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Deep layer cortical neurons send projections across the brain to many sub-cortical targets. Some of the descending axons originating from the somatosensory barrel cortex are known to decussate with the corticospinal tract (CST) in the medulla to project onto contralateral neurons of the trigeminal complex. Using high resolution volumetric whole brain imaging combined with viral strategies, we found the existence of collaterals originating from the CST that predate the caudal decussation and project bilaterally to the trigeminal complexes. Single axon reconstructions revealed the existence of multiple axonal paths connecting cortical projection neurons ipsi, contra or bilaterally to the trigeminal complex. We show that collaterals from the CST reach the trigeminal nuclei at P5 on both sides with an unbiased laterality initially.

Collaterals from neurons projecting to the contralateral side that provides their sensory inputs are then reinforced from P7 onwards. Genetically uncrossing the afferent pathway coming from the principal trigeminal nucleus changed the laterality preference of the CST collaterals during development. This study shows that the collateralization of the CST is dependent on the activity of the afferent inputs.
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A striking feature of brain wiring is that in most cases neurons receive feedback connections from their post-synaptic partners, either directly or indirectly through other neurons. This ensures that whenever a message is sent forward, there is a notification to the sender that the message has been well received. Sensory systems carry information from the periphery to the central nervous system (CNS). This information is crucial for the brain to identify the nature of a stimulus (what is it?), its location and its potential movement. This sensory information is carried forward and ripples through many regions of the brain, well beyond the primary input regions of the cortex. Information flows from the peripheral nervous system (PNS) into the central nervous system (CNS), and is processed and organized at different levels or relay points. One could imagine that, without any checkpoints, sensory information may keep traveling forward through the brain by jumping across many relays, to a point of potentially overwhelming the system. There are several mechanisms preventing this from happening. In general, these mechanisms are referred to as "gating" systems that can open or close the flow of sensory information. During my PhD, I got interested in the development of a particular projection connecting directly the somatosensory cortex to the brainstem, which may enable a retrocontrol of the cortex on the transmission of sensory information coming from the whiskers in the mouse. Strikingly, the cortical neurons sending this projection are several synapses away from their post-synaptic partners in the brainstem, but are still able to connect to the correct neurons that are sending them sensory information from the whiskers.

Sensory neurons organize their projections into topographic maps. These maps, found in the CNS and PNS, maintain an organization of physical and functional features that represent the sensory surface in the periphery. It is important for proper sensory processing that the topography of neural projections is maintained across the relay points. While the development of the forward projections of the ascending pathways organizing the topographic maps at each relay is somewhat understood, the relationship between these maps and the feedback projections coming from the descending pathways is unclear. In particular, the role that neuronal activity plays in guiding axons at choice points, and how it interacts with molecular pre-patterning is a difficult question to address as the navigation of the descending axons occurs in the complex environment of the developing post-natal brain, in which many other tracts already exist. This complexity partly explains why the guidance mechanisms of late-developing feedback projections originating from the cortex received less attention comparatively than the midline crossing afferent projections carrying information from the periphery.

My project was enabled by the advent of novel imaging techniques that combine tissue clearing and light sheet microscopy, which allows the visualization and quantification of axonal projections in 3D, in intact brains. The use of this type of histological processing allowed me to document previously overlooked collaterals of the descending projections connecting the cortical layer V neurons with the trigeminal neurons in the brainstem. Surprisingly, many of these collaterals would connect the cortical pyramidal neurons with ipsilateral brainstem targets which would not directly communicate with them. I therefore set out to understand the development of the laterality of the collaterals made by the descending projections from the cortex.

Organization and Development of the Afferent Projections from the

Whiskers to the Somatosensory Cortex

In this first section, I will present the development and organization of the projections carrying the peripheral touch information from the whiskers to the primary somatosensory cortex. This will set the stage to understand later in a second part what is currently known on the organization and development of the feedback efferent projections from the cortex.

Organization of the peripheral receptors and their innervation

The mouse is a small, nocturnal prey animal who spends most of their waking time navigating dark spaces. With eyesight not being of much use in the dark, mice rely heavily on other senses such as somatosensory. Five rows of whisker follicles (A-E and an additional 4 follicles straddling those rows: α, β, γ, δ) are arranged strategically on the snout of the mouse and allow it to gather touch information about texture, shape, and position (Figure 1) (Erzurumlu and Gaspar, 2012).

To explore their environment, whiskers actively sample the surroundings of the mouse with a rhythmic pattern synchronized with the breathing of the animal: larger whiskers (macrovibrissae) positioned in the most caudal region of the whisker pad have a large movement amplitude and longer reach, and therefore encode information of a different nature about the environment than the smaller hair (microvibrissae) positioned more rostrally [START_REF] Andermann | Chronic Cellular Imaging of Entire Cortical Columns in Awake Mice Using Microprisms[END_REF][START_REF] Harvey | Discriminative whisking in the head-fixed rat: optoelectronic monitoring during tactile detection and discrimination tasks[END_REF][START_REF] Neimark | Vibrissa Resonance as a Transduction Mechanism for Tactile Encoding[END_REF]. The mechanical resonance [START_REF] Gaspar | Constraints on somatosensory map development: mutants lead the way[END_REF])

frequencies vary such that posterior vibrissae produce lower frequencies (60-100 Hz) and anterior vibrissae produce higher frequencies (∼750 Hz) [START_REF] Neimark | Vibrissa Resonance as a Transduction Mechanism for Tactile Encoding[END_REF]. While adjacent whiskers usually move in unison, surprinsingly it had been reported that can also move independently during the contraction and retraction phases of the movement. To organize the whisker movements, there are two muscle types: intrinsic muscles and extrinsic muscles [START_REF] Dörfl | The musculature of the mystacial vibrissae of the white mouse[END_REF].

Extrinsic muscles do not directly contact whisker follicles, however intrinsic muscles are directly associated with them and are capable of moving individual whisker follicles. They also anatomically join adjacent follicles in the same row.

The whiskers follicles and associated muscles are innervated by the deep infraorbital branch of the trigeminal nerve (ION), with additional superficial innervation contributed by the facial nerve.

Among the 12 cranial nerves, the trigeminal nerve is the thickest and comprises 3 main branches: ophthalmic, maxillary, and mandibular. This nerve originates in the lateral pons and terminates in the periphery of the head and neck [START_REF] Tsutsumi | The trigeminal root: an anatomical study using magnetic resonance imaging[END_REF]. The trigeminal ganglion (TG) at the base of the skull is where the three branches converge and is home to the cell bodies of the primary sensory neurons. The maxillary branch contains a sub branch which forms the infraorbital nerve and contacts whisker follicles. There, sensory information is collected by a diverse range of specialized receptors and neurons in the follicle-sinus-complex, which has 6 distinct populations of sensory receptors (Figure 2) [START_REF] Rice | A comparative light microscopic analysis of the sensory innervation of the mystacial pad. I. Innervation of vibrissal follicle-sinus complexes[END_REF]. These sensory receptors are contacted by primary sensory neurons, which have one axonal projection to the whisker pad and another axonal branch connecting ipsilaterally to the first relay in the brainstem trigeminal complex.

There seems to be a somatotopic organization of the TG neurons that preserve the bundling of the fibers innervating the whisker pad and snout: rows A-B project more medial while rows D-E project more lateral, and a columnar organization: caudal whiskers project preferentially dorsally while more rostral whiskers project more ventrally [START_REF] Zucker | Coding of somatic sensory input by vibrissae neurons in the rat's trigeminal ganglion[END_REF]. Single whisker tracing studies, fluorophore-tagged dextrans injected into the whisker follicles, show a clear segregation of neighboring whiskers in the same row reflected as separate labeling among neighboring barrelettes in the brainstem [START_REF] Silva S Da | Proper formation of whisker barrelettes requires periphery-derived Smad4-dependent TGF-beta signaling[END_REF].

Based on their firing response to a whisker deflection stimulus, two different neuronal classes can be distinguished in the TG: slow-adapting and rapidly-adapting cells [START_REF] Gibson | Quantitative Studies of Stimulus Coding in First-Order Vibrissa Afferents of Rats. 2. Adaptation and Coding of Stimulus Parameters[END_REF][START_REF] Leiser | Relationship Between Physiological Response Type (RA and SA) and Vibrissal Receptive Field of Neurons Within the Rat Trigeminal Ganglion[END_REF]. For most species the majority of neurons in the TG are slow-adapting at a ratio of about 2:1 (Gibson and Welker, 1983). The neurons of the TG respond to a variety of whisker deflection characteristics such as amplitude, frequency and duration of the stimulation, velocity, and the angular displacement of the whiskers. Slow-adapting neurons encode information about amplitude or whisker position and the rapidly-adapting variety encodes stimulus velocity information [START_REF] Gibson | Quantitative Studies of Stimulus Coding in First-Order Vibrissa Afferents of Rats. 2. Adaptation and Coding of Stimulus Parameters[END_REF][START_REF] Shoykhet | Coding of deflection velocity and amplitude by whisker primary afferent neurons: implications for higher level processing[END_REF]. The slow-adapting neurons make synaptic contact with Merkel cells in the more superficial region of the follicle-sinus complex while the rapidly-adapting neurons synapse with lanceolate cells (Figure 2) [START_REF] Rice | A comparative light microscopic analysis of the sensory innervation of the mystacial pad. I. Innervation of vibrissal follicle-sinus complexes[END_REF].

Organization of the afferent central pathways

The first relay: the trigeminal complex

The trigeminal-nuclear-complex is located laterally in the brainstem, and spans most of its rostrocaudal extent from the pontine region to the medulla. It is the first relay for axons originating in the trigeminal ganglion. The sensory trigeminal-nuclear-complex is divided into the principal sensory nucleus (PSV), and the spinal nucleus (SPV). The SPV is further subdivided into the subnucleus caudalis, interpolaris, and oralis which are strongly interconnected. The two main brainstem targets of primary sensory neurons coming from the trigeminal ganglion are the principal sensory nucleus (PSV) at the rostral pole of the trigeminal-nuclear-complex and the spinal sensory nucleus (SPV) at the caudal pole of the trigeminal-nuclear-complex [START_REF] Killackey | The role of the principal sensory nucleus in central trigeminal pattern formation[END_REF].

As they travel through the central branch of the trigeminal ganglion, peripheral axons keep intact the topography of the follicle's implantation by being tightly organized in bundles preserving th layout of the receptors on the animal face (Erzurumlu et al., 2010). Indeed, the condensation of the peripheral fibers innervating the PSV and SPV give rise to dense fiber regions, visible with a cytochrome oxidase staining or through their natural autofluorescence, that mimic the distribution of the vibrissae on the mystacial pad (Figure 3). This pattern is referred to as barrelettes. The barrelette pattern is present in the PSV and in two sub-nuclei of the SPV (caudalis and interpolaris) [START_REF] Durham | Effects of neonatal whisker lesions on mouse central trigeminal pathways[END_REF]. Interestingly, this layout is not sufficient to drive by itself the formation of the topographic maps in the brainstem [START_REF] Laumonnerie | Facial whisker pattern is not sufficient to instruct a whisker-related topographic map in the mouse somatosensory brainstem[END_REF]: the presence of an extra row of whiskers on the lower jaw in a mutant mouse line is indeed not sufficient to drive the formation of an additional row of barrelettes in the trigeminal complex.

Therefore, the visible maps patterned in the brainstem are instructed by the bundling of peripheral axons carrying topographic information on the peripheral receptors' layout, but also relies on permissive patterning genes enabling map formation in the various central relays, such as Hoxa2 [START_REF] Bechara | Hoxa2 Selects Barrelette Neuron Identity and Connectivity in the Mouse Somatosensory Brainstem[END_REF][START_REF] Oury | Hoxa2-and rhombomere-dependent development of the mouse facial somatosensory map[END_REF].

The thalamic relay stations

The topographic organization of barrelettes in the brainstem representing whiskers on the periphery carries over to the subsequent primary relays of the sensory information. The second relay station in the barrel related circuit lies in the thalamus, but afferent sensory information travels there through multiple parallel pathways from the trigeminal complex. There are 2 major thalamic relays: the primary one is the Ventro Basal nucleus (VB), itself composed of the Ventral Posteromedial nucleus (VPM) and the ventral posterolateral nucleus (VPL) and the Posterior Medial nucleus (Pom) [START_REF] Bernardo | Axonal trajectories between mouse somatosensory thalamus and cortex[END_REF].

The ventral posterior medial nucleus of the thalamus (VPM) receives inputs from neurons in the contralateral PSV mainly (Figure 3) [START_REF] Ma | Cytoarchitectonic correlates of the vibrissae in the medullary trigeminal complex of the mouse[END_REF]. These inputs contribute to the oneto-one whisker to barrel pattern formation (barreloids) in the VPM [START_REF] Bruce | The organization of trigeminotectal and trigeminothalamic neurons in rodents: A double-labeling study with fluorescent dyes[END_REF][START_REF] Killackey | The role of the principal sensory nucleus in central trigeminal pattern formation[END_REF]. Before making their way to the thalamus, the axons in the PSV cross the brain midline (Kivrak and Erzurumlu, 2013;[START_REF] Leiser | Relationship Between Physiological Response Type (RA and SA) and Vibrissal Receptive Field of Neurons Within the Rat Trigeminal Ganglion[END_REF], and then follow the tracts of the lemniscal pathway. The somatosensory system is mostly completely crossed, therefore all primary somatosensory related inputs to the thalamus originate in the contralateral PSV [START_REF] Leiser | Relationship Between Physiological Response Type (RA and SA) and Vibrissal Receptive Field of Neurons Within the Rat Trigeminal Ganglion[END_REF]. The subnucleus caudalis and the subnucleus interpolaris of the SPV also project to the thalamus (but not the subnucleus oralis) [START_REF] Patrick | Collateral projections from trigeminal sensory nuclei to ventrobasal thalamus and cerebellar cortex in rats[END_REF]. Neurons in the rostral part of the interpolaris project to the Pom in the thalamus via the paralemniscal tracts (Figure 3).

The Primary Somatosensory Cortex

The cortical microcircuitry has a columnar organization that process inputs from subcortical or intracortical regions and that send outputs to either subcortical or other cortical regions. The primary somatosensory cortex (S1) is organized into 6 principal layers with a very conspicuous layer 4 that receive very dense projections from the thalamus. The condensation of the thalamocortical input fibers form the cortical barrels that map single whiskers into S1 [START_REF] Woolsey | The structural organization of layer IV in the somatosensory region (SI) of mouse cerebral cortex. The description of a cortical field composed of discrete cytoarchitectonic units[END_REF]. This columnar organization of the circuits processing sensory information is different between the barrels and the spaces between barrels (the septa): in the barrel centers, most of the thalamocortical inputs coming from the VPM nucleus of the thalamus connect into the medium spiny neurons located in layer 4, but thalamocortical fibers can also carry sensory inputs directly to other layers (Figure 3) [START_REF] Gerfen | Long distance projections of cortical pyramidal neurons[END_REF]. Neurons in the septa receive thalamocortical inputs mainly from the Pom, that originate initially from neurons located in the subnucleus interpolaris of the SPV [START_REF] Deschênes | The vibrissal system as a model of thalamic operations[END_REF].

Layer 4 neurons send that information to layers 2 and 3 and to a lesser extent layer 5. Layers 2 and 3 neurons then forward the sensory information to the deeper layers, 5 and 6, and also to other cortical targets (Figure 3) [START_REF] Gerfen | Long distance projections of cortical pyramidal neurons[END_REF].

