 fl/fl mice were crossed to Krox20:cre mice, which express Cre recombinase in the male and female germline after sexual maturity29 . To ablate netrin-1 expression in the floor plate we used the Shh:cre line30 (Jackson laboratories). In this line, the eGFP reporter was also inserted in the Shh locus. Lastly, we crossed Ntn1 fl/fl mice to Foxg1:cre mice31 and Nes:cre mice 22 (Jackson laboratories). The Ai9 Rosa tdTomato reporter line (Rosa Tom ; Jackson Laboratories) was used to monitor Cre expression. Developing inferior olivary neurons were visualized by crossing the Rosa Tom line with the Ptf1a:cre ERT2 line 15 . They were also further crossed to Ntn1 βgeo mice. All mice are kept in C57BL/6 background. The day of the vaginal plug was counted as embryonic day 0.5 (E0.5). Mice were anaesthetized with intraperitoneal injection of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg). All animal procedures were carried out in accordance to institutional guidelines and approved by the UPMC Charles Darwin Ethics Committee. Embryos of either sex were used. Tamoxifen inje ction. Ptf1a:cre ERT2 ;Rosa Tom pregnant mice were intraperitoneally injected at E10 with 1 mg of tamoxifen (Sigma-Aldrich, T-5648) dissolved in corn oil (Sigma-Aldrich, C-8267). The embryos were collected at E11. EdU labelling. Pregnant females were injected intraperitoneally with EdU (1 mg per 10 g body weight) and killed three hours later.

The proliferating cells were visualized after immunohistochemistry using the Alexa Fluor 647 Click-iT EdU Imaging Kit (Invitrogen). In situ hybridization. Antisense riboprobes were labelled with digoxigenin-11d-UTP (Roche Diagnostics) as described elsewhere 12 , by in vitro transcription of cDNA of mouse Ntn1 (ref. 7) or mouse Ntn1 exon 3. DiI tracing. E12-E13 hindbrains fixed in 4% PFA in an open book configuration were injected using a glass micropipette with DiI crystals or small drops of DiI (Invitrogen) diluted in dimethyl sulfoxide (DMSO, Sigma-Aldrich). Samples were kept for 24 h at 37 °C in 4% PFA. Immunohistochemistry. Embryos were fixed by immersion in 4% PFA in 0.12 M phosphate buffer, pH 7.4 (PFA) overnight at 4 °C. Samples were cryoprotected in a solution of 10% sucrose in 0.12 M phosphate buffer (pH 7.2), frozen in isopentane at 50 °C and then cut at 20 µ m with a cryostat (Leica Microsystems). Immunohistochemistry was performed on cryostat sections after blocking in 0.2% gelatin in PBS containing 0.5% Triton-X 100 (Sigma-Aldrich). Sections were then incubated overnight with the following primary antibodies: goat anti-human Robo3 (1:250, R&D Systems AF3076), goat anti-Dcc (1:500, Santa Cruz sc-6535), goat anti-Robo1 (1:500, R&D Systems AF1749), rat anti-mouse netrin-1 (1:500, R&D Systems MAB1109), mouse anti-nestin-Alexa488 (1:1000, Abcam ab197495), mouse anti-neurofilament (1:300, DSHB 2H3), goat anti-Foxp2 (1:1000, Santa Cruz sc-21069), rabbit anti-Foxp2 (1:1000, Abcam ab16046), rabbit anti-Sox2 (1:500, Abcam ab97959), rabbit anti-β gal (1:500, Cappel 55976), goat anti-human ALCAM (1:500, R&D Systems AF656), rabbit anti-GFP (1:800, Life Technologies A11122), rabbit anti-DsRed (1:500, Clontech 632496) followed by 2 h incubation in species-specific secondary antibodies directly conjugated to fluorophores (Cy-5, Cy-3, Alexa Fluor 647 from Jackson ImmunoResearch, or from Invitrogen). For netrin-1 immunostaining, an antigen retrieval treatment was performed on the sections before to process them for immunochemistry. The sections were boiled in citrate buffer (pH 6) during 9 min. Sections were counterstained with DAPI (1:1,000, Sigma-Aldrich). In the case of netrin-1 immunostaining on nonpermeabilized tissue, the Triton was removed from all the steps. Slides were scanned with a Nanozoomer (Hamamatsu) and laser scanning confocal microscope (FV1000, Olympus). Brightness and contrast were adjusted using Adobe Photoshop. Whole-mount labelling and 3DISCO clearing. Whole-mount immunostaining and 3DISCO optical clearing procedure has been described previously 32 . 3D imaging was performed with an ultramicroscope using Inspector Pro software (LaVision BioTec). Western blotting. HEK-293T cells (from ATCC, not authenticated, tested for mycoplasma contamination with a negative result) were transfected with pCDNA3, pCDNA3-human NTN3, pCDNA3-human NTN1 or pCDNA3-mouse Ntn1 plasmids using Fugene HD transfection reagent (Promega) according to the manufacturer's instructions. Cells were harvested and lysed 36 h after transfection. Cells were lysed using RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, complete protease inhibitor cocktail (Roche Diagnostics)) and incubated for 1 h at 4 °C. Floor plates were micro-dissected from hindbrains and spinal cords from Ntn1 fl/ fl , Shh:cre;Ntn1 fl/fl and Ntn1 -/-E11 embryos. Floor plates were lysed in RIPA buffer and incubated for 20 min at 4 °C. Protein content was determined by a BCA assay. 25 µ g of total protein was loaded on a 10% Mini Protean TGX precast gel (Biorad) and blotted onto a nitrocellulose membrane (Biorad). Membranes were blocked with 5% dried milk and 3% of BSA in TBS-0.1% Tween (TBS-T) for 1 h at room temperature and incubated for 90 min at room temperature with primary antibodies: anti-actin (Sigma-Aldrich, A5060, rabbit polyclonal, 1:1,500), anti-HPRT (Abcam, ab109021, rabbit monoclonal EPR5299, 1:10,000), anti-Ntn1 (R&D Systems, MAB1109, rat monoclonal, 1:500), anti-NTN3 (Abcam, ab185200, rabbit polyclonal, 1:1,000) and anti-Slit2 (Abcam, ab134166, rabbit monoclonal, 1:400). After three washes in TBS-T, membranes were incubated with the appropriate HRP-conjugated secondary antibody (1:5,000, Jackson ImmunoResearch). Detection was performed using Pierce ECL Western Blotting Substrate (ThermoScientific). Data quantification and statistics. All data quantification was done by an observer blinded to the experimental conditions. We did not perform randomization into groups. No statistical methods were used to predetermine sample size. Data are presented as mean values ± s.e.m. Statistical significance was calculated using onesided unpaired tests for non-parametric tendencies (Kruskal-Wallis and Mann-Whitney). For western blot, at least three independent cases were quantified from independent experiments using densitometric analysis (ImageJ) by normalizing phosphorylation signals to total protein levels. The control cases were normalized to 1 and for the mutants, data were presented as mean values ± s.e.m. (0.1133 ± 0.05 for Shh:cre; Ntn1 fl/fl 1 for Ntn1 fl/fl and 0 for Ntn1 -/-). Differences were considered significant when P < 0.05. The thickness of hindbrain commissural bundles was quantified for each embryo on nine coronal sections. The sections were representative of three different hindbrain antero-posterior levels (three sections for each level). To minimize the developmental variations, mutant embryos and littermate controls were compared (except for Ntn1 -/-embryos which were compared to wild-type embryos). The ratio of the commissural axon bundle size was normalized to controls. Six embryos of each genotype were quantified, from at least two different litters. Data are presented as mean ± s.e.m.: wild type: Dcc, 0.994 ± 0.052; Robo3, 1 ± 0.061; neurofilament, 1 ± 0.048; Ntn1 βgeo/βgeo : Dcc, 0.416 ± 0.013; Robo3, 0.402 ± 0.007; neurofilament, 0.416 ± 0.01; Ntn1 -/-: Dcc, 0.091 ± 0.008; Robo3, 0.061 ± 0.008; neurofilament, 0.104 ± 0.007; Shh:cre;Ntn1 fl/fl : Dcc, 1.051 ± 0.011; Robo3, 1.084 ± 0.028; neurofilament, 1.063 ± 0.019; and Foxg1:cre;Ntn1 fl/fl : Dcc, 0.411 ± 0.053; Robo3, 0.369 ± 0.056; neurofilament, 0.416 ± 0.050.

Differences were considered significant when P < 0.05. Statistical analyses of the mean and variance were performed with Prism 7 (GraphPad Software).
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Extended Data Figure 1 | Netrin-1 distribution in hindbrain and spinal cord. Coronal cryostat sections of the hindbrain and spinal cord (brachial level) of E11 and E13 embryos. a, At E11, the floor plate (Alcam + positive cells in green) and commissural axons are immunoreactive for netrin-1 (n = 6). b, At E13 Ntn1 mRNA is still expressed in the floor plate (Fp) and ventricular zone of the basal plate (n = 6). c, In a E11 Ntn1 βgeo/+ mice, Robo3 + commissural neurons in the dorsal hindbrain (arrowheads) are not immunoreactive for β gal, unlike the basal plate neuroepithelium (arrows; n = 6). d, Western blot analysis of HEK-293T cells overexpressing human NTN3, NTN1 or mouse Ntn1 proteins (n = 3). Left, the monoclonal anti-Ntn1 antibody (MAB1109) specifically recognizes netrin-1 proteins (human and mouse) and not netrin-3. Right, netrin-3 is specifically recognized by the polyclonal anti-NTN3 antibody (ab185200), unlike netrin-1. e, At E11, netrin-1 is expressed in the spinal cord by floor plate (arrowhead) and ventricular zone progenitors (n = 6). f, The floor plate (Alcam + ), commissural axons, radial processes of neural progenitors and basal lamina are immunoreactive for netrin-1 (n = 6). g, At E13 (n = 7), netrin-1 is still highly expressed in nestin + radial processes of neural progenitors and at the pial surface. h, i, Netrin-1 is absent from the hindbrain of Ntn1 -/-at E13 (h) and the spinal cord at E11 (i) (n = 6 for each). Floor-plate cells (arrowhead) still express Alcam (green). j, Netrin-1 immunostaining without permeabilization at E11. Commissural axons are still labelled (arrowheads) including those that have crossed the midline (arrow). Commissural axons are also stained with anti-Robo3 on the left panel. V, ventricle. k, Shows the absence of Dcc immunoreactivity on a hindbrain section from a Dcc -/-E11 embryo (DAPI counterstaining, n = 6). l, The radial processes of neural progenitors are present in Ntn1 -/-embryos (n = 6). Scale bars, 100 µ m except in g, 50 µ m. [START_REF] Goodman | Mechanisms and molecules that control growth cone guidance[END_REF]. At the end of the 19 th century, Ramo ´nyCajal proposed that floor plate cells secrete chemoattractants for commissural axons (Ramo ´nyC a j a l ,1 8 9 2 ). The first evidence supporting this hypothesis came about a century later using in vitro explant assays (Tessier-Lavigne et al., 1988). Thus far, three floor-plate-derived chemoattractive factors have been identified: netrin-1 (Kennedy et al., 1994;Serafini et al., 1994), Sonic hedgehog (Shh) (Charron et al., 2003), and vascular endothelial growth factor (VEGF) (Ruiz de Almodovar et al., 2011). All attract commissural axons in vitro and induce growth cone turning, but netrin-1 also has growth-promoting activity. Knockout mice lacking their respective receptors, deleted in colorectal cancer (Dcc), brother of CDO (Boc), or fetal liver kinase 1 (Flk1), exhibit commissural axon guidance defects.
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In Boc and Flk1 mutant embryos, commissural axons invade the motor columns and defasciculate in the ventral SC; however, midline crossing appears unaffected (Okada et al., 2006;Ruiz de Almodovar et al., 2011). By contrast, midline crossing is strongly impaired in the SC of mice lacking Dcc (Fazeli et al., 1997)andalmostabrogatedwhentheneogeninreceptor is simultaneously inactivated (Xu et al., 2014). This is also the case in netrin-1 null and hypomorphic mutant mice (Bin et al., 2015;Dominici et al., 2017;Serafini et al., 1996;Yung et al., 2015). Therefore, netrin-1 is essential for commissural axon guidance in the SC. In the hindbrain and SC, netrin-1 is present not only in floor plate cells but also in the ventral two-thirds of the ventricular zone (VZ) (Dominici et al., 2017;Kennedy et al., 1994Kennedy et al., , 2006;;Varadarajan et al., 2017). Surprisingly, recent studies using netrin-1 conditional mice showed that the VZ is the major source of netrin-1 for hindbrain commissural axons, both promoting their ventral growth and preventing them from exiting the CNS (Dominici et al., 2017;Moreno-Bravo et al., 2018;Yamauchi et al., 2017;Yung et al., 2018). By contrast, no midline crossing defects were detected in the hindbrain following netrin-1 deletion from the floor plate (Dominici et al., 2017). The partial deletion of netrin-1 from the SC VZ also results in axon guidance errors, but to a much lesser extent than in the hindbrain (Varadarajan et al., 2017). Following netrin-1 deletion from the floor plate in the SC, many axons reach the midline normally, although a detailed analysis of trajectories and crossing has not been conducted (Dominici et al., 2017;Varadarajan et al., 2017). These unexpected results questioned the role of netrin-1 at the floor plate. Given the high expression of netrin-1 at the midline, does it really play no role in guidance to and across the midline? Here, we report that netrin-1 from the floor plate and netrin-1 from the VZ each individually contribute to commissural axon guidance in the SC and that these two netrin-1 sources act synergistically to guide commissural axons, as only the simultaneous deletion of netrin-1 from the VZ and floor plate leads to an almost complete lack of midline crossing. These results suggest that the function of floor plate netrin-1 might differ between the SC and hindbrain.

RESULTS

The ablation of netrin-1 from the VZ using a Nestin1:cre (Nes:cre) line severely compromises midline crossing in the hindbrain (Dominici et al., 2017;Yamauchi et al., 2017). Similar experiments in the SC (Varadarajan et al., 2017) showed that a partial deletion of VZ netrin-1 is accompanied by the abnormal projection of commissural axons into the VZ, but midline crossing still occurs. These results suggested that the contribution of VZ netrin-1 could differ between the hindbrain and SC or that there was still enough VZ netrin-1 to guide axons ventrally. To address this question, we first compared the expression pattern of netrin-1 mRNA of wild-type and Nes:cre;Ntn1 S1M). This shows that the slow onset of cre recombinase activity in the SC of Nes:cre;Ntn1 fl/fl embryos only partially removed Ntn1 from the SC VZ at early developmental stages, coinciding with the appearance of the first commissural neurons (Dominici et al., 2017). We next studied the distribution of netrin-1 protein at E11 (n = 5 for each genotype) and confirmed that in wild-type SC (Figure S1D), netrin-1 was present on commissural axons, the floor plate, the pial surface, and processes of VZ progenitors (Dominici et al., 2017;Varadarajan et al., 2017). In Nes:cre;Ntn1 fl/fl embryos, netrin-1 was absent from the pial surface and VZ progenitors but still present on the floor plate and along some commissural axons, indicating that these axons probably transported netrin-1 dorsally (Figure S1H). Next, to study commissural axon pathfinding in Nes:cre;Ntn1 fl/fl mutants, we performed whole-mount labeling for Robo3 on E11 embryos followed by 3DISCO clearing and light sheet fluorescent microscopy (LSFM) imaging (Belle et al., 2014) This also shows that at E11, the partial reduction of Ntn1 expression in the SC VZ increases commissural axon fasciculation, at least dorsally, but appears to have only a limited effect on their ventral extension. Many Robo3+ commissural axons cross the midline of Shh:cre;Ntn1 fl/fl embryos, which lack netrin-1 at the floor plate (Figures S1N-S1P; n = 5 for each stage), but their trajectories have not been examined in detail. LSFM 3D imaging of E11 Shh:cre;Ntn1 fl/fl SCs showed that Robo3+ axons form thin dorsoventral fascicles as in control embryos (Figure 1Q; Video S1; n = 7), but their organization differs at the midline (Figure 1R; n = 7). Unlike in wild-type embryos, Robo3+ axons deviated from a straight dorsoventral path upon reaching the floor plate, and gaps devoid of Robo3+ axons were present within the floor plate (Figure 1R; Video S1). The more vertical trajectory of commissural axons in Shh:cre;Ntn1 fl/fl embryos resulted in the overall appearance of the ventral SC commissure axons having a U shape (Figures 1U and1V; n = 8) rather than the V shape seen in wild-type (Figure 1I-1J). The thickness of the ventral commissure was reduced compared to wild-type embryos (Figures 1U-1W and S3A-S3C). However, the area covered by Robo1+ postcrossing axons was not significantly different from controls, and there was no accumulation of Robo1+ axons within the floor plate, unlike in other midline mutants (Figures 1X andS3G; n = 7) (Long et al., 2004). There was a significant invasion of the motor column by Robo3+ axons (Figures S2K, S2L, andS3H). In wildtype embryos, double immunostaining for Robo3 and netrin-1 showed that netrin-1 protein was present on the floor plate, in VZ progenitor processes extending to the pial surface, and on commissural axons (Figures 1Y and1Y 0 ). In Shh:cre;Ntn1 fl/fl embryos, netrin-1 was ablated from the floor plate but was still very highly expressed in the adjacent region where Robo3+ axons seemed to accumulate (Figures 1Z and1Z 0 ). Its distribution at the pial surface and VZ appeared unchanged, and it was also present along commissural axons, indicating that these axons might also transport netrin-1 anterogradely (Figure S1Q; n = 5). These data show that many commissural axons still reach the ventral midline in the absence of floor-plate-derived netrin-1 but that their growth in the ventral SC and across the floor plate might be affected.

Next, we studied E13 embryos, as new SC commissural neurons are produced until at least E14 (Comer et al., 2015)(Video S2). In wild-type SC, LSFM imaging showed that Robo3+ axons still formed a well-organized palisade and that Robo3 axon trajectories were straight as they cross the ventral midline (Figures 2A and2B; n = 5). The roof plate of the SC did not contain Robo3+ axons (Figures 2C and 2D;n = 5). Interestingly, at this stage, Robo3 axons grew ventrally at various depths within the SC, and many passed through the motor column (Figures 2E and2F, n = 10), indicating that the avoidance of motor neurons by commissural axons is only a transient feature. In whole mounts of E13 Nes:cre;Ntn1 fl/fl SCs, Robo3+ axon trajectories appeared more disorganized, and dorsally, many longitudinal axons were observed together with axons crossing the dorsal midline (Figures 2I-2L; n = 6). At this stage, the thickness of the ventral commissure was significantly reduced in Nes:cre;Ntn1 fl/fl embryos compared to wild-type, but only as assessed using Dcc, not Robo3, as a marker (Figures 2E-2H, 2M-2P, and S3D-S3F; n = 7). This could mean that distinct populations of commissural axons are differentially affected by the lack of VZ-derived netrin-1, or it could be explained by the distinct expression time course of Dcc and Robo3, the latter being downregulated just after crossing. As described before in the hindbrain (Moreno-Bravo et al., 2018), a few Robo3+ axons also exited the CNS through the dorsal root ganglia (Video S2). In Shh:cre;Ntn1 fl/fl E13 SCs, all Robo3 axons extended to the ventral midline as in wild-type, but as at E11, their path within the floor plate appeared to be perturbed and distorted (Figures 2Q,2R,and 2T;Video S2;n = 6). The thickness of the ventral commissure was not significantly reduced compared to wild-type SCs (Figures 2U-2X and S3D-S3F; n = 8). To better visualize commissural axon crossing behavior in Shh:cre;Ntn1 fl/fl embryos, we injected DiI in the dorsal SC and imaged ''open book'' preparations. Individual axon trajectories (n = 443 axons from four different wild-type embryos and n = 497 axons from four different Shh:cre;Ntn1 fl/fl embryos) were reconstructed with ImageJ (STAR Methods; Video S3). In control SCs, commissural axon trajectories and their floor plate entry points were very precisely aligned, and only $1% of axons deviated more than 30 mm from their expected entry point (Figures 3A-3D and3H). Only 4% of axons were found to turn on the ipsilateral side (Figure 3D). By contrast, in the SC of Shh:cre;Ntn1 fl/fl embryos, many axons went astray (Figures 3D-3F). Overall, there was a significant increase of axons that either grew ipsilaterally (4% in wildtype [WT] versus 14% in Shh:cre;Ntn1 fl/fl embryos) or displayed aberrant crossing (3.7% in WT versus 22% in Shh:cre;Ntn1 fl/fl embryos), while the proportion of axons that had not yet crossed the floor plate was comparable (Figure 3D). The position of the floor plate entry point was not aligned with the precrossing trajectory for almost 30% of the traced axons, and for 11.6%, the detour exceeded 30 mm ( Figures 3D,3G,and 3H). For these aberrant axons, the mean turning distance where commissural axons deviated from their expected trajectory was at 47 ± 22 mm from the floor plate (n = 78) (Figures 3G and3I).

Together, these data show that commissural axons reach the floor plate in Shh:cre;Ntn1 fl/fl embryos. However, the lack of netrin-1 at the floor plate perturbs their approach, and a significant proportion of axons abnormally grow and linger along the floor plate before crossing it. These data also show that deletion of netrin-1 from the VZ or floor plate is not sufficient to recapitulate the commissural axon midline crossing defects described in Ntn1 À/À null mice (Bin et al., 2015;Serafini et al., 1996;Yung et al., 2015). Although this could be explained by the late onset of cre recombinase expression in the VZ of Nes:cre;Ntn1 fl/fl embryos, it could also suggest that the two netrin-1 sources, the floor plate and VZ, could function redundantly in the SC. To test this hypothesis, we generated Nes:cre;Shh:cre;Ntn1 fl/fl embryos (n = 9 at E11 and n = 8 at E13). As expected, Ntn1 mRNA was reduced but still present in the VZ of the double-mutant SC at E10 (Figure S1S) but was completely abrogated in E11 embryos, as was netrin-1 protein (Figures S1T andS1U). Strikingly, 3D LSFM imaging of wholemount SC revealed a severe disorganization of Robo3+ commissural axons in Nes:cre;Shh:cre;Ntn1 fl/fl embryos compared to WT ones (Figures 4A-4C; Video S4), including a massive invasion of the motor columns (Figures S2P, S2Q, andS3I) and dorsal SC (Figures S2C-S2E, S2R-S2T, and S2W-S2Y). This dorsal invasion was not observed in Shh:cre;Ntn1 fl/fl embryos (Figures S2M-S2O). The phenotype in Nes:cre;Shh:cre;Ntn1 fl/fl was highly similar to Ntn1 À/À mutants (Figures 4D-4F, S2U, S2V, and S3I; Video S4; n = 5). However, although in both cases a subset of Robo3+ axons exited the CNS, they primarily did so through the dorsal root ganglia in Ntn1 À/À embryos or the commissure (arrow N-P) is slightly reduced compared with wild-type (arrow in F-H). In Shh:cre;Ntn1 fl/fl embryos (Q-X), Robo3 axons reach the floor plate but adopt a distorted path during crossing (arrowheads in Q). The thickness of the ventral commissure (arrows in V-X) is comparable to wild-type. See also Figure S3 for quantification and Video S2. (legend continued on next page) motor nerve roots in Nes:cre;Shh:cre;Ntn1 fl/fl embryos (Figures 4A and4D). The reduction of the ventral commissure and Robo1+ post-crossing domain appeared similar in sections of Nes:cre;Shh:cre;Ntn1 fl/fl and Ntn1 À/À embryos (Figures 4G-4N, S3A-S3C, and S3G; n = 6 for Nes:cre;Shh:cre;Ntn1 fl/fl and n = 7 for Ntn1 À/À ). The same observations were made at E13 (Figures 4O-4Z and S3D-S3F). Only a few axons were still able to cross the floor plate in Nes:cre;Shh:cre;Ntn1 fl/fl and Ntn1 À/À embryos, and most extended toward the dorsal midline and crossed it, as if the dorsal polarity had been reversed in both mutants (Video S4).

DISCUSSION

Overlapping and Nonredundant Function of VZ and Floor Plate Netrin-1 Our results show that netrin-1 from two sources, the floor plate and VZ, influences commissural axon guidance in the mouse SC and has overlapping and nonredundant functions. In Nes:cre;Ntn1 fl/fl mutants, axons are more fasciculated, and some also grew dorsally toward the roof plate. In Shh:cre;Ntn1 fl/fl mutants, which lack netrin-1 at the floor plate, commissural axons still grow ventrally and appear to reach the floor plate, but a significant fraction wander ipsilaterally before reaching the midline and crossing it. In both mutants, the thickness of the ventral commissure is slightly reduced, but at different ages. In Shh:cre;Ntn1 fl/fl embryos, the reduction is significant at E11, but not at E13, and single-axon tracing at E13 suggests that this apparent reduction could correspond to a delayed rather than failed midline crossing. The rapid drop in netrin-1 levels at the floor plate seems to block some commissural axons on the ipsilateral side before they can finally resume crossing. The maintenance of midline crossing (albeit delayed for some axons) is consistent with earlier findings, which showed that floor plate crossing primarily involves repulsive signals, such as Slits and semaphorins, expelling axons from the midline (Che ´dotal, 2011; [START_REF] Ducuing | Commissural axon navigation in the spinal cord: a repertoire of repulsive forces is in command[END_REF]. By contrast, in Nes:cre;Ntn1 fl/fl mutants, midline crossing is only reduced at E13, which could be attributed to the late onset of cre activity in this line. Alternatively, the earlyand late-born SC commissural neurons could have distinct requirements for VZ versus floor plate netrin-1. Indeed, some late-born commissural neurons located in the dorsal SC project their axons across the dorsal rather than ventral midline (Comer et al., 2015).

Strikingly, the simultaneous deletion of netrin-1 from the VZ and floor plate almost completely abrogates ventral midline crossing, supporting a synergistic contribution of the two sources. The observation that removal of netrin-1 from the floor plate dramatically enhances the ventral SC defects seen after removal of netrin-1 from the VZ suggests that netrin-1 from the floor plate acts within the ventral SC at a distance from the midline. This is in agreement with another recent study (Wu et al., 2019). At the same time, these results show that netrin-1 from the VZ alone can by itself produce robust guidance, since a majority of SC commissural axons cross the floor plate in Shh:cre;Ntn1 fl/fl embryos. In double-mutant embryos, some commissural axons extend dorsally instead of ventrally and cross the dorsal midline, suggesting that dorsal repellents such as bone morphogenetic proteins (BMPs) are not sufficient to orient axons ventrally and that netrin-1 might rather prevent commissural axons from wandering dorsally.

Interestingly, SC commissural axon defects in Nes:cre;Shh: cre;Ntn1 fl/fl mutants do not fully phenocopy netrin-1 null mice. Midline crossing is equally reduced, but whereas a subset of commissural axons leave the CNS through DRGs in Ntn1 À/À embryos, they primarily escape through motor nerve roots in Nes:cre;Shh:cre;Ntn1 fl/fl embryos. This suggests that some netrin-1 from a third source might still be detected by commissural axons in these mutants. This third source of netrin-1 could be motor neurons, which express Dcc and whose axons are guided by netrin-1 in the periphery. Netrin-1 could be transported retrogradely along motor axons that could then provide an alternative netrin-1 substrate for misguided commissural axons. Accordingly, we could detect netrin-1 immunoreactivity on motor nerves in Nes:cre;Shh:cre;Ntn1 fl/fl embryos (data not shown).

Does Netrin-1 Influence Commissural Axon Fasciculation?

Our 3D analysis of guidance defects in netrin-1 conditional mutants suggests that netrin-1 levels might influence commissural axon fasciculation. SC commissural axons normally grow straight and perpendicular to the floor plate, but the occurrence of contacts and avoidance between precrossing commissural axons has been previously described in zebrafish [START_REF] Moon | Adjacent pioneer commissural interneuron growth cones switch from contact avoidance to axon fasciculation after midline crossing[END_REF]. First, we found that commissural axons form compact dorsoventral fascicles in Nes:cre;Ntn1 fl/fl embryos, which was not seen in WT. In addition, commissural axons in Shh:cre;Ntn1 fl/fl embryos deviate from their expected trajectory in the floor plate vicinity, suggesting that they are less attracted by the floor plate or that they might prematurely defasciculate.

Second, in Nes:cre;Ntn1 fl/fl and Shh:cre;Ntn1 fl/fl E11 embryos, a small fraction of commissural axons deviate from their normal trajectory to grow across the motor columns, a phenotype much more pronounced in double conditional mutants and netrin-1 null embryos. This could support the existence of a chemoattractive gradient of netrin-1 diffusing from the floor plate, but it could also be explained by a defasciculation of commissural axons upon entering the ventral SC. Previous in vitro studies support a short-range and/or haptotatic growth-promoting function of substrate-bound netrin-1 (Moore et al., 2009). Interestingly, a recent structural analysis of the draxin-netrin-Dcc tripartite molecular complex also suggests that draxin (a dorsal repulsive axon guidance protein) [START_REF] Islam | Draxin, a repulsive guidance protein for spinal cord and forebrain commissures[END_REF] and netrin, which bind each other [START_REF] Gao | A floor-plate extracellular protein-protein interaction screen identifies Draxin as a secreted netrin-1 antagonist[END_REF], might influence the fasciculation of Dcc-expressing axons [START_REF] Liu | Structural basis for Draxinmodulated axon guidance and fasciculation by netrin-1 through DCC[END_REF]. The Floor Plate Has a Distinct Axon Guidance Function in the Hindbrain and SC In the mouse hindbrain, the absence of netrin-1 from the VZ, but not the floor plate, severely alters midline crossing (Dominici et al., 2017;Yamauchi et al., 2017). Here, we show that this is not the case in the SC. Although the incomplete inactivation of VZ netrin-1 could have explained the moderate commissural axon defects in the SC of Nes:cre;Ntn1 fl/fl embryos, the major reduction of midline crossing in Nes:cre;Shh:cre;Ntn1 fl/fl double mutants supports a compensatory or redundant role of floor plate netrin-1. This suggests that the floor plate has a distinct influence on commissural axons in the hindbrain and SC. This hypothesis is supported by a recent analysis of commissural neuron development in conditional knockout mice lacking all Slits at the floor plate (Dominici et al., 2018). In these mutants, only SC commissural axons exhibit midline crossing defects compatible with a Slit-dependent repulsive activity of the floor plate, whereas they develop normally in the hindbrain. What could explain this difference? At the time when commissural axons develop, the hindbrain has a much larger size and volume than the SC. Therefore, in the hindbrain, nascent growth cones would be located too far from the floor plate to be influenced by it. Finding the ventral midline only through a netrin-1 gradient would be particularly challenging in larger vertebrate species, such as primates, and therefore, an alternative and more dorsal netrin-1 source, the VZ, might have become preponderant in the mammalian hindbrain. Although, existing data do not allow us to date phylogenetically the appearance of VZ netrin-1, in the amphioxus CNS, netrin-1 seems to be restricted to the floor plate in the SC but extends more dorsally at more rostral levels (Shimeld, 2000). Together, these data suggest that commissural axon guidance mechanisms differ between the hindbrain and SC.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: (G-N and U-Z) Coronal sections at the brachial level labeled for Robo3 (G, K, U 0 , and X 0 ), Robo3 and Islet1 (U and X), Dcc (H, L, V, and Y), Robo1 (J and N), or neurofilament (I, M, W, and Z). In E11 Nes:cre;Shh:cre;Ntn1 fl/fl (A-C and G-J) and Ntn1 À/À (D-F and K-N) embryos, SC commissural axons are severely misguided to the ventral midline (A and D) and extensively spread over the dorsal SC (arrowheads in B, C, E, and F). Arrows indicate Robo3 axons leaving the CNS via motor nerve roots (C) or dorsal root ganglia (F). (G-N) In both mutants, the ventral commissure is almost absent, and commissural axons invade the motor column (asterisk in C, F, G, and K). (O-Z) At E13, only a few commissural axons are able to cross the floor plate (arrowheads in O, R, U-W, and X-Z). Dorsally, Robo3+ axons massively cross the midline in Nes:cre;Shh:cre;Ntn1 fl/fl mutants (arrowheads in P and Q). In Ntn1 À/À , dorsal crossing is more limited (arrowheads in S), but axons appear to extend longitudinally (arrows in S). At this stage, only a few axons cross the ventral commissure in mutant embryos (arrowheads in U-Z). See also Figure S3 for quantification and Video S4. Scale bars represent 100 mm (A-F, O, P, and R-T) and 50 mm (all other panels).

d KEY RESOURCES

METHOD DETAILS Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer, pH 7.4 at 4 C overnight (O/N), cryoprotected in sucrose 10%, frozen in isopentane and sectioned at 20 mm. Sections were blocked in PBS-gelatin (0.2%, PBS-GT) containing 0.25% Triton X-100 (Sigma-Aldrich) and incubated in the following primary antibodies at room temperature (RT) overnight: goat anti-human Robo3 (1:500, R&D Systems AF3076), goat anti-Robo1 (1:200, R&D Systems AF1749), goat anti-Dcc (1:500, Santa Cruz sc-6535), rabbit anti-Islet1 (1:1000, Abcam AB20670) rat anti-mouse netrin-1 (1:1000, R&D Systems MAB1109), rabbit anti-DsRed (1:1000, Clontech 632496), mouse anti-neurofilament (1:500, DSHB 2H3), goat anti-human ALCAM (1:500, R&D Systems AF656), rabbit anti-DsRed (1:500, Clontech 632496). The netrin1 antibody signal was increased by using an antigen retrieval method. The sections were boiled in citrate buffer (pH6) during 5 min before the blocking step.

Species-specific secondary antibodies conjugated to Alexa Fluor fluorophores from Jackson ImmunoResearch or Invitrogen were used after the primary antibodies incubation. The sections were counterstained with DAPI (1:1,000, Sigma-Aldrich). The slides were scanned with a Nanozoomer (Hamamatsu) and confocal microscope (FV1000, Olympus) and processed using ImageJ (NIH) and Adobe Photoshop CS6.

Whole-mount immunostaining and clearing procedure Whole E11 and E13 SCs were immunostained and cleared as described (Belle et al., 2014(Belle et al., , 2017)). Briefly, after dehydration in methanol, the SCs were bleached using 6% hydrogen peroxide solution in 100% methanol O/N at 4 C. Samples were blocked using PBS-GT containing 0.5% Triton X-100 (Sigma-Aldrich) O/N at RT and then incubated for 5 days at 37 C with Robo3 antibody (1:300, R&D Systems AF3076). This was followed by six washes of 30 min in PBSGT 0.5% at RT and incubated with the secondary antibody O/N at 37 C.

Image Processing

3D imaging was performed with a light-sheet fluorescence microscope (Ultramicroscope I, LaVision BioTec) using Imspector Pro software (LaVision BioTec). Images and 3D volume were generated using Imaris 3 64 software (Bitplane).

DiI tracing

E13 SCs were fixed in 4% PFA in an open book configuration. 1,1'-dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-carbocyanine perchlorate (DiI, Invitrogen) diluted in dimethyl sulfoxide (DMSO, Sigma-Aldrich) was injected into the dorsal SC using a glass micropipette. Flat-mounts were kept for 72 h at RT in 4% PFA. The images were acquired with a confocal microscope (FV1000, Olympus)

In each confocal stack images, as many individual axons as possible were traced using the ''Simple Neurite tracer'' plugin of NIH ImageJ from confocal microscope images. Moreover, using the Imaris (Bitplane) surface tool, single axons were also manually selected and pseudo-colored (Figures 3B and3F).

In situ hybridization

The Ntn1 exon3 specific antisense RNA probe was labeled with digoxigen-11-d-UTP (Roche diagnostics) as described elsewhere [START_REF] Marillat | Spatiotemporal expression patterns of slit and robo genes in the rat brain[END_REF] by in vitro transcription of cDNA encoding for the exon of interest (Dominici et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Any statistical method was used to predetermine sample sizes and we did not perform randomization into groups. An observer blinded to the experimental conditions realized all the quantifications. All the data are represented as mean values ± SD. Statistical significance was estimated using one-sided unpaired tests for non-parametric tendencies (Kruskall-Wallis or Mann-Whitney) and differences were considered significant for p value < 0.05.

The thickness of the ventral commissure was quantified using at least 5 sections of brachial SC per embryo. To minimize the developmental variations, every section value was normalized toward the height of the SC (Figures S3A-S3F) (Xu et al., 2014).

The area occupied by the Robo1 post-commissural bundle was quantified like the ventral commissure. In this case, to minimize the developmental variations between embryos, every section value was normalized to the total surface of the SC (Figure S3G).

Finally, the invasion of the motor column by Robo3+ axons was also quantified using 5 sections per embryo at the brachial level. In this case, the developmental variability was reduced normalizing the values to the selected SC motor surface (Figure S3H) (Charron et al., 2003;Ruiz de Almodovar et al., 2011).

In all graphical representations, each point represents one of the 5 sections of an embryo. To compare with control cases, the ratios of the different quantifications were normalized to the mean of the controls. At least 5 embryos of each genotype and from 3 different litters were quantified.

The axonal trajectories in WT and Shh:cre;Ntn1 fl/fl were quantified by tracing axons of two independent DiI injections from 4 different cases. To determine the proportion of the different axonal behaviors (inside, crossing, ipsilateral and aberrant crossing) a total of 443 and 497 axons were analyzed in the two respective genotypes (Figure 3D). To determine the distance from the expected 

INTRODUCTION

Netrin 1 is a secreted protein that controls cell-cell interactions in many organs and species, during development and in pathological conditions (Mehlen et al., 2011). In the central nervous system (CNS), netrin 1 promotes axon outgrowth to the midline, axon attachment to their targets and neuronal migration (Akin and Zipursky, 2016;Serafini et al., 1994Serafini et al., , 1996;;Yee et al., 1999). Netrin 1 is secreted, but acts locally by promoting cell adhesion and haptotaxis (Akin and Zipursky, 2016;[START_REF] Li | Activation of FAK and Src are receptorproximal events required for netrin signaling[END_REF]Moore et al., 2009). In the mouse hindbrain and spinal cord, netrin 1 is not only produced by the floor plate, but is also released at the pial surface by neural precursors of the ventricular zone (Dominici et al., 2017;Kennedy et al., 1994;Varadarajan et al., 2017). This suggests that netrin 1 accumulation in the basal lamina provides a permissive substrate for axon extension. In the spinal cord, netrin 1 and its receptor deleted in colorectal cancer (Dcc) influence the confinement of commissural axons to the CNS (Laumonnerie et al., 2014). In the spinal cord, two repulsive guidance cues, netrin 5 and Sema6A, also act as gate keepers at the CNS/PNS border (Bron et al., 2007;Garrett et al., 2016;Mauti et al., 2007). Both cues are expressed by so-called boundary cap (BC) cells, which constrain motor neurons and oligodendrocyte soma to the spinal cord and prevent them from migrating along motor nerves into the PNS (Kucenas et al., 2009;Vermeren et al., 2003). Whether such mechanisms are at play at the level of the hindbrain is unknown. Interestingly, several classes of hindbrain neurons preferentially migrate tangentially under the pial surface in a netrin 1-rich domain [START_REF] Stanco | Radial migration of neurons in the cerebral cortex[END_REF]. This occurs in the case of the pontine nucleus, one of the four hindbrain precerebellar nuclei that contain neurons projecting to the cerebellum. Pontine neurons are born in the rhombic lip, a dorsal neuroepithelium that lines the fourth ventricle (Wullimann, 2011). Pontine neurons form a compact and superficial migratory stream that first progresses anteriorly before turning ventrally towards the floor plate (Geisen et al., 2008;Kratochwil et al., 2017;Zelina et al., 2014). Pontine neurons fail to migrate ventrally in Ntn1 hypomorphic mutants and their number is reduced (Yee et al., 1999;Zelina et al., 2014). Here, we show that netrin 1, acting at least in part through the Dcc receptor, prevents pontine neurons and other classes of hindbrain commissural neurons from exiting the CNS through sensory nerve roots.

RESULTS

A few commissural axons project outside the spinal cord in netrin 1 hypomorph embryos (Ntn1 ßgeo/ßgeo ) (Laumonnerie et al., 2014). We first confirmed this observation using immunostaining for Robo3, a marker of commissural neurons (Friocourt and Chédotal, 2017;Sabatier et al., 2004) on E11 embryos (Fig. 1A-L). To facilitate the analysis, whole-mount immunostaining was performed followed by 3DISCO clearing and three-dimensional (3D) imaging with lightsheet fluorescence microscopy (LSFM) (Belle et al., 2014). In Ntn1 ßgeo/+ embryos, Robo3 + axons were restricted to the spinal cord, extending dorso-ventrally and crossing the midline (Fig. 1A,D, Fig. S1A,B, Movie 1), whereas in Ntn1 ßgeo/ßgeo embryos, Robo3 + axons were also seen outside the spinal cord, within dorsal root ganglia (DRG) labeled with anti-islet 1 (Fig. 1B,E and Fig. S1C,D). A few Robo3 + axons were also seen in the ventral roots (data not shown). Next, we studied a null allele of Ntn1 (see Materials and Methods), Ntn1 -/-. Robo3 + axons also left the spinal cord in Ntn1 -/- embryos (Fig. 1C,F, Fig. S1E,F and Movie 2). Importantly, unlike in control embryos (Fig. 1G,H), Robo3 + axons were detected outside the CNS in the hindbrain, both in Ntn1 ßgeo/ßgeo embryos (Fig. 1I,J) and Ntn1 -/-embryos (Fig. 1K,L). As in the spinal cord, commissural axons escaped the CNS via sensory roots and this was particularly striking at the trigeminal and vestibular nerve roots (Fig. 1K,L and Fig. S1G-J). The amount of Robo3 + axons invading the PNS at the hindbrain level was significantly lower in Ntn1 ßgeo/ßgeo compared with the Ntn1 -/-embryos (Fig. S1S and Table S1).

In the hindbrain, commissural neurons are produced at least until E16 [START_REF] Pierce | Histogenesis of the nuclei griseum pontis, corporis pontobulbaris and reticularis tegmenti pontis (Bechterew) in the mouse. An autoradiographic study[END_REF]Zelina et al., 2014). Therefore, we next studied Ntn1 mutant embryos at E13 and E16. In control embryos, Robo3 axons were only found in the CNS (Fig. 1M,N and Movie 3), whereas in Ntn1 ßgeo/ßgeo embryos and Ntn1 -/-embryos, Robo3 + axons massively invaded trigeminal and vestibular nerves and ganglia (Fig. 1O-R and Movie 4). This defect was more pronounced in Ntn1 -/-than in Ntn1 ßgeo/ßgeo mutants (Fig. S1T and Table S1). At E16, only pontine neurons still express Robo3 in the hindbrain of control embryos (Fig. 2A-C and Movie 5) (Marillat et al., 2004;Zelina et al., 2014), suggesting that some of the Robo3 + axons leaving the brain in Ntn1 ßgeo/ßgeo (Fig. 2D-F) and Ntn1 -/-(Fig. 2G-I) E16 embryos could belong to pontine neurons. This hypothesis was tested using immunostaining for Barhl1 and Pax6, two markers of migrating pontine neurons [START_REF] Benzing | A novel approach to selectively target neuronal subpopulations reveals genetic pathways that regulate tangential migration in the vertebrate hindbrain[END_REF]Zelina et al., 2014). In controls, the auditory and trigeminal nerves and ganglia did not contain Barhl1 + /Robo3 + or Pax6 + neurons (Fig. 2A-C,J-N and Fig. S1K,L,O,P). By contrast, streams of Barhl1 + /Robo3 + or Pax6 + /Robo3 + cells were seen inside these nerves in Ntn1 ßgeo/ßgeo (Fig. 2O-S and Fig. S1M,Q) and Ntn1 -/-embryos (Fig. 2T-X, Fig. S1N,R and Movie 6), that could be traced back to the pontine migratory stream in the hindbrain (Fig. 2D-I). In wild-type embryos, Barhl1 + /Robo3 + neurons are absent from trigeminal and vestibular ganglia, which contains Sox10 + sensory neurons (Fig. 2J-N). By contrast, there was a significant colonization of trigeminal and vestibular nerves and ganglia by streams and clusters of Barhl1 + neurons in Ntn1 ßgeo/ßgeo embryos and Ntn1 -/-embryos (Fig. 2O-X and Fig. S1U and Table S2). Ectopic Barhl1 + neurons were not immunoreactive for Sox10 (Fig. 2P,Q,U,V) but expressed Robo3 (Fig. 2R,S,W,X), supporting their pontine neuron identity.

To confirm that these neurons originated from the CNS, we electroporated a plasmid encoding green fluorescent protein (GFP) into the rhombic lip of Ntn1 -/-E13.5 embryos (n=4) and collected them at E16. This selectively drives GFP expression in migrating pontine neurons [START_REF] Kawauchi | Direct visualization of nucleogenesis by precerebellar neurons: involvement of ventricle-directed, radial fibre-associated migration[END_REF]Zelina et al., 2014). In all controls (n=10), GFP + neurons were restricted to the hindbrain (Fig. 2Y), whereas in all Ntn1 -/-embryos (Fig. 2Z,Z′ and Movie 7), many GFP + /Robo3 + processes and cell bodies were found within the auditory and trigeminal nerves. Together, these data show that neurons maintaining a pontine identity transgress the PNS/CNS boundary in absence of netrin 1 and migrate along nerve roots. Their long-term fate could not be assessed as both types of Ntn1 mutants die at birth. Netrin 1 has either growth-promoting or growth-inhibiting activity and could act as a repulsive barrier at sensory nerve roots. However, Ntn1 mRNA was absent from DRG and hindbrain sensory ganglia (Fig. S2A,C) and was only found in the floor plate, ventricular zone progenitors and cochlea, as previously described [START_REF] Abraira | Cross-repressive interactions between Lrig3 and netrin 1 shape the architecture of the inner ear[END_REF]Dominici et al., 2017;Laumonnerie et al., 2014;Serafini et al., 1994). These results were confirmed by monitoring β-galactosidase and netrin 1 protein expression in Ntn1 ßgeo/+ E13 embryos (Fig. S2B,D). β-Gal was present in floor plate and ventricular zone precursors, and netrin 1 accumulated at the pial surface, as recently described (Dominici et al., 2017;Varadarajan et al., 2017). It was also detected in the inner ear (Nishitani et al., 2017) and in some mesenchymal cells but not in sensory ganglia. Netrin 1 levels were high in nestin + radial glia endfeet but stopped dorsally at the level of the vestibular and trigeminal nerve roots (Fig. S2E,F). Netrin 1 staining was abrogated in Ntn1 -/-embryo but nestin + glial endfeet were organized normally as previously described (Fig. S2G,H) (Dominici et al., 2017). Importantly, netrin 1 and β-gal were absent from commissural neurons, including migrating pontine neurons. The absence of netrin 1 in sensory ganglia and nerves suggests that it is unlikely to act as a repulsive barrier.

To further characterize netrin 1 function at the CNS/PNS boundary, we next performed selective genetic ablation of netrin 1 from various cellular sources using specific Cre-recombinase driver lines and a Ntn1 conditional allele (Ntn1 fl/fl ) (Dominici et al., 2017). Cre expression was confirmed using a Rosa tdTomato reporter line (Fig. S2I-L). As in Ntn1 fl/+ (Fig. 3A-C), no Robo3 + axons were detected in the PNS of Shh:Cre;Ntn1 fl/fl E13 embryos (Fig. 3D-F), which completely lack netrin 1 at the floor plate (Dominici et al., 2017) (Fig. S2I). Next, we studied Nes:Cre;Ntn1 fl/fl E13 embryos in which netrin 1 is deleted from neural cells in the CNS and PNS but maintained in floor plate and inner ear (Fig. S2K) (Dominici et al., 2017). Interestingly, a massive invasion of peripheral nerve roots by Robo3 + axons extending far in the trigeminal nerve branches and in the vestibular nerve (Fig. 3G-J). The phenotype was as severe as in Ntn1 -/-and Ntn1 ßgeo/ßgeo mutants (Fig. S1T and Table S1). At E16, streams of Barhl1 + /Robo3 + and Pax6 + pontine neurons were also detected within the trigeminal and auditory nerves (Fig. 3K-N, Fig. S1U and Table S2). Interestingly, a subset of Foxp2 + cells, most likely corresponding to inferior olivary neurons (Dominici et al., 2017), also escaped the CNS in Nes:Cre;Ntn1 fl/fl and Ntn1 -/-E13 embryos to enter the vagus nerve (Fig. 3O-R).

Together, these data show that a massive exit of hindbrain commissural neurons from the CNS is caused by the absence of netrin 1 from CNS cells. Boundary cap (BC) cells might prevent commissural neuron from escaping the CNS as they do for motor neurons. To visualize BC cells in control and Ntn1 mutant embryos, we performed in situ hybridization for Prss56, which encodes a potentially secreted trypsin-like serine protease highly expressed by BC cells [START_REF] Coulpier | Novel features of boundary cap cells revealed by the analysis of newly identified molecular markers[END_REF]. Prss56 + BC cells were found at the level of all nerve roots in the spinal cord and hindbrain both in wild-type E11 and E13 embryos (Fig. S2M,N,Q,R) but also in Ntn1 -/-mutant embryos (Fig. S2O,P,S,T). This shows that the invasion of the PNS by commissural neurons is not due to a lack of BC cells.

Netrin 1 has several receptors, including Dcc and Unc5s (Unc5a-d) [START_REF] Ackerman | The mouse rostral cerebellar malformation gene encodes an UNC-5-like protein[END_REF]Kolodziej et al., 1996). It has previously been shown that commissural axons also enter the DRGs in Dcc knockouts but not in Unc5a/Unc5c knockouts (Laumonnerie et al., 2014). We could confirm this result using whole-mount immunolabeling for Robo3 on E11 Dcc -/-embryos. As in Ntn1 mutants, Robo3 + axons were detected within the trigeminal and vestibular nerves at E11 (Fig. 4A, Table S3), E13 (Fig. 4B-D, Table S3) and E16 (Fig. 4E). Some were pontine neurons, as shown with Pax6/Barhl1 immunolabeling (Fig. 4E-F). A similar defect was seen in a second Dcc null allele, Dcc Δ/Δ , resulting from the intercross of Dcc fl/fl mice to a line expressing cre in the germline (see Materials and Methods; Fig. 4G). To determine whether Dcc acts in pontine neurons to constrain their migration to the CNS, we next crossed the Dcc fl/fl mice to Wnt1:Cre line [START_REF] Danielian | Modification of gene activity in mouse embryos in utero by a tamoxifeninducible form of Cre recombinase[END_REF]Zelina et al., 2014). As in Dcc -/-embryos, pontine neurons were unable to migrate towards the floor plate in Dcc Δ/Δ and Wnt1:Cre;Dcc fl/fl E16 embryos (Zelina et al., 2014 and data not shown). In addition, Robo3 + axons and Barhl1 + /Pax6 + neurons were found in the trigeminal and vestibular ganglia of Wnt1:Cre;Dcc fl/fl E16 embryos (Fig. 4H-K,L), indicating that a the lack of Dcc in pontine neurons induces some of them to exit the CNS (Fig. 4M). At early developmental stages, neural crest cells migrate out of the neural tube to colonize the embryo to form most of the PNS and a variety of tissue and organs. However, after neural crest cell migration is completed, the PNS and the CNS segregate and newly born CNS cells remain confined to the CNS. Sensory axons from the PNS can still enter the CNS but at specific locations (such as the dorsal root entry zone in the spinal cord). In the CNS, motor axons will cross the CNS/PNS boundary to project to their target muscles, but boundary cap cells prevent motor neurons from entering the nerves. In vitro evidence also suggest that meninges might also control the CNS/PNS border (Suter et al., 2017). However, the cellular and molecular mechanisms that shape the CNS/PNS interface are not well characterized. Here we show that netrin 1, which is secreted at the CNS basal lamina by neural precursor endfeet, prevents various populations of hindbrain commissural neurons, in particular pontine neurons, from migrating into the PNS through nerve roots. In the spinal cord and in the hindbrain, a subset of commissural axons is misguided from early developmental stages and project into nerve roots. Therefore, it is possible that these first escapers lead the way for later-born commissural neurons in particular precerebellar neurons that migrate close to the pial surface and in the vicinity of trigeminal and auditory nerve roots. We propose that commissural neurons do not actively avoid nerve roots in a repulsive manner, but that they preferentially extend on netrin 1, which appears largely absent from the nerve roots. Without netrin 1, the growth of commissural axons and the migration of pontine neurons is more erratic and randomized, and they can invade the nerve roots. Although motor neurons express Dcc, like commissural axons, their axons can extend into the PNS. However, it has previously been shown that Dcc is inactive in motor neurons as it is cleaved by presenilin, and that they are unresponsive to netrin 1 within the spinal cord (Bai et al., 2011).

Interestingly, during normal development pontine neurons exhibit features of so-called collective migration, previously described for neural crest cells and lateral line neurons, among others [START_REF] Friedl | Tuning collective cell migration by cell-cell junction regulation[END_REF]. Pontine neurons migrate along each other in a compact stream from the rhombic lip to the floor plate. We show that, in the absence of netrin 1, pontine neuron cohesion appears affected and some escape from the main stream to invade the nerve roots. This suggests that netrin 1 might control collective cell migration in this system. Our results suggest that Dcc mediates netrin 1 function at the CNS/PNS boundary. However, the milder pontine neuron emigration defects observed in Dcc KO compared with Ntn1 KO indicate that another receptor, such as the Dcc paralogue neogenin (Keino-Masu et al., 1996) could also contribute. Unc5 receptors are unlikely to be involved, as pontine neurons remain in the CNS in Unc5b and Unc5c knockouts (Di Meglio et al., 2013;Kim and Ackerman, 2011). Together, our S4). (M) Schematic representations of precerebellar neuron migration in control and Ntn1-deficient mice. Ce, cerebellum; Hind, hindbrain; PN, precerebellar neuron; NP, neural precursor; VZ, ventricular zone; FP, floor plate; PNS, peripheral nervous system. Dotted lines in the panels represent the CNS limit. Scale bars: 400 µm in A,B,E-H; 200 µm in C,D,I; 100 µm in J; 50 µm in K.
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DEVELOPMENT results reveal a novel molecular mechanism controling the establishment of the CNS/PNS boundary (Fig. 4M).

MATERIALS AND METHODS

Mouse strains and genotyping

Ntn1 ßgeo (Serafini et al., 1996) and Dcc (Fazeli et al., 1997) knockout lines have been previously described and genotyped by PCR. The Ntn1 conditional knockout and the Ntn1-null allele were generated as described elsewhere (Dominici et al., 2017). To generate a null allele of Dcc, Dcc fl/fl mice [START_REF] Krimpenfort | Deleted in colorectal carcinoma suppresses metastasis in p53-deficient mammary tumours[END_REF] were crossed to Krox20:Cre mice, which express Cre recombinase in both male and female germlines after sexual maturity (Voiculescu et al., 2000).

To ablate netrin 1 and Dcc expression from their different sources, we used different Cre lines: for the floor plate cells we used the Shh:Cre line (Harfe et al., 2004) (Jackson Laboratories); for the ventricular zone precursors we used the Nestin:Cre line (Tronche et al., 1999); and, finally, for the rhombic lip derivatives ( pontine neurons), we used the Wnt1:Cre line [START_REF] Danielian | Modification of gene activity in mouse embryos in utero by a tamoxifeninducible form of Cre recombinase[END_REF]. The Ai9 Rosa tdTomato reporter line (Rosa Tom ; Jackson Laboratories) was used to analyze the Cre expression driven by the different lines. All mice were kept in C57BL/6 background and the day of females vaginal plug was counted as embryonic day 0.5 (E0.5). Mice were anesthetized with ketamine (100 mg/ml) and xylazine (10 mg/ml). All animal procedures were carried out in accordance to institutional guidelines and approved by the UPMC University ethic committee (Charles Darwin). Embryos of either sex were used.

In situ hybridization

Antisense RNA probes were labeled with digoxigenin-11-d-UTP (Roche Diagnostics) as described elsewhere (Marillat et al., 2004), by in vitro transcription of cDNA encoding mouse Ntn1 (Serafini et al., 1996), mouse Ntn1 exon 3 (Dominici et al., 2017) and mouse Prss56 [START_REF] Coulpier | Novel features of boundary cap cells revealed by the analysis of newly identified molecular markers[END_REF].

Immunohistochemistry

Fixation was performed by embryo immersion in 4% paraformaldehyde in 0.12 M phosphate buffer ( pH 7.4) (PFA) overnight at 4°C. Samples were cryoprotected in a solution of 10% sucrose, for E11 and E13 embryos, and 30% sucrose for E16 embryos, in 0.12 M phosphate buffer ( pH 7.2), frozen in isopentane at -50°C. Immunohistochemistry was performed on cryostat sections (20 µm) after blocking in 0.2% gelatin in PBS containing 0.25% Triton-X100 (Sigma). Sections were then incubated overnight at room temperature with the following primary antibodies: goat anti-human Robo3 (1:250, R&D Systems, AF3076), goat anti-Dcc (1:500, Santa Cruz, sc-6535), rat anti-mouse netrin 1 (1:500, R&D Systems, MAB1109), mouse anti-Nestin-Alexa488 (1:1000, Abcam, ab197495), rabbit anti-β-gal (1:500, Cappel, 55976), rabbit anti-Dsred (1:500, Clontech, 632496), rabbit anti-Pax6 (1:500, Millipore, AB2237), rabbit anti-Barhl1 (1:500, Sigma, HPA004809), rabbit anti-mouse Islet1 (1:500, Abcam, ab20670), anti-Sox10 (1:500, Santa Cruz, sc-17342), goat anti-FoxP2 (1:500, Santa Cruz, sc-21069) and rabbit anti-FoxP2 (1:500, Abcam, ab16046). Corresponding secondary antibodies directly conjugated to fluorophores (Cy-5, Cy-3, Alexa-Fluor 647 from Jackson ImmunoResearch, or from Invitrogen) were incubated during 2 h. For netrin 1 immunostaining, an antibody retrieval treatment was performed as described previously (Dominici et al., 2017). Sections were counterstained with Hoechst (1:1000, Sigma). Slides were scanned with a Nanozoomer (Hamamatsu) and laser scanning confocal microscope (FV1000, Olympus). Brightness and contrast were adjusted using Adobe Photoshop.

Whole-mount labeling, 3DISCO and methanol clearing

Whole-mount immunostaining and 3DISCO clearing procedures have been previously described (Belle et al., 2014(Belle et al., , 2017)). 3D imaging was performed with a light-sheet fluorescence microscope (Ultramicroscope I, LaVision BioTec) using Inspector Pro software (LaVision BioTec). Images and 3D volume were generated using Imaris ×64 software (Bitplane).

In utero electroporation

In utero electroporation of PN neurons was performed as described previously (Zelina et al., 2014), with some modifications. Endotoxin-free plasmid DNA of pCX-EGFP (1 μg/μl) ( provided by Dr M. Okabe, Osaka University, Japan) alone was diluted in PBS containing 0.01% Fast Green. Diluted DNA (1 μl) was injected with a glass micropipette into the fourth ventricle of E13.5 mouse embryo. Five electric pulses (45 V, 50 ms, 950 ms interval between pulses) were applied with CUY21EDIT or NEPA21 electroporators (NepaGene) using 5 mm diameter electrodes (CUY650-5, Nepagene). Electroporated embryos were partially dissected at E16 followed by whole-mount labeling using goat anti-human Robo3 (1:250, R&D Systems AF3076) and chicken anti-GFP (1:1000, Abcam, ab13970).

Quantification and data analysis

Two different individuals, blinded to the experimental conditions, performed Robo3 + axon volume and Barhl1 + cell quantifications. There was no randomization in the groups and any statistical method was used to predetermine sample sizes. Graphical representations show mean values ±s.d. Statistical significance was measured using one-sided unpaired tests for non-parametric tendencies (Kruskal-Wallis and Mann-Whitney). For Robo3 + volume quantifications, a background subtraction was performed followed by 3D volumetric analysis, using Imaris ×64 software, to determine the total volume of Robo3 + fibers in the trigeminal nerve. The number of Barhl1 + cells in the auditory and trigeminal nerve roots was quantified within a rectangular area (340×380 µm) in five different sections. Two sections were taken at the auditory nerve root and three others at the trigeminal nerve root. Control embryos were from the same litters than the mutants. For both types of quantifications, at least four embryos of each genotype were quantified, from at least two different litters. In both quantifications, we considered differences to be significant when P<0.05 (see all statistical values in Tables S1-S4). All statistical analyses of the mean and variance were performed with Prism7 (GraphPad Software).

Ntn1 expression from the floor plate (FP) does not impair commissural axon guidance in the hindbrain. Moreover, VZ-derived Netrin-1 plays a key role at the boundary between the central and the peripheral nervous system, preventing commissural axons and precerebellar neurons from exiting the CNS. Overall, these studies challenge the existence and the role of a putative ventro-dorsal gradient of Netrin-1, guiding and promoting commissural midline crossing. Here, by broadly overexpressing Netrin-1 in the CNS using a novel transgenic line (Ntn1 tg ), we show that Netrin-1 does not need to be presented as a point source at the floor plate to promote commissural axon guidance and midline crossing. Overexpressing netrin-1 in the CNS is sufficient to rescue midline crossing in a Ntn1 knockout background. Therefore, our results suggest that commissural axons need Netrin-1 to reach the midline but that it does not need to be expressed in a ventro-dorsal gradient. Contribution: P. M. generated the Ntn1 tg mouse line. P. V. and N. R. amplified the line and verified its functionality. S. R-P performed all the experiments which were defined together with A. C. S. R-P also performed all the phenotype analyses. Figures and text editing were a collaborative work between A. C. and S. R-P.

Development and analysis of a novel mouse line to manipulate Ntn1 expression during commissural axon guidance

Sergi Roig-Puiggros 1 , Pauline Vieugue 2 , Nicolas Rama 2 , Patrick Mehlen 2 , Alain Chédotal 1*

Introduction

Commissural neurons ensure the cross-talk between the two cerebral hemispheres [START_REF] Aboitiz | One hundred million years of interhemispheric communication: the history of the corpus callosum[END_REF]Vulliemoz et al. 2005). These neurons, forming contralateral projections, arise in one of the two halves of the central nervous system (CNS) and send a projection to contralaterally located targets. They are present all along the CNS rostrocaudal axis and, in the mouse, are established during embryogenesis and first post-natal weeks (Chédotal 2014). In the hindbrain and the spinal cord, neuronal precursors from different progenitor domains of the ventricular zone (VZ) give rise to commissural neurons from embryonic day 9 (E9) to E16 in a sequential manner. In order to form these contralateral connections, commissural neurons exit the VZ and send their axon towards the floor plate at the ventral midline, and more rarely the dorsal midline. When the axonal leading processes reach the floor plate, they cross it and continue their journey contralaterally until they reach their final target. More than a century ago, Ramón y Cajal postulated in his "neurotropic theory", according to which floor plate (FP) cells are attractive and secrete diffusible factors attracting commissural axons (Ramón y Cajal 1892; Sotelo 2004). Over the last 30 years, midline crossing has been a central question for developmental neurobiologists and has become a key model to study axon guidance mechanisms (Stoeckli 2018). From these studies, several couples of ligands and receptors to playing a role in this process have been identified (Chédotal 2019). Netrin-1 is a secreted protein expressed by FP cells and VZ progenitors that was purified from chick embryo spinal cord extracts for its ability to promote commissural axon growth in various in vitro assays (Serafini et al. 1994;Kennedy et al. 1994). Using a gene-trap strategy, a Ntn1 mutant (an hypomorph with only residual netrin-1 expression) was generated. The severe reduction of Ntn1 expression in vivo strongly impaired midline crossing (Serafini et al. 1996). Deleted in colorectal cancer (Dcc) is a tumor suppressor gene downregulated in several types of colorectal cancers (Fearon et al. 1990;Hedrick et al. 1994). Interestingly, Dcc encodes a netrin-1 receptor expressed by most commissural neurons in the brain (Keino-Masu et al. 1996). As expected, the ablation of Dcc expression phenocopies most of the midline crossing defects reported in absence of netrin-1 (Fazeli et al. 1997). Together, these results made netrin-1 the archetypal longrange chemoattractant. According to this model, Dcc expressing commissural axons reach the midline by following up the high-ventral to low-dorsal gradient of netrin-1 secreted by floor plate cells.

Recently, novel genetic strategies using Ntn1 conditional knockouts demonstrated that in the hindbrain, FP-derived netrin-1(Shh:Cre;Ntn1 fl/fl ) is dispensable for commissural axon midline crossing whereas VZ-derived netrin-1 (Nes:Cre;Ntn1 fl/fl ) is necessary and sufficient for crossing (Dominici et al. 2017;Moreno-Bravo et al. 2018;Yamauchi et al. 2017;Yung et al. 2018). The situation is different in the spinal cord, where both FPderived netrin-1 and VZ-derived netrin-1 seem to equally important for commissural axon guidance and midline crossing. Both sources, VZ and FP, seems to act synergistically to promote midline crossing of Dcc expressing axons (Moreno-Bravo et al. 2019) suggesting that a point source of netrin-1 is not required. In absence of FP-derived netrin-1, commissural axons slightly deviate from their normal trajectory delaying midline crossing (Moreno-Bravo et al. 2019). In addition, VZ-derived netrin-1 has also been shown to promote the confinement of commissural neurons and axons into the CNS, possibly by providing a preferred substrate for growth (Laumonnerie et al. 2014;Moreno-Bravo et al. 2018;Yung et al. 2018). Altogether, these studies underline the key role of netrin-1 in commissural axon guidance.

Here, we further assessed the importance of the netrin-1 gradient by generating a transgenic line (Ntn1 tg ) allowing to overexpress and ectopically express human NETRIN-1 with specific Cre-drivers. Our data, support the hypothesis that Nerin-1 does not need to be presented in a gradient to promote commissural axon outgrowth and midline crossing.

Results huNtn1 ectopic expression during embryonic development

We first confirmed with in situ hybridization that, at E11, Ntn1 mRNA is expressed by FP cells and VZ progenitors In the developing spinal cord (n=3) and hindbrain (n=3, see also Kennedy et al. 1994;Yung et al. 2015;Bin et al. 2015;Dominici et al. 2017)(Figure 1A,E).

Using a netrin-1-specific antibody [START_REF] Kennedy | Axon Guidance by Diffusible Chemoattractants: A Gradient of Netrin Protein in the Developing Spinal Cord[END_REF][START_REF] Junge | Netrin1/DCC signaling promotes neuronal migration in the dorsal spinal cord[END_REF], we also confirmed that netrin-1 protein is present on FP cells, at the basal lamina and on pre-crossing commissural axons, both in spinal cord and hindbrain, (n=3, see also Varadarajan et al. 2017;Dominici et al. 2017) (Figure 1B,[START_REF] Amora | The utility of Zebrafish as a model for screening developmental neurotoxicity[END_REF]. netrin-1 immunoreactivity on radial glia endfeet (Figure 1B',B'',F',F'', n=3) suggests that VZ progenitors could transport and release netrin-1 at the basal lamina of the developing spinal cord and hindbrain. Next, to determine if overexpressing or ectopically expressing netrin-1 could perturb commissural axon guidance, we generated a novel mouse line in which the human Ntn1 cDNA, preceded by a floxed-stop cassette, was inserted, using homologous recombination, in the constitutively active Rosa 26 locus (Srinivas et al. 2001) (Figure 1; see methods). To perturb the level and spatial distribution of netrin-1 we used the Nes:Cre driver line which expressed Cre in the central nervous system (except in the floor plate and the roof plate) in addition to dorsal root ganglia (DRG) and cranial ganglia (Moreno-Bravo et al. S1).

2019)(Figure

To assess the over-expression of huNtn1, we performed in situ hybridization on E11 spinal cord and hindbrain sections using a huNtn1 probe (see methods), which recognized both human and murine Ntn1. In Nes:Cre;Ntn1 tg/+ mutants, we could observe an ectopic expression in the dorsal VZ (where no Ntn1 is found in control embryos) of huNtn1 both in the spinal cord (Figure 1C, n=3) and the hindbrain (Figure 1G,n=3). By performing netrin-1 immunolabelling after antigen retrieval, we found that at the protein level, this dorsal ectopic-expression was also translated by the ectopic presence of netrin-1 dorsally (arrowheads in F,H, n=3). Interestingly, in the dorsal E11 hindbrain of control embryos, the radial glia end-feet were not immunoreactive for Ntn1 (arrowheads in Figure 1F''). By contrast, Nestin + end-feet were also netrin-1 immunoreactive at dorsal levels (arrowheads in Figure 1H Interestingly, in E13 Nes:Cre;Ntn1 tg/+ mutant embryos, huNtn1 expression was increased in the spinal cord mantle layer. It extended dorsally and was not restricted the DREZ vicinity (arrowhead in Figure 2E,G, n=3 in each tissue). Moreover, an ectopic expression of huNtn1 was also present in the DRGs and in the cranial ganglia (arrows in Figure 2E,G). These results were also confirmed at the protein level with netrin-1 immunolabelling covering a much larger domain of the dorsal spinal cord and hindbrain (Figure 2B,D,F,H,n=3). This increased netrin-1 level in E13 Nes:Cre;Ntn1 tg/+ mutant embryos was also seen on Western blots of E13 spinal cord (n=10) and hindbrain (n=10) extracts.

Quantification of signal intensity showed a 1.6x significant increase in the spinal cord and 2x significant increase in the hindbrain in comparison with wild type embryos (Figure 2I-L). There was also a higher variability of the protein level between cases in the spinal cord compared to the hindbrain, which might be related to their differential developmental timing. Importantly, Nes:Cre;Ntn1 tg/+ mutants did not survive after birth (n=5)

Commissural axon guidance modulation by ectopic sources of huNtn1

Between E9 and E14, commissural axons express different transmembrane receptors such as Robo3 which are required for commissural axon guidance to the FP. At E11, in the spinal cord and hindbrain, Robo3 is only found in the pre-crossing portion of commissural axons (Figure 3A,J, n=5) while Dcc is found also in their post-crossing portion and motor projections (Figure 3B,K, n=5). Neurofilament, labels commissural axons but also motor axons and sensory projections (Figure 3C,L,n=5). At E11, the comparative analysis of those three different markers did not reveal any significant difference neither in commissural axon pathfinding nor in midline crossing (Figure 3E-G,N-P). The thickness of the ventral commissure (see methods) was comparable between the two conditions (Figure 3I,R). As aforementioned, in absence of netrin-1, commissural axons invade the DRGs and the cranial ganglia (Laumonnerie et al. 2014;Moreno-Bravo et al. 2018). To determine if CNS exit this was also observed in Nes:Cre;Ntn1 tg/+ mutants, we performed whole mount (WM) immunostaining for Robo3 and Islet 1 (marker for sensory neurons), followed by 3DISCO clearing and LSFM (Belle et al. 2014), on wild type and Nes:Cre;Ntn1 tg/+ mutants. In control embryos, a Robo3 + palisade of commissural axons grow ventrally and cross the midline at the floor plate level without invading the PNS (Figure 3D,M,n=3). This also did not reveal any significant defects between controls and mutants. At E13, no difference in commissural axon patterning was observed on the spinal cord sections (Figure 4A-C,E-G, n=5). However, WM immunostaining for Robo3, showed that some Robo3 + axons invaded the DRGs and that small Robo3 + axonal bundles were present along the roof plate. (Figure 4H,n=5). By contrast, no difference was found in ventral commissure thickness (Figure 4I). In the hindbrain, no major defect of commissural axon positioning was detected on section but some Robo3+ axons exited the CNS at the level of the ventral motor roots (Figure 4J-L,N-P, n=5). Likewise, WM immunostaining on E13 Nes:Cre;Ntn1 tg/+ confirmed a large invasion of the trigeminal cranial ganglia, and to a lesser extent of the vestibular ganglia, by Robo3 + commissural axons (Figure 4Q, 5K,L, n=5). Despite the exit of Robo3 + into the cranial nerves, the size of the ventral commissure was the same between Ntn1 tg/+ and Nes:Cre;Ntn1 tg/+ mutants. To confirm the commissural identity of these exiting fibers, we performed co-immunostaining between Robo3 and L1 (L1CAM), which is expressed by sensory axons and longitudinal tracts but not by commissural ones. In Ntn1 tg/+ embryos, Robo3 + axons are confined to the CNS and do not express L1, marker for and sensory projections (Figure 5A,C, n=5). In Nes:Cre;Ntn1 tg/+ embryos, which ectopically express huNtn1 in the CNS but also in the cranial nerves, Robo3 + axons in the PNS were not L1 + (Figure 5E,G, n=5). We next analyzed the distribution of netrin-1 in E13 Nes:Cre;Ntn1 tg/+ embryos. It confirmed that netrin-1 is present at more dorsal levels at the pial surface but also showed that commissural axons invading the cranial nerves, were immunoreactive for Ntn1 and (Figure 5B,D,F,H, arrowheads in F' and H', n=3).

The transgression of the hindbrain PNS/CNS boundary by commissural axons persisted in Nes:Cre;Ntn1 tg/+ mutants at least until E16, when Robo3 + fibers can still be observed invading the trigeminal nerve (Figure 6I-L). In addition, Barhl1 + cells are found in in the trigeminal nerve (Figure 6K,L). This confirms that these Robo3 + aberrant projections are from pontine neurons and suggest that either their cell bodies follow the axonal projection or that their PNS invasion is also promoted by the ectopic expression of netrin-1.

Previous studies have shown that the ventral migration of hindbrain precerebellar neurons, including those of the inferior olive is altered in Ntn1 hypomorphs as well and in Ntn1 mutants (Bloch-Gallego et al. 1999;Moreno-Bravo et al. 2018). This is also observed in Nes:Cre;Ntn1 fl/fl embryos (Moreno-Bravo et al. 2018;Yung et al. 2018). In controls, inferior olivary (IO) neurons arise from the rhombic lip and migrate tangentially towards the FP, where they stop migrating before their axons cross the midline to project into the contralateral cerebellum [START_REF] Bourrat | Migratory pathways and neuritic differentiation of inferior olivary neurons in the rat embryo. Axonal tracing study using the in vitro slab technique[END_REF]. At E13, the ventral stream of tangentially migrating IO neurons can be visualized using FoxP2 immunostaining. At this stage, many IO neurons have reached the midline and the nucleus as its typical golfclub shape (Figure 6A, n=3) and this was also the case in Nes:Cre;Ntn1 tg/+ mutants (Figure 6C, n=4). At P0 (postnatal day 0), WM immunostaining for Foxp2 and LSFM in cleared brains showed that the IO nucleus has acquired its lamellated morphology (Figure 6B-B'', D-D'', n=3) in Nes:Cre;Ntn1 tg/+ embryos as in controls. 7F,H). Moreover, some Robo3 + axons escaped the CNS and invaded the DRGs (arrowheads in Figure 7E,H). In the hindbrain, midline crossing was also restored (Figure R,n=4) although some disorganized crossing fibers were detected at the floor plate (Figure 7N'). Strikingly, exogenous IO neuron migration to the floor plate was rescued and the olive adopted its golf-club shape which is altered in Nes:Cre;Ntn1 fl/fl mutants (Figure 7M,Q, n=3). In Nes:Cre;Ntn1 fl/fl mutants, some hindbrain commissural axons invade cranial nerves (Figure 8A-C and Moreno-Bravo et al. 2018). By performing Robo3 WM immunostaining and LSFM on Nes:Cre; Ntn1 fl/fl ;Ntn1 tg/+ we could observe that despite midline crossing rescue, the transgression of the CNS/PNS boundary by some commissural axons was still observed (Figure 8D-F, n=5 on WM) . Robo3 + axons invaded the vestibular (Figure 8B,E) and the trigeminal nerves (Figure 8C,F).

Ntn1 overexpression rescues midline crossing in

Discussion

Functional validation of the tgNtn1 mouse line

Our aim was to develop a genetic tool that would allow the modulation of Ntn1 expression in mouse embryos, to analyze the impact of ectopic sources of this axon guidance molecule on growing commissural axons. This over-expression model was generated by inserting the huNtn1 gene into the Rosa26 locus. To modulate the expression of this construct by the expression of Cre specific drivers, a loxP-stop-loxP cassette was inserted upstream the inserted gene. Unlike in other Rosa26 locus reporter lines and to obtain huNtn1 physiological expression levels, no exogenous strong promoter was inserted upstream of HuNtn1. The control of the expression was then only under the ubiquitous Rosa26 promoter [START_REF] Soriano | Generalized lacZ expression with the ROSA26 Cre reporter strain[END_REF]Li et al. 2018). Using the Nes:Cre driver we could observe that huNtn1 expression was broadly expressed, albeit at a low level, in most of the CNS and some PNS structures such as the DRGs and the cranial ganglia.

Although, a flag tag was also inserted downstream of huNTN1, no expression of this tag could be detected by immunostaining or Western blot suggesting that it is not properly expressed or cleaved. To further confirm the induction of huNtn1 expression using different Cre drivers, we also used a Dkk3:Cre promoter to induce a broad expression of huNtn1 in the developing retina (data not shown). In both cases, we did observe an impact on axon outgrowth. Interestingly, in the two systems the broad ectopic expression of huNtn1 induced similar axon guidance phenotypes as observed in total absence of netrin-1 (Serafini et al. 1996;Yung et al. 2015;Bin et al. 2015;Dominici et al. 2017). We could observe that a dorsal presence of HuNetrin-1 induces Robo3 + fibers dorsal crossing in the hindbrain and that DRGs and cranial nerves are also invaded by commissural axons. Nevertheless, using the Nes:Cre driver only induces HuNetrin-1 expression relatively late in embryonic development,. As previously published, between E9 and E11, a mosaicism in the expression of the Tomato is observed in Nescre;

Rosa Tom and from E12 on, the expression of the Cre recombinase becomes broad and stable (Moreno-Bravo et al. 2019). Indeed, this could explain the absence of noticeable commissural axon guidance observed at E11, when most of the present Ntn1 would come from its usual expression in the developing CNS. Finding a Cre driver triggering the expression at earlier developmental stages could allow us to determine if midline crossing by commissural axons could be affected by netrin-1 overexpression.. It would also be interesting to go further and determine whether the Ntn1 tg line could be used with inducible-Cre drivers lines to better control the spatio temporal expression of ectopic HuNetrin-1.

PNS/CNS transgression by commissural axons

During embryogenesis, the CNS and the PNS are segregated by physical and molecular mechanisms that prevent the transgression of this boundary by CNS growing axons and migrating cell bodies. Boundary cap cells (BCC) and the meninges have been shown to be physical and molecular barriers preventing this invasive behavior [START_REF] Radomska | Boundary cap cells in development and disease[END_REF]Suter et al. 2017). Besides, we recently demonstrated that in complete absence and in Nes:Cre;Ntn1 fl/fl mutants, commissural axons and precerebellar neurons cross the boundary and invade the PNS (Moreno-Bravo et al. 2018). We suggested that in fact, commissural axons do not actively avoid spinal cord and hindbrain nerve roots but rather prefer to extend into Netrin + domains. By ectopically expressing HuNetrin-1 in the DRGs and the cranial ganglia, a commissural invasion of these PNS structures was observed. Furthermore, in presence of HuNetrin-1 in the dorsal portion of the hindbrain, commissural axons abnormally grow along the meninges over the 4 th ventricle. These results strongly support the hypothesis that Robo3 + commissural axons prefer to extend on netrin-1 + regions. In our previous study (Moreno-Bravo et al. 2018), we also demonstrated that BC cells were unaffected and remain functional in absence of netrin-1.H er e, we did not verify that this is the case when DRG and cranial nerve populations ectopically express HuNetrin-1. If they are intact, we could propose that a broad expression of netrin-1 in the CNS and the PNS could be as misleading for commissural axons than the complete absence of netrin-1, generating erratic and randomized axonal migration in all netrin-1 + domains.

Interestingly, as aforementioned, commissural axons are not the only one to invade the PNS domains expressing HuNetrin-1 as at E16, Barhl1 + cells (most likely pontine neurons) were detected in the trigeminal nerve.

Is a point source of netrin-1 required to promote commissural axon guidance?

Recently, we and other revisited a long-standing paradigm about commissural axon guidance during CNS development. Although commissural axon growth along a gradient of FP-derived Ntn1 was accepted as the textbook example of long-range chemoattraction, we showed that in the hindbrain, FP-derived Ntn1 is dispensable for commissural axon guidance. By contrast, VZ-derived Ntn1 is necessary and sufficient to promote commissural axons attraction and midline crossing (Dominici et al. 2017;Yamauchi et al. 2017). Concomitantly, the same results were obtained at early stages of spinal cord development (Varadarajan et al. 2017). By further studying the role of FP and VZ as Ntn1 sources for spinal commissural axon guidance, we showed that they both act synergistically and non-redundantly in this region (Moreno-Bravo et al. 2019).

Altogether, these studies show that FP-derived Ntn1 is not sufficient to promote commissural axon guidance and midline crossing, suggesting that a point source of netrin-1 is not sufficient to attract commissural axons in a long-range manner. Here, in a Nes:Cre;Ntn1 fl/fl mutant background, we ectopically expressed huNtn1 in a broad manner using the same Cre driver. Interestingly, we observed that commissural axons find their way towards the ventral midline and properly cross the midline. Although midline crossing was restored, axons seem to do it in a disorganized manner. To further investigate this, DiI (1,1'-dioctadecyl-3, 3, 3', 3'-tetramethylindocarbocyanine perchlorate) injections and pathfinding analysis of commissural projections will have to be performed (Moreno-Bravo et al. 2019). Moreover, IO neuron migration, altered by the absence of VZ-derived netrin-1, is also rescued in this line. These results suggest and support our previous hypothesis that a point source of netrin-1 is not necessary, but that commissural axons preferentially grow on netrin-1 + domains and that perhaps, other guidance cues orient their migration towards the ventral midline. Overall, our results support a model according to which netrin-1 presence in the CNS is required for

Methods: Development and analysis of a novel mouse line to manipulate Ntn1 expression during commissural axon guidance

Generation of the Ntn1 tg mouse line

The Ntn1 tg mouse line was generated by the SEAT (service d'expérimentation animale de transgénèse et de recombinaison homologue) by inserting a floxed-STOP cassette (3x PolyA) followed by the huNtn1 cDNA and an M2 flag sequence into the Rosa26 locus (Srinivas et al.

2001).

The linearized construct was electroporated into 129Sv/Pas mouse embryonic stem (ES) cells.

After selection, targeted clones were identified by PCR using external primers. The positive ES cell clones were injected into C57BL/6J blastocysts and gave rise to male chimaeras with a significant ES cell contribution. Breeding was established with C57BL/6 mice expressing the Flp-recombinase, to produce the heterozygous Ntn1 tg/+ line devoid of the neomycin cassette.

Analysis of mutant embryos

The following mouse lines were used: Ntn1 conditional knockout (Ntn1 fl ) (Dominici et al. 2017), Nestin:Cre (Nes:Cre) (Tronche et al. 1999) and Ai9 RosatdTomato (Rosa Tom ; Jackson lab).

Genotypes were determined by PCR using genomic DNA from tail extracts. Embryonic day 0.5 was considered the day of the vaginal plug. Male and females were used without distinction. Mice care and housing followed the institutional guidelines, approved by the Charles Darwin Ethics Committee of Sorbonne Université.

Immunohistochemistry

Embryonic tissue was fixed overnight (o/n) at 4°C in 4% paraformaldehyde (PFA) solution in 0.12M phosphate buffer, pH 7.4. The fixation step was followed by cryoprotection (10% sucrose) and freezing (isopentane). Samples were sectioned at 20µm, which were blocked in PBS-gelatin (0.2%, PBS-GT) with 0.25% Triton X-100 (Sigma-Aldrich) and incubated with the following primary antibodies at room temperature (RT) o/n: goat anti-human Robo3 (1:500, R&D Systems AF3076), goat anti-Dcc (1:500, Santa Cruz sc-6535), rat anti-mouse netrin-1 (1:1000, R&D Systems MAB1109), rabbit anti-DsRed (1:1000, Clontech 632496), mouse anti-neurofilament (1:500, DSHB 2H3), rabbit anti-Islet1 (1:1000, Abcam AB20670), rat anti-L1 (1:500, Millipore MAB5272). The netrin1 antibody signal was increased by using an antigen retrieval method. The sections were boiled in citrate buffer (pH6) during 5 min before the blocking step.

Species-specific secondary antibodies conjugated to Alexa Fluor fluorophores from Jackson

ImmunoResearch or Invitrogen were used after primary antibodies incubation. The sections were counterstained with DAPI (1:1,000, Sigma-Aldrich). The slides were scanned with a Nanozoomer (Hamamatsu) and confocal microscope (FV1000, Olympus) and processed using ImageJ (NIH) and Adobe Photoshop CS6.

Whole-mount immunostaining and clearing procedure

Whole E11 embryos and E13 hindbrains and spinal cords were immunostained and cleared as previously described (Belle et al. 2014). Shortly, samples were bleached using 6% hydrogen peroxide solution in 100% methanol (o/n at 4°C) after dehydration in the latter. The blocking process was performed inn PBS-GT with 0.5% Triton X-100 (Sigma-Aldrich) o/n at RT. Primary antibodies were incubated in PBS-GT 0.5% during 5 days at 37°C while secondary antibodies incubation was only o/n at 37°C.

Image processing

3D imaging was performed with a light-sheet fluorescence microscope (Ultramicroscope I, LaVision BioTec) using Imspector Pro software (LaVision BioTec). Images and 3D volume were generated using Imaris 3 64 software (Bitplane).

In situ hybridization

The huNtn1 antisense RNA probe was labeled with digoxigen-11-dUTP (Roche Diagnostics) as described elsewhere [START_REF] Marillat | Spatiotemporal expression patterns of slit and robo genes in the rat brain[END_REF] by in vitro transcription of cDNA encoding for the sequence of interest.

Western blot

Spinal cords and hindbrains were dissected from Ntn1 tg/+ and Nes:Cre;Ntn1 tg/+ E13 embryos.

They were separately lysed in RIPA buffer and incubated 20 minutes at 4°C. 25µg of the total protein were loaded in a 10% Mini Protean TGX precast gel (Biorad) and blotted onto a nitrocellulose membrane (Biorad). Membranes were blocked with 5% dried milk and 3% of BSA in TBS-0.1% Tween (TBS-T) for 1 hour at RT and incubated at 4°C o/n with the rat antimouse netrin-1 (1:1000, R&D Systems MAB1109) primary antibody. After repeated washes in TBS-T, membranes were incubated with HRP-conjugated anti-rat secondary antibodies (1:7000, Jackson ImmunoResearch). Detection was performed using Pierce ECL Western blotting substrate (ThermoScientific).

Quantification and statistical analysis

No statistical method was used to predetermine sample sizes and we did not perform randomization into groups. An observer blinded to the experimental conditions realized all the quantifications. All the data are represented as mean values ± SD. Statistical significance was estimated using one-sided unpaired tests for non-parametric tendencies (Mann-Whitney) and differences were considered significant for p value < 0.05.

The thickness of the spinal cord ventral commissure was quantified using at least 5 sections of brachial SC per embryo. To minimize the developmental variations, every section value was normalized toward the height of the SC. The Y axis of the graphical representations corresponds to the values of the ventral commissure (µm) normalized with the spinal cord height (µm). In the graphical representations of the hindbrain ventral commissure quantifications, the Y axis correspond to the size of the ventral commissure (µm).

In all graphical representations, each point represents one of the quantified embryos. At least 5 embryos of each genotype and from 3 different litters were quantified for the analysis between Ntn1 tg/+ and Nes:Cre;Ntn1 tg/+ . For the comparison between Nes:Cre;Ntn1 fl/fl and Nes:Cre;Ntn1 tg/+ only two embryos two and three embryos, respectively, were quantified.

Data software and availability

The data that supports the findings of this study are available from the lead author upon reasonable request.

All statistical analyses, means, and variance calculations were performed using Microsoft Excel and Graphpad Prism7 software. Ventral view of the hindbrain (J,L) confirms that Robo3 + axons cross the midline in controls and mutants. Scale bar is 200µm in A-H, J, L, 100µm in E'-H' and 300µm in I, K. 

Introduction

The interconnection of the two halves of the central nervous system (CNS) is essential for motor coordination and sensory integration (Vulliemoz et al. 2005). This bilateral wiring is ensured by commissural neurons. In mice, they are generated from early embryonic stages to the first post-natal week and form a large diversity of anatomical and functional contralateral tracts throughout the rostro-caudal axis of the CNS (Chédotal 2014). Spinal cord commissural neurons have been one of the most used models to study axon guidance processes over the last 30 years (Stoeckli 2018). The study of the molecular mechanisms triggering commissural midline crossing has led to the identification of several receptors and ligands, which are involved in highly conserved guidance mechanisms (Chédotal 2019). From these studies, the receptor roundabout 3

(Robo3) has emerged as the key regulator of this stereotypical event. Indeed, in its absence, most of commissural axons fail to cross the midline and project ipsilaterally (Sabatier et al. 2004;Renier et al. 2010).

Robo3 is the only gene known to be specifically expressed during the development of most commissural systems and its expression is rapidly downregulated after midline crossing (Sabatier et al. 2004;Marillat et al. 2004;Friocourt et al. 2019). Since its (Bouvier et al. 2010;Inamata and Shirasaki 2014). Dbx1 is also expressed in the spinal cord V0 domain from where commissural interneurons projecting to contralateral motor neurons originate. Indeed, Dbx1 mutant mice exhibit locomotor coordination defects (Lanuza et al. 2004). In the spinal cord dl1 neurons arise from the dorsal progenitor domain expressing Atoh1 and later Barhl2 (Ding et al. 2012). Lhx2 and Lhx9 transcription factors are expressed in these neurons, which give raise to dl1i

(ipsilateral) and dl1c (contralateral) (Wilson et al. 2008). Interestingly, in Lhx2/Lhx9 knockout mice, dl1 interneurons do not express Robo3 and only project ipsilaterally.

Lhx2 DNA binding domains were found in Robo3 intronic regions indicating a direct Lhx2/Robo3 transcriptional regulation mechanism in dl1 neurons. In vitro, Pax2 has also been shown to activate Robo3 expression by derepressing Rb (Yuan et al. 2002).

Despite these observations, no commissural guidance defects have been reported in Pax2 mutants (Torres et al. 1995). Altogether, these data indicate that Robo3 expression can be specifically regulated in some commissural subtypes. However, Robo3 is expressed by most commissural neurons throughout the CNS and other genes not yet identified should be involved in commissural development. To broaden our knowledge on commissural development we explored the ribosome-bound transcriptome (called translatome) of spinal cord and hindbrain commissural neurons.

In the last decade, several approaches have been applied to study the transcriptome of developing neuronal populations. Most include flow cytometry cell sorting (FACS), usually preceded by tissue dissociation. This step inherently involves a mechanical and enzymatic axotomy. Commissural neurons contain the receptors required for axonal pathfinding in their axons, local transcription could be essential and keeping the axons would be a safer approach. Moreover, very recently it has been shown that the dissociation step modifies the transcriptome of microglia [START_REF] Haimon | Re-evaluating microglia expression profiles using RiboTag and cell isolation strategies[END_REF]. To obtain a global and unbiased picture of ongoing transcriptional events, other approaches have been developed to bypass the need for tissue dissociation and FACS. Instead of having access to the global transcriptome, these techniques aim at accessing the translatome of specifically targeted cell populations [START_REF] Sanz | Cell-typespecific isolation of ribosome-associated mRNA from complex tissues[END_REF][START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF]. They are based on polysome immuno-precipitation (IP), followed by ribosome-bound RNA purification and NGS sequencing. Among these approaches the transgenic RiboTag mouse line allows to purify translatomes by IP of the cre induced hemagglutinin (HA) tagged Rpl22 protein (Rpl22-HA) of the 60S ribosomal subunit [START_REF] Sanz | Cell-typespecific isolation of ribosome-associated mRNA from complex tissues[END_REF].

In this study, we applied the RiboTag approach to analyze commissural neurons translatome in the developing spinal cord and hindbrain. We first compared commissural neurons (targeted with the Robo3:cre driver, [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF] with the whole developing neuronal populations of the hindbrain and the spinal cord (targeted with the Nes:cre driver). We then compared commissural translatome between spinal cord and hindbrain. We ended up with 4 transcription factors already knoqn to be involved in spinal cord commissural development. Moreover, we identified 14 other TFs, whose functions have never been associated with commissural development so far. The expression of 9 genes was up in both spinal cord and hindbrain while the expression of the remaining ones was up specifically in the hindbrain (5 genes). Altogether, these data suggest that common and specific molecular mechanisms orchestrate commissural development in the posterior brain.

Results

Cellular specificity of the commissural and the pan-neuronal cre drivers

To specifically isolate the translatome of commissural neurons from crude tissue extracts we took advantage of the RiboTag approach [START_REF] Sanz | Cell-typespecific isolation of ribosome-associated mRNA from complex tissues[END_REF]). This procedure relies on the crossing of the RiboTag mouse line with a cell-specific cre mouse line.

In the target cell population the cre recombinase drives the specific expression of the hemagglutinin (HA) epitope-targeted Rpl22 ribosomal subunit (Rpl22-HA)(figure 1A).

Since Robo3 is specifically expressed in developing commissural neurons, we took advantage of the Robo3:cre driver to tag commissural ribosomes [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF].

To identify new genes specifically involved in commissural development, we performed a differential analysis between the commissural translatome (Robo3:cre) and a panneuronal translatome (Nes:cre)(figure 1B). The Nestin:cre driver induces cre recombinase expression in most of the CNS cell populations including commissural neurons (Dominici et al. 2017;Moreno-Bravo et al. 2018). Therefore, we expected an enrichment in the expression of commissural genes in the Robo3:cre samples compared to the Nestin:cre ones.

We first confirmed the specificity of the Robo3:cre and Nestin:cre drivers with the Rosa26 tdTomato reporter mouse line (Rosa Tom ). In the spinal cord and hindbrain of E12 Accordingly, when crossed with the RiboTag mouse line, Robo3:cre and Nestin:cre drivers induced Rpl22-HA expression in commissural neurons and in pan-neural CNS cells respectively (figure 1C,D). To further confirm the specificity of the Robo3:cre driver, we performed co-immunostainings between the Rpl22-HA and other spinal cords cell markers. Rpl22-HA + cells never co-localised with cells expressing progenitor (Nestin + and Olig2 + ), motor (Chat + ) and glial (Olig2 + ) markers (figure S1J-L).

Commissural and pan-neuronal translatomes purification

Spinal cords (Sc) and hindbrains (Hb) were dissected from E14 embryos of the following genotypes: Robo3:cre; RiboTag +/+ , Nes:cre; RiboTag +/+ ; and RiboTag +/-(heterozygotes).

Immunoprecipitation of HA-tagged polysomes was performed with an ⍺-HA antibody coupled to magnetic beads after mixing the Sc and the Hb of each embryo (figure 2A).

2% of whole extracts, 5% of immunoprecipitated beads and 2% of the flow-through were used to check the specificity and the yield of the immunoprecipitation step by western blot. As expected Rpl22-HA protein was detected only in cre + samples except in the flowthrough (figure 2B). Ribosomal-bound RNA from each embryo was purified and quantified by capillary electrophoresis (figure 2C). As expected from the reporter expression under the Nes:cre and Robo3:cre drivers in Sc and Hb, the amount of purified RNA was 2-3 times higher in Nestin:cre samples than in Robo3:cre ones. Unexpectedly, low quantity of RNA was also purified from RiboTag +/-samples (Cre -, figure 2C). This result indicates that some unspecific interactions occur between the ⍺-HA antibody coupled to magnetic beads and the untagged ribosomes or the free cytoplasmic RNA.

Purified ribosomal-bound RNAs from 2-3 Robo3:cre; RiboTag +/+ and Nes:cre; RiboTag +/+ embryos were pooled for each sample. Three independent RNA samples, for each genotype (Robo3:cre; RiboTag +/+ and Nestin:cre; RiboTag +/+ ), were prepared and 200 ng of RNA for each sample were submitted to NGS sequencing.

Differential analysis of commissural and pan-neural translatomes

About 12500 genes have been identified for each sequenced sample. Principal Component Analysis (PCA) was applied to describe the variability between different samples (Robo3:cre; RiboTag +/+ versus Nestin:cre; RiboTag +/+ ) and between replicates from each condition. Significant separation was observed between Robo3:cre; RiboTag and Nestin:cre; RiboTag clusters indicating that the commissural and the pan-neuronal translatomes were different (figure 2D). However, while the three Robo3:cre samples cluster properly, one out of the three Nestin:cre samples was isolated. This last result suggests that bias in the different steps of the experimental procedure can heavily influence the quality of the sequenced translatome. Yet, since Robo3:cre; RiboTag +/+ and Nestin:cre; RiboTag +/+ clusters were significantly different, we proceeded to the differential analysis using all samples. Parameters of the analysis were defined as following:

CPM threshold ≥ 2. Identified genes were considered in the analysis only if they had at least 2 counts per million reads mapped (CPM). This means that genes identified with a very low number of reads (<100) are discarded from the analysis to avoid artefacts.

Fold-Change (FC) threshold ≥ 2. Genes were considered significantly enriched only if the number of reads was at least double. All the genes with FC<2 were considered not significantly enriched.

FDR threshold, adjusted p value ≤0,05. This threshold helps to trim false positive data.

Expression enrichments were considered real only if adjusted p value was below 0,05.

Under these parameters, the differential analysis revealed 438 genes enriched in Nestin:cre; RiboTag samples and 149 enriched in Robo3:cre; RiboTag (figure 2E). The analysis of the 149 genes confirmed expression enrichment of known commissural genes (FC≥1.5) and impoverishment of known glial, motor and V2 neuronal genes (figure 2F-H). Unexpectedly, the commissural marker Robo3 was not found enriched in the commissural translatome. Moreover many mesenchymal related genes were found in both Robo3:cre; RiboTag +/+ and Nestin:cre; RiboTag +/+ translatomes (figure 2I). These results highlight that the differential analysis between commissural and pan-neural translatomes was effective although a contamination of mesenchymal mRNAs was observed. A recent single cell transcriptomics study showed that mesenchymal cells can easily be co-purified with neural tissue during embryonic spinal cord dissection [START_REF] Delile | Single cell transcriptomics reveals spatial and temporal dynamics of gene expression in the developing mouse spinal cord[END_REF].

Novel commissural related genes

As previously mentioned, 149 genes were enriched in commissural neurons (figure 3A).

Gene ontology analysis [START_REF] Thomas | PANTHER: A library of protein families and subfamilies indexed by function[END_REF] was performed and showed that 30% of commissural candidates, the most enriched class of proteins, were transcription factors (figure 3B). Interestingly 10% of the total enriched genes were non-coding RNAs (data not shown). Cytoskeleton and extracellular matrix related factors, some signaling and cell adhesion molecules were also found. We decided to focus on transcription factors and their possible involvement in commissural development. Out of 148 genes, 48 were transcription factors clearly enriched in commissural samples when compared to panneuronal translatome (figure 3C). Out of these 48 transcription factors, 30 genes were put aside as known to be expressed in mesenchymal cells. We focused on the remaining 18 candidates identified with FC≥2 (red-named in figure 3C). Dmrt3, Wt1, Pitx2, Sim1

are already known to be involved in development of spinal cord commissural neurons [START_REF] Blacklaws | Sim1 is required for the migration and axonal projections of V3 interneurons in the developing mouse spinal cord[END_REF][START_REF] Perry | Characterization of Dmrt3-derived neurons suggest a role within locomotor circuits[END_REF][START_REF] Zagoraiou | A Cluster of Cholinergic Premotor Interneurons Modulates Mouse Locomotor Activity[END_REF][START_REF] Schnerwitzki | Neuron-specific inactivation of Wt1 alters locomotion in mice and changes interneuron composition in the spinal cord[END_REF]. The 14 transcription factors left, have never been related to commissural neuron development so far. Tcf24 is a gene of unknown function and novel identified mutations of it have been associated with human intracranial aneurysm [START_REF] Hong | Genomic Variations in Susceptibility to Intracranial Aneurysm in the Korean Population[END_REF]. All the other genes are involved directly or indirectly in the development of the CNS. The expression level of all these factors varies from 150 to 7500 reads. This high difference in gene expression suggest that among the 14 transcription factors identified, some will define restricted commissural subtypes (Tcf24, Phox2a, Hmx2 and Hmx3, Onecut1, Pou6f2, Prdm6, Sox7) while others (Onecut2, Onecut3, Dmbx1, Mecom, Pou2f2 and Zfhx3) will probably be expressed much broadly.

(fig 3D,E,

Hindbrain and spinal cord differential analysis

Two previous studies from our group showed that axon guidance mechanisms are not totally conserved between hindbrain and spinal cord commissural development (Dominici et al., 2017 andMoreno-Bravo et al., 2019). These studies suggest that spinal cord and hindbrain commissural neuron translatomes could differ. We therefore used the RiboTag approach with the Robo3:cre driver to identify genes differentially expressed in hindbrain and spinal cord commissural populations.

Sc and Hb were dissected from E12 embryos and kept separated at -80°C (figure 4A).

Tissue extracts were made after pooling Sc and Hb frozen tissues from 5 different embryos. Immunoprecipitation of HA-tagged polysomes and RNA purification were performed and analyzed as previously described (figure 4B,C). 6 RNA samples of 200 ng each were submitted to NGS sequencing. About 12700 genes were identified for each sequenced sample. Principal Component Analysis (PCA) was applied to describe the variability between the two different conditions (Robo3:cre; RiboTag Sc versus Robo3:cre; RiboTag Hb) and between replicates. Significant separation was observed between Sc and Hb clusters indicating that the two commissural translatomes were different. Hindbrain samples clustered together, while one of the spinal cord samples was clearly distinct from the two others (figure 4D).

These results reinforce the idea that the RiboTag methodology applied to embryonic tissues might introduce bias impairing samples reproducibility, in particular with embryonic spinal cord. However, as Sc and Hb translatomes were overall significantly different, we proceeded to the differential analysis with the same thresholds previously described. 576 genes were found differentially expressed among which 475 enriched in the spinal cord and 101 in the hindbrain (figure 4E).

First, we verified if the 48 transcription factors previously identified as commissural enriched genes at E14 were also present in this second RNA-seq analysis. Four out of 30 mesenchyme related genes were not found while all the others were highly enriched only in one spinal cord sample, the most heterogeneous in the PCA. These results highlight that mesenchymal contamination of spinal cord samples can occur randomly during dissection. Moreover, this contamination cannot be eliminated as it should happen by HA-tagged polysomes immunoprecipitation. Interestingly, if we discard this sample, we can observe that the 18 transcription factors found in the previous analysis at E14 are all present at E12. They can be classified in three groups according to their and Onecut2) (figure 4F). As already observed in the previous RNA-seq analysis, the expression level of these genes is highly variable (figure 4G). As their relative expression was maintained in both RNA-seq analyses (Figure S2), we believe that these differences are most likely related to the expression of these factors by discrete and larger commissural populations.

Expression pattern of two novel commissures-related transcription factors

As mentioned above, Tcf24 and Onecut3 have been found enriched first in commissural neurons and then more specifically, in hindbrain commissural populations. To further verify these results, we performed in situ hybridizations for these genes in the spinal cord and the hindbrain. In E12 spinal cord, Robo3 is expressed by post-mitotic commissural neurons along the dorso-ventral axis (figure 5A). In the caudal hindbrain, Robo3 is also expressed by commissural neurons including tangentially migrating neurons (arrowheads in figure 5B). In the rostral portion of the developing hindbrain, Robo3 is also present in deep cerebellar nuclei in the developing cerebellum (arrowhead in figure 5C). Some midbrain populations also express Robo3 (figure 5C,D).

Tcf24 expression pattern confirmed the RNA-seq observations. Indeed, it was only found in the hindbrain, not in the spinal cord (figure 5E). On both sides of the floor plate, we could observe a Tcf24 + cluster and some positive sparse cells (figure 5H and figure S3A-C). In sagittal sections at E17, Tcf24 was found at the boundary between the rhombomere 1 and 2. The Barhl1 immunostaining (marker for pontine neurons, [START_REF] Li | Activation of FAK and Src are receptorproximal events required for netrin signaling[END_REF], after in situ hybridization, showed that Tcf24 + neurons not of pontine identity despite their proximity to this nuclei (figure S3C,I). Although Onecut3 was enriched in hindbrain commissural populations (figure 4F,G), Onecut3 + cell populations were observed both in the spinal cord and the hindbrain (figure 5 I-L). It has already been

shown that Onecut3 is expressed by spinal cord interneurons and that it is involved in their differentiation [START_REF] Kabayiza | The onecut transcription factors regulate differentiation and distribution of dorsal interneurons during spinal cord development[END_REF][START_REF] Harris | Onecut factors and Pou2f2 regulate the distribution of V2 interneurons in the mouse developing spinal cord[END_REF]. Indeed, Onecut3 appeared to be expressed by ventrally located cell populations (figure 5I). Nevertheless, Onecut3 expression has never been reported in the hindbrain. Interestingly, it is also expressed by ventral populations adjacent to the floor plate (figure 5J). Its expression becomes broader in more rostral areas (figure 5K) and at the most rostral part, the cell populations expressing Tcf24, could also express Onecut3. These results suggest that Tcf24 and

Onecut3 could be involved in the development of this unidentified population.

Unfortunately, it will be difficult to confirm the co-expression between Robo3 and these two genes with standard in situ hybridization approaches.

Discussion

Is the RiboTag approach as specific as expected?

The RiboTag approach has extensively been used in vivo to isolate specific cell population translatome without previous tissue dissociation [START_REF] Sanz | Cell-typespecific isolation of ribosome-associated mRNA from complex tissues[END_REF][START_REF] Haimon | Re-evaluating microglia expression profiles using RiboTag and cell isolation strategies[END_REF][START_REF] Matern | Transcriptomic Profiling of Zebrafish Hair Cells Using RiboTag[END_REF][START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF]). Indeed, it has been shown that cell dissociation can induce transcriptional changes [START_REF] Haimon | Re-evaluating microglia expression profiles using RiboTag and cell isolation strategies[END_REF]) and lead to a loss of information contained in the chopped axons [START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF]. However, and unexpectedly, we isolated a-HA IP RNAs from cre -samples in our two distinct analyses.

This observation shows that during IP experiments, non-targeted RNAs can be isolated together with the RPL22-HA ribosome-bound RNAs. These non-targeted RNAs represent a source of positive artifacts. Indeed, by PCA analysis, we observed that variability among replicates was high. In the first differential analysis (Robo3:cre/Nestin:cre) this variability was homogenously distributed among replicates and we couldn't clearly identify the source of contamination. Instead, in the second differential analysis (Robo3:cre spinal cord/Robo3:cre hindbrain), only one out of the three spinal cord replicates was very divergent. RNA-seq analyses allowed to identify a bunch of mesoderm related genes as the major source of contamination (figure 4F).

These factors appeared "enriched" not only in the spinal cord outlier sample of the second differential analysis but also in the commissural translatome of the first differential analysis (Robo3:cre/Nestin:cre). This means that a systematic uncontrolled contamination occurs in most of our RNA samples purified from spinal cords. A recent single cell analysis of the developing spinal cord has shown that spinal cord dissections contain mesoderm tissue [START_REF] Delile | Single cell transcriptomics reveals spatial and temporal dynamics of gene expression in the developing mouse spinal cord[END_REF]. Thus, we hypothesized that non-targeted RNAs from this extra-neuronal tissue were copurified during the Ribotag a-HA IP step.

In a recent study, the transcriptome of spinal cord commissural neurons has been analyzed after FACS purification [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF]. We verified the available data and none of the 22 mesoderm contaminants that we identified was found enriched in the commissural transcriptome. Overall these results indicate that applying the RiboTag approach to the embryonic spinal cord generates data which requires careful verification, to detect positive artifacts mainly due to mesoderm contamination. Although this contamination can potentially hinder the identification of novel bona fide commissuralrelated candidates we were able to select 18 transcription factors potentially involved in commissural development. Indeed 15 of them were found similarly enriched in the transcriptome of FACS purified commissural neurons [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF]. Regarding the three others, Sox7 was found preferentially enriched in the hindbrain, which matches with its already known expression in cultured cerebellar granule neurons (Wang et al. 2015). Hmx2 and Hmx3 are expressed in E12 spinal cord [START_REF] Delile | Single cell transcriptomics reveals spatial and temporal dynamics of gene expression in the developing mouse spinal cord[END_REF] and in otic vesicles [START_REF] Lufkin | Hmx homeobox gene function in inner ear and nervous system cell-type specification and development[END_REF].

Identification of novel TFs potentially involved in commissural development

The aim of this study was to identify novel genes involved in commissural development.

We applied a commissural RNA enrichment strategy and identified 149 candidates whose expression was enriched at least twice in commissural neurons. As we observed 4 transcription factors known to be involved in spinal cord commissural development:

Dmrt3, Wt1, Pitx2 and Sim1 [START_REF] Blacklaws | Sim1 is required for the migration and axonal projections of V3 interneurons in the developing mouse spinal cord[END_REF][START_REF] Perry | Characterization of Dmrt3-derived neurons suggest a role within locomotor circuits[END_REF][START_REF] Zagoraiou | A Cluster of Cholinergic Premotor Interneurons Modulates Mouse Locomotor Activity[END_REF][START_REF] Schnerwitzki | Neuron-specific inactivation of Wt1 alters locomotion in mice and changes interneuron composition in the spinal cord[END_REF], we focused our analysis on this category. In the first differential analysis Tcf24 and Onecut3 were the two most enriched commissural candidates. Tcf24 function is still unknown and Onecut3 is expressed in some subtypes of spinal cord dorsal interneurons [START_REF] Kabayiza | The onecut transcription factors regulate differentiation and distribution of dorsal interneurons during spinal cord development[END_REF]. Moreover, a recent study showed that Onecut3 is involved in the neuronal differentiation of human induced pluripotent stem cells (van der [START_REF] Raadt | ONECUT transcription factors induce neuronal characteristics and remodel chromatin accessibility[END_REF]). However, its involvement into commissural development has never been addressed. In the commissural translatome, the expression level of Tcf24 and Onecut3 genes was different, Onecut3 being expressed 2-3 times more than Tcf24. In situ hybridization experiments confirmed that their expression pattern was highly different. Onecut3 is expressed broadly in the spinal cord and the hindbrain while Tcf24 expression is restricted to a rostral and yet unidentified hindbrain neuronal subpopulation. In situ hybridization data suggests that this Tcf24 + population could also be Onecut3 + . Moreover, Robo3 expression in this Tcf24 + neuronal population should be further explored to confirm the co-expression of these three factors.

To isolate the commissural translatome we took advantage of the Robo3:Cre driver. As mentioned, Robo3 is only expressed in pre-crossing commissural neurons. Moreover, pre and post-crossing commissural neurons are present at E14. Therefore, the identified candidates, such as Tcf24 and Onecut3, could correspond to genes whose expression is concomitant or posterior to Robo3 expression.

Are these factors involved in midline crossing?

Robo3 is the key regulator of commissural midline crossing. We could therefore wonder if Robo3 regulates the expression of these transcription factors in pre-crossing commissural neurons or the other way around. E12 and E14 commissural translatomes of Robo3:cre;RiboTag;Robo3 -mutants, who carry two null alleles of Robo3 and lack commissures, were also sequenced (data not shown). No difference between wild-type and Robo3-deficient translatomes was observed neither in the spinal cord nor in the hindbrain. Moreover, the 18 previously described transcription factors were found similarly expressed in wild-type and Robo3 mutant translatomes. This suggests that their expression is not induced by Robo3, although we cannot discard their involvement in Robo3 activation.

Commissural neurons diversity

In vivo, distinct molecular mechanisms specifically regulate Robo3 expression in determined commissural populations. Still, no master regulator has been found to regulate Robo3 expression in all commissural populations (Friocourt and Chédotal 2017). Among the 18 isolated TFs, 4 of them are already known to be expressed in the spinal cord commissural transcriptome from FACS-purified commissural neurons [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF]. Although they focused on membrane proteins instead of transcription factors, their conclusions are similar than ours: molecular profiles of spinal cord commissural neurons are very heterogeneous and this heterogeneity appears from early developmental stages. Altogether these results extend our knowledge of commissural neurons diversity. However, the combination of FACS-purified commissural neurons with single-cell transcriptional analysis could give a more comprehensive description of this heterogeneity, drawing a better picture of the functional diversity of commissural circuits.

Methods: Characterization of commissural neurons translatome using the RiboTag strategy

Animals

The following mouse lines were used: RiboTag (Jackson lab) [START_REF] Sanz | Cell-typespecific isolation of ribosome-associated mRNA from complex tissues[END_REF], Nestin:cre (Nes:cre) (Tronche et al. 1999), Robo3:cre (gift from M. Tessier-Lavigne) [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF] and Ai9 RosatdTomato (Rosa Tom , Jackson lab). Genotypes were obtained by PCR from tail genomic DNA. The day of the vaginal plug was considered embryonic day 0.5. Males and females were used without distinction. Mice care and housing followed the institutional guidelines, approved by the Charles Darwin Ethics Committee of Sorbonne Université.

Immunohistochemistry and imaging

Immunostaining on sections and on whole mount embryos was performed as elsewhere (Belle et al. 2014;Moreno-Bravo et al. 2019). The following primary antibodies have been used: rabbit anti-HA (1:500, Sigma), mouse anti-HA (1:500, Covance), rabbit anti-DsRed (1:600, Clonetech), goat anti-human Robo3 (1:400, R&D), rabbit anti-Olig2 (1:500, Millipore), goat anti-ChAT (1:300, Millipore), mouse anti-Nestin Ax488 (1:500, Abcam). Specie specific secondary antibodies conjugate to Alexa Fluor fluorophores from Jackson ImmunoResearch or Invitrogen were used. The sections were counterstained with DAPI (1:1000, SigmaAldrich).

The slides were scanned with a Nanozoomer (Hamamatsu) and confocal microscope (FV1000, Olympus) and processed using ImageJ (NIH) and Adobe Photoshop CS6.

Whole-mount embryos were cleared as previously described (Belle et al. 2014) and 3D

imaging was performed with a light-sheet fluorescence microscope (Ultramicroscope I, LaVision BioTec) using Imspector Pro software (LaVision BioTec). Images and 3D volume were generated using Imaris 3 64 software (Bitplane).

Ribosome-bound RNA immunopurification

E14 Robo3:cre and Nestin:cre samples

To avoid RNase contaminations all the steps of the following protocol have been performed at 4°C and, when possible, certified RNAse-free chemicals and plastics were used. Freshly dissected spinal cords and hindbrains from each E14 embryo were pooled together.

Cytoplasmic extracts were done as already described [START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF]) with minor modifications. The low salt buffer for tissue homogenization (HB: KCl 100mM, Tris 50mM, MgCl2 12mM) was supplemented with DTT 1mM (Sigma), Cycloheximide 100ng/ul (Sigma),

RNAsin ribonuclease inhibitors 0.2 units/ul (Promega) and 100X diluted protease inhibitors (P8340, Sigma) just before use. All these supplements help to preserve ribosome-bound RNAs. One ml of supplemented HB buffer was added to each embryonic tissue mixture and tissue homogenization was performed by manually crushing with RNAase-free pestles.

Cytoplasmic extracts were left 30 mn. on ice before centrifugation (13000 tr/mn, 15 min).

Pellets, containing membranes, organelles and debris, were kept frozen for further controls and supernatants were processed for ribosome-bound RNA purification. To remove endogenous mouse antibodies that could interfere with ribosomal immunopurification (IP), 30 ul of magnetic A/G beads (Thermo Fisher Scientific) were mixed with each supernatant and left shaking for 4 hours. These beads were previously equilibrated in supplemented HB buffer.

After this pre-clearing step, 5% and 2% of each supernatant were recovered to prepare total In the second RNA-seq differential analysis we explored the translatomes of separated spinal cords and hindbrains of E12 embryos. Because of the minute size of these embryos and because of tissue separation we had to pool several embryonic tissues to reach the right quantity of purified RNA. Therefore, embryonic tissues were dissected, flash frozen in liquid nitrogen and kept at -80°C. At least 5 tissue samples from different littermates were pooled together. Cytoplasmic extracts were done with 2 ml of HB buffer. The experimental procedure we applied was the same as previously described except for the quantity of IP antibody. Since 5 spinal cords and 5 hindbrains were pooled together 3ul of antibody were added to each supernatant. 6 samples, 3 replicates for tissue type, were prepared. 200ng of RNA of each sample were sequenced. (F-I) Overview of expression data for some known genes extracted from RNA-seq results. Heatmaps evidence that in Robo3:cre samples expression of commissural related genes is strong while expression of glial, motor-neuron and V2 markers is very weak. In addition, some non-neuronal related genes are highly expressed in Robo3:cre samples while some others are enriched in the Nes:cre samples. 

Discussion

Netrin-1 role in commissural axon guidance

As largely described in the introduction of this manuscript, modern axon guidance tries to understand, from a molecular point of view, all the observable guidance events occurring during CNS development. The work presented in this manuscript brings new insights into the role of netrin-1 in commissural axon guidance but also gives a taste of the emerging diversity of this large and indeed heterogeneous population.

The legacy of Ramón y Cajal: Netrin-1 and the chemotropic model

Axon guidance models, as they appear in text-books, were mainly established at the end of the XX th century. Most emerged from in vitro experiments and in vivo observations resulting from the inactivation of guidance cues and receptors. Netrin-1 discovery, in the early 90s, was a major breakthrough in the field and seemed to support one of the theories proposed by Cajal. From his observations of the developing CNS, Cajal proposed that growing axons could be guided to their targets by an "intelligent force", orienting their navigation over long-distances. netrin-1 in vitro activities, its conservation across species and the midline crossing defects observed in netrin-1 deficient animal models supported the existence of chemoattractive forces during CNS development.

Interestingly, during the past three years, other research groups have confirmed, complemented and challenged this model, and in the meantime, improved our understanding of netrin-1 function during CNS development.

The different sources of netrin-1

The floor plate expresses Ntn1 from E9 to post-natal stages and was for long considered to be the main source of the netrin-1 and it's the starting point of its ventrodorsal gradient. Despite this strong and protracted focal expression, Ntn1 is concomitantly expressed by ventricular zone progenitors. To corroborate the need for a ventral source of netrin-1 for spinal cord commissural axon guidance, Gli2 mutants (Ding et al., 1998) were screened in search for commissural defects (Matise et al., 1999). In this mutant, commissural axons stall at the ventral midline and cannot project contralaterally. Strikingly, the dorso-ventral growth of these stalled axons was described as unaffected. The sustained expression of Ntn1 at the midline of Gli2 -/- mutants suggested that this leftover netrin-1 could be sufficient to guide axons dorso-(Figure 2B). Both confirmed the previous results, further supporting the long-range chemotactic role of netrin-1 during CNS development. These lines also represented the possibility to specifically inactivate Ntn1 in a defined cell population using of Cellspecific Cre driver lines. These studies, provided the opportunity to dissect out the contribution of the different netrin-1 sources in commissural axon guidance. The results presented in this manuscript have been obtained with a third Ntn1 conditional knockout line, selectively ablating the 3 rd exon of Ntn1, which was precisely developed to address this question.

Selective inactivation of the different Ntn1 sources in the hindbrain

The selective ablation of Ntn1 expression from the floor plate was performed by crossing the Ntn1 fl line (Dominici et al., 2017) with the Shh:Cre line (Harfe et al., 2004), which triggers Cre recombinase expression at the floor plate. This early ablation of Ntn1 expression from the floor plate (Shh:Cre;Ntn1 fl/fl ) did not induce major commissural axon guidance defects and mutants aged and bred normally (Figure 2C).

Commissural axons kept growing ventrally and crossed the midline to project contralaterally towards their targets. These results partially recapitulated the observations from Gli2 -/-mutants (Matise et al., 1999), except that in Shh:Cre;Ntn1 fl/fl mutants, commissural axons crossed the midline. These results suggest that presumably, floor plate-derived netrin-1 is dispensable for commissural axon guidance.

On the contrary, the targeted inactivation of Ntn1 expression from ventricular zone progenitors (FoxG1:Cre and Nes:Cre drivers), severely impairs midline crossing (Figure 2D). Commissural axons cross the dorsal midline, project longitudinally, invade the progenitor domain and some, still cross the midline. Moreover, precerebellar neuron migration is also affected. In these mutants (Nes:Cre;Ntn1 fl/fl ), netrin-1 is only detected at the floor plate and its close vicinity, but not on the basal lamina, the commissural axons or the radial glia end-feet. Overall, Nes:Cre;Ntn1 fl/fl mutants almost phenocopied Ntn1 full knockouts (Bin et al., 2015;Dominici et al., 2017;Yung et al., 2015). Together, these results strongly suggest that ventricular zone-derived Netrin1 is sufficient and necessary to promote commissural axons midline crossing. In line with these results, a broad ectopic expression of huNtn1 in a Nes:Cre;Ntn1 fl/fl background allows to recover midline crossing, suggesting that a point source, such as the floor plate, is not required to trigger commissural axon crossing (Figure 2E,F). By contrast,

Wild type

Netrin Nes:Cre;Ntn1 fl/fl ;Ntn1 tg/+ E F (Varadarajan and Butler, 2017). First, netrin-1, released at the basal lamina by radial progenitors, orients and stimulates the ventral growth of commissural axons. Next, on their way to the ventral midline but before crossing, commissural axons detach from the pial surface and fasciculate thereby avoiding the progenitor domain. After crossing, while they still express Dcc , they extend along the ventral netrin-1 + basal lamina to grow rostrally. Overall, netrin-1 would guide axonal trajectories by creating spatial boundaries.

Tissue clearing has been a revolution for neurodevelopmental biology (Belle et al., 2017(Belle et al., , 2014)). The three-dimensional (3D) visualization of axonal tracts is key to properly understand axon pathfinding. Indeed, the 3D analysis of commissural axon guidance in Nes:Cre;Ntn1 fl/fl and Shh:Cre;Ntn1 fl/fl mutants has been extremely

valuable. As mentioned before, the first analysis of Shh:Cre;Ntn1 fl/fl mutants did not reveal any guidance defect at the midline (Varadarajan et al., 2017). However, the observation of E13 whole-mount spinal cords counterstained for Robo3 revealed an accumulation of Robo3 + fibers along the floor plate (Moreno-Bravo et al., 2019;Yamauchi et al., 2017). DiI injections in E13 spinal cord, showed that a portion of commissural axons display a midline crossing delay. These axons were not crossing the midline following their dorso-ventral migration. Instead, they were migrating rostrally or caudally before getting into the floor plate and crossing the midline, adopting sigmoid trajectories. These axonal trajectories were rarely observed in control animals confirming that floor plate-derived netrin-1 promoted midline crossing.

Moreover, this delay is accompanied by a 15% reduction of ventral commissure thickness. In addition, during their dorso-ventral migration, commissural axons abnormally invade the motor column. Contrary to the hindbrain, axon guidance defects in Nes:Cre;Ntn1 fl/fl mutants, did not phenocopy Ntn1 -/- (Dominici et al., 2017;Moreno-Bravo et al., 2019;Wu et al., 2019). A combined ablation of Ntn1 expression in the ventricular zone and the floor plate is required to perturb midline crossing in the spinal cord. Altogether, these results suggest that both sources of netrin-1 work synergistically to ensure commissural axon guidance and midline crossing. Ventricular zone-derived netrin-1 would promote the axonal orientation and growth towards the ventral midline, while floor plate-netrin-1 would rather control the timing of midline crossing.

The role of ventricular zone derived netrin-1, a novel short-range function?

Netrin-1 is a laminin γ related protein. Laminins are key components of the extracellular matrix (Timpl and Brown, 1996). Therefore, it could be proposed that there is a required interaction between netrin-1 and the extracellular matrix (ECM) to promote netrin-1 mediated axon guidance mechanisms. Indeed, in vitro, it has already been shown that netrin-1, bound to the ECM, is able to induce the apparition and the extension of Dcc + axonal filopodia (Shekarabi et al., 2005). Netrin-1 coated beads are also able to induce growth cones turning in a Dcc dependent manner (Moore et al., 2012(Moore et al., , 2009)), confirming, that tethered netrin-1 can trigger Dcc + axons outgrowth and attraction. In Drosophila, two different approaches support this hypothesis. First, in a NetA;NetB mutant background, the expression of a membrane-tethered NetB at the midline, is sufficient to rescue midline crossing (Brankatschk and Dickson, 2006). Second, in the developing visual system of the fly, netrin-1 promotes growth cone attachment to its target rather than attraction (Akin and Zipursky, 2016).

Together, these results suggest that netrin-1, released by neural progenitors in the mantle layer, binds or shapes the extracellular matrix to create positive growth pathways for Dcc + commissural axons.

Floor plate derived netrin-1, an evolutionary left-over or an unknown function?

Despite mounting evidence ruling out a major role for floor plate-derived netrin-1 in axon guidance, it is still difficult to accept that the brain area exhibiting the strongest expression of netrin-1 only has a minor contribution to commissural axon guidance.

Actually, it is possible to propose two different scenarios explaining this paradox. On the one hand, the expression of Ntn1 at the floor plate could be an evolutionary remnant, netrin-1, being crucial for axon guidance in smaller organisms with a less complex CNS. It is not possible to trace phylogenetically the apparition of netrin-1 expression at the ventricular zone. However, it has been reported that in smaller organisms such as Drosophila or Amphoxius, Ntn1 homologues are only expressed at the CNS midline (Shimeld, 2000). Considering the growing size of the CNS during evolution, it could be proposed that the expression of Ntn1 in the VZ could be an evolutionary mechanism allowing netrin-1 to guide axons across larger CNS areas, compensating the limited diffusion or netrin-1 outside the floor plate. This could also explain the distinct contribution of ventricular zone and floor plate derived netrin-1 in the hindbrain and the spinal cord. In the hindbrain, commissural axons have to be guided from much longer distances than in the spinal cord, requiring netrin-1 presence all along the basal lamina and not only at the floor plate. In the spinal cord, much smaller that the hindbrain, both sources act synergistically, probably compensating each other if one is missing (Moreno-Bravo et al., 2019;Wu et al., 2019).

On the other hand, floor plate-derived netrin-1 could have an unknown function. The floor plate is known to secrete morphogens patterning the neural tube in addition to guidance cues promoting axon guidance and midline crossing. However, it is also known to produce factors released in the cerebro-spinal fluid (CSF) (Charoy et al., 2014). CSF is produced by choroid plexuses and its implication in neuronal development was first analyzed from a mechanical point of view. Actually, the CSF is essential for ventricular expansion. Chick embryos depleted of CSF have smaller brain volumes (Desmond and Jacobson, 1977;Jelínek and Pexieder, 1970) whereas the strengthening of the SCF pressure increases cell proliferation (Desmond et al., 2005).

However, the CSF also contains factors modulating cell proliferation and brain development (Lehtinen et al., 2011;Lehtinen and Walsh, 2011). This was analyzed in hydrocephalic rats, in which brain expansion is due to a lack of proliferation of the cortical plate, resulting in a thinner neocortex and not to an increase of the ventricular pressure (Owen-Lynch et al., 2003). In this model, cortical progenitors are blocked in the S-phase in their in vivo environment, but when cultured in vitro, their proliferation rates become normal. Interestingly, in vitro incubation with their original CSF re-inhibits their proliferation, suggesting the presence of cell-proliferation inhibitors in the CSF of these rats. Moreover, in the adult brain, it has been shown that Slit1/2, secreted by the lateral choroid plexus in the CSF can guide migrating neuroblasts in the sub-ventricular zone (Sawamoto et al., 2006). More recently, Sema3B,which is expressed by the floor plate and the choroid plexus of the 4 th ventricle, has been found secreted in the CSF to ensure the planar division of spinal cord progenitor cells (Arbeille et al., 2015;Charoy et al., 2014). The growing evidence that guidance cues have a developmental function through their secretion in the CSF might indicate a presumable role of floor plate derived netrin-1, which has been found in the CSF (data not shown). As in Shh:cre;Ntn1 fl/fl mutants, Ntn1 expression is just ablated in the 4 th ventricle choroid plexus (Nielsen and Dymecki, 2010), it would be interesting to simultaneously remove it from the forebrain choroid plexuses (Cux2:cre from Winkler et al. 2018). A complete removal of netrin-1 from the CSF could reveal yet unknown functions of this ligand.

The controversy around netrin-1 function in commissural axon guidance

In the hindbrain, Nes:Cre;Ntn1 fl/fl mutants exhibits most of the axon guidance defects observed in Ntn1 -/-embryos, whereas in the spinal cord, commissural axons still cross the midline in great number. In the spinal cord of Nes:Cre;Ntn1 fl/fl mutants, netrin-1 is produced by ventricular zone progenitors until E10-E11, due to the late activation of the Cre recombinase expression (Moreno-Bravo et al., 2019). Pioneer commissural-1eurons arise around E9, whom axon migrates in a netrin-1 + environment (Dominici et al., 2017). However, at E11, netrin-1 is only along commissural axons, not on the basal lamina and the glial end-feet (Moreno-Bravo et al., 2019). Varadarajan and colleagues hypothesize that netrin-1 is required for commissural axons fasciculation (Varadarajan et al., 2017). Contrarily to this idea, a strong fasciculation of commissural axons is Although all these results favor a short-range action of netrin-1, primarily originating from the VZ, other data (Wu et al., 2019) still support a long-range activity of floor platederived netrin-1 on spinal cord commissural axons. In Shh:Cre;Ntn1 fl/fl mutants, the ventral commissure thickness is reduced, there is an invasion of the motor column by Robo3 + axons, and commissural axons do not enter the floor plate in a V-shape but in a U-shape pathway (Moreno-Bravo et al., 2019;Wu et al., 2019). The authors suggested that these three guidance defects reflect the absence of diffusible floor plate derived netrin-1 in a radius of 150-200µm around the floor plate. This is also the maximum distance, at which netrin-1 can promote dorsal spinal cord axon outgrowth in vitro (Kennedy et al., 1994). The reduction of the ventral commissure, as previously described, is most likely due to the delay in midline crossing of commissural axons in absence of netrin-1 at the floor plate vicinity (Moreno-Bravo et al., 2019). The U shape trajectory of commissural axons can be explained by the presence of netrin-1 at the basal lamina adjacent to the floor plate. Indeed, ventricular progenitors release netrin-1 on the outer edge of the floor plate, in the basal lamina. In absence of floor-plate netrin-1, commissural axons could be transiently rerouted to this region thereby modifying their initial V shaped pathway (Moreno-Bravo et al., 2019).

From these contrasted results (Dominici et al., 2017;Moreno-Bravo et al., 2019;Serafini et al., 1996;Varadarajan et al., 2017;Varadarajan and Butler, 2017;Wu et al., 2019;Yamauchi et al., 2017) show that key pieces are still missing in the netrin-1 puzzle. First, an early deletion of ventricular zone netrin-1 should be assessed to better measure the impact of this source of netrin-1 in early commissural axon guidance. This could help clarifying the synergy and the functions of the two netrin-1 sources in the spinal cord. Another key element to understand the molecular basis of netrin-1

function would be to study its interaction or organization within the extracellular matrix to determine if in vivo, despite the lack of evidence for a netrin-1 gradient, soluble netrin-1 exists. And last but not least, it would be important to define the terminology "long-range" and "short-range". Considering that at E11, the mouse brachial spinal cord measures between 750 µm and 1mm, is 200µm "long-range"? There is a conceptual problem, with "long-range" being historically associated to a gradient and "short-range" to adhesion. Regardless of these unsolved questions, these results represent a shift in the way we understand axon guidance.

Netrin-1 besides midline crossing

Commissural axon guidance appears often limited to midline crossing. However, Ntn1 knockouts do not only display midline crossing defects. In the spinal cord of Ntn1 hypomorphs and Dcc -/-mutants, Robo3 + commissural axons exit the CNS and start to invade the DRGs all along the spinal cord (Laumonnerie et al., 2014). These results suggested that commissural axons were confined to the CNS through a netrin-1 and Dcc dependent mechanism. Likewise, in Ntn1 and Dcc mutants, hindbrain commissural axons also invade the cranial ganglia (Moreno-Bravo et al., 2018;Yung et al., 2018). Moreover, some precerebellar and motor neurons also start migrating into the sensory and motor nerve roots (Laumonnerie et al., 2014;Moreno-Bravo et al., 2018;Yung et al., 2018). Dcc ablation in pontine neurons, confirmed that CNS exit is a Dcc dependent and cell autonomous process (Moreno-Bravo et al., 2018). One of the main hypotheses is that netrin-1 could play a role in the maintenance of the CNS/PNS boundaries or in the organization of the basal lamina. However, both were discarded by confirming the presence of boundary cap cells and an intact basal lamina in Ntn1 -/-mutants (Moreno-Bravo et al., 2018;Yung et al., 2018).

PNS invasion is also observed in Nes:Cre;Ntn1 fl/fl and Ntn1 -/-mutants, but not in Shh:Cre;Ntn1 fl/fl mutants (Moreno-Bravo et al., 2018). These results suggest that ventricular zone-derived netrin-1 is necessary for commissural axon confinement (Figure 2A-D). Considering the maintenance of physical barriers (boundary cap cells and basal lamina) in Ntn1 -/-mutants, this could only suggest that ventricular zonederived netrin-1 establish a preferential growth domain for Dcc expressing axons.

According to this model, Dcc + axons from Ntn1 -/-or Nes:Cre;Ntn1 fl/fl mutants, would indistinctly grow either dorsally or ventrally and also in the PNS (Moreno-Bravo et al., 2018;Yung et al., 2018).

In addition, Yung and colleagues (Yung et al., 2018) ectopically expressed chicken netrin-1 under the Nes:Cre driver in a Ntn1 -/-background (Figure 2E). They found that a CNS expression of Ntn1 was sufficient to rescue commissural ventral migration and re-establish CNS confinement (Yung et al., 2018). Contrastingly, using a similar approach, and the same Cre driver, but in a Nes:Cre;Ntn1 fl/fl background and human instead of chick Ntn1, led to a recovery of midline crossing but did not prevent commissural PNS invasion (Results, Chapter 4, Figure 2F). The Nes:Cre driver triggers Cre expression in the spinal cord DRGs and hindbrain cranial ganglia (Moreno-Bravo et al., 2019), inducing an ectopic expression of huNtn1 in these areas. The exit of commissural towards netrin-1 + PNS areas, supports the model in which the presence of Ntn1 creates netrin-1 + domains promoting commissural axon extension.

However, it is difficult to understand why this result was not observed by Yung and colleagues. It can be proposed that human netrin-1 and chicken netrin-1 have different activity as previously described for semi-circular canal morphogenesis (Nishitani et al., 2017).

What gives the ventral directionality to growing commissural axons

The later rescue experiment consisted in a broad expression of huNtn1 in a Nes:Cre;Ntn1 fl/fl background (Results, Chapter 4). Indeed, huNtn1 is ectopically expressed in the CNS and the PNS. Interestingly, most commissural axons follow their a dorso-ventral migration. Accordingly, in Ntn1 -/-mutants, some commissural axons also follow a dorso-ventral migration towards the ventral midline. These observations can be explained by the presence of Shh or Vegf (Erskine et al., 2011;Wu et al., 2019), which could instruct directionality during axon outgrowth. It could also be suggested that axons just follow random trajectories, which could explain the different outgrowth pathways observed in Ntn1 -/-and rescue experiments.

Altogether, added to the absence of clear evidence supporting the setup of a netrin-1 ventro-dorsal gradient, suggests a new model for netrin-1 role in commissural axon guidance (Figure 3). Released by ventricular progenitors, netrin-1 promotes commissural ventral outgrowth in a short-range fashion. At the floor plate vicinity, together with other yet unknown molecules, netrin-1 promotes and monitors midline crossing. This model represents a shift in netrin-1 function, from a text book example of long-range chemoattraction to a presumable ECM component promoting axonal extension through a short-range interaction with Dcc.

Transcriptional analysis of hindbrain and spinal cord commissural neurons

Robo3 is currently the only known marker selectively expressed by a majority of commissural neuron populations. The conservation of its expression across the different systems and species suggests that there might be a common mechanism regulating its expression (Friocourt et al. 2019). However, some studies rather favor the existence of distinct Robo3 activation mechanisms in different commissural neuron populations (Wilson et al. 2008;Inamata and Shirasaki 2014). Despite many efforts to understand the mechanisms underlying Robo3 expression, no large-scale screen for common regulator has been performed so far. This manuscript reports the results of our analysis of the commissural translatome, which together with another recent study [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF] support the existence of an important diversity of Robo3 induction mechanisms in commissural neurons.

Identification of novel commissural-related genes

The analysis of the commissural translatome allowed the identification of 14 novel transcription factors related to commissural neurons development. Interestingly, some of them have been associated to hindbrain or spinal cord commissural neurons and the rest seems to be present in both. Moreover, by comparing their expression pattern with the RNA-seq expression levels, it can be proposed that some (as Tcf24) are expressed by discrete commissural populations, while others are more broadly expressed (as Onecut3). Despite these first hints, it still has to be confirmed that these transcription factors are indeed expressed by commissural neurons.

For Tcf24 and Onecut3, it has been difficult to confirm their expression by commissural neurons due to the transient expression of Robo3. However, using the Robo3:Cre driver combined with the TauGFP reporter, Gfp and β-Gal expression can be permanently triggered in commissural neurons. The expression of these two markers could then allow to identify factors expressed by commissural neurons even after Robo3 downregulation. A better description of these factors could also allow the identification of novel markers for developing CNS neurons.

Still, it is not possible to define whether these factors are involved in Robo3 regulation or not. The Robo3:Cre mouse line represents a novel tool to target most of the commissural population. Nevertheless, the Cre recombinase is not expressed until Robo3 expression starts. Indeed, to find factors involved in Robo3 activation their expression needs to be maintained after Robo3 activation and potentially also after its inhibition. Currently, the only way to confirm the concomitant expression of the identified factors with Robo3 is to perform co-labelling of the identified candidates and

Robo3. The use of the RiboTag prevents the activation of transcriptional responses to tissue dissociation, in addition to accessing axonal and growth cone ribosomal bound mRNAs. However, Tulloch and colleagues [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF] have shown that in vivo, the expression of the Rosa Tom reporter under the Robo3:Cre driver is concomitant to Robo3 expression. These results suggest that it might be better to use a FACS approach based on genetic reporter expression rather than the RiboTag approach to find factors involved in Robo3 activation

A comparison between the commissural translatome and transcriptome

Tulloch and colleagues performed a whole transcriptome analysis of E11.5 spinal cord commissural populations by taking advantage of the Robo3:Cre driver. Indeed, they combined it to the Rosa Tom reporter line in order to first implement spinal cord cell dissociation followed by Tomato + and Tomato -cell sorting (FACS). Although they identified 2900 candidates enriched in commissural neurons (Tomato + ), they decided to focus on 8 transmembrane receptors among the 600 membrane-related candidates [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF]. Using the RiboTag approach, few transmembrane receptors were enriched in commissural neurons. From these 149 enriched genes, 18 transcription factors were selected. Despite the efficiency of the FACS approach, it can be hypothesized that this reduction in the number of identified candidates is due to the exclusive isolation of ribosomal-bound mRNAs instead of the whole-cell RNAs. In this line, 15 of the 18 RiboTag candidates were also detected in the sorting approach, whereas 3 of them were not identified (Sox7, Hmx2, Hmx3). Sox7 appears to be hindbrain specific, explaining its absence in Tulloch's analysis. It would be very interesting to study its expression pattern together with Hmx2 and Hmx3.

In contrast to the cell sorting approach [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF] However, the most interesting feature of the cell-sorting approach is that none of the 22 mesoderm-related contaminants found enriched in Robo3:Cre; RiboTag samples, were detected. This suggests that despite the loss of some interesting candidates, the sorting approach might be cleaner, preventing the identification of several false positive factors coming from a mesodermal-contamination [START_REF] Delile | Single cell transcriptomics reveals spatial and temporal dynamics of gene expression in the developing mouse spinal cord[END_REF].

Cell sorting, a bypass of the immunoprecipitation step

The presence of mesodermal RNAs after of RiboTag-based purification prompted us to try applying an alternative approach to better enrich our samples in commissural neurons. We developed a cell sorting approach to purify commissural neurons from E12 hindbrains and spinal cords (Figure 4A). A similar strategy was recently used [START_REF] Tulloch | Diverse spinal commissural neuron populations revealed by fate mapping and molecular profiling using a novel Robo3 Cre mouse[END_REF] on E11 spinal cord. In our case, hindbrains and spinal cords were separately dissected from Robo3:Cre;RosaTom +/-, dissociated and the cell suspension was FACS sorted (Figure 4B). RT-qPCR analyses were performed on Tomato + and Tomato -RNA extracts to verify the expression of commissural neuron markers and confirm their identity. Robo3 and Dcc were found enriched in Tomato + cells, whereas motor neuron and glial markers, Islet1 and Olig2 respectively, were strongly depleted (Figure 4C). RNA-seq was then performed on 3 replicates (200ng of whole RNA extract each) for hindbrain and spinal cord Tomato + and Tomato -populations. PCA analysis showed a low variability among the replicates of the four conditions (Figure 4D).

Moreover, the 22 mesoderm-related contaminants, found enriched in Robo3:Cre;RiboTag samples, were not found, neither in hindbrain nor spinal cord.

Differential analysis between Tomato + and Tomato -populations

Under the same parameters used for the RiboTag differential analyses (adjusted pvalue < 0.05; CPM ≥ 2; FC = 2), 936 candidates were found enriched in spinal cord Tomato + and 887 in hindbrain Tomato + when compared to Tomato -samples (Figure 4E). From all the candidates enriched in Tomato + samples, 259 are specific from the hindbrain, 308 from the spinal cord and 628 appear shared between hindbrain and spinal cord commissural neuron populations. Interestingly, 17 of the 18 candidates identified with the RiboTag approach are also enriched either in spinal cord or hindbrain Tomato + populations, except Onecut3. In these analyses its fold change enrichment between Tomato + and Tomato -samples does not go above 0.75 (Figure 4F). It is somehow intriguing as Onecut3 expression pattern matches with some commissural neuron populations. This most likely reflects its presence in noncommissural interneuron populations [START_REF] Kabayiza | The onecut transcription factors regulate differentiation and distribution of dorsal interneurons during spinal cord development[END_REF][START_REF] Harris | Onecut factors and Pou2f2 regulate the distribution of V2 interneurons in the mouse developing spinal cord[END_REF].

Another hypothesis is that indeed Onecut3 is more translated in commissural neurons than in other cell types despite its broad expression. This could explain its apparent enrichment in Robo3:Cre;Ribotag samples. Yet, a selection among these numerous commissural-related hindbrain, spinal cord and shared genes will have to be performed to further analyze their expression and putative function in commissural neuron development. As with the RiboTag approach, it is not yet possible to determine whether these factors regulate Robo3 expression or if they are expressed concomitantly or after Robo3 expression.

Commissural increasing diversification

Robo3 is the only known pan-marker of developing commissural neurons in the midbrain, hindbrain and spinal cord (Friocourt and Chédotal 2017;Friocourt et al. 2019). However, there is already evidence for a large palette of commissural neuron developmental programs. Some commissural neurons (such as precerebellar neurons) migrate tangentially for long distances when others (such as spinal cord interneurons) barely migrate radially to reach final positions. Moreover, commissural neuron responses to the absence of key guidance molecules appear to vary between brain regions (Dominici et al. 2017;Moreno-Bravo et al. 2019). Finally, in the spinal cord and hindbrain, commissural axons do not follow a unique pathway and multiple tracts growing at various mediolateral positions can be observed suggesting that these axons do not respond similarly to guidance cues. Accordingly, in both Ntn1 and Dcc knockouts (Serafini et al. 1996;Fazeli et al. 1997) some commissural axons still cross the midline. The careful observation of Dcc -/-mutants showed that in fact, only the most lateral commissures are affected, while the others still project ventrally and cross the midline (Leggere et al. 2016).

As previously mentioned, some transcription factors have also been identified for their role in Robo3 activation (Inamata and Shirasaki 2014;Wilson et al. 2008) Behind his hilarious comments and attitude, Yvrick has a hidden emotional personality. From him I learnt the meaning of belonging to a team, the impact of a misplaced statement and the value of honesty. I see our relationship as an accordion, approaching and moving away sequentially but always there, with some sort of rhythm.

Morgane is one of the most beautiful persons I had the honour to meet. Since my first weeks in the lab we understood and took care of each other. Her commitment, dedication, joy and kindness have been a source of strength in the bad days and a reason to keep going, always. She demonstrated that determination and passion are the fuel of valuable work, healthy friendships and work environments. I will never be able to thank her enough for all that she gave me, so I'll be back in a couple of days. I can guarantee that Robin is the most enthusiastic person that I have ever met.

From the moments of uncertainty before getting a PhD grant to a shared beer in a train crossing the Alps, he kept looking forward every single step we went through, always with an extraordinary faith and security. I have to thank him for the "call on me" moments, the late talks about our future, the eternal persecution of fanfares and the friendship that he offered me.

During the years, we realize how important is to say things, to communicate and be sincere. I learnt a lot about it from Alice because she is the personification of honesty. Sometimes a bit louder than others, she transmits all her thoughts, no matter where, no matter with who. When you move abroad you also understand how valuable is to feel home close. It is often difficult to be away family, friends, traditions for long time periods. If I managed to overcome these feelings is thanks to Oriol, my portion of Catalonia in France. Moreover, he has always kept an eye on me, listening, advising and taking care of me and my problems no matter what time of the day. Every time that I will listen to a Queen song, I'll have the picture of them two, singing and dancing. At some point, you also understand how great is to have a coffee in the morning, enjoying the heat of the sun even when it's a bit too cold for Mediterranean people. You also understand the quality of this coffee when you share it with someone that is ready to listen to anything you have to explain or that crosses your mind. Sarah makes herself unnoticeable, to avoid bothering people around her, but when she gets in touch with you, you realize how much she is ready to give for someone she believes in. It has been a huge pleasure to share with her all these coffees, calamities and joyful moments. Then, sometimes, you don't need to complain, you don't need to criticise, you just need to exchange with someone who empathises with you and will be able to discuss with you about your immediate concerns. I have been extremely lucky to have this person just behind me. Franck has always been there to listen and to share his experience, his thoughts, his feelings. It has been extremely helpful to have all these conversations that have let us grow as researchers but also individuals.

Finally, you also come across these people who are always cheerful and share a smile with you without expecting anything against it. Johann and Fiona are from this kind. No matter when, no matter if it is next to a bench or in the middle of a corridor, they will tear you a smile.

I would also like to thank the "lunch-group", for the breakfasts, the cakes, the snacks, the laughs. Also, all the IDV and the facilities staff for making our daily work easier. Altogether they made this experience easier and they helped me to reach this point.

During most of my PhD I had the chance to share my office with three amazing persons. Perhaps I have this picture of them because, most of the time, we shared amazing food, we visited amazing places and we amazingly laughed.

François, Giuliana and Solène became true friends, with whom I could share everything, from a top-secret recipe to a deep personal problem. They saw me grow and evolve and a big part of this process was thanks to them, because they were an example to follow inside and outside the lab. Finally, I feel extremely fortunate for the opportunity that was to work with Juan and Manuela. They haven't just been colleagues or friends, they have been mentors and they represent the values that to me, should orchestrate science and human relationships. They gave me all the tools to mature as a scientist and they shared with my all their knowledge. They did it without expecting anything in exchange, to help me out through this difficult environment and to help me to stand up in the hardest moments. The work that I've realized during these years wouldn't be possible without them, not only because they helped me daily, but also because they gave me the strength and the will to do it. They have been and are a reference so I can only express gratitude to them.

Although during the PhD, social life and interactions are dramatically reduced, I had the chance to count with incredible people that stood by my side.

As previously mentioned, when you leave your country your often experience hard times missing you family and friends. During my first year in Paris I met four incredible girls that have progressively become my Parisian family. Julia, Eva and Lorea arrived in Paris at the same time than I did. The four of us went through the same steps and we are all going to end up defending a PhD. I couldn't count the number of sushi's that we had together, the amount of conversations that we had around a beer. They have been there for the good and the bad, and when I look back, I feel proud of what we are now. They've been an important part of my moral support and my necessary dose of fun and night-life. Then, there is this person who at first was a class-mate and ended-up being my flate-mate. Today I consider her a member of that family that you're able to choose. Emilie was the first native Parisian that came to talk to the freshly arrived foreigner. She offered me a friendship which has grown and evolved to a point in which we decided to move in together and start the experience that is to share an apartment. We went through almost everything and naturally, we always took care of each other (most likely because we don't like to take care of ourselves). There are no words to describe the gratitude, the joy and the tenderness that arise from all these years. Moreover, together, we met Kevin, alias the best flat-mate on hearth! The personification of kindness and sincerity. One of these rare persons that wake up your feelings because of their spontaneous behaviour. I think that together we created the best shared-apartment in Paris and I'm sure that I would never found someone like them to cook and share a diner with a cold beer.

One day, we also realise how lucky we are to be here, to have had the chance to follow this path and to be able to devote ourselves to what we have chosen. I would like to thank the immeasurable support and affection that I have received from my entire family. For all these diners together, for the ski trips to the alps and for the gastronomic visits. Specially my parents and my brother, who have always told me to follow my wills, no matter the time, the cost or the effort that they would take. They have been patient, they have listened to me, they have advised me and demonstrated their unlimited tenderness. They also represent the commitment, the dedication and the strength that have let me accomplish this work. Gracies per fer-me sentir estimat i a prop vostre tot i no poder seure a la mateixa taula. Sempre us estaré agraït pel que heu fet per mi, i no hi ha paraules que puguin transmetre tot el que m'agradaria agrair-vos.

In the same way, I don't have words to transmit the joy and the gratitude that I feel towards Laura. She stood by my side trying to understand the experiments that I was performing, all the situations that I was going through, my mood swings and my fears. From Madrid, Mallorca and Paris she has given me support, strength and courage to overcome the problems and the joys that I have encountered. She believed in me more than myself, and I thank her from everything she has given me.

Finally, I would like to thank all the other people that I had the chance to cross and that although I didn't mention in this text, took the time to grab a beer, spend 10 minutes in the office to discuss with me or supported me with food or words through this period. Thank you all because without you, this wouldn't have been possible.

Gràcies, gracias, merci, thanks. The first anatomical reference of the brain dates back to the ancient Egyptian mummifications. However, the tremendous complexity of this organ was revealed by the work of the world-renowned neuroscientist Santiago Ram on y Cajal. Nevertheless, his anatomical descriptions could not fully explain the cellular and molecular events at the origin of behavioral, motor or sensitive responses. Today, it is clear that the CNS is the processing center for these events. Moreover fine sensory perception and intricate motor control are orchestrated by a discrete and permanent communication between the CNS and the PNS. In the last century, neuroscientists have investigated the mechanisms involved in the development and plasticity of this structure. To address these fundamental questions, researchers made use of simple and accessible animal models. Drosophila melanogaster was one of the first organisms used because of several technical advantages: amenability to genetic manipulation, short lifespan and large number of offsprings. Studies emanating from this model system paved the path toward our understanding of major neurodevelopmental mechanisms involved in vertebrate behavior, neuronal migration and differentiation among many others [START_REF] Bellen | 100 years of Drosophila research and its impact on vertebrate neuroscience: a history lesson for the future[END_REF]. Danio rerio (zebrafish), quickly emerged as an attractive more complex animal model. Like the Drosophila melanogaster, the zebrafish model also possessed a short lifespan and a large number of offsprings. However, it provided the advantage of studying neurodevelopmental mechanisms in vertebrates (d'Amora and Giordani 2018). While findings in these two models have led to major findings in the field of neuroscience, there are still significant gaps in our understanding of human development. Over the last 50 years, Mus musculus and Rattus norvegicus are classic models in neuroscience research because of their closer phylogenetic proximity to humans [START_REF] Ellenbroek | Rodent models in neuroscience research: is it a rat race?[END_REF].

In parallel to these findings, a large number of pathologies related to the CNS have emerged over the last century. This is mainly related to the aging population, encountering previously unknown neuro-degenerative diseases. The rising prevalence of these neurodegenerative diseases has urged the need for novel and more effective therapies [START_REF] Gitler | Neurodegenerative disease: models, mechanisms, and a new hope[END_REF]. Quickly, the idea emerged that developmental processes could be reinitiated to induce regeneration and brain repair. In an effort to target these fundamental questions, the Journal of Neurochemistry organized in September 2018 a workshop in Alpbach, Austria, gathering some of the most prominent researchers in the field of developmental neurobiology and regeneration in order to discuss the most significant findings and current challenges in these fields. Trainees attending this workshop have drafted a seminar report of this workshop listing the major advances and putting forward major questions in the field.

The developing nervous system

Metazoans all possess an axis of symmetry. In contrast to radiata (radial symmetry), Bilateria possess a two-fold symmetry. Thus, bilateria have a front and rear as well as left and right sides. To connect its two lateral halves, the CNS of bilateria possesses commissural neurons. These neurons, which are born embryonically, project their axons contralaterally to connect the left and right side of the organism. Together, these commissural networks not only allow for integration and coordination of left-right neuronal activities, but are essential for the correct processing and interpretation of various sensory information, the coordination of motor responses and other brain functions (Stoeckli 2018;[START_REF] Gaudet | Glial cells shape pathology and repair after spinal cord injury[END_REF][START_REF] Ducuing | Commissural axon navigation in the spinal cord: a repertoire of repulsive forces is in command[END_REF]. Many commissural tracts exist in the CNS (Ch edotal 2014). Here, we will discuss the three major systems: the corpus callosum, the ventral commissure of the spinal cord, and the optic chiasm.

Forebrain

The forebrain possesses two main cortical projection neurons: cortico-cortical, that form the corpus callossum, and cortico-fugal, further subdivided into corticothalamic and coroticospinal tracts (Leyva-D ıaz and L opez-Bendito 2013).

The corpus callosum (CC) is the largest brain commissure and develops alongside neocortex expansion. Interestingly, this structure is unique to eutherian mammals and relays information between left and right hemispheres via the midline [START_REF] Gazzaniga | Cerebral specialization and interhemispheric communication: does the corpus callosum enable the human condition?[END_REF][START_REF] Su | Evolution and development of interhemispheric connections in the vertebrate forebrain[END_REF]. Corpus Callosum dysgenesis affects ~1 : 4000 live births that result in either partial or complete absence (agenesis) of the CC (Edwards et al. 2014). Initially the two hemispheres are separated, at the midline, by the interhemispheric fissure [START_REF] Rakic | Development of the corpus callosum and cavum septi in man[END_REF]). This region is lined by specialized astroglial and neuronal cells that are required for proper CC tract formation [START_REF] Silver | Axonal guidance during development of the great cerebral commissures: descriptive and experimental studies, in vivo, on the role of preformed glial pathways[END_REF]Niquille et al. 2009;[START_REF] Gobius | Astroglial-mediated remodeling of the interhemispheric midline is required for the formation of the corpus callosum[END_REF][START_REF] Gobius | Astroglial-mediated remodeling of the interhemispheric midline during telencephalic development is exclusive to eutherian mammals[END_REF]. In addition to providing a permissive substrate for callosal growth cones to grow across the midline, midline cells also secrete guidance cues. Pre-crossing CC axons are sensitive to Slit2, expressed by these astroglia, which acts as a repulsive cue to constrain callosal axons expressing the Roundabout (Robo) receptors 1/2 (Unni et al. 2012). In contrast, netrin-1, expressed by the cingulate cortex, counteracts the Slit2 repulsive signal by attracting callosal axons expressing the transmembrane receptor deleted in colorectal cancer (Dcc) (Fothergill et al. 2014). Indeed, loss of Dcc or netrin-1 leads to CC agenesis (Serafini et al. 1996;Fothergill et al. 2014). In addition to netrin-1, semaphorin (Sema3C) is secreted at the midline and attracts callosal axons expressing the receptor neuropilin 1 (Nrp1, Fig. 1a) (Niquille et al. 2009). Once CC axons have reached and crossed the midline, this attractive signal is switched off (Mire et al. 2018). This coincides with an up-regulation of the transmembrane protein ephrin-B1 in post-crossing CC axons. Interestingly, ephrin-B1 possesses a unique Asparagine residue (N-139), not shared by other ephrins, which once glycosylated can allow ephrin-B1 interaction with Nrp1 and silence Sema3C/Nrp1 attraction (Mire et al. 2018) (Fig. 1b). These findings identify a novel mechanism involving interaction between Sema3c/ Nrp1 and Ephrinb1 during midline crossing in the corpus callosum (Fig. 1).

Optic chiasm

Another critical component of the CNS is visual perception. The functional unit of the eye is the retina (Fig. 2a), which is a highly organized structure. Photoreceptor cells are photosensitive cells that transform photons of light into an electrical impulse that is transmitted to bipolar cells and subsequently to Retinal ganglion cells (RGCs). RGCs relay this electrical signal to the brain along their axons that form the optic nerve. Importantly, whilst other retinal cell types can modulate the electrical signal mediated by photoreceptor cells, such as amacrine and horizontal cells, RGCs are the only output neuron from the retina and connecting it to the brain. During visual system development, retinal ganglion cells (RGCs) extend axons toward a specialized structure at the midline, named the optic chiasm (OC). At this point, RGCs will either project to the same hemisphere (ipsi-lateral) or cross the midline to project to the opposite hemisphere (contra-lateral). Therefore, two types of RGCs, ipsilateral RGCs (iRGCs) and contralateral RGCs (cRGCs) can be defined by the laterality of their projections [START_REF] Williams | The optic chiasm as a midline choice point[END_REF]).

This process is critical for depth perception, stereopsis. Indeed, since both eyes will obtain a "picture" of our environment, by combining these pictures we will generate a three-dimensional (3D) representation of the picture. Interestingly, the amount of overlap between each eye is directly proportional to the amount of ipsi-lateral projections. For instance, species with laterally positioned eyes, such as mice, possess only 3-5% of ipsi-laterally projecting RGCs. However, humans and primates, with more frontally positioned eyes, possess approximately 50% of ipsi-laterally projecting RGCs [START_REF] Guillery | Developmental determinants at the mammalian optic chiasm[END_REF][START_REF] Jeffery | Variations in the architecture and development of the vertebrate optic chiasm[END_REF]Herrera et al. 2019). Mouse iRGCs and cRGCs are characterized by specific transcriptional patterns and, in part, spatial localization, with iRGCs residing in the ventrotemporal retina, and cRGCs being dispersed across the retina (Herrera et al. 2003;[START_REF] Pak | Construction and reconstruction of brain circuits 21 genetic program that specifies laterality of retinal axon pathfinding[END_REF]Williams et al. 2006;[START_REF] Garc Ia-Frigola | Zic2 promotes axonal divergence at the optic chiasm midline by EphB1-dependent and -independent mechanisms[END_REF]Kuwajima et al. 2017) (Fig. 2b andc).

In order to control the crossing of RGC axons at the OC, two processes take place: repulsion of axons with an ipsilateral fate, and the crossing of contralateral axons across the midline (Fig. 2d). EphB1/ephrin-B2 signaling pathway is a key component of ipsi-lateral axon repulsion. Expression of the EphB1 tyrosine kinase receptor is restricted to axons of iRGCs, while its ligand, the repulsive axon guidance molecule ephrin-B2, is expressed at the OC [START_REF] Williams | Ephrin-B2 and EphB1 mediate retinal axon divergence at the optic chiasm[END_REF]. When the axons reach the proximity of the OC, a chemo-repulsive gradient of ephrin-B2 leads to growth cone collapse and pausing of axonal outgrowth, eventually causing changes of trajectory and driving the axon toward ipsi-lateral visual nuclei [START_REF] Petros | Ephrin-B2 elicits differential growth cone collapse and axon retraction in retinal ganglion cells from distinct retinal regions[END_REF]. It was further shown that RGC axon laterality is transcriptionally regulated. The transcription factor Zic family member 2 (Zic2) was identified as a key regulator of iRGCs identity (Herrera et al. 2003;Wang et al. 2016). Furthermore, Zic2 is sufficient to induce the expression of EphB1 receptor in iRGCs [START_REF] Lee | Zic2 Regulates retinal ganglion cell axon avoidance of ephrinB2 through inducing expression of the guidance receptor EphB1[END_REF][START_REF] Garc Ia-Frigola | Zic2 promotes axonal divergence at the optic chiasm midline by EphB1-dependent and -independent mechanisms[END_REF]) (Fig. 2c). In addition, the transcription factor Forkhead box D1 was shown to be critical in maintaining iRGCs fate by promoting the expression of Zic2 [START_REF] Herrera | Foxd1 is required for proper formation of the optic chiasm[END_REF]). In addition to the EphB1/ephrin-B2 repulsion pathway, another pathway also controls ipsilateral RGC repulsion: Shh is expressed by contralateral RGCs and transported axonally and anterogradely to the optic chiasm [START_REF] Peng | Sonic hedgehog is a remotely produced cue that controls axon guidance trans-axonally at a midline choice point[END_REF]. At the optic chiasm, ipsilateral RGCs, which express the Shh receptor Boc, are repelled by Shh and therefore do not cross the optic chiasm, remaining ipsilateral [START_REF] Fabre | Segregation of ipsilateral retinal ganglion cell axons at the optic chiasm requires the Shh receptor Boc[END_REF][START_REF] Peng | Sonic hedgehog is a remotely produced cue that controls axon guidance trans-axonally at a midline choice point[END_REF]) (Fig. 2d).

In contrast, cRGC axons express the L1 cell adhesion molecule, the neuronal cell adhesion molecule (NrCAM), and the semaphorin receptor Plexin-A1. Together, these molecules provide a permissive substrate for cRGCs to invade and cross the OC (Williams et al. 2006;Kuwajima et al. 2012). Transcriptionally, the Sox C family of transcription factors (Sox4, Sox11, Sox12) was identified as key regulators for cRGC fate by regulating NrCAM and PlexinA1 expression (Kuwajima et al. 2017) (Fig. 2c andd).

In addition, the transcription factor Islet2 is expressed by ~30% of cRGCs, mainly expressed by late-born cRGCs [START_REF] Pak | Construction and reconstruction of brain circuits 21 genetic program that specifies laterality of retinal axon pathfinding[END_REF]Kuwajima et al. 2017). Furthermore, the leucine-rich repeat receptor Islr2 has been shown to be expressed on cRGCs and its deletion leads to aberrant ipsilateral projections in Danio Rerio [START_REF] Panza | The LRR receptor Islr2 is required for retinal axon routing at the vertebrate optic chiasm[END_REF].

Interestingly, binocular vision is impaired in patients with albinism (an absence of melanin production of the retinal pigmented epithelium). This led researchers to study the role of pigmentation on iRGCs. It was found that albino mice have less iRGCs, but a normal number of cRGCs [START_REF] Rebsam | Eye-specific projections of retinogeniculate axons are altered in albino mice[END_REF]). This appears to be linked to the timing of RGC differentiation: albino animals have a shorter time window during which iRGCs are born which is compensated by an increased number of cRGCs [START_REF] Bhansali | Delayed neurogenesis leads to altered specification of ventrotemporal retinal ganglion cells in albino mice[END_REF]. Furthermore, the functional comparison of gene expression in albino and pigmented retinas, showed that the Wnt-pathway, which controls iRGC differentiation and cell proliferation, is dysregulated in albino animals (Iwai-Takekoshi et al.

2018

). Rescue of ipsi-lateral deficit via blockage of Nr-CAM may improve visual capability in albino animals, thereby providing a paradigm for functionally investigating the consequences of natural ipsi-lateral depletion (Williams et al. 2006). Interestingly, the existence of another population of RGCs has been described to project between the two retinas (retino- retinal projection) in various vertebrate species [START_REF] M€ Uller | A small population of retinal ganglion cells projecting to the retina of the other eye -an experimental study in the rat and the rabbit[END_REF][START_REF] Strznicky | Retino-retinal projections in three anuran species[END_REF]Nadal-Nicol as et al. 2015). More recently, it was described that this population resides in the ventro-nasal retina and is transient (E16.5 to postnatal day 4) (Murcia-Belmonte et al. 2019). These late-born RGCs were shown to express Unc5c, a netrin-1 receptor. Upon reaching the optic chiasm, Unc5cpositive RGCs are repelled by netrin-1 and project into the contralateral optic nerve. Indeed, Unc5c is both sufficient and necessary for retino-retinal projections (Murcia-Belmonte et al. 2019). However, the precise connection and function of this projection remains to be characterized. Moreover the implication of this projection in co-ordinating spontaneous activity remains to be studied.

Spinal cord

In the developing spinal cord, midline crossing takes place ventrally through a structure named the floor plate (FP). The FP is a crucial patterning center composed of specialized cells that contribute to the specification of the neuronal lineages of the neural tube and adjacent territories.

Moreover the FP is a source of both growth-promoting and growth-repulsive cues for commissural axons, such as netrin-1 and Slits (Ch edotal 2019). In vertebrates, spinal commissural axons navigate first ventrally toward the floor plate (Fig. 3a), cross the midline and then turn rostrally or caudally (Fig. 3d). According to the current model, the sensitivity to midline repellents is silenced in pre-crossing commissural growth cones as they navigate toward the FP. However, during FP crossing, commissural growth cones gain responsiveness to FP repulsive cues. The post-crossing commissural neurons are thus expelled from the midline, and also prevented from re-crossing the FP. At later stages, they follow rostro-caudal gradients of guidance cues, turning rostrally or caudally in the ventral or lateral funiculi [START_REF] Gaudet | Glial cells shape pathology and repair after spinal cord injury[END_REF][START_REF] Ducuing | Commissural axon navigation in the spinal cord: a repertoire of repulsive forces is in command[END_REF][START_REF]Roles of axon guidance molecules in neuronal wiring in the developing spinal cord[END_REF].

Commissural axon guidance before midline crossing

The earliest born spinal commissural neurons will extend their axons toward the pial surface of the spinal cord and ventrally toward the FP (Fig. 3a). For many years it was thought that a long-range gradient of the secreted protein netrin-1 is generated by the FP and attracts commissural neurons ventrally upon binding the receptor Dcc (Hiramoto et al. 2000;[START_REF] Finci | Signaling mechanism of the netrin-1 receptor DCC in axon guidance[END_REF]. However, recent studies have challenged this model and rather support a local and haptotactic function of netrin-1. Indeed, netrin-1 is not only expressed by FP cells but also by the neural progenitors of the ventricular zone of the spinal cord and brainstem. In support to this model, specific deletion of netrin-1 at the FP, does not perturb commissural axon crossing in the hindbrain (Dominici et al. 2017;Yamauchi et al. 2017). Interestingly, in the spinal cord, midline crossing appears slightly delayed (Moreno-Bravo et al. 2019) and some axons are misguided before crossing (Varadarajan et al. 2017;Moreno-Bravo et al. 2019;Wu et al. 2019). These results suggest that floor plate-derived netrin-1 is dispensable for commissural axon crossing, but also highlight a different mechanism of action of netrin-1 between the hindbrain and the spinal cord. Importantly, ablating netrin-1 expression in ventricular zone progenitors severely perturbs midline crossing in the brainstem (Dominici et al. 2017;Yamauchi et al. 2017) (Charron et al. 2003;Bovolenta and Sanchez-Arrones 2012;[START_REF] Sloan | Integration of shallow gradients of Shh and netrin-1 guides commissural axons[END_REF]Wu et al. 2019) are expressed at the floor plate and act redundantly with netrin-1 to attract axons as they get close to the FP.

Robo3, a member of the Roundabout (Robo) family, plays a key role in midline guidance. This receptor is expressed transiently by commissural axons in mouse spinal cord, midbrain and hindbrain and then is rapidly down-regulated after the axons have crossed the FP (Belle et al. 2014;Zelina et al. 2014). It is expressed in human pontine neurons (Jen et al. 2004) and in hindbrain and spinal cord commissural axons of birds (Philipp et al. 2012;Escalante et al. 2013;[START_REF] Friocourt | The Robo3 receptor, a key player in the development, evolution, and function of commissural systems[END_REF] and other vertebrate species (Friocourt et al. 2019). The absence of Robo3 leads to a complete loss of several commissures in mice and in humans (Jen et al. 2004;Marillat et al. 2004;Sabatier et al. 2004;Renier et al. 2010;Michalski et al. 2013). The mechanism through which Robo3 controls commissure development is not completely understood. However, it was proposed that Robo3 expression in pre-crossing commissural neurons repress Slit/Robo repulsion (Fig. 3b), thus allowing commissural axons to reach, enter, and cross the ventral midline in response to netrin-1 attraction (Sabatier et al. 2004;Jaworski et al. 2010;[START_REF]Further tales of the midline[END_REF]. This mechanism has been validated in the spinal cord and lateral reticular nucleus. Interestingly, the inferior olivary nucleus does not seem to follow the same mechanism (Di Meglio et al. 2008). However, it was initially proposed that Robo3 may facilitate attraction of commissural neurons to the floor plate, independently of Slit/Robo signaling (Sabatier et al. 2004;Di Meglio et al. 2008;Jaworski et al. 2010). More recent studies support this notion. Indeed, whilst non-mammalian Robo3 retained its ability to bind Slits, the mammalian orthologue of Robo3 has lost key residues in the Slit/Robo binding domain (Zelina et al. 2014). Instead, it possesses the ability to bind to netrin-1, by creating a receptor complex between Dcc and Robo3 via Src kinases, on a conserved tyrosine residue and contributes to the attractive actions of netrin-1 (Zelina et al. 2014) promote attraction to the ventral midline rather than counteract repulsion.

To date, several transcription factors have been associated with the most dorsal commissural population, dl1, which arises from the Atoh1 + domain (Ch edotal 2014). These interneurons are divided in two different subtypes depending on the location of their targets: ipsilateral (dl1i) or contralateral (dl1c) (Wilson et al. 2008). Interestingly, their projection pattern relies on the balance between the expression of two transcription factors Lhx2 and Lhx9 (Lim homeobox) and their upstream activation by the transcription factor Barhl2 (Ding et al. 2012). Lhx2 is able to directly bind to the regulatory region of Robo3 and modulate its expression in a dose-dependent manner. Moreover in Lhx2/9 knockouts, most of dl1 interneurons fail to cross the midline and project ipsilaterally (Wilson et al. 2008;Marcos-Mondejar et al. 2012).

Furthermore, the transcription factor Zic2 triggers an ipsilateral transcriptional program but also inactivates a contralateral one (Escalante et al. 2013). Indeed, downregulation of Zic2 by in utero electroporation of siRNA induces an abnormal up-regulation of Robo3 and a contralateral projection of dorsal horn neurons. A Zic2 gain of function has the reverse effect, reducing Robo3 expression and an increase of ipsilateral projections. In addition to modulating Robo3 expression, Zic2 is necessary and sufficient to induce EphA4 expression and commissural neuron repulsion in response to midline ephrinB's.

Commissural axon guidance after midline crossing

Upon FP crossing, commissural axons become sensitive to a myriad of repulsive guidance molecules expressed at the FP. However, prior to midline crossing, commissural axons do not express the receptors (at the surface) required to sense this repulsive environment. One such example is the repulsive receptor, PlexinA1, which is down-regulated at the surface of commissural neurons prior to midline crossing (Fig. 3c). PlexinA1 down-regulation at the growth cone involves the protease, Calpain-1 (Nawabi et al. 2010;Charoy et al. 2012). However upon FP entry, commissural neurons become exposed to the NrCAM that inhibits calpain-1 activity (Fig. 3f). As a result, PlexinA1 can accumulate at the growth cone which becomes sensitive to the repulsive cue Sema3B (expressed at the FP) (Nawabi et al. 2010;Charoy et al. 2012). In addition to PlexinA1, the semaphorin receptor Neuropilin 2 (Nrp2) is also expressed at the growth cone following FP entry. Indeed, Sema3B and Nrp2 double mutants display FP stalling as well as post-crossing misrouting (Nawabi et al. 2010;[START_REF] Parra | Sonic hedgehog induces response of commissural axons to Semaphorin repulsion during midline crossing[END_REF].

Slits are other repulsive cues expressed at the FP (Brose et al. 1999). As with PlexinA1 and Nrp2, commissural axon growth cones start expressing the Robo 1 and Robo2 receptors only after midline crossing, and become sensitive to Slit repulsion (Fig. 3e). Indeed, deletion of Robo receptors results in commissural axons stalling at the FP (Long et al. 2004;[START_REF] Garbe | Independent functions of Slit-Robo repulsion and Netrin-Frazzled attraction regulate axon crossing at the midline in Drosophila[END_REF][START_REF] Blockus | Slit-Robo signaling[END_REF]. However, Silts can also function independently of Robo receptors. In vertebrates, Slits can be cleaved into two separate fragments (Brose et al. 1999;Wang et al. 1999). The shorter fragment (Slit-C) is able to bind to PlexinA1 in commissural neurons to induce growth cone collapse (Delloye-Bourgeois et al. 2015).

Once commissural axons have exited the FP, they are then guided by other cues to continue either rostrally or caudally. Little is known about the cues guiding postcrossing axons along the midline. However, Wnt signaling has been shown to be critical in this process [START_REF] Onishi | Axon guidance and injury-lessons from Wnts and Wnt signaling[END_REF]). An expression gradient of several Wnt family proteins controls the rostral turning of post-crossing commissural axons through an attractive mechanism involving the Frizzled3 (Fzd3) receptor [START_REF] Lyuksyutova | Anteriorposterior guidance of commissural axons by Wnt-frizzled signaling[END_REF][START_REF] Yoshikawa | Wnt-mediated axon guidance via the Drosophila derailed receptor[END_REF]. The disruption of the Wnt gradient, results in a randomization of the growth of post-crossing commissural axons, which randomly turn toward the anterior or posterior part [START_REF] Yoshikawa | Wnt-mediated axon guidance via the Drosophila derailed receptor[END_REF][START_REF] Zou | Wnt signaling in axon guidance[END_REF]. Recently, a mechanism orchestrating Wnt activation has been proposed. During FP crossing, commissural neurons expressing Smoothened (Smo) are exposed to the morphogen sonic hedgehog (Shh). This interaction leads to the reduction in mRNA translation of Shisa2, a well-known Wnt signaling inhibitor. Shisa2 inhibits the Wnt receptor Frizzled (Fzd3) trafficking to the cell surface by interfering with its glycosylation, inactivating Wnt signaling [START_REF] Onishi | Sonic hedgehog switches on Wnt/planar cell polarity signaling in commissural axon growth cones by reducing levels of Shisa2[END_REF]. Moreover it has been shown that components of the planar cell polarity signaling pathway mediate Wnt attraction and the anterior turning of commissural axons [START_REF] Lyuksyutova | Anteriorposterior guidance of commissural axons by Wnt-frizzled signaling[END_REF][START_REF] Zou | Does planar cell polarity signaling steer growth cones?[END_REF][START_REF] Onishi | Axon guidance and injury-lessons from Wnts and Wnt signaling[END_REF]. In addition to the planar cell polarity pathway, the canonical Wnt signaling pathway is critical in mediating post-crossing commissural neuron turning. Indeed, down-regulation of both Lrp5 and Lrp6 (Low density lipoprotein receptor-related protein, coreceptors for Frizzled), which are required in the b-cateninmediated canonical Wnt pathway, lead to major defects in post-crossing commissural neurons [START_REF] Avil | Canonical wnt signaling is required for commissural axon guidance[END_REF].

Shh also guides post-crossing commissural axons (Bourikas et al. 2005;[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]. After crossing, commissural axons become repelled by Shh and project anteriorly along a posterior-high Shh and anterior-high Wnt4 gradients. However, instead of mediating its action through Patched or smoothened, Shh acts through the Hedgehog interacting protein. Further experiments showed that this switch in Shh responsiveness depended on the levels of 14-3-3 proteins, which are low in pre-crossing and high in postcrossing commissural neurons, and modulate Protein Kinase A activity [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]).

Peripheral nervous system development

The bilaterian nervous system is subdivided in two main components: the central and the peripheral nervous systems (CNS and PNS). Permanent cross-talk between the CNS and PNS is critical for integration of sensory inputs. In the 4 th century BC, Alcmaeon of Croton [START_REF] Goddard | Mice with targeted disruption of Hoxb-1 fail to form the motor nucleus of the VIIth nerve[END_REF]) [START_REF] Zolog | Somatic motor nerve and function as conceived by Alcmaeon of Croton[END_REF] proposed the first theory about channels ("poroi" in ancient greek) that would connect the senses and the brain, this last one being the center of human perception. Later, it became clear that all sensory perception being mechanical, auditory, gustatory, and olfactory were relayed to the CNS through the "nerves" [START_REF] Mazengenya | The structure and function of the central nervous system and sense organs in the canon of medicine by avicenna[END_REF]. Indeed, the precise interplay between these two networks develop in parallel during embryonic development [START_REF] Ben-Arie | Functional conservation of atonal and Math1 in the CNS and PNS[END_REF]. Additionally, it has been demonstrated that both axon guidance and neuronal activity can strongly modulate connections between the PNS and the CNS [START_REF] Bonanomi | Motor axon pathfinding[END_REF][START_REF] Wang | Spontaneous activity in the developing auditory system[END_REF].

Nevertheless, the PNS is itself formed by different components, each specialized in the transmission of a specific signal to the CNS. These signals are transmitted by mechanosensory, chemical or thermal receptors projecting to the mammalian spinal cord via nociceptive afferents. Drosophila bristles are sensory organs that are tightly distributed and contain one single mechanosensory neuron that specifically projects to the CNS. These axons can be guided by cell adhesion molecules, such as Neuroglian or Flamingo [START_REF] Martin | The L1-type cell adhesion molecule Neuroglian is necessary for maintenance of sensory axon advance in the Drosophila embryo[END_REF][START_REF] Steinel | The atypical cadherin Flamingo is required for sensory axon advance beyond intermediate target cells[END_REF], but also by other guidance molecules, such as Plexins or semaphorins [START_REF] Wu | A Combinatorial semaphorin code instructs the initial steps of sensory circuit assembly in the Drosophila CNS[END_REF]. Down syndrome cell adhesion molecule (DSCAM) is a transmembrane receptor of the immunoglobulin-superfamily [START_REF] Chen | The molecular diversity of dscam is functionally required for neuronal wiring specificity in Drosophila[END_REF]). DSCAM has since been described to regulate cell targeting, axon branch specification, and dendrite patterning (Schmucker et al. 2000;Wang et al. 2002a;[START_REF] Dascenco | Slit and receptor tyrosine phosphatase 69D confer spatial specificity to axon branching via Dscam1[END_REF]. The repulsive molecule, Slit, has been shown to bind and signal through DSCAM1 independently of Robo receptors [START_REF] Chen | The molecular diversity of dscam is functionally required for neuronal wiring specificity in Drosophila[END_REF]. Indeed, local binding to Slit drives spatial specificity of axon collateral formation. Furthermore, [START_REF] Chen | The molecular diversity of dscam is functionally required for neuronal wiring specificity in Drosophila[END_REF] report that many DSCAM isoforms exist and particular DSCAM isoform mosaicism in a specific growth cone appears to dictate local guidance decisions, such as the formation of axon collateral projections.

The inner ear is essential for the transmission of sounds and their integration by the CNS. This complex sensory organ is composed of bipolar spiral ganglion neurons (SGN) that connect the ipsilateral cochlear nucleus and the mechanosensory inner and outer hair cells located in the organ of Corti (Nayagam et al. 2011). SGNs project to both the inner (IHC) and the outer hair cells (OHC). During the course of development, both type I and II project to the OHC but type I SGNs appear to refine in later stages and only project to the IHC [START_REF] Huang | Synaptic profiles during neurite extension, refinement and retraction in the developing cochlea[END_REF][START_REF] Safieddine | The auditory hair cell ribbon synapse: from assembly to function[END_REF][START_REF] Druckenbrod | Sequential retraction segregates SGN processes during target selection in the cochlea[END_REF]. The use of molecular markers to target single spiral ganglia has revealed key morphological differences between type I and type II SGNs as well as their specific projection patterns to the IHC or outer hair cells OHC [START_REF] Druckenbrod | Sequential retraction segregates SGN processes during target selection in the cochlea[END_REF][START_REF] Coate | Neuropilin-2/Semaphorin-3F-mediated repulsion promotes inner hair cell innervation by spiral ganglion neurons[END_REF]. Indeed, type I and II SGNs were shown to be molecularly different. Type I SGNs express the semaphorin receptor Nrp2 and its co-receptor PlexinA3 [START_REF] Coate | Neuropilin-2/Semaphorin-3F-mediated repulsion promotes inner hair cell innervation by spiral ganglion neurons[END_REF]. Upon binding Sema3F, secreted by the OHC, type I SGNs are repulsed and restrict their projections to the IHC [START_REF] Coate | Neuropilin-2/Semaphorin-3F-mediated repulsion promotes inner hair cell innervation by spiral ganglion neurons[END_REF]. More recently, the use of single sequencing has allowed a more in depth characterization of SGNs. In this study, [START_REF] Shrestha | Sensory neuron diversity in the inner ear is shaped by activity[END_REF] identified that type I SGNs can be further classified into three different subtypes. These data suggest a growing complexity of the auditory system formation and integration of external signals.

These examples underline the complexity of PNS development. With the aim of understanding the surrounding environment, each of these systems seems to have its own guidance mechanisms, which through a tight and orchestrated regulation, establish an essential pathway between sensory neurons and superior brain areas. Novel genetic and technical approaches also highlight the cellular heterogeneity in these systems, most of them considered quite homogeneous until recently. The understanding of the molecular differences between cell types in a determined structure is a key element in establishing therapeutic approaches such as stem cell therapy. Moreover these molecular differences can also help to understand the possible effects of different known guidance mechanisms. Lastly, several groups have tried to understand the role of spontaneous activity in these structures. Neural activity has been observed to happen randomly in most structures, since early development [START_REF] Shrestha | Sensory neuron diversity in the inner ear is shaped by activity[END_REF]. This neuronal activity could be essential to pattern and reinforce synapses, as was shown in the visual system [START_REF] Ackman | Role of emergent neural activity in visual map development[END_REF].

Non-traditional roles of axon guidance molecules Axon guidance molecules have been extensively studied during axonal development but have also been shown to be critical in many diverse biological processes such as angiogenesis and cell migration [START_REF] Castets | Netrin-1 role in angiogenesis: to be or not to be a pro-angiogenic factor?[END_REF][START_REF] Aberle | Axon guidance and collective cell migration by substrate-derived attractants[END_REF]). Undeniably, cortical development is dependent on cellular migration. A fundamental question for the past decades has been the emergence of the neocortex, a specific feature of the mammalian brain [START_REF] Finlay | Linked regularities in the development and evolution of mammalian brains[END_REF][START_REF] Northcutt | Understanding vertebrate brain evolution[END_REF]. Cortical development begins with the division of radial glial progenitor cells (RGPCs), which gives rise to all cortical neurons and glia. RGPCs are aligned at the cortical ventricular zone and undergo mitosis to either self-renew (symmetric division = indirect neurogenesis), or differentiate into cortical neurons (asymmetric division = direct neurogenesis). However, in mammals RGPCs can also divide symmetrically to give rise to an intermediate progenitor cell (IPCs) [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF][START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF][START_REF] Miyata | Asymmetric production of surface-dividing and non-surfacedividing cortical progenitor cells[END_REF]. IPCs can either self renew or differentiate into cortical neurons. Thus, IPCs have been proposed to serve as the main determinant for cortex expansion in mammals [START_REF] Malatesta | Isolation of radial glial cells by fluorescent-activated cell sorting reveals a neuronal lineage[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF][START_REF] Smart | Unique morphological features of the proliferative zones and postmitotic compartments of the neural epithelium giving rise to striate and extrastriate cortex in the monkey[END_REF][START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF][START_REF] Kriegstein | Patterns of neural stem and progenitor cell division may underlie evolutionary cortical expansion[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF]). Recently, C ardenas et al. (2018) have identified a novel role for Robo 1/2 in regulating radial glia cortical migration. By comparing the mouse olfactory bulb (OB) (reminiscent of the reptilian paleocortex) to the cortex (Cx), C ardenas et al. (2018) observed that the OB solely developed by direct neurogenesis whereas the Cx was developed mostly by indirect neurogenesis. Interestingly, Robo1/2 were expressed in a gradient, with a high-low expression in the OB compared to the Cx. Furthermore, it was shown that Robo1/2 can regulate the notch canonical signaling pathway via Delta-like 1 as well as the ligands jagged 1( Jag1) and Jag2. The mechanism put forward is that high Robo1/2 expression in the OB reduces Delta-like 1 expression and increases Jag1 and Jag2 expression, resulting in asymmetric division and direct neurogenesis. Indeed, gain of function experiments showed that high Robo1/2 expression is sufficient to induce direct neurogenesis in the mouse Cx (C ardenas et al. 2018). Interestingly, amniotes deprived of a neocortex, such as birds and reptiles, show high Robo1/2 expression in the cortex (C ardenas et al. 2018). Thus, the authors propose silencing of Robo1/2 as an evolutionary switch giving rise to indirect neurogenesis in mammals.

The Fibronectin Leucine Rich-repeat Transmembrane (FLRTs) proteins have also been identified as axon guidance molecules. For instance, thalamocortical axons expressing Dcc are not sensitive to the netrin-1 gradient present in the thalamus because of Robo1 silencing [START_REF] Leyva-D Iaz | FLRT3 is a Robo1-interacting protein that determines Netrin-1 attraction in developing axons[END_REF]. However, FLRT3 can sequester Robo1 to allow for Dcc expression at the surface of thalamocortical neurons, thereby activating netrin-1 responsiveness (Leyva-D ıaz et al. 2014). More recently, FLRTs have also been implicated with cortical progenitor migration [START_REF] Del Toro | Regulation of cerebral cortex folding by controlling neuronal migration via FLRT adhesion molecules[END_REF]. In mammals the cortex initially forms as a laminar sheet. Whilst some mammals (mice and rats) will retain this smooth cortical development (lissencephaly, Fig. 4a), other mammals (primates and ferrets) develop cortical folds (gyrencephaly, Fig. 4b). FLRT1/3 have recently been shown to be critical players in this process [START_REF] Del Toro | Regulation of cerebral cortex folding by controlling neuronal migration via FLRT adhesion molecules[END_REF]. Interestingly, genetic ablation in mice of FLRT1/3 promotes cortical folding [START_REF] Del Toro | Regulation of cerebral cortex folding by controlling neuronal migration via FLRT adhesion molecules[END_REF]. Whilst the proliferation rate of radial glia cells was unchanged, their migratory patterns were significantly perturbed. Indeed, loss of FLRT1/3 increased neuronal clustering and radial migration rate. This creates columns of migrating progenitors, inducing an asymmetric proliferation across the surface of the cortex and as a result creating sulci. Of note, FLRT1/3 expression is reduced in gyrencephalic species, suggesting that the abundance of FLRT1/3 during evolution promoted cortical smoothing (lissencephaly).

Whilst typical axon guidance proteins such as Slits and ephrins have been largely discussed, a growing body of literature has shown that some lipids could be atypical guidance molecules. Phospholipids are considered the major components of cell membranes and they have the ability to form amphipathic lipid bilayers. Their role in axon guidance was first proposed by some in vitro experiments in which Lysophosphatidic acid, an intermediate substance of lipid synthesis, was shown to be able to induce growth cone collapse, neurite retraction and cell rounding in neuroblastoma-derived neuronal cell cultures [START_REF] Jalink | Lysophosphatidic acid induces neuronal shape changes via a novel, receptor-mediated signaling pathway: similarity to thrombin action[END_REF]. Later on, further evidence highlighted their role on primary cultured chick embryo neurons and on isolated retinal growth cones [START_REF] Saito | Effects of lysophosphatidic acid on primary cultured chick neurons[END_REF][START_REF] Campbell | Chemotropic responses of retinal growth cones mediated by rapid local protein synthesis and degradation[END_REF]. Additional in vivo evidence of the axon guidance role of lysophospholypids were obtained in the Xenopus visual system. In absence of sphingosine 1-phosphate, retinal projections were misguided and invaded abnormal areas [START_REF] Strochlic | A role for S1P signalling in axon guidance in the Xenopus visual system[END_REF]. Recently, a novel role for phospholipids on axon guidance was brought to light: Phosphatidyl-B-D-Glucoside (PtdGlc) is localized in radial glia and nascent astrocytes in vivo [START_REF] Nagatsuka | Phosphatidylglucoside exists as a single molecular species with saturated fatty acyl chains in developing astroglial membranes[END_REF][START_REF] Kinoshita | Lipid rafts enriched in phosphatidylglucoside direct astroglial differentiation by regulating tyrosine kinase activity of epidermal growth factor receptors[END_REF]. PtdGlc can be hydrolysed in lysoPtdGlc and released into the extracellular environment [START_REF] Guy | Glycerophospholipid regulation of modality-specific sensory axon guidance in the spinal cord[END_REF]. In the embryonic chick and mouse spinal cord, TrkA and TrkC dorsal root ganglion axons enter the CNS through the dorsal root entry zone. Only TrkC axons get into the primordial dorsal funiculus where LysoPtdGlc is found [START_REF] Guy | Glycerophospholipid regulation of modality-specific sensory axon guidance in the spinal cord[END_REF], suggesting a possible repulsive role for nociceptive afferences (TrkA). TrkA enriched dorsal root ganglia (DRG) explants showed chemorepulsion in vitro in presence of a lysoPtdGlc gradient. Furthermore, blocking antibodies for lysoPtdGlc used in ovo, showed a misprojection of TrkA axons in the primordial dorsal funiculus. Finally, a receptor screening proposed GPR55 as putative receptor for this extracellular cue. GPR55 knockout mice phenocopy the DRG axon misprojections induced by lysoPtdGlc blocking antibodies, confirming the role of this receptor-sensing glia released lysoPtdGlc in this system [START_REF] Guy | Glycerophospholipid regulation of modality-specific sensory axon guidance in the spinal cord[END_REF].

Axonal regeneration

In the early 20th century, pioneering studies from Ram on y Cajal showed that the mammalian CNS is unable to regenerate following a lesion (Ram on y Cajal 1914). Neuroscientists have since delved on the idea that understanding CNS development could be the key to hi-jack regenerative mechanisms following CNS injury. Interestingly, similar lesion experiments carried out on dorsal root ganglia axons (which belong to the PNS) resulted in robust regeneration of their peripheral branch and functional recovery following the lesion, whereas their central branch projecting into the CNS did not regenerate. Therefore, something either intrinsic or extrinsic to CNS neurons is responsible for their lack of regeneration (Fig. 5a). This fundamental question has sparked years of intensive research to understand the molecular mechanisms activated after axotomy and to develop strategies for inducing axonal regeneration. Here, we will discuss some of the current approaches and challenges in regeneration of CNS and PNS axons.

Central nervous system regeneration

Visual system regeneration Optic nerve (ON) transection or crush, have become a predominant models for studying CNS regeneration. The ON only contains axons which originate from RGC neurons in the retina. Directly following ON lesions, multiple inhibitory pathways are triggered. The activator protein 1 and the transcription factor subunit c-Jun (Fos-binding protein p39) both act in synergy to trigger cell death in RGCs following an experimental axotomy (H€ ull and B€ ahr 1994). In addition, interplay between c-Jun and the activating transcription factor 2 dictates cell fate following ON crush. When both are up-regulated, they promote cell survival. However, reduction in activating transcription factor 2 expression induces apoptosis [START_REF] Martin-Villalba | Rapid and long-lasting suppression of the ATF-2 transcription factor is a common response to neuronal injury[END_REF]. The activation of c-Jun is driven by calcium influx, since specific inhibition of calcium channels leads to reduction of c-Jun activity in ON crush models. Remarkably, the inhibition of calcium channels not only reduces acute axon neurodegeneration, but also improves axonal regeneration [START_REF] Ribas | Attenuation of axonal degeneration by calcium channel inhibitors improves retinal ganglion cell survival and regeneration after optic nerve crush[END_REF]. The RhoA/ ROCK/LIMK pathway, which can be activated by a variety of cytokines and inflammatory mediators, is another critical inhibitory mechanism that mediates repulsive signals in the injured CNS. The knockdown of either Rho associated coiled-coil containing protein kinase 2 (ROCK2) or its downstream substrate LIM domain kinase 1 promotes neuronal regeneration following ON crush. However, only ROCK2 knockdown was found to be neuroprotective in RGCs following ON axotomy [START_REF] Koch | ROCK2 is a major regulator of axonal degeneration, neuronal death and axonal regeneration in the CNS[END_REF]. ROCK2 down-regulation leads to reduced calpain and caspase3 activity and a concurrent increase in protein kinase B (Akt) activity [START_REF] Koch | ROCK2 is a major regulator of axonal degeneration, neuronal death and axonal regeneration in the CNS[END_REF]. Pharmacological inhibition of RhoA/ROCK pathway through Y-27632 or Fasudil administration promotes neuronal regeneration in a dose-dependent manner, probably because of enhanced MAPK and Akt phosphorylation [START_REF] Lingor | Inhibition of Rho kinase (ROCK) increases neurite outgrowth on chondroitin sulphate proteoglycan in vitro and axonal regeneration in the adult optic nerve in vivo[END_REF][START_REF] Lingor | ROCK inhibition and CNTF interact on intrinsic signalling pathways and differentially regulate survival and regeneration in retinal ganglion cells[END_REF]. Pharmacological modulation of this pathway, thus, could represent a therapeutic approach for CNS cell restoration.

Another inhibitory pathway exists in the surrounding environment of the lesion (Fig. 5b-d). The myelin inhibitory proteins: Nogo, myelin-associated glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein suppress axonal growth in the optic nerve by acting through Nogo receptors where they act in an orchestrated manner with other coreceptors, such as p75 neurotrophin receptor and epidermal growth factor receptor [START_REF] Domeniconi | Myelin-associated glycoprotein interacts with the Nogo66 receptor to inhibit neurite outgrowth[END_REF]Wang et al. 2002b;Wang et al. 2002c;[START_REF] Koprivica | EGFR activation mediates inhibition of axon regeneration by myelin and chondroitin sulfate proteoglycans[END_REF]. Notably, deletion of its downstream signaling pathway, through protein kinase C appears to restore axonal growth by blocking Rho activation [START_REF] Sivasankaran | PKC mediates inhibitory effects of myelin and chondroitin sulfate proteoglycans on axonal regeneration[END_REF]). Furthermore, the over-expression of dominant negative Nogo receptors in RGCs promoted axonal regeneration [START_REF] Fischer | Counteracting the Nogo receptor enhances optic nerve regeneration if retinal ganglion cells are in an active growth state[END_REF].

Alternatively to extrinsic factors inhibiting axon regeneration, many groups have shown that the intrinsic mechanisms prevent CNS axon regeneration [START_REF] He | Intrinsic control of axon regeneration[END_REF]. One critical pathway, put forward by the group of Zhigang He, was the phosphoinositide 3-kinase/mammalian target of rapamycin (mTOR) signaling pathway. Following ON crush, a dramatic decrease in phosphoinositide 3-kinase/mTOR activity is observed [START_REF] Park | Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway[END_REF]. Indeed, following ON crush, mTOR activity is suppressed by the phosphatase and tensin homolog (PTEN) (Fig. 5b). Genetically deleting PTEN in RGCs, using an adeno-associated virus, induces robust and long-distance axon regeneration following ON crush [START_REF] Park | Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway[END_REF]. Interestingly, PTEN deletion following ON crush only stimulates the regeneration of a subset of RGCs [START_REF] Park | Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway[END_REF]. A large number of RGC types exists with distinct physiology and projection patterns [START_REF] Sanes | The types of retinal ganglion cells: current status and implications for neuronal classification[END_REF][START_REF] Martersteck | Diverse central projection patterns of retinal ganglion cells[END_REF]). Therefore, it is not surprising that distinct RGCs types respond heterogeneously to injury. Further studies have shown that a specific subtype of RGCs, the a-RGCs, are able to survive following ON crush and express insulin-like growth factor receptor (IGF1) as well as osteopontin (OPN) [START_REF] Duan | Subtype-specific regeneration of retinal ganglion cells following axotomy: effects of osteopontin and mtor signaling[END_REF]. Reprogramming of RGCs after injury is accompanied by changes in mRNA expression profiles. The transcription factors that are expressed after injury appear to determine whether a specific sub-type of RGC will regrow. The Kruppel-like factors 4 and 9 (KLF4 and KLF9), for example, play a major role suppressing axon development [START_REF] Qin | Cross-talk between KLF4 and STAT3 regulates axon regeneration[END_REF][START_REF] Apara | KLF9 and JNK3 interact to suppress axon regeneration in the adult CNS[END_REF]). KLF4 interacts with Tyr705phosphorylated signal transducer and activator of transcription 3 (STAT3) suppressing its activity and function as an intrinsic barrier for regeneration of damaged adult RGC axons [START_REF] Qin | Cross-talk between KLF4 and STAT3 regulates axon regeneration[END_REF]. KLF9 functions as another intrinsic inhibitor for axon regeneration as shRNA mediated knockdown of KLF9 promote RGC survival and axon regeneration following optic nerve injury in vivo [START_REF] Apara | KLF9 and JNK3 interact to suppress axon regeneration in the adult CNS[END_REF]. This KLF9-mediated inhibition is via interaction of the upstream kinase c-Jun N-terminal kinase 3 (JNK3) [START_REF] Apara | KLF9 and JNK3 interact to suppress axon regeneration in the adult CNS[END_REF].

Recent findings indicate that micro RNAs 135a and 135b (miRNA135s) could regulate KLF4 expression during axon development. Intravitreal administration of miRNA135 induced axon regeneration following ON injury, in part by suppressing KLF4 expression in RGCs [START_REF] Van Battum | An image-based miRNA screen identifies miRNA-135s as regulators of CNS axon growth and regeneration by targeting Kr€ uppel-like factor 4[END_REF]. SOX11, on the other hand, plays a dual role. When overexpressed, it can stimulate axon growth of non-a-RGCs while it induces cell death of a-RGCs following ON crush [START_REF] Norsworthy | Sox11 expression promotes regeneration of some retinal ganglion cell types but kills others[END_REF]. In addition to intrinsic growth metabolism, neuroinflammation has been shown to be critical for RGCs axonal regeneration [START_REF] Smith | SOCS3 deletion promotes optic nerve regeneration in vivo[END_REF]. The simple intraocular injection of Zymosan (protein-carbohydrate complexes derived from yeast cell wall), which enhances macrophage infiltration in the injured ON, greatly stimulates the expression of GAP-43 in RGC axons, resulting in accelerated axonal regeneration [START_REF] Yin | Lens injury stimulates axon regeneration in the mature rat optic nerve[END_REF].

During the past decades, major effort has been made toward the development of combinatorial therapeutic approaches, targeting two or more neuronal pathways. Over stimulating cell growth programs by deleting PTEN and suppressor of cytokine signaling 3 (SOCS3) promotes a well-sustained axon regeneration (Fig. 5d), by brake-releasing two independent pathways that converge into axon growth-related gene expression [START_REF] Sun | Sustained axon regeneration induced by co-deletion of PTEN and SOCS3[END_REF]. In an alternative approach, the use of the pro-inflammatory Zymosan, in combination to PTEN inhibition and cAMP analogue administration promotes axonal regeneration, and allows the recovery of long distance axonal degeneration [START_REF] Kurimoto | Long-distance axon regeneration in the mature optic nerve: contributions of oncomodulin, cAMP, and pten gene deletion[END_REF]. The critical step following regeneration and functional synapses formation is the restoration of the conductance and visual function following injury. Treatment with the voltage-gated potassium channel blocker 4-aminopyridine (4-AP) or its methyl derivative 4-AP-3-Me restores conduction and visual acuity following PTEN/SOCS3 co-deletion. Similar phenomena were observed when mice were treated with 4-AP following OPN overexpression in the presence of IGF1 and ciliary neurotrophic factor. This highlights the importance of combination therapy for axon regeneration and improving visual conduction [START_REF] Bei | Restoration of visual function by enhancing conduction in regenerated axons[END_REF].

Spinal cord regeneration

Another attractive model for studying CNS regeneration is that of spinal cord injury (SCI). In addition to its scientific interest, SCI has a dramatic clinical impact, with the world health organization approximating between 250 000 to 500 000 people suffer from SCI each year [START_REF] Courtine | Spinal cord repair: advances in biology and technology[END_REF]. The Cortico spinal neurons (CSNs) located in the mammalian neocortex are the major output from the brain to the spinal cord (making up to 90% of projections), which mediate both motor and sensory functions (Wang et al. 2017). Indeed, corticospinal tract (CST) lesions, such as a bilateral pyramidotomy, lead to the complete loss of voluntary movement. Following a spinal cord lesion, extrinsic mechanisms such as growth inhibitors or glial scars, inhibit axonal regeneration [START_REF] Gaudet | Glial cells shape pathology and repair after spinal cord injury[END_REF]. Several inhibitory signaling molecules have since been identified such as Nogo or myelin-associated glycoproteins [START_REF] Caroni | Antibody against myelin associated inhibitor of neurite growth neutralizes nonpermissive substrate properties of CNS white matter[END_REF][START_REF] Mckeon | Reduction of neurite outgrowth in a model of glial scarring following CNS injury is correlated with the expression of inhibitory molecules on reactive astrocytes[END_REF][START_REF] Afshari | Extrinsic and intrinsic factors controlling axonal regeneration after spinal cord injury[END_REF][START_REF] Lang | Modulation of the proteoglycan receptor PTPr promotes recovery after spinal cord injury[END_REF]. Indeed silencing these inhibitory cues in mouse or rat models of spinal cord injury has shown some success [START_REF] Schmandke | Nogo-A: multiple roles in CNS development, maintenance, and disease[END_REF]. Another approach, led by Zhigang He's group, questioned whether the inability of CNS neurons to regenerate involved intrinsic factors. They identified that mTOR (mammalian target of rapamycin) activity and de novo protein synthesis are suppressed after CNS lesions [START_REF] Park | Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway[END_REF]. Reactivation of the mTOR pathway by silencing of PTEN (phosphatase and tensin homolog) and TSC1 (tuberous sclerosis complex 1), leads to extensive CST axon regeneration [START_REF] Park | Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway[END_REF]). Together, these findings proved that both intrinsic and extrinsic mechanisms were responsible for inhibiting CST axon regeneration after spinal cord injury. Accordingly, the combined genetic deletion of Nogo receptors and PTEN, led to a major increase in the regeneration and sprouting of lesioned CSNs [START_REF] Geoffroy | Effects of PTEN and Nogo codeletion on corticospinal axon sprouting and regeneration in mice[END_REF]. However, there was little to no functional amelioration in lesioned animals.

The lack of functional rescue observed in double mutants of Nogo and PTEN led to the idea that a better understanding of the locomotor system was required. Indeed, very little was known about the localization, development, and function of the CSNs responsible for voluntary movement. Using retrograde viral tracing strategies, it was found that CSNs were localized in both the motor and somatosensory cortex. Two major nuclei were identified, the rostral forelimb area (RFA) and the caudal forelimb area (CFA) (Wang et al. 2017). To better understand the precise function of RFA and CFA CSNs in voluntary task, a food pellet retrieval task was used to tease apart which CSNs were responsible for specific motor movements. Using AAV:Cre-driven GCamp6 expression in CSNs, it was shown that RFA CSNs fired prior to grasping the food-pellet, whereas CFA CSNs fired prior to reaching as well as post-grasping the food pellet (Wang et al. 2017). These data provide evidence supporting a parallel organization of motor tasks responsible for specific behavior organized in a topographic manner.

While much work has focused on spinal cord lesions, the majority of patients suffer from partial lesions. However, partial spinal cord injuries still result in complete loss of motor function below the site of injury. This hints toward the idea that unlesioned axons are unable to properly function despite being spared from injury. By carrying out a staggered hemisection of the thoracic spinal cord on opposing sides, [START_REF] Chen | Reactivation of dormant relay pathways in injured spinal cord by KCC2 manipulations[END_REF] took advantage of a partial spinal cord injury model to carry out a small compound screening approach. They identified that an agonist of the potassium/ chloride transporter (KCC2) resulted in increased weight bearing strength in mice following lesion [START_REF] Chen | Reactivation of dormant relay pathways in injured spinal cord by KCC2 manipulations[END_REF]. Because of the complexity of spinal circuits, they questioned whether KCC2 activity was required by multiple or distinct neuronal subsets (excitatory, inhibitory, motor). Interestingly, only overexpression of KCC2 in inhibitory neurons (Vgat:Cre) resulted in an improved weight-bearing strength in injured mice. Moreover inhibitory neurons below the staggered lesion were dispensable for this rescue, since overexpressing KCC2 only in inhibitory neurons between the lesions was sufficient to rescue the weight bearing strength. Overall, this identifies a crucial role for inhibitory interneurons in a closed-circuit to be critical in associating the excitation to inhibition ratio required to regulate functional recovery following a lesion [START_REF] Chen | Reactivation of dormant relay pathways in injured spinal cord by KCC2 manipulations[END_REF].

The translation of these findings to the treatment of spinal cord injury, won't be simple as the genetic manipulation of tumor suppressor genes may not be suitable for the clinic. Attractive treatment alternatives could consist of applying growth factors (which occur endogenously in the CNS). However, adult CNS neurons lose their sensitivity to growth factors such as brain-derived neurotrophic factor [START_REF] Liu | A sensitized IGF1 treatment restores corticospinal axon-dependent functions[END_REF]. Moreover adult CSNs treated with OPN can be sensitized to the IGF1 by reactivating the mTOR pathway [START_REF] Liu | A sensitized IGF1 treatment restores corticospinal axon-dependent functions[END_REF].

Furthermore, the identification that spared axons following partial spinal cord injury could be re-synchronized to induce functional recovery opens many questions, one of which, is the importance of inhibitory synapses conserved amongst other species. Indeed, the complexity in human spinal cord circuitry may pose a major challenge toward this clinical implication.

For instance, how does our current understanding on excitatory/inhibitory ratios in the rodent spinal cord translate to the human spinal cord? This is a daunting question since inhibitory feedback loops in human spinal cord may be more complex and thus more challenging to re-stimulate. Furthermore, more research should focus on understanding the coordinated action between neurons and glial cells. Synaptic activity, axonal and dendritic growth and regeneration are fine-tuned by glial cells [START_REF] Liu | A sensitized IGF1 treatment restores corticospinal axon-dependent functions[END_REF]). There are a few studies investigating how glial scar-induced disruption may be overcome by improving the communication between neurons and glial cells. Of note, exosomes released by glial cells in the PNS have shown to promote robust axonal regeneration and survival (Lopez-Leal and Court 2016). A similar result was obtained from mesenchymal stem cells releasing exosomes following spinal cord injury (Li et al. 2018;[START_REF] Liu | Exosomes derived from bone mesenchymal stem cells repair traumatic spinal cord injury by suppressing the activation of A1 neurotoxic reactive astrocytes[END_REF].

Peripheral nerve regeneration

Insults such as physical trauma, chemotherapy or metabolic disorders can lead to peripheral nerve damage [START_REF] Scholz | Peripheral nerve injuries: an international survey of current treatments and future perspectives[END_REF]. As previously mentioned, PNS axons have retained considerable capacity to regenerate following injury and to form functional connections with their original targets [START_REF] Bremer | A small molecule screen identifies in vivo modulators of peripheral nerve regeneration in zebrafish[END_REF]. This seems in part because of a cellintrinsic growth-promoting response of PNS neurons and to a favorable environment for axonal regeneration [START_REF] Bremer | A small molecule screen identifies in vivo modulators of peripheral nerve regeneration in zebrafish[END_REF]. However, many aspects of this process, including how regenerating axons navigate across the lesion site and select their original trajectory at branch choice points, are not well understood in vivo. Whilst many animal models have been used to study PNS regeneration, the zebrafish has been heavily studied because of its transparency (allowing for in vivo live imaging) as well as the ability for genetic manipulation. Adult and larval fish both have well-defined PNS circuits and stereotyped behaviors, facilitating cell biology studies underlying PNS axon regrowth and synapse re-establishment [START_REF] He | Intrinsic control of axon regeneration[END_REF][START_REF] Rasmussen | Learning to Swim, Again: Axon Regeneration in Fish[END_REF].

In vertebrates, spinal motor nerve degeneration after transection occurs through morphological hallmarks characteristic of Wallerian degeneration (Fig. 6a), a stereotyped form of degeneration [START_REF] Waller | Experiments on the section of the glosso-pharyngeal and hypoglossal nerves of the frog, and observations of the alterations produced thereby in the structure of their primitive fibres[END_REF]. Live imaging on zebrafish showed that following nerve transection, degradation of the distal axon happens within 120-240 min [START_REF] Rosenberg | In vivo nerve-macrophage interactions following peripheral nerve injury[END_REF]. Moreover it highlighted that individual axons within the transected nerves initiate fragmentation at different times independent of myelination and thickness of the axons. Once initiated, fragmentation occurs along the entire length of the axon within minutes. Recruitment of macrophages to the injury site starts between 60-120 min before nerve fragmentation, and with the onset of axonal fragmentation, macrophages enter the nerve and begin to phagocytose nerve debris. Experimental elimination of Schwann cells through genetic ablation does not change the recruitment and behavior of macrophages to the injury site suggesting that this process is independent on Schwann cells [START_REF] Dutton | Zebrafish colourless encodes sox10 and specifies non-ectomesenchymal neural crest fates[END_REF][START_REF] Rosenberg | In vivo nerve-macrophage interactions following peripheral nerve injury[END_REF].

In zebrafish, 80% of regenerating axons retain the ability to select their original branch-specific trajectory in both ventral and dorsal nerve branches following complete nerve transection [START_REF] Isaacman-Beck | The lh3 glycosyltransferase directs target-selective peripheral nerve regeneration[END_REF]. After complete nerve transection, usually a single axon emerges from the proximal nerve stump to pioneer a regenerative path across the injury site. At later stages, multiple emerging axons join the pioneering axon and extend with about twice the speed of the pioneering axon across the injury gap. The synaptic lowdensity lipoprotein receptor-related protein 4 is critical for the regrowth of follower axons across the injury gap and toward their original targets [START_REF] Gribble | The synaptic receptor Lrp4 promotes peripheral nerve regeneration[END_REF]) (Fig. 6c). Live-cell imaging shows that Schwann cells provide directionality to axons, by crossing the injury site and navigating to their original trajectory. An interaction between Schwann cells and motor axons is triggered following motor nerve transection leading to highly coordinated changes in axonal and Schwann cell morphology during both degeneration and regeneration (Fig. 6b). For instance, once axons start to fragment, Schwann cell membranes, localized distal to the lesion site, undergo dramatic morphological changes returning to a more immature state [START_REF] Rosenberg | Schwann cells and deleted in colorectal carcinoma direct regenerating motor axons towards their original path[END_REF]. Lrp4 promotes the morphological changes associated with Schwann cells re-differentiation after injury-induced de-differentiation. In vivo evidence suggests that low-density lipoprotein receptor-related protein 4 promotes peripheral nerve regeneration through a non-canonical, Agrin/MuSK independent signalling pathway that is critical for neuromuscular synapse development in mammals and zebrafish [START_REF] Gribble | The synaptic receptor Lrp4 promotes peripheral nerve regeneration[END_REF]. The importance of this process in promoting vertebrate nerve regeneration is also confirmed by the impairment of peripheral nerve regeneration by Topoisomerase I inhibitor, identified through a fin removal assay performed by Bremer and colleagues, which hypothesizes that Topoisomerase I promotes peripheral nerve regeneration by regulating gene transcription specifically in de-differentiated Schwann cells [START_REF] Bremer | A small molecule screen identifies in vivo modulators of peripheral nerve regeneration in zebrafish[END_REF].

In zebrafish mutants lacking Schwann cells, 50-80% of transected nerves show a failure in regenerating axons along their original trajectory through the ventral myotome compared with 20% in wild-type [START_REF] Rosenberg | Schwann cells and deleted in colorectal carcinoma direct regenerating motor axons towards their original path[END_REF]). Netrin1 and its receptor DCC have been implicated in promoting the extent of axon regeneration (Fig. 6c): in vivo Netrin1b mRNA is expressed in Schwann cells before and after motor nerve transection, and dcc mRNA is detectable in motor neurons during initial axonal regrowth. In dcc zm130198 mutants, characterized by a 90% reduction of dcc mRNA, 40% of regenerating motor axons extended not only along their original path but also along ectopic lateral trajectories. This suggests that DCC is required to guide regenerating ventral motor axons across the injury gap toward their original trajectory in vivo [START_REF] Rosenberg | Schwann cells and deleted in colorectal carcinoma direct regenerating motor axons towards their original path[END_REF].

Early after transection (7-11 h post transection), dorsal axons sprout growth cones that explore the environment with multi-directional extensions and retractions. In the following 2-4 h, only the growth cones extending along the correct dorsal path are stabilized and quickly extend, supporting the existence of extrinsic cues that drive the growth cones through the branch point [START_REF] Isaacman-Beck | The lh3 glycosyltransferase directs target-selective peripheral nerve regeneration[END_REF]. Among these cues, the collagen-modifying glycosyltransferase lysyl hydroxylase 3 (lh3), expressed by Schwann cells, has a crucial role in promoting target selectivity of regenerating dorsal, but not ventral nerve axons (Fig. 6b). For this process, equally fundamental is Collagen4a5 (col4a5), the lh3 substrate, which is over expressed in a small group of Schwann cells located ventral and ventrolaterally to the transection gap. Col4a5 destabilizes mistargeted axons, directing regenerating axons toward their original targets. Following the nerve transection there is an up-regulation of the canonical axon guidance repellent slit1a in cells expressing col4a5. Hypothetically, in response to injury, Schwann cells ventral to the transection site, secrete col4a5, which binds and accumulates Slit, thereby forming a repulsive barrier to direct dorsal axons onto their original dorsal path (Isaacman-Beck et al. 2015) (Fig. 6c).

Real-time imaging on live zebrafish has allowed deciphering some of the intrinsic and extrinsic mechanisms responsible for peripheral nerve regeneration, but the molecular mechanisms and the specific cellular interactions which are vital for axon regeneration are not completely understood. Furthermore, the identification of other regeneration-promoting molecules could allow the development of new neuronal repair strategies. Based on that premise a fin removal assay was developed that enabled to perform the first whole organism small molecule screen to identify pathways that promote vertebrate nerve regeneration [START_REF] Bremer | A small molecule screen identifies in vivo modulators of peripheral nerve regeneration in zebrafish[END_REF]. The approach utilized the regeneration of the ring-like nerve of zebrafish larvae pectoral fin after removal as readout of axonal regrowth. 480 bioactive compounds with known biological targets were screened to identify molecular pathways promoting nerve regrowth. After excluding 134 compounds which affected larvae health, the remaining compounds were combined in 69 distinct pools and added each of these pool to larvae immediately following fin amputation to evaluate the re-formation of regenerating axons of a ring-like nerve network at the fin base that normally occurs in 24 hours. In larvae exposed to 15 pools regenerating axons failed to form the characteristic ring-like network. Next, each of the compounds was tested within a given pool individually. This failed to identify a singly effective compound in 20% of pools which reduced nerve regrowth in the first pass of the screen. Despite the fin removal assay is a powerful screening method to study nerve regeneration, the high false positive rate indicates the importance of a second method to confirm the results (Fig. 7).

Other strategies for CNS/PNS repair Many strategies have shown incredible potential for regeneration of the CNS following an injury, but a major concern remains the significant death of neurons [START_REF] Ling | Neurological consequences of traumatic brain injuries in sports[END_REF][START_REF] Mckee | The neuropathology of traumatic brain injury[END_REF]. Moreover complex diseases such as stroke, amyloid-b plaque accumulation and inflammatory-mediated neurodegeneration lead to broad defects such as defective communication, glial scar formation and ultimately neuronal loss, which make it challenging to repair [START_REF] Chauhan | Chronic neurodegenerative consequences of traumatic brain injury[END_REF][START_REF] Albrecht | Stroke incidence following traumatic brain injury in older adults[END_REF]. In such cases, the development of cell therapy has shown some promising results [START_REF] Gates | Reconstruction of cortical circuitry[END_REF]. Stem cell manipulation is a powerful tool to understand neurodevelopment and its integration into developing tissue can recapitulate neurogenesis. In vivo strategies based on stem cell replacement such as human and mice-derived embryonic stem cells (ESCs) for brain repair in models of neurological diseases, have made significant progress in pre-clinical trials [START_REF] Barker | Cell-based therapies for Parkinson disease-past insights and future potential[END_REF][START_REF] Droguerre | A delay between motor cortex lesions and neuronal transplantation enhances graft integration and improves repair and recovery[END_REF]. It is known that the lack of endogenous repair in the brain leads to a condition of life-long disease and disability after a neuronal damage. Thus, understanding how well the transplanted neurons are able to mature and integrate into damaged circuits is a challenging task (Fig. 7a).

Because of the complexity of the organization of the cerebral cortex in terms of highly specific topography and connectivity [START_REF] Guillemot | Molecular mechanisms of cortical differentiation[END_REF][START_REF] Tiberi | Cortical neurogenesis and morphogens: diversity of cues, sources and functions[END_REF], the replacement of lost neurons is a daunting challenge. A notable initial attempt at regenerative cortical cell therapy showed that transplanting embryonic cortical tissue from transgenic mice to lesioned cortex in an adult brain could regenerate neurons and establish neuronal projections and synaptic connections [START_REF] Wernig | Functional integration of embryonic stem cell-derived neurons in vivo[END_REF][START_REF] Gaillard | Reestablishment of damaged adult motor pathways by grafted embryonic cortical neurons[END_REF]). These findings have been corroborated by data from other studies which have shown that not only ESCs have intrinsic mechanisms of corticogenesis [START_REF] Gaspard | An intrinsic mechanism of corticogenesis from embryonic stem cells[END_REF] but induced pluripotent stem cell-derived neurons also can regenerate functional cortical neurons [START_REF] Falkner | Transplanted embryonic neurons integrate into adult neocortical circuits[END_REF][START_REF] Espuny-Camacho | Human pluripotent stem-cell-derived cortical neurons integrate functionally into the lesioned adult murine visual cortex in an area-specific way[END_REF].

There are certain prerequisites for the ESCs to successfully integrate the malfunctioning adult cortex (Fig. 7b). Reestablishment of neuronal connectivity and function requires identity match between the damaged brain area and the transplanted material [START_REF] Michelsen | Area-specific reestablishment of damaged circuits in the adult cerebral cortex by cortical neurons derived from mouse embryonic stem cells[END_REF]. Human embryonic stem cell-derived visual cortical neurons, once grafted into the lesioned adult murine cortex, are able to mature and integrate into the corresponding cortical layers, acquiring a visual-like identity and rewiring the circuit with appropriate inputs and outputs [START_REF] Espuny-Camacho | Human pluripotent stem-cell-derived cortical neurons integrate functionally into the lesioned adult murine visual cortex in an area-specific way[END_REF]. Interestingly, Human embryonic stem-derived cells transplanted into motor cortical areas showed a reduced maturation and a lower capacity to send long-range projections, suggesting that the areal identity match represents an important factor for successful cortical transplantation.

Another key factor accompanying identify match (Fig. 7c), is the adaptation to the extrinsic in vivo environment to establish polarity, such as microenvironment generated by blood vessels [START_REF] Javaherian | A stem cell niche for intermediate progenitor cells of the embryonic cortex[END_REF] or composition of extracellular matrix [START_REF] Fietz | Transcriptomes of germinal zones of human and mouse fetal neocortex suggest a role of extracellular matrix in progenitor self-renewal[END_REF]. Contextwise, junctional complexes block the incorporation of grafted cells at the apical surface [START_REF] Espuny-Camacho | Pyramidal neurons derived from human pluripotent stem cells integrate efficiently into mouse brain circuits in vivo[END_REF]. For this reason, a new grafting method called TETCaD (transplantation to epithelial tissue with calcium depletion) has been developed, using moderate concentrations of EGTA (ethylene glycol tetra-acetic acid) to chelate calcium, increasing efficiency of transplantation and dissociating adherents junctions in the epithelial tissue [START_REF] Nagashima | Novel and robust transplantation reveals the acquisition of polarized processes by cortical cells derived from mouse and human pluripotent stem cells[END_REF]. Lastly in the molecular level, lesion site-specific cues and signalling pathways such as the WNT signalling and NOTCH2NL genes have been implicated in human corticogenesis [START_REF] Raitano | Restoration of progranulin expression rescues cortical neuron generation in an induced pluripotent stem cell model of frontotemporal dementia[END_REF][START_REF] Fiddes | Human-specific NOTCH2NL genes affect notch signaling and cortical neurogenesis[END_REF][START_REF] Suzuki | Human-specific NOTCH2NL genes expand cortical neurogenesis through Delta/ Notch regulation[END_REF]. In vitro and in vivo use of induced pluripotent stem cells in animal models simulating human diseases such as stroke [START_REF] Tornero | Human induced pluripotent stem cell-derived cortical neurons integrate in stroke-injured cortex and improve functional recovery[END_REF]), Alzheimer's disease (AD) [START_REF] Espuny-Camacho | Hallmarks of Alzheimer's disease in stem-cell-derived human neurons transplanted into mouse brain[END_REF]) and multiple sclerosis [START_REF] Theotokis | Connexin43 and connexin47 alterations after neural precursor cells transplantation in experimental autoimmune encephalomyelitis[END_REF], highlight the hallmarks of synaptic activity, connectivity and cortical neuronal maturation [START_REF] Suzuki | Is this a brain which I see before me? Modeling human neural development with pluripotent stem cells[END_REF]. Specifically for AD, the significant expression of non-coding RNA sequences in grafted human neurons further opens up an entirely new avenue for investigating the involvement of non-coding RNAs in AD-induced neurodegeneration.

Altogether, establishing the molecular mechanisms regulating fate acquisition and plasticity after cell transplantation is of great importance in the light of preclinical studies. Determining which cues are involved in fate maintenance, area specificity and functional integration in the adult brain will be pivotal for successful outcomes in stem cell-based therapies. These signaling events may also play major roles in neurodegeneration so targeting pathways such as the Wnt pathway, may result in the establishment of novel therapeutic approaches. Nonetheless, potential adverse effects and hosttransplant compatibility should be addressed before these approaches can be considered for clinical applications.
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 1 Figure 1: Central nervous system structure and segmentation(A) The central nervous system is segmented along the rostro caudal axis. This segmentation is defined by the expression of morphogens. The forebrain (Fb) is the most rostral sub-division, followed by the midbrain (Mb), the hindbrain (Hb) and the spinal cord (Sc) at the most caudal part. (B,C) The CNS, here illustrated by the spinal cord (B) and the hindbrain (C), is also segmented dorso-ventrally, defining 4 different plates: the floor plate (Fp), the basal plate (Bl), the alar plate (Ap) and the roof plate (Rp). Adapted from Martinez-Ferre and Martinez 2012.
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 2 Figure 2: Forebrain commissural tracts (A) At E13, the forebrain contains a large number of commissural tracts, which are distributed along the rostro-caudal axis.Illustration of the corpus callosum, the hippocampal commissure and the anterior commissure, on an E16 rostral coronal section of the forebrain (B), and the optic chiasm on a more caudal section (C). Forebrain (Fb), midbrain (Mb), hindbrain (Hb) and spinal cord (Sc). Adapted fromSuárez et al. 2014. 

  Figure : i brain e elo ment(A) he central ner ous s stem undergoes a fast and important expansion during embr ogenesis. he midbrain (Mb) is located between the de eloping forebrain and the hindbrain. Its rostral delimitation with the prosomere 1 (p1) was difficult to establish due to the progressi e bending of the entral midline and the expansion of the dorsal midline. (B) Commissural descending neurons (C A) pro ect entrall towards the midbrain floor plate. he posterior commissure is formed b pro ecting neurons from the midbrain and the prosomere 1, which midline crossing occurs dorsall . Adapted from Mastic and Easter, r. 1 6.

  Figure :in brain e elo ment an segmentation (A) he de eloping hindbrain is segmented in rhombomeres, which distribute along the rostro-caudal axis. he dorsal neuroepithelium lining the 4th entricle is the rhombic lip ( ellow) and gi es rise to a portion of the cerebellum and the precerebellar nuclei. Cranial ner es are also distributed along the hindbrain (gre ). (B) In the adult hindbrain, there are 12 molecularl distinct rhombomeres. he Cerebellum entirel originates and belongs to the rhombomere 1. Forebrain (Fb), midbrain (Mb), hindbrain (Hb), spinal cord (Sc) and cerebellum (Cb). Adapted from atson et al. 201 .

Figure : recerebellar neurons

  Figure : recerebellar neurons e elo ment(A) All precerebellar neurons arise from the caudal rhombic lip (c ). Its rostral portion (r ) gi es rise to the cerebellar plate. (B) he different nuclei follow distinct migrator streams to reach their final position. ontine neurons ( ) follow the anterior extramural migrator stream (AES) and reach their anterior final position, ad acent to the floor plate, migrating tangentiall . he ateral reticular ( ) and the external cuneate nuclei (EC ) follow the posterior extramural migrator stream ( ES) to reach their final in the contralateral side of the hindbrain. Inferior oli ar neurons (I ) migrate entrall following the sub-marginal migrator stream (SMMS) until their entral position ad acent to the floor plate. (C) uring their migration, precerebellar neurons send a pro ection towards the cerebellum. ontine and inferior oli ar neurons will be contralateral while EC and pro ections are ipsilateral. ( ) I targets ur in e cells and deep cerebellar nuclei. he latter, also targets the I . his crosstal is defined as the oli o-cerebellar loop, which ensure sensorimotor information integration. eep cerebellar nuclei ( C ), ur in e cell ( C) and olgi cell ( C). Adapted from Friocourt F.

  , helped to complete the model of Drosophila commissures midline crossing. In this model commissural axons are attracted by Netrin through its receptor Fra. The cleavage of Fra and subsequent activation of comm induces Robo degradation in endosomes. After crossing, the loss of Netrin/Fra signaling downregulates comm expression and triggers Robo transport at the growth cone membrane. After crossing, axonal repulsion is then ensured by Robo/Slit interaction.

  Figure : le in re ulsion a mi line crossing s itc (A) Commissural neurons are first attracted b the floor plate and then repelled to promote midline crossing. Floor plate cells, beside etrins and Slits also express dnf (glial deri ed neurotrophic factor) and Sema3B. (B) Before midline crossing, lexinA1 is clea ed intracellularl b Calpain1.(C) he interaction between dnf and its receptor at the growth cone membrane, inacti ates Calpain1, which promotes lexinA1 accumulation at the membrane. he formation of the lexinA1, europilin2 and Sema3B complex triggers axonal repulsion. Adapted from the Appendix

  the floor plate level. While commissural axons crossing the dorsal portion of the developing CNS is unaffected by the absence of Robo3. Moreover, the molecular mechanisms orchestrating Robo1 and Robo2 silencing by Robo3 are still unknown and unlike for the two other Robos, any ligand has been identified to mediate Robo3 function in midline crossing in vivo.

  Robo3 expression is reduced of 75% in the inferior olive, LRN and ECN neurons, triggering their ipsilateralization and phenocopying Robo3 -/-(Di Meglio et al., 2008). Interestingly, pontine and spinal commissural neurons, which also express Msi1 are not affected by the absence of this regulatory protein. This suggest that this mechanism is probably specific of ION, LRN and ECN cells and that other commissural systems could use other RNA binding proteins to control Robo3 translation and availability at the cell surface.
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  Dominici*, Juan Antonio Moreno-Bravo*, Sergi Roig Puiggros, Quentin Rappeneau, Nicolas Rama, Pauline Vieugue, Agnès Bernet, Patric Mehlen, Alain Chédotal Abstract Netrin-1 is an evolutionarily conserved, secreted extracellular matrix protein involved in axon guidance at the central nervous system midline. Netrin-1 is expressed by cells localized at the central nervous system midline, such as those of the floor plate in vertebrate embryos. Growth cone turning assays and three-dimensional gel diffusion assays have shown that netrin-1 can attract commissural axons. Loss-of-function experiments further demonstrated that commissural axon extension to the midline is severely impaired in the absence of netrin-1. Together, these data have long supported a model in which commissural axons are attracted by a netrin-1 gradient diffusing from the midline. Here we selectively ablate netrin-1 expression in floor-plate cells using a Ntn1 conditional knockout mouse line. We find that hindbrain and spinal cord commissural axons develop normally in the absence of floor-plate-derived netrin-1.

  Juan Antonio Moreno-Bravo 1 *, Sergi Roig Puiggros1,2 , Quentin Rappeneau 1 , Nicolas Rama 2 , Pauline Vieugue 2 , Agnès Bernet 2 , Patrick Mehlen 2 § & Alain Chédotal 1 § Netrin-1 is an evolutionarily conserved, secreted extracellular matrix protein involved in axon guidance at the central nervous system midline 1,2 . Netrin-1 is expressed by cells localized at the central nervous system midline, such as those of the floor plate in vertebrate embryos1,3 . Growth cone turning assays and threedimensional gel diffusion assays have shown that netrin-1 can attract commissural axons 2,4-6 . Loss-of-function experiments further demonstrated that commissural axon extension to the midline is severely impaired in the absence of netrin-1 (refs 3, 7-9). Together, these data have long supported a model in which commissural axons are attracted by a netrin-1 gradient diffusing from the midline. Here we selectively ablate netrin-1 expression in floor-plate cells using a Ntn1 conditional knockout mouse line. We find that hindbrain and spinal cord commissural axons develop normally in the absence of floor-plate-derived netrin-1. Furthermore, we show that netrin-1 is highly expressed by cells in the ventricular zone, which can release netrin-1 at the pial surface where it binds to commissural axons. Notably, Ntn1 deletion from the ventricular zone phenocopies commissural axon guidance defects previously described in Ntn1knockout mice. These results show that the classical view that attraction of commissural axons is mediated by a gradient of floorplate-derived netrin-1 is inaccurate and that netrin-1 primarily acts locally by promoting growth cone adhesion.

Figure 1 |Figure 2 |Figure 3 |

 123 Figure 1 | Netrin-1 is expressed by ventricular zone neural progenitors. a, Robo3 + commissural axons (left) and hindbrain schematic (right). Dashed lines indicate section levels. BL, basal lamina; Cer., cerebellum; CN, commissural neurons; FP, floor plate; Hind., hindbrain; NPC, neural precursors; SC, spinal cord; VZ, ventricular zone. b, In wild-type mice, the mRNA encoding the third exon of Ntn1, floxed in the conditional knockout, is expressed in the ventricular zone and floor plate (n = 6). c, Netrin-1 protein is expressed in the floor plate and commissural axons (arrowheads; n = 6). d, e, In Ntn1 βgeo/+ (d) and Ntn1 βgeo/βgeo (e) mice, the Ntn1-β -gal protein is expressed in the ventricular zone and floor plate (n = 6 and 6). Commissural axons (arrowheads) are netrin-1 + but β -gal -. f, Netrin-1 is detected in nestin + radial processes extending to the pia (arrowheads; n = 6). g, The first Robo3 + commissural growth

Figure 4 |

 4 Figure 4 | Ventricular-zone-derived netrin-1 controls commissural axon guidance. a, b, Ventricular-zone-derived netrin-1 is absent in Foxg1:cre;Ntn1 fl/fl mice and expression by commissural axons is reduced (arrowheads) (b) compared to Foxg1:cre;Ntn1 fl/+ mice (a). Netrin-1 is still present in the floor plate (short arrows; 5 of 5 mice for each genotype). c, A few commissural axons (arrowheads; n = 6) cross the midline (arrow) and DiI-labelled axons fail to cross (dotted line; n = 6). d, In wild-type

Extended Data Figure 2 |

 2 Floor-plate-specific deletion of netrin-1 in Shh:cre;Ntn1 fl/fl mutants. Coronal cryostat sections of the hindbrain and spinal cord of E10 and E11 embryos. a-d, In situ hybridization for Ntn1 on E11 spinal cord (brachial level). In Ntn1 fl/fl embryos (a) Ntn1 mRNA is highly expressed in floor plate (Fp) and ventricular zone (n = 6). We a k Ntn1 expression is still detected in the floor plate (arrowhead) of Ntn1 βgeo/βgeo hypomorphs (b) (n = 5), whereas no signal is seen in Ntn1 -/-(c) embryos (n = 6). In Shh:cre;Ntn1 fl/fl embryos (d), Ntn1 mRNA is not expressed in the floor plate (arrowhead) but is still present in the ventricular zone (n = 6). e, E10 Shh:cre;Ntn1 fl/fl spinal cord sections at brachial, thoracic and lumbar levels. At all levels, netrin-1 is found in the ventricular zone, with the highest levels in the p3 progenitor domain, but is absent from the floor plate (arrowheads, n = 6). f, g, In Ntn1 fl/fl commissural axons, basal lamina (Pia) and floor plate (arrowhead in f) are immunoreactive for netrin-1 (f). By contrast, the floor plate is not labelled in Shh:cre;Ntn1 fl/fl embryos (arrowhead in g) whereas netrin-1 remains expressed along neural progenitor processes and basal lamina (pia; n = 6/6). h, Western blot with anti-Ntn1 antibody on floor plate extracts from Ntn1 fl/fl , Shh:cre;Ntn1 fl/fl and Ntn1 -/-E11 embryo hindbrain and spinal cord (at least 3 cases for each from 3 independent experiments). Netrin-1 is undetectable in Ntn1 -/-and reduced 90% in Shh:cre;Ntn1 fl/fl mice. i, Western blot quantification. Wild-type values were normalized to 1 and mutant values were compared using a non-parametric Mann-Whitney test. Mutant values are represented as the mean ± s.e.m. (* P < 0.05; Ntn1 fl/fl to Shh:cre;Ntn1 fl/fl or Ntn1 -/-, Mann-Whitney test (P = 0.0022 for both)). Scale bars, 100 µ m, except a, b, c and d higher magnifications, 50 µ m. Extended Data Figure 3 | Floor-plate-derived netrin-1 is not necessary for midline crossing in hindbrain and spinal cord. Coronal cryostat sections of the hindbrain and spinal cord (brachial level) of E10, E11 and E13 embryos. a-d, E11 and E13 hindbrain sections (upper and middle panels) and E11 spinal cord sections (lower panels). In wild-type mice (a), Robo3 + and Dcc + commissural axons cross the floor plate (n = 6). Midline crossing is reduced in Ntn1 βgeo/βgeo hypomorphs (b; arrowheads; n = 3) and almost absent in Ntn1 -/-embryos (c; n = 6). By contrast, no midline crossing defects are present in Shh:cre;Ntn1 fl/fl embryos (d) (n = 9). e, Coronal sections at three rostro-caudal levels of the spinal cord of an E10 Shh:cre;Ntn1 fl/fl embryo labelled with anti-Robo3. Commissural axons cross the floor plate at all levels. The dashed lines on the left panel indicate the level of the sections. Brach, brachial; Hind, hindbrain; Thor, thoracic; Lumb, lumbar. Scale bars, 100 µ m, except e left panel, 400 µ m. LETTER RESEARCH Extended Data Figure 4 | Analysis of the Foxg1:cre;Ntn1 fl/fl mice. Coronal cryostat sections of the hindbrain of E11 and E13 embryos and spinal cord (brachial level) of E11 embryos. a, b, In Foxg1:cre;Ntn1 fl/+ embryos, as in wild type, netrin-1 is expressed in the hindbrain ventricular zone (arrowhead) and commissural axons (arrow). This is not the case in Foxg1:cre;Ntn1 fl/fl mutants; however, the floor plate (Fp) is still labelled for netrin-1. Note that netrin-1 is present in the vicinity of the Fp (n = 6). c, Foxg1:cre drives Cre expression in E13 (left) and E11 (right) hindbrain cells (tdTomato + cells in red) but not in the floor plate (arrowheads; n = 3/3). A few Alcam + floor-plate cells are tdTomato + . d, e, Netrin-1 distribution is similar in the spinal cord of Foxg1:cre;Ntn1 fl/+ (d) and Foxg1:cre;Ntn1 fl/fl (e) embryos (n = 5). f, In Ntn1 βgeo/βgeo , Foxp2 + olivary neurons fail to migrate ventrally (arrowheads) and only few of them are able to reach to the floor plate (arrowheads; n = 6). g, Quantification of the size of hindbrain commissures in the different mutants compared to controls. Six embryos of each genotype and nine sections from each were quantified. Data are normalized to wild type and are represented as mean ± s.e.m. (one-way Kruskal-Wallis with Mann-Whitney post-test, * P < 0.05; NS, not significant). Comparison between wild type and the different conditions for Dcc, Robo3 and neurofilament, P < 0.05, except the comparison between wild type and Shh:cre;Ntn1 fl/fl where: Dcc, P = 0.0649; Robo3, P = 0.1797; neurofilament, P = 0.0649. h, Netrin-1 guidance mechanisms of hindbrain commissural axons, past and current models. In the initial model, soluble netrin-1 secreted by floor plate (FP) forms a ventral-dorsal gradient, which attracts ventrally travelling commissural axon (CN) growth cones (GC). In the revised model, pioneer CN axons form in a superficial region containing high levels of netrin-1 produced by neural progenitor cells (NPCs) extending from the ventricular zone (VZ) to the basal lamina (BL) at the surface of the hindbrain. Commissural axons might also capture netrin-1 and establish a netrin-1-rich pathway guiding follower axons. Their ventral extension might be facilitated by chemorepellents produced in the dorsal hindbrain (indicated with a question mark). Scale bars, 100 µ m.
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 211 Synergistic activity of floor plate-and ventricular zone-derived Netrin-1 in spinal cord commissural axon guidance Juan Antonio Moreno Bravo*, Sergi Roig Puiggros*, Patrick Mehlen, Alain Chédotal Abstract In vertebrates, commissural axons extend ventrally toward the floor plate in the spinal cord and hindbrain. Netrin-1, secreted by floor plate cells, was proposed to attract commissural axons at a distance. However, recent genetic studies in mice have shown that netrin-1 is also produced by ventricular zone (VZ) progenitors and that in the hindbrain, it represents the main source of netrin-1 for commissural axons. Here, we show that genetically deleting netrin-1 either from the VZ or the floor plate does not prevent midline crossing in the spinal cord, although axon pathfinding and fasciculation are perturbed. Strikingly, the VZ and floor plate act synergistically, as the simultaneous ablation of netrin-1 from these two sources severely impedes crossing. These results suggest that floor-plate-derived netrin-1 has a distinct impact on commissural axons in the spinal cord and hindbrain. Contribution: S. R-P. and J. A. M-B. first observed the phenotype in the spinal cord of Shh:Cre; Ntn1 fl/fl mutants. All experiments and phenotype analyses were performed by S. R-P. and J. A. M-B. prior and after submission. Figures and text editing were a collaborative work between J. A. M-B., S. R-P. and A. C., who also supervised the project. Report Synergistic Activity of Floor-Plate-and Ventricular-Zone-Derived Netrin-1 in Spinal Cord Commissural Axon Guidance Highlights d Both floor-plate-and VZ-derived netrin-1 guide spinal cord commissural axons d Commissural axons go astray to the midline in the absence of floor plate netrin-Commissural axon fasciculation is modified in the absence of VZ netrin-Midline crossing mechanisms differ between the spinal cord and hindbrain Authors Juan Antonio Moreno-Bravo, Sergi Roig Puiggros, Patrick Mehlen, Alain Che ´dotal Correspondence alain.chedotal@inserm.fr In Brief Moreno-Bravo et al. use a conditionalknockout strategy and light sheet fluorescence microscopy to show that netrin-1 from ventricular zone progenitors and netrin-1 from the floor plate cooperate to guide spinal cord commissural axons to and across the midline. INTRODUCTION In the CNS of bilaterally symmetric animals, commissural neurons project their axons to the contralateral side (Che ´dotal, 2014). In vertebrates, most commissural axons grow ventrally and cross the midline at the level of the floor plate in the midbrain, ventral hindbrain, and spinal cord (SC). Understanding the cellular and molecular mechanisms guiding commissural axons toward the ventral midline has been a central question in developmental neurobiology (Che ´dotal, 2011;

Figure 1 .

 1 Figure 1. Distinct Commissural Axon Guidance Defects following Netrin-1 Depletion from the Ventricular Zone or Floor Plate (A-H) LSFM images of the SC of wild-type (A-D) and Nes:cre;Ntn1 fl/fl embryos (E-H) immunolabeled for Robo3. (A) and (E) are floor plate views. (B) and (F) are higher magnification of Robo3+ axons at the floor plate level. (C) and (G) are roof plate views. (D) and (H) are oblique views along the longitudinal axis. Robo3+ commissural axons are more fasciculated in Nes:cre;Ntn1 fl/fl (arrows in E and F) mutant than wild-type embryos (A and B), and some invade the dorsal SC (arrowheads in G and H) and motor columns (asterisks in D and H). (I-P) Confocal images of coronal SC sections at the brachial level. The ventral commissure (arrow) labeled for Robo3 (I and M), Dcc (J and N), or neurofilament (K and O) is not reduced in Nes:cre;Ntn1 fl/fl (M-O) compared to wild-type embryos (I-K), but precrossing axons are more fasciculated (arrowheads in M and N). Robo1 labels postcrossing axons (arrows in L, P) and a subset of precrossing commissural axons (arrowheads in L and P). The floor plate is labeled with Alcam (arrows in K and O).(Q-T) LSFM images of Shh:cre;Ntn1 fl/fl embryos immunolabeled for Robo3. (Q) is a floor plate view. (R) is a higher magnification of Robo3+ axons at the floor plate level. (S) is a roof plate view and (T) is an oblique view along the longitudinal axis. Robo3+ axons reach the floor plate but some follow it and go astray during crossing (arrowheads in Q and R). They do not grow toward the dorsal midline (S). (U-Z 0 ) Confocal images of coronal SC sections at the brachial level. The ventral commissure labeled with Robo3 (U and Z) or Dcc (V) has an abnormal U shape in Shh:cre;Ntn1 fl/fl embryos. Neurofilament (W) and Robo1 (X) staining are similar to wild-type. In wild-type (Y and Y 0 ), netrin-1 protein is found at the floor plate, on VZ precursors (arrowheads) and commissural axons (arrow). Shh:cre;Ntn1 fl/fl embryos (Z and Z 0 ) lack floor plate netrin-1, and Robo3 axons extend more laterally, closer to the pial surface, where netrin-1 is still present (arrows in Z and Z 0 ). All images are from E11 embryos, and dotted lines indicate the midline. Scale bars represent 100 mm (A, C-H, Q, S, and T) and 50 mm (all other panels). See also FigureS3for quantification and Video S1.

Figure 2 .

 2 Figure 2. Commissural Axons Invade the Dorsal Spinal Cord in the Absence of Ventricular-Zone-Derived Netrin-1 (A-D, I-L, and Q-T) LSFM images of SCs labeled for Robo3. (A), (I), and (Q) are floor plate views. (B), (J), and (R) are higher magnification of Robo3 axons at the floor plate level. (C), (K), and (S) are roof plate views. (D), (L), and (T) are oblique views along the longitudinal axis. (E-H, M-P, and U-X) Coronal sections at the brachial level labeled for Islet1 and Robo3 (E, M, and U), Robo3 (F, N, and V), Dcc (G, O, and W), or neurofilament (H, P, and X). In wild-type embryos (A-H), all Robo3+ axons extend ventrally (A-F), and some cross the Islet1+ motor columns (arrowheads in E and F). In Nes:cre;Ntn1 fl/fl embryos (I-P), the ventral trajectory of Robo3+ axons is irregular (arrowheads in I), and they are misguided in the dorsal SC (K). The ventral (legend continued on next page)

  All images are from E13 embryos, and dotted lines indicate the midline. Scale bars represent 100 mm (A, C, D, I, K, L, Q, S, and T) and 50 mm (all other panels).

Figure 3 .

 3 Figure 3. Abnormal Midline Crossing in the Absence of Netrin-1 at the Floor Plate (A, B, E, and F) Confocal images of E13 SC open-book preparations of wild-type (A and B) and Shh:cre;Ntn1 fl/fl (E and F) embryos injected dorsally with DiI. The lines delineate the floor plate. Only a few axons illustrating diverse crossing behaviors are colorized (see STAR Methods). (C) Schematic representation of the various types of commissural axon behaviors at the midline. (D) Quantification of midline crossing behaviors. The graphs represent the frequency of axon crossing behaviors as a percentage. Results are significant (*) for p value < 0.05. (G) Diagram illustrating the quantification procedure of the aberrant turning point and midline entry point.

  (H) Distances (mm) separating the floor plate expected entry point and the observed entry point for individual axons. In Shh:cre;Ntn1 fl/fl (blue) a significant portion of precrossing axons grow ipsilaterally along the floor plate before crossing it. (I) Quantification of the commissural axon turning point distance in Shh:cre;Ntn1 fl/fl embryos. See also Video S3. Scale bars represent 30 mm (A, B, E, and F)
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 4 Figure 4. Simultaneous Deletion of Netrin-1 from the Floor Plate and VZ Leads to Severe Midline Crossing Defects(A-F and O-T) LSFM images of E11 (A-F) and E13 (O-T) SCs labeled for Robo3, where the dotted lines indicate the midline. (A), (D), (O), and (R) are floor plate views. (B), (E), (P), and (S) are roof plate views. (C), (F), (Q), and (T) are oblique views along the longitudinal axis.(G-N and U-Z) Coronal sections at the brachial level labeled for Robo3 (G, K, U 0 , and X 0 ), Robo3 and Islet1 (U and X), Dcc (H, L, V, and Y), Robo1 (J and N), or neurofilament (I, M, W, and Z). In E11 Nes:cre;Shh:cre;Ntn1 fl/fl (A-C and G-J) and Ntn1 À/À (D-F and K-N) embryos, SC commissural axons are severely misguided to the ventral midline (A and D) and extensively spread over the dorsal SC (arrowheads in B, C, E, and F). Arrows indicate Robo3 axons leaving the CNS via motor nerve roots (C) or dorsal root ganglia (F). (G-N) In both mutants, the ventral commissure is almost absent, and commissural axons invade the motor column (asterisk in C, F, G, and K). (O-Z) At E13, only a few commissural axons are able to cross the floor plate (arrowheads in O, R, U-W, and X-Z). Dorsally, Robo3+ axons massively cross the midline in Nes:cre;Shh:cre;Ntn1 fl/fl mutants (arrowheads in P and Q). In Ntn1 À/À , dorsal crossing is more limited (arrowheads in S), but axons appear to extend longitudinally (arrows in S). At this stage, only a few axons cross the ventral commissure in mutant embryos (arrowheads in U-Z). See also FigureS3for quantification and Video S4. Scale bars represent 100 mm (A-F, O, P, and R-T) and 50 mm (all other panels).

Figure S1 (

 S1 Figure S1 (Related to Figure 1 and Figure 4) Netrin-1 expression in VZ-specific, floor plate-specific and compound netrin-1 mutants. (A-U) Coronal cryostat sections of the brachial spinal cord of E9, E10 and E11 embryos. (A-C, E-G, N-P and R-T) In situ hybridization for netrin-1 exon 3. (D,H,Q,U) netrin-1 immunostaining. (A-C) In wild type, netrin-1 mRNA is found in the floor plate (asterisk) and VZ (arrowheads) and also, at E9 and E10, in surrounding mesenchyme (arrow in A and B). In wild type, netrin-1 is present at the pial surface and on commissural axons (D). (E-G) In Nes:cre;Ntn1 fl/fl embryos, netrin-1 is maintained at the floor plate (asterisk) but progressively deleted from the VZ from E10 (arrowheads). At E11, netrin-1 is only detected on commissural axons and floor plate (H). (I-M) are sections from Nes:cre;Rosa Tom embryos illustrating the progressive cre activation in the spinal cord VZ. Note the absence of Tomato expression at the floor plate (asterisk) labelled with Alcam in K and L. (N-P) In Shh:cre;Ntn1 fl/fl embryos, netrin-1 mRNA is deleted from the floor plate (asterisk) but unchanged in the VZ (arrowheads). At E11, netrin-1 protein is still detectable at the pial surface and on commissural axons (Q). (R-T) Netrin-1 is absent in Ntn1 -/-null embryos (R) and in Nes:cre;Shh:cre;Ntn1 fl/fl netrin-1 expression is almost abrogated at E10 (arrowhead in S) and undetectable at E11 (T). Netrin-1 is absent in the spinal cord of the compound mutant (U). The dotted line delineates the spinal cord. Scale bars: 50 µm in all panels.
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 S2 Figure S2 (Related to Figure 1, Figure 2 and Figure 4) Dorso-ventral commissural defects displayed by the different netrin1 mutant embryos. Coronal cryostat sections of the brachial spinal cord at E11 and E13, labelled with Robo3 and Islet1 (A, B, F, G, K, L, P, Q, U and V), at E11 Robo3 (C, H, M, R, W), Dcc (D, I, N, S, X) and at E13, stained with Robo3 (E, J, O, T and Y). In wild type (A, B) the main Robo3+ fascicles don't cross the Islet1+ motor column (arrow in B). (C-E) Dorsally, the commissural axons avoid the roof plate and the VZ at E11 (C, D) and E13 (E). (F-J) In E11 Nes:cre;Ntn1 fl/fl mutants (F-I) some Robo3+ axons invade the motor column area (F, arrow in G) and more dorsally, some of them cross the roof plate (arrows in H) . Moreover, some Islet1+ motor neurons, exit the CNS (arrowhead in G). At E13 Robo3+ axons massively project dorsally (arrow in J). In Shh:cre;Ntn1 fl/fl embryos, some commissural axons are seen in the motor column (K, arrow in L) but there is not any defect in dorsal regions neither at E11 (M, N) nor at E13 (O). (P-Y) In Nes:cre;Shh:cre;Ntn1 fl/fl embryos (P-T) and Ntn1 -/-(U-Y) there is massive invasion of the motor columns (P, arrow in Q and U, arrow in V). Besides, some Robo3+ axons leave the CNS, through the motor roots in the double mutant (P, Q) and the DRGs in the knockout (U). Some Islet1+ motor neurons were found migrating through the motor root (arrowhead in Q and V). Dorsally both mutants display axons crossing the dorsal midline (arrowhead in R, T, W and Y) and invading the ventricular zone at E11 (arrowhead in R, S, arrowhead in W and X) and E13 (T, Y). Scale bars: 50 µm in all panels.
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 S33 Figure S3 (Related to Figure 1, Figure 2 and Figure 4) Quantifications of the ventral commissure thickness, post-commissural axon area and motor column invasion. (A-F) The graphs represent the thickness of the commissure with different markers at E11 (A, B and C) and at E13 (D, E and F). (A) No reduction of ventral crossing is observed with Robo3 in Nes:cre;Ntn1 fl/fl mutants compared to controls. By contrast, a significant reduction is found between wild type, Shh:cre;Ntn1 fl/fl , Nes:cre;Shh:cre;Ntn1 fl/fl and Ntn1 -/-(-25%, -70% and -80% respectively). (B and C) This reduction was also seen with Dcc and Neurofilament labelling (-20%, -65% and -75%). Again, no difference was observed in Nes:cre;Ntn1 fl/fl mutants. (D, F) At E13, the thickness of the ventral commissure labelled with Robo3 or Neurofilament was similar between wild type and Nes:cre;Ntn1 fl/fl or Shh:cre;Ntn1 fl/fl mutants. However, it was still strongly reduced in Nes:cre;Shh:cre;Ntn1 fl/fl and Ntn1 -/-mutants (65% and 75% respectively). (E) Dcc labelling did not show any difference, except for Nes:cre;Ntn1 fl/fl mutants (15% reduction compared to wild type). (G) Quantification of post-crossing axon surface. The graph represents the average size of the Robo1+ area next to the floor plate. There is no significant difference of the area occupied by post-commissural axons between wild type embryos and Nes:cre;Ntn1 fl/fl or Shh:cre;Ntn1 fl/fl mutants. This area is strongly reduced in Nes:cre;Shh:cre;Ntn1 fl/fl and Ntn1 -/-mutants (55% and 60% respectively), illustrating the reduction of midline crossing. (H, I) Quantification of the invasion of the motor columns by Robo3+ commissural axons. The graph represents the area of the spinal cord motor column occupied by Robo3+ axons. In Nes:cre;Ntn1 fl/fl and Shh:cre;Ntn1 fl/fl embryos (H), there is a significant increase of Robo3 axons entering the motor columns. This increase is much higher (20 times more than in controls) in Nes:cre;Shh:cre;Ntn1 fl/fl and Ntn1 -/- mutants (I). Data are represented as mean values ± SD. Results are considered non-significant (ns) for p-value > 0.05. Four levels of significance are represented: (*) when p-value < 0.05, (**) when p-value < 0.01, (***) when p-value < 0.001 and (****) when p-value < 0.0001. The dots on each graph represent the sections quantified for each genotype. 5 different sections were taken at the brachial level from at least 5 different embryos from 3 different litters.

Fig. 1 .

 1 Fig. 1. Netrin 1 prevents commissural axon exit from the central nervous system. (A-F) Light-sheet fluorescence microscopy images of the spinal cord of E11 embryos immunolabeled for Robo3 and islet 1. In wild type (A,D; n=3), commissural axons extend dorsoventrally towards the floor plate (arrowheads in A), and are absent from islet1 + dorsal root ganglia (Drg) (D). In Ntn1 ßgeo/ßgeo (B,E; n=5) and Ntn1 -/-(C,F; n=6) mutants, some Robo3 + commissural neurons exit the spinal cord and invade dorsal root ganglia (arrows in B and C). Arrowheads in B indicate the floor plate. (G,H) In wild-type E11 hindbrain, Robo3 + axons are also confined to the CNS (arrowhead in G, n=5). (I-L) In Ntn1 ßgeo/ßgeo (I,J; n=4) and Ntn1 -/-(K,L; n=6) mutants, Robo3 + axons exit the CNS via sensory roots (arrowheads in I,K; arrows in J, L). (M-R) At E13, hindbrain commissural axons still express Robo3 (M,N; n=5). In Ntn1 ßgeo/ßgeo (O,P; n=4) and Ntn1 -/-(Q,R; n=6) knockouts, commissural axons invade the trigeminal nerve (V; arrows in O-R). The arrowheads in N,P,R indicate the ventral midline. Ce, cerebellum; Hind, hindbrain; Is, isthmus; Mes, mesencephalon; Fr; fasciculus retroflexus. Scale bars: 100 µm in A-F; 300 µm in G,I,K; 50 µm in H,J,L; 400 µm in M-R.

Fig. 2 .

 2 Fig. 2. Migrating pontine neurons invade the peripheral nervous system in the absence of netrin 1. (A-I) 3D light-sheet fluorescence microscopy images of wholemount E16 embryos labeled with anti-Robo3 (magenta) and anti-Barhl1 (green) antibodies. (A-C) In wild type, pontine neurons (Pn) leave the rhombic lip dorsally (Rl) and migrate under the pial surface (dotted line) to the floor plate (arrowhead in B) along the anterior extramural stream (arrowheads in A and C; n=6). (D-I) In Ntn1 ßgeo/ßgeo (D-F; n=5) and Ntn1 -/-(G-I; n=5) mutants, pontine neurons leave the rhombic lip (arrowheads in D and G), but neuronal chains exit the CNS by the auditory (VIII and short arrow) and trigeminal (V) nerves (arrow). Pontine neurons fail to reach the midline in the absence of netrin 1 (arrowheads in E and H). The asterisk in G indicates the abnormal fasciculus retroflexus (Fr). (J-X) E16 hindbrain cryosections. In wild type (J-N; n=5), Barhl1 + pontine neurons are confined to the CNS (arrowheads in J-L) and express Robo3 (arrowhead in N). Arrowhead in M indicates pontine neurons. Barhl1 + cells are not immunoreactive for Sox10, a neural crest cell and dorsal root ganglion neuron marker (K, L; n=5). In Ntn1 mutants (O-X), a fraction of Barhl1 + /Robo3 + Pn neurons (arrows) migrate into the trigeminal (V) and auditory nerves, and reach the inner ear (IE). These cells do not express Sox10 [arrowheads in Q (n=4) and V (n=5)]. Arrowhead in O indicates pontine neurons in the CNS. (Y-Z′) Light-sheet fluorescence microscopy images of E16 embryos electroporated at E13 with GFP. Whole-mount GFP and Robo3 immunostaining and 3DISCO clearing. In wild type (Y; n=10), GFP + PN neurons (arrowheads) are restricted to the CNS migrating from the rhombic lip (Rl) to the midline. In all Ntn1 -/-mutants (Z and Z′; n=4), Robo3 + and GFP + neurons migrate from the rhombic lip (arrowhead in Z) but some exit the CNS and invade the trigeminal nerve (arrows in Z′). Asterisk in Z indicates the abnormal fasciculus retroflexus. Ce, cerebellum; Mes, mesencephalon; Fr; fasciculus retroflexus. Dotted lines represent the CNS limit. Scale bars: 300 µm in B,C,E,F,H, I,J-X; 500 µm in A,D,G,Y,Z,Z′.

Fig. 3 .

 3 Fig. 3. Ventricular zone-derived netrin 1 is required for commissural axons and precerebellar neuron CNS confinement. (A-C) At E13, Robo3 + hindbrain commissural axons extend below the CNS/PNS boundary (arrowheads in C) to the ventral midline (A,B; n=5). (D-F) This is also the case in Shh:Cre; Ntn1 fl/fl mutants, which lack netrin 1 in floor plate (n=6). (G-J) In Nes:Cre;Ntn1 fl/fl mutants, which lack ventricular zonederived netrin 1, Robo3 + commissural axons escape from the hindbrain through sensory ganglia, including the trigeminal (V; arrowheads in G,J, n=5). (K-N) In Nes:Cre;Ntn1 fl/fl E16 embryos, pontine neurons invade the trigeminal (V) and auditory (VIII and arrowhead in K) nerves. (M,N) Hindbrain cryosections showing Barhl1-(M) and Pax6-(N) immunopositive cell bodies in the auditory nerve. Dotted lines in the panels indicate the CNS limit (n=5). (O-R) Coronal sections of E13 embryos immunolabeled for Foxp2, an inferior olivary (IO) neuron marker. The dotted line delineates the vagus nerve. In wild-type (O, n=6) and Shh:Cre; Ntn1 fl/fl (P; n=4) embryos, Foxp2 + IO neurons migrate only within the CNS. By contrast, a subset of Foxp2 + cells leave the CNS (arrows) to enter the vagus nerve in Nes: Cre;Ntn1 fl/fl (Q; n=4) and Ntn1 -/-mutants (R; n=4). Ce, cerebellum; Fr, fasciculus retroflexus; Hind, hindbrain; Mes, mesencephalon. Scale bars: 300 µm in A,D,G; 150 µm in B,E,H,L; 100 µm in C,F,J,M,N; 200 µm in I; 500 µm in K; 50 µm in O-R.

Fig. 4 .

 4 Fig. 4. The CNS confinement of commissural neurons involves Dcc. (A-I) Light-sheet fluorescence microscopy images of 3DISCO-cleared embryos. (A-F) In E11 (A, n=4) and E13 (B-D; n=4) Dcc -/- mutants, some Robo3 + commissural axons exit the CNS through nerve roots (arrowheads in A), including the trigeminal (V and arrowhead in D) and auditory (VIII) nerves. At E16, Barhl1 + /Robo3 + pontine neurons enter the trigeminal nerve (arrowheads in E, n=3). (G) The invasion of the PNS by Robo3 + axons (arrowhead) is also observed in E13 Dcc Δ/Δ mutants (n=3). (H-K) In Wnt1:Cre;Dcc fl/fl mutants, a stream of Robo3 + /Barhl1 + pontine neurons migrates from the rhombic lip (Rl, arrow) but some enter the trigeminal nerve (arrowhead in H). (J,K) Coronal sections showing the presence in the PNS of Barhl1 + and Pax6 + pontine neurons in the inner ear (arrowheads, n=4). (L) Quantification of the number of Barhl1 + cells in the auditory and trigeminal nerves in control, Dcc -/-and Wnt1: Cre; Dcc fl/fl E16 cryosections (see TableS4). (M) Schematic representations of precerebellar neuron migration in control and Ntn1-deficient mice. Ce, cerebellum; Hind, hindbrain; PN, precerebellar neuron; NP, neural precursor; VZ, ventricular zone; FP, floor plate; PNS, peripheral nervous system. Dotted lines in the panels represent the CNS limit. Scale bars: 400 µm in A,B,E-H; 200 µm in C,D,I; 100 µm in J; 50 µm in K.

  ''), suggesting that netrin-1 is ectopically expressed by dorsal VZ progenitors. As Cre is expressed rather late and in a mosaic pattern in Nes:Cre embryos (Moreno-Bravo et al. 2019) we performed similar experiments at E13. At this stage, Ntn1 mRNA is still highly expressed by FP cells and ventral VZ progenitors but it is also weakly expressed in the dorsal spinal cord mantle layer, next to the dorsal root entry zone (DREZ) (Laumonnerie et al. 2014)(Figure 2A,C, n=3).

  Nes:Cre;Ntn1 fl/fl mutantsWe first confirmed that midline crossing is severely perturbed in Nes:Cre;Ntn fl/fl mutants which lack netrin-1 in VZ precursors (Nes:Cre;Ntn1 fl/f l) despite sustained netrin-1 expression at the floor plate(Dominici et al. 2017; Moreno-Bravo et al. 2018; Moreno- Bravo et al. 2019)(FigureS1I,J). The reduction of midline crossing was more severe in the hindbrain than in the spinal cord (Figure7A,J; see alsoMoreno-Bravo et al. 2019; Wu et al. 2019) but in both regions, commissural axons project dorsally, exit the CNS and IO neurons fail to migrate ventrally (Figure7A-D,J-M, n=3 on sections and n=2 on WM). Next, we tried to determine whether re-expressing netrin-1 broadly in the nervous system could rescue commissural axon guidance or it is required to have a point source of netrin-1 to orient commissural axons. To perform these experiments, we generated Nes:Cre; Ntn1 fl/fl ; Ntn1 tg/+ embryos, were netrin-1 expression broadly induced in the CNS (FigureS1K,L). Despite the non-significant result of the ventral commissure quantification (most likely due to the low number of cases At E13) a recovery of commissural midline crossing was observed in Nes:Cre;Ntn1 fl/fl ; Ntn1 tg/+ mutant spinal cord immunostained for Robo3, Dcc and Neurofilament (Figure 7E-I, n=4 on sections and n=5 on WM). No dorsal midline crossing was observed in these embryos unlike in Nes:Cre;Ntn1 fl/fl embryos, but a fraction of the Robo3 and Dcc + fibers still accumulated at the spinal cord roof plate (Figure

  Belle M., Godefroy D.,Dominici C., Heitz-Marchaland C., Zelina P., Hellal F., Bradke F., Chédotal A. (2014) A Simple Method for 3D Analysis of Immunolabeled Axonal Tracts in a Transparent Nervous System. Cell Rep. 9, 1191-1201. Dominici C., Moreno-Bravo J. A., Puiggros S. R., Rappeneau Q., Rama N., Vieugue P., Bernet A., Mehlen P.,Chédotal A. (2017) Floor-plate-derived netrin-1 is dispensable for commissural axon guidance. Nature 545, 350. Marillat V., Cases O., Nguyen-Ba-Charvet K. T., Tessier-Lavigne M., Sotelo C.,Chédotal A. (2002) Spatiotemporal expression patterns of slit and robo genes in the rat brain. J. Comp. Neurol. 442, 130-155. Srinivas S., Watanabe T., Lin C. S., William C. M., Tanabe Y., Jessell T. M., Costantini F. (2001) Cre reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC Dev Biol 1, 4. Tronche F., Kellendonk C., Kretz O., Gass P., Anlag K., Orban P. C., Bock R., Klein R., Schütz G. (1999) Disruption of the glucocorticoid receptor gene in the nervous system results in reduced anxiety. Nat. Genet. 23, 99-103. their quantification on E13 spinal cord (I,J) and hindbrain (K,L) extracts. netrin-1 expression is significantly increased in Nes:Cre;Ntn1 tg/+ embryos. (J,L) Graphical representation of netrin-1/Gapdh quantification ratio in wild type and Nes:Cre;Ntn1 tg/+ mutants. Each dot correspond to an independent embryo and the graphic represents the mean ± SD. Mann-Whitney test pvalue < 0.05 in both analyses. All the scale bars are 200µm.

Figure 3

 3 Figure 3 Impact of huNtn1 ectopic expression on commissural axon guidance (A-H) E11 Ntn1 tg/+ spinal cord sections (A-C) and cleared whole mounts (WM; D). Commissural axons express Robo3 (A), Dcc (B) and Neurofilament (C). Unlike Robo3, Dcc and Neurofilament are still expressed after midline crossing. (D) Robo3 and Islet 1 WM immunostaining illustrating the palisade of Robo3+ commissural axons extending ventrally to the midline. Yellow bars flank the floor plate. Robo3 (E), Dcc (F) and Neurofilament (G) immunostaining on Nes:Cre;Ntn1 tg/+ mutant spinal cord cryosections did not reveal guidance defect. (H) Robo3 and Islet1 WM immunostaining is also comparable to controls. (E'-G', I) high magnification pictures of crossing axons (E'-G'). Quantification of the ventral commissure thickness using Robo3 as a marker (E' and I). (J-R) E11 hindbrain sections (J-L, N-P') and cleared whole mounts (M, Q). The yellow dotted line in M and Q delineates the midline. As in the spinal cord no midline crossing defects were observed in Nes:Cre;Ntn1 tg/+ embryos compared to controls. (N'-P') high magnification pictures of crossing axons. Quantification of the thickness of the Robo3 commissure (R). Mann-Whitney test p-value > 0.05 (I,R). Scale bar is 100µm in A-C, E-G, J-L, M-P, N'-P', 80µm in D and H, 50µm in E'-G' and 200µm in M and Q.

Figure 4

 4 Figure 4 huNtn1 ectopic expression triggers commissural axon guidance defects (A-H) E13 Ntn1 tg/+ spinal cord sections (A-C) and cleared whole mounts (WM; D). Commissural axons express Robo3 (A), Dcc (B) and Neurofilament (C). (D) Robo3 WM immunostaining. The left panel illustrates the palisade of Robo3+ commissural axons extending ventrally to the midline. The right panel illustrates the most dorsal part of the spinal cord. Yellow bars flank the floor plate (left) and the roof plate (right). Robo3 (E), Dcc (F) and Neurofilament (G) immunostaining on Nes:Cre;Ntn1 tg/+ mutant spinal cord cryosections revealed some Robo3 + axons exiting CNS (arrowhead in E). (H) Robo3 WM immunostaining. The dorsoventral migration of commissural axons is unaffected (left) whereas Robo3 + axonal accumulations can be observed along the roof plate (arrowheads right). (E'-G', I) High magnification pictures of crossing axons (E'-G'). Quantification of the ventral commissure thickness using Robo3 as a marker (E' and I). (J-R) E13 hindbrain sections (J-L, N-P') and cleared whole mounts (M, Q).In Nes:Cre;Ntn1 tg/+ embryos, Dcc + axons project dorsally (O). On WM, Robo3 + also project dorsally (arrowhead in Q) and invade the trigeminal (V th ) and the vestibular (VII th ) nerves. (N'-

Figure 5

 5 Figure 5 PNS invasion by Robo3 + commissural axons (A-H') E13 Ntn1 tg/+ hindbrain sections (A-D). Robo3 + axons are confined to the CNS and only L1 + axons exit the hindbrain through the vestibular (VII th , A) and the trigeminal (V th , C) nerves.netrin-1 protein is localized to the basal lamina (bl), the floor plate (fp), commissural axons and longitudinal tracts (B,D). E13 Nes:Cre;Ntn1 tg/+ hindbrain sections (E-H'). Robo3 + axons exit the CNS through the vestibular (arrowhead in E) and the trigeminal nerves (arrowhead in G). L1 immunostaining does not co-localize with Robo3. netrin-1 protein found most dorsally but its localization is comparable to controls in the CNS (arrowhead in F,H). High magnification pictures of cranial nerves (E'-H'). Robo3 + fibers invading the cranial nerves (E',G') seem to express netrin-1 at the surface (arrowheads in F',H'). (I-L) Robo3 WM immunostaining. In Nes:Cre;Ntn1 tg/+ embryos, the fasciculus retroflexus miss-projects rostrally (asterisk in I,K).

Figure 6

 6 Figure 6 Inferior olive neurons migration and nucleus lamination (A-B'') E13 Ntn1 tg/+ hindbrain section (A) and P0 Ntn1 tg/+ cleared whole mounts (WM; B-B''). Migrating inferior olive (IO) neurons express FoxP2 and display a golf club shaped nucleus (A). FoxP2 WM immunostaining illustrates the lamination of the ION at P0. Some ION FoxP2 + cells form small rostral ectopia (arrowhead in B). The two yellow dotted lines represent the two digital section planes (B' and B''). The ION can be divided in three subnuclei: the dorsal accessory olive (DAO), the principal olivary nucleus (PO) and the medial accessory olive (MAO)(B''). (C-D'') E13 Nes:Cre;Ntn1 tg/+ hindbrain section (C) and P0 Nes:Cre;Ntn1 tg/+ cleared whole mounts (WM; D-D''). IO neurons migration towards the ventral hindbrain is unaffected by the ectopic expression of huNtn1 (C). The rostral ectopia of FoxP2 + neurons in maintained (arrowhead in D). The lateral portion of the ION seems disorganized (asterisk in D) and it illustrates the gap observed in the DAO digital sections (D''). (E-H) E16 Ntn1 tg/+ cleared whole mounts (WM, E,F) and hindbrain sections (G,H). Pontine neurons (pn) migrate tangentially from the rhombic lip (rl) to the ventral midline while they send a Robo3 + contralateral projection to the cerebellum (cb). The fasciculus retroflexus (fr) is the medial habenula (mhb) projection to the interpeduncular nucleus (ipn) and also expresses Robo3 + (E,F). Pontine neurons express the transcription factor Barhl1 and stay confined to the CNS (G). (I-L) E16 Nes:Cre;Ntn1 tg/+ cleared whole mounts (I,J) and hindbrain sections. Robo3 + axons still invade the trigeminal (arrowhead in I) and the vestibular (arrowhead in J) nerves. A portion of the

Figure 7

 7 Figure 7 Midline crossing rescue in ∆VZ-Ntn1 mutants (A-H) E13 Nes:Cre;Ntn1 fl/fl spinal cord sections (A-C) and cleared whole mounts (WM; D). Robo3 + commissural axons exit the CNS, project dorsally and invade the progenitor domain (arrowheads in A). Dcc + axons also extend dorsally (arrowhead in B) and Neurofilament + axons aberrantly invade the dorsal mantle layer (arrowhead in C). (D) Robo3 WM immunostaining. A portion of Robo3 + axons reach the floor plate and cross the midline (left panel). Dorsally, commissural axons cross the midline, extend longitudinally along the roof plate (asterisk in the right panel) and exit the CNS (arrowheads in the right panel). Yellow bars flank the floor plate (left) and the roof plate (right). E13 Nes:Cre;Ntn1 fl/fl ;Ntn1 tg/+ spinal cord sections (E-H). Commissural axons still exit the CNS (arrowhead in E) and accumulate dorsally (arrowhead in F) whereas the aberrant invasion of the mantle layer by sensory axons is restored (G). (D) Robo3 WM immunostaining. Commissural axons still exit the CNS but dorsal crossing is restored (arrowheads in the right panel of H). (E'-G', I) High magnification pictures of crossing axons (E'-G'). Quantification of the ventral commissure thickness using Robo3 as a marker (E' and I). (J-Q) E13 Nes:Cre;Ntn1 fl/fl hindbrain sections (A-M). Robo3 + and Dcc + commissural axons extend longitudinally and dorsally (arrowheads in J and K), strongly reducing midline crossing. FoxP2 + IO neurons aberrantly migrate to the ventral midline and many remain at a dorso-lateral position (M). In Nes:Cre;Ntn1 fl/fl ;Ntn1 tg/+ mutants midline and dorsal crossing are rescued (N-P) such as IO neurons migration (Q). (E'-G', I) High magnification pictures of crossing axons (E'-G'). Although rescued, midline crossing seems disorganized in Nes:Cre;Ntn1 fl/fl ;Ntn1 tg/+ mutants (arrowheads in N'). Quantification of the ventral commissure thickness using Robo3 as a marker (E' and I). Mann-Whitney test p-value > 0.05 (I,R). Scale bar is 200µm in A-C, E-G, J-M, N-Q, 150µm in D, H and 100µm in E'-G', N'-P'.

Figure 8

 8 Figure 8 Commissural invasion of the cranial nerves in the rescue experiment (A-F) E13 Nes:Cre;Ntn1 fl/fl cleared whole mount (WM, A) hindbrain sections (B-C). Commissural axons invade the vagus, the vestibular (1 in A) and the trigeminal (2 in A) nerves. Robo3 + axons enter and grow within the cranial nerves (B,C). In Nes:Cre;Ntn1 fl/fl ;Ntn1 tg/+ mutants commissural axons also invade the vestibular (1 in D) and the trigeminal (2 in D) nerves and project dorsally (arrowhead in D). Despite midline crossing rescue, cranial nerves

Figure S1 Chapter 5 :

 S15 Figure S1 RosaTomato expression under the Nes:cre driver (A-D) E13 Nes:Cre;Tomato +/-spinal cord (A) and hindbrain (B-D) sections. Tomato reporter is expressed in most of the CNS, the DRGs (A) and the cranial nerves (B',C,D). Tomato expression is not driven in the floor plate (asterisk in A and B). (E-H) E16 Ntn1 tg/+ hindbrain sections processed with in situ hybridization. Ntn1 is only expressed at the level of the floor plate along the hindbrain rostro-caudal axis. (G-H) In Nes:Cre;Ntn1 tg/+ embryos, the ectopic expression of huNtn1 is maintained over time, with a sparse staining in the mantle layer. It is also expressed in the choroid plexus (arrowhead in G). (I-L) E13 Nes:Cre;Ntn1 fl/fl hindbrain sections (I-J). Ntn1 expression is just maintained at the floor plate. In Nes:Cre;Ntn1 tg/+ ;Ntn1 tg/+ embryos (K,L), Ntn1 expression is restored and the protein is found at the basal lamina, on commissural axons, on longitudinal tracts and at low levels at the floor plate. Scale bar is 200µm in A-D, I-L, 100µm in B' and 400µm in E-H.

  discovery, neuroscientists have tried to understand how Robo3 promotes midline crossing and which factors are involved in the regulation of its expression. For example Robo3 has been shown to potentiate Netrin-1/Dcc attraction towards the ventral midline and possibly to silence Robo/Slit repulsion (Zelina et al. 2014). Only few transcription factors are known to be involved in the regulation of Robo3 expression, but factors that might regulate Robo3 expression in all commissural neurons have not been identified yet (Friocourt and Chédotal 2017). In the midbrain and the hindbrain, the Dbx1 homeobox transcription factor induces Robo3 expression by activating Evx2. The inactivation of Dbx1 triggers the downregulation of Robo3 and the ipsilateralization of the affected tracts while the Dbx1 ectopic expression activates Robo3 and induces abnormal contralateral targeting

  figure 1C and data not shown). In Nestin:cre; Rosa Tom E12 embryos, a broad expression of Tomato was observed excluding the roof and the floor plate (figure1D, n=3).

  distribution in the two different tissues. As expected Dmrt3, Pitx2, Sim1 and Wt1 are highly enriched in the Sc translatome. Onecut3, Prdm6, Dmbx1, Sox7 and Tcf24 are mostly enriched in the Hb translatome while the other 9 transcription factors are present in both translatomes(Pou2f2, Pou6f2, Phox2a, Zfhx3, Hmx2, Hmx3, Mecom, Onecut1 

  ventral spinal cord commissural subtypes. Their expression in Robo3:cre samples of the two analyses, is around 400 raw counts. From the other 14 TFs, 8 of them have similar expression levels (Tcf24, Phox2a, Hmx2, Hmx3, Onecut1, Pou6f2, Prdm6 and Sox7) while the 6 others have at least 1000 reads (Onecut2, Onecut3, Dmbx1, Pou2f2, Mecom and Zfhx3). Although we have not yet performed in situ hybridization for all these genes, it might suggest that the 8 first TFs are expressed in discrete commissural populations, such as Tcf24 (figure 5E-H and fig S3), whereas the 6 others are expressed more broadly, like Onecut3 (figure 5I-L). A recent study used the same cre driver to analyze

  RNA and check RPL22-HA expression. Anti-HA antibody (Abcam ChIP grade ab9110) was then added to the pre-cleared supernatants: 1ul and 3ul for RPL22-HA IP of Robo3:cre and Nestin:cre samples respectively. Antibody quantity was optimized in a pilot experiment taking into account that RPL22-HA is less expressed in Robo3:cre samples compared to Nestin:cre ones. IPs were left shaking overnight before adding HB equilibrated magnetic G beads (Thermo Fisher Scientific) for 4 hours. Flow through was recovered to check IP efficiency. IP beads were washed for 10mn thrice with a high salt buffer (KCl 300mM, Tris 50mM, MgCl2 12mM) supplemented with the same chemicals of the HB buffer. This step should remove unspecific ribosomal interactions with the IP antibody. 5% of the IP beads were recovered to check IP efficiency and RNA extraction (Qiagen Micro Kit) was performed directly on the remaining 95% of the beads. Purified RNA was analyzed and quantified by capillary electrophoresis on RNA 6000 Pico chips with the Bioanalyzer (Agilent). Only IP-RNAs with RIN>8 were used to generate the samples for NGS sequencing. IP-RNAs from 2-3 Robo3:cre embryos were pooled to reach 200 ng/sample. IP-RNAs from 2-3 Nestin:cre embryos were also mixed for sake of homogeneity. 6 samples, 3 replicates for each Robo3:cre, Nestin:cre genotype were prepared. 200ng of RNA of each sample were sequenced. E12 Robo3:cre spinal cord and hindbrain samples

FigureFigure 1 .Figure 2 .

 12 Figure legends: Characterization of commissural neurons translatome using the RiboTag strategy

Figure 3 .

 3 Figure 3. Expression analysis of Robo3:cre enriched genes. (A) Differentially enriched genes in Robo3:cre samples are highlighted. (B) GO terms in the protein category of the 149 commissural enriched genes. (C) Heatmap of the 48 transcription factors selected among the 149 commissural enriched genes. They are classified in 3 different groups: non-neuronal/mesenchymal related genes (grey, Delile et al. 2019), known commissural (black) and novel interesting genes not yet related to commissural development (red). (D) Raw counts graphical representation of the 4 transcription factors known to be involved in commissural neurons development. (E) Schematic representation to summarize Robo3 + (from Robo3:cre; RosaTom data),Dmrt3 + , Sim1 + , Pitx2 + and Wt1 + commissural neuron expression pattern in the developing spinal cord at E12[START_REF] Blacklaws | Sim1 is required for the migration and axonal projections of V3 interneurons in the developing mouse spinal cord[END_REF][START_REF] Perry | Characterization of Dmrt3-derived neurons suggest a role within locomotor circuits[END_REF][START_REF] Zagoraiou | A Cluster of Cholinergic Premotor Interneurons Modulates Mouse Locomotor Activity[END_REF][START_REF] Schnerwitzki | Neuron-specific inactivation of Wt1 alters locomotion in mice and changes interneuron composition in the spinal cord[END_REF]. (F) Raw counts graphical representation for 6 selected enriched genes. Green columns correspond to gene expression in Robo3:cre samples and yellow columns correspond to gene expression in Nes:cre ones.

Figure 4 .

 4 Figure 4. Differential analysis between spinal cord and hindbrain commissural translatomes (A) RNA extraction was performed on pools of 5 dissected E12 spinal cords and 5 dissected E12 hindbrains from Robo3:cre; RiboTag embryos. (B) Western blot confirmed that only whole cell extracts (wce) and beads elutions (bds) from cre + samples are HA positive. Some RPL22-HA was also detected in the flow through (ft) of the hindbrain sample indicating that IP efficiency was < 100%. Asterisks show the heavy chains signal of the immunoprecipitating antibody in the ft. This could be the consequence of inadequate quantity of magnetic G-beads added in the final step. (C) Bioanalyzer electropherograms of purified mRNAs from Robo3:cre; RiboTag and RiboTag cre-dissected spinal cords and hindbrains. (D) Principal component analysis of the RNAseq results from spinal cord and hindbrain Robo3:cre; Ribotag samples. (E) Normalized mRNA levels (Log10FPKM) of hindbrain (y axis) and spinal cord (x axis) translatomes. Hindbrain and spinal cord enriched genes were defined with the following parameters: fold change ≥ 2, adjusted p-value < 0.05, cpm n° > 2. Each dot corresponds to one gene and the colored ones correspond to genes with enriched expression for each condition. (F) Heatmap of the previously identified transcription factors (see figure 2C). They are classified according to their tissue distribution in 4 different groups:

  observed in Nes:Cre;Ntn1 fl/fl mutants(Moreno-Bravo et al., 2019) This controversy can be explained by the early presence of netrin-1 in Nes:Cre;Ntn1 fl/fl mutants, creating a netrin-1 + ECM for pioneer commissural migrating axons. It can be hypothesized that this early expressed netrin-1 remains bound to Dcc on pioneer commissural axons while netrin-1 is not maintained in the ECM. Pioneer axons would provide a scaffold for Dcc + follower axons, thereby promoting axonal fasciculation. This would also explain the defasciculation of commissural axons in Ntn1 -/-mutants. To determine if ventricular zone-derived netrin-1 promotes commissural fasciculation, it will be required to use another Cre line ablating Ntn1 expression in the VZ before the onset of commissural neuron production.

  Contrarily to Tulloch et al. 2019, Sox7, Hmx2 and Hmx3 appeared enriched in Tomato + samples. Sox7 is enriched only in hindbrain commissural neurons, confirming the RiboTag data, while Hmx2 and Hmx3 are both enriched in spinal cord and hindbrain Tomato + cells. This difference might be related to the different developmental stages of the samples (E12 compared to E11 for Tulloch et al.). Hmx2 and Hmx3 could be expressed later in commissural neurons development, either in later born commissural neurons or in post-crossing ones. This last case suggests a possible role in their target selection after midline crossing. Finally, Tcf24 is highly expressed in hindbrain Tomato + samples whereas it only has 10 reads in spinal cord Tomato + samples (Figure 4F), again validating the Ribotag data. Although, Tulloch et al. 2019 found it enriched in spinal cord Tomato + cells, our in situ studies only detected Tcf24 expression in a neuronal population of the caudal hindbrain. This could be due to a partial "contamination" with hindbrain cells in the Tulloch et al. 2019 study, or very short and transient expression of Tcf24 by a spinal cord commissural population between E10 and E12. The identification if Tcf24 could also be related to an absence of minimal cpm threshold from Tulloch and colleagues, considering very low expressed candidates in the analysis.

Fig. 1

 1 Fig. 1 Sema3C controls midline crossing in the developing corpus callosum. (a) The role of semaphorin in midline crossing in the corpus callosum has been recently elucidated. Sema3C is expressed in a gradient across the callosal midline. It binds the Nrp1 receptor on callosal axon growth cones (b) acting as an attractive cue.(c) The Sema3C/Nrp1 complex is silenced by the presence of trans-membrane protein ephrinB1. This requires an N-Glycan posttraductional modification of ephrinB1. Ctx, cortex; CC, corpus callosum; AC, anterior commissure; CCA, corpus callosum axon.

Fig. 2

 2 Fig. 2 Retinal ganglion cells development and their pathfinding at the optic chiasm. (a) In the developing visual system, retinal ganglion cells (RGCs) project from the retina to the brain nuclei. During this process, some RGC axons cross the midline at the optic chiasm. (b) RGCs projecting towards the contra or ipsilateral side are already specified in the retina by two sets of transcription factors: SoxC and Islet2 in contralateral RGCs and Zic2 in ipsilateral RGCs. The Sonic hedgehog (Shh) receptor Boc, is also expressed by ipsilateral RGCs. (c) These two different combinations allow the expression of guidance effectors, regulating the pathfinding choices at the optic chiasm. Moreover Islet2 is also blocking the expression of Zic2 and Boc

Fig. 3

 3 Fig. 3 Spinal cord commissural axons development: pre and postcrossing guidance mechanisms. (a) Commissural axons arise from the dorsal portion of the spinal cord. To cross the midline, they first have to be guided to the floor plate. This first process involves several guidance receptors that trigger the axon outgrowth toward the ventral midline. (b) Pre-crossing axons express the Roundabout 3 (Robo3) receptor. Robo3 interacts with deleted in colorectal cancer (Dcc) receptor and both promote axon extension to the floor plate in response to Netrin-1. Netrin-1 was first thought to act as long-range cue but recent studies suggest that it acts as short-range cue. Robo3 might also prevent Slit repulsion by interacting with the Robo1/2 receptors. (c) Moreover in pre-crossing commissural axons, the
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Fig. 4

 4 Fig.4Cortical folding relies on Fibronectin Leucine Rich-repeat Transmembranes (FLRTs) expression. Cortical folding appears to be dependent on the presence of the cell adhesion proteins FLRT1 and FLRT3 during cortical expansion, where (a) higher expression in migrating cortical progenitors is associated with parallel migration, resulting in a lissencephalic cortex. Conversely, (b) lower FLRT1 and 3 expression favors lower migration rates, and promotes lateral adhesion resulting in a gyrencephalic cortex.

Fig. 5

 5 Fig. 5 Molecular mechanisms for CNS regeneration. (a) After CNS injury, extrinsic and intrinsic mechanisms impair axonal regeneration. These events occur both in the cell soma and the injure site and they are the main targets of strategies aiming at promoting regeneration. Most of the extrinsic inhibition comes from the recruitment of astrocytes and macrophages to the injury area and the "activation" of local oligodendrocytes. (b) In injured neurons, Pten blocks the mammalian target of rapamycin (mTOR) pathway that induces axon regeneration. The complete or conditional depletion of Pten in RGCs or corticospinal tract neurons, promotes the regeneration of their axons after injury. (c)

Fig. 6

 6 Fig.6PNS axon regeneration in zebrafish spinal motor nerves. (a) Zebrafish has extensively been used as PNS regeneration model. Its transparency allows live-imaging of axons and genetic manipulations remain simpler than in mammals. In this model, a transection of both, dorso-ventral spinal cord motor branches is performed. First, a Wallerian degeneration of the sectioned nerves occurs, dependent on macrophages activity. Then, spontaneous regeneration occurs, promoted by intrinsic and extrinsic signals. (b) After injury, 80% of the lesioned axons retain the ability to regenerate. This relies on Schwann cell activation that will ensure the proper pathfinding of the regenerating axons through different mechanisms. This activation occurs by exposure to ∆Lrp4 and triggers the expression of axon guidance molecules (Netrin-1 and Slit1a) and the remodelling of the extracellular matrix (ECM). (c) There is evidence that nerve regrowth relies on the extension of a single pioneer axon that will be used as migration scaffold by follower axons. This process seems dependent on ∆Lrp4 but no receptors have been identified yet. Axon guidance of dorsal or ventral projections differs. Netrin-1 and Dcc promotes the growth of ventral axons while Slit1a prevent dorsal axon from growing dorsally, through a yet unknown receptor.

Fig. 7

 7 Fig. 7 Cell therapy. (a) Strategies based on stem cell replacement such as human-and mouse-derived embryonic stem cells (ESCs) and induced pluripotent stem cell (iPSC)-derived neurons. Grafting iPSCderived neurons in brain circuits requires (b) adaptation to the extrinsic in vivo microenvironment or composition of extracellular matrix, lesion site-specific cues and signalling pathways, and identity match between the damaged brain area and the transplanted material. (c) Transplanted neurons could mature and integrate into damaged circuits; however, potential adverse effects as tumors or neuron death should be addressed before these strategies are transferred to the clinic.
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  It can be argued that RNA-seq samples were obtained from E14 embryos, were Robo3 is much less expressed than at younger stages. It can also be explained by the fact that Robo3 mRNA, observed by in situ hybridization, might not be translated and rather accumulare in commissural neurons cell bodies. However, it could also mean that the approach itself and the differential analysis have not enough resolution to statistically identify Robo3 as an enriched candidate. It has to be taken in consideration that in Nes:Cre;RiboTag samples, the whole commissural translatome is also immunoprecipitated and sequenced. If Robo3 enrichment is not detected because of the use of the Nes:Cre driver, it could be prevented using other Cre lines, such as the Islet1:Cre or the Shh:Cre drivers[START_REF] Watanabe | Cre reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus[END_REF] Dominici et al. 2017). Nevertheless, the risk would then be to identify factors exclusively depleted in motor neurons or floor plate cells and not enriched in commissural neurons.

	, Robo3 was poorly
	expressed in the RiboTag approach: 100 reads in Robo3:Cre samples and 180 in
	Nes:Cre ones. Considering Tcf24 expression pattern, restricted to a well-defined
	population of the rostral hindbrain, and its RNA-seq expression levels (400 reads), it is
	difficult to explain the low expression values of Robo3.

  At the end of my bachelor, I decided to send an email to Alain Chédotal, a prestigious French researcher working in Paris, to ask him if he would accept me for an internship in his team. To my great surprise he accepted, and without knowing it, he opened to me one of the most important doors of my life. I left my country, my family, my friends and my comfort zone to start a new episode that has lasted five incredible years. Here, I would just like to thank all the amazing people that I had the chance to cross and who helped me throughout this experience.The first thing that I'm grateful for is the environment where I conducted this work. The IDV is a young and dynamic research centre where I had the chance to meet wonderful people. The organization of events at the institute level was a fantastic experience and I thank the administration for making them possible. I hope that somehow, they will root and create an institute belonging feeling. I would also like to thank my thesis committee, for accepting to review, evaluate and bring their expertise to offer an extremely valuable input to my work. I would particularly thank Sonia Garel, who has followed and supervised my work from the beginning, always with wise and careful words. As previously mentioned, without knowing it, Alain gave me the opportunity to start this adventure. But this is not the only thing that I have to thank him for. Alain has always pushed me to do more, better, harder and to work for a precise purpose. Although it has not always been easy and it doesn't work for everyone, it has encouraged me to give my best over the years. Also, Alain has this contagious enthusiasm that during a simple conversation in the corridor can lead you to new ideas and experiments. Finally, Alain, as a professional but also as a person, is surrounded by a network of amazing people. Working with him drives you in to this group and allows you to discover who are these people and why they are so special. I would like to particularly thank three of them, for their encouragement and the strength that they gave me to start the PhD. Chloé, a radiant former PhD student, with the loudest and the most spreading laugh on earth. Who introduced me to the research world with humour, dedication and McMenus on late Friday evenings to stay focused. Patrick and Nicolas, who received me in Lyon for six intense months. They taught me how to do science without forgetting the important things, from taking care of the ones that matter to you and that you work with to the value of a retreat in the mountains, surrounded by snow or by aged olive trees.Luckily, during the PhD I shared my workspace with people that I can't just see as colleagues. Probably due to the number of hours that I spent in the lab, they became really special to me. Heike, Barbara and Antoine are former PhD students with whom I discussed, exchanged, learnt and drunk. The four of them have different points of view on science and have extremely different personalities. However, through their work and words they all gave me valuable scientific and personal lessons. Sandrine, Celine, Kim, Caro and Quentin are these people that you know that are there whenever you need them, ready to give you a hand and help you through stressful moments. They went through difficult moments themselves, but they always found time for a conversation, an advice or a gossip around a coffee or between experiments.

	crossing commissural neurons could help clarifying if the switch from attraction to
	repulsion relies is transcriptionally regulated or instead relies on a regulation of the
	receptors presents at the growth cone membrane. This regulation could be analyzed
	with different proteomic approaches such as phosphoproteomics (Riley and Coon
	2016) or growth cone proteomics (Poulopoulos et al. 2019). It has been shown that
	Robo3 phosphorylation is triggered by netrin-1/Dcc interaction (Zelina et al. 2014),
	suggesting that receptors phosphorylation and kinases might play an important role in
	commissural axon guidance. As previously mentioned, the growth cone is the motile
	compartment of commissural axons integrating guidance signals. Its purification by the
	combination of the Robo3:cre driver, the Rosa Tom reporter with a growth cone FACS
	purification approach (Poulopoulos et al. 2019) could bring extremely valuable
	information about receptors regulation during midline crossing.
	. To further
	investigate the diversity of commissural axon guidance mechanisms, novel Cre drivers,
	such as the Dbx1:Cre or the Sim1:Cre lines (Pierani et al. 2001; Zhang et al. 2008)
	could be used to target them specific subsets. Our RNA-seq results provide a useful
	database to identify specific factors of discrete commissural populations and spatial
	transcriptomic methods (cite one or two ref on Merfish and another one) could help
	validating our results. This cartography could lead to the development of novel genetic
	tools to target them with reporter lines or with conditional knockouts.

  but only mildly in the spinal cord(Moreno-Bravo et al. 2019). However, the simultaneous deletion of ventricular and FP derived netrin-1 prevents midline crossing(Moreno-Bravo et al. 2019). Therefore, in the spinal cord, both sources of netrin-1 cooperate to guide commissural neuron at the midline. Other secreted proteins such as VEGF (Ruiz deAlmodovar et al. 2011) and Shh

  . Therefore, Robo3 might © 2019 International Society for Neurochemistry, J. Neurochem. (2019) 10.1111/jnc.14900
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SUMMARY

In vertebrates, commissural axons extend ventrally toward the floor plate in the spinal cord and hindbrain. Netrin-1, secreted by floor plate cells, was proposed to attract commissural axons at a distance. However, recent genetic studies in mice have shown that netrin-1 is also produced by ventricular zone (VZ) progenitors and that in the hindbrain, it represents the main source of netrin-1 for commissural axons. Here, we show that genetically deleting netrin-1 either from the VZ or the floor plate does not prevent midline crossing in the spinal cord, although axon pathfinding and fasciculation are perturbed. Strikingly, the VZ and floor plate act synergistically, as the simultaneous ablation of netrin-1 from these two sources severely impedes crossing. These results suggest that floorplate-derived netrin-1 has a distinct impact on commissural axons in the spinal cord and hindbrain. 

AUTHOR CONTRIBUTIONS

Conceptualization

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alain Che ´dotal (alain.chedotal@inserm.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation and analysis of mutant embryos

The following mouse strains were used: Netrin1 conditional knockout (Ntn1 fl ) (Dominici et al., 2017), Shh:cre (Harfe et al., 2004), Nestin:cre (Nes:cre) ( Tronche et al., 1999) and Ai9 RosatdTomato (Rosa Tom ; Jackson lab). Ntn1 À/À mice we obtained by crossing Netrin-1 fl/fl and Krox20:cre mice which express Cre recombinase in the male and female germline after sexual maturity (Voiculescu et al., 2000). Genotypes were determined by PCR using tail genomic DNA. The day of vaginal plug was counted as embryonic day 0.5 (E0.5). Embryos of either sex were used and size. Mice were handled and housed in accordance to institutional guidelines and approved by the Charles Darwin Ethics Committee of Sorbonne Universite

´. 
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Differential analysis

Both differential analyses were performed on normalized CPM values (counts per million reads). The p-value was adjusted to 0.05 for a fold change superior or equal to 2. The genes with CPM values lower than 2 were discarded.

hindbrain enriched (light blue), spinal cord enriched (magenta), hindbrain and spinal cord enriched (dark blue) and non-neuronal/mesenchymal genes (grey). 4

of the previous identified non-neuronal/mesenchymal genes were not found expressed in these samples (Fmd7, Grhl3, Sim2 and Zcchc5). (G) Raw counts graphical representation of hindbrain enriched genes (light blue case), spinal cord enriched genes (magenta case) and genes enriched in both tissues (dark blue case). Supplementary figure 3 Tcf24 expression analysis in the developing hindbrain. As previously mentioned, the use of the Robo3:Cre driver relies on its capacity to target most of the known commissural populations. Nevertheless, if one wants to understand the mechanisms regulating Robo3 expression, its combination with bulk RNAseq might not be the most appropriate tool. As Robo3 is only present in post-mitotic neurons, the identified candidates might be synchronously expressed with Robo3 or upregulated after axons have crossed the midline. With our strategy, identifying factors involved in Robo3 activation will only be possible if their expression persists after they are committed to a commissural fate. Nevertheless, the cell sorting approach, if combined to single cell analysis, might provide an opportunity to better appreciate the developmental trajectories of commissural neurons. In the spinal cord and hindbrain, commissural neurons leave the progenitor domain from E9 to E15 (not considering pontine neurons, which migrate until E17). Dissociation and cell sorting of Robo3:Cre;Rosa Tom embryos at different stages shows the accumulation of Tomato + in both tissues (Figure 5A,B). Besides this increasing amount of Tomato + cells, a distinct, and maintained over time, population is observable going from Tomato -to Tomato + cells (Tomato M )(Figure 5C). RT-qPCR in these Tomato M population revealed that they express Robo3. Interestingly, this population does not express Robo2, which is found enriched in Tomato + cells. Robo2 has been described for its expression in motor neurons, longitudinal tracts and in post-crossing commissural axons (Brose et al. 1999;Kim et al. 2011;Bacon et al. 2012). This differential expression of Robo2 between Tomato M and Tomato + cell might reflect the difference between pre-and postcrossing commissural neurons (Figure 5D). Actually, it would mean that Tomato M cells are the "younger" version of Tomato + cells.

Supplementary table 1 Robo3:cre; RiboTag enriched genes

RNA velocity of single cells (La Manno et al. 2018), by analyzing the balance between unspliced and spliced mRNAs of determined genes (for instance Robo3), allows predicting cellular state progression from single cell RNA-seq data. The application of this analysis to a scRNA-seq analysis of Tomato -, Tomato M and Tomato + could bring novel insights on the progression from a post-mitotic stage (Tomato -which already express Robo3) to a post-crossing stage (Tomato + cells expressing Robo2) (see model in Figure 5E).

Furthermore, this analysis could also bring information about the commissural neurons state before and after midline crossing. Identifying the transcriptome of pre and post-
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Construction and reconstruction of brain circuits: normal and pathological axon guidance Sergi Roig-Puiggros*, Robin J. Vigouroux*, Danielle Beckman, Nadia I. Bocai, Brian Chiou, Joshua Davimes, Gimena Gomez, Sara Grassi, Ashfaqul Hoque, Thomas K. Karikari, Frederico Kiffer, Mary Lopez, Giulia Lunghi, Pedzisai Mazengenya, Sonja Meier, Mauricio Olguín-Albuerne, Mauricio M. Oliveira, Juan Paraíso-Luna, Jonu Pradhan, Andressa Radiske, Ana Belén Ramos-Hryb, Mayara C. Ribeiro, Roberta Schellino, Maria Clara Selles, Shripriya Singh, Paschalis Theotokis, Alain Chédotal Abstract Perception of our environment entirely depends on the close interaction between the central and peripheral nervous system. In order to communicate each other, both systems must develop in parallel and in coordination. During development, axonal projections from the CNS as well as the PNS must extend over large distances to reach their appropriate target cells. To do so, they read and follow a series of axon guidance molecules. Interestingly, while these molecules play critical roles in guiding developing axons, they have also been shown to be critical in other major neurodevelopmental processes, such as the migration of cortical progenitors. Currently, a major hurdle for brain repair after injury or neurodegeneration is the absence of axonal regeneration in the mammalian CNS. By contrasts, PNS axons can regenerate. Many hypotheses have been put forward to explain this paradox but recent studies suggest that hacking neurodevelopmental mechanisms may be the key to promote CNS regeneration. Here we provide a seminar report written by trainees attending the second Flagship school held in Alpbach, Austria in September 2018 organized by the International Society for Neurochemistry (ISN) together with the Journal of Neurochemistry (JCN). This advanced school has brought together leaders in the fields of neurodevelopment and regeneration in order to discuss major keystones and future challenges in these respective fields.

Summary

Commissural neurons ensure the coordination of motor and somatosensory information between halves of the central nervous system. In the caudal part of the CNS, commissural axons, first grow toward the ventral midline, the floor plate, to cross it and reach their final target. The cellular and molecular mechanisms controlling midline crossing have been extensively studied. Ramón y Cajal, in his neurotropic theory, suggested that floor plate cells could release diffusible factors chemo-attracting commissural axons to the ventral midline. Netrin-1, a protein discovered more than 2 decades ago, is a secreted protein expressed both by floor plate cells and ventricular zone progenitors and with long-range chemoattractive activity in vitro. Today, Netrin-1 is widely accepted as the textbook example of long-range chemoattractive guidance cue. However, our results, challenge this model by proposing a short-range mechanism of action for Netrin-1 during commissural axon guidance. Indeed, we determined that floor plate-derived netrin-1 is dispensable for commissural axon guidance. Instead, ventricular zone-derived netrin-1 is necessary and sufficient to promote the dorso-ventral extension of hindbrain commissural axons and midline crossing. We also confirmed that ventricular zone progenitors are the main Netrin-1 source for ventrally migrating precerebellar neurons. In addition, we observe that in absence of ventricular zone-derived netrin-1, commissural axons and precerebellar neurons cell bodies invade several cranial nerves. This appears to be a cellautonomous and Dcc-dependent process. This mechanism is not conserved in the spinal cord, where both netrin-1 sources act synergistically to ensure commissural axon guidance and midline crossing.

Commissural neurons are diverse and found throughout the nervous system. To analyse the molecular diversity of hindbrain and spinal cord commissural neurons, we used approaches combining mouse genetics and transcriptomics. We are currently working on some novel transcription factors that might play a role in the development of hindbrain and spinal cord commissural neurons. Key-words: axon guidance, commissural neurons, netrin-1, transcriptomics