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GFP Green Fluorescent Protein

I. Central Pattern Generators

A -General organization and function

CPGs (for Central Pattern Generators) are neuronal circuits involved in the generation of crucial automatic rhythmic behaviours such as locomotion (walking, swimming, crawling, flying), breathing, scratching and chewing to cite only the most obvious [START_REF] Bucher | Encyclopedia of Neuroscience[END_REF]. CPGs are able to generate activity "on their own", even in the absence of sensory feed-back or activation by descending neurons [START_REF] Bucher | Encyclopedia of Neuroscience[END_REF]. However, inputs coming from the higher centres and the sensory system can modulate their activity to respond to physiological conditions or environmental cues. (INs). MNs are the last effectors of the system. They innervate muscles and allow for their contraction. MNs represent the tiniest neuronal population of the CPG; the greatest majority of the CPGs neurons are inhibitory or excitatory INs that innervate each other and/or MNs, and integrate signals coming from the higher centres or the sensory system. Although the basic components of the CPG (MNs+INs) are able to generate activity on their own, inputs coming from the brain and the sensory system allow for the modulation of this activity to answer to environmental cues for example.

In vertebrates, the core components of the CPGs are located either in the spinal cord (or its equivalent in invertebrates) for the locomotor CPG or in the brainstem for the breathing and chewing CPGs. CPGs are highly complex and the basic cellular and network mechanisms of rhythm generation remain generally poorly characterized. Nowadays, defining and understanding them is of paramount importance for two main reasons. The first is medicine-related, to treat patients with CPG dysfunction. The second is more fundamental, with the purpose to understand how a neuronal circuit generates behaviour and how different behaviours are prioritised. In that respect the CPG is an attractive model, with which it seems possible to link "basic" behaviours (that can be easily seen and quantified) to circuit operation. Fundamental knowledge gathered during the study of CPGs could then be used to decipher other circuits involved in more complex behaviours [START_REF] Bucher | Encyclopedia of Neuroscience[END_REF].

B -Human diseases of dysfunctional CPGs and implications of the study of CPGs

Here we will give a quick overview of some of the diseases linked to or potentially involving CPG dysfunction.

Medullar traumas are the most obvious disorders linked to locomotor CPG dysfunction. Although in most cases the core components of the locomotor CPG itself seem to be spared, connections between them and the higher centres are severed; here what is lacking for the CPG to function is the initial impulse that will start its rhythmic activity. Backing this hypothesis, it seems that stimulating the locomotor CPG directly in the spinal cord with neurotransmitters and forced physical activity (treadmill) leads to the reorganization of CPG circuits and improvement of some medullar trauma patients [START_REF] Marder | Central pattern generators and the control of rhythmic movements[END_REF]. Involuntary CPG activation may be involved in the locomotor-related behaviours that are sometimes observed during epileptic seizures [START_REF] Tassinari | Central pattern generators for a common semiology in fronto-limbic seizures and in parasomnias. A neuroethologic approach[END_REF]. Abnormal or involuntary CPG activation may also induce symptoms like Restless Legs Syndrome (RLS), Alternating Leg Muscle Activation (ALMA) or Periodic Limb Movements during Sleep (PLMS) found in individuals with Multiple Sclerosis (MS), sleep disorders and other neurological problems [START_REF] Chervin | Alternating leg muscle activation during sleep and arousals: A new sleep-related motor phenomenon?[END_REF][START_REF] Cosentino | The neurophysiology of the alternating leg muscle activation (ALMA) during sleep: Study of one patient before and after treatment with pramipexole[END_REF][START_REF] Tassinari | Neuroethological approach to frontolimbic epileptic seizures and parasomnias: The same central pattern generators for the same behaviours[END_REF][START_REF] Tassinari | Central pattern generators for a common semiology in fronto-limbic seizures and in parasomnias. A neuroethologic approach[END_REF]. This remains only hypothetical, as many of these pathological conditions are generally considered to be associated with several mechanisms beyond a malfunction of the CPG [START_REF] Guertin | Central Pattern Generator for Locomotion: Anatomical, Physiological, and Pathophysiological Considerations[END_REF]. A better understanding of the CPG organization would undoubtedly help develop better treatments to improve the condition of patients with locomotor CPG malfunction.

More references can be found on diseases affecting the respiratory CPG.

Sudden Infant Death Syndrome (SIDS) is the most common cause of post-neonatal deaths in developed countries. SIDS deaths commonly occur during a sleep period in infants aged less than a year and the actual mechanism of death is still unknown [START_REF] Spinelli | Evolution and significance of the triple risk model in sudden infant death syndrome[END_REF]. SIDS is thought to depend on multiple factors but neurochemical abnormalities affecting the catecholaminergic, peptidergic, cholinergic, glutamatergic and serotoninergic systems in the brainstem networks controlling cardiac and/or respiratory functions may increase infants vulnerability [START_REF] Spinelli | Evolution and significance of the triple risk model in sudden infant death syndrome[END_REF][START_REF] Machaalani | Neuronal cell death in the Sudden Infant Death Syndrome brainstem and associations with risk factors[END_REF][START_REF] Machaalani | Neurochemical abnormalities in the brainstem of the Sudden Infant Death Syndrome (SIDS)[END_REF]. In some pathologies like axis rheumatoid arthritis, Arnold-Chiari type 1 malformation, anterio C1-2 osteochondroma, os odontoideum and occipital encephalocele, the craniovertebral junction (CVJ), which is the region lying between the skull and the cervical spine, is affected. This CVJ area encloses the soft-tissue structures of the cervicomedullary junction, including the medulla, spinal cord and lower cranial nerves.

Central apnea syndrome is a common symptom found in those pathologies and might be related to respiratory centre dysfunction, as the CVJ area encompasses the region containing the respiratory CPG [START_REF] Smoker | Craniovertebral junction: normal anatomy, craniometry, and congenital anomalies[END_REF][START_REF] Visocchi | Trends in Reconstructive Neurosurgery: Neurorehabilitation, Restoration and Reconstruction[END_REF]. Rett syndrome is a genetic disorder affecting females and characterized by severe neurodevelopmental defects leading to problems with language, coordination and repetitive movements [START_REF] Neul | Rett Syndrome: Revised Diagnostic Criteria and Nomenclature[END_REF]. It was found that dysfunction of the breathing CPG associated with a mutation in the methyl-CpG binding protein2 (MECP2 gene) affects rhythm-generating networks and causes breathing complications [START_REF] Guertin | Central Pattern Generator for Locomotion: Anatomical, Physiological, and Pathophysiological Considerations[END_REF]. Amyotrophic Lateral Schlerosis (ALS) is a degenerative MN disease and is characterized by a loss of MNs that eventually leads to the patient death by respiratory insufficiency. Dysfunction of swallowing CPG was found in dysphagic ALS patients [START_REF] Aydogdu | Dysfunction of bulbar central pattern generator in ALS patients with dysphagia during sequential deglutition[END_REF]. Deficient coordination between CPGs can also be problematic; coordination between swallowing and breathing CPGs is altered in Parkinson's disease [START_REF] Wang | Non-invasive assessment determine the swallowing and respiration dysfunction in early Parkinson's disease[END_REF] as well as in ALS patients [START_REF] Erdem | The interaction between breathing and swallowing in amyotrophic lateral sclerosis[END_REF].

Our lack of knowledge in CPG neuronal composition and networking might lead us to underestimate the number of diseases linked to dysfunctional CPGs. The study of CPG has therefore long-term fundamental implications to understand motorfunction related disorders and injuries affecting the central nervous system (CNS) [START_REF] Bucher | Encyclopedia of Neuroscience[END_REF].

II. Approaches to studying locomotor CPG A -Model organisms

Several models have been traditionally used and are currently used to study locomotor CPG. The state of knowledge, strong points and disadvantages of each of them will be discussed in the following paragraphs.

Cat

Several preparations of decerebrate cats have been traditionally used to study the locomotor CPG; they differ from the level at which the nervous system is transected. The decerebrate cat model brought the uncompromising proof of existence of a CPG that can generate locomotion in absence of descending inputs, as cats transected immediately caudally to the thalamus (therefore "lacking" the cortex and thalamus) display spontaneous walking in response to a moving treadmill [START_REF] Whelan | Control of locomotion in the decerebrate cat Progress in[END_REF]. This model is still used but considering its complex set-up and the absence of tools for genetic manipulation, other "easier to use" models might nowadays be preferred.

Mouse

The mouse is used to a great extent for the study of locomotor CPG cellular composition and wiring. Its handling is easier than the cat and it remains a vertebrate and a mammal. Moreover, genetic tools are available in the mouse to study the function of locomotor CPG neurons in live individuals; and more genetic tools are being constantly created, adding to the already existing pool. Locomotion in mouse can be studied in wake, freely moving animals but also in isolated spinal cords that provide potent fictive locomotion models for electrophysiological studies [START_REF] Grossmann | Chapter 2 -Genetic dissection of rhythmic motor networks in mice[END_REF]. Numerous studies focus on the development of discrete classes of INs and accordingly the bulk of information currently available is quite consequent (Lu et al., 2015). It allows one to know with precision the identity and in some cases the function of a neuronal population according to the specific transcription factor (TF) combinatorial code expressed by this population (Fig. 2). The current viewpoint is that locomotor INs are divided into 4 large classes V 0 , V 1 , V 2 and V 3 , depending on their lineage origin (Lu et al., 2015) (fig. 2). (Lu et al., 2015) Mouse IN populations can be identified thanks their specific transcription factor combinatorial code.

V 0 IN class arises from the dorsal-most progenitor pool of the ventral spinal cord. They form a heterogeneous population, with excitatory or inhibitory identity; however they are mostly contralateral-projecting, commissural neurons. The whole V 0 domain is characterized by its expression of dbx1 (developing brain homeobox 1) homeodomain TF (Lu et al., 2015). V 0 INs can be subdivided in three populations: commissural inhibitory Pax7 + V 0D , commissural excitatory Evx1/2 + V 0V and ipsilaterally-projecting cholinergic Pitx2 + V 0C [START_REF] Lanuza | Genetic Identification of Spinal Interneurons that Coordinate Left-Right Locomotor Activity Necessary for Walking Movements[END_REF][START_REF] Moran-Rivard | Evx1 Is a Postmitotic Determinant of V0 Interneuron Identity in the Spinal Cord[END_REF][START_REF] Pierani | A Sonic Hedgehog-Independent, Retinoid-Activated Pathway of Neurogenesis in the Ventral Spinal Cord[END_REF][START_REF] Pierani | Control of Interneuron Fate in the Developing Spinal Cord by the Progenitor Homeodomain Protein Dbx1[END_REF][START_REF] Zagoraiou | A Cluster of Cholinergic Premotor Interneurons Modulates Mouse Locomotor Activity[END_REF]. When the whole V 0 population is ablated, quadrupedal hopping is observed at all frequencies of locomotion in wake, freely moving mice: left/right alternation is abolished (Talpalar et al., 2013). Such results confirm previous observations of left/right alternation disruption in a model of dbx1 deletion in spinal neurons that prevents V 0 population differentiation [START_REF] Lanuza | Genetic Identification of Spinal Interneurons that Coordinate Left-Right Locomotor Activity Necessary for Walking Movements[END_REF]. The excitatory V 0V INs constitute the main V 0 subpopulation [START_REF] Griener | Probing diversity within subpopulations of locomotor-related V0 interneurons[END_REF]. Selective ablation of V 0V INs does not modify left/right alternation at low locomotion frequencies but leads to hopping gait at medium and high frequencies. Selective ablation of the inhibitory V 0D subpopulation does not alter left-right alternation at high frequencies but does disrupt left-right alternation at low frequencies (Talpalar et al., 2013). Control of left/right alternation might therefore be organized in a modular fashion, with two subgroups of V 0 INs involved at different speeds of locomotion. Computational modelling of the locomotor CPG suggests that V 0D and V 0V are recruited in an ascending order when locomotion speed increases, with V 0D active during walk while V 0V are active at higher speeds of locomotion, generating trot (Fig 3) [START_REF] Shevtsova | Organization of left-right coordination of neuronal activity in the mammalian spinal cord: Insights from computational modelling[END_REF]. V 0C subpopulation does not seem to be involved in left/right alternation but is rather premotor and makes Cboutons on MNs, thus promoting the firing of MN at higher frequency [START_REF] Zagoraiou | A Cluster of Cholinergic Premotor Interneurons Modulates Mouse Locomotor Activity[END_REF]. (Kiehn, 2016).

The V 1 population is characterized by its expression of the homeodomain transcription factor en1. There are currently two characterized V 1 subpopulations: the premotor GABAergic Renshaw cells (RC) and glycinergic Ia INs. RC were characterized very early on, when their affiliation to V 1 population was still unknown [START_REF] Eccles | Synaptic actions on motoneurones in relation to the two components of the group i muscle afferent volley[END_REF]. They are inhibitory ipsilateral premotor INs that receive inputs from α-MNs axon collaterals. In turn, RCs form reciprocal synaptic contacts on the MNs that innervate them, establishing a negative feedback that adjusts the firing rate of MNs (Fig 4) [START_REF] Eccles | Synaptic actions on motoneurones in relation to the two components of the group i muscle afferent volley[END_REF][START_REF] Hultborn | Spinal reflexes, mechanisms and concepts: From Eccles to Lundberg and beyond[END_REF]. This negative feedback might be instrumental to avoid MNs hyper-excitation that could lead to their death by excitotoxicity [START_REF] Ramírez-Jarquín | Spinal inhibitory circuits and their role in motor neuron degeneration[END_REF]. RCs also innervate the other characterized Ia INs V1 population (Fig 4) [START_REF] Eccles | Synaptic actions on motoneurones in relation to the two components of the group i muscle afferent volley[END_REF]. Ia INs themselves are activated by proprioceptive information arising from muscle spindles and provide inhibitory input onto MNs innervating antagonist muscles. By this process, they enable reciprocal inhibition between flexor and extensor MNs, therefore permitting flexor/extensor muscles alternating contractions (Fig 4) [START_REF] Eccles | Central pathway for direct inhibitory action of impulses in largest afferent nerve fibres to muscle[END_REF][START_REF] Feldman | Activity of interneurons mediating reciprocal 1a inhibition during locomotion[END_REF]. By losing Ia INs, we would expect to see flexor-extensor coactivation, but surprisingly, it is not the case: flexor-extensor alternating pattern is unchanged upon V 1 population ablation (Gosgnach et al., 2006). Loss of alternation is only observed when synaptic outputs of both V 1 and V 2b IN populations is blocked.

As V 2b synaptic blockage does not disrupt flexor-extensor activity, it seems that the blockage of the two populations at the same time is required, thus proving that alternating flexor-extensor motor activity is secured by coordinated activity of both V 1 and V 2b INs (Zhang et al., 2014). Although initially Ia INs were thought to strictly originate from p1 domain that gives V 1 population (Fig 2), V 2b INs involved in flexorextensor coordination actually fit the morphological characteristics of Ia INs; therefore it is now admitted that subpopulations of both V 1 and V 2b INs collectively constitute the whole Ia INs population (Zhang et al., 2014). Despite the wealth of knowledge on RC and Ia INs, the function of the majority of V 1 INs remains elusive. Indeed, RC and Ia INs subpopulations only account for about 25% of the V 1 , leaving 75% still uncharacterized [START_REF] Allen | Cell ablation using wild-type and coldsensitive Ricin-A chain in Drosophila embryonic mesoderm[END_REF][START_REF] Sapir | Pax6 and Engrailed 1 Regulate Two Distinct Aspects of Renshaw Cell Development[END_REF]Zhang et al., 2014). Ablation of the V 1 whole population leads to a marked slowing of locomotion in fictive locomotion model (Gosgnach et al., 2006). This result is supported by the inability of en1 knock-out mice to walk and maintain their balance during high speed locomotion (Gosgnach et al., 2006). Among the 75% of V 1 INs still uncharacterized, there might therefore be a subpopulation regulating the speed of locomotion. Interestingly, two recent studies have shown that the V 1 IN population displays a high variability in terms of molecular combinatorial code, with 50 hypothetical V 1 -candidate subtypes (Bikoff et al., 2016;Gabitto et al., 2016). This also hints that V 1 might be divided into numerous functional IN subtypes involved in different aspects of locomotion. Also, if such diversity is seen in the V 1 IN population, might it be the same for the other IN populations? The V 2 IN class is subdivided into two groups: the excitatory glutamatergic V 2a and the inhibitory V 2b that use both GABA and glycine [START_REF] Al-Mosawie | Heterogeneity of V2-derived interneurons in the adult mouse spinal cord[END_REF][START_REF] Lundfald | Phenotype of V2-derived interneurons and their relationship to the axon guidance molecule EphA4 in the developing mouse spinal cord[END_REF]. V 2a INs are singled out by their expression of Chx10 and are ipsilaterally-projecting neurons [START_REF] Al-Mosawie | Heterogeneity of V2-derived interneurons in the adult mouse spinal cord[END_REF][START_REF] Lundfald | Phenotype of V2-derived interneurons and their relationship to the axon guidance molecule EphA4 in the developing mouse spinal cord[END_REF].

Functionally, they seem to be involved in left-right coordination at high locomotion speed, possibly through their excitatory drive on V 0v commissural INs (Fig 3 and5) [START_REF] Crone | Genetic Ablation of V2a Ipsilateral Interneurons Disrupts Left-Right Locomotor Coordination in Mammalian Spinal Cord[END_REF]. During fictive locomotion only half of the V 2a population is rhythmically active, but this proportion increases at higher cycle frequencies, suggesting that V 2a subpopulations might be recruited at increasing speeds (Fig 5) (Zhong et al., 2010) much like what is currently thought to happen in Zebrafish (discussed in the following paragraph). As elimination of the whole V 2a population does not modify the frequency of the ongoing rhythm, V 2a are probably placed downstream to rhythm-generating neurons in the locomotor CPG [START_REF] Crone | Genetic Ablation of V2a Ipsilateral Interneurons Disrupts Left-Right Locomotor Coordination in Mammalian Spinal Cord[END_REF][START_REF] Crone | In Mice Lacking V2a Interneurons, Gait Depends on Speed of Locomotion[END_REF]. The other subpopulation of V 2 INs, the inhibitory ipsilaterally-projecting V 2b , can be recognized by their expression of Gata2/3 [START_REF] Al-Mosawie | Heterogeneity of V2-derived interneurons in the adult mouse spinal cord[END_REF]. V 2b INs make direct synapses on MNs and as explained above, mouse model lacking both V 1 and V 2b show significant difficulty with limb articulation in flexion and extension (Fig 4) (Zhang et al., 2014). The V 3 IN class is characterized by it expression of sim1 (a basic helix-loophelix-PAS domain TF) [START_REF] Briscoe | Homeobox gene Nkx2.2 and specification of neuronal identity by graded Sonic hedgehog signalling[END_REF][START_REF] Goulding | The formation of sensorimotor circuits[END_REF][START_REF] Sugimori | Combinatorial actions of patterning and HLH transcription factors in the spatiotemporal control of neurogenesis and gliogenesis in the developing spinal cord[END_REF] and subdivided in two commissural glutamatergic V 3V and V 3D subpopulations with distinct intrinsic properties, morphologies and dorso-ventral distributions [START_REF] Borowska | Functional Subpopulations of V3 Interneurons in the Mature Mouse Spinal Cord[END_REF][START_REF] Grossmann | Chapter 2 -Genetic dissection of rhythmic motor networks in mice[END_REF]. V 3V have simpler morphology and contact contralateral MNs while V 3D display large and complex dendritic arborisation and do not make synapses onto contralateral MNs. Extrapolating from their morphology, V 3V are thought to be implicated in the synchronization of motor outputs, while V 3D would function as sensory relay INs [START_REF] Borowska | Functional Subpopulations of V3 Interneurons in the Mature Mouse Spinal Cord[END_REF]. Experimentally, locomotion output loses robustness when the whole V 3 population is silenced in a fictive locomotion model. In freely behaving mice, this translates by an irregular gait [START_REF] Zhang | V3 Spinal Neurons Establish a Robust and Balanced Locomotor Rhythm during Walking[END_REF]. In a Nkx2.2 and Nkx2.9 mutant mouse that causes loss of V 3

INs, mice displayed hopping gait, implying that V 3 are likely to mediate left-right coordination as well [START_REF] Holz | The transcription factors Nkx2.2 and Nkx2.9 play a novel role in floor plate development and commissural axon guidance[END_REF]). [START_REF] Hinckley | Electrical Coupling between Locomotor-Related Excitatory Interneurons in the Mammalian Spinal Cord[END_REF][START_REF] Thaler | Active Suppression of Interneuron Programs within Developing Motor Neurons Revealed by Analysis of Homeodomain Factor HB9[END_REF][START_REF] Wichterle | Directed Differentiation of Embryonic Stem Cells into Motor Neurons[END_REF][START_REF] Wilson | Conditional Rhythmicity of Ventral Spinal Interneurons Defined by Expression of the Hb9 Homeodomain Protein[END_REF]. HB9 is expressed in embryonic stages in multiple IN classes (Caldeira et al., 2017), therefore V x INs could derive from any of them. They show oscillatory properties, probably synapse on MNs and are associated with motor rhythms [START_REF] Brocard | Do Pacemakers Drive the Central Pattern Generator for Locomotion in Mammals?[END_REF][START_REF] Hinckley | Locomotor-Like Rhythms in a Genetically Distinct Cluster of Interneurons in the Mammalian Spinal Cord[END_REF][START_REF] Hinckley | Electrical Coupling between Locomotor-Related Excitatory Interneurons in the Mammalian Spinal Cord[END_REF][START_REF] Wilson | Conditional Rhythmicity of Ventral Spinal Interneurons Defined by Expression of the Hb9 Homeodomain Protein[END_REF][START_REF] Ziskind-Conhaim | Synaptic integration of rhythmogenic neurons in the locomotor circuitry: the case of Hb9 interneurons[END_REF]. Clustered HB9 + INs activity is furthermore synchronized by electrical coupling (Fig 6) [START_REF] Hinckley | Electrical Coupling between Locomotor-Related Excitatory Interneurons in the Mammalian Spinal Cord[END_REF]. In addition, V x IN rhythmic activity is generated by persistent sodium current [START_REF] Tazerart | The Persistent Sodium Current Generates Pacemaker Activities in the Central Pattern Generator for Locomotion and Regulates the Locomotor Rhythm[END_REF][START_REF] Ziskind-Conhaim | Persistent Sodium Current Contributes to Induced Voltage Oscillations in Locomotor-Related Hb9 Interneurons in the Mouse Spinal Cord[END_REF], a prevalent current in various rhythmogenic CNS neurons [START_REF] Hochman | Diversity of molecularly defined spinal interneurons engaged in mammalian locomotor pattern generation[END_REF].

An additional class of

Silencing glutamate release from V x INs induces in a notable diminution of the frequency of drug-induced and descending fiber-evoked rhythms in newborn mice (Caldeira et al., 2017). This strongly suggests that V x INs, maybe alongside non-V 2a

Shox2 + INs, are involved in rhythm generation in the mouse locomotor CPG. A recapitulative table of the IN populations implicated in locomotor CPG in the mouse spinal cord is presented below. The list is limited to the neuronal populations described in the text above; some populations have not been discussed.

Neuronal population Neurotransmitter Proposed role in locomotor CPG

Ipsilateral excitatory interneurons

Chx10 + V 2a Glutamate High speed left-right coordination

Shox2 + non-V 2a (Chx10 -) Glutamate Rhythm generators V 0C Acetylcholine
Modulation of motor output via C-boutons

HB9 + V x Glutamate Rhythm generators
Ipsilateral inhibitory interneurons

En1 + V 1 GABA/glycine Locomotion speed Renshaw cells (V 1 ) GABA/glycine Recurrent inhibition on MNs Ia INs (V 1 ) GABA/glycine Flexor-entensor coordination Gata2/3 + V 2b (Ia INs) GABA/glycine
Flexor-entensor coordination

Commissural excitatory interneurons

Dbx1 + Evx1 + V 0V Glutamate High speed left-right coordination Sim1 + V 3V Glutamate Left-right coordination Sim1 + V 3D Glutamate
Left-right coordination (sensory relay?)

Commissural inhibitory interneurons

Dbx + V 0D GABA/glycine Low speed left-right coordination 

Lamprey

Lampreys are part of the oldest branch of vertebrates [START_REF] Pombal | Development and Functional Organization of the Cranial Nerves in Lampreys[END_REF] and move by undulating swimming. Their nervous system is simpler, with fewer neurons compared to other studied vertebrates; however it still displays the same ground plan [START_REF] Grillner | Neuronal Network Generating Locomotor Behavior in Lamprey: Circuitry, Transmitters, Membrane Properties, and Simulation[END_REF]. This model has high historical value; indeed the detailed spinal circuitry responsible for the segmental generation of locomotion in a vertebrate was first identified in lamprey [START_REF] Buchanan | Newly identified 'glutamate interneurons' and their role in locomotion in the lamprey spinal cord[END_REF]. Lamprey has been used to study locomotion for four decades and continues to be used as a model [START_REF] Dubuc | Initiation of locomotion in lampreys[END_REF][START_REF] Grillner | Neural networks that co-ordinate locomotion and body orientation in lamprey[END_REF][START_REF] Grillner | Vertebrate Locomotion-A Lamprey Perspectivea[END_REF]. As lampreys are located at a pivotal place in the evolution, studying locomotion in this model could also bring to light evolutionary conserved mechanisms, neuronal population and network organization [START_REF] Pombal | Development and Functional Organization of the Cranial Nerves in Lampreys[END_REF].

Zebrafish

Just like lamprey, Zebrafish (Danio rerio) moves by undulating locomotion and is a "simpler" vertebrate. Compared to lamprey, Zebrafish presents the additional advantage of being a genetically modifiable model. Indeed, an increasing number of genetic tools generated thanks to the chimeric-CRISPR/Cas9 technologies are now available to manipulate neurons potentially involved in locomotion [START_REF] Wyatt | Methods for studying the zebrafish brain: past, present and future[END_REF].