Development of the afferent pathway: from the whiskers to the cortex Development of the peripheral innervation of the whiskers by the trigeminal ganglion neurons On embryonic day 9 (E9) the primitive TG starts to be populated with a few neurons derived from the neural crests of the developing ectoderm. By E9.5 fascicles from the initial neurons have exited the TG complex [START_REF] Stainier | Pioneer neurons in the mouse trigeminal sensory system[END_REF] and at E10 a select few pioneer axons have reached their targets in the whisker pad and start branching shortly after (Figure 4). Peripheral axons start innervating the brainstem before E12, as a second wave of neurogenesis starts in the TG (Erzurumlu and Gaspar, 2012). This second wave of neurogenesis lasts about 48 hours. This is around this time at E12 that he earliest stage of observed vibrissa follicle development is seen, as the plexus of the trigeminal nerve can be observed directly beneath the dermis [START_REF] Davidson | The development of mouse vibrissae in vivo and in vitro[END_REF]. During this time while the trigeminal axons are innervating what will later be a fully developed mystacial pad, the individual whisker follicles are making contact with the mesenchyme around E13.5 (Davies andLumsden, 1984, 1986). At E14.5 the mesenchyme and surrounding epidermis pull together to form a papillae and by E15.5 the position of the whisker follicle sinus is set [START_REF] Davidson | The development of mouse vibrissae in vivo and in vitro[END_REF].

Development of the afferent central somatosensory projections: from the brainstem to the thalamus As previously mentioned, pioneer axons coming from the TG begin branching at E10.5 and reach their target in the brainstem at E12 (Figure 2) [START_REF] Stainier | Pioneer neurons in the mouse trigeminal sensory system[END_REF]) (Erzurumlu and Gaspar, 2012). From there, axons of the central neurons in the trigeminal brainstem complex form fascicles at E13 and cross the midline in large numbers. The axons crossing the midline between E11 and E13 form a ribbon-shaped pathway called the lemniscus, as caudal axons of the PSV turn soon after crossing the midline while those in the rostral portion turn later (Kivrak and Erzurumlu, 2013). By E15 these axons reach the midbrain and by E17 they reach the VPM (Figure 4). By E16, axons are observed "waiting/pausing" just caudal to the VPM and by E17 they invade the nucleus and their axon terminals occupy a large space which is later more restricted in mature animals. During their early post-natal maturation, trigeminothalamic axons will undergo selective pruning to form the barreloid pattern in the VPM, which is clearly visible from P4 (Figure 4) (Kivrak and Erzurumlu, 2013).

As in the somatosensory whisker system projections are completely crossed, it is important to review brain midline crossing mechanisms and axon guidance to better understand the development of this system and how laterality is selected from the early embryonic midline crossing of the afferent projections differs from the late crossing of the descending tracts. 2 major axon guidance systems collaborate to guide axon navigation across the midline: the Netrin/DCC ligand-receptor pair and the Slit/Robo proteins. Additional mechanisms reinforce the action of these proteins through other families of receptor-ligands: semaphorins, ephrins and many other cell adhesion molecules also participate in axon navigation before, at, and after midline crossing.

Netrins and DCC

Discovered in 1994, Netrin 1 is a secreted extracellular matrix protein expressed in the floor plate and ventricular zone [START_REF] Kennedy | Netrins are diffusible chemotropic factors for commissural axons in the embryonic spinal cord[END_REF][START_REF] Serafini | Netrin-1 Is Required for Commissural Axon Guidance in the Developing Vertebrate Nervous System[END_REF][START_REF] Serafini | The netrins define a family of axon outgrowth-promoting proteins homologous to C. elegans UNC-6[END_REF]. Netrin 1 plays a crucial role in axon guidance as deficient mice have misguided commissural axons [START_REF] Serafini | Netrin-1 Is Required for Commissural Axon Guidance in the Developing Vertebrate Nervous System[END_REF].

Historically, it was suggested that Netrin 1 diffuses and forms gradients promoting and directing axonal growth across long distances in neural epithelium [START_REF] Kennedy | Netrins are diffusible chemotropic factors for commissural axons in the embryonic spinal cord[END_REF]. However, more recent studies using conditional deletion of Netrin 1 in the floor plate now suggest that Netrin 1 interacts with the radial glia for a more local effect on axon guidance [START_REF] Dominici | Floor-plate-derived netrin-1 is dispensable for commissural axon guidance[END_REF][START_REF] Wu | Long-Range Guidance of Spinal Commissural Axons by Netrin1 and Sonic Hedgehog from Midline Floor Plate Cells[END_REF].

Netrin 1 has several receptors, but its main receptor driving guidance at the midline is DCC (Deleted in Colorectal Cancer) [START_REF] Keino-Masu | Deleted in Colorectal Cancer (DCC) Encodes a Netrin Receptor[END_REF]. In both knock outs of Netrin 1 and DCC, the brain midline is almost devoid of crossing axons [START_REF] Keino-Masu | Deleted in Colorectal Cancer (DCC) Encodes a Netrin Receptor[END_REF][START_REF] Kennedy | Netrins are diffusible chemotropic factors for commissural axons in the embryonic spinal cord[END_REF], however the DCC KO phenotype doesn't perfectly phenocopy the Netrin 1 KO, suggesting the existence of additional Netrin 1 receptors involved in axon navigation, such as Unc5b or Neogenin [START_REF] Xu | Neural migration. Structures of netrin-1 bound to two receptors provide insight into its axon guidance mechanism[END_REF]. The binding of Netrin 1 to DCC triggers a cascade of intracellular signaling resulting in an attractive response of the axonal growth cone towards the source of Netrin 1.

Netrin mRNAs are expressed along the midline in the brainstem and midbrain [START_REF] Marillat | Spatiotemporal expression patterns of slit and robo genes in the rat brain[END_REF], and therefore are also present at the levels where trigeminal neurons cross on their way to the thalamus. The Netrin receptor DCC is also expressed by commissural PRV neurons at the time of their axon crossing, around E11-E15 (Mirza et al., 2013).

As for most brainstem commissural neurons, axons from trigeminal neurons on their way to the thalamus also fail to cross the midline in DCC knockout mice, during the initial phase of crossing around E12. Surprisingly, a small number of late developing axons can be observed crossing at E17, which lead to the formation in this mutant of a bilateral PSV lemniscal pathway, all the way to the VPM nucleus of the thalamus (Mirza et al., 2013).

Slits and Robo

Slit is a protein that when bound to its receptor roundabout or robo (robo receptors 1-4) generates a repellent effect, in most cases, on axon growth cones (Brose et al., 1999). As for Netrin 1, Slit mRNA is expressed along the midline in the brainstem where PRV neurons are known to cross on their way to the thalamus (Mirza et al., 2013). Slit mutants, first characterized in Drosophila, exhibit a conspicuous phenotype in which axons are generally stuck at the midline, as if they failed to exit the region altogether [START_REF] Seeger | Mutations affecting growth cone guidance in Drosophila: genes necessary for guidance toward or away from the midline[END_REF]. In Slit1 mutant mice, many guidance errors of the PSV axons at the midline are seen at E15. It seems also that Slit2 mutants exhibit less defects, but Slit3 compound mutants with Slit1 have severe guidance defects, suggesting that Slit1 and 3 are the most important for the midline repulsion of post-crossing PRV axons (Mirza et al., 2013).

The nature of the receptors for the Slit ligands expressed at the midline has been elusive for a while, as the Robo knock-outs in drosophila do not perfectly phenocopy the slit mutants [START_REF] Seeger | Mutations affecting growth cone guidance in Drosophila: genes necessary for guidance toward or away from the midline[END_REF]. Indeed, in Robo mutants, axons meander at the midline instead of being stuck inside.

The Robo family contains 4 receptors, termed Robo1 through 4, but so far only Robo1, 2 and 3 seem to be involved in guiding axons in the brain. In both drosophila and mice, the receptors Robo1 and 2 control the lateral positioning of longitudinal ascending tracts [START_REF] Farmer | Pioneer longitudinal axons navigate using floor plate and Slit/Robo signals[END_REF][START_REF] Long | Conserved roles for Slit and Robo proteins in midline commissural axon guidance[END_REF][START_REF] Mambetisaeva | Robo family of proteins exhibit differential expression in mouse spinal cord and Robo-Slit interaction is required for midline crossing in vertebrate spinal cord[END_REF][START_REF] Spitzweck | Distinct protein domains and expression patterns confer divergent axon guidance functions for Drosophila[END_REF]. As most long-range projection neurons do, PSV neurons express the Slit receptors Robo1 and 2 between E11 and E15, with Robo1 being expressed earlier in development (Mirza et al., 2013).

The specific case of the Robo3 receptor

Robo3 is a divergent receptor of the family: mouse and human mutants for this receptor have a striking phenotype of completely lacking commissural axons in the spinal cord and brainstem [START_REF] Jen | Mutations in a human ROBO gene disrupt hindbrain axon pathway crossing and morphogenesis[END_REF][START_REF] Marillat | The slit receptor Rig-1/Robo3 controls midline crossing by hindbrain precerebellar neurons and axons[END_REF][START_REF] Sabatier | The Divergent Robo Family Protein Rig-1/Robo3 Is a Negative Regulator of Slit Responsiveness Required for Midline Crossing by Commissural Axons[END_REF]. It is however unlikely that Robo3 acts as a Slit receptor, and is currently thought to be a DCC co-receptor for Netrin-1, at least in the mouse [START_REF] Jaworski | Collaborative and specialized functions of Robo1 and Robo2 in spinal commissural axon guidance[END_REF][START_REF] Zelina | Signaling Switch of the Axon Guidance Receptor Robo3 during Vertebrate Evolution[END_REF]). An additional ligand for Robo3, Nell2, has been proposed that may be responsible for the repulsion of commissural axons away from the motor column [START_REF] Jaworski | Operational redundancy in axon guidance through the multifunctional receptor Robo3 and its ligand NELL2[END_REF]. Robo3 expression and alternative splicing is tightly controlled in the pre-crossing segment of commissural axons, and is rapidly down-regulated upon crossing [START_REF] Chen | Alternative splicing of the Robo3 axon guidance receptor governs the midline switch from attraction to repulsion[END_REF]. Robo3 is necessary for commissural axons of the spinal cord and brainstem to enter the midline floor plate [START_REF] Long | Conserved roles for Slit and Robo proteins in midline commissural axon guidance[END_REF][START_REF] Sabatier | The Divergent Robo Family Protein Rig-1/Robo3 Is a Negative Regulator of Slit Responsiveness Required for Midline Crossing by Commissural Axons[END_REF].

Robo3 is highly expressed at E11 at the time when PSV and SPV axons begin to cross the midline on their way to the thalamus (Mirza et al., 2013;Renier et al., 2017). The expression of Robo3 in these neurons is transient and stops shortly after PSV neurons have crossed the midline, as in other commissural neurons of the brainstem and spinal cord.

The Robo3 full knock-out is not viable, due to breathing failure at birth [START_REF] Bouvier | Hindbrain interneurons and axon guidance signaling critical for breathing[END_REF].

Therefore, a conditional knock-out for Robo3 was generated to study the effects of uncrossing commissural axon in post-natal brains (Renier et al., 2010). The mutant mouse model used to study the trigeminothalamic projections has Robo3 inactivated in rhombomere 3 and 5 (r3 and r5) by using the Krox20-cre driver line [START_REF] Voiculescu | Expression pattern of a Krox-20/Cre knock-in allele in the developing hindbrain, bones, and peripheral nervous system[END_REF]. Rhombomere 3 is where most of the whisker-specific PSV neurons are located [START_REF] Oury | Hoxa2-and rhombomere-dependent development of the mouse facial somatosensory map[END_REF]Renier et al., 2017): the neurons located in the ventral part of the PSV (receiving inputs from the large whiskers) originate from r3 and the neurons in the dorsal part (receiving inputs from the snout) originate from r2 [START_REF] Oury | Hoxa2-and rhombomere-dependent development of the mouse facial somatosensory map[END_REF]. By knocking out Robo3 selectively in Krox20 expressing neurons, axonal midline crossing is disrupted in the afferent trigeminothalamic projections from PSV to the thalamus (Renier et al., 2010a).

In r3-r5 conditional Robo3 knockout mice, 2/3rd of the PSV axons fails to cross the midline but they do find their correct targets in the ipsilateral VPM thalamus (Figure 5). However, these mutant 20 mice retain a mix of both ipsilateral and contralateral inputs to the thalamus (Renier et al., 2017).

This results in a "double sensory map" phenotype in the thalamus and cortex where one map responds as usual to contralateral inputs but another map responds to ipsilateral inputs (Renier et al., 2017). It is possible that the Cre recombinase may not be expressed in all r3 cells, or that it may be expressed too late by some r3 neurons to affect midline crossing.

I made use of this mutant in my thesis work to understand how changes to the laterality of the afferent pathway could affect the laterality of the descending pathway that connects cortical neurons with the trigeminal brainstem neurons.

The role of neuronal activity in the development of the ascending projections and their patterning into maps Spontaneous and evoked neuronal activity both play crucial roles in the late stages of embryonic and post-natal development of the sensory circuits. The effect of activity on development has been extensively studied in the visual system [START_REF] Huberman | Mechanisms underlying development of visual maps and receptive fields[END_REF][START_REF] Levay | The development of ocular dominance columns in normal and visually deprived monkeys[END_REF][START_REF] Shatz | Ocular dominance in layer IV of the cat's visual cortex and the effects of monocular deprivation[END_REF]. When spontaneous activity is silenced in the retina during the first postnatal week, the formation of the characteristic retinotopic maps are disrupted [START_REF] Cang | Development of Precise Maps in Visual Cortex Requires Patterned Spontaneous Activity in the Retina[END_REF].

Disturbances of neuronal activity at the periphery, before eye opening, has lasting consequences in terms of fine-scale retinotopic mapping in the thalamocortical projections [START_REF] Cang | Development of Precise Maps in Visual Cortex Requires Patterned Spontaneous Activity in the Retina[END_REF][START_REF] Shatz | Ocular dominance in layer IV of the cat's visual cortex and the effects of monocular deprivation[END_REF]. Before the peripheral sensory organs are mature, activity originating in the periphery as well as spontaneous waves traveling through the different relays play an important role in the development of central axonal projections at the different relay stations (Antón-Bolaños et al., 2019;Burbridge et al., 2014;[START_REF] Zhang | Visual map development depends on the temporal pattern of binocular activity in mice[END_REF]. The propagation of these early waves of activity relies on cholinergic neurotransmission [START_REF] Feller | Requirement for cholinergic synaptic transmission in the propagation of spontaneous retinal waves[END_REF].

In the barrel cortex, both spontaneous and evoked neuronal activity are also important for the condensation of the presynaptic inputs into topographic maps, as well as for the cellular assembly of the post-synaptic cells, for instance the formation of barrel walls by the Stellate Spiny neurons of the layer (see for review (Erzurumlu and Gaspar, 2012;Iwasato and Erzurumlu, 2018)):

Spontaneous Activity and cortical circuits assembly

Spontaneous neuronal activity patterns change over the course of circuit development, as neuron assemblies make connections, first through gap junctions and then through functional synapses (see for review [START_REF] Khazipov | Early patterns of electrical activity in the developing cerebral cortex of humans and rodents[END_REF][START_REF] Luhmann | Neuronal activity patterns in the developing barrel cortex[END_REF]). This has been more extensively studied in the developing neocortex, such as the barrel cortex, from sections for prenatal stages, or in vivo for post-natal stages. As early as embryonic day 16 (E16), spontaneous activity can be recorded in mouse neocortical neurons, a time point before the 6 neocortical layers have been formed [START_REF] Corlew | Spontaneous, synchronous electrical activity in neonatal mouse cortical neurones[END_REF]. Initially, the neuronal activity in the neocortex is synchronized across small neuronal networks and occurs via electrical synaptic transmission [START_REF] Corlew | Spontaneous, synchronous electrical activity in neonatal mouse cortical neurones[END_REF]. By postnatal day 0, large-scale network activity can be recorded [START_REF] Garaschuk | Large-scale oscillatory calcium waves in the immature cortex[END_REF][START_REF] Owens | Calcium Dynamics of Neocortical Ventricular Zone Cells[END_REF]. This network activity pattern is defined as early network oscillations (cENOs). Later, around P4, the cortical giant depolarizing potentials (cGDPs) start appearing. These have faster kinetics, occur more frequently, and are a result of GABA mediated transmission [START_REF] Allène | Sequential generation of two distinct synapse-driven network patterns in developing neocortex[END_REF]. Around P10, slow activity transients (SATs) develop in the cortex [START_REF] Colonnese | Slow activity transients" in infant rat visual cortex: a spreading synchronous oscillation patterned by retinal waves[END_REF]. These SATs are described as having a long-duration (~10 s events), and importantly have an horizontal spread in the barrel cortex, which may be important for the maturation of the topographic circuits [START_REF] Colonnese | Slow activity transients" in infant rat visual cortex: a spreading synchronous oscillation patterned by retinal waves[END_REF].

Presynaptic activity and patterning

Synaptic transmission from the thalamocortical inputs (TCAs) is also crucial for the correct patterning and formation of the cortical circuits, especially the cellular patterns of layer 4. TCAs use glutamatergic neurotransmission and drive very strong depolarization responses in layer 4 neurons to evoked sensory stimulations [START_REF] Yang | Three Patterns of Oscillatory Activity Differentially Synchronize Developing Neocortical Networks In Vivo[END_REF]. Mouse mutants affecting glutamatergic signaling in the cortex, such as glutamate receptors [START_REF] Iwasato | Cortex-restricted disruption of NMDAR1 impairs neuronal patterns in the barrel cortex[END_REF] or synaptic vesicular release proteins [START_REF] Narboux-Nême | Neurotransmitter Release at the Thalamocortical Synapse Instructs Barrel Formation But Not Axon Patterning in the Somatosensory Cortex[END_REF] disrupt the formation of the cellular patterns in the barrel cortex. On top of glutamatergic transmission, signaling from the serotonin present in the extracellular space also plays a major role in the organization of the TCA branching and cellular patterns of the barrel cortex [START_REF] Cases | Lack of barrels in the somatosensory cortex of monoamine oxidase A-deficient mice: role of a serotonin excess during the critical period[END_REF][START_REF] Rebsam | Dissociating barrel development and lesion-induced plasticity in the mouse somatosensory cortex[END_REF].

Information from the periphery plays a central role in forming the barrelette, barreloid and barrel patterns [START_REF] Killackey | Anomalous organization of thalamocortical projections consequent to vibrissae removal in the newborn rat and mouse[END_REF]. Early lesions of the ION lead to a scrambling of the map patterns at all relays (Loos and [START_REF] Loos Hv Der | Somatosensory cortex: structural alterations following early injury to sense organs[END_REF]. Reversely, it is also possible to artificially add extra barrel patterns to the maps by inducing an extra whisker on the periphery via exogenous expression of Shh (Sonic Hedgehog) in early development [START_REF] Ohsaki | Altered whisker patterns induced by ectopic expression of Shh are topographically represented by barrels[END_REF].

Afferent axons carrying information from the periphery compete for territories in the different relays. For instance, electrocauterization of select rows of the mystacial vibrissae at birth lead to an increase in size of the arbors of undamaged afferents in the trigeminal complex [START_REF] Renehan | Primary afferent plasticity following partial denervation of the trigeminal brainstem nuclear complex in the postnatal rat[END_REF]. This competition has also been seen for TCAs in striking ways, where early deprivations lead to the fusion of deprived rows and the expansion of non-deprived rows in the barrel cortex (Erzurumlu and Gaspar, 2012;[START_REF] Loos Hv Der | Somatosensory cortex: structural alterations following early injury to sense organs[END_REF]. Even when the deprivation is done late in adults, it is still possible to see TCA plasticity and an expansion of the territory of a single TCA into adjacent barrels, although the effect is much less pronounced than when the damage to the periphery is done early [START_REF] Bruno | Sensory experience alters specific branches of individual corticocortical axons during development[END_REF][START_REF] Oberlaender | Sensory Experience Restructures Thalamocortical Axons during Adulthood[END_REF].

The importance of understanding how spontaneous activity affects brain development is beyond a question of curiosity, as young babies and children with epilepsy are treated with therapies and drugs which have direct effects on spontaneous brain activity [START_REF] Malk | Drug effects on endogenous brain activity in preterm babies[END_REF]. It is important to understand those consequences if we want to move forward in discovering safe therapies to treat conditions such as epilepsy.

Organization and development of the efferent projections from the barrel cortex

Layered organization of corticofugal projections

This thesis focuses on projection neurons that send axons outside of the primary somatosensory cortex. A diagram was made to summarize neocortical projection neuron subtypes and their connectivity (Figure 6).

Excitatory layer 5 neurons in the cerebral cortex are the major output neurons of the cortical circuits, as they send corticofugal connections to other brain regions and to the motor command centers. Cortical layer 6 neurons are also corticofugal neurons, but they do not target subcortical motor areas, and thus are not directly involved in motor execution, while upper layer neurons generally send only intracortical projections, either local or long-range. Layer 5 excitatory cortical neurons project widely across the brain [START_REF] Deschênes | Corticothalamic projections from layer V cells in rat are collaterals of long-range corticofugal axons[END_REF][START_REF] Kita | The subthalamic nucleus is one of multiple innervation sites for long-range corticofugal axons: a single-axon tracing study in the rat[END_REF] (the Allen Mouse Brain Connectivity Atlas (https://connectivity.brain-map. org/). Within layer 5 of the cortex, there at least two main subtypes: inter-telencephalic and pyramidal tract neurons. Intertelencephalic neurons, in layer 5a project bilaterally within the cortex and striatum, but do not project subcortically [START_REF] Gerfen | Long distance projections of cortical pyramidal neurons[END_REF]. On the other hand, pyramidal tract neurons in layer 5b project only ipsilaterally within the cortex and subcortically. The subcortical targets of layer 5 neurons in the cortex include the thalamus, subthalamic nuclei, superior colliculus, pontine nuclei, brainstem nuclei, and the spinal cord [START_REF] Gerfen | Long distance projections of cortical pyramidal neurons[END_REF][START_REF] Prasad | Layer 5 Corticofugal Projections from Diverse Cortical Areas: Variations on a Pattern of Thalamic and Extrathalamic Targets[END_REF].

It was recently discovered that cortical layer 5 neurons have a wider than previously reported projection pattern in the thalamus which now includes the lateral dorsal nucleus and submedial nucleus [START_REF] Prasad | Layer 5 Corticofugal Projections from Diverse Cortical Areas: Variations on a Pattern of Thalamic and Extrathalamic Targets[END_REF]. The characterization of these layer 5 subtypes and their target regions has been done using cre-mouse lines that allow for specific labeling of layer 5 as a whole or layer 5a and layer 5b alone. The cre-lines Tlx3_PL56, Ebf2_NP183, and Grp_KH288 selectively label inter-telencephalic neurons in layer 5 by means of a cre-driven promoter in a viral construct that is injected in the target region. The cre-lines Sim1_KJ18, Chrna2_OE25, Efr3a_NO108 and Rcan2_ON50 selectively label pyramidal tract neurons by means of a credriven promoter in a viral construct that is injected in the target region [START_REF] Gerfen | Long distance projections of cortical pyramidal neurons[END_REF].

With selective labeling of layer 5 neurons, one can characterize the unique projection patterns of these neurons and identify neuronal subtypes in the region. Common histological techniques are used to process brains traced with anterograde, retrograde, etc. tracers. Some slice the brain in serial sections while others keep the brain whole, intact and perform whole brain tissue clearing and antibody staining with methods such as iDISCO+ [START_REF] Renier | iDISCO: a simple, rapid method to immunolabel large tissue samples for volume imaging[END_REF]. In either case, data from the tracer studies are visualized and analyzed with commonly used software such as ImageJ (FIJI) or Imaris. Bulk and denser labeling is challenging to analyze manually. Most will take the brain images and align them to a reference atlas such as the Allen Mouse Brain Connectivity Atlas (https://connectivity.brain-map. org/) and for whole brain samples people use software such as ClearMap [START_REF] Renier | Mapping of Brain Activity by Automated Volume Analysis of Immediate Early Genes[END_REF] to accomplish this. However, there is an appeal to sparsely label neurons and trace them manually [START_REF] Economo | Single-neuron axonal reconstruction: The search for a wiring diagram of the brain[END_REF][START_REF] Winnubst | Reconstruction of 1,000 Projection Neurons Reveals New Cell Types and Organization of Long-Range Connectivity in the Mouse Brain[END_REF]. Despite this being very time consuming and not practical for multiple samples, it is an important tool that allows one to more precisely see the behavior of individual axons. Some research groups are using software such as syGlass [START_REF] Pidhorskyi | syGlass: Interactive Exploration of Multidimensional Images Using Virtual Reality Head-mounted Displays[END_REF] to visualize axons in 3D using a virtual reality headset and manually tracing axons throughout the brain.

The Corticospinal Tract: descending projections from the barrel cortex to the spinal cord

Location of the projection neurons of the corticospinal tract in the brain

The corticospinal tract (CST) is a bundle of axons originating from neurons in the neocortex that sends descending projections into the spinal cord (Figure 7) (Hassler, 1966). These projections enable the cortical control of the spinal cord via modulation of afferent inputs, spinal reflexes, and motor neuron activity [START_REF] Heffner | The role of the corticospinal tract in the evolution of human digital dexterity[END_REF]. The development of the CST in mammals marked a pivotal point in their evolutionary history allowing for controlled, skillful movements. The size of the CST varies across species and is related to the complexity of movements the animal is capable of. While the majority of CST axons do originate from layer V primary motor neurons (M1), the CST is involved in more than just motor functions as there are sizable contributions of axons originating from neurons in other cortical areas (Akintunde and Buxton, 1992). Other contributions to the CST include the parietal, cingulate, visual, and prefrontal cortical regions in mice [START_REF] Kamiyama | Corticospinal tract development and spinal cord innervation differ between cervical and lumbar targets[END_REF][START_REF] Tennant | The Organization of the Forelimb Representation of the C57BL/6 Mouse Motor Cortex as Defined by Intracortical Microstimulation and Cytoarchitecture[END_REF]. In cats, the secondary sensorimotor region makes a large contribution [START_REF] Armand | Cells of origin of crossed and uncrossed corticospinal fibers in the cat: a quantitative horseradish peroxidase study[END_REF]. In monkeys, based on electrophysiological and histological data, the primary motor area, M1, is the main contributor to the CST, followed by the primary somatosensory area (S1) and secondary somatosensory area (S2), the supplementary motor area (M2), the cingulate cortex, and the insula [START_REF] Macpherson | Corticospinal neurones of the supplementary motor area of monkeys[END_REF][START_REF] Russell | The quantitative cortical origin of pyramidal axons of Macaca rhesus: With some remarks on the slow rate of axolysis[END_REF]. To better understand the anatomy of the human CST, scientists have relied on intraoperative electrical stimulation, surgical ablations, and non-invasive imaging techniques (such as diffusion tensor imaging) [START_REF] Newton | Non-invasive mapping of corticofugal fibres from multiple motor areas-relevance to stroke recovery[END_REF]. The results of these studies follow trends observed in other primates, cats and rodents; most axons originate from primary motor and sensory regions and to a lesser extent supplementary motor areas and dorsal and premotor cortices (Welniarz et al., 2017).

The sensory corticospinal tract

There is an ongoing effort to better categorize the corticospinal tract projections originating from the primary somatosensory cortex. A large portion (70%) of these neurons express the marker cholecystokinin (CCK) [START_REF] Frezel | In-depth characterization of layer 5 output neurons of the primary somatosensory cortex innervating the mouse dorsal spinal cord[END_REF]). It appears that molecular identity of the sensory CST is quite heterogenous, even in neurons that share similar projection patterns in the spinal cord [START_REF] Frezel | In-depth characterization of layer 5 output neurons of the primary somatosensory cortex innervating the mouse dorsal spinal cord[END_REF][START_REF] Xu | Deciphering Pyramidal Neuron Diversity: Delineating Perceptual Functions of Projection-Defined Neuronal Types[END_REF]. The heterogeneity of the corticospinal tract projecting neurons from the primary somatosensory cortex makes it difficult to target specifically this general population. Therefore, there is not yet a genetic tool allowing the precise targeting of the sensory CST.

Layer V neurons in the primary somatosensory cortex receive direct input from thalamic neurons and intracortical input from layer 2/3 pyramidal neurons (Figure 3) [START_REF] Constantinople | Deep Cortical Layers Are Activated Directly by Thalamus[END_REF][START_REF] Frezel | In-depth characterization of layer 5 output neurons of the primary somatosensory cortex innervating the mouse dorsal spinal cord[END_REF][START_REF] Gilbert | Morphology and intracortical projections of functionally characterised neurones in the cat visual cortex[END_REF][START_REF] Harris | The neocortical circuit: themes and variations[END_REF]. The input of layer 2/3 pyramidal neurons to layer V neurons that project along the corticospinal tract, seems to play a pre-processing role where they tune and amplify sensory responses in those neurons [START_REF] Frezel | In-depth characterization of layer 5 output neurons of the primary somatosensory cortex innervating the mouse dorsal spinal cord[END_REF][START_REF] Quiquempoix | Layer 2/3 Pyramidal Neurons Control the Gain of Cortical Output[END_REF]. Cortical layer 5 primary somatosensory neurons also receive inputs from S2, S1 body, M1, and M2 [START_REF] Denardo | Connectivity of mouse somatosensory and prefrontal cortex examined with trans-synaptic tracing[END_REF].

Corticospinal neurons originating in the primary somatosensory cortex make functional connections with neurons located in the spinal cord [START_REF] Abraira | The Cellular and Synaptic Architecture of the Mechanosensory Dorsal Horn[END_REF][START_REF] Ueno | Corticospinal Circuits from the Sensory and Motor Cortices Differentially Regulate Skilled Movements through Distinct Spinal Interneurons[END_REF].

Neurons of the motor CST can make synaptic connections in the dorsal horn of the spinal cord, home of the sensory circuits, predominantly with Chx10 pre-motor interneurons. Axons coming from the sensory cortex contact predominantly spinal interneurons that express Vglut3+ [START_REF] Ueno | Corticospinal Circuits from the Sensory and Motor Cortices Differentially Regulate Skilled Movements through Distinct Spinal Interneurons[END_REF]. Primary somatosensory neurons make a sizable and functional contribution to the inputs received by dorsal horn spinal cord interneurons. The inputs received by both the motor CST and the sensory CST in the dorsal horn of the spinal are important for the execution of skilled movements [START_REF] Abraira | The Cellular and Synaptic Architecture of the Mechanosensory Dorsal Horn[END_REF][START_REF] Ueno | Corticospinal Circuits from the Sensory and Motor Cortices Differentially Regulate Skilled Movements through Distinct Spinal Interneurons[END_REF].

Developmental timing of CST-projecting neurons

Neurons whose axons compose the corticospinal tract come from the layer V in the cortex (Figure 6). Neurons in the cortex are born in an "inside-out" manner where deep layer neurons are born first followed by the granular and upper layer neurons [START_REF] Jb | Autoradiographic Study of Cell Migration during Histogenesis of Cerebral Cortex in the Mouse[END_REF][START_REF] Stanfield | The development of the corticospinal projection[END_REF]. Layer 5 neurons, including those making up the corticospinal tract, originate from radial glial progenitor cells in the ventricular zone and are born between embryonic day 12.5 (E12.5) and E14.5 [START_REF] Molyneaux | Neuronal subtype specification in the cerebral cortex[END_REF][START_REF] Stanfield | The development of the corticospinal projection[END_REF].

Axon growth from these neurons commences at E13. Upon leaving the cortical plate the axons form bundles and travel through the internal capsule and the cerebral peduncles before reaching the level of the brainstem around E17 [START_REF] Canty | Molecular mechanisms of axon guidance in the developing corticospinal tract[END_REF]. The axons reach the most caudal region of the brainstem at E19 (Figure 7) (Welniarz et al., 2017). At postnatal day P0, most CST axons (80-85% [START_REF] Canty | Molecular mechanisms of axon guidance in the developing corticospinal tract[END_REF]) cross the midline at the level where the brainstem meets the spinal cord, and this forms an anatomical structure called the pyramidal decussation.

The pyramidal decussation is conserved across species and explains the laterality between the brain and the periphery; the left side of the brain controls the right side of the body (Welniarz et al., 2017). While it is true that most fibers cross along the decussation at P0, there remains a few un-crossed fibers that arrive in the dorsal spinal cord coming from the ipsilateral pyramid, this proportion varies across individuals and species, and mostly transient/occurs in early development. Initially, the arrival of the CST axons encompasses a larger territory in the spinal cord but are later restricted in adulthood to the contralateral intermediate and dorsal horns. There is evidence that this observation is activity dependent. The CST axons arrive in the lower cervical spinal cord at P2, the thoracic spinal cord at P5, and the lumbar spinal cord at P9 where it terminates (Welniarz et al., 2017). However, the arrival of the CST axons in the spinal cord is staggered with the latest arriving 3-4 days after the first in the upper part and up to a week later in the thoracic region. Collateral branching along the CST begins at P0 and finishes at P14 [START_REF] Canty | Molecular mechanisms of axon guidance in the developing corticospinal tract[END_REF]. Many neurons projecting to the CST also send a collateral branch to the Superior Colliculus, but not all neurons initially sending axons along either the corticospinal tract or the superior colliculus will maintain both projections there; following maturity, some of the CST collaterals, or even the descending projection of the corticospinal tract in the brainstem can be pruned [START_REF] Bates | The emergence of a discretely distributed pattern of corticospinal projection neurons[END_REF][START_REF] Stanfield | The development of the corticospinal projection[END_REF].

Molecules Involved in CST Development and Collateral Branching

There are transcription factors involved in the specification of CST neurons and their axonal development, and the following section will highlight some of the major ones. Additionally, a summary diagram was made to show when and where during development various genes affect the development of CST axons (Figure 7).

Fezf2

Also known as Fez1, Fezf2 plays a major role in CST development as the loss of this gene results in the absence of CST neurons and projections from the cortex reaching the brainstem and spinal cord [START_REF] Molyneaux | Fezl is required for the birth and specification of corticospinal motor neurons[END_REF]. Fezf2 is considered a master regulator gene for subcortical projecting Layer 5 neurons. When the gene is absent, Layer 5b neurons become corticothalamic or corticocortical. Ectopic expression of Fezf2 in late cortical progenitors, upper-layer neurons, or the progenitors from the lateral ganglionic eminence led to the differentiation of these neurons into corticothalamic and subcortical types.

Fez1 is expressed throughout the entire development of corticotectal projection neurons and influences the expression of genes involved in the guidance of CST axons, such as EphB1. Fezf2 also controls the glutamatergic nature of CST, and down regulates Gad1/Gad67, repressing a GABAergic identity [START_REF] Lodato | Gene co-regulation by Fezf2 selects neurotransmitter identity and connectivity of corticospinal neurons[END_REF]. Therefore, Fezf2 directly activates genes conferring glutamatergic and subcortical identity and represses genes associated with GABAergic and callosal identity [START_REF] Hobert | Neuronal identity control by terminal selectors in worms, flies, and chordates[END_REF].

The N-terminal of Fezf2 contains an engrailed homology domain (EH1) that is known to recruit transducin-like enhancer of split (TLE) family transcriptional co-repressors [START_REF] Hashimoto | Expression of the zinc finger gene fez-like in zebrafish forebrain[END_REF]. TLEs are incapable of binding DNA but interact with various DNA-binding transcription factors and repress the expression of downstream genes [START_REF] Jennings | The Groucho/TLE/Grg family of transcriptional co-repressors[END_REF].

Fezf2 was shown to physically interact with TLE4 in Xenopus [START_REF] Zhang | Fezf2 promotes neuronal differentiation through localised activation of Wnt/β-catenin signalling during forebrain development[END_REF], and this association was recently shown to be essential for the differentiation of corticothalamic neurons [START_REF] Tsyporin | Transcriptional repression by FEZF2 restricts alternative identities of cortical projection neurons[END_REF].

Ctip2

Also known as Bcl11b, Ctip2 is a zinc-finger transcription factor and a downstream regulator of Fezf2. The loss of this gene results in mice whose CST fails to develop properly and terminates at the level of the pons (Arlotta et al., 2005). Additionally, Ctip2 is expressed in cortical layers 5 and 6 during development, and is required for the differentiation of cortical layer 5, subcortical projection neurons. Satb2 is a negative regulator of Ctip2, ectopic expression of Satb2 in vitro decreases Ctip2 expression and results in developmental defects of the CST (Arlotta et al., 2005;[START_REF] Leone | Satb2 Regulates the Differentiation of Both Callosal and Subcerebral Projection Neurons in the Developing Cerebral Cortex[END_REF]. Ectopic expression of Ctip2 in upper layer 2/3 neurons, which do not normally send subcortical projections, results in these neurons directing axons to subcortical targets [START_REF] Molyneaux | Neuronal subtype specification in the cerebral cortex[END_REF][START_REF] Molyneaux | Fezl is required for the birth and specification of corticospinal motor neurons[END_REF].

Ctip1

Ctip1 is involved in sensory area development. Normal Ctip1 function is necessary for cortical map development in the primary sensory area. In Ctip1 mutants, thalamocortical connections develop but there is significant apoptosis of these thalamocortical neurons [START_REF] Greig | Ctip1 Controls Acquisition of Sensory Area Identity and Establishment of Sensory Input Fields in the Developing Neocortex[END_REF].

Satb2

Satb2 is mostly expressed in the superficial layers of the cortex but is transiently expressed by layer V cortical neurons during development, mostly in embryonic development but also in early postnatal development until P4. Satb2 seems to influence axon midline crossing because in Satb2 mutant mice, with an anterograde tracer, there were very few labeled contralateral axons and an increase in ipsilateral axons. Also, in Satb2 mutant mice the CST terminates its formation at the cerebral peduncle [START_REF] Leone | Satb2 Regulates the Differentiation of Both Callosal and Subcerebral Projection Neurons in the Developing Cerebral Cortex[END_REF]. Although Satb2 was initially reported to promote callosal identity by suppressing genes important for the development of subcortical projecting neurons (ex: Bcl11b), more recently Satb2 was shown to be required for the specification of subcortical neurons [START_REF] Leone | Satb2 Regulates the Differentiation of Both Callosal and Subcerebral Projection Neurons in the Developing Cerebral Cortex[END_REF][START_REF] Mckenna | Mutual regulation between Satb2 and Fezf2 promotes subcerebral projection neuron identity in the developing cerebral cortex[END_REF]. Satb2 expression is repressed by Fezf2 (Fez1) [START_REF] Molyneaux | Fezl is required for the birth and specification of corticospinal motor neurons[END_REF][START_REF] Tsyporin | Transcriptional repression by FEZF2 restricts alternative identities of cortical projection neurons[END_REF].

Comparative anatomy of the whisker system and barrels

Variations in the patterning of the somatosensory cortex during evolution understand what makes this system unique within and across species.

From an evolutionary standpoint, monotremes (egg-laying mammals) pose an interesting perspective to study since they are the most phylogenetically distant and the oldest order of mammals having diverged from placental mammals some 130 million years ago [START_REF] Krubitzer | Organization of somatosensory cortex in monotremes: In search of the prototypical plan[END_REF]. There are four functionally distinct somatosensory processing areas in the cortex of the echidna and platypus, two extant species of monotreme [START_REF] Krubitzer | Organization of somatosensory cortex in monotremes: In search of the prototypical plan[END_REF]. The primary somatosensory region (S1), which has similar neuronal properties to the homologous region in other mammals, represents sensory perception from all areas of the body [START_REF] Krubitzer | Organization of somatosensory cortex in monotremes: In search of the prototypical plan[END_REF].

While monotremes, as humans, do not have whiskers, their place in evolutionary history and existence of other sensitive tactile organs could help us better understand where whiskers came from [START_REF] Grant | What can whiskers tell us about mammalian evolution, behaviour, and ecology?[END_REF]. The bill of the platypus is a highly sensitive and, in the brain, a highly represented tactile organ: disproportionately, more than any other body region. As with whiskers of the mouse or rat, the receptive fields in the S1 cortex of the bill are very small [START_REF] Krubitzer | Organization of somatosensory cortex in monotremes: In search of the prototypical plan[END_REF]. There is a logical topographic organization of the platypus bill in the S1

where an interesting pattern of cytochrome oxidase dark and light regions were observed in layer IV, similar to the architecture of the barrels residing in layer IV of mice and rats [START_REF] Krubitzer | Organization of somatosensory cortex in monotremes: In search of the prototypical plan[END_REF]. So, what came first, the barrels or the whiskers? Trichosurus vulpecula (commonly known as the silver-gray brushtail possum) is an Australian marsupial who has barrel structures in S1

and performs patterned whisking. However, the patterned whisking performed by the brushtail possum is not directly equivalent to what is observed in mice and rats [START_REF] Woolsey | Comparative anatomical studies of the Sml face cortex with special reference to the occurrence of "barrels" in layer IV[END_REF]. In comparison with mice and rats, marsupials have a density of cells in their barrel structures which are less uniform [START_REF] Weller | Barrels in somatic sensory neocortex of the marsupial Trichosurus vulpecula (brushtailed possum)[END_REF]. Additionally, the barrels of marsupials represent the entire somatosensory system (all over the body), whereas in mice and rats only whiskers on the face are represented by the barrels [START_REF] Weller | Barrels in somatic sensory neocortex of the marsupial Trichosurus vulpecula (brushtailed possum)[END_REF]. Not all marsupials have barrels, though, and the structures seem to be unique to some Australian marsupials but are not found in analyzed American species [START_REF] Woolsey | Comparative anatomical studies of the Sml face cortex with special reference to the occurrence of "barrels" in layer IV[END_REF]. Additionally, Trichosurus vulpecula in terms of habilitation is the most widespread mammal in Australia, occupying the mainland and some offshore islands (Walker, 1991. Walker's Mammals of the World. Baltimore, MD: John Hopkins University Press, https://animaldiversity.org/accounts/Trichosurus_vulpecula/).

There is no correlation between whisker follicle-sinus-complex nerve innervation and the presence or absence of barrel structures at the level of the brainstem, thalamus, and cortex.

However, there is a correlation between the nerve innervation of hair follicles surrounding the whisker follicles and the presence or absence of barrel structures [START_REF] Rice | A comparative light microscopic analysis of the sensory innervation of the mystacial pad. I. Innervation of vibrissal follicle-sinus complexes[END_REF].

Variations in the CST across species

The CST is the longest fiber tract in the mammalian central nervous system [START_REF] Canty | Molecular mechanisms of axon guidance in the developing corticospinal tract[END_REF]. Phylogenetically, the CST is young in comparison with older tracts such as the corticoreticular fibers. In fact, it is thought that the CST evolved from corticoreticular fibers by means of collateral branches terminating in the spinal cord (Hassler, 1966). While the path these axons take is highly conserved across species, there are some interesting variations to note. A main component of species variation is attributed to funicular location in the spinal cord, and three regions have been described: 1. The CST axons travel along the opposite, lateral column of the spinal cord in primates, ungulates, carnivores, and lagomorphs 2. The fibers pass through the opposite, dorsal funiculus of the spinal cord in marsupials, edentates, and rodents 3. The fibers arrive in the ventral funiculus in monotremes, insectivores, and elephants (Hassler 1966).

Considering the three distinct locations of the fiber tract in the spinal cord, it is thought that the CST may have differentiated independently based on mammalian order (Hassler and Steph, 1966). There is also variability in the pyramidal decussation in terms of how and where the fiber bundle crosses the midline. While in most species the decussation consists of a single fiber bundle, for pangolins (scaly anteaters) the pyramidal tract crosses the midline in two distinct axon bundles at the ventral surface of the upper medulla, making an "X" [START_REF] Chang | High level decussation of the pyramids in the pangolin (Manis pentadactyla Dalmanni)[END_REF]. In hedgehogs, the pyramidal tract fibers do not cross the midline and remain ipsilateral to their neurons in the cortex. Additionally, in hedgehogs, part of the pyramidal tract runs through the olfactory bulb [START_REF] Palmieri | The pyramidal tract of the hedgehog (Erinaceus europaeus) and its relationship with the olfactory bulb[END_REF]. In the mole, the CST decussates in a sparser fashion throughout the cervical spinal cord, where it also terminates. Additional variation comes from how far the CST reaches in the spinal cord. Less dexterous animals have shorter tracts that terminate in the cervical spinal cord, as observed in the mole, pig, and goat, for instance. The tract is smaller, and fibers become fewer in number as it progresses caudally [START_REF] Chang | High level decussation of the pyramids in the pangolin (Manis pentadactyla Dalmanni)[END_REF].

Results

Article: The targeting of corticospinal collaterals is controlled by afferent inputs to the cortex I studied the development of feedback projections from the barrel cortex to the brainstem, in mice.

The rationale for this study is to fill knowledge gaps in the development, plasticity, and projection pattern of these feedback projections:

(1) An anatomical description of the collaterals and laterality of the barrel cortex feedback projections in the brainstem of adult mice is absent. Specifically, what is the ratio of projections between ipsilateral and contralateral brainstem nuclei? Can a neuron from the barrel cortex project to both ipsilateral and contralateral brainstem nuclei? What is the occurrence of bilateral projecting neurons compared with unilateral projecting neurons?

(2) A description of the developmental timing of the feedback projections, and when they arrive at their final location in brainstem nuclei is missing. When does a bias in laterality present itself during development?

(3) How the development and projection pattern of the feedback projections to the brainstem are affected by sensory inputs from the periphery is unknown (4) Can the laterality of the descending projection adapt to manipulations to the laterality of ascending projections?

The strategy used to answer the questions discussed above was to take advantage of the recent methodological developments in viral tracings, tissue clearing and 3D light sheet imaging. These methods enable the visualization of complex axonal trajectories, as well as their unbiased quantification. This greatly simplified the phenotypic analysis of the trajectories of axons following various manipulations and enabled me to quantify subtle phenotypes that affect few select axons.

Stereotaxic Injection strategies were used to label layer 5 specific and "bulk" whole column general projections from the barrel cortex of adult mice. For the bulk tracing experiments, an injection in the barrel cortex of a cre-dependent AAV virus expressing EYFP (AAV1-Ef1a-DIO-EYFP) in adult CaMKIIα-Cre mice was done. For the layer 5 specific tracing experiments, an injection of an anterograde GFP tracer, containing a flippase recognition target (FRT) site, was injected in the barrel cortex and an RFP retrograde tracer, containing the recombinase enzyme flippase (Flp), was injected in the superior colliculus of adult CaMKIIα-Cre mice. Additionally, single neurons were traced using syGlass from Cart-Cre mice that had been injected with an AAV1-Ef1a-DIO-EYFP virus and their axon path was observed.

A mutant mouse model was used to study the dependence on coherent inputs of the projection.

The mouse model has a partial uncrossing of the neurons who are sending projections to the somatosensory area in the thalamus (presynaptic afferents to the somatosensory thalamus in the whisker to barrel pathway of mice) (Renier et al., 2017). These mutant mice are Krox20:Cre;Robo3 lox/lox and have a mixture of both ipsilateral and contralateral inputs to the thalamus, as opposed to only having contralateral inputs as seen in wild type mice (Renier et al., 2017).

Sensory Deprivation experiments were performed in mouse pups (P2) and the effect this alteration of the periphery had on brain wiring in the brainstem was evaluated when the mice reached adulthood.

The main results are:

(1) In tracing experiments, the projections to the PSV, SPVO and SPVI are mostly contralateral, but ipsilateral projections do exist.

(2) axons from the barrel cortex project to trigeminal complex through different possible trajectories, including rostral and caudal collaterals as well as the pyramidal decussation in the caudal medulla. A single neuron can also project to both ipsi and contralateral trigeminal nuclei via collaterals. The decussation is fully crossed after the elimination of a few uncrossed CST fibers.

(3) at P3 axons from the barrel cortex project across the full rostrocaudal length of the brainstem and begin to branch collaterals at the rostral level of the PSV but do not yet innervate the PSV.

At P5 collaterals start innervating the PSV and SPVO and at P7 axons from the barrel cortex branch out and innervate all levels of the brainstem nuclei. At P7, a strong bias to the contralateral side is first seen.

(4) Early sensory deprivation affects the patterning of the descending projection, but not its laterality.

(5) The laterality of the afferent pathway controls the laterality of the descending projection in Krox20:Cre;Robo3 lox/lox mice.

This study suggests the existence of an activity coherence detection mechanisms governing the branching of the CST sensory axons to intermediate targets.

INTRODUCTION

Subcortical neurons that process the flow of sensory information from the periphery often receive feedback connections from the cortex [START_REF] Welker | Organization of feedback and feedforward projections of the barrel cortex: a PHA-L study in the mouse[END_REF]. This feedback loop is likely important to finely tune or gate sensory information (Malmierca et al., 2014). Somatosensory neurons of the trigeminal complex, in the brainstem, collect somatosensory information from the face and project to the sensory thalamus on their contralateral side (Erzurumlu et al., 2010).

The signal is then transferred to the primary somatosensory cortex from the thalamus.

Trigeminal neurons of the brainstem receive a feedback projection from the pyramidal neurons located in the layer 5 of the somatosensory cortex [START_REF] Guo | Single-axon level morphological analysis of corticofugal projection neurons in mouse barrel field[END_REF]Rojas-Piloni et al., 2017;[START_REF] Smith | Corticofugal projection patterns of whisker sensorimotor cortex to the sensory trigeminal nuclei[END_REF][START_REF] Welker | Organization of feedback and feedforward projections of the barrel cortex: a PHA-L study in the mouse[END_REF]. In the same way that the afferent pathway from the brainstem to the cortex is crossed, the descending cortical projections to the trigeminal complex of the brainstem also crosses the midline. Indeed, this projection travels in the corticospinal tract (CST) along with other descending motor and sensory neurons, which crosses the midline in the caudal brainstem [START_REF] Welker | Organization of feedback and feedforward projections of the barrel cortex: a PHA-L study in the mouse[END_REF]. The layout of this sensory feedback loop therefore requires crossing the cerebral midline twice: once by the trigeminothalamic neurons, and then once by the corticofugal pyramidal neurons.

The development of the crossed projection from the trigeminal nucleus to the sensory thalamus is relatively well understood. Ascending axons from the principal nucleus of the trigeminal complex (PrV) cross the midline around embryonic day 11 (E11) and reach the contralateral VentroPostero Medial thalamus at E17 (Erzurumlu and Gaspar, 2012;Iwasato and Erzurumlu, 2018;Kivrak and Erzurumlu, 2013). The crossing of the midline necessitates the expression of the axon guidance receptors Robo3 and DCC (Mirza et al., 2013), which binds to Netrin-1 expressed at the midline and the floor plate, and along the brainstem radial glia. The navigation of the ascending tracts of the lemniscal or extralemniscal paths rely on the dose of Robo1 and Robo2 expression, which bind the repulsive Slit ligands, also expressed by the midline. The pattern and timing of expression of axon guidance receptors early in the development of these tracts controls the crossed laterality of the ascending projection, which is not influenced by neuronal activity (Renier et al., 2017(Renier et al., , 2010)).

On another hand, the dependance on neuronal activity of the descending feedback projections from the cortex to the trigeminal complex has not been investigated. A possibility could be that, as for the ascending projections, the laterality of the contralateral descending projection is fully controlled by the expression of guidance molecules and their receptors controlling the navigation of CST axons. On another hand, CST collaterals are known to show significant plasticity after injury [START_REF] Akbik | Anatomical plasticity of adult brain is titrated by Nogo Receptor 1[END_REF][START_REF] Fink | Identification of Intrinsic Axon Growth Modulators for Intact CNS Neurons after Injury[END_REF][START_REF] Lacroix | Bilateral corticospinal projections arise from each motor cortex in the macaque monkey: a quantitative study[END_REF], suggesting that their development might be sensitive to the activity of their target.

CST axons arrive in the caudal brainstem at around E17 and form the pyramidal decussation at the level of the inferior olive at around P0 (Welniarz et al., 2017a). At this level, the bulk of CST axons cross the midline while relocating dorsally and a small contingent of axons stays on the same side ventrally. The expressions of Netrin-1 and Sema6A at the midline are necessary for the correct targeting of CST axons to the contralateral dorsal funiculus of the spinal cord [START_REF] Méneret | Mutations in the netrin-1 gene cause congenital mirror movements[END_REF][START_REF] Pourchet | Loss of floor plate Netrin-1 impairs midline crossing of corticospinal axons and leads to mirror movements[END_REF][START_REF] Rünker | Semaphorin-6A controls guidance of corticospinal tract axons at multiple choice points[END_REF]Welniarz et al., 2017b).

Following the caudal decussation of the CST, axons belonging to somatosensory neurons of the barrel cortex make a rostral turn and enter at the caudal end of the trigeminal complex, the Spinal trigeminal nucleus (SpV) [START_REF] Welker | Organization of feedback and feedforward projections of the barrel cortex: a PHA-L study in the mouse[END_REF]. Therefore, it seems likely that the lateralization of the descending projections from the cortex to the trigeminal nucleus is controlled in part by same mechanisms guiding the decussation of the CST in the caudal brainstem. However, before its decussation, the sensory CST produces a very dense array of collaterals all along its path that connect to multiple sub-cortical targets (Akintunde and Buxton, 1992). In the motor CST, the expression of EphrinB3 at the midline, and EphA4 by cortical neurons prevent the collaterals to cross the midline in the spinal cord [START_REF] Kullander | Role of EphA4 and EphrinB3 in Local Neuronal Circuits That Control Walking[END_REF][START_REF] Kullander | Ephrin-B3 is the midline barrier that prevents corticospinal tract axons from recrossing, allowing for unilateral motor control[END_REF]. Whether the targeting of CST collaterals is influenced by their target's activity is unclear. Because of the relative simplicity of the organization of the somatosensory circuit carrying information from the face, the development of the feedback projections from the cortex constitutes an attractive model to test the possibility that neuronal activity could influence the guidance of CST axons during development.

There, in this study, we set out to characterize the development of the collaterals of the somatosensory CST in the brainstem and the influence of neuronal activity on their developmental plasticity. We found that the trigeminal complex is strongly innervated by CST collaterals, and that life-long seemingly aberrant ipsilateral collaterals are maintained under normal conditions. We found that the laterality of these projections is at first unbiased between both sides, and that a contralateral bias is strengthened after P5, coinciding with the maturation of the barrel cortex. We finally show that the laterality of CST collaterals is selected by the laterality of the inputs to the somatosensory cortex, suggesting the existence of yet unknown activity-dependent axon sprouting and guidance mechanisms controlling the collateralization of the CST.

RESULTS

To visualize the corticofugal feedback projection originating from the barrel cortex, we injected a viral tracer expressing a cre-dependent GFP in CaMKII1a-cre adult mice and processed the brain with iDISCO+ with GFP immunolabeling to perform light sheet imaging of the entire projections (Figure 1A). Efferent projections from the barrel cortex were visible as expected in the striatum, motor cortex, contralateral barrel cortex, midbrain, thalamus and brainstem (Figure 1A). In the brainstem, the somatosensory CST originating from barrel cortex neurons was clearly visible, forming a caudal loop at the level of pyramid decussation that was turning rostrally into the contralateral trigeminal nucleus (Figure 1B), consistent with past observations (Malmierca et al., 2014;[START_REF] Smith | Corticofugal projection patterns of whisker sensorimotor cortex to the sensory trigeminal nuclei[END_REF][START_REF] Welker | Organization of feedback and feedforward projections of the barrel cortex: a PHA-L study in the mouse[END_REF]. In addition to this loop, a large number of CST collaterals was seen innervating the trigeminal complex on both sides, with a strong bias for the side contralateral to the injections (Figure 1B, arrows). We quantified the average distribution of axons across several brains and found that corticofugal projections from the cortex consistently labeled the trigeminal complex on both sides, with a strong preference for the contralateral side (Figure 1C,D).

To better study these collaterals in the brainstem, we sought to enrich their presence in our tracing datasets by selectively labeling layer 5 neurons of the barrel cortex (Rojas-Piloni et al., 2017). We used a dual AAV system consisting of a retrograde virus expressing the recombinase FLPo combined with an anterograde Flp-dependent virus expressing GFP. As the superior colliculus (SC) represents the largest target site of layer 5 pyramidal corticofugal axons (Rojas-Piloni et al., 2017), we targeted it with the retrograde injection and the ipsilateral barrel cortex with the anterograde tracer (Figure 1E). This injection scheme was successful in selectively targeting layer 5 neurons (Figure 1E). Whole brain imaging of the anterograde (GFP+) and retrograde (mCherry+) projections revealed as expected a more restricted projection pattern than the bulk injections (Figure 1F). Detailed projection of the data at the level of the brainstem showed a projection pattern consistent with the one seen in bulk injections, except for a larger proportion of ipsilateral-projecting fibers (Figure 1G), which was confirmed by the quantification of axonal densities (Figure 1H,I) with TrailMap (Friedmann et al., 2020). We conclude that multiple paths of projections are possible to connect the descending projections from the layer 5 pyramidal neurons to the PrV and SpV: the contralateral-projecting axons reach the entire trigeminal complex through the caudal loop of the pyramidal decussation, but also connect to the PrV and SpV via a rostral and caudal set of collaterals, respectively. The ipsilateral trigeminal complex also receives descending cortical projections, but only through the rostral and caudal sets of collaterals.

We then set out to determine the laterality of projections for individual neurons. We first performed bilateral retrograde injections at the level of the PrV using cholera toxin ß-subunit tracers conjugated with Alexa568 or Alexa647, perfused the animals and cleared the brains with iDISCO+ (Figure 2A). The bilateral injections targeted the rostral parts of the trigeminal complex (Figure 2A). Traced neurons were visible bilaterally in the cortex for both tracers, with the contralateral tracer enriched compared to the ipsilateral tracer (Figure 2B). We could however observe ipsilateral projecting neurons in the barrel cortex, confirming the results obtained with the anterograde tracing. On rare occasions, neurons traced with both tracers were seen, suggesting the existence of bilaterally-projection neurons.

To confirm the existence of contralateral, ipsilateral and bi-lateral projections originating from layer 5 neurons of the barrel cortex, we performed single axon reconstructions of neurons traced with an anterograde AAV. To obtained sparse labeling of neurons in the primary somatosensory cortex, we used the CART-cre transgenic line that we found to have a very sparse expression in pyramidal neurons of both layers 5 and 3. We obtained 3D scans of the injected brains using iDISCO+, which contained sparse sets of labeled neurons in both supra and infra-granular layers of the barrel cortex, a few of which projecting to the brainstem (Figure 2C). The low density of labeling enabled the reconstruction of the complete axonal trajectories using virtual reality-assisted tracing (SyGlass, IstoVision). We identified neurons with contralateralprojecting collaterals, neurons with ipsilateral collaterals and a few neurons with both (Figure 2D). Most of the traced neuron had several collaterals in the brainstem to the trigeminal complex, as well as a collateral branch in the Superior Colliculus or in the anterior pre-tectal nucleus. Of note, due to technical limitations, the projections were not traced down to the decussation of the pyramids, therefore their targeting via the caudal SpV loop is missing from these reconstructions (indicated in dotted lines). These reconstructions confirm the existence of a varied layout of collaterals connecting the cortical pyramidal neurons to the trigeminal complex bilaterally.

To understand the factors driving the development of these collaterals, we quantified the density of CST collaterals on both sides of the midline. We traced descending projections from cortical neurons in newborns with unilateral AAV injections in the somatosensory cortex. Animals were injected at P1 and then sacrificed at P3, P5 and P7 (Figure 3A-C). The brains were cleared with iDISCO+ and axons were segmented using TrailMap (Figure 3D). At P3, the somatosensory CST is already fully extended in the brainstem, with the caudal decussation visible (Figure 3A).

Non-decussating axons were also visible. Sprouting collaterals were visible on both sides of the midline at all rostro-caudal levels, but the tip of growing axons didn't enter yet the trigeminal complex on either side. Axon collaterals at the level of the Pons did however reach the border of the ipsilateral PrV (Figure 3A). Collaterals sprouting at the level of the pyramidal decussation and oriented towards the contralateral caudal SpV were also visible at P3. At P5, invading axons were seen in the trigeminals of both sides, but the adult pattern of innervation was not yet present. Strikingly, collaterals were present at all rostro-caudal levels but avoided the location of the facial motor nucleus. At this stage, the density of axons on both sides of the midline was equivalent (Figure 3D). At P7, both trigeminal nuclei were densely innervated, but the contralateral side had more axons than the ipsilateral side (Figure 3C-D). Collaterals sprouting at the level of the facial motor nucleus were not visible, suggesting they have been eliminated between P5 and P7, leaving a ladder-like pattern of collaterals with an anterior group at the level of the PrV and a posterior group at the level of the SpV. A rostro-caudal oriented pattern of terminal innervation reminiscent of the adult organization was also visible in the trigeminal complex. This developmental time course shows that the timing of development of the CST collateralization coincides with the maturation of the cortical circuits between P3 and P7.

Strikingly, the initial sprouting in newborns has an unbiased laterality before reaching their target. The first cortical axons reach the trigeminal complex at P5, which then sees the development of a laterality bias between P5 and P7. At P7, the organization of the collaterals is reminiscent of the adult pattern, suggesting that most of the ipsilateral-projecting axons are not eliminated by pruning.

The timing of development of the lateralization of collaterals suggest that it may interact with neuronal activity. To test whether the activity evoked by the sensory inputs could affect the development of this lateralization, we performed early deprivations of the whisker sensory inputs by performing lesions of the infraorbital nerve at P2. We first tested the effect of this lesion on the map formation and evoked activity at P7, the age we had determined that CST collaterals starts showing a bias to the contralateral side. We did so by measuring Fos+ neuron densities in cortical layers at P7 (Figure 4A). P7 animals were perfused, and the brain processed with iDISCO+ for Fos immunolabeling. The tissue autofluorescence was imaged to visualize the cortical barrels. Following the deprivation, the cortical barrels were fused as expected at P7, as seen on projections obtained from the layer 4 in 3D scans (Figure 4B). Counts of Fos+ neurons showed a decrease of activated neurons in layer 4. However, the number of Fos+ neurons was similar between the control and deprived animals in the deep layers 5 and 6. This suggests that, a few days after the deprivation, normal levels of activity have been restored in integrative layers of the primary somatosensory cortex.

We next tested if the lack of evoked sensory inputs from the whiskers would alter the normal layout of the collaterals from the barrel-cortex CST. We performed unilateral anterograde tracings of the CST neurons in the adult barrel cortex in control and early-deprived animals (Figure 4C-F). Injected brains were then processed with iDISCO+ and axons were segmented with TrailMap. In coronal projections obtained at the levels of the PrV and SpV nuclei, we noted that CST collaterals preferentially innervated the barrelette septa on the contralateral sides of both nuclei in control animals (Figure 4C), as well as in animals deprived ipsilaterally to the injection (Figure 4D). However, this pattern of septal innervation was not visible in the animals that were deprived contralaterally to the injection side, showing that evoked somatosensory inputs are necessary for the correct maturation and fine targeting of CST axons.

However, we didn't measure a change in the targeting bias between the deprived and the nondeprived sides for either the ipsilateral and contralateral deprivations. This shows that evoked somatosensory activity, while important for the maturation of the terminal branches in the trigeminal, is not necessary for the normal lateralization of the CST collaterals.

As there is always residual neuronal activity following lesions, we turned to a genetic developmental manipulation to test whether the laterality of activity influences the targeting of CST sprouting collaterals. We had previously generated a mutant line, the Krox20-cre ;

Robo3 lox/lox conditional knock out in which afferent trigeminothalamic axons originating from the PrV are partially uncrossed (Renier et al., 2017(Renier et al., , 2010)). This leads to the formation of a duplicated barrel map in the cortex that respond to inputs from both the contralateral and ipsilateral sides. Since this model relies on the deletion of the axon guidance receptor Robo3 from the PrV neurons, we first checked the expression of Robo3 in the CST axons at P5. CST axons were traced with an anterograde AAV at P2, the brains were collected at P5 and immunolabeled with iDISCO+ against Robo3. As previously shown, Robo3 expression was detected in the axons of the fasciculus retroflexus projecting to the interpeduncular nuclei [START_REF] Belle | A simple method for 3D analysis of immunolabeled axonal tracts in a transparent nervous system[END_REF](Figure 5B). Robo3 expression however wasn't detected in the CST, nor in the collaterals sprouting away from it and crossing the midline, showing that the midline crossing of descending CST axons is Robo3-independent, unlike for the midline crossing of the afferent axons.

To selectively label layer 5 neurons, we used the dual-AAV injection scheme we had validated previously (Figure 5A): a retrograde AAV was injected in the SC, and an anterograde AAV in the barrel cortex. Following this injection, neurons were labeled in the layer 5 of the barrel cortex in both control and mutant mice (Figure 5C,E). Due to the injection spread, both iterations of the duplicated maps were labeled (Figure 5G). We noted in injected Krox20-cre ;

Robo3 lox/lox mutant mice an enrichment in collaterals projecting to the ipsilateral side in mutant mice, compared to control mice (Figure 5D-H). The increase in ipsilateral collaterals was more pronounced in the rostral group of collaterals sprouting at the level of the PrV (Figure 5F). This

shows that the laterality of the trigeminal inputs to the thalamus (which is mixed in the mutant) influences the laterality bias of CST collaterals originating from the barrel cortex. These collaterals originated from neurons that also project to the ipsilateral SC, showing that the change of laterality can be independently controlled at the branch level.

The altered laterality bias in the mutant could be due to a preferred targeting of the collaterals ipsilaterally during development, or to a selective pruning of contralateral-projecting axons during the maturation of the circuit. To distinguish between these possibilities, we traced the descending axons at P7, a stage that sees the beginning of the laterality bias, in both control and mutant mice. In control mice, an enrichment in contralateral axons was observed at P7 (Figure 6A,C,E). However, in Krox20-cre ; Robo3 lox/lox mice, the proportion of collaterals was equilibrated between both sides of the midline (Figure 6B,D,E,F). This strongly suggests that the initial targeting of CST collaterals is different in the Krox20-cre ; Robo3 lox/lox mice than in controls at P7. At this stage, the innervation of the trigeminal complex in wild type mice already shows a bias towards the contralateral side. Therefore, the uncrossing of the afferent pathway likely influences the laterality bias in the early targeting of the CST sprouting axons.

DISCUSSION

In this study, we found that the descending pathway of the somatosensory cortex mapping the face of the animal projects bilaterally to the trigeminal complex of the brainstem, with a strong bias for the contralateral projection. Activity-dependent developmental pruning of ipsilateral projections is well-known in the motor CST [START_REF] Friel | Bilateral activity-dependent interactions in the developing corticospinal system[END_REF][START_REF] Gu | Semaphorin-mediated corticospinal axon elimination depends on the activity-induced Bax/Bak-caspase pathway[END_REF][START_REF] Lemon | Descending pathways in motor control[END_REF]. However, retained bilateral projections of the motor CST to the spinal cord have been described in adult animals, and are suggested to be important for functional recovery after lesions [START_REF] Lacroix | Bilateral corticospinal projections arise from each motor cortex in the macaque monkey: a quantitative study[END_REF]. The equivalent findings for the face somatosensory CST have not been reported before: While collaterals of the sensory CST at the level of the Pyramid Decussation to the contralateral SpV have been well described [START_REF] Welker | Organization of feedback and feedforward projections of the barrel cortex: a PHA-L study in the mouse[END_REF], the existence of a strong ipsilateral component retained in adult animals had not been appreciated.

More recent studies have added information on the spread of the projection along the rostrocaudal axis of the trigeminal nucleus [START_REF] Smith | Corticofugal projection patterns of whisker sensorimotor cortex to the sensory trigeminal nuclei[END_REF], the quasi-systematic presence of other subcortical targets for these neurons, such as the superior colliculus, the Pons, the thalamus, or the striatum [START_REF] Guo | Single-axon level morphological analysis of corticofugal projection neurons in mouse barrel field[END_REF]Rojas-Piloni et al., 2017). However, the organization, development, and lateralization of CST collaterals from barrel cortex neurons to the PrV and SpV have not been reported before. It remained to be investigated if, as for the motor CST, the ipsilateral projections can be leveraged in plastic remodeling of corticofugal axons following long-term deprivation in adults.

The role of this projection in sensory processing is still not completely understood. Tracing studies combined with electrophysiological recordings have shown that corticofugal neurons projecting to the trigeminal nuclei are activated by active deflection of the whiskers (Rojas-Piloni et al., 2017) and can produce either excitation or inhibition of PrV neurons (Malmierca et al., 2014). SpV neurons have been shown to be inhibited by this projection by nociceptive inputs only (Malmierca et al., 2014). Our single-axon tracing data show a variety of projection patterns with neurons innervating either the SpV, the PrV or both (Figure 2). Since the pattern of electrical activity of these neurons correlate with the targets of collaterals at other levels (eg.

To the SC or the thalamus) (Rojas-Piloni et al., 2017), it is possible that the firing pattern of the cortical layer 5 neurons in response to evoked sensory inputs could also influence the targeting of their collaterals to either the PrV, the SpV or both.

The alignment of maps in the visual system in the developing central nervous system is known to rely on both the expression gradient of Ephrins and Ephs receptors, as well as waves of coherent activity (Burbridge et al., 2014;[START_REF] Feldheim | Topographic guidance labels in a sensory projection to the forebrain[END_REF][START_REF] Pfeiffenberger | Ephrin-As and neural activity are required for eye-specific patterning during retinogeniculate mapping[END_REF][START_REF] Triplett | Alignment of Multimodal Sensory Input in the Superior Colliculus through a Gradient-Matching Mechanism[END_REF][START_REF] Triplett | Retinal Input Instructs Alignment of Visual Topographic Maps[END_REF]. Specifically, it has been shown that the organization of retinal maps in the SC is necessary for the proper alignment of the cortical visual map in the SC (from the cortical projections to the SC) [START_REF] Triplett | Retinal Input Instructs Alignment of Visual Topographic Maps[END_REF]. The correct targeting of thalamocortical axons to the cortex has also been shown to rely on spontaneous waves of activity in the thalamus (Antón-Bolaños et al., 2019). However, it has been difficult to link spontaneous neuronal activity during development to precise axon-guidance decisions made at specific choice-points, such as the midline crossing. The sprouting of CST collaterals constitutes an interesting model to revisit this question. The main path taken by descending axons is known to be controlled by transcription factors (Arlotta et al., 2005;[START_REF] Gu | Control of species-dependent cortico-motoneuronal connections underlying manual dexterity[END_REF][START_REF] Rossa | In vivo reprogramming of circuit connectivity in postmitotic neocortical neurons[END_REF][START_REF] Tocco | The topography of corticopontine projections is controlled by postmitotic expression of the areamapping gene Nr2f1[END_REF] and the expression of guidance cues lining the CST tract such as Netrin-1, Ephrins and Semaphorins [START_REF] Dottori | EphA4 (Sek1) receptor tyrosine kinase is required for the development of the corticospinal tract[END_REF][START_REF] Finger | The netrin 1 receptors Unc5h3 and Dcc are necessary at multiple choice points for the guidance of corticospinal tract axons[END_REF][START_REF] Pourchet | Loss of floor plate Netrin-1 impairs midline crossing of corticospinal axons and leads to mirror movements[END_REF][START_REF] Rünker | Semaphorin-6A controls guidance of corticospinal tract axons at multiple choice points[END_REF]Welniarz et al., 2017a). The molecular control of the laterality of CST collaterals has been well established for the motor CST with the genetic models of mice with hopping gait. EphrinB3, expressed by the spinal cord midline and EphA4 expressed by cortical neurons for instance prevent the midline crossing of the motor CST [START_REF] Dudanova | Genetic Evidence for a Contribution of EphA:EphrinA Reverse Signaling to Motor Axon Guidance[END_REF][START_REF] Egea | Regulation of EphA 4 kinase activity is required for a subset of axon guidance decisions suggesting a key role for receptor clustering in Eph function[END_REF][START_REF] Gatto | EphA4 Receptor Shedding Regulates Spinal Motor Axon Guidance[END_REF][START_REF] Kullander | Role of EphA4 and EphrinB3 in Local Neuronal Circuits That Control Walking[END_REF][START_REF] Kullander | Ephrin-B3 is the midline barrier that prevents corticospinal tract axons from recrossing, allowing for unilateral motor control[END_REF][START_REF] Paixão | EphrinB3/EphA4-Mediated Guidance of Ascending and Descending Spinal Tracts[END_REF]. By reversing the inputs to the cortex genetically, we show here that collaterals adjust their targeting to the correct side of the inputs as soon as when sprouting occurs in the brainstem during development. This suggests the presence of an activity coherence detection mechanism driving the sprouting and orientation of CST collaterals. Pioneer axons would then reach first the trigeminal complexes on either side with an unbiased laterality. Then, axons contacting trigeminal neurons matching their correct laterality could serve as a scaffold for subsequent collaterals, guiding them to the correct side via a yet unknown mechanism signaling the presence of coherent activity between adjacent sprouting axons. Our findings could serve as a framework to identify an original mechanism linking neuronal activity and axon guidance. showing the densification of the projections in the trigeminal complex at P7, as well as the appearance of a biased laterality at P7. injected with an AAV expressing GFP at P2, and collected at P7, showed as horizontal ventral decreasing gradient at 8am / 8pm respectively, simulating natural light. Mice were housed in groups of 3-6 during experiments or single housed when nesting abilities were evaluated.

Stereotactic injections: adults

Mice were anesthetized with isoflurane (IsoVet): 4% for induction and maintained at 1.8% with an oxygen flow rate of 250 mL/min. Subcutaneous carprofen (Rimadyl®) was administered as 5 mg/kg at a concentration of 50 mg/ml as an analgesia to prevent pain. Then, the fur on the head was shaved, and the skin was cleaned with iodine and alcohol. Ophthalmic ointment was applied to the eyes to keep them from drying out during surgery. The head of the mouse was positioned in a stereotaxic frame (Kopf Instruments, California) and a craniotomy was made above the desired site of injection with a micro drill (0.5 mm tip diameter: FST #19007-05).

Targeting of primary somatosensory cortex barrel field was accomplished using the following coordinates: 1.6 mm caudal to bregma, 3.0 mm lateral to the midline, and 0.4 mm below the brain surface. Targeting of the superior colliculus was accomplished using the following coordinates: 4 mm and 3.8 caudal to bregma (RC target), 1 mm and 1.2 mm lateral to the midline (ML target), and 2 mm below the brain surface (DV target). There are 2 different coordinates listed for the rostral-caudal (RC) target and the medial-lateral (ML) target because the superior colliculus was targeted using a grid system of two different coordinates in close proximity. Targeting of the principal sensory trigeminal nucleus (PSV) was accomplished using the following coordinates: 1.0 mm caudal to lambda, 1.9 mm lateral to the midline, and 4.0 mm below the brain surface. The injections were made using the Nanoject III, programmable nanoliter injector (Drummond Scientific Company, USA) and pulled glass capillaries (1.14mm O.D. x 3.5" length x .53mm I.D.: Drummond Scientific Company, USA). Injections made with the AAV viruses were 100 nL volume injections infused at a rate of 1 nL/sec, 10 nL volume cycles, and a 1 sec wait between cycles. Injections made with Cholera toxin subunit B (CTB) were 50 nL volume injections infused at a rate of 1 nL/sec, 10 nL volume cycles, and a 1 sec wait between cycles. After the injection was complete, the capillary was removed 2-5 min later in the case of the AAV injections and 10-15 min later in the case of the CTB injections (the longer wait time was used here because the injection site was deeper). The skin was sutured using Vicryl 6.0R suture material, and the mice were left to recover in a 37°C chamber until the effects of the anesthesia wore off. Analgesic treatment (5 mg/kg of 50 mg/ml carprofen) was administered every 24 hours for a total of 48 hours post surgery.

Stereotaxic Injections: Pups

Mouse pups, P0-P3, were cold-anesthetized. The injections were made through the intact skin and skull using the Nanoject III, programmable nanoliter injector (Drummond Scientific Company, USA) and pulled glass capillaries (1.14mm O.D. x 3.5" length x .53mm I.D.: Drummond Scientific Company, USA). Injections made with the AAV viruses were 100 nL volume injections infused at a rate of 1 nL/sec, 10 nL volume cycles, and a 1 sec wait between cycles. After the injection was complete, the capillary was removed 1-2 min later. The total time the pup spent on ice was less than 10 min. The mouse pups were left to recover in a 37°C chamber until the effects of the anesthesia wore off and they warmed up, to be then return to the mother.

Injected Toxins and Viruses

-Cholera toxin subunit B (recombinant), Alexa Fluor™ 647 conjugate (CTB 647) (reference C34778 from Thermo Fisher Invitrogen) was injected unilaterally in the brainstem, at the level of the PSV, of adult mice. Cholera toxin subunit B (recombinant), Alexa Fluor™ 555 conjugate (CTB 55) (reference C34776 from Thermo Fisher Invitrogen) was injected unilaterally and opposite to the CTB 647 in the brainstem, at the level of the PSV, of adult mice. The mice were sacrificed 48 hours after the CTB injection.

-The virus pAAV-hSyn-EGFP (Addgene reference: 50465-AAV1) was used as an anterograde tracer in mouse pups and in adult mice (Figure 3, 4, and6).

-The virus ssAAV-retro/2-hSyn1-chI-mCherry_2A_FLPo-WPRE-SV40p(A) (from ETH Zurich) (titer: 7.7 x 10E12 vg/ml) was used as a retrograde tracer and as part of a dual viral system with a conditional anterograde tracer (Figure 1 and5).

-The virus ssAAV-9/2-hSyn1-chI-dFRT-EGFP(rev)-dFRTWPRE-hGHp(A) (from ETH Zurich) (titer: 4.6 x 10E12 vg/ml) was used as a FLP dependent anterograde tracer (Figure 1 and 5).

-The virus AAV1-Ef1a-DIO-EYFP (Addgene, reference 27056-AAV1, lot v20736) was used as an anterograde tracer in CaMKIIa-cre and CART-Cre mice (Figure 1).

Intracardiac PFA Perfusions

All animals were sacrificed by Pentobarbital overdose (200mg/100g of animal). Intracardiac perfusion was then performed with a peristaltic pump (Gilson, USA). Blood was washed by infusing 30mL of cold PBS followed by tissue fixation with 30mL of cold 4% Paraformaldehyde (Electron Microscopy Sciences, USA) diluted in PBS. Then brain dissection was quickly done taking special care to preserve the brain structure. Finally, the brains were then postfixed for 2 hours at room temperature by immersion in 4% Paraformaldehyde, and stored in PBS at 4ºC until further processing.

Antibodies

Rabbit pAb anti-cFos (Synaptic Systems, 226003) at a dilution of 1:2000. chicken anti-green fluorescent protein (aves labs, SKU: GFP-1020) at a dilution of 1:3000. rabbit anti-RFP (Rockland, item no. 600-401-379) at a dilution of 1:3000. Goat anti-hRobo3 (R&Dsystems, AF3076) at a dilution of 1:500. Secondary antibodies made in donkey and conjugated to Alexa dyes were obtained from Jackson Immunoresearch and used at 1µg/mL. iDISCO+ whole brain immunolabeling Whole brain vasculature staining was performed following the iDISCO+ protocol previously described previously [START_REF] Renier | Mapping of Brain Activity by Automated Volume Analysis of Immediate Early Genes[END_REF] with minimal modifications. All the steps of the protocol were done at room temperature with gentle shaking unless otherwise specified. All the buffers were supplemented with 0,01% Sodium Azide (Sigma-Aldrich, Germany) to prevent bacterial and fungal growth.

Perfused brains were dehydrated in an increasing series of methanol (Sigma-Aldrich, France) dilutions in water (washes of 1 hour in methanol 20%, 40%, 60%, 80% and 100%). An additional wash of 2 hours in methanol 100% was done to remove residual water. Once dehydrated, samples were incubated overnight in a solution containing a 66% dichloromethane (Sigma-Aldrich, Germany) in methanol, and then washed twice in methanol 100% (4 hours each wash). Samples were then bleached overnight at 4ºC in methanol containing a 5% of hydrogen peroxide (Sigma-Aldrich). Rehydration was done by incubating the samples in methanol 60%, 40% and 20% (1 hour each wash). After methanol pretreatment, samples were washed in PBS twice 15 minutes and 1 hour in PBS containing a 0,2% of Triton X-100 (Sigma-Aldrich) and further permeabilized by a 24 hours incubation at 37ºC in Permeabilization Solution, composed by 20% dimethyl sulfoxide (Sigma-Aldrich), 2,3% Glycine (Sigma-Aldrich, USA) in PBS-T. In order to start the immunostaining, samples were first blocked with 0,2% gelatin (Sigma-Aldrich) in PBS-T for 24 hours at 37ºC, the same blocking buffer was used to prepare antibody solutions. Primary antibodies were incubated for 10 days at 37ºC with gentle shaking, then washed in PBS-T (twice 1 hour and then overnight), and finally newly incubated for 10 days with secondary antibodies. Secondary antibodies raised in donkeys, conjugated to Alexa 647 were used (Life Technologies). After immunostaining, the samples were washed in PBS-T (twice 1 hour and then overnight), dehydrated in a methanol/water increasing concentration series (20%, 40%, 60%, 80%, 100% one hour each and then methanol 100% overnight), followed by a wash in 66% dichloromethane -33% methanol for 3 hours.

Methanol was washed out with two final washes in dichloromethane 100% (15 min each) and finally the samples were cleared and stored in dibenzyl ether (Sigma-Aldrich) until light sheet imaging.

Light sheet microscopy

The acquisitions were done on a LaVision Ultramicroscope II equipped with infinity-corrected objectives. The microscope was installed on an active vibration filtration device, itself put on a marble compressed-air table. Imaging was done with the following filters: 595/40 for Alexa Fluor-555, and -680/30 for Alexa Fluor-647. The microscope was equipped with the following laser lines: OBIS-561nm 100mW, OBIS-639nm 70mW, and used the 2nd generation LaVision beam combiner. The images were acquired with an Andor CMOS sNEO camera. Main acquisitions were done with the LVMI-Fluor 4X/O.3 WD6 LaVision Biotec objective. The microscope was connected to a computer equipped with SSD drives to speed up the acquisition.

At the end of the acquisition, the objective is changed to a MI PLAN 1.1X/0.1 for the reference scan at 488nm excitation (tissue autofluorescence). The field of view is cropped to the size of the brain, and the z-steps are set to 6µm, and light sheet numerical aperture to 0.03 NA. It is important to crop the field of view to the size of the brain for subsequent alignment steps.

Computing Resources

The data were automatically transferred every day from the acquisition computer to a Lustre server for storage. The processing with ClearMap was done on local workstations, either Dell Precision T7920 or HP Z840. Each workstation was equipped with 2 Intel Xeon Gold 6128 3.4G 6C/12T CPUs, 512Gb of 2666MHz DDR4 RAM, 4x1Tb NVMe Class 40 Solid State Drives in a RAID0 array (plus a separate system disk), and an NVIDIA Quadro P6000, 24Gb VRAM video card. The workstations were operated by Linux Ubuntu 20.04LTS. ClearMap 2.0 was used on Anaconda Python 3.7 environment.

Data analysis: TrailMap and TubeMap axon segmentation

Stitched raw images were segmented with TrailMap (Friedmann et al., 2020) and a binary mask generated using a probability threshold of 0.5. The binary mask was then processed through TubeMap [START_REF] Kirst | Mapping the Fine-Scale Organization and Plasticity of the Brain Vasculature[END_REF] to aligne the data to the reference atlas. Quantifications of axon densities were obtained from the coordinates of both branching and non-branching points of the graph.

Single axon tracing

Single axon reconstructions were done manually using virtual reality-assisted tracing (SyGlass, IstoVision). The reconstructions were exported as .SWC format and imported in ClearMap [START_REF] Renier | Mapping of Brain Activity by Automated Volume Analysis of Immediate Early Genes[END_REF] to align them to the Allen Institute reference brain atlas.

3D analysis of collaterals in the brainstem

Neural projections in the brainstem were segmented using TrailMap (Friedmann et al., 2020).

Briefly, TrailMap's output was first binarized: every pixel with a confidence interval > 0.95 was set to 1 and the rest to 0, and the coordinates of the positive pixel were downsampled to a 25µm isotropic resolution. Next, a mask of the hindbrain was generated from a downsampled autofluorescence image (25µm isotropic, imaged with 488 nm) using ITKsnap (http://ITKsnap.org), and applied to the downsampled coordinates from the binarized image to filter out potential projections in the cerebellum and/or midbrain. To separate both sides of the sample, a 3D plane (ax + by + cz + d = 0) was estimated based on a set of three points coplanar to the midline. To exclude the downward running axons from the cortico-spinal tract, two planes, parallel to the midline, were generated based on the three resampled points Finally, the level of collateralization of the projections in the hindbrain were estimated by computing a lateralization index (LI): (nipsi-ncontra)/(nipsi + ncontra) . If LI = 0 the collaterals are perfectly symmetrical, LI = -1 in the case of a maximal contralateral bias and LI = 1 in the case of a maximal ipsilateral bias relative to the injection site.

Imaris 9 (Oxford Instruments) was used for qualitative analysis and data visualization.

Statistics

Significance levels indicated are as follows: * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. All data are presented as mean ± SEM. All statistical tests used were two-tailed.

Experiments were not randomized, and no statistical methods were used to predetermine sample size. Investigators were blind to the experimental conditions. Comparisons between two conditions were analyzed by unpaired Mann-Whitney ranked U test. Statistical analysis was performed using R through Python 3.8 (rpy2, scipy) and GraphPad PRISM version 8.2.0. Python 3.8 (matplotlib) was used for generation of graphs.

2014; [START_REF] Matyas | Motor control by sensory cortex[END_REF][START_REF] Mosconi | Passive vs. active touch-induced activity in the developing whisker pathway[END_REF][START_REF] Nguyen | Positive Feedback in a Brainstem Tactile Sensorimotor Loop[END_REF]Rojas-Piloni et al., 2017). One group proposed that the feedback loop in the brainstem helps the animal discriminate between active touch/whisking and an encounter with passive stimuli via amplifying the response of sensory neurons when there is an increase in whisker deflection [START_REF] Ferezou | Visualizing the Cortical Representation of Whisker Touch: Voltage-Sensitive Dye Imaging in Freely Moving Mice[END_REF]. It has also been proposed that the primary somatosensory barrel cortex performs a key motor control function [START_REF] Matyas | Motor control by sensory cortex[END_REF]. Specifically, the primary somatosensory barrel cortex is capable of driving whisker retraction without the participation of the primary motor cortex [START_REF] Matyas | Motor control by sensory cortex[END_REF]. Reciprocal projections from the primary motor cortex innervate Layers 1 and 5/6 in the barrel cortex [START_REF] Matyas | Motor control by sensory cortex[END_REF]. The neurons responsible for whisker retraction in the primary somatosensory barrel cortex project to the SPV in the brainstem [START_REF] Matyas | Motor control by sensory cortex[END_REF]. It is not out of the question that the neurons in layer 5 of the barrel cortex that project bilaterally to the brainstem nuclei, those which I study in my PhD, are those neurons that perform whisker retraction. A bilateral projection would be important in this case for a coordinated movement.

Stimulating specifically the ipsi and contra-projecting neurons with optogenetics (using a dual injection scheme as done between the SC and barrel field in this study), and monitoring whisker deflection with a high-speed camera could be a way to test this hypothesis.

Possible link between ipsilateral brainstem projections and SC projections

Both the bulk and L5 specific tracing strategies showed a higher density of projections in the contralateral PSV (contra: 88.5 ± 2.5% (bulk) contra: 69.7 ± 3.9% (L5 specific)), the SPVO (contra: 89.5 ± 3.9% (bulk) contra: 87.4 ± 2.9% (L5 specific)), the SPVI (contra: 97.4 ± 1% (bulk) contra: 91.3 ± 2.7% (L5 specific)), and the SPVC (contra: 83.3 ± 16.7% (bulk), contra: 90.6 ± 5.3% (L5 specific)). There was a difference in laterality between the bulk and L5 specific injections performed in CamKIIcre mice. Projections to the PSV were more symmetrical in the L5 specific experiments. There were more ipsilateral projections to the PSV in the L5 specific experiments.

The laterality of projections to the SPV varied depending on which subnucleus was targeted. The projections in the SPVC were more symmetrical in the bulk injections and there were more ipsilateral projections in the bulk injections. The projections in the SPVI and SPVO were more symmetrical in the L5 specific injections and there were more ipsilateral projections in the L5 specific injections. What could be the reason for this difference in laterality between the bulk and L5 specific injections? Why would there be more ipsilateral projections to the PSV in the L5 specific experiments? In order to contemplate this question, it is important to understand how the afferent whisker pathway is wired and what the roles of the different subnuclei of the trigeminal brainstem complex are in relation to one another and the system as a whole. In the afferent whisker pathway there are two main pathways of information flow from the whisker pad to the somatosensory cortex: the lemniscal and the paralemniscal pathway. The PSV is the first relay hub in the lemniscal pathway and from there sends axons to the VPM [START_REF] Frangeul | Specific activation of the paralemniscal pathway during nociception[END_REF]. The SPV participates in the relay of whisker information to the somatosensory cortex via a different route called the paralemniscal pathway sending axons to the POm [START_REF] Frangeul | Specific activation of the paralemniscal pathway during nociception[END_REF].

Although there are two separate pathways, separate is a bit misleading when it comes to describing them. Sub-divisions of the trigeminal complex are heavily interconnected by a longitudinal fiber system, and the neurons in the PSV that are part of the lemniscal pathway receive inputs from the SPVi and SPVc [START_REF] Furuta | Septal neurons in barrel cortex derive their receptive field input from the lemniscal pathway[END_REF][START_REF] Furuta | Inhibitory gating of vibrissal inputs in the brainstem[END_REF]. The SPV subnuclei have the ability to suppress whisker related neuronal activity by acting through the PSV [START_REF] Furuta | Inhibitory gating of vibrissal inputs in the brainstem[END_REF]. Seeing that the different subnuclei of the trigeminal brainstem complex differ in their function and projections, it makes sense that by targeting different populations of cortical neurons (either bulk or projection-specific) you could have a difference in projection densities to the trigeminal complex. Overall, it is surprising that the L5 specific targeting has a strong ipsi biais compared to the bulk injection. To me there could be 2 explanations: (1) either neurons outside of L5 project to the brainstem (but this is unlikely based on the literature), or (2) Most likely, by selecting neurons that are targeting the SC, I have labeled a sublayer of the layer 5 that, potentially because of its developmental timing, could be slightly enriched in ipsilateral projecting neurons. Indeed, it has been shown that the probability of S1 CST descending neurons to project to certain subcortical regions depends on the precise depth of the soma in layer V (Rojas-Piloni et al., 2017). This could suggest that the timing of birth and development of the cortical neurons could influence the laterality of their projection in the brainstem via coherence detection mechanisms amongst axons originating from layer V neurons located close to each other's.

Another possibility would be that ipsilateral collaterals in the brainstem and collaterals to the ipsilateral SC are functionally linked and actively maintained throughout adulthood based on their function.

The developmental timing

In the timeline of development of projections to brainstem nuclei we saw the progression of when axons branch out and arrive at various levels of trigeminal brainstem nuclei. Collateral branching in the brainstem of CST neurons has been reported to commence at P0 [START_REF] Canty | Molecular mechanisms of axon guidance in the developing corticospinal tract[END_REF]. We did not evaluate a timepoint before P3 due to experimental constraints. Pups were injected with the viral tracer at P0-P2, depending on if we were able to catch the birth of the pups To complement the developmental timeline projection tracing experiments, we had done a VGLUT1 immunostaining during development because we thought it would follow the timing of when projections arrive in the trigeminal brainstem nuclei. Glutamate, an excitatory neurotransmitter, is involved in many processes and specifically during development it supports axon growth and synapse refinement [START_REF] Rajan | Glutamate Receptor Activity Is Required for Normal Development of Tectal Cell Dendrites In Vivo[END_REF]. VGLUT1 is one of 3 vesicular glutamate transporters that is expressed by neurons mostly in the cerebral cortex, cerebellum, and hippocampus [START_REF] Bellocchio | The Localization of the Brain-Specific Inorganic Phosphate Transporter Suggests a Specific Presynaptic Role in Glutamatergic Transmission[END_REF]. The marker VGLUT1 is commonly used as a presynaptic marker to gauge the density of synapses in a specified region [START_REF] Silva S Da | Proper formation of whisker barrelettes requires periphery-derived Smad4-dependent TGF-beta signaling[END_REF]. We did a VGLUT1 staining at various time points during development, P3 and P5, to better understand when neurons in the cortex make synaptic connections with their targets in brainstem nuclei (Discussion Figure 2). We saw that there is slightly more VGLUT1 expression at P5 compared with P3, but there was no significant difference (Discussion Figure 2). This is consistent with what is observed in the literature being that VGLUT1 expression continues to increase during development and peaks around P14 [START_REF] Liguz-Lecznar | Vesicular glutamate transporters VGLUT1 and VGLUT2 in the developing mouse barrel cortex[END_REF]. In situ hybridization studies for VGluT1 showed that the SPVo and SPVc have the lowest density of VGluT1 in brainstem trigeminal nuclei [START_REF] Furuta | Inhibitory gating of vibrissal inputs in the brainstem[END_REF]. However, we did not evaluate the subnuclei of the SPV in our VGLUT1 immuno experiment. Additionally, in terms of the number of puncta, we did not see much of a difference in the PSV compared with the SPV in P3 and P5 mouse pups (Discussion Figure 2). An imporant confounding factor is that Vglut1 is also expressed by local trigeminal neurons, and therefore could be contaminating the signal we were hoping could be specific of the cortex.

The effect of early sensory deprivations

We performed an early sensory deprivation at P2 to evaluate the plasticity of the layer 5 projections to the brainstem during the whisker system's "critical period". There was no significant effect of sensory deprivation at P2 on descending projections from the barrel cortex to the brainstem. This is not to say that the sensory deprivation had no effect on the whisker system.

For instance, neurons from the lemniscal and paralemniscal pathways respond differently to neonatal infraorbital nerve sectioning; lemniscal neurons respond to the procedure while paralemniscal neurons do not respond to the procedure [START_REF] Frangeul | Specific activation of the paralemniscal pathway during nociception[END_REF]. Following this logic, it could be that the neuronal population we are targeting is not affected by this sensory deprivation procedure at this time in development (P2). Additionally, in the first postnatal weeks before active/self-elicited whisking begins at P14 [START_REF] Arakawa | Role of whiskers in sensorimotor development of C57BL/6 mice[END_REF], there is activity generated from passive whisking that is synchronized with activity in the primary somatosensory cortex (Akhmetshina et al., 2016;Khazipov et al., 2004). It is likely that the early sensory deprivation we perform at P2 does not remove spontaneous activity in the primary somatosensory cortex [START_REF] Mizuno | Patchwork-Type Spontaneous Activity in Neonatal Barrel Cortex Layer 4 Transmitted via Thalamocortical Projections[END_REF][START_REF] Mizuno | NMDARregulated dynamics of layer 4 neuronal dendrites during thalamocortical reorganization in neonates[END_REF][START_REF] Hidenobu | NMDA Receptor Enhances Correlation of Spontaneous Activity in Neonatal Barrel Cortex[END_REF][START_REF] Nakazawa | Developmental Phase Transitions in Spatial Organization of Spontaneous Activity in Postnatal Barrel Cortex Layer 4[END_REF]. This spontaneous activity could be enough to maintain the integrity of these efferent projections from subcortically projecting layer 5 neurons. Since there is spontaneous activity in layer 4 of the primary somatosensory cortex during development, and layer 4 projects to layers 2/3 which project to layer 5, then layer 5 still receives input, likely from intracortical projections [START_REF] Mizuno | Patchwork-Type Spontaneous Activity in Neonatal Barrel Cortex Layer 4 Transmitted via Thalamocortical Projections[END_REF][START_REF] Hidenobu | NMDA Receptor Enhances Correlation of Spontaneous Activity in Neonatal Barrel Cortex[END_REF][START_REF] Nakazawa | Developmental Phase Transitions in Spatial Organization of Spontaneous Activity in Postnatal Barrel Cortex Layer 4[END_REF].

Additionally, there was no difference in cFos expression in layer 5 between P2 deprived mice and non-deprived control mice. It seems that for this time point (P2), a reduction in activity at the periphery via surgical ablation of the trigeminal infraorbital nerve, does not affect activity in layer 5 of the barrel cortex. Additionally, it does not seem that there was activity at all in layer 5 of the barrel cortex for control mice sacrificed at P7. However, there was a reduction of cFos labeled cells in layer 4 of the barrel cortex, and thus the sensory deprivation performed at P2 did affect the activity in the whisker system, just not activity in layer 5 specifically. The activity in control conditions was mostly localized to layer 4 and the upper layers of the barrel cortex. Although it has caveats, cFos is a widely used marker for neuronal activity [START_REF] Renier | Mapping of Brain Activity by Automated Volume Analysis of Immediate Early Genes[END_REF]Tyssowski et al., 2018). However, although unlikely, a lack of cFos labeled cells in the region does not rule out the possibility that the layer is active. Perhaps it would have been more useful to sacrifice the mouse pups after P14, when active whisking begins [START_REF] Arakawa | Role of whiskers in sensorimotor development of C57BL/6 mice[END_REF]Landers and Zeigler, 2009), if we wanted to have a better understanding of the effect the deprivation had on activity. From our study it is clear that these projections to the brainstem develop before P14, however we never investigated when these projections are functional and thus we cannot assume they were functional at P7. To rule out any implication of spontaneous activity during the development of the layer 5 projection neurons from the barrel cortex to the brainstem we decided to chronically silence these neurons by targeting them with a virus expressing an inwardly rectifying potassium channel (Kir2.1). This induces a transient outward current creating a steady membrane potential close to the reversal potential of potassium effectively silencing the neuron [START_REF] Borodinsky | Activity-dependent homeostatic specification of transmitter expression in embryonic neurons[END_REF].

Figure 1

 1 Figure 1 Scheme of the organization of the whiskerlayout on the face of the mouse (from[START_REF] Gaspar | Constraints on somatosensory map development: mutants lead the way[END_REF] 

  An evolutionary standpoint can help us understand what dictates the formation of specialized cortical structures in the somatosensory cortex, such as the barrels. By looking at the comparative developmental neuroanatomy of the somatosensory cortex across species, and hopefully correlate this with precise genetic information, it could be possible to complement the breadth of information obtained from genetic mutants in the mouse. It is both interesting and crucial to
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Figure 2 C

 2 Figure 2 Multi-lateral neurons connect the barrel cortex to the trigeminal complex through multiple possible trajectories A Bilateral retrograde tracing of cortical projections to the brainstem with CBß tracers injected at the level of the PrV nuclei. 360 B 3D whole-brain scan of the traced neurons: autofluorescence view of the barrel cortex (grey), segmented contralateral neurons (green) and segmented ipsilateral neurons (magenta). The transverse sections at the level of the barrel cortex show the presence of layer 5 CTß+ cells in

Figure 3

 3 Figure 3 The development of the cortifugal projection to the trigeminal complex is first 375 unbiased, and biased from P7 to the contralateral nucleus. A-C Whole brain scans of pups injected at P1 with a AAV-EF1a-GFP construct and collected at P3 (A), P5 (B) or P7 (C). Ventral projections of the brainstem, as well as coronal projections at the level of the PrV and SpVc are shown, with interpretations of the GFP signal on the right. D Example of a segmentation of axons obtained from TrailMap at P3, and quantification of the 380 density of axons away from the midline (excluding the midline region containing CST axons),

Figure 4 F

 4 Figure 4 Early sensory deprivation doesn't affect the laterality of somatosensory projections to the trigeminal complex A Experimental timeline of early deprivations used for either a mapping of its effect on local activity with Fos expression or on long-range projections to the brainstem. B Expression of Fos at P7 following a P2 unilateral deprivation of sensory inputs. 390 C-E Whole-brain scans of cortical projections to the brainstem in control (C) or P2-deprived (D and E) P30 animals. Coronal projections are shown at the level of the PrV and SpV.Projections to the intact nuclei show a distinctive intra-septal pattern, while projections to the deprived nuclei at both levels are disorganized.F Quantification of the laterality-bias of corticofugal axonal densities in control, ipsilateral and 395 contralateral deprived animals. Deprivations have no effect on the laterality ratio of corticofugal projections.

Figure 5 A

 5 Figure 5 Uncrossing of the afferent pathway to the cortex changes to the laterality bias of the descending projections 400 A Description of the Krox20-cre ; Robo3 lox/lox line: afferent projections from the PrV to the thalamic VPM are partially uncrossed.

Figure 6

 6 Figure 6 The laterality bias of early collaterals to the trigeminal complex is consistent with the one of afferent inputs A-D Whole brain scans obtained from control (A, C) and Krox20-cre ; Robo3 lox/lox (B, D) mice
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Authors declare that they have no competing interests. projections (A, B) or 100µm-thick coronal projections at the level of the PrV (C, D). In controls, a small laterality bias is already visible, but is less important in mutants. E Summary of the injection sites and spreads in control and Krox20-cre ; Robo3 lox/lox mice.

Owing to the small size of the brain, injections spread over most of S1.

F Quantification of the laterality bias in P7 controls and Krox20-cre ; Robo3 lox/lox mice from TrailMap segmentations, showing a reduced laterality bias in the developing mutant mice.

Methods

Animals

All procedures followed the European legislation for animal experimentation (directive 2010/63/EU). Animal manipulations were approved by the institutional Ethical Committee (Project 8461-2017010619499922). CART-cre mice, or B6;129S-Cartpttm1.1(cre)Hze/J, and CamKIIa-cre mice (B6.Cg-Tg(Camk2a-cre)T29-1Stl/J) were obtained from Jackson Laboratories (stock 028533 and 005359 respectively), kept as hemizygotes, and back-crossed to C57BL6/NRj in every generation. The Robo3 conditional knockout mouse line Krox20:Cre;Robo3lox/lox was established at the MCI/ICS (Mouse Clinical Institute-Institut Clinique de la Souris, Illkirch, France; http://www-mci.u-strasbg.fr) and was generated as previously described (Renier et al., 2010). Controls for experiments using this mouse line were littermate controls lacking the Cre: Robo3lox/lox . The genotypes of these mice were confirmed using PCR. The following primers were used to identify the lox allele sequence for the conditional Robo3: CCAAGGAAAAACTTGAGGTTGCAGCTAG (forward primer) and GATTAGGGGAGGTGAGACATAGGG (reverse primer). The following primers were used to identify the Cre allele sequence for the Krox20Cre: GAT TTC CGT CTC TGG TGT AGC (forward primer) and GCC ATC TTC CAG CAG G (reverse primer).

Mice of the strain RjOrl:SWISS (from Janvier Laboratories) were used for the developmental time course and deprivation experiments.

Upon arrival, the mice were kept in an acclimatation sector for a one-week period to get habituated to our facilities before housing in the general sector. Mice were bred and maintained at the specific pathogen free mouse facility of Paris Brain Institute, with controlled temperature (21 ± 1°C) and humidity (40-70%), ad libitum access to standard mouse chow and water, and on a 12h:12h light/dark cycle (lights on at 8AM). Lighting cycles with a controlled rising and

Discussion

The laterality of sensory projections

The afferent pathway from the whiskers on the periphery to the barrel cortex is typically described as a completely crossed system in rodents: all neurons from the PSV cross the midline before making it to their final destination in the thalamus [START_REF] Leiser | Relationship Between Physiological Response Type (RA and SA) and Vibrissal Receptive Field of Neurons Within the Rat Trigeminal Ganglion[END_REF]Renier et al., 2017).

There are rare examples uncrossed trigeminothalamic projections. Decades ago, two groups reported ipsilateral inputs to the thalamus from the dorsal third of the PSV in rats [START_REF] Fukushima | Organization of trigeminothalamic tracts and other thalamic afferent systems of the brainstem in the rat: Presence of gelatinosa neurons with thalamic connections[END_REF][START_REF] Patrick | Collateral projections from trigeminal sensory nuclei to ventrobasal thalamus and cerebellar cortex in rats[END_REF]. In fact, as early as the start of the 20th century it was discovered that rabbits have uncrossed trigeminothalamic fibers originating in the PSV [START_REF] Henssen | New Insights in Trigeminal Anatomy: A Double Orofacial Tract for Nociceptive Input[END_REF]. It is the ventral part of the PSV which contributes to the whisker specific patterning, the barreloids, in the VPM and that information goes on to contribute to whisker specific patterning in layer 4 of the barrel cortex [START_REF] Bosman | Anatomical Pathways Involved in Generating and Sensing Rhythmic Whisker Movements[END_REF]. However, neurons across the whole length of the PSV (dorsal to ventral) have somatosensory functions and are part of the relay system bringing somatosensory information from the periphery to the primary somatosensory cortex [START_REF] Shigenaga | Oral and facial representation in the trigeminal principal and rostral spinal nuclei of the cat[END_REF][START_REF] Taber | The cytoarchitecture of the brain stem of the cat. I. Brain stem nuclei of cat[END_REF]. Having both crossed and uncrossed sensory afferents is important in other sensory systems such as the visual, auditory and vestibular systems [START_REF] Dieterich | The bilateral central vestibular system: its pathways, functions, and disorders: The bilateral central vestibular system[END_REF].

While it seems that whisker specific somatosensory information is completely crossed in its afferent projection pathway, we found that the efferent pathway consists of bilateral projections from the cortex to the brainstem and spinal cord (this study). It is only neurons in layer 5 of the barrel cortex that project to the level of the trigeminal brainstem. Unilateral projections to the contralateral PSV and SPV have been described for this pathway [START_REF] Gerfen | Long distance projections of cortical pyramidal neurons[END_REF][START_REF] Prasad | Layer 5 Corticofugal Projections from Diverse Cortical Areas: Variations on a Pattern of Thalamic and Extrathalamic Targets[END_REF]. However, in the work of my PhD thesis we observe bilateral projections to the PSV and SPV from neurons in layer 5 of the barrel cortex. It is evident in data from the Allen Mouse Brain Connectivity Atlas (https://connectivity.brain-map.org) that there are bilateral projections from layer 5 neurons in the barrel cortex, however, we could not find a published paper bringing awareness to this or describing these projections in detail.

The function of the descending projections

The feedback loop in the brainstem has been thought about by various scientific research groups but there has yet to be a clear consensus on function [START_REF] Ferezou | Visualizing the Cortical Representation of Whisker Touch: Voltage-Sensitive Dye Imaging in Freely Moving Mice[END_REF]Malmierca et al., 

Abstract

Information flows from the peripheral nervous system (PNS) into the central nervous system (CNS) and is processed and organized at different levels or relay points. Neurons involved in sensory systems organize their projections into topographic maps at the various relay points. These maps, found in the CNS and PNS, maintain an organization of physical and functional features that represent the sensory surface in the periphery. It is important for proper sensory processing that the topography of neural projections is maintained, across the relay points.

Importantly, the cortex sends back projections to all relays of the afferent information pathway.

While the development of the forward projections of the ascending pathways organizing the topographic maps at each relay is somewhat understood, the development of correct feedback projections between these maps and the descending pathways is unclear. In the present thesis I investigate the development and plasticity of feedback projections from the barrel cortex to the brainstem, in mice. I describe the laterality of the barrel cortex feedback projections in the brainstem of adult mice and how that projection is established during development. I tested how this system responds to sensory deprivation and a genetic disruption of axon guidance during development leading to uncrossed afferent projections from the trigeminal complex to the thalamus. While early sensory deprivation did not change the pattern of projections, changing the laterality of the input pathways led to a change in the laterality of the projections from the cortex to the brainstem. The result of this PhD suggests that during post-natal development, feedback projections can adapt their laterality to the input pathways, therefore suggesting the existence of coherence detection mechanisms in axons, and the levels of axonal branching.

Résumé

Les informations circulent du système nerveux périphérique (SNP) vers le système nerveux central (SNC) et sont traitées et organisées à différents niveaux ou points de relais. Les neurones impliqués dans les systèmes sensoriels organisent leurs projections en cartes topographiques aux différents points de relais. Ces cartes, que l'on retrouve dans le SNC et le SNP, maintiennent organisées les caractéristiques physiques et fonctionnelles qui représentent la surface sensorielle dans la périphérie. Pour un traitement sensoriel fonctionnel, il est important que la topographie des projections neuronales soit maintenue, à travers chacun de ces points de relais. Il est important de noter que le cortex envoie des projections en retour à tous les relais de la voie d'information afférente. Alors que le développement des projections des voies ascendantes organisant les cartes topographiques à chaque relais est bien étudié, le développement de projections de rétroaction correctes entre ces cartes et les voies descendantes n'est pas clair.

Dans cette thèse, j'étudie le développement et la plasticité des projections descendantes du cortex en tonneau vers le tronc cérébral, chez la souris. Je décris la latéralité de ces projections dans le tronc cérébral de souris adultes et comment cette projection est établie pendant le développement. J'ai testé la façon dont ce système répond à la privation sensorielle et à une perturbation congénitale du guidage des axones pendant le développement, qui entraîne des projections afférentes non croisées du complexe trigéminal vers le thalamus. Si la privation sensorielle précoce n'a pas modifié le schéma des projections, la modification de la latéralité des voies d'entrée a entraîné un changement de la latéralité des projections du cortex vers le tronc cérébral. Les résultats de mon doctorat suggèrent que pendant le développement post-natal, les projections descendantes peuvent adapter leur latéralité aux voies d'entrée, suggérant ainsi l'existence de mécanismes de détection de la cohérence dans les axones, afin de promouvoir les ramifications axonales là où se trouvent leurs partenaires post-synaptiques.