The time and expense required to generate a transgenic line are decreased compared to mice models. Zebrafish is therefore a cheaper model with which results can be obtained faster, while retaining the advantage of being a vertebrate [START_REF] Wyatt | Methods for studying the zebrafish brain: past, present and future[END_REF]. In the past 10 years a number of IN populations involved in Zebrafish locomotion have been characterized, some of them potential counterparts to defined mouse IN populations.

Baseline information on the morphology of INs was initially obtained by retrograde dye labelling in living Zebrafish larva [START_REF] Hale | A confocal study of spinal interneurons in living larval zebrafish[END_REF] [START_REF] Kimura | alx, a Zebrafish Homolog of Chx10, Marks Ipsilateral Descending Excitatory Interneurons That Participate in the Regulation of Spinal Locomotor Circuits[END_REF]. [START_REF] Liao | Shared versus Specialized Glycinergic Spinal Interneurons in Axial Motor Circuits of Larval Zebrafish[END_REF][START_REF] Satou | Functional Role of a Specialized Class of Spinal Commissural Inhibitory Neurons during Fast Escapes in Zebrafish[END_REF]. Some like the [START_REF] Liao | Shared versus Specialized Glycinergic Spinal Interneurons in Axial Motor Circuits of Larval Zebrafish[END_REF]. Collectively, this organization of the glycinergic commissural INs supports the idea that activity generated by a core of shared spinal neurons may be shaped by more specialized INs to produce an assortment of motor behaviours [START_REF] Liao | Shared versus Specialized Glycinergic Spinal Interneurons in Axial Motor Circuits of Larval Zebrafish[END_REF].

The V 0 IN population in Zebrafish is molecularly highly reminiscent of the V 0 in mouse, as it expresses evx1 [START_REF] Suster | A novel conserved evx1 enhancer links spinal interneuron morphology and cis-regulation from fish to mammals[END_REF] and is divided in commissural ventral excitatory V 0v and commissural dorsal inhibitory V 0D subgroups. The V 0v population itself is divided in three subpopulations that are active at low, intermediate and fast swimming speed respectively [START_REF] Björnfors | Functional diversity of excitatory commissural interneurons in adult zebrafish[END_REF]. This principle of sequential recruitment of IN populations depending on the speed of locomotion is found within other classes of INs, for exemple in the V 2a population in adult Zebrafish (Fig 8) [START_REF] Ampatzis | Separate Microcircuit Modules of Distinct V2a Interneurons and Motoneurons Control the Speed of Locomotion[END_REF][START_REF] Ausborn | Decoding the rules of recruitment of excitatory interneurons in the adult zebrafish locomotor network[END_REF][START_REF] Gabriel | Principles governing recruitment of motoneurons during swimming in zebrafish[END_REF]. In this respect, recruitment of different pools of V 0v and V 2a in Zebrafish mediates changes in the speed of locomotion in Zebrafish. Despite V 0 role in mouse in left-right coordination, there is currently no proof that V 0 INs are playing a similar role in Zebrafish (Kiehn, 2016).

The V 1 population in Zebrafish is comprised mainly of the class of Circumferential Ascending glycinergic INs (CiAs) (Fig 7A). This population expresses the En1 ortholog Engrailed-1b (En1b), is inhibitory and has high molecular correspondence with the V 1 population in the mouse. It moreover directly synapses onto MNs [START_REF] Fidelin | Inhibition and motor control in the developing zebrafish spinal cord[END_REF][START_REF] Higashijima | Engrailed-1 Expression Marks a Primitive Class of Inhibitory Spinal Interneuron[END_REF]. Ablation of those neurons leads to exaggerated escape behaviour in larvae and inability to organize productive swimming movements. Therefore, although molecularly related, the V 1 population in Zebrafish might not be the functional counterpart of V 1 in mouse;

keeping in mind however that the type of locomotion generated in both models is highly divergent [START_REF] Zannino | prdm12b specifies the p1 progenitor domain and reveals a role for V1 interneurons in swim movements[END_REF].

V 2 neurons in Zebrafish are subdivided into two subgroups: the excitatory alx + V 2a (molecular counterpart of the Chx10 + V 2a in mouse) [START_REF] Kimura | alx, a Zebrafish Homolog of Chx10, Marks Ipsilateral Descending Excitatory Interneurons That Participate in the Regulation of Spinal Locomotor Circuits[END_REF] and the inhibitory gata2a/3-positive V 2b , also called Ventral Longitudinal Descending (VeLDs) (Fig 7A) (molecular counterpart to the Gata2/3 + V 2b in mouse) (Andrzejczuk et al., 2018). As was briefly stated above, different V 2a populations are recruited at different speeds of locomotion. characterized, but it is a GABAergic population that displays pacemaker-like activity and is recruited in early spontaneous activity in Zebrafish embryos [START_REF] Batista | Zebrafish V2 cells develop into excitatory CiD and Notch signalling dependent inhibitory VeLD interneurons[END_REF][START_REF] Saint-Amant | Synchronization of an Embryonic Network of Identified Spinal Interneurons Solely by Electrical Coupling[END_REF]. Additionally, a subpopulation of the V 2b has been attracting attention in the recent years: the CSF-cNs (Cerebro-Spinal Fluid contacting Neurons) population, also called Kolmer and Agduhr (KA) cells (Fig 7B).

This small subpopulation expresses the markers of the V 2b (Gata2a/3, Tal1), as well as Nkx6.1, Foxa2 and the channel Pkd2L1 [START_REF] Djenoune | Investigation of spinal cerebrospinal fluid-contacting neurons expressing PKD2L1: evidence for a conserved system from fish to primates[END_REF]Petracca et al., 2016). On top of this unique combinatorial molecular code, CSF-cNs display an atypical morphology, with a cilia extending into the cerebrospinal fluid-containing central canal of the spinal cord (Wyart et al., 2009). Functionally, CSF-cNs in Zebrafish seem to control the speed of locomotion (Fidelin et al., 2015;Wyart et al., 2009).

B -Genetic approaches for the study of locomotor CPG in model organisms

Two approaches are generally implemented to understand how CPGs function.

The first one focuses on finding genes essential for CPG wiring and function. This is achieved most of the time through the study of loss of function alleles and allows for the identification of development-related genes (Lu et al., 2015;[START_REF] Zannino | prdm12b specifies the p1 progenitor domain and reveals a role for V1 interneurons in swim movements[END_REF].

The second approach focuses on the CPG neuronal populations themselves, trying to identify groups of neurons that have similar function in the locomotor CPG [START_REF] Björnfors | Functional diversity of excitatory commissural interneurons in adult zebrafish[END_REF]Clark et al., 2016;Kohsaka et al., 2014). This approach relies on the use of genetic tools (like the UAS/Gal4 system in Drosophila melanogaster) to target neuronal populations as discrete and homogeneous as possible. CPG neuron populations characterization can be achieve through different (and often complementary) techniques. It can be done by ablation of the neuronal population of interest (Heckscher et al., 2015;[START_REF] Satou | Functional Role of a Specialized Class of Spinal Commissural Inhibitory Neurons during Fast Escapes in Zebrafish[END_REF] or modulation of physiological activity, through either activation or inhibition (Clark et al., 2016;Fidelin et al., 2015;Kohsaka et al., 2014). Activation or inhibition can be achieved with different tools: thermosensitive tools like TrpA1 or shi ts (Kitamoto, 2001;Pulver et al., 2009) or more recently optogenetic tools with the blue light-sensitive cation channel channelrhodopsin [START_REF] Boyden | Millisecond-timescale, genetically targeted optical control of neural activity[END_REF][START_REF] Nagel | Channelrhodopsin-1: A Light-Gated Proton Channel in Green Algae[END_REF] and yellow light-sensitive chloride pump halorhodopsin [START_REF] Han | Multiple-Color Optical Activation, Silencing, and Desynchronization of Neural Activity, with Single-Spike Temporal Resolution[END_REF][START_REF] Zhang | Multimodal fast optical interrogation of neural circuitry[END_REF][START_REF] Zhao | Improved expression of halorhodopsin for light-induced silencing of neuronal activity[END_REF].

III. Drosophila melanogaster as a model organism

A -Life cycle

Drosophila melanogaster is a holometabolous insect, which means it goes through a larval and pupa stage before becoming an adult fly. At 25°C, the Drosophila life cycle (from an adult to a new fertile adult) takes about 10 days (Fig 9).

Eggs protected by the chorion and the vitelline membrane are laid by the fertilized female on a surface favourable to larval development. Embryogenesis lasts for 22 to 24h, finishing with the hatching of the first instar larva. This larva is at first 0,5 mm long and starts eating and growing. After 25h, the larva moult into a bigger larva, dubbed second instar. Twenty-four hours later, the larva moults once more into its final, third instar form. The third instar stage lasts for about two and a half days, during which the larva keeps eating. Towards the end of the third instar stage, the larva sets out to find a drier, cooler place to moult into a pupa. Three to four days later, the imago or adult fly emerges from the pupa, and becomes fertile after a couple of hours only. The adult fly can live for up to 10 weeks [START_REF] Tyler | Developmental biology : a guide for experimental study[END_REF]. A. Locomotor behaviours displayed by Drosophila larva: most of larval locomotion is comprised of forward peristalsis (called run), head sweeping, turns and pause. In case of danger, the larva also displays rolling behaviour. B. Example of a time-lapse typical locomotion pattern. From (Clark et al., 2016).

Drosophila larva nervous system harbours less than 10 000 neurons arranged in three main centres: the central brain or cerebellar lobes, the suboesophageal ganglion (SOG) and the ventral nerve cord (VNC) (Fig. 11) [START_REF] Riedl | Behavioral neuroscience: Crawling is a no-brainer for fruit fly larvae[END_REF].

The VNC is divided in segments: 3 thoracic segments, located just caudal to the SOG, 8 abdominal segments and a terminal plexus (Clark et al., 2018). While the CPG controlling turning resides in the thoracic segments only, the CPG controlling forward locomotion (peristalsis) lies in both thoracic and abdominal segments [START_REF] Berni | Genetic dissection of a regionally differentiated network for exploratory behavior in Drosophila larvae[END_REF][START_REF] Berni | Autonomous Circuitry for Substrate Exploration in Freely Moving Drosophila Larvae[END_REF][START_REF] Pulver | Imaging fictive locomotor patterns in larval Drosophila[END_REF]. Therefore when studying the locomotor CPG, one usually focuses on the first 6 abdominal segments that have the same neuronal composition. More precisely, each abdominal hemisegment (meaning half a segment) contains 305 neurons in the late embryo: 35 MNs and 270 INs, each of them bearing a unique identity based on axonal pattern projection and cell body position (Rickert et al., 2011). The CNS is made of three centres: the central brain made of two cerebellar lobes, the suboesophageal ganglion (SOG) and the ventral nerve cord (VNC). Left image: the majority of neuronal connections in the VNC are made in the region highlighted in green: the neuropile. From [START_REF] Riedl | Behavioral neuroscience: Crawling is a no-brainer for fruit fly larvae[END_REF].

By the end of embryogenesis, neurons involved in the locomotor CPG start forming functional circuits that become active during a well described "critical period" occurring approximately 3.5h before hatching [START_REF] Crisp | The Development of Motor Coordination in Drosophila Embryos[END_REF]. Interestingly, patterned neural activity is essential during this period for the proper wiring of the CPG and the development of an accurate motor output, namely coordinated peristaltic waves [START_REF] Crisp | Endogenous patterns of activity are required for the maturation of a motor network[END_REF][START_REF] Kohsaka | Development of larval motor circuits in Drosophila. Development[END_REF]. It was later shown that specific sensory neurons activity manipulation during the critical period has lasting effects on the maturation of the motor circuits, emphasizing even more the importance of this critical period [START_REF] Fushiki | Role of Sensory Experience in Functional Development of Drosophila Motor Circuits[END_REF]. The circuits controlling locomotion in the VNC are therefore in place and functional by the end of embryogenesis. The first instar larva once hatched is able to crawl immediately, albeit more slowly in the first 3-4 hours. Circuits controlling locomotion remain nearly identical during the three larval stages, with some consolidation of the existing connexions denoted by an increase in the number of synapses [START_REF] Couton | Development of Connectivity in a Motoneuronal Network in Drosophila Larvae[END_REF].

During metamorphosis, the entirety of the nervous system is remodelled to innervate and coordinate a completely different anatomy and the majority of the functional larval neurons go through apoptosis. However some neurons (mainly MNs and sensory neurons) incredibly survive the highly traumatic pupal stage and are functional in adult fly just like they previously were in the larva [START_REF] Banerjee | dHb9 expressing larval motor neurons persist through metamorphosis to innervate adult-specific muscle targets and function in Drosophila eclosion[END_REF][START_REF] Consoulas | Behavioral transformations during metamorphosis: remodeling of neural and motor systems[END_REF][START_REF] Shimono | Multidendritic sensory neurons in the adult Drosophila abdomen: origins, dendritic morphology, and segmentand age-dependent programmed cell death[END_REF][START_REF] Tissot | Metamorphosis in Drosophila and other insects: the fate of neurons throughout the stages[END_REF][START_REF] Williams | Persistent larval sensory neurons in adult Drosophila melanogaster[END_REF][START_REF] Williams | Persistent larval sensory neurones are required for the normal development of the adult sensory afferent projections in Drosophila[END_REF].

Advantages of Drosophila larva as model for the study of locomotor CPG

Locomotion is highly stereotypic in Drosophila larva; therefore modifications of locomotion caused by modifications of CPG activity are often easy to visualize, even with limited magnification. Drosophila larvae possess a transparent cuticle, which makes the use of optogenetic techniques highly convenient on whole freely moving larvae, as the light easily reaches the cells that one wishes to target [START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF][START_REF] Honjo | Optogenetic manipulation of neural circuits and behavior in Drosophila larvae[END_REF]Kohsaka et al., 2014). This also makes possible the liveimaging of neurons activity by calcium imaging or two-photon microscopy during crawling behaviours, a particularly informative feat (Heckscher et al., 2015;[START_REF] Karagyozov | Recording neural activity in unrestrained animals with 3D tracking two photon microscopy[END_REF]. As a model, Drosophila presents the obvious advantages of being small and affordable, with a rapid life cycle. Numerous transgenes can be combined in an individual in a reasonable amount of time (compared to mice) and large cohorts of individuals can be used. Finally the Drosophila model is particularly attractive in terms of genetic tools availability. Ever since the generation of the first genetically modified Drosophila lines using the P transposon element, the number of genetic tools at one's disposal has expended and keeps expanding, with increasingly sophisticated options (Clark et al., 2018;[START_REF] Kohsaka | Neural Circuits Underlying Fly Larval Locomotion[END_REF][START_REF] Venken | Genome engineering: Drosophila melanogaster and beyond[END_REF]. neurons activity in the VNC [START_REF] Pulver | Imaging fictive locomotor patterns in larval Drosophila[END_REF]. The comparative small size of the larva VNC makes reconstruction of whole VNC segments using serial section Transmission Electron Microscopy (TEM) feasible, allowing for the mapping of the neurons, their cell bodies positions and neurite arbours as well as their synaptic partners (Clark et al., 2018). Synaptic connections between two populations can additionally be assessed by GRASP (GFP Reconstruction Across Synaptic Partners) [START_REF] Feinberg | GFP Reconstitution Across Synaptic Partners (GRASP) defines cell contacts and synapses in living nervous systems[END_REF][START_REF] Macpherson | Dynamic labelling of neural connections in multiple colours by trans-synaptic fluorescence complementation[END_REF] while search for new, unknown synaptic partners could be done by Tango Tracing [START_REF] Talay | Transsynaptic Mapping of Second-Order Taste Neurons in Flies by trans-Tango[END_REF]. As a general rule, Drosophila larva proves to be a powerful model for the study of the locomotor CPG. what is found in vertebrates, MNs in Drosophila are glutamatergic [START_REF] Kohsaka | Development of larval motor circuits in Drosophila. Development[END_REF]. [START_REF] Bate | The embryonic development of larval muscles in Drosophila[END_REF]. AC= anterior commissure; PC= posterior commissure; SB= segment boundary. Zfh1= Zinc Finger Homeodomain 1; Isl= Islet; Eve= Even-skipped; HB9= Homeobox 9; BarH1/2= BarH-like Homeobox 1/2; ISN= Intersegmental Nerve; SN= Segmental Nerve.

From (Clark et al., 2018;[START_REF] Kohsaka | Development of larval motor circuits in Drosophila. Development[END_REF] In the CPG, MNs are the last effectors of the system, and as such one could naively think they are merely "executive" neurons that transmit whatever information is coming from the INs to the muscles. This arises also from the lack of connections formed by MNs on INs, with the exception of the famous Renshaw cells that receive excitatory input from intraspinal MN axon collaterals in the mouse [START_REF] Eccles | Cholinergic and inhibitory synapses in a pathway from motor-axon collaterals to motoneurones[END_REF][START_REF] Renshaw | Central effects of centripetal impulses in axons of spinal ventral roots[END_REF]. MNs actually have a real role in the peristaltic wave in Drosophila, as their inhibition impairs its proper propagation [START_REF] Inada | Optical Dissection of Neural Circuits Responsible for Drosophila Larval Locomotion with Halorhodopsin[END_REF] Inhibiting MNs activity during ongoing locomotion de-recruits V 2a INs, strongly influencing locomotion [START_REF] Song | Motor neurons control locomotor circuit function retrogradely via gap junctions[END_REF]. Such a mechanism could also exist in Drosophila: in a shaking-B mutant Drosophila larva where gap-junctions are lost, manipulation of the MNs activity has no more effect on locomotion. This suggests that gap-junctions are actually required for MNs activity to have an impact on locomotion [START_REF] Matsunaga | Gap Junction-Mediated Signaling from Motor Neurons Regulates Motor Generation in the Central Circuits of Larval Drosophila[END_REF].

Implication of sensory neurons in locomotor CPG

Although not strictly part of the locomotor CPG, sensory neurons nevertheless play an important role in modulating locomotion to attain the most favorable environment possible in terms of temperature, food source and safety from predators.

Drosophila larva "sees" thanks to light detecting structures on its head called Bolwig's organs [START_REF] Sprecher | Switch of rhodopsin expression in terminally differentiated Drosophila sensory neurons[END_REF] and sensory neurons located in the bodywall and smells thanks to the dorsal organ located at the tip of the head [START_REF] Vosshall | Molecular Architecture of Smell and Taste in Drosophila[END_REF] [START_REF] Suslak | Piezo Is Essential for Amiloride-Sensitive Stretch-Activated Mechanotransduction in Larval Drosophila Dorsal Bipolar Dendritic Sensory Neurons[END_REF] that influence locomotor activity via their connections with EL INs [discussed in the following paragraph - (Heckscher et al., 2015)]. The Class I md (multidendritic) sensory neurons are thought to be proprioceptors and their activity is required for normal locomotion;

indeed in all organisms discerning the position of the body and the status of the muscles is essential for the locomotion to be effective and coordinated [START_REF] Hughes | A Sensory Feedback Circuit Coordinates Muscle Activity in Drosophila[END_REF]. Class II and III md sensory neurons act likely as touch receptors [START_REF] Tsubouchi | Dendritic Filopodia, Ripped Pocket, NOMPC, and NMDARs Contribute to the Sense of Touch in Drosophila Larvae[END_REF]. Class IV md sensory neurons are polymodal nociceptors that are sensitive to excessive thermal, mechanical and light stimuli [START_REF] Kohsaka | Neural Circuits Underlying Fly Larval Locomotion[END_REF]. Activation of Class IV md triggers rolling, a behaviour that allows the larva to quickly escape deleterious situations such as attacks by parasitoid wasps [START_REF] Hwang | Nociceptive neurons protect Drosophila larvae from parasitoid wasps[END_REF]. It was found recently that through IN intermediaries (in the VNC or the brain), Class IV md neurons activate a single pair command neurons for rolling, named Goro neurons (Ohyama et al., 2015). Simultaneous activation of the chordotonal sensory neurons actually enhances the Class IV md-evoked rolling behaviour. The combined action of Class IV md and chordotonal sensory neurons makes sense in the trigger of rolling behaviour, as the wasp's attack would be detected by the larva through sting pain (mediated by Class IV md) and vibrations in the air generated by the beating of the wasp's wings (detected by the chordotonal sensory neurons) (Ohyama et al., 2015) (Fig 14C). Rolling is also mediated by a second pathway independent of the Goro neurons. In this second pathway, Class IV md sensory neurons directly synapse onto medial clusters of C4 da second-order INs (or mCSIs) which indirectly contact SNa (BarH1/2 + ) MNs as well as other non-defined MNs to trigger rolling (Yoshino et al., 2017). olfactory sensory neurons (OSNs) [START_REF] Gerber | The Drosophila Larva as a Model for Studying Chemosensation and Chemosensory Learning: A Review[END_REF]. The OSN axons form the antennal nerve which projects to the CNS (white). The larva is equipped with a visual system consisting of a pair of 12 photoreceptors forming Bolwig's organs (BOs). The photoreceptor neurons of the BOs project onto the larval optic neuropile of the central brain [START_REF] Sprecher | Switch of rhodopsin expression in terminally differentiated Drosophila sensory neurons[END_REF]. Response to light is also mediated by transient receptor potential (TRP) channels expressed in multidendritic class IV neurons covering the body wall [START_REF] Xiang | Light-avoidance-mediating photoreceptors tile the Drosophila larval body wall[END_REF]. Thermosensation is mediated by neurons located in the terminal organs of the head and chordotonal (ch) neurons found in the body wall [START_REF] Kwon | Genome-wide identification of Drosophila Hb9 targets reveals a pivotal role in directing the transcriptome within eight neuronal lineages, including activation of Nitric Oxide Synthase and Fd59a/Fox-D[END_REF][START_REF] Liu | Identification and function of thermosensory neurons in Drosophila larvae[END_REF]. Larval thermotaxis is also controlled by a set of TRP-expressing neurons in the central brain [START_REF] Rosenzweig | The Drosophila ortholog of vertebrate TRPA1 regulates thermotaxis[END_REF] Schematic example of one of the characterized sensory circuits: concomitant activation of chordotonal (Ch -green) sensory neurons by vibrations and the nociceptive multi-dendritic mIV (orange) by sting pain triggers rolling behaviour through activation of the command-neurons for rolling, the Goro neurons. Adapted from [START_REF] Gomez-Marin | Active sensation during orientation behavior in the Drosophila larva: more sense than luck[END_REF][START_REF] Kohsaka | Development of larval motor circuits in Drosophila. Development[END_REF]Ohyama et al., 2015) 5. Implication of the descending inputs from the cerebellar lobes

The definition of a CPG goes by its ability to generate rhythmic activity and behaviour in the absence of central command and the locomotor CPG in Drosophila is no exception. Adult flies do not require their head to walk, groom or even jump [START_REF] Riedl | Behavioral neuroscience: Crawling is a no-brainer for fruit fly larvae[END_REF]. Regardless, brain centres receive information about the state of activity of the VNC-located locomotor CPG via ascending neurons (AN) and influence it via descending neurons (DN), for example in case of directed locomotion (phototaxis, chemotaxis) [START_REF] Cardona | Neuronal fiber tracts connecting the brain and ventral nerve cord of the early Drosophila larva[END_REF]. Functionally, it seems that most DNs constitute command neurons [START_REF] Kupfermann | The command neuron concept[END_REF]. The most striking examples of DNs are maybe the Giant Fibre that triggers the flight response [START_REF] Mu | Responses of Drosophila giant descending neurons to visual and mechanical stimuli[END_REF] or the moonwalker descending neurons that prompt backward walking in flies [START_REF] Bidaye | Neuronal Control of Drosophila Walking Direction[END_REF]. Apart from those and other sparse examples, virtually no information exists in regard to axonal pathways interconnecting the brain and ventral nerve cord of Drosophila adult fly [START_REF] Hsu | Organization of descending neurons in Drosophila melanogaster[END_REF]. In Drosophila larva there seem to be even less characterization. One of the rare information available comes from first instar larva, where it is thought that out of the 1400 neurons residing in each cerebellar lobe, 50 have axons descending into the VNC [START_REF] Cardona | Neuronal fiber tracts connecting the brain and ventral nerve cord of the early Drosophila larva[END_REF].

Different populations of IN characterized so far

Knowledge on the IN populations of the locomotor CPG in Drosophila is fairly recent, with most articles dating back less than 5 years (Hasegawa et al., 2016;Heckscher et al., 2015;Itakura et al., 2015;Kohsaka et al., 2014;Yoshikawa et al., 2016;[START_REF] Zwart | Selective Inhibition Mediates the Sequential Recruitment of Motor Pools[END_REF]. However, in this short time the wealth of information on IN populations, their function, morphology and connections has exponentially increased.

We will attempt here to give a comprehensive view of the populations identified.

Some studies have focused on screening Drosophila lines using electrical inhibition [START_REF] Iyengar | Silencing synaptic communication between random interneurons during Drosophila larval locomotion[END_REF]Yoshikawa et al., 2016) or electrical activation (Clark et al., 2016) in the search of locomotor phenotypes. These studies showed that modulation of relatively few INs within the CNS can alter locomotion, implying that discrete neuronal populations play a fundamental role in larval locomotion. Further characterization of the lines identified in these articles could broaden our knowledge on locomotor IN populations. VNC INs are known to be highly diverse. Studies show that an abdominal hemisegment contains a set of 270 INs that can be uniquely identified by their axonal projection pattern and their cell body position (Rickert et al., 2011). Those 270 INs can be furthermore subdivided into 80 different molecularlydefined IN subtypes, where a subtype is defined by a unique combination of markers (Heckscher et al., 2014). This high molecular and morphological diversity might also hint at a high functional diversity.

Some studies have instead focused on a particular population, characterizing its function and connectivity in the VNC. Chronologically, the PMSI (for Periodpositive Median Segmental INs) were among the first neuronal populations to be identified (Kohsaka et al., 2014). This population comprises 12 neurons per hemisegment, characterized as their name implies by their expression of the TF period. Their axons have distinct "lasso" morphology and they were found to be directly premotor, with identified connections with MNs using GRASP. PMSI are glutamatergic but despite the normal admitted property of this neurotransmitter (should be excitatory), they are thought to be inhibitory through hypothetic action on glutamate-gated inhibitory channels (Kohsaka et al., 2014). PMSIs are rhythmically active and their activation in each segment comes slightly after the MNs activation.

Functionally PMSIs have a rather drastic effect on locomotion: upon activation by when activated they finish the burst of activity of the MNs they innervate. When PMSIs are inhibited, the duration of the motor output is increased and therefore the contraction wave takes longer to travel the length of the larva. The behavioural consequence of such an inhibition is the slowed locomotion of the larvae. When activated, PMSIs completely inhibit MNs burst of activity, thus causing complete atonal relaxed paralysis of the larvae. Adapted from (Kohsaka et al., 2014).

The GVLIs (for Glutamatergic Ventro-Lateral INs) were identified the following year. They are glutamatergic, potentially premotor and rhythmically active during locomotion. Functionally they resemble the PMSIs but their activation seems to lag more after MNs activation (Fig 16). Furthermore, when activated in open preparation, they inhibit muscle contraction in the segment concerned. The authors surmise that GVLIs are part of a feedback inhibition system that closes the period of activation of MNs definitively after the contraction wave has passed and is already a few segment away (Itakura et al., 2015). From their expression of eve, their morphology as well as their role in left/right coordination, EL are thought to be the functional counterpart of the V 0 population in the mouse (Heckscher et al., 2015). MNs that reverberates on the delay of contraction between longitudinal muscles and transverse muscles. LLN neurons, identified as part of the locomotor CPG, might be directly premotor INs or contacting MNs via an intermediary. From (Clark et al., 2018).

An additional pair of INs named A27h, located in each segment and influencing the locomotion was identified. A27h is a premotor excitatory IN known to be cholinergic. In a fictive locomotion assay with a semi-intact preparation, A27h activation in a given segment is enough to contract the equivalent segment of the body of the larva. It was further found that A27h is part of a feed-forward system in coordination with another neuron, GDL (for GABAergic Dorso-Lateral IN). Using TEM, the authors showed that A27h contacts both MNs and GDL in the anterior segment and propose the following functioning of A27h with GDL. The segment n is contracted thanks to the combined action of A27h and probably other yet nonidentified excitatory premotor INs. At the same time A27h is giving a positive signal to the MN, it is also sending a positive signal to GDL in the n-1 segment (the anterior segment to the one currently contracted). As GDL is GABAergic, it inhibits A27h as well as the above-mentioned other premotor excitatory INs in the n-1 segment, thus allowing this segment to remain relaxed. When by a mechanism still unknown the motor activity of the n segment declines, A27h is less activated, thus GDL in n-1 is less active, leading to the de-repression of A27h in the n-1 segment which can then activate MNs in the n-1 segment and GDL in the n-2 segment (Fig 19) [START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF]. GDL presynaptic partners (found with TEM) include some dendritic arborisation sensory neurons (vdaA and vdaC), which might mean that GDL receives information about the stretch condition of the muscles from the sensory system. full molecular and connectomics characterizations are scarce (Heckscher et al., 2015;Kohsaka et al., 2014). This truly is a shame, as it would allow us to make evolutionary comparisons and connections with Zebrafish and mouse models, and thus progress faster in the understanding of CPGs in general.

C -Drosophila as a model for understanding evolutionary conserved mechanisms

Over the last century Drosophila research has yielded results whose repercussions span beyond the invertebrate study circle. Drosophila has proved seminal in the discovery of essential genes and mechanisms that were thereafter shown to be conserved through evolution.

In the domain of development, Drosophila pioneering works are abundant. For example, embryo segmentation and establishment of segment polarity mechanisms were initially studied in Drosophila. More particularly, the homeotic genes were identified and characterized in Drosophila and it was subsequently shown that their function is conserved in all vertebrates including humans [START_REF] Krumlauf | Hox genes in vertebrate development[END_REF][START_REF] Lawrence | Homeobox genes: Their function in Drosophila segmentation and pattern formation[END_REF]. In the domain of sensory organ development, the initial discovery of eyeless and its targets in Drosophila led to the identification of its human and mouse ortholog Pax6 with similar functions and targets [START_REF] Halder | Eyeless initiates the expression of both sine oculis and eyes absent during Drosophila compound eye development[END_REF][START_REF] Hill | Mouse Small eye results from mutations in a paired-like homeobox-containing gene[END_REF][START_REF] Kumar | The sine oculis homeobox (SIX) family of transcription factors as regulators of development and disease[END_REF][START_REF] Quiring | Homology of the eyeless gene of Drosophila to the Small eye gene in mice and Aniridia in humans[END_REF]. The proneuronal gene atonal was discovered in Drosophila where its crucial role in photoreceptor neurons and chordotonal organs development was assessed [START_REF] Jarman | atonal is a proneural gene that directs chordotonal organ formation in the Drosophila peripheral nervous system[END_REF][START_REF] Jarman | atonal is the proneural gene for Drosophila photoreceptors[END_REF]. The function of atonal orthologs is conserved through evolution, with Math5

and Math1 in mammals [START_REF] Bermingham | Math1: An Essential Gene for the Generation of Inner Ear Hair Cells[END_REF][START_REF] Brown | Math5 is required for retinal ganglion cell and optic nerve formation[END_REF].

Numerous critical pathways were initially identified in Drosophila: Hedgehog ligand and its receptor Patched as well as the members of the Wnt pathway, to stay concise, were identified in Drosophila [START_REF] Bhanot | A new member of the frizzled family from Drosophila functions as a Wingless receptor[END_REF][START_REF] Brunner | pangolinencodes a Lef-1 homologue that acts downstream of Armadillo to transduce the Wingless signal in Drosophila[END_REF][START_REF] Hooper | The Drosophila patched gene encodes a putative membrane protein required for segmental patterning[END_REF][START_REF] Lee | Secretion and localized transcription suggest a role in positional signaling for products of the segmentation gene hedgehog[END_REF][START_REF] Wieschaus | Mutations affecting segment number and polarity in Drosophila[END_REF][START_REF] Siegfried | wingless signaling acts through zestewhite 3, the drosophila homolog of glycogen synthase kinase-3, to regulate engrailed and establish cell fate[END_REF][START_REF] Tabata | The Drosophila hedgehog gene is expressed specifically in posterior compartment cells and is a target of engrailed regulation[END_REF][START_REF] Wehrli | arrow encodes an LDL-receptorrelated protein essential for Wingless signalling[END_REF]. Discovery and extensive study of the Notch pathway was first conducted in Drosophila [START_REF] Artavanis-Tsakonas | Notch signaling[END_REF][START_REF] Artavanis-Tsakonas | Notch Signaling: Cell Fate Control and Signal Integration in Development[END_REF][START_REF] Wharton | Nucleotide sequence from the neurogenic locus Notch implies a gene product that shares homology with proteins containing EGF-like repeats[END_REF]. All those pathways have major roles in human development and disease [START_REF] Ejsmont | The Little Fly that Could: Wizardry and Artistry of Drosophila Genomics[END_REF]. Drosophila seems therefore to be a good model to understand evolutionary conserved mechanisms.

IV. The evolutionary conserved MafL transcription factor family A -MafL genes in mammals

The sequence [START_REF] Kerppola | A conserved region adjacent to the basic domain is required for recognition of an extended DNA binding site by Maf/Nrl family proteins[END_REF]. In Drosophila a single ortholog TJ exists for the 4 vertebrates MafL. Small Maf TF are differentiated from large Maf TFs by the absence of transactivation domain. Adapted from [START_REF] Eychène | A new MAFia in cancer[END_REF].

In physiological conditions, MafL genes are involved early in tissue specification and later in terminal differentiation [START_REF] Eychène | A new MAFia in cancer[END_REF]. It is therefore not surprising to find up-regulation of Maf TFs in some cancer types where they act as oncogenes [START_REF] Eychène | A new MAFia in cancer[END_REF]. MafA has been extensively studied in β pancreatic cells, where it plays an important part in insulin transcription and production [START_REF] Eychène | A new MAFia in cancer[END_REF]. MafB is exclusively expressed in α-cells in the pancreatic islets and regulates glucagon gene expression [START_REF] Kataoka | Multiple Mechanisms and Functions of Maf Transcription Factors in the Regulation of Tissue-Specific Genes[END_REF]. In the nervous sytem, MafB is necessary for the proper segmentation of the developing hindbrain, especially in 5th and 6th rhombomeres (rh5-6). c-Maf is implicated in T helper (Th2) cells differentiation through induction of interleukin-4 expression in this cell type [START_REF] Kataoka | Multiple Mechanisms and Functions of Maf Transcription Factors in the Regulation of Tissue-Specific Genes[END_REF]. Additionally, it is expressed in both α and β-cells of the islets of the pancreas [START_REF] Kataoka | Multiple Mechanisms and Functions of Maf Transcription Factors in the Regulation of Tissue-Specific Genes[END_REF] and in the liver, renal tubules, adipocytes, and muscle [START_REF] Tsuchiya | Transcriptional factors, Mafs and their biological roles[END_REF]. Both MafA and MafB are expressed in the gonads but their function seems to be dispensible for proper gametogenesis [START_REF] Shawki | MAFB is dispensable for the fetal testis morphogenesis and the maintenance of spermatogenesis in adult mice[END_REF]. Nrl (for neural retina leucine zipper) is involved in the eye where it regulates the expression of rod photoreceptor specific genes including rhodopsin [START_REF] Jayaram | Focus on Molecules: Neural retina leucine zipper (NRL)[END_REF]. Finally, expression of MafA, MafB and c-Maf delineates refined subpopulations of the central (Bikoff et al., 2016;Francius et al., 2013;Gabitto et al., 2016;Lu et al., 2015;Sweeney et al., 2018) and peripheric nervous systems in the dorsal root ganglia neurons [START_REF] Bourane | Low-Threshold Mechanoreceptor Subtypes Selectively Express MafA and Are Specified by Ret Signaling[END_REF][START_REF] Hu | c-Maf Is Required for the Development of Dorsal Horn Laminae III/IV Neurons and Mechanoreceptive DRG Axon Projections[END_REF].

B -In other organisms

Apart from the mammals, members of the MafL can be found in fishes, invertebrates (Traffic Jam -TJ in Drosophila) and even Cnidarians, a phylum containing jellyfish and corals for example [START_REF] Coolen | Phylogenomic analysis and expression patterns of large Maf genes in Xenopus tropicalis provide new insights into the functional evolution of the gene family in osteichthyans[END_REF][START_REF] Seipel | Basic leucine zipper transcription factors C/EBP and MafL in the hydrozoan jellyfish Podocoryne carnea[END_REF].

The most important functional part of Maf TFs, the bZIP domain, is highly conserved between Homo sapiens, Drosophila melanogaster and the jellyfish Podocoryne carnea (Fig 22A). Amazingly, in jellyfish, MafL is expressed in the gonads, in differentiating neurons and in light sensing organs [START_REF] Seipel | Basic leucine zipper transcription factors C/EBP and MafL in the hydrozoan jellyfish Podocoryne carnea[END_REF], much in the same way MafL are expressed in vertebrates. MafL genes seem therefore to be evolutionarily conserved and pre-date the vertebrate/invertebrate split (Fig 22B).

Moreover, as Cnidarians have a radial symmetry, Maf genes existed before bilateralism [START_REF] Seipel | Basic leucine zipper transcription factors C/EBP and MafL in the hydrozoan jellyfish Podocoryne carnea[END_REF]. and Cnidarians (in the jellyfish Podocoryne carnea). Maf TFs were probably already part of the genetic machinery of the common ancestor of Cnidarians and Bilaterians, some 500 to 1,400 million years ago.

Adapted from [START_REF] Galliot | Origins of neurogenesis, a cnidarian view[END_REF][START_REF] Seipel | Basic leucine zipper transcription factors C/EBP and MafL in the hydrozoan jellyfish Podocoryne carnea[END_REF].

C -MafL in Drosophila

The sole ortholog of the large Maf TF in Drosophila is Traffic Jam (TJ). tj gene is 3,2 kb long, possesses a single exon and encodes for a 555 amino acids protein (Fig 21B). It was initially characterized for its critical role in the gonads where it modulates adhesive properties of the somatic cells, allowing for germline-soma interactions that are essential for germ cell differentiation. Complete loss of function of tj leads therefore to total sterility of both males and females flies (Li et al., 2003). It was moreover shown later that in the gonads tj 3'UTR is a substrate of Piwi to generate piRNAs targeting adhesion protein FasIII expression [START_REF] Saito | A regulatory circuit for piwi by the large Maf gene traffic jam in Drosophila[END_REF].

Subsequently, it was revealed that TJ regulates opsin expression and plays a role in R8 photoreceptor fate in Drosophila eye via its association with Otd (Orthodenticle) [START_REF] Jukam | Opposite Feedbacks in the Hippo Pathway for Growth Control and Neural Fate[END_REF]. This control of opsin expression is conserved across evolution, with Otd/TJ orthologs Crx/nrl playing the same part in the mouse [START_REF] Jukam | Opposite Feedbacks in the Hippo Pathway for Growth Control and Neural Fate[END_REF][START_REF] Swaroop | Transcriptional regulation of photoreceptor development and homeostasis in the mammalian retina[END_REF]. In 2003, TJ expression in the CNS was noted by in-situ hybridization in embryos but this pattern of expression was subsequently never discussed in literature [START_REF] Kawashima | Dmaf, a novel member of Maf transcription factor family is expressed in somatic gonadal cells during embryonic development and gametogenesis in Drosophila[END_REF]Li et al., 2003).

V. Specific aims / Thesis outline

In this context the two main aims of my thesis are to:

-characterize TJ-expressing neurons in the Drosophila larva VNC in terms of i) cell body position and ii) molecular identity.

-study the implication of the TJ + neurons population and subpopulations in Drosophila larva locomotion.

Chapter 2: Material and methods

I. Fly Stocks and fly maintenance

Fly stocks are kept on nutritious medium containing maize, sugar, yeast, glucose and agar as well as an anti-fungus agent in a room at 17°C with normal day-night light cycle. All genetic crosses were performed at 24°C unless otherwise specified. 

Gift from Alain

Vincent [START_REF] Bourbon | A P-insertion screen identifying novel X-linked essential genes in Drosophila[END_REF] Drives in a restricted CNS neuronal population NA

Abd-B-gal4

Gift from F. Karch [START_REF] Gligorov | A Novel Function for the Hox Gene Abd-B in the Male Accessory Gland Regulates the Long-Term Female Post-Mating Response in Drosophila[END_REF] Drives in all cells in abdominal segments A5 to A9. NA 

HB9-gal4

9-20-gal4

Gift from JB Thomas 

III. Larva locomotion assay (Optogenetics-based)

Second instar larvae of the right genotype were picked up and allowed to develop for 1 day at 24°C on agar plate supplemented with grape juice and spread with a yeast paste containing 1 mM of all-trans retinal. Yeast paste was prepared as follow: 5 µl of 100 mM all-trans retinal was added to 500 µl of deionized water and then thoroughly mixed with 0,7 g dried yeast. Handling of all products containing alltrans retinal was done under dim light. Agar plate containing larvae and all-trans retinal supplemented yeast paste were incubated at 24°C in a light-proof box. For the locomotion assay, a single larva at a time was retrieved from the yeast paste supplemented agar plate and placed on a regular, fresh agar plate supplemented with grape juice. Free moving larvae locomotion was assessed upon red light (660 nm) illumination.

IV. Adult phenotype assay

Eggs were left to be laid for a day and individuals went through normal development unperturbed at 24°C. Flies hatched for less than 24 hours were sorted out for presence of all the transgenes and then transferred to fresh tubes containing standard feeding medium (used for the stocks and crossings). For the experiments, flies were placed in an incubator at 31°C for short activation period (1h) or long activation period (7h). Vials containing the flies were simply taken out to observe flies behaviours; when measuring the displacement of the wings, flies were anesthetized with ether for 15 seconds and placed under a binocular microscope for macroscopic observation and to take pictures.

V. 3D reconstruction (morphology analysis)

3D reconstruction of larva VNC to visualize morphology of TJ + neurons was done with Imaris software (Bitplane).

Chapter 3: Characterization of TJ + neurons function in Drosophila larva locomotion

I. Introduction

TJ expression in the CNS was initially noted in the articles from Li and collaborators (2003) and Kawashima and collaborators (2003) but its precise pattern of expression was subsequently never discussed in literature. Initial observation in the laboratory reported that TJ is expressed in a restricted neuronal population in the VNC and cerebellar lobes. As the large Maf TFs are expressed in neuronal populations belonging to locomotor CPG in mouse (Bikoff et al., 2016;Francius et al., 2013;Lu et al., 2015), we were interested to know if the same could be said of TJ + population in Drosophila.

II. Results

A -TJ-Flp line

The emergence of intersectional genetics techniques has opened up new ways to target transgenes to highly restricted cellular populations. In such systems, the expression of the transgene is limited by the intersection of two (or more) overlapping gene expression patterns. In Drosophila, intersectional genetics relies on the combination of two binary systems such as UAS/Gal4, lexA/lexAop, Q-system or FRT/Flp or the use of split-gal4 technology [START_REF] Alekseyenko | Single serotonergic neurons that modulate aggression in Drosophila[END_REF][START_REF] Luan | Refined Spatial Manipulation of Neuronal Function by Combinatorial Restriction of Transgene Expression[END_REF][START_REF] Sjulson | Cell-Specific Targeting of Genetically Encoded Tools for Neuroscience[END_REF]. Prior to the work presented here, the only available genetic tool to delineate and target TJ + population was a TJ-gal4 line that perfectly matches the normal TJ pattern of expression (as shown in the article -3.2.C chapter).

Although very convenient, this gal4 is not ideal to study the implication of TJ + neurons in locomotion, as it only allows simple, direct manipulation of the whole TJ + population. We therefore decided to generate a TJ-Flippase (TJ-Flp) line. As previous swapping attempts using a P element conversion approach [START_REF] Sepp | Conversion of lacZ enhancer trap lines to GAL4 lines using targeted transposition in Drosophila melanogaster[END_REF] to replace the gal4 of TJ-Gal4 by a Flp failed, we switched approaches and chose to use instead a technique developed by Ejsmont et al (2009). This technique relies on homologous recombination in bacteria to replace, in our case, a part of tj sequence by a Flp sequence. Briefly, a fosmid bank containing random sequences from Drosophila genome was generated and described by Ejsmont and collaborators (2009). We were lucky to find in this bank a 40kb fosmid containing the entire tj locus (coding sequence, 3'UTR as well as 5'UTR) thus foreseeing that this fosmid would contain all of tj regulatory elements. We also had access to a TJ-GFP tagged Drosophila line in which this fosmid was used to express a tagged version of TJ (generous gift from F. Schnorrer) [START_REF] Sarov | A genome-wide resource for the analysis of protein localisation in Drosophila[END_REF] As is shown in more details in the following manuscript, the expression of the FlpO recombinase in this Drosophila line faithfully recapitulates the expression of TJ in the larva. TJ-Flp line expression pattern is shown in the following manuscript.

B -Introduction to submitted Article

In GABAergic INs, we observe a normal though slowed locomotion: those cells seem to regulate the speed of locomotion. Using a triple intersection approach we identify 3 TJ + GABAergic neurons per segment that partially regulate the speed of locomotion.

Molecular characterization of these 3 neurons identifies them as midline cells, and more particularly MNB progeny neurons.

C -Article
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Introduction

The wiring and functioning of the neuronal circuits that provides animals with the ability to move over a range of speeds have been extensively studied (Clark et al., 2018;Kiehn, 2016;[START_REF] Hochman | Diversity of molecularly defined spinal interneurons engaged in mammalian locomotor pattern generation[END_REF]. In mammals as in invertebrates the speed of locomotion is regulated by central pattern generator (CPG) neuronal circuits which coordinate, via motoneurons (MNs), the sequential activation of muscles (Andrzejczuk et al., 2018;Caldeira et al., 2017;Dougherty et al., 2013;Fidelin et al., 2015;Gosgnach et al., 2006;Kohsaka et al., 2014;Zhong et al., 2010). The rhythmic bursts of MNs activity are controlled by local excitatory and inhibitory interneurons (INs) and in vertebrates the major components of CPG circuits derive from four classes of INs (V 0 , V 1 , V 2 , and V 3 ) located in the ventral part of the spinal cord (Kiehn, 2016;[START_REF] Hochman | Diversity of molecularly defined spinal interneurons engaged in mammalian locomotor pattern generation[END_REF]. These INs subtypes are categorized on the basis of their connectivity patterns, physiological properties such as neurotransmitter used, and by the set of specific transcription factors (TFs) they express [START_REF] Jessell | Neuronal specification in the spinal cord: inductive signals and transcriptional codes[END_REF]. The V 1 premotor inhibitory INs control the speed of locomotion as they mediate recurrent inhibition of MNs. Recently their tremendous diversity has been exemplified as V 1 INs fractionate into 50 highly diverse subsets on the basis of the expression of 19 TFs (Gabitto et al., 2016).

The combinatorial expression of TFs expression by subsets of INs thus provides a powerful and systematic tool for assessing genetically, when transgenic lines are available, the function of highly restricted subpopulations of INs, for example using intersectional genetics, through the controlled expression of ion channel proteins that regulate their activity [START_REF] Borgius | Spinal Glutamatergic Neurons Defined by EphA4 Signaling Are Essential Components of Normal Locomotor Circuits[END_REF]Talpalar et al., 2013;Wyart et al., 2009). Such an approach used in mouse and in Drosophila has proved instrumental in dissecting the core logic of the CPG circuits that generate the rhythm and pattern of motor output (Clark et al., 2016;Fidelin et al., 2015;Kohsaka et al., 2014). Still, and in light of the remarkable diversity of INs in the vertebrate spinal cord (Bikoff et al., 2016;Gabitto et al., 2016) and in the Drosophila nerve cord (Heckscher et al., 2014;Rickert et al., 2011), a thorough description of the functioning of the CPG regulating the speed of locomotion in animals is far from complete.

In Hasegawa et al., 2016;Heckscher et al., 2015;Itakura et al., 2015;Kohsaka et al., 2014;Yoshikawa et al., 2016;[START_REF] Zwart | Selective Inhibition Mediates the Sequential Recruitment of Motor Pools[END_REF]. However only little is known about the combinatorial expression of 

Results

Traffic Jam is expressed in a restricted subpopulation of neurons located in the VNC and involved in larval locomotion

We initiated a detailed analysis of the transcription factor (TF) Traffic Jam (TJ) expression in the embryonic and larval nervous systems, using a previously characterized TJspecific antibody (Li et al., 2003) and an enhancer trap for TJ (TJ-Gal4) [START_REF] Hayashi | GETDB, a database compiling expression patterns and molecular locations of a collection of gal4 enhancer traps[END_REF].

During embryogenesis TJ expression is first detected in late stage 12 (st 12) in few cells in the brain and in 12 to 15 cells/hemisegment in the ventral nerve cord (VNC) (Fig. 1A). Coimmunostaining with the glial marker Repo showed that TJ is exclusively expressed in neurons and excluded from glia cells (Fig. 1B). Using TJ-Gal4::UAS-GFP we found that TJ-Gal4 faithfully recapitulates TJ expression in all embryonic (Fig. 1C) and larval stages analysed (Fig. 2C-G). Closer analysis of TJ expression over time showed that TJ is consistently found in a subset of 29 neurons per hemisegment in the VNC abdominal region (A2-A6) from st17 to L3 larval stages (Fig. 2A, A', B, B') and excluded from sensory neurons (data no shown). We used TJ-Gal4::UAS-H2AGFP in combination with anti-TJ immunostainings to establish a precise topographic map of TJ + neurons in second instar larvae, a stage representative of the continuous expression pattern of TJ (Fig. 2 C-G, C1-G1).

Next, we decided to explore the function of TJ + neurons in larval locomotion using the TJ-Gal4 driver as a tool to either inactivate or activate the entire TJ + neuronal population.

We inactivated neurons by expressing thermosensitive shibire (shi ts ) (Kitamoto, 2001); neuronal activation was achieved by expressing TrpA1 (Pulver et al., 2009). Inactivation of the entire TJ + population led to a slight decrease in the number of larval peristaltic waves (Fig. 2H -second beige bar) accompanied by a general disorganization of the peristaltic waves (video 1). Electrical activation of the TJ + neurons had more drastic effects, with almost complete abolition of locomotion (Fig. 2I -second red bar) and larvae displaying a complete paralysis which we named "spastic paralysis". This phenotype was characterized by immobility, tonic contraction of all body segments and a drastic shortening of the whole larval body length (video 2). When placed back at permissive temperature (23°C), the larvae resumed normal locomotion, proving that this spastic paralysis phenotype is fully reversible.

TJ is expressed in a restricted number of neurons in the cerebellar lobes. To assess the role of these neurons in the spastic paralysis phenotype, we restricted the expression of TrpA1 to the TJ + cerebellar lobes neurons using tsh-gal80 [START_REF] Clyne | Sex-Specific Control and Tuning of the Pattern Generator for Courtship Song in Drosophila[END_REF] in combination with TJ-Gal4 and UAS-TrpA1. Under these conditions locomotion appeared normal (Fig. 2I -second cream-coloured bar) arguing that TJ + neurons in the cerebellar lobes do not have a function in locomotion in Drosophila larva.

We thus conclude that TJ + neurons within the VNC are part of a neuronal circuit controlling Drosophila larval crawling and that normal function of TJ + neurons is to maintain proper muscle contraction and peristaltic wave propagation during locomotion.

Activation of TJ + neurons in the VNC using an intersectional genetic approach leads to spastic paralysis of the larvae

To further characterize the identity of TJ + neurons regulating crawling behaviour in the larva we developed an intersectional-based genetic approach, using candidate LexA drivers to express a LexAop-FRT-stop-FRT-dTrpA1 transgene (generous gift from Y. Aso, Janelia Research Campus) in combination with a source of Flippase. To specifically target TJ + neurons we generated a TJ-Flippase line (see Materials and Methods). Within a ~40kb backbone fosmid carrying all the endogenous regulatory elements of tj, we substituted the full open reading frame and 3' UTR sequences of tj with an optimized Flippase (FlpO) by in vivo homologous recombination in Escherichia coli (Ejsmont et al., 2009). We first characterized in "flip-out" experiments the accuracy and efficiency of TJ-Flp using Act>Stop>Gal4::UAS-CD8-GFP and found from embryonic stage 15 onward that only TJ + cells are GFP-labelled (supplementary Fig. 1A). We quantified the efficiency of "flip-out" events in TJ + neurons and found from hemisegment to hemisegment and within all specimen analyzed (n=4) that more than half the TJ + neurons (64%) are already recombined in L1 larva (Fig. 3A-C) and 89% in young L2 stage (Fig. 3D-F). These numbers demonstrate the accurate recombination triggered by TJ-Flp. An examination of developing egg chambers of the ovary, a structure in which TJ has been reported to be specifically expressed by somatic cells (Li et al., 2003), revealed that all TJ + follicular cells are GFP-labelled thus confirming the accuracy of TJ-Flp (supplementary Fig. 1B-C). Finally, we used Tsh-LexA to express a LexAop-FRT-STOP-FRT-dTrpA1 transgene in combination with TJ-Flp, anticipating that activation TJ + neurons only in the VNC should give rise to the drastic spastic paralysis phenotype described above.

We found it was indeed the case in all L1 larvae tested (n=12) (Fig. 3K, movie 3).
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Collectively, these results show that the TJ-Flp line we generated is an accurate and powerful genetic tool to genetically manipulate TJ + neurons, thus validating our intersectional-based genetic approach.

TJ + motoneurons activation only partially impacts larval crawling

We next asked whether the spastic paralysis phenotype we observe upon activation of the whole TJ + population would actually be caused by TJ-Gal4 driving in MNs. Using pMad and Eve as reliable molecular markers for MNs we found TJ expression from st13 onward in 3 CQ/Us' MNs namely U1, U2 and U5 (asterisks in Fig. 4 A2, A3, B2, B3 and C2, C3) plus another putative MN located in the vicinity of the CQ MNs (full arrowhead in Fig. 4 C3). Colabelling using Isl-Ƭmyc and pMad also revealed TJ expression in 2 MNs located laterally in the dorsal and intermediate regions of the VNC that are putatively part of the ISNd MNs pool (Fig. 4 C2 -inset). We noticed that TJ was neither expressed in aCC nor in any RPs MNs (RP1-5) (Fig. 4A1 and C1 -curly brackets) nor in SNa MNs (Supplementary Fig. 3A1,A2) nor in type II, octopaminergic Tdc2 + MNs (Supplementary Fig. 3B).

To confirm and further delineate the identity of TJ + MNs we used TJ-Gal4 and expressed a myristoylated targeted RFP reporter (UAS-myr-RFP) (generous gift from M.

Landgraf). From late st16 to L3, TJ-Gal4::UAS-myr-RFP revealed the high reproducibility of these peripheral projections as well as their terminal processes onto muscles VO3-VO6

(Supplementary Fig. 2A-C) and onto the dorsal-most muscles LL1, DO5, DO2 and DO1 (from lateral to dorsal-most, Supplementary Fig. 2A'-C'). These results are in agreement with the above immunostaining results and we conclude that in each abdominal hemisegment there is a contingent of 2 TJ + /pMad + /Islet-myc + MNs (ISNd MNs that project on muscles VO3-VO6), 3 TJ + /pMad + /Eve + MNs (ISNdm MNs U1, U2 and U5, that respectively project on muscles DO1, D02 and LL1) and 1 TJ + /pMad + MN that projects on muscle DO5.

To investigate the role of TJ + MN on locomotion we used CQ2-lexA (Heckscher et al., 2015) which allows specific activation of the three TJ + U MNs U1, U2 and U5. Detailed monitoring of CQ2-lexA expression also revealed that this line additionally drives from st17

to mid-L2 in 1 TJ + IN (arrow in Fig. 4F) and 1 TJ + ISNd MN (arrowhead in Fig. 4D), albeit inconsistently from hemisegment to hemisegment. Using CQ2-lexA, we therefore activated 3 to 4 of the 6 TJ + MNs per hemi-segment, and observed a moderate decrease in the number of peristaltic waves and no striking visible locomotor phenotype in the vast majority of the larvae (Fig. 4G -second black bar). However some larvae (in 27% of the specimen analysed) displayed a slight dorsal contraction that made them tilt on their side and crawl in large circles. Importantly, no spastic paralysis was ever observed upon activation of TJ + MNs using the CQ2-lexA driver (video 4).

From this experiment we conclude that activation of 50% of TJ + MNs does not trigger the spastic paralysis phenotype observed upon activation of the whole TJ + population but rather eventually caused a slight dorsal contraction of the larva, a predictable behaviour in regards to the dorsal muscle innervations provided by U1, U2 and U5. (Supplementary Fig. 3 C1-E2). Further molecular characterization using highly specific lexA drivers (Diao et al., 2015) showed that 10 out of 29 TJ + neurons per hemisegment are cholinergic (Fig. 5A-E'; Supplementary Fig. 4D-F1). Activation of those TJ + cholinergic INs by intersectional genetics using ChAT-lexA in combination with TJ-Flp and the LexAop-FRT-stop-FRT-dTrpA1 cassette caused disrupted locomotor behaviour. Larvae frequently adopted a characteristic "crescent shape", with head and tail regions brought close together by a tonic contraction of the ventral muscles (movie 5). This ventral contraction phenotype was heterogeneous in terms of severity, with some larvae being continually immobile with ventral contraction (movie 5), while some others displayed bouts of ventral contraction interrupting otherwise seemingly normal crawling. Counting the number of peristaltic waves produced by these larvae reflected the heterogeneity of this phenotype, but also revealed that the number of waves are significantly reduced in these animals compared to control specimen (Fig. 5F -second orange bar). Interestingly, such a spectrum of severity has also been recently reported when different subsets of VNC neurons, upon activation with TrpA1, lead to a ventral contraction phenotype (Clark et al., 2016).

Among the remaining TJ + INs, 8 per hemisegment are GABAergic (Fig. 5G-J'; Supplementary Fig. 4A-C1). Examining Gad1-lexA co-localization with TJ, we noticed that among those 8 neurons, the 3 most ventral ones are located at the midline (neurons n°22,
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[9] 28, 29 in Fig. 5I-J') and do not appear to have counterparts in the adjoining hemisegment, indicating that those cells are unpaired, midline cells (Wheeler et al., 2006). When activated, the TJ + -GABAergic IN subpopulation led to seemingly normal locomotion (video 6). However, counting the number of peristaltic waves actually revealed that locomotion was slowed, with a reduction of 37% of the number of waves compared to control specimen at 31°C. (Fig. 5K second green bar).

The remaining 5 TJ + INs per hemisegment are glutamatergic and differentiating them from TJ + MNs (also glutamatergic) is possible by counterstaining with pMad (Fig. 5L-Q';

Supplementary Fig. 4G-I1). We chose to use vGlut-lexA in combination with TJ-Flp to activate this IN population, keeping in mind that by using such genetic combination we are also activating TJ + MNs. We found upon activation of the whole TJ + glutamatergic contingent a complete paralysis of the larvae, with forward propagating waves largely absent (Fig. 5R second red bar). Another feature of this phenotype was the vertical lifting of the most anterior segments of the larvae (thoracic head region) off the substrate (Movie 7). As this phenotype is considerably different from the one observed upon activation of 50% of TJ + MNs (see section above), we can assume that TJ + glutamatergic INs play an important role in the normal locomotor behaviour of the larva.

Taken together these data show that activation of restricted subpopulations of TJ + neurons defined on the basis of their neurotransmitter identity impact the crawling of the larvae with distinct behavioural hallmarks.

A heterogeneous population of 6 TJ + glutamatergic and 3 TJ + GABAergic INs per segment regulate the speed of locomotion

While searching for more restricted lexA drivers that would allow us to subdivide more finely the TJ + population implicated in locomotion, we identified the Per-lexA driver (Kohsaka et al., 2014) whose expression co-localizes with 9 of the most ventral TJ + neurons per segment (Fig. 6A-F; neurons n°22,24,25,26,28 and 29 on Fig. 2F and2G) . Activation of those 9 TJ + /Per + neurons per segment led to a decrease in the number of peristaltic waves (fig. 6G -second purple bar). Interestingly these larvae displayed relaxed, slightly atonic abdominal segments (Movie 8). Upon careful characterization of this TJ + /Per + population, we discovered that 6 of them (3 per hemisegment) are glutamatergic (Fig. 6D-F; neurons n°24, 25, 26 on Fig. 2F and2G) while the 3 remaining, located medially, are GABAergic (Fig. 6A-C).
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[10] Indeed, these three TJ + /Per + /GABAergic neurons correspond to the three unpaired, midline GABAergic cells that we described above (see Fig. 5G-J; neurons n°22, 28, 29) and that do not have counterparts in the adjoining hemisegment.

Together these results show that activation of a heterogeneous population of 6 glutamatergic and 3 GABAergic TJ + /Per + neurons per segment significantly impacts larval locomotion.

TJ + GABAergic midline MNB progeny neurons per segment regulate the speed of locomotion in Drosophila larva

Given the median position of the 3 GABAergic TJ + /Per + neurons and the fact they lack counterparts in the adjoining hemisegment, we hypothesized that those neurons are a subset of the midline cells. Midline cells belong to the sim domain (Wheeler et al., 2006) and we confirmed by quadruple immunostaining with TJ, Gad1, Prospero and sim-Gal4 driving a nuclear GFP that TJ + median GABAergic neurons are sim + in embryonic stage 17 VNC (Fig. 7A-B2, single and double empty arrowheads). We noticed weak sim expression in these neurons at this stage, an observation consistent with low sim expression in late embryonic stages as previously reported (Pearson and Crews, 2014). It is important to note that the TJ + non GABAergic (glutamatergic-positive) neurons located in the ventral part of the VNC are not sim-Gal4 + (depicted by arrows in Fig. 7C-C2). We then found that 2 of the 3 TJ + GABAergic midline cells belong to the Median Neuroblast (MNB) progeny subpopulation identified by nuclear Prospero expression (Prosp-nucl) (Wheeler et al., 2006) (Fig. 7A, double empty arrowheads). We also found that all 3 TJ + GABAergic cells are fkh + and En + (Fig. 7D-E, full arrowheads), two TFs known to be expressed in a subpopulation of MNB progeny but also iVUMs (Wheeler et al., 2006). To further delineate the exact identity of the third TJ + GABAergic midline neuron (GAD + , Per + , fkh + , En + , Prosp -) we examined stage 16 embryo where midline cell identities can be determined accordingly to the highly stereotyped dorsoventral and anterior-posterior location of the cells. Using these stereotyped positions along with Per, fkh and TJ immunostainings, we showed that TJ is not expressed in the iVUMs (Supplementary Fig. Although specification of midline cell identities in the embryo has been extensively documented over the years (Bossing and Brand, 2006;Kearney et al., 2004;Pearson and Crews, 2014;Wheeler et al., 2006;Wheeler et al., 2008) the implication of the different midline neuron subtypes in regard to Drosophila locomotor behaviour has so far been only

partially addressed (Fox et al., 2006;[START_REF] Koon | Autoregulatory and paracrine control of synaptic and behavioral plasticity by octopaminergic signaling[END_REF][START_REF] Saraswati | Tyramine and octopamine have opposite effects on the locomotion of Drosophila larvae[END_REF][START_REF] Selcho | The Role of octopamine and tyramine in Drosophila larval locomotion[END_REF], in part due to the lack of highly specific genetic tools. Using a sophisticated triple intersectional genetic approach based on the combinatorial expression of TJ, Per and Gad1, we specifically activated these 3 neurons. A large proportion of the manipulated larvae (~70%) displayed a marked reduction in their speed of locomotion compared to control larvae at 31°C (Fig. 7O), while a minority appeared unaffected (~30%). The incomplete or low dTrpA1 expression in every pool of 3 neurons in all segments for a given larva could explain the heterogeneity within the experimental group. In agreement with such possibility we noticed rather weak Per-Gal4 expression in these neurons, which would be predicted to reduce the expression levels of the lexA DBD component in this triple intersectional approach.

Altogether these results show that a GABAergic population of 3 MNB progeny neurons singled out by the combinatorial expression of TJ, En, fkh, Period, hlh3b and grain is involved in the regulation of speed of locomotion in Drosophila larva.

Discussion

In this study, we characterized from embryogenesis to larval stage L3 TJ-expressing neurons in the VNC and investigated their role in the crawling behaviour of freely moving Drosophila larvae. We generated a TJ-Flp line and developed an intersectional genetic approach based on the use of TrpA1 to specifically activate different TJ + subpopulations depending on their neurotransmitter properties.

Charting the VNC: TJ a reliable marker for a restricted subset of neurons in the embryo and larva

Our time course analysis revealed that TJ is expressed in the same restricted subset of neurons from the moment they are born in the embryo to the L3 larval stage. Our comprehensive mapping revealed that the number of TJ + neurons (29 neurons/hemisegment) remains constant from st 17 to L3 within the abdominal A2-A6 region of the VNC. Within one hemisegment we counted 10 TJ + cholinergic INs, 11 TJ + glutamatergic neurons and 8 TJ + GABAergic INs.

To our knowledge, such a detailed time course analysis of the expression profile of a TF within the VNC has been rarely described. One good example is the highly restricted expression pattern of the B-H1/H2 homeoproteins in the VNC and their continuous expression within a small subpopulation of MNs identifiable from embryogenesis to late larval stages [START_REF] Garces | Expression of Drosophila BarH1-H2 homeoproteins in developing dopaminergic cells and segmental nerve a (SNa) motoneurons[END_REF]. In fact it is often a challenging task to precisely apprehend the complete spatial and temporal expression pattern of a gene of interest. This is notably the case when genes under investigation display broad expression patterns because the labelling of many neurons renders difficult the characterization of each single neuron. Within the list of TFs expressed in restricted subpopulation of neurons in the VNC the bHLH gene Dimmed has been for example reported to be selectively expressed in central and peripheral neuroendocrine cells [START_REF] Hewes | The bHLH protein Dimmed controls neuroendocrine cell differentiation in Drosophila[END_REF]. Substantial work aiming at identifying and characterizing DIMM-expressing cells have generated a comprehensive map of nearly all 306 DIMM-positive cells in the central nervous system but the exact time course and minor changes of expression within these cells, although noticed, have not been systematically examined [START_REF] Park | The Drosophila Basic Helix-Loop-Helix Protein DIMMED Directly Activates PHM, a Gene Encoding a Neuropeptide-Amidating Enzyme[END_REF].
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To date the TF that probably displays the most restricted and constant expression in the same group of VNC neurons is Eve (Even skipped). Eve is expressed from st13 onward in 16 cells per abdominal hemisegment: medially in the aCC, U1 and RP2 MNs and in the pCC IN; mediolaterally, in four U/CQ MNs (U2-U5); and laterally in eight to ten EL INs [START_REF] Doe | Control of neuronal fate by the Drosophila segmentation gene even-skipped[END_REF]Heckscher et al., 2015;[START_REF] Landgraf | even-skipped Determines the Dorsal Growth of Motor Axons in Drosophila[END_REF]. The identification of such cell typespecific TF and the characterisation of genetic tools such as Gal4 or LexA lines capturing the expression patterns of these "markers" have recently proved instrumental for characterizing neuronal circuits in the larval VNC. For example the recently elucidated neuronal circuit that promotes escape behaviour upon noxious stimuli in Drosophila larvae (Yoshino et al., 2017) involves the contribution of SNa MNs that were genetically amenable thanks to the highly specific BarH1-gal4 line [START_REF] Garces | Expression of Drosophila BarH1-H2 homeoproteins in developing dopaminergic cells and segmental nerve a (SNa) motoneurons[END_REF]. Similarly, the very restricted EL-Gal4 driver active in Eve-expressing lateral (EL) INs [START_REF] Fujioka | Analysis of an even-skipped rescue transgene reveals both composite and discrete neuronal and early blastoderm enhancers, and multi-stripe positioning by gap gene repressor gradients[END_REF] has allowed deciphering the implication of EL INs within a sensorimotor circuit that maintains left-right symmetry of muscle contraction amplitude in the Drosophila larva (Heckscher et al., 2015). We thus foresee that our exhaustive mapping of TJ-expressing neurons together with the reliable TJ-Flp line we generated will facilitate future studies aiming at identifying and investigating neuronal circuit formation and functioning in embryonic or larval VNC.

TJ + cholinergic neurons control body posture in Drosophila larva

Activation of the TJ + cholinergic subpopulation gave rise to a ventral contraction phenotype, with larvae frequently adopting a "crescent shape" position. We noticed that the ventral contraction phenotype was heterogeneous between specimens. The larvae with the most dramatic features were persistently immobile and ventrally curved but peristaltic waves could still be observed emerging from the posterior part of the body (movie 5).

Another group of larvae displayed bouts of ventral contraction interrupting otherwise seemingly normal crawling phases that were characterized by regular propagation of peristaltic waves along the body. In light of these observations we currently favour the hypothesis that TJ + cholinergic INs are part of a neuronal circuit controlling the body posture of the larva rather than being intrinsically involved in the control of the speed of locomotion.

Recently, Clark and collaborators (2016), while surveying Janelia Gal4 lines [START_REF] Jenett | A GAL4-Driver Line Resource for Drosophila Neurobiology[END_REF] crossed to UAS-TrpA1, identified from their screen several lines that gave rise to similar ventral contraction phenotypes. Interestingly, they also reported a spectrum of
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severity with some larvae continually blocked with tonically contracted ventral muscles, while others would go through periods of ventral contraction followed by attempts to crawl. INs per segment) we noticed a reduction of the speed of locomotion and a partial relaxed paralysis of the posterior segments of the larvae. Interestingly, in both cases these genetic manipulations did not give rise to the severe spastic paralysis phenotype we observed while activating the whole TJ + glutamatergic population. Because it could be argued, when using Per-lexA, that activation of TJ + PMSI GABAergic INs is in some ways "dominant" over the activation of TJ + PMSI glutamatergic INs, it will be informative to only activate TJ + PMSI glutamatergic INs. Unfortunately a vGlut AD driver, an equivalent of the GAD1 AD line, has not been generated, thus precluding at the moment the implementation of this paradigm.

Nevertheless, it would be interesting to solely activate all Per + glutamatergic INs (and thus not the Per + TJ + GABAergic INs) and this could theoretically be achieved using the following transgenes: lexAop>>dTrpA1, vGlutLexA, Per-Gal4 and an UAS-FLP [START_REF] Duffy | Identifying loci required for follicular patterning using directed mosaics[END_REF]. Since we reported strong expression of Per-Gal4 in the vast majority of Per + glutamatergic neurons we expect recombination events in the targeted neurons to be efficient and we thus assume that this experiment will be conclusive.

TJ + GABAergic neurons regulate the speed of locomotion

Activation of TJ + GABAergic neurons gave rise to an apparently normal, though slowed locomotion, with a number of peristaltic waves accomplished by larvae placed at 31°C similar to the number at 23°C. Since larvae tend to crawl faster when the temperature exceeds their 24°C comfort temperature (in young L3) (Sokabe et al., 2016), we wondered if TJ + GABAergic neurons could be modulator component(s) of the temperature sensing system that detects uncomfortable temperatures and induces acceleration as a way to escape.

TrpA1 + neurons located in the larval brain have been recently reported to be sensitive to the speed of the temperature increase (Luo et al., 2017) and we have found that these neurons do not express TJ (data not shown). The possibility that TJ + GABAergic neurons are nonetheless part of this temperature sensing neuronal circuit awaits future experimental analysis.

Further subdivision within the TJ + GABAergic INs pool, using a triple intersectional genetics approach, revealed that 3 Per + /TJ + GABAergic INs located at the midline and known as MNB progeny neurons substantially impact the crawling speed of the larvae. It thus appears that this Per + GABAergic population was overlooked in the previous characterization of PMSIs and this might be due to the fact that within one segment only 3 Per + (over a contingent of 20 Per + INs) are indeed GABAergic and because of low period expression in these INs, especially in third instar larvae, a stage in which the characterization PMSIs was originally carried out (Kohsaka et al., 2014).
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Molecular characterization of the Per + /TJ + GABAergic (MNB progeny neurons); searching for equivalents throughout evolution

Cell body position and molecular characterization of the Per + TJ + GABAergic neurons allowed us to identify them as part of the MNB progeny among the midline cells. Although development of the midline cells has been meticulously described (Fontana and Crews, 2012;Kearney et al., 2004;Manning et al., 2012;Pearson and Crews, 2014;Tio et al., 2011;Watson and Crews, 2012;Wheeler et al., 2006;Wheeler et al., 2008), the functional implication of those cells in locomotion or other behaviours is comparatively poor (Fox et al., 2006;[START_REF] Koon | Autoregulatory and paracrine control of synaptic and behavioral plasticity by octopaminergic signaling[END_REF][START_REF] Saraswati | Tyramine and octopamine have opposite effects on the locomotion of Drosophila larvae[END_REF][START_REF] Selcho | The Role of octopamine and tyramine in Drosophila larval locomotion[END_REF]. In this respect the present study is pioneering, as it shows that MNB progeny neurons have a relevant function in the locomotor behaviour of the larva. It additionally adds a new marker (TJ) offering the possibility to identify and genetically manipulate these neurons (with TJ-Gal4 or TJ-Flp).

Our molecular characterization of the Per + TJ + GABAergic MNB progeny INs is thorough and thus allowed us to survey for hypothetical counterparts in other model species.

As reported here Per + TJ + GABAergic INs are characterized by their expression of hlh3b and grain. In the mouse, the respective ortholog genes are Tal1/Tal2/Scl and Gata2/3, a transcription code specifically found in V 2b GABAergic INs (Lu et al., 2015). Interestingly, the V 2b IN subpopulation is known to regulate, in cooperation with V 1 Ia INs, the limb central pattern generator that coordinate in mouse the flexor-extensor motor activity (Zhang et al., 2014). We have also described that Per + TJ + GABAergic MNB progeny INs expressed Fkh and are midline cells derived from Sim-expressing precursor cells. Intriguingly a subset of V 2b INs in the mouse and known as cerebrospinal fluid-contacting neurons (CSF-cNs, or KA, Kolmer-Agduhr neurons in Zebrafish) express Foxa2, the vertebrate orthologue gene of Fkh and arise from the Sim1 + progenitor domain p3 bordering the floor plate. This subset denoted CSF-cNʺ is characterized by their very ventral location in the spinal cord abutting the floor plate (Petracca et al., 2016). Since CSF-cN have been reported to modulate slow locomotion and body posture in Zebrafish (Fidelin et al., 2015;Wyart et al., 2009) Final fosmid was sent for targeted transgenesis in attp2 landing site (III rd chromosome) (Bestgene Inc.).

Generation of the TJ flippase

Reagents

Components

Plasmid of origin Source

Immunohistochemistry

On larvae

Briefly, larvae of the right genotype were sorted out in Phosphate Buffered Saline-0,1% triton (DPBS 1X CaCl2 + MagCl2 + Gibco Invitrogen, Sigma-Aldrich; Triton X-100, Sigma Life antibodies for 1h at room temperature (RT) in a humid chamber, washed 3x5 minutes with PBS-T and then incubated with secondary antibodies 1h at RT in humid chamber in darkness.

After 4x5 minutes of washing with PBS-T, silicone walls of the chamber were scraped off and Mowiol and a coverslip placed over stained CNS for imaging.

On embryos

Immunolabeling of embryos was carried out as previously described [START_REF] Thor | A LIM-homeodomain combinatorial code for motor-neuron pathway selection[END_REF].

Image acquisition and processing

Images were acquired on a Zeiss LSM700 confocal with 40x or 63x objectives, treated and cropped in Photoshop (Adobe) and assembled in Illustrator (Adobe). For the benefit of colour-blind readers, double-labelled images were falsely coloured in Photoshop. 3D projection of whole VNC was implemented using Zen software (Zeiss).

Locomotion assay

Larvae sorting

For first instar larvae testing, decorionated late stage 17 embryos of the right genotype were sorted out and placed on an agar/grape juice plate supplemented with some feeding medium (maize, sucrose and yeast). Hatching time was monitored and larvae locomotion assessed 6 hours after hatching.

For third instar larvae testing, eggs were laid for 5 hours on basic maize feeding medium.

Approximately 72 hours later burrowing third instar larvae were picked up and assessed for locomotion.

Assay

Larvae clean of food were gently picked up with tweezers (in the case of the third instar larvae) or the back of tweezers (for first instar larvae) and placed on a 56 mm-agar plate supplemented with grape juice. After a 30-seconds acclimation period, the number of peristaltic waves done by the larvae was manually counted (by that time plate surface temperature was 23°C). The plate was transferred on a hot plate to heat for 2 minutes and 30 seconds or until it reached 31°C. The plate was quickly removed from the heat and the number of peristaltic waves done by the larvae manually assessed for 30 seconds more.

Plate was left to rest for 4 minutes until temperature reached 23°C. Number of peristaltic waves in 30 sec was assessed once more.

Statistical analysis

Statistical tests were carried out using Graphpad Prism (Graphpad software, Inc). We used one-way ANOVA with a Tukey post-hoc test to analyse more than two groups of data. E). Those Per + cells (as seen in fig. 7A-C)

are not part of the sim domain, hence not part of the midline cells.

D -Additional results

1. Further functional characterization of the TJ + subpopulations a-Initial approach using UAS>>TrpA1 myc cassette Initial attempts at intersectional genetics had me using TJ-gal4 alongside a published UAS>>TrpA1 myc cassette [START_REF] Von Philipsborn | Neuronal Control of Drosophila Courtship Song[END_REF], a lexAop-Flp (Ohyama et al., 2015) and various lexA drivers (Diao et al., 2015). Such an approach was required at the time, while the TJ-Flp line was under construction. For the different genetic combinations I used (see section 5.I., table 5) c-Additional approach using lexAop>>dTrpA1 cassette with gal4 drivers

Using the lexAop>>dTrpA1 cassette that we know is functional, I implemented another approach with TJ-Flp and a UAS-lexA to "convert" gal4 drivers of interest into lexA. The positive control of this experiment, consisting in crossing TJ-gal4 with UAS-lexA and lexAop>>dTrpA1 did not give rise to the full spastic contracted paralysis that I expected (data not shown). Some larvae however displayed defaults in locomotion that might arise from the expression of dTrpA1 in only a portion of the TJ + neurons. I am unable to verify this hypothesis, as dTrpA1 is not tagged. In this genetic approach, I hypothesize that TJ-gal4 and UAS-lexA are the limiting transgenes, as TJ-Flp and lexAop>>dTrpA1 showed their efficiency when subdividing TJ + population depending on neurotransmitter properties (results presented in the article). I nevertheless tested this approach with several other lines: LMO-gal4, Abd-gal4, HB9-gal4, OK6-gal4 and GMR47D01-gal4 (expressed in LLN INs (Yoshikawa et al., 2016). LMO-gal4 drives in 7 TJ + neurons per segment or 3 TJ + neurons per Even though the genetic technique implemented here is not optimal, I nevertheless observed consistent locomotor defects upon activation of the TJ + LMO-gal4 + neurons. Locomotor defects were also detected in some larvae upon activation of the posterior-most TJ + Abd-B-gal4 + neurons. No phenotype was observed upon activation of the TJ + MNs using OK6-gal4 using this approach. In their article, Fushiki et al ( 2016) characterized the A27h neuron as a cholinergic excitatory neuron whose activation in L3 semi-intact filet preparation leads to contraction of the equivalent innervated segment. As all A27h-gal4 + neurons are TJ + , I did not use intersectional genetics here but directly used the line;

additionally the equivalent A27h-lexA line has not been generated, preventing the use of intersectional genetics approach in this case. We find that activation of all four A27h-gal4 + neurons leads to a spastic contraction of the larva very reminiscent of that observed when activating the whole TJ + population (Graph 1 -Second orange bar). Surprisingly though, this phenotype is age-dependent and only visible in young L1 larvae aged less than 5 hours. Larvae aged 6 h old or more do not display this spastic contraction phenotype anymore, although 18h old L1 larvae still have a reduced number of waves compared to control (Graph 1 -Fourth and sixth orange bar). We initially thought this difference in the behaviour of the larvae depending on their age might come from a variation in the pattern of expression of A27h-gal4. I therefore performed a time course of the expression of the A27h-gal4 driver and found that the number and position of the A27h-gal4 + neurons remain constant throughout larval stages (Graph 2).

Graph 2: Total number of A27h-gal4 + neurons per segment and number of A27h-gal4 + dorsal neurons per segment.

The number of neurons expressing A27h-gal4 does not vary between 2h old and 10h old L1 larvae and only slightly varies in L3. Error bars represent the SD.

It seems therefore that A27h-gal4 + (TJ + ) neurons activation causes a spastic paralysis phenotype in young larvae that disappears when they age. This also implies that among the TJ + population, neurons distinct from those 4 neurons must be implicated in the spastic paralysis phenotype observed upon activation of the whole TJ + population in all larval stages.

e-Implementation of optogenetics intersectional genetics

To confirm results I obtained with TrpA1-based activation experiments, I decided to implement an optogenetics-based intersectional genetics approach. This approach relies on the use of a lexAop>>CsChrimson Venus cassette [START_REF] Hoopfer | P1 interneurons promote a persistent internal state that enhances inter-male aggression in Drosophila[END_REF] used alongside TJ-Flp and different lexA drivers (Diao 2015). Preliminary results that consist in simple observation of the phenotypes without quantification are summarized in the following table. Preliminary results, using an optogenetics-based intersectional method to activate TJ + subpopulation, seem to confirm the results obtained with the TrpA1based intersectional genetics approach used until now (see article results). More experiments will be performed to bring strong arguments to support those preliminary results.

Further molecular characterization of the TJ + population a-Already characterized neuronal populations

As TJ + neurons are implicated in locomotion, I checked if TJ is expressed in already identified locomotor neuronal populations. TJ does not co-localize with iIN and nuclear GFP driven by R26A08-gal4 (green in F) and R26F05-gal4 (green in G), two drivers that delineate GVLI population. No co-localization was found with TJ + neurons. H-J. Immuno-staining of first instar larva VNC for TJ (green) and Eve (magenta). Ventral TJ + U MNs U1, U2 and U5 co-localize with Eve (empty arrowheads in J). No other co-localizations were found. K-P. Immuno-staining of first instar larva VNC for TJ (magenta) and nuclear GFP driven by R78F11-gal4 (green in K-L) or R79E03-gal4 (green in M-N) or R92C05-gal4 (green in O-P), three gal4 lines that, when used with UAS-TrpA1,

give rise to a ventral contraction phenotype (Clark et al., 2016). TJ did not co-localize with any of the three drivers. A single hemisegment is shown in each panel, with segments boundaries on the right (dashed lines) and midline location indicated on top left of the panel.

Last, I checked for the expression of TJ in Hugin neurons involved in the alternation between crawling and feeding CPGs [START_REF] Schoofs | Selection of motor programs for suppressing food intake and inducing locomotion in the Drosophila brain[END_REF]. TJ is completely excluded from Hugin population located in the joining region between VNC and cerebellar lobe, the subesophageal zone (SEZ) in first and third instar larvae (Fig 28). The TJ + MNB progeny neuron seems to send a single neurite straight up dorsally, that then divides in two to follow both sides of the neuropile, spanning several segments anteriorly and posteriorly to the segment where the cell body is located (Fig 30A). Other TJ + GABAergic are expressing GFP close to the arborescence of the TJ + GABAergic neuron, therefore we cannot affirm that the neurites visualized are strictly TJ + MNB progeny neuron's. Second, we used the GMR47G08-lexA line.

Indeed, we found that this line drives in one to two TJ + MNB progeny neurons per segment. To visualize the TJ + GMR47G08-lexA + cells, I used the intersectional genetics approach with TJ-Flp and lexAop>>CsChrimson Venus . Morphology of the labelled TJ + MNB progeny neuron can be seen thanks to the endogenous signal of G,H). The TJ + MNB progeny neuron morphology we find is radically different from the morphology of the PMSI population that was characterized by Kohsaka and collaborators (2014). Indeed, PMSIs (including TJ + per + glutamatergic neurons) have a "lasso" morphology, with axons extending to the dorsal neuropile region after having gone through a lateral "loop" (Fig 30I , J andK). 

II. Results

Whole TJ + population activation

I first decided to study the effects of the whole TJ + population activation using TJ-gal4 and UAS-TrpA1 (the same genetic approach as used in larvae). Flies were placed in an incubator at 31°C for variable times and then observed directly in their containers or under anaesthesia for gross anatomical defects. . Displacement of wings was visible after only 10 minutes of 31°C "treatment" and was reversible when the flies were returned to room temperature (about 21°C). However after a long period of activation (>2h), the displacement of the wings was irreversible (Fig 31I and 31I'). I also noticed that upon activation of the whole TJ + population, the flies were mainly non-active, staying immobile at the bottom of the tube.

Activation of TJ + subpopulations

Next I decided to activate TJ + cholinergic, glutamatergic or GABAergic subpopulations using the same intersectional genetics approach as used in larvae (see results in the article). Control flies that do not carry all the transgenes required for TJ + neurons activation showed no obvious phenotype and normal wing positions (Fig 32B and 32C). When TJ + cholinergic neurons were activated, the majority of flies (80%) had down-turned wings after both short and long-term activation (Fig 32E and 32F). Moreover, the flies displayed excessive grooming activity, with both fore and hind limbs used to groom the head and wings. When activating TJ + glutamatergic population, a majority of flies (69%) had their wings up (Fig 32H' and 32I'). Activation of TJ + GABAergic did not give rise to any obvious phenotype at short or long-term, including no wing phenotype (Fig 32K and 32L). Just as I observed upon activation of the whole TJ + population, wing phenotypes were reversible when length of activation was short (1h) but became irreversible after 7h of activation (Fig 32F,32I and 32I').

Grooming phenotype observed when activating TJ + cholinergic neurons remained reversible even after a long activation period. Chapter 5: Discussion

I. Comparison of the different genetic approaches used

In the course of my PhD, intersectional genetics technique was applied through five different genetic approaches that have been variously successful. Table 5 recapitulates the genetic tools used for each of the intersectional genetics approaches.

Approach 1

Approach 2

Approach 3

Approach 4

Approach 5 Approach 1 results are described in Chapter 3, section II.D.1.a. Approach 2 is the most efficient approach we used and results are presented mainly in the article and chapter 3, section II.D.1.b. Third approach results are presented in chapter 3, section II.D.1.c. Approach 4 (or triple intersection) is probably only partially efficient and results are presented in the article. Finally approach 5 is currently being implemented (chapter 3, section II.D.1.e); from the preliminary results obtained it seems that this approach is efficient.

TJ-gal4 × TJ-Flp × × × × UAS>>TrpA1 myc × lexAop>>dTrpA1 × × × × lexAop-Flp × UAS-
The sole efficient approach I used is approach 2, with the TJ-Flp, a lexAop>>dTrpA1 cassette and various lexA drivers. The success of this approach might lie in the limited number of transgenes used. It might also function properly because the lexA drivers used are strong drivers, as could be expected of drivers placed under the control of neurotransmitter genes for example in the case of ChAT-lexA, Gad1-lexA and vglut-lexA. A downside of this approach lies in the absence of readout of the proper expression of the TrpA1 protein in the targeted cells.

The approach I initially used (Approach 1 in the table) relies on the use of TJ-gal4, UAS>>TrpA1 myc cassette and different lexA drivers whose expression is "converted" in Flp by a lexAop-Flp. As TrpA1 is myc-tagged, I was able to monitor for its proper expression in the targeted cells (see complementary figure 4 in article).

Despite clear expression of TrpA1, I failed to observe clear phenotypes upon activation of TJ + subpopulations. Does it mean that function of TrpA1 myc is impaired?

UAS>>TrpA1 myc cassette has been mostly used in the adult fly to study courtship singing and aggression in male flies [START_REF] Hoopfer | P1 interneurons promote a persistent internal state that enhances inter-male aggression in Drosophila[END_REF][START_REF] Von Philipsborn | Neuronal Control of Drosophila Courtship Song[END_REF]. Von Philipsborn and collaborators (2011) reported that use of the stop cassette TrpA1 requires higher temperaturean increase of 2 to 3°C -to illicit the same song behaviour in flies as with direct TrpA1 expression. The authors hypothesize that because TrpA1 expression relies on the combined expression of two transgenes, it might consequently be low. In [START_REF] Hoopfer | P1 interneurons promote a persistent internal state that enhances inter-male aggression in Drosophila[END_REF] it was reported that TrpA1 myc transgene was expressed at low levels and in a variable pattern in the targeted cell population. In larvae, UAS>>TrpA1 myc cassette was used in one report for the study of the rolling-command neurons Goro (Ohyama et al., 2015). Their genetic approach is similar to ours; using a lexAop-Flp with a lexA driver, a gal4 driver and the UAS>>TrpA1 myc cassette. They reported that expression of TrpA1 in the appropriate neurons (Goro) triggered the awaited behaviour (rolling) in only 76% of cases, showing that the technique is only partially effective. They highlighted the fact that the gal4 driver driving the expression of TrpA1 once the recombination had occurred was a strong driver.

In those articles the use of the UAS>>TrpA1 myc cassette gave results, albeit variable in efficiency. In our case why is this genetic approach failing? First of all, it is worth noting that the cassette has been mainly used in adult flies; the biological system considered is therefore different. Second, although we know from our immunostaining that TrpA1 myc is correctly expressed in the targeted cells, levels of expression might be too low to efficiently activate TJ + neurons upon reaching 31°C.

Indeed the levels of expression of TrpA1 myc are a subject of concern in all three articles cited above [START_REF] Hoopfer | P1 interneurons promote a persistent internal state that enhances inter-male aggression in Drosophila[END_REF]Ohyama et al., 2015;[START_REF] Von Philipsborn | Neuronal Control of Drosophila Courtship Song[END_REF]; moreover as mentioned above, Ohyama et al. (2015) emphasize the fact that the gal4 driver used is strongly expressed. TJ-gal4 driver expression levels vary among cells, thus some cells might express low levels of TrpA1 myc . Lastly, let us not forget that TrpA1 is tagged with myc. Addition of a tag on a protein may have negative effects, including changes in protein folding and alterations in their function [START_REF] Arnau | Current strategies for the use of affinity tags and tag removal for the purification of recombinant proteins[END_REF]. TrpA1 myc protein conformation might be slightly changed and its activity as an ion channel might be decreased. From the negative results obtained using this genetic approach we draw a conclusion to be shared with the scientific community: results of intersectional genetics experiments obtained in larvae with this cassette should be treated with caution, as the risk of false negatives is high.

The third approach I used relies on TJ-Flp and lexAop>>dTrpA1 cassette as well as different gal4 driver that are converted to lexA by a UAS-lexA transgene. Yet again I have no way of monitoring the proper expression of TrpA1. However the functional positive control I used (utilising TJ-gal4 as the driver) was meant to give rise to the fully contracted, characteristic phenotype observed upon activation of the whole TJ + population. This was not the case. Implementation of this approach with other gal4 drivers to activate other TJ + subpopulations mostly gave no locomotor phenotype, apart from the LMO-gal4 driver. We may hypothesize that LMO-gal4 is a stronger gal4 driver compared to the other drivers we used, which might explain why we do have a phenotype when we use it.

The final approach I used (Approach 4 in the table) was a triple intersectional genetics approach; I combined yet again the TJ-Flp and lexAop>>dTrpA1 cassette and a full functional lexA rebuilt from a lexA DBD expressed under the control of Per-gal4 driver and Gad1 AD . Here again I cannot visualize the expression of TrpA1. This approach gives rise to heterogeneous phenotypes. Is it due to a technical problem with the genetic approach, where all TJ + MNB progeny neurons are not properly expressing TrpA1 and are therefore not all activated during the experiment? Presently we are unable to conclude. I am currently working on a last approach (Approach 5 in the table) using TJ-Flp and various lexA drivers along with a lexAop>>CsChrimson cassette [START_REF] Hoopfer | P1 interneurons promote a persistent internal state that enhances inter-male aggression in Drosophila[END_REF]. In this approach I am no longer using temperature-activated proteins like TrpA1 but light activated proteins (CsChrimson) to activate the neuronal populations of interest. This last approach is compelling for three reasons: first it will allow me to confirm the results obtained with the second approach (TJ-Flp, lexAop>>dTrpA1, various lexA drivers). Second, CsChrimson is venus-tagged, which allows me to follow its expression in the neuronal population of interest. Finally the use of such an optogenetic technique allows for activation of neurons independently of the temperature, a parameter which by itself impacts the larvae locomotion speed [START_REF] Iyengar | Silencing synaptic communication between random interneurons during Drosophila larval locomotion[END_REF]. Additionally CsChrimson can be used in the context of approach 4 to confirm if indeed all TJ + MNB progeny neurons are being targeted in this genetic approach.

II. TJ delineates a new neuronal population implicated in locomotion

TJ expression in the CNS of Drosophila larva has never been studied before.

Results obtained during the course of my PhD show that TJ is expressed in a restricted neuronal population of 29 neurons per hemisegment in the VNC and that TJ + neurons have a functional implication in locomotion. The majority of TJ + neurons do not co-localize with known markers of already characterized locomotor neuronal populations. However, TJ does co-localize with a subpopulation of previously characterized PMSI neurons (Kohsaka et al., 2014) and we show that this TJ + PMSI subpopulation has a functional role in locomotion. TJ also co-localizes with drivers expressed in GDL neurons [START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF]; however in our hands those drivers are expressed in large neuronal populations and it is not yet possible to affirm that the co-localization is indeed occurring in the GDL IN. We hypothesize that TJ is not expressed in GDL, as the phenotype obtained in freely moving larvae upon activation of the GDL is characterized by a contracted paralysis of the posterior segments of the larva [START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF], which is quite different from our own TJ + GABAergic activation phenotype with its apparent normal, though slowed locomotion.

Regardless, further characterization would be required to answer this question.

III. Role of TJ + cholinergic neurons in Drosophila larva locomotion

Electrical activation of the TJ + cholinergic subpopulation gives rise to a ventral contraction phenotype, with larvae adopting a "crescent shape" position. This phenotype was previously reported once by Clark and collaborators (2016). In two of the lines they tested, this phenotype arose from the activation of ventral acute, HB9 + INs using a HB9-gal4>UAS-TrpA1 approach does not produce a "crescent" shape phenotype in the larvae (preliminary data not shown). Therefore, as our phenotype is more drastic, it is tempting to say that TJ + cholinergic INs innervate all of the ventrally-projecting MNs, but at this time I cannot bring any solid proof in this direction. What could be the role in locomotion of an IN population solely innervating ventrally-projecting MNs? In the literature, the closest example that I could find with such a dichotomy in the innervations of different muscle groups is the example of the inhibitory iIN [START_REF] Zwart | Selective Inhibition Mediates the Sequential Recruitment of Motor Pools[END_REF]. iIN specifically innervates "transverse" MNs and not "longitudinal" MNs, thus allowing for the sequential contraction of transverse and longitudinal muscles for an efficient contraction of the larval body segment. An interesting observation I made while activating TJ + cholinergic INs is that some larvae (3 out of 18 larvae, or 16% of the larvae tested) would roll on themselves, a behaviour I never saw with any other genotype. The command neurons for rolling behaviour, called Goro neurons, are instrumental in protecting Drosophila larva against parasitoid wasps attacks (Ohyama et al., 2015). Rolling is also triggered in larvae in a desperate attempt to escape fast rising temperatures in the environment (Luo et al., 2017), a behaviour yet again mediated by the Goro neurons [START_REF] Burgos | Nociceptive interneurons control modular motor pathways to promote escape behavior in Drosophila[END_REF]. Although the "sensory side" that gets rolling-command Goro neurons activated is being actively studied and getting well characterized by this point [START_REF] Burgos | Nociceptive interneurons control modular motor pathways to promote escape behavior in Drosophila[END_REF]Ohyama et al., 2015), the locomotor effectors (INs and MNs) that are then innervated by Goro neurons are presently not known. Nor is the exact muscles contraction sequence that allows for the larva to roll. Resolving this question might be made easier by the optimization of tracking tools to detect and quantify rolling behaviours [START_REF] Risse | Quantifying subtle locomotion phenotypes of Drosophila larvae using internal structures based on FIM images[END_REF]. In the meantime, knowing if TJ + cholinergic INs are involved in the Goro-related circuit might prove tricky; two scenarios are possible.

Either TJ + cholinergic INs are direct synaptic partners of Goro neurons, or they are part of their downstream circuit in the midst of other neuronal relays. If TJ + cholinergic neurons and Goro neurons are direct synaptic partners, it would be possible to prove it by implementing a GRASP (GFP Reconstruction Across Synaptic Partners) approach [START_REF] Feinberg | GFP Reconstitution Across Synaptic Partners (GRASP) defines cell contacts and synapses in living nervous systems[END_REF][START_REF] Macpherson | Dynamic labelling of neural connections in multiple colours by trans-synaptic fluorescence complementation[END_REF]. Briefly, in GRASP technique, two neuronal populations are made to express split parts of the GFP. Those GFP subunits are targeted to the outer membrane of the synapse. When the GFP subunits are brought close enough to one another (ie, when the neurons that express the two parts of the GFP are forming synapses), the GFP is reconstructed and emits fluorescence. In our case, we would have part of the split GFP expressed in Goro neurons thanks to a specific driver, R69F06-gal4 (Ohyama et al., 2015), and the other part of the split GFP expressed in TJ + cholinergic neurons thanks to a published flip-out GRASP cassette (Fig 33) [START_REF] Karuppudurai | A Hard-wired Glutamatergic Circuit Pools and Relays UV Signals to Mediate Spectral Preference in Drosophila[END_REF]. The GRASP method is based on a protein complementation assay using a split GFP. If the split parts of the GFP (spGFP1-10 and spGFP11) are brought close enough to one another as is the case when a synapse is formed, the GFP is "rebuilt" and functional, emitting fluorescence. To know if Goro neurons directly form synapses onto TJ + cholinergic neurons, we propose to have the Goro neurons expressing the spGFP1-10 split part of the GFP (thanks to the R69F06-gal4 specific driver and a UAS-spGFP1-10 transgene) and the TJ + cholinergic neurons expressing spGFP11 subunit (thanks to the combination of the transgenes TJ-Flp, ChAT-lexA and lexAop>stop>spGFP11). Adapted from [START_REF] Miyawaki | Visualizing a neuronal handshake[END_REF].

If TJ + cholinergic INs are placed in the downstream circuit of Goro neurons amidst other neuronal relays, it may be more complicated to prove it. We might in this case rely on TEM technique to find the Goro neurons synaptic partners and try to rebuild the whole neuronal circuit down to the TJ + cholinergic neurons; however this would be hard, time-consuming work [START_REF] Schneider-Mizell | Quantitative neuroanatomy for connectomics in Drosophila[END_REF]. A functional way of proving that TJ + cholinergic INs are part of the downstream circuit of Goro neurons would be to inhibit TJ + cholinergic INs activity while activating Goro neurons; if TJ + cholinergic neurons are indeed part of the Goro effecting circuit, we would expect the rolling induced by Goro neurons to be reduced. To inhibit TJ + cholinergic neurons we may use a UAS>>shi ts cassette or if this approach fails, we could alternatively remove TJ + cholinergic population by killing it. We already tried to use a UAS>>ricin cassette [Gift from C. O'Kane [START_REF] Allen | Cell ablation using wild-type and coldsensitive Ricin-A chain in Drosophila embryonic mesoderm[END_REF]] that was not efficient in our hands;

we will be soon testing a UAS>>hid cassette (Gift from Jonathan Enriquez) [START_REF] Shang | Light-arousal and circadian photoreception circuits intersect at the large PDF cells of the Drosophila brain[END_REF] that might prove more effective. An additional pathway independent of Goro neurons and involved in the control of rolling also exists, and is mediated by mCSIs and SNa (BarH1/2 + ) MNs. It is known that activation of mCSIs induces SNa MNs activation, but GRASP experiments showed that mCSIs do not directly synapse on SNa MNs (Yoshino et al., 2017). Could TJ + cholinergic INs be the missing link between mCSIs and SNa MNs? To test this hypothesis, we could, as suggested above in the study of the Goro neurons pathway, use GRASP to see if TJ + cholinergic neurons are presynaptic to SNa MNs [that can be targeted with the BarH1/2-gal4 driver (Yoshino et al., 2017)], or if they are post-synaptic to mCSIs

[than can be targeted with the R94B10-gal4 driver (Yoshino et al., 2017)]. using a triple intersectional genetics approach similar to the one I used to activate the TJ + per + GABAergic neurons; I would then be using TJ-Flp in combination with Per-gal4, UAS-lexA DBD and vglut AD . Unfortunately I am lacking the vglut AD transgene to implement this approach. It seems that with the current technologies available I will hardly be able to go any further in the characterization of the TJ + glutamatergic population.

IV. Role of TJ + glutamatergic neurons in locomotion

V. Role of TJ + GABAergic neurons in locomotion

Activation of 9 TJ + GABAergic neurons by TrpA1 temperature-dependent experiments gives rise to an apparently normal, though slowed locomotion, with a number of waves close to the numbers done by the larvae at 23°C. Larvae tend to crawl faster when the temperature exceeds their 24°C comfort temperature (in young L3) (Sokabe et al., 2016). This made us wonder if TJ + GABAergic neurons could be part of the temperature sensing system that detects uncomfortable temperatures and induces acceleration in larvae. I therefore used TrpA1-gal4 to show that TJ + neurons do not express TrpA1, one of the ion channels responsible for the detection of uncomfortable temperatures [START_REF] Kwon | Genome-wide identification of Drosophila Hb9 targets reveals a pivotal role in directing the transcriptome within eight neuronal lineages, including activation of Nitric Oxide Synthase and Fd59a/Fox-D[END_REF]. I then decided to use optogenetics experiments to activate TJ + GABAergic neurons, allowing me to activate these neurons in a temperature independent manner. Preliminary results show that upon activation of TJ + GABAergic neurons with optogenetics, larvae display a decrease in the speed of locomotion of similar magnitude to the one observed when using TrpA1based assay. This result therefore suggests that TJ + GABAergic neurons are not part of a temperature sensing neuronal circuit that allows the larva to adapt its speed in response to temperature variations.

To further study the TJ + GABAergic population, I used a triple intersectional genetics approach to subdivide it, targeting 3 TJ + per + GABAergic neurons per segment. Activation of the 3 TJ + GABAergic neurons gave rise to a somehow slowed locomotion phenotype as well, but less drastic than the one observed upon activation of the whole TJ + GABAergic population. The 3 TJ + per + GABAergic neurons might therefore be only partially responsible for the slowed locomotion phenotype observed upon activation of the whole TJ + GABAergic population. It is paramount to note that the per + GABAergic population was overlooked in the previous characterization of the per + population (PMSI population). It might be due to low period expression in TJ + per + GABAergic neurons, especially in third instar larvae in which the characterization was done (Kohsaka et al., 2014). PMSI population functional characterization showed that they are premotor INs that limit the burst of activity of MNs; inhibition of PMSI neurons leads to a decrease in the speed of locomotion (Kohsaka et al., 2014). This functional characterization rested on the fact that all per + neurons are glutamatergic; to really know the impact of per + glutamatergic neurons on locomotion while excluding the role of per + GABAergic neurons, it would be necessary to specifically activate per + glutamatergic neurons using an intersectional genetics approach.

What can we infer from our characterization of the TJ + per + GABAergic neurons on their function in locomotion? In Kohsaka and collaborators (2014) article, functional characterization was done on the whole per + population, GABAergic and glutamatergic. Most of the per + population is glutamatergic, and seem to express

Per-gal4 at higher levels, as we just discussed in the previous paragraph. Therefore we can suppose that their functional characterization was actually performed on per + glutamatergic neurons. Thus TJ + per + GABAergic might have a different mode of action to regulate speed. Preliminary data suggest that TJ + per + GABAergic neurons have a particular morphology, different from that of TJ + glutamatergic neurons. As TJ + per + GABAergic neurons neurite arbours display bilateral innervations of the VNC, it is tempting to say that whatever information they relay needs to go to both sides of the VNC in a similar fashion, maybe synchronizing the two sides of the VNC.

Furthermore, as the neurites of TJ + per + GABAergic neurons seem to unfurl in a ventral part of the neuropile and not in the dorsal part of the neuropile where the dendrites of MNs are located, I suppose that TJ + per + GABAergic neurons would not be premotor INs. Additional experiments are of course required to confirm the abovementioned hypotheses.

My functional characterization of TJ + per + GABAergic population relies exclusively on observations made upon ectopic activation of this population. I wish to examine the effects of the genetic ablation of this population using a UAS>>hid transgene [Gift from J. Enriquez [START_REF] Shang | Light-arousal and circadian photoreception circuits intersect at the large PDF cells of the Drosophila brain[END_REF]] in combination with TJ-Flp and a cut-gal4 line that we recently found and that constantly co-localizes exclusively with the TJ + per + GABAergic neurons (data not shown).

VI. Morphological characterization of TJ + MNB progeny neurons.

In Drosophila, midline cells development has been extensively studied and characterized (Fontana and Crews, 2012;Kearney et al., 2004;Manning et al., 2012;Pearson and Crews, 2014;Tio et al., 2011;Watson and Crews, 2012;Wheeler et al., 2006;Wheeler et al., 2008;Heckscher et al., 2014). They arise from a sim + domain and form a heterogeneous population made of glial cells, INs and MNs. Midline cells, as their name indicates, lie at the ventral midline; they are for the most part unpaired, meaning they are unique in a segment and do not occur in bilaterally symmetrical pairs. Comparatively to the wealth of knowledge on the molecular code of midline cells, their morphology has been only sparsely reported, and only at embryonic stages (Bossing and Brand, 2006;[START_REF] Ruiz | Spatio-temporal pattern of cells expressing the clock genes period and timeless and the lineages of period expressing neurons in the embryonic CNS of Drosophilamelanogaster[END_REF]Wheeler et al., 2006;Wheeler et al., 2008). Probably because they are unpaired cells located at the midline, most of them extend projections to both sides of the midline; this was reported for INs such as the H-cell, H-cell sib, the iVUMs (Ventral Unpaired Median INs) and mVUMs (Ventral Unpaired Median MNs) (Bossing and Brand, 2006;[START_REF] Ruiz | Spatio-temporal pattern of cells expressing the clock genes period and timeless and the lineages of period expressing neurons in the embryonic CNS of Drosophilamelanogaster[END_REF]Wheeler et al., 2006;Wheeler et al., 2008). Published morphological characterization 17 (Bossing and Brand, 2006). The authors say that the neurites belong to two groups of MNB progeny neurons: the MNB progeny MNs (arrows) and the MNB progeny INs (full arrowheads) (Fig 34E). Among the midline cells, there seems to be a discrepancy in the characterization of the MNB progeny neurons. In the DiI characterization done in 1994 [START_REF] Bossing | The fate of the CNS midline progenitors in Drosophila as revealed by a new method for single cell labelling[END_REF], there is reference to MNB progeny projections in the intersegmental nerve, which would imply that some of the MNB progeny neurons are MNs. However, in subsequent, more recent articles, no more mention is made of a MNB progeny neuron subpopulation being MNs. The current stand-point seems to be that the three mVUMs are the only MN population among the midline cells (Fontana and Crews, 2012;Manning et al., 2012;Pearson and Crews, 2014;Watson and Crews, 2012), and these mVUMs are not supposed to be derived from the MNB neuroblast that gives rise to the MNB progeny neurons. It 

VII. Molecular characterization of the TJ + per + GABAergic (MNB progeny) neurons; searching for equivalents throughout evolution

Cell body position and molecular characterization of the TJ + per + GABAergic allowed us to identify them as part of the MNB progeny neurons among the midline cells. Although development of the midline cells has been meticulously described (Fontana and Crews, 2012;Kearney et al., 2004;Manning et al., 2012;Pearson and Crews, 2014;Tio et al., 2011;Watson and Crews, 2012;Wheeler et al., 2006;Wheeler et al., 2008), the functional implication of those cells in locomotion or other behaviours is comparatively poor. In this aspect the work done during this PhD on MNB progeny neurons is pioneering, as it shows that they have a relevant function in the locomotor CPG. It additionally adds a new marker (TJ) to identify a MNB progeny neuron subpopulation. Indeed, MNB progeny neurons are the least characterized of all midline cells and specific markers to delineate them are hard to come by (S.

Crews, personal communication).

As our molecular characterization of the TJ + per + GABAergic neurons is thorough, we tried to look for hypothetical counterparts in other model species. TJ + per + GABAergic neurons are characterized by their expression of fkh, hlh3b and grain. In the mouse, the equivalent combinatorial code would be Foxa2, Tal1/Tal2/Scl, Gata2/3, which is reminiscent of the one found in V 2b population. One of the V 2b subpopulations is known to regulate, in cooperation with V 1 Ia INs, the flexorextensor coordination (Zhang et al., 2014). This population is ipsilaterally-projecting, which does not fit with the morphology we expect from the TJ + MNB progeny neurons.

In Zebrafish, a characterized V 2b subpopulation are the CSF-cNs or KA cells. CSF-cNs/KA cells are located at the spinal cord midline, close to the central canal (Wyart et al., 2009) and appear to regulate the speed of locomotion in Zebrafish (Fidelin et al., 2015;Wyart et al., 2009). An appealing hypothesis would be that TJ + MNB progeny neurons are the counterpart of CSF-cNs neurons in invertebrates. Such a hypothesis has been previously formulated in regard to another invertebrate, the annelid Platynereis dumerilii. In this animal model, a study focusing on the molecular characterization of neuron types brought to light a group of neurons specifically coexpressing Gata1/2/3 and Tal TFs. This population may relate to the V 2b IN population and KA cells/CSF-cNs in vertebrates. The authors of this study hypothesize that Gata1/2/3-Tal-expressing neurons in annelids and CSF-cN / KA cells in vertebrates might originate from the same ancestor (Vergara et al., 2017). This is encouraging for us, because if such a CSF-cN-like population is found in annelids, it might as well be found in Drosophila.

However we cannot affirm that TJ + per + GABAergic neurons are CSF-cNs counterpart by solely comparing their function in locomotion and their TF molecular code. More morphological and functional evidences are required to support this hypothesis. CSF-cNs strong characteristics distinguishing them from all other neurons include expression of the channel Pkd2L1 and presence of a unique cilium extending from a brush of microvilli into the cerebrospinal fluid-containing central canal [START_REF] Böhm | CSF-contacting neurons regulate locomotion by relaying mechanical stimuli to spinal circuits[END_REF][START_REF] Djenoune | Investigation of spinal cerebrospinal fluid-contacting neurons expressing PKD2L1: evidence for a conserved system from fish to primates[END_REF]Petracca et al., 2016). To this day we could not detect expression of Amo, the Pkd2L1 ortholog in Drosophila, in the larva VNC (data not shown). Because Amo is a channel, its staining might take the shape of tiny dots and might be delicate to visualize; we actually may have missed it in our stainings. Further stainings might be required to clear this aspect. In regard to the CSF-cNs cilia, additional dichotomy with Drosophila is emerging. Indeed there is no anterio-posterior canal spanning Drosophila CNS that would be the equivalent of the cerebrospinal fluid-containing central canal. There is however in each hemisegment of Drosophila VNC a duct-like structure penetrating the nervous system vertically on the midline and piercing it from dorsal to ventral: the dorsoventral channel (DV channel). These channels are lined by a specific subset of glia and their inner surface is contiguous with the outer VNC surface [START_REF] Beckervordersandforth | Subtypes of glial cells in the Drosophila embryonic ventral nerve cord as related to lineage and gene expression[END_REF][START_REF] Evans | Interdependence of macrophage migration and ventral nerve cord development in Drosophila embryos[END_REF][START_REF] Ito | Distribution, classification, and development of Drosophila glial cells in the late embryonic and early larval ventral nerve cord[END_REF]. The precise function of these channels is currently unknown, but it would be interesting to see in the future if homologies in function can be found between DV channels and Cerebrospinal fluid-containing central canal. Next, would CSF-cNs equivalents in Drosophila be expected to have cilia? In metazoans, TFs belonging to the family of regulatory factor X (rfx) are master regulators of ciliogenesis [START_REF] Chu | Convergent evolution of RFX transcription factors and ciliary genes predated the origin of metazoans[END_REF]. As CSF-cNs in the mouse and KA cells in Zebrafish are ciliated cells, it would make sense for them to express rfx proteins. If our hypothesis is true and MNB progeny neurons indeed are ciliated cells and CSF-cN equivalents, then it is likely they will express rfx. In Drosophila, rfx is expressed in the peripheral nervous system, and most particularly in the es and ch sensory neurons, where it is essential for ciliogenesis [START_REF] Dubruille | Drosophila Regulatory factor X is necessary for ciliated sensory neuron differentiation[END_REF][START_REF] Durand | Cloning and characterization of dRFX, the Drosophila member of the RFX family of transcription factors[END_REF][START_REF] Laurençon | Identification of novel regulatory factor X (RFX) target genes by comparative genomics in Drosophila species[END_REF]. Additionally, its expression can be detected in the brain throughout the developmental stages (embryo, larva and adult fly) and in the spermatids in the adult fly [START_REF] Vandaele | Drosophila regulatory factor X is an embryonic type I sensory neuron marker also expressed in spermatids and in the brain of Drosophila[END_REF]. No expression was ever reported in the VNC, but as most of the expression pattern characterization was done using wholemount in situ hybridization, extremely discrete expression in the VNC might have been missed. Therefore it would be informative to do an immunostaining for rfx directly on the VNC to answer this question.

VIII. A27h: the mystery of the disappearing phenotype

My experiments with A27h-gal4 line in free moving larva show that A27h-gal4 + (TJ + ) neurons activation causes a spastic paralysis phenotype in young larvae that disappears with the aging of the larva. This result is in contradiction with those already published [START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF] (Fox et al., 2006;[START_REF] Hughes | A Sensory Feedback Circuit Coordinates Muscle Activity in Drosophila[END_REF]. Sensory feedback might play a role in opposing A27h-mediated segment contraction in intact larva that would therefore not be present in open filet preparation. This implies that A27h has to be contacted directly or indirectly by sensory neurons; and A27h is indeed connected indirectly by sensory neurons through GDL [START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF],

as it has been shown using TEM. Moreover, as we describe a phenotype in young larvae that disappears in older larvae, we might hypothesize that in young larvae, the mechanism that prevents full contraction upon activation of A27h is not yet fully mature and functional. It is indeed known that locomotor circuits in Drosophila larva are functional as soon as the larva hatches [START_REF] Crisp | Endogenous patterns of activity are required for the maturation of a motor network[END_REF]. However it is also known that the circuits continue to mature, with more synapses being generated over time for example [START_REF] Couton | Development of Connectivity in a Motoneuronal Network in Drosophila Larvae[END_REF]. Additionally, even though the pattern of expression of A27h-gal4 does not evolve in the VNC during the course of the larval developmental stages, it might change in the sensory system or in the cerebellar lobes. This change in expression might be responsible for the alteration of phenotype depending on the larval stage. To rule out this hypothesis, I would have to activate specifically TJ + A27h-gal4 + neurons by using intersectional genetics; as we know that TJ is not expressed in the periphery, we would thus be sure to exclude sensory neurons implication in the disappearance of the phenotype.

On a more general note, it makes sense that fictive locomotion models would not always yield the same results as intact freely-moving animals as in one case we are looking at the whole organism and in the other at an isolated model; the best approach would be of course to use both models for the study of a neuronal population.

IX. Function of TJ + neurons in the adult fly

While looking for a locomotor phenotype caused by the activation of TJ + neurons in adult flies, my attention was caught by a striking and highly-penetrant wing displacement phenotype. First, it is interesting to note that activation of both TJ + Wing displacement in the adult Drosophila fly has been previously reported in a number of articles focusing mainly on neurodegenerative processes [START_REF] Clark | Drosophila pink1 is required for mitochondrial function and interacts genetically with parkin[END_REF][START_REF] Fernandes | Genome-wide screen for modifiers of Parkinson's disease genes in Drosophila[END_REF][START_REF] Füger | Spastic Paraplegia Mutation N256S in the Neuronal Microtubule Motor KIF5A Disrupts Axonal Transport in a Drosophila HSP Model[END_REF][START_REF] Sanhueza | Gain-of-function mutations in the ALS8 causative gene VAPB have detrimental effects on neurons and muscles[END_REF][START_REF] Zhang | Drosophila Fragile X-Related Gene Regulates the MAP1B Homolog Futsch to Control Synaptic Structure and Function[END_REF]. Interestingly the two phenotypes we observewings "raised" or "drooping"

-are seen concomitantly in most of the articles above cited. While some phenotypes seem to be associated with muscular degeneration of the indirect flight muscles involved in the positioning of the wing (Fig 35) [START_REF] Clark | Drosophila pink1 is required for mitochondrial function and interacts genetically with parkin[END_REF], some other are not associated with muscle damage but are rather due to impaired MNs function [START_REF] Füger | Spastic Paraplegia Mutation N256S in the Neuronal Microtubule Motor KIF5A Disrupts Axonal Transport in a Drosophila HSP Model[END_REF] neurons implicated in this behaviour could be located in the cerebellar lobes and have a command-role in this behaviour. They could also be VNC relays in the circuit involved in grooming. For example, they could be part of the nociceptive circuit that relay information coming from sensory receptors to trigger grooming behaviour, even in decapitated flies [START_REF] Yanagawa | Hygienic grooming is induced by contact chemicals in Drosophila melanogaster[END_REF]. [START_REF] Bucher | Encyclopedia of Neuroscience[END_REF].

Annexe: Thesis synthesis in French

L'étude des CPGs présente deux intérêts majeurs : tout d'abord, comprendre le fonctionnement des CPGs serait un premier pas vers le traitement de patients souffrant de pathologies probablement liées au dysfonctionnement de CPGs, comme les traumas médullaires, la mort subite du nourrisson ou l'apnée centrale du sommeil entre autres [START_REF] Marder | Central pattern generators and the control of rhythmic movements[END_REF][START_REF] Spinelli | Evolution and significance of the triple risk model in sudden infant death syndrome[END_REF][START_REF] Visocchi | Trends in Reconstructive Neurosurgery: Neurorehabilitation, Restoration and Reconstruction[END_REF]. le biais de l'étude d'allèles perte de fonction (Lu et al., 2015;[START_REF] Zannino | prdm12b specifies the p1 progenitor domain and reveals a role for V1 interneurons in swim movements[END_REF]. La deuxième approche consiste à caractériser les neurones eux-même, et essayer de les séparer en groupes homogènes ayant des fonctions similaires dans le CPG locomoteur. Pour cela, on utilise des outils génétiques (tels que le système UAS/Gal4) pour cibler des populations neuronales restreintes. L'étude de la fonction de neurones dans le CPG se fait en observant les effets de la modulation de l'activité de ces neurones sur le comportement locomoteur lui-même. Cette modulation d'activité peut se faire par ablation de la population d'intérêt (Heckscher et al., 2015;[START_REF] Satou | Functional Role of a Specialized Class of Spinal Commissural Inhibitory Neurons during Fast Escapes in Zebrafish[END_REF] ou modulation de l'activité physiologique (activation ou inhibition)

grâce des outils comme TrpA1, shi ts ou channel-rhodopsine (Clark et al., 2016;Fidelin et al., 2015;Kohsaka et al., 2014). des MNs (Kohsaka et al., 2014). Des populations excitatrices ont également été identifiées, comme les neurones CLI1/2 qui induisent la contraction des MNs du postérieur vers l'antérieur de la larve au cours du développement de la vague péristaltique (Hasegawa et al., 2016). Par ailleurs, des neurones impliqués dans le relais des informations provenant des systèmes sensoriels ont été également identifiés, tels que les neurones EL (pour Eve + Lateral). Les EL reçoivent des informations provenant des neurones propriocepteurs et les font parvenir aux MNs par le biais de plusieurs intermédiaires, permettant ainsi d'adapter l'amplitude et la balance bilatérale de contraction des muscles (Heckscher et al., 2015).

La

Origine du projet de doctorat et objectifs

Comme il a été mentionné précédemment, la caractérisation des neurones qui font partie du CPG locomoteur chez la larve de Drosophile repose sur l'existence d'outils génétiques qui permettent de cibler des populations de neurones restreintes.

Le driver TJ-ga4 (Traffic Jam-gal4) est un tel outil car il permet de cibler une population de 29 neurones sur les 305 qui sont présents dans chaque hémi-segment de la Corde Nerveuse Ventrale (CNV)l'hémi-segment est considéré comme l'unité fonctionnelle du système nerveux de la Drosophile (Rickert et al., 2011 ;[START_REF] Riedl | Behavioral neuroscience: Crawling is a no-brainer for fruit fly larvae[END_REF]. De façon intéressante, TJ fait partie de la famille des facteurs de transcription (FT) Maf (pour musculo-aponeurotic fibrosarcoma), et il est connu que des neurones exprimant des FTs de la famille des Mafs font partie du CPG locomoteur chez la souris (Bikoff et al., 2016;Francius et al., 2013;Gabitto et al., 2016;Lu et al., 2015;Sweeney et al., 2018). Serait-il possible que de façon identique les neurones TJ + soient impliqués dans le CPG locomoteur de la larve de Drosophile ?

Dans ce contexte, le but de ma thèse a été de :

-caractériser les neurones TJ + en terme de i) position dans la CNV et ii) d'identité moléculaire d'étudier l'implication fonctionnelle des neurones TJ + dans le CPG locomoteur de la larve de Drosophile.

Résultats majeurs

Dans un premier temps, j'ai montré que les neurones TJ + peuvent être divisés en trois grandes catégories en fonction de leurs propriétés en neurotransmetteurs. Toutefois, TJ est exprimé dans 3 neurones par hémi-segment qui appartiennent à la classe des PMSI cités plus haut dans cette synthèse, ainsi que dans le neurone précédemment caractérisé A27h [START_REF] Fushiki | Role of Sensory Experience in Functional Development of Drosophila Motor Circuits[END_REF]Kohsaka et al., 2014).

Pour étudier le rôle des neurones TJ + dans la locomotion de la larve, j'ai décidé de les activer ou les inhiber spécifiquement en utilisant TJ-gal4 en combinaison avec UAS-TrpA1 ou UAS-shi ts (Kitamoto, 2001;Pulver et al., 2009). que les larves effectuent pour échapper à un stimulus nocif [START_REF] Burgos | Nociceptive interneurons control modular motor pathways to promote escape behavior in Drosophila[END_REF]Ohyama et al., 2015). Il serait tout à fait possible que les neurones cholinergiques TJ + soient impliqués dans les circuits neuronaux qui contrôlent ce comportement de roulement ; pour confirmer cette hypothèse, il serait nécessaire de mettre en évidence les connections entre les neurones-commandes qui contrôlent le roulement, appelés neurones Goro (Ohyama et al., 2015) par une technique de GRASP (GFP Reconstruction Across Synaptic Partners) par exemple.

Finalement, j'ai étudié les effets de l'activation des neurones GABAergiques Ces trois neurones TJ + per + GABAergiques semblent donc être responsables de la régulation de la vitesse de locomotion. En les caractérisant mieux, je me suis aperçue que ces neurones se trouvent dans la partie médiane ventrale de la CNV, qu'ils font partie du domaine sim, qu'ils expriment les FTs engrailed, forkhead et period. Grâce à ces caractéristiques, on peut affirmer que ces 3 neurones GABAergic TJ + per + font partie des « midline cells », un groupe de cellules dont le développement a été particulièrement étudié mais dont la fonction est inconnue. Plus particulièrement, parmi les « midline cells », les neurones TJ + per + GABAergiques font partie des neurones « MNB progeny » (Fontana and Crews, 2012;Kearney et al., 2004;Manning et al., 2012;Pearson and Crews, 2014;Tio et al., 2011;Watson and Crews, 2012;Wheeler et al., 2006;Wheeler et al., 2008;Heckscher et al., 2014) (Andrzejczuk et al., 2018 ;[START_REF] Al-Mosawie | Heterogeneity of V2-derived interneurons in the adult mouse spinal cord[END_REF]. De façon encore plus intéressante, une sous-population des V 2b semble avoir un rôle dans la régulation de la vitesse de locomotion chez le Zebrafish (Fidelin et al., 2015;Wyart et al., 2009). Nous faisons donc l'hypothèse que les neurones TJ + per + GABAergiques que nous avons identifié sont conservés au cours de l'évolution jusque chez les vertébrés. Bien évidemment, une caractérisation morphologique et des données moléculaires additionnelles sont requises pour pouvoir confirmer cette hypothèse.

Conclusion

Au cours de ce doctorat, j'ai effectué la caractérisation moléculaire et Abstract:

CPGs (Central Pattern Generators) are neural networks able to autonomously generate essential rhythmic behaviours such as walking or breathing. In Drosophila larvae, the locomotor CPG is made up of motoneurons (MNs) and a huge variety of interneurons (INs). How many are actually necessary to constitute a functional CPG and how they interact is not known. During the course of this PhD, I studied a discrete neuronal population singled out by its expression of the Maf transcription factor (TF) Traffic Jam (TJ). Thanks to an intersectional genetics approach and a TJ-Flp line generated during my PhD, I showed for the first time that TJ + neurons subpopulations have distinct functions in Drosophila larva locomotion. Functional subdivision of TJ + population eventually led to the identification of 3 TJ + per + GABAergic neurons that regulate the speed of locomotion. Thorough molecular characterization of this population permitted to identify them as mnb progeny neurons, a well-studied subgroup of midline cells whose function had never been described before. The TF combinatorial code expressed by these cells is highly reminiscent of the one found in V 2b 

Fig. 1

 1 Fig.1 displays the simplified organization of a CPG.

Fig. 1 :

 1 Fig.1: Schematic of a basic simplified CPG A CPG comprises three types of neurons: motoneurons (MNs) and inhibitory and excitatory interneurons (INs). MNs are the last effectors of the system. They innervate muscles and allow for

Fig. 2 :

 2 Fig.2: IN classes in the mouse spinal cord identified by their progenitor domain and their specific transcription factor combinatorial code. From(Lu et al., 2015) 

Fig 3 :

 3 Fig 3: Schematic representation of the implication of V 0 INs in left-right coordination at different speeds. Current data suggest that inhibitory commissural V 0D INs are involved in the regulation of left-right alternation at lower locomotor frequencies that correspond to walk. Their activation on one side of the spinal cord (left on the schematics) leads to the inhibition of the locomotor CPG located on the other side of the spinal cord (right on the schematics). Excitatory commissural V 0V take in charge alternation at high locomotor speed that correspond to trot, thanks to the recruitment of inhibitory INs (blue) on the contralateral part of the spinal cord (right on the schematics). V 2a INs are involved in the left-right alternation as well, as they are placed upstream of V 0V INs. Dotted line denotes the midline. Single neurons represent the entire neuronal population considered. Adapted from(Kiehn, 2016).

Fig 4 :

 4 Fig 4: Schematic representation of the IN populations involved in flexor-extensor coordination Flexor-extensor coordination is mediated by V1 Ia INs subpopulation that receive proprioceptive inputs and make inhibitory innervations on flexor MNs. Reciprocal inhibition of the extensor muscles is mediated by a Gata2/3 + V 2b subpopulation that is now admitted as part of the Ia INs population. V 1 RC subpopulation apply recurrent inhibition on MNs and Ia INs. V 1 Ia INs and RCs only account for about 20% of the total V 1 population; the function of the remaining 75% remains unclear. Adapted from (Ziskind-Conhaim and Hochman, 2017).

Fig 5 :

 5 Fig 5: Schematic representation of the implication of V 2a INs in the locomotor CPG V 2a INs characterized by their expression of Chx10 have no implication in rhythm generation and are therefore probably placed downstream of rhythm-generating INs. They are premotor INs increasingly recruited upon increase of the locomotion speed. Additionally, V 2a influence left-right alternation through their connection on commissural excitatory V 0V INs. Adapted from (Ziskind-Conhaim and Hochman, 2017).

  INs belonging to the locomotor CPG has been characterized recently: the Shox2 + INs. They are ipsilaterally projecting excitatory INs that partially overlap with V 2a IN class (Dougherty et al., 2013). Optogenetic silencing or synaptic output blockade of the whole Shox2 + population substantially reduces the rhythm of the locomotor-like activity in a fictive locomotion model, without modifying the left-right or flexor-extensor alternating patterns. In contrast, ablation of the Shox2 + V 2a subpopulation does not disrupt the rhythm frequency nor the pattern of left-right or flexor-extensor coordination, but causes irregular amplitude and locomotor cycles. By deduction, one can surmise that non-V 2a Shox2 + INs are part of the rhythmgenerating circuits in the mouse spinal cord (Fig 6) (Dougherty et al., 2013). However, as silencing of the Shox2 + population only partially reduces rhythm and does not completely abolishes it, it is likely that other neuronal populations are involved in rhythm generation. The last IN class possibly involved in locomotion is exclusively located in thoracic and upper lumbar segments: the V x INs. The developmental origin of these glutamatergic INs, characterized by their postnatal expression of HB9, is unknown

Fig 6 :

 6 Fig 6: Schematic representation of the presumed rhythm-generating IN populations in the mouse spinal cord Shox2 + non-V 2a INs (Chx10 -) are one of the presumed rhythm-generating IN populations that innervate flexor MNs and INs including presumed commissural INs and V 2a Shox2 + INs. The second presumed population is the HB9 + V x population: HB9 neurons display synchronized activity through electrical coupling and innervate flexor MNs. Both populations might co-exist to generate rhythm, as ablation of Shox2 + non-V 2a (Chx10 -) IN population only decreases rhythm without abolishing it. Adapted from (Ziskind-Conhaim and Hochman, 2017).

Fig 7 :

 7 Fig 7: Lateral schematic representation of embryonic and larval INs in Zebrafish spinal cord. This figure illustrates the morphological diversity of locomotor INs found in the spinal cord of Zebrafish at different developmental times. A. Different morphologies of INs found in embryonic Zebrafish spinal cord. Dashed lines show contralateral axons that cross the midline. DoLA= Dorsal Longitudinal Ascending; CiA=Circumferential Ascending; CoSA= Commissural Secondary Ascending; CoPA= Commissural Primary Ascending; CoB= Commissural Bifurcating; CiD= Circumferential Descending; KA= Kolmer-Agduhr= CSF-cNs, VeLD= Ventral Longitudinal Descending B. Different morphologies of INs found in larval Zebrafish spinal cord. Axons of descending neurons, the Mauther reticulospinal INs, are represented as well. UCoD= Unipolar Commissural Descending; CoBL= Commissural Bifurcating Longitudinal; CoLA= commissural longitudinal ascending; VeMe= Ventral Medial; MCoD= Multipolar Commissural Descending. In both A and B, dorsal is up and anterior is left.

Fig 8 :

 8 Fig 8: Schematic principle of the sequential recruitment of excitatory V 2a INs V 2a population, just like V 0V population, is sequentially recruited depending on the speed of locomotion.

Fig. 9 :B-

 9 Fig.9: Drosophila life cycle. Drosophila is a holometabolous insect that goes through embryonic, larval and pupal stages before reaching the adult, reproductive state. Complete life cycle of Drosophila lasts for about 10 days at 25°C.

Fig. 10 :

 10 Fig.10: Drosophila larva locomotion.

Fig. 11 :

 11 Fig.11: Gross anatomy of the CNS in a Drosophila larva.

  Different techniques can be implemented for the study of locomotion in Drosophila. Preparations of "open-filet" can help dissect the function of presumed locomotor INs by monitoring their activity by electrophysiology or calcium imaging (Fig 12). Indeed, it is still possible in open-filet preparation to observe peristaltic waves travelling the length of the larva body and at the same time record or visualize

Fig 12 :

 12 Fig 12: Schematics of an "open-filet" preparation In "open-filet" preparation, the larva is dissected along the dorsal midline and flattened to expose the muscles and the VNC after the removal of the internal organs. If the dissection is properly performed, peristaltic waves can be seen travelling the length of the dissected larva body-wall, with a slower frequency compared to what is seen in live, freely moving larvae. In the open preparation drawing to the right, CNS of the larva is to the left and red arrows represent the motor nerves leaving the VNC to innervate muscles in the body-wall. From[START_REF] Kohsaka | Development of larval motor circuits in Drosophila. Development[END_REF] 

Fig 13 :

 13 Fig 13: Drosophila larva myotopic maps and neuromuscular connectivity. A. Myotopic map of one hemisegment highlighting the 30 muscles arranged in two groups of transverse muscles (dark red) and longitudinal muscles (pale red). The longitudinal muscles are aligned with the body axis while the transverse muscles are circumferential or orthogonal to the body axis. Transverse muscles are closest to the cuticle of the larva and therefore the outside environment whereas the longitudinal muscles are closer to the internal organs of the larva. Anterior of the larva is to the left, ventral midline is shown by the dashed line and dorsal midline at the top of the panel B. Myotopic map of one hemisegment where domains of muscles and their innervating MNs are shown in matched colours. In each hemisegment, 35 MNs (whose cell bodies are shown in the VNC at the bottom of the figure) innervate the 30 muscles present in every hemisegment through six peripheral nerves named to the left. The molecular code that allows for specific identification of MNs is listed on the right of the figure. The Transverse Nerve (TN) is not represented in this figure. Muscles are numbered according to[START_REF] Bate | The embryonic development of larval muscles in Drosophila[END_REF]. AC= anterior commissure; PC= posterior commissure; SB=

Fig 14 :

 14 Fig 14: Sensory system in Drosophila larva A. Schematic of peripheral sensory systems involved in olfaction, vision, and thermosensation. The two larval noses (dorsal organs) are located at the tip of the head. Each dorsal organ hosts 21

  optogenetic techniques, they lead to paralysis of the larvae: all muscles of the larva become relaxed, which increases the length of the larva. Inhibition of the PMSI population causes a reduction in the speed of locomotion. The authors conclude that PMSIs are glutamatergic inhibitory premotor INs that control the duration of the burst of activity of MNs: their role would be to stop the burst of activity of the MN in the currently contracted segment to allow for the propagation of the contraction wave to the anterior segment (Fig 15). This role of PMSIs is reminiscent of that of V 1 INs population in the mouse.

Fig 15 :

 15 Fig 15: Schematics of the mode of action of PMSI neurons in abdominal segments In physiological conditions, PMSI neurons are activated slightly after the beginning of the MN activity;

Fig 16 :

 16 Fig 16: Schematic drawing of the hypothetical role of GVLIs in locomotor CPG in abdominal segments Yellow arrowheads indicate active neurons. A forward wave develops from posterior to anterior, here An towards A(n-3). GVLIs are activated with a delay after the activation of the MNs in the same hemisegment: GVLI in An closes definitely the period of activation of the MNs in An when the MNs in anterior segments A(n-2) and A(n-3) are being active. Adapted from(Itakura et al., 2015).

Fig 17 :

 17 Fig 17: Schematics of the neural circuit related to EL neurons EL INs are indirectly innervated by proprioceptive dorsal and ventral bipolar dendritic multidendritic neurons (dbd, vbd) via the Jaam neurons 1 and 3. EL INs then directly innervate MNs and also indirectly innervate them through the Saaghi neurons 1 and 3. Disruption of physiological activity of EL INs disrupts the amplitude of the bilateral symmetrical muscle contraction. Adapted from(Kohsaka et al., 2017) 

Fig 19 :

 19 Fig 19: Summary schematics of the locomotor function of the circuit containing GDL and A27h. During forward peristalsis, contraction wave propagation goes from N segment to anterior N-1 segment. N segment is contracted thanks to the combined action of A27h and probably other premotor excitatory INs on MNs. In the same time, A27h in N segment also contacts GDL in N-1 segment, activating it; GDL in N-1 fulfils its inhibiting role on A27h and other premotor INs in N-1, thus preventing the contraction of the N-1 segment prior to the arrival of the contraction wave. When the activity of A27h in N segment decreases, so does GDL activity in N-1 segment. This releases the inhibition on A27h and other premotor INs in N-1: they activate MNs in N-1, leading to the contraction of N-1 segment muscles. From[START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF].

Fig 20 :

 20 Fig 20: Schematics of the Hugin neurons functionHugin neurons are located at the interphase between locomotor CPG and feeding CPG and coordinate their activity. Hugin neurons secrete the neuropeptide hugin, a homolog to the mammalian neuromedin U. From[START_REF] Schoofs | Selection of motor programs for suppressing food intake and inducing locomotion in the Drosophila brain[END_REF] 

  Maf (for musculo-aponeurotic fibrosarcoma) proteins are part of the AP1 superfamily of basic leucine zipper (bZIP) TFs, just like JUN or FOS (Eychène et al., 2008) (Fig 21A). The Maf TF family is divided in two groups: large Maf (MafL) proteins (MafA, MafB, cMaf and nrl in the mouse) and small Maf proteins (MafK, MafF, MafG in the mouse) (Fig 21B). The small Maf proteins differ from the large ones by the absence of a transactivation domain, making them unable to have a positive transcriptional activity[START_REF] Kataoka | Multiple Mechanisms and Functions of Maf Transcription Factors in the Regulation of Tissue-Specific Genes[END_REF]. MafL factors activate transcription through the formation of homodimers and bind to a Maf recognition element (MARE)

Fig 21 :

 21 Fig 21: Maf proteins characteristics A. Maf proteins belong to the AP1 superfamily of basic-leucine zipper (bZip) TFs, just like Jun, Fos, Creb and Atf. B. Maf TFs are divided in two subfamilies: small and large Maf TF. Large Maf TF possess a transactivation domain, a basic domain and leucine zipper that confer them full TF activity.

Fig 22 :

 22 Fig 22: Conservation of large Maf TF across evolution A. Alignment of extended homology region, basic domain and leucine zipper in large and small Maf proteins in Homo sapiens (Hs), Drosophila melanogaster (Dm) and the Cnidarians-belonging jellyfish Podocoryne carnea (Pc). Identical amino acids are boxed in black, and similar amino acids are boxed in gray. B. Simplified phylogenic representation of the origin of neurogenesis and progressive acquisition of a nervous system during evolution. Large Maf proteins have so far been identified in Deuterostomes (vertebrates including fishes, mouse and human), ecdysozoans (including Drosophila)

First

  of all, I generated a cassette containing the sequence of the FlpO followed by a SV40 polyA signal to ensure the end of the Flp transcription; a kanamycin resistance gene, used as selection marker in the technique, was moreover added (Fig 23A). The cassette was amplified by PCR using a proofreading polymerase (Pfu -Promega) and oligonucleotides with 3' 50bp-long hanging sequences that are homologous to TJ sequence (Fig 23B and 23C). We thus obtained a PCR product containing the sequence of the optimized flippase with the SV40polyA and the kanamycin resistance gene flanked by TJ homologous sequences.

Fig 23 :

 23 Fig 23: Stages of TJ-Flp line building A. Cassette to be recombined: contains optimized Flp sequence (FlpO), a SV40pA transcription terminal sequence and a kanamycin resistance gene. B. Sequence of the sense oligonucleotide used to add homologous arms to the sequence to be recombined (presented in A) during PCR. Red sequence of the oligonucleotide is homologous to the 5' UTR just prior to the start codon of tj (blast of this sequence in Flybase shows the recombination zone targeted). Black sequence corresponds to the sense primer used to amplify FlpO-SV40-kanR cassette during PCR. C. Sequence of the antisense oligonucleotide used to add homologous arms to the sequence to be recombined (presented in A) during PCR. Red sequence of the oligonucleotide is homologous to the 3' UTR sequence of tj at the polyA signal (blast of this sequence in Flybase shows the recombination zone targeted). Black sequence corresponds to the antisense primer used to amplify FlpO-SV40-kanR cassette during PCR. D. Schematics of the recombination protocol in bacteria to obtain TJ-Flp. Briefly E.coli containing TJfosmid are transformed with a helper plasmid. The bacteria containing both fosmid and helper plasmid are selected on hygromycin and chloramphenicol resistances at 30°C. L-rhamnose is added in the culture medium to induce expression of the recombinase gene located on the helper plasmid. Then the PCR product consisting in the sequence of the FlpO, a SV40polyA and kanamycin resistance flanked by homologous sequences of TJ is electroporated in the bacteria. Bacteria containing the

  the past five years or so the wealth of knowledge on locomotor INs populations in Drosophila larva has greatly increased. Regardless, much work will be required in the future to continue this characterization. In our article we report a new, discrete neuronal population implicated in the locomotor CPG and singled out by its expression of the Maf TF TJ. Despite its comparative small size (29 neurons out of 305 per hemisegment), TJ + population is highly diverse and comprises both MNs and INs that are divided in three glutamatergic, cholinergic and GABAergic subpopulations. Intersectional genetics approach combined with a new TJ-Flp line allowed us to functionally dissect the role of TJ + subpopulations in locomotion. We find that TJ + MNs only have a slight impact on locomotion while TJ + cholinergic INs induce ventral contraction of the larvae. More interestingly, upon activation of the TJ +

  2014, a class of segmentally arrayed local premotor inhibitory INs named PMSIs (for period-positive median segmental interneurons) was characterized in Drosophila. PMSIs control the speed of larval locomotion by limiting, via inhibition, the duration of MNs outputs and have been proposed to be the fly equivalent of the V 1 INs. Thus PMSIs in ARTICLE [4] Drosophila and V 1 INs in vertebrates represent a phylogenetically conserved IN population that shape motor outputs during locomotion (Kohsaka et al., 2014). During the following years specific IN subtypes contributing to the diversity of locomotor behaviours in the Drosophila larvae have been identified providing a wealth of information on each IN subpopulation, their function, morphology and connections established ((

  TJ + -cholinergic and TJ + -GABAergic interneuron populations are distinctly involved in the locomotor behaviour of the larvae Next we chose to use drivers allowing the targeting of specific interneuronal populations. We first investigated a possible expression of TJ in peptidergic, dopaminergic, serotonergic, and histaminergic INs and found no expression of TJ in these IN subclasses

  5C and 5F -asterisks), easily recognizable by their ventral-most position among midline cells, located close to the posterior boundary of the segment and posterior to H-sib (Supplementary Fig.5B and 5E -empty arrowhead). Instead we visualized TJ expression in cells located above the iVUMs in a position where the MNB progeny neurons ARTICLE [11] are normally located (Supplementary Fig.5B-C and 5E -circled cells and full arrowhead). We conclude that the 3 ventral TJ+ GABAergic INs are MNB progeny neurons and additionally show that they express the TFs grain (Fig.7G-J -full arrowheads) and hlh3b (Fig.7K-M -full arrowheads).

From

  this screen three different lines specifically expressed in subsets of INs were identified and in the future it will be interesting to determine to what extent these INs are indeed TJ + cholinergic INs. Alternatively, an appealing possibility would be that these INs subsets and TJ + cholinergic INs are different components of the same circuit regulating ventral bending of the larva. In such a scenario we can foresee two major alternatives: 1) either these different IN subsets are linearly and sub sequentially activated converging all toward the contraction of the whole ventral muscle field via the activation of ISNb, ISNd and SNc MNs or 2) each IN subset is selectively and independently used as a premotor excitatory command allowing specific ventral group of muscles to be activated via only one MN subpopulation (ISNb or ISNd or SNc). To date such a precise coordination of muscles contraction within a same muscle field has been exemplified by the activity of an inhibitory IN denoted iIN. iINspecifically innervates "transverse" MNs and not "longitudinal" MNs, thus allowing for the sequential contraction of transverse and longitudinal muscles for an efficient contraction of the larval body segment[START_REF] Zwart | Selective Inhibition Mediates the Sequential Recruitment of Motor Pools[END_REF].TJ + glutamatergic neurons are components of a circuit controlling locomotionThe TJ + glutamatergic population comprises, within one hemisegment, 6 MNs (U1, U2, U5, DO5 MN and 2 lateral Islet + ISNd MNs), 3 ventral PMSI INs and 2 dorso-lateral INs. Our study on the functional role of TJ + glutamatergic INs is hindered by the fact that when using vGlut-lexA both TJ + MNs and TJ + INs are targeted; to our knowledge no genetic tools exist that would allow us to specifically activate TJ + glutamatergic INs. We nevertheless investigated the implication of TJ + MNs using two non-optimal drivers (CQ2-lexA and RapGAP1-lexA (data not shown)) and found that TJ + MNs activation leads to a defect in locomotion, i.e reduction of the number of peristaltic waves. Similarly, when we used Per-lexA to activate the whole TJ + PMSI population (6 TJ + glutamatergic INs and 3 TJ + GABAergic

  use pFly-Fos technology(Ejsmont et al., 2009) to generate TJ-Flp line after several trials at "transposon swap" strategies to replace gal4 transposon in TJ-gal4 line by a flippase failed.Ejsmont et al (2009) generated among their fosmid library a pFly-TJ-fosmid that contains the full tj sequence and probably all of tj regulatory elements; indeed expression of pFly-tj-Fos tagged with GFP perfectly recapitulates tj endogenous expression (data not shown). Briefly, in this fosmid and followingEjsmont and collaborators (2009) protocol, we replaced tj open reading frame and 3' UTR by an optimized flippase sequence followed by a late SV40 polyadenylation sequence and a kanamycine resistance gene using the recombination oligonucleotides recTJsens and recTJantisens listed in the above table. Recombination oligonucleotides were chosen in order to: i) conserve the two endogenous tj transcription start signals (ATG) upstream of the flippase sequence in the TJ-Flp line and ii) conserve tj polyA signal sequence. Following recombination and contrary to Ejsmont protocol, we did not remove the kanamycine resistance sequence from the final fosmid used for transgenesis.

  PBS-T), rinsed in DPBS and transferred with tweezers to the DPBS-filled dissection chamber. Dissection chamber consists of a silicone-delineated well on poly-lysine coated glass slides; a double-sided piece of adhesive tape covers part of the dissection chamber floor. Dissection takes place on the adhesive tape. Head of the larvae were cut with scissors and posterior part of the body removed. Central Nervous Systems (CNS) were delicately dissected with tweezers (second and third instar larvae) or tungsten wires (first instar larvae) and all other tissues removed. CNS were then transferred to the non-adhesive covered part of the chamber and left to adhere to the slide, ventral part of the VNC against the slide (apart for period-observing dissections: CNS were placed dorsal part of the VNC against the slide). Further incubation steps were completed in the silicone chamber. CNS were fixed for 12 minutes with 3,7% formaldehyde diluted in DPBS (37% Formaldehyde solution, ref 252549, Sigma-Aldrich), then washed 3x5 minutes with PBS-T. At this point the double-sided piece of tape was removed. Blocking step was performed with PBS-T supplemented with 4% donkey serum (normal donkey serum S30-100 ml, Millipore) and 0.02% azide (Sodium azine NaN 3 , ref S2002, Sigma-Aldrich) for 30 minutes. CNS were then incubated with primary
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  , I performed locomotor experiments in third instar larvae to give time for the recombination to occur in all targeted neurons. Larvae tested for behaviour were immuno-stained for myc which reported accurate expression of TrpA1 protein in the entire TJ + subpopulations considered (presented in the supplementary figure 4 in our article).Although recombination seemed complete and TrpA1 expression was detected, behavioural experiments did not yield any locomotor phenotype or only slight phenotypes at high temperatures (34°C) (data not shown). Subsequent experiments done using another cassette (lexAop>>dTrpA1) (unpublishedgift from Y. Aso, Janelia Research Campus) with TJ-Flp and the same lexA drivers did yield locomotor phenotypes (results presented in the article), proving that the modulation of the activity of the subpopulations does have an impact on locomotion; in this particular case we were rather facing a technical problem when using the UAS>>TrpA1 myc cassette.b-Additional results using lexAop>>dTrpA1 and lexA drivers (follow up of the article results)Based on the lexA drivers availability, I chose to activate TJ + subpopulations using the efficient TJ-Flp, lexAop>>dTrpA1 genetic approach. As mentioned in the draft article, TJ is expressed in U1, U2 and U5 MNs as well as DO5 MN and two lateral ISNd MNs. To understand the implication of TJ + MNs in locomotion, I decided to use the non-characterized RapGAP1-lexA driver[START_REF] Kockel | A Drosophila LexA Enhancer-Trap Resource for Developmental Biology and Neuroendocrine Research[END_REF] since the OK6-lexA [supposedly an enhancer trap insertion in the RapGAP1 gene(Kohsaka et al., 2014)] gave rise to low or no expression in MNs when crossed to a lexAop reporter (data not shown). In L3 larvae, activation of the TJ + RapGAP1-lexA + neurons led to a decrease in the number of peristaltic waves and a slight contraction of the body of the larvae (Fig 24G -second brown bar), that cannot be solely imputed to TJ + MNs. Indeed I found that RapGAP1-lexA driver is far from being ideal, as it does not allow for the targeting of all TJ + MNs in every hemisegment in L1 larvae (full arrowheads in Fig24C). Moreover, RapGAP1-lexA drives in a median ventral TJ + IN(asterisk in Fig 24D). Inferring from its position, this IN is most probably one of the TJ + per + neurons we described in our article. Activation of the TJ + per + neurons has an impact on locomotion (see results of the article). Therefore we are not able to affirm that the locomotor phenotypes obtained upon activation of the TJ + RapGAP1-lexA + neurons is exclusively due to the TJ + MNs.Next, I tested GMR70C01-lexA driver (or PMSI-lexA driver) described inKohsaka et al. (2014). This driver is expressed in a subpopulation of the period + neurons. As TJ co-localizes with 9 per + neurons per segment, I wondered if TJ colocalizes with PMSI-lexA driver. I found in L1 larvae 1 TJ + PMSI-lexA + neuron per hemisegment (Fig 24E -co-localization done with gal4 -enhancer used for gal4 and lexA lines is the same). In L3 larvae, activation of this single neuron per hemisegment had no effect on the number of waves and general locomotor behaviour of the larvae (Fig 24G, second pink bar). Next we tested the implication in locomotion of a single TJ + GABAergic neuron per hemisegment that co-localizes with a GMR40H07-lexA driver (also called TJjan-lexA) (Fig 24F). Activation of this neuron had no effect on locomotion, number of waves or general body posture of the larvae (Fig 24G, second light blue bar).

Fig 24 :

 24 Fig 24: Pattern of expression and effects of the activation of different lexA lines that drive in TJ +

  hemisegment plus a midline neuron (arrows in Fig 25A-C). More particularly, it is highly expressed in the most anterior neuron of the TJ + dorsal pair of neurons, and in two lateral INs located close to the pair of ISNd TJ + MNs labelled by Islet (empty arrowheads in Fig 25B). Additionally, LMO-gal4 drives occasionally in a neuron located at the midline that does not have a counterpart in the adjacent hemisegment; it most probably is one of the TJ + MNB progeny neurons. Abd-B-gal4 is expressed in all cells from the posterior segments A5 to A9 (Estacio-Gómez et al., 2013). Therefore, by using it in an intersectional genetic approach with TJ-Flp, I am targeting all TJ + neurons located in the A5 to A9 abdominal segments. HB9-gal4 drives in 6 TJ + neurons per hemisegment: strongly in 2 dorsal INs (arrows in Fig 25D) and the 2 lateral ISNd MNs (arrowheads in Fig 25D and 25E) and weakly in 2 ventral INs (arrows in Fig 25F). GMR47D01-gal4 [expressed in LLN INs (Yoshikawa et al., 2016)] drives in two TJ + ventral INs per hemisegment (arrows in Fig 25G).

Fig 25 :

 25 Fig 25: Pattern of expression and effects of the activation of different gal4 lines that drive in discrete subpopulations of TJ + neurons.

Fig 26 :

 26 Fig 26: GMR36G02-gal4 (A27h-gal4) pattern of expression and neurotransmitter properties A-B. . Immuno-staining of first instar larva VNC for TJ (blue), myristoylated RFP driven by A27h-gal4 (red) and myristoylated GFP driven by ChAT-lexA (green). A27h-gal4 drives strongly in the 2 dorsalmost TJ + neurons (arrows in A) and more faintly in 2 ventral INs (empty and full arrowheads in B). The 2 dorsal-most A27h-gal4 + neurons as well as one of the ventral ones are cholinergic (arrows in A and full arrowhead on B).

Graph 1 :

 1 Evolution of the number of peristaltic waves done by the larvae upon activation of the A27h-gal4 + neurons depending on larval stage. Genotypes, temperatures, number of larvae tested (n) and age of the larvae tested are specified in the table below the graph. Statistical analysis: One way ANOVA. ***p<0.001, **p<0.005 Error bars represent the SD.
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  [START_REF] Zwart | Selective Inhibition Mediates the Sequential Recruitment of Motor Pools[END_REF] (Fig 27A), the GVLI population(Itakura et al., 2015) (Fig 27F-G),Eve and therefore the EL population(Heckscher et al., 2015) (Fig 27H-J) or lines (R78F11-gal4, R79E03-gal4 and R92C05-gal4) characterized byClark and collaborators (2016) and known, when used with UAS-TrpA1, to give rise to a ventral contraction of the larvae, a behaviour highly reminiscent to the one we observe upon activation of the TJ + cholinergic subpopulation (Fig 27K-P). However, TJ partially colocalizes with two drivers used to delineate GDL population[START_REF] Fushiki | A circuit mechanism for the propagation of waves of muscle contraction in Drosophila[END_REF] (Fig 27B-E). More precisely, TJ co-localizes with two dorsal neurons per hemisegment with the 9-20-gal4 line (Fig 27B) and with three or more neurons per hemisegment with the R15C11-gal4 line (Fig 27C-E) but pinpointing GDL was impossible since these drivers are expressed in numerous other neurons.

Fig 27 :

 27 Fig 27: Co-localization of TJ + neurons with other previously characterized IN populations implicated in locomotion A. Immuno-staining of first instar larva VNC for TJ (magenta) and nuclear GFP driven by R83H09-gal4 driver that delineates iIN (green). No co-localization was found. B. Immuno-staining of first instar larva VNC for TJ (magenta) and nuclear GFP driven by 9-20-gal4 (green) that delineates GDL population. Co-localization was found in two dorsal neurons (arrows). C-E. Immuno-staining of stage 16 embryo VNC for TJ (red), Engrailed (blue) and nuclear GFP driven by R15C11-gal4 (green) that delineates GDL population. Co-localization was found in two dorsal neurons (arrows in C), an intermediary ventral En + neuron (double empty arrowheads in D) and occasionally in midline TJ + MNB progeny neurons (full arrowheads in D and E). F-G. Immuno-staining of first instar larva VNC for TJ (magenta)

Fig 28 :

 28 Fig 28: Absence of co-localization of TJ in Hugin neurons A-A''. 3D reconstruction of first instar larva CNS immuno-stained for TJ (magenta) and nuclear GFP driven by Hugin-gal4 (green). TJ is not expressed in the Hugin neurons in first instar larva. B-B''. 3D reconstruction of third instar larva CNS immuno-stained for TJ (magenta) and nuclear GFP driven by Hugin-gal4 (green). TJ is not expressed in the Hugin neurons in third instar larva. All panels are reconstruction of the SEZ located between the VNC and the cerebellar lobes. CL= cerebellar lobes; SEZ= subesophageal zone ; VNC= ventral nerve cord

Fig 29 :

 29 Fig 29: TJ is excluded from TrpA1-gal4-expressing neurons and co-localizes with 3 Fd59a + neurons per hemisegment. A-B. Immuno-staining of first instar larva VNC and brain lobes for TJ (magenta) and nuclear GFP driven by TrpA1-gal4 (green). There is no co-localization between TJ + neurons and TrpA1-expressing neurons in the VNC or the cerebellar lobes in first instar larva. C-D. Immuno-staining of third instar larva VNC and brain lobe for TJ (magenta) and nuclear GFP driven by TrpA1-gal4 (green). There is no co-localization between TJ + neurons and TrpA1-expressing neurons in the VNC or the cerebellar lobes in third instar larva. E-F. Immuno-staining of first instar larva VNC for β-gal driven by TJ-gal4 (magenta) and Fd59a (green). TJ co-localizes with Fd59a in two dorsal neurons and one ventral neuron (arrows in E and F). For A,C,E and F, a single hemisegment is shown in each panel, with segment boundaries on the right (dashed lines) and midline location indicated on top left of the panel. B and D are 3D reconstruction of respectively 2 and 1 cerebellar lobes of first and third instar larvae. CL= cerebellar lobe, VNC= Ventral Nerve Cord

  Fig 30F, G, H). The TJ + MNB progeny neuron morphology we find is radically

Fig

  Fig 30: TJ + MNB progeny neuron morphology (preliminary data) A, B, C, D. Immuno-staining of a first instar larva VNC for TJ (blue), engrailed (red) and CD8GFP (green) driven by the coordinated expression of TJ-gal4 and Gad1-lexA -GFP + cells are necessarily TJ + GABAergic neurons. A. Dorsal view of the 3D projection of the VNC. To clearly visualize the projections of the cells, the engrailed and TJ stainings have been removed. TJ + MNB progeny neuron is recognizable by the position of its cell body at the midline (full arrowhead). Its projections go to both

Fig 31 :

 31 Fig 31: Effect of the activation of TJ + neurons on adult flies wing position. A-I'. Pictures of flies of different genotypes with no activation, short activation or long activation of TJ + neurons. J. Percentage of flies with different wing positions (normal, up or down) depending on genotype and duration of the activation. NA= non applicable: in this case it denotes fly death.

Fig 32 :

 32 Fig 32: Effect of the activation of TJ + neuron subpopulations on adult flies wing position. A-L . Pictures of flies of different genotypes with no activation, short activation or long activation of TJ + neuron subpopulations. M. Percentage of flies with different wing positions (normal, up or down) depending on genotype and duration of the activation.

  ventral oblique and ventral longitudinal muscle groups. Those muscle groups are innervated by MNs who project their axons through ISNb, ISNd (namely Islet + MNs) and SNc nerves (Fig 13B). Therefore we can hypothesize that at least some of the TJ + cholinergic INs innervate ISNb, ISNd and/or SNc MNs, either directly or through excitatory relays. How many ventrally-projecting MNs are being contacted by TJ + cholinergic INs? Activating HB9 + MNs (which belong to the ISNb and ISNd nerves and innervate the acute and longitudinal ventral muscles -Fig 13B) as well as other

Fig 33 :

 33 Fig 33: GRASP experiment proposed to test for Goro neurons and TJ + cholinergic putative synapses

  My results on the functional role of TJ + glutamatergic INs are hindered by the fact that when using vglut-lexA as a driver to activate this population, I am targeting both TJ + MNs and TJ + INs. Therefore I cannot really know the locomotor effects generated by the activation of TJ + glutamatergic INs alone. TJ + glutamatergic population comprises 6 MNs (U1, U2, U5, DO5 MN and 2 lateral Islet + ISNd MNs), 3 ventral PMSI INs and 2 dorso-lateral INs. We have hints of the implication of TJ + MNs on locomotion thanks to two experiments that use non-optimal drivers (RapGAP1-lexA, CQ2-lexA) and that give us only half-conclusions. Although TJ + MNs activation leads to a defect in locomotion, it seems unlikely it would cause by itself the immobility phenotype generated by the activation of the whole TJ + glutamatergic population. Activation of the TJ + PMSIs reduces the speed of locomotion through a partial relaxed paralysis of the posterior segments of the larvae; yet again, these neurons do not cause by themselves the immobility phenotype observed. It might be possible that the dorso-lateral glutamatergic TJ + INs activation also has an effect on locomotion and that simultaneous activation of the MNs, the TJ + PMSIs and the dorso-lateral INs eventually leads to the immobility phenotype observed. Alas, yet again what we are missing are specific, strong drivers to manipulate those different TJ + subpopulations. It would be informative to activate specifically the TJ + per + glutamatergic neurons (3 ventral cells per hemisegment)

  of H-cell, H-cell sib, iVUMs and mVUMs are presented in a recapitulative figure below (Fig 34A, B, C, D).

Fig 34 :

 34 Fig 34: Midline cells morphology A. Ventral view of a single segment from stage 15 sim-Gal4 UAS-tau-GFP embryo allowing visualization of all midline cells. Midline axons are discerned based on their characteristic position along the antero-posterior and dorso-lateral axes: here axons from the H-cell sib (yellow), H-cell (magenta) and MP1 (green) have been falsely coloured and the axons of other midline cells have been subtracted for an clearer observation. H-cell sib axon (yellow) sends projections on both sides of the midline in an anterior direction. The H-cell axon (magenta) sends projections laterally. B. Ventral view of a single segment from stage 15 sim-Gal4 UAS-tau-GFP embryo allowing visualization of all midline cells. Midline axons are discerned based on their characteristic position along the anteroposterior and dorso-lateral axes: here axons from the mVUM (yellow), iVUMs (magenta) and MP1 (green) have been falsely coloured and the axons of other midline cells have been subtracted for an clearer observation. The mVUM axons (yellow) project along the segmental and intersegmental nerves into the muscle fields while the iVUM axons (magenta) extend projections anteriorly. C.Ventral view of 1 segment of stage 15-17 Per-gal4>UAS-tau-lacZ embryo allowing visualization of the axons of H-cell sib (empty arrowheads) and iVUMs (filled arrowheads). The cell bodies are not visible as they are out of focus. D. Ventral view of 2 segments of stage 15-17 TH-gal4>UAS-tau-lacZ embryo allowing visualization of H-cell cell-body (arrow) and projections (arrowheads). E. Ventral view of supposed stage 17 embryo showing MNB progeny neurons cell bodies and projections. Projections of MNB progeny MNs (arrows) and MNB progeny INs (arrowheads) are supposedly visible. F. Schematic representation of TJ + MNB progeny neuron morphology as we observed it in dorsal view in larval stages. Projections of the MNB progeny neuron span several segments anteriorly and posteriorly to the segment where the cell body is located. Anterior is to the left, midline is materialized by dashedline and segment boundaries by short dashed lines on the top of the schematic drawing.

  might have been that at the time of Bossing and Technau study, and due to the lack of resolution of the DiI technique, a mVUM was labelled at the same time as a MNB progeny neuron, thus misleading the authors. The morphology they present in their study and that is shown in Fig 34E looks similar to the morphology of a single MNB progeny neuron in our preliminary results (Fig 34F); it might be therefore that the growing projections that we visualize in Fig 34E are actually the projections of a single MNB progeny IN. Additional stainings will be required to confirm those results.

  glutamatergic and cholinergic neurons has effects on the wing position of flies. This means that TJ + cholinergic INs and potentially TJ + glutamatergic INs are connecting MNs that innervate wing muscles. Additionally, non-published preliminary results from the lab show that some TJ + MNs innervate direct wing muscles (Fig 35). As no phenotype was observed upon activation of the TJ + GABAergic neurons in adult fly, we cannot know if there still are TJ + GABAergic neurons in the adult fly CNS.

Fig 35 :

 35 Fig 35: Overview of flight muscles in Drosophila fruit fly Lateral view of thorax of a Drosophila fruit fly with the different flight muscles shown in darker grays. Indirect flight muscles are power muscles involved in the generation of the beat of the wings: dorsolongitudinal muscles more particularly generate upstroke motion of the wing while dorso-ventral muscles generate downstroke motion of the wing. Direct flight muscles in comparison are tiny; their role is to steer the wing to allow for fine flight manoeuvres. Adapted from[START_REF] Dickinson | The Initiation and Control of Rapid Flight Maneuvers in Fruit Flies1[END_REF] 

Finally

  , in the preliminary results for the activation of the TJ + population presented here I focused on wing phenotype as it is a strong, easily visible phenotype. Some other more discrete phenotypes might have been missed when looking at the flies; therefore videotaping and analysing the behaviour of flies with the appropriate settings might bring to light other worthwhile phenotypes. Overall, although preliminary, these results open up exciting prospects for studying the implication of TJ + neurons and the physiological mechanisms underlying wing position control and even flight in adult flies.

  Le deuxième intérêt est plus fondamental : la caractérisation de CPG permettrait de comprendre comment un circuit neuronal parvient à générer un comportement. Etant donné que les CPGs génèrent des comportements « simples », qui sont rythmiques et « facilement » visualisables et quantifiables, il semble possible, avec un tel modèle, de faire le lien entre le fonctionnement du circuit et le comportement observé. Les principes établis lors de la caractérisation des CPGs pourraient ensuite être appliqués pour comprendre la façon dont d'autres circuits, qui génèrent des comportements plus complexes ou moins facilement étudiables, fonctionnent[START_REF] Bucher | Encyclopedia of Neuroscience[END_REF].Quelles approches pour l'étude du CPG locomoteur ?Historiquement, l'étude des CPGs a débuté chez des modèles animaux tels que le chat ou la lamproie. La preuve scientifique de l'existence d'un CPG locomoteur a été faite chez ces modèles. Bien qu'historiquement très importants, ces modèles sont de nos jours délaissés au profit d'autres plus faciles à manier, et surtout génétiquement modifiables tels que la souris, le poisson Zebrafish (Danio rerio) ou encore la Drosophile. De façon générale, deux approches différentes sont utilisées pour caractériser le CPG locomoteur. La première se focalise sur l'identification de gènes essentiels au développement du CPG et passe souvent par

  Drosophile comme modèle pour l'étude des CPGLa locomotion chez la larve de Drosophile est hautement stéréotypée et faite majoritairement de vagues péristaltiques. Une vague péristaltique consiste en la contraction séquentielle des segments de la larve, en commençant par le postérieur de la larve pour atteindre la tête. Cette contraction séquentielle parfaitement coordonnée permet à la larve de se propulser vers l'avant. A une même température les larves d'un même âge ont une locomotion quasi identique et effectuent le même nombre de vagues péristaltiques sur un temps fixe. La larve est également en mesure de tourner et de réaliser des vagues péristaltiques arrière par exemple(Clark et al., 2016).Dans les cinq dernières années, les connaissances sur les populations neuronales qui contrôlent la locomotion chez la larve de Drosophile ont considérablement augmentées. Des populations neuronales inhibitrices ont été identifiées, tels que les PMSIs (Period Median Segmental INs) qui sont des neurones pré-moteurs et contrôlent la vitesse de locomotion en arrêtant la phase d'activation

L

  'inhibition de la totalité de la population TJ + conduit à un défaut léger de la locomotion : les larves effectuent un nombre de vagues péristaltiques légèrement inférieur à celui réalisé par les contrôles. Lorsque la totalité de la population TJ + est activée, l'effet sur la locomotion est bien plus drastique : les larves sont immobiles et tous leurs muscles semblent contractés, ce qui provoque une diminution de la longueur de la larve. Lors de cette activation, la propagation des vagues péristaltiques est complètement abolie. Ce premier résultat indique bien que les neurones TJ + présents dans la CNV font partie du CPG de la locomotion.La population TJ + a une diversité élevée, elle est composée de MNs et de plusieures classes d'INs ; en activant la totalité de la population TJ + , il n'est pas possible de conclure sur la fonction de ces différentes sous-populations de neurones. Pour résoudre ce problème, j'ai décidé d'utiliser une technique d'intersection génétique : grâce à celle-ci, il est possible de cibler une population neuronale en fonction de deux caractéristiques. Par exemple, l'intersection génétique permet de cibler spécifiquement les neurones à la fois TJ + et glutamatergiques ou les neurones à la fois TJ + et cholinergiques. Pour effectuer des expériences d'intersection génétique, nous avions besoin d'une lignée TJ-Flippase (TJ-Flp) que j'ai généré au cours de la première année de thèse en suivant un protocol développé par Ejsmont et ses collaborateurs (2009). J'ai testé l'expression de cette Flp qui en effet récapitule parfaitement le patron d'expression de TJ ; il est donc possible d'utiliser cette lignée pour conduire des expériences d'intersection génétique pour étudier la population TJ + . Etant donné que lorsque l'on active tous les neurones TJ + les larves sont complètement contractées, je me suis demandé quel était le rôle des MNs TJ + dans ce phenotype. En effet, on pourrait imaginer qu'activer 6 MNs par hémi-segment est suffisant pour provoquer la contraction totale des larves. Avec les outils génétiques disponibles actuellement, il n'est pas possible d'activer tous les MNs TJ + à la fois. Je me suis donc contentée d'activer 3 des 6 MNs TJ + par hémi-segment: les larves ont un défaut de locomotion avec une diminution du nombre de vagues péristaltiques par rapport aux contrôles, mais qui n'est en rien comparable à celui obtenu lorsque l'on active la totalité de la population TJ + . Bien que l'on ne puisse pas savoir l'effet de l'activation de tous les MNs TJ + sur la locomotion, il semble que les MNs aient en réalité un rôle limité dans le phénotype observé lors de l'activation de la totalité de la population TJ + . J'ai ensuite décidé d'observer les effets de l'activation des neurones TJ + glutamatergiques. Lorsqu'on les active, ces neurones provoquent une immobilité des larves, qui par ailleurs lèvent souvent la tête. Les MNs chez la larve de Drosophile sont glutamatergiques ; par conséquent lorsque l'on active les neurones TJ + glutamatergiques, on active à la fois les MNs et les INs glutamatergiques. Le phénotype observé est beaucoup plus drastique que celui observé lorsque l'on active les MNs TJ + . Il semble donc que les INs glutamatergiques TJ + aient également un rôle dans la locomotion. En continuant la caractérisation du rôle des sous-populations TJ + dans la locomotion de la larve, j'ai ensuite observé l'effet de l'activation des neurones TJ + cholinergiques. Lorsque les neurones TJ + cholinergiques sont activés, ils provoquent chez les larves une contraction ventrale. Cela nous fait supposer que les INs cholinergiques TJ + contactent des MNs qui projettent sur des muscles ventraux. Parmi la population cholinergique TJ + (10 INs par hémi-segment), il n'est pas possible de savoir lesquels sont plus particulièrement responsables. Il est intéressant que des INs cholinergiques TJ + aient ainsi un rôle dans la contraction spécifique des muscles ventraux. Ce type de spécificité dans l'innervation de certains groupes de MNs pourraient dans ce cas particulier permettre la mise en oeuvre de comportements locomoteurs bien particulier comme le roulement (rolling en anglais)

  TJ + . Lorsque ces neurones sont activés, les larves semblent avoir une locomotion tout à fait normale, mais ralentie. En effet, les larves font un nombre de vagues péristaltiques inférieur aux contrôles, même si la propagation de la vague de contraction se fait tout à fait normalement. A partir de ce résultat, on peut faire l'hypothèse que les neurones GABAergiques TJ + contrôlent la vitesse de locomotion en changeant potentiellement la fréquence d'occurrence des vagues péristaltiques.Afin d'identifier parmi la population GABAergique TJ + quels neurones sont impliqués dans ce ralentissement de la locomotion, nous avons mis en place une expérience de triple intersection. Cette fois-ci, l'idée est de cibler des neurones en fonction de trois caractéristiques. En fonction des outils génétiques disponibles, je suis parvenue à visualiser les effets de l'activation de neurones TJ + qui sont à la fois GABAergiques et expriment period. L'activation de ces trois neurones par segment (sur 610 neurones localisés dans un segment) provoque une diminution du nombre de vagues péristaltiques avec une propagation des vagues péristaltiques apparemment normale.

  fonctionnelle des neurones TJ + , une population neuronale encore jamais étudiée dans le système nerveux de la larve de Drosophile. Mes résultats montrent que cette population neuronale est diverse et qu'elle est impliquée de différentes façons dans le CPG locomoteur de la larve de Drosophile. Les neurones cholinergiques TJ + par exemple, semblent innerver spécifiquement des MNs qui projettent sur des muscles ventraux ; par cette innervation différentielle d'un seul groupe de muscle, ils pourraient avoir un rôle dans le comportement de roulement. Les neurones GABAergiques TJ + quant à eux, et plus particulièrement les neurones TJ + GABAergiques qui expriment period semblent avoir une fonction dans la régulation de la vitesse de locomotion des larves. Ce résultat est particulièrement captivant, car les neurones GABAergiques TJ + per + expriment un code moléculaire combinatoire similaire de celui trouvé dans une population d'INs présents chez les vertébrés, les V 2b , qui seraient également impliqués dans la régulation de la vitesse de locomotion chez le Zébrafish.

  

  

  

  

  

  

Table 1 :

 1 

Recapitulative table of the mouse IN populations discussed in this thesis

Adapted from

[START_REF] Hochman | Diversity of molecularly defined spinal interneurons engaged in mammalian locomotor pattern generation[END_REF] 

. B. Schematic diagram of the anatomy of sensory

  

	neurons present in a bodywall hemisegment. Cell bodies of the eight types of sensory neurons are
	shown in different colours and shapes. Dendritic morphology is detailed for two class I (da) neurons
	(ddaD and ddaE) and two bipolar dendritic (bd) neurons (dbd and vbd). es= external sensory C.

Table 2 :

 2 List of Drosophila lines used

	II. Antibody list			
	Primary Antibodies	Species	Dilution Source
	Anti-Fd59a	Guinea pig	1:1000	Gift from Jim Skeath (Lacin et al., 2014)
	Anti-β-gal	Chicken	1:2000	Abcam Ab9361
	Anti-β-gal	Rabbit	1:2000	Cappel 559762
	Anti-Islet-1/2 39.4D5 and 40.2D6	Mouse	1:20	Development Studies Hybridoma Bank, University of Iowa

Table 3 :

 3 List of primary antibodies used

  . Examination of this line revealed that the number and position of the GFP + neurons in the embryo and larva VNC were highly reminiscent of TJ + cells (data from the labnot shown). With this information we thus decided to use this fosmid to precisely replace the coding

sequence and 3'UTR of tj by a Flp. We chose to use a Flp optimized for codon use (or FlpO) that moreover contains a NLS sequence (nuclear localization signal) allowing for a more efficient translocation in the nucleus were it completes its function (generous gift from S. Bourane, Goulding's lab, Salk Institute for Biological Studies, USA).

  TFs within these different IN subtypes identified so far and this lack of knowledge impedes cross species comparisons thus limiting our understanding of the common principles of CPG organization in vertebrates and invertebrates.

Here we investigate in the Drosophila larva the role of a small pool of highly diverse INs (23/hemisegment) expressing the evolutionary conserved TF Traffic Jam (TJ, the orthologue of MafA, Mafb, c-Maf and NRL in the mouse). Interestingly, MafA, MafB and c-Maf are expressed by restricted subpopulations of ventral premotor INs in the developing mouse spinal cord

(Bikoff et al., 2016; Francius et al., 2013; Gabitto et al., 2016; Lu et al., 2015; Sweeney et al., 2018) 

but the function of these INs subtypes is to date unknown. To characterize TJ-expressing INs we generated a TJ-Flippase line and we used intersectional genetics to activate TJ + subpopulations depending on their neurotransmitter properties. We found that manipulation of these IN subsets modulate larval locomotor behaviours. Our results also show that activation of a restricted subpopulation of GABAergic/Per + /TJ + (3 INs/segment), belonging to the PMSIs group of INs and known as MNB progeny neurons, considerably impacts the crawling speed of the larvae.

  indicating that the molecular nature and physiological function of this neuronal type may have been conserved during evolution. The remarkable similarities of combinatorial expression of TFs within this IN class further exemplifies that the molecular mechanisms used during the wiring of the locomotor system are conserved and evolutionarily ancient.

					ARTICLE ARTICLE
	Materials and methods Anti-mouse A555 Hlh3bGFP	Donkey Gift from P. Tomancak (unpublished) 1:2000	NA
	Anti-mouse A647 Grain-lacZ	Donkey (Spradling et al., 1999) 1:1000		NA
	Antibody list Anti-rabbit A488 Gad AD	Donkey Bloomington Stock Center 1:1000		BL #
	Primary Antibodies Anti-rabbit A555 UAS-lexA DBD	Species Donkey Bloomington Stock Center Dilution Source 1:2000	BL #
	Anti-TJ Anti-rabbit A647 UAS-myrGFP	Guinea Pig Donkey Bloomington Stock Center 1:4000 1:1000	Gift from D. Godt	BL #
	Anti-Engrailed 4D9 Other reagents B-H1-gal4	Mouse (Sato et al., 1999) 1:50	Development Studies Hybridoma Bank, NA
	Phalloïdin-FluoProbes Tdc2-gal4	Bloomington Stock Center	University of Iowa	BL #
	Anti-p-Mad 647 Dimm-gal4	Rabbit NA Bloomington Stock Center 1:500 1:25	FP-BA0320, Interchim (Tanimoto et al., 2000)	BL #
	Anti-GFP TH-gal4 (also called ple-	Chicken	1:2000	Abcam Ab13970
	Anti-GFP Drosophila stocks gal4)	Rabbit Bloomington Stock Center 1:4000	Invitrogen A6455	BL #
	Anti-RFP Drosophila lines vmatGFP	Rabbit Source Bloomington Stock Center 1:8000	Gift from S. Heidmann (Herzog et al., 2013) Identifier BL #
	Anti-myc 9E10 TJ-gal4 UAS>>TrpA1 myc	Mouse Tokyo Stock Center 1:40 Bloomington Stock Center	Development Studies Hybridoma Bank, DGRC # 104055 BL #
	TJ-Flp lexAop-Flp	generated by the lab Bloomington Stock Center	University of Iowa	N/A BL #
	Anti-eve 3C10 Gad1-lexA	Mouse Bloomington Stock Center 1:40	Development Studies Hybridoma Bank, BL #
				University of Iowa
	Vglut-lexA	Bloomington Stock Center		BL #
	Anti-eve	Rabbit	1:200	Gift from M. Frasch (Frasch et al., 1987)
	ChAT-lexA	Bloomington Stock Center		BL #
				Gift from H. Aberle (Mahr and Aberle,
	Anti-dv-glut C-ter UAS-trpA1	Rabbit Bloomington Stock Center 1:1000		BL # 4308
	UAS-shi ts	(Kitamoto, 2001)		2006)	NA
				Gift from F.R. Jackson (Featherstone et al.,
	Anti-dGad 818 lexAop>stop>dTrpA1 (2 lines on II d and III d	Rabbit Gift from Aso Y., Janelia Research Campus/HHMI 1:500 2000)	N/A
				Development Studies Hybridoma Bank,
	Anti-repo 8D12 chromosomes)	Mouse	1:40	
				University of Iowa
	per-lexA	Tokyo Stock Center		DGRC # 116999
				Development Studies Hybridoma Bank,
	Anti-prospero per-gal4	Mouse Bloomington Stock Center 1:40	University of Iowa	BL # 7127
	FkhGFP	Bloomington Stock Center	Development Studies Hybridoma Bank, BL #
	Anti-FasII 1D4 Tsh-lexA	Mouse Gift from J. Simpson (Ohyama et al., 2015) 1:80 University of Iowa	NA
	Anti-5-HT Tsh-gal80	Rabbit Gift from G. Miesenböck (Clyne and Miesenböck, 1:2000 Immunotech ref. 0601	NA
	Secondary antibodies	Species 2008)	Dilution Source
	Anti-guinea pig A488 lexAop-IVS-tdTomato.nls Bloomington Stock Center Goat 1:1000 Anti-guinea pig A555 Goat UAS-H2AGFP (Tan et al., 2015) 1:2000 speculate that sim-derived Per + /TJ + /Fkh + MNB progeny neurons would indeed be the BL # it is thus tempting to NA Drosophila counterpart of CSF-cN in vertebrates and more particularly of the Sim1-derived Anti-guinea pig A647 Donkey Act>>gal4 Bloomington Stock Center BL # 4779 1:1000 Alexa Fluor TM (Invitrogen) Anti-chicken A488 Goat 1:1000 UAS-CD8GFP Bloomington Stock Center BL # 5137
	Anti-mouse A488 CQ2-lexA	Donkey Gift from C. Doe (Heckscher et al., 2015) 1:1000	NA
	Anti-mouse A405 sim-gal4 (or sim3.7-gal4) Bloomington Stock Center Goat 1:1000		BL # 9150
			[18] [19]	

CSF-cNʺ. In the annelid Platynereis dumerilii, a recent study focusing on the molecular characterization of neuron types brought to light a group of neurons specifically coexpressing the TFs Gata1/2/3 and Tal that may be related to CSF-cN

(Vergara et al., 2017

)

ARTICLE

[17] 

  [START_REF] Hochman | Diversity of molecularly defined spinal interneurons engaged in mammalian locomotor pattern generation[END_REF] Diversity of molecularly defined spinal interneurons engaged in mammalian locomotor pattern generation. Journal of Neurophysiology 118: 2956-2974. Zwart MF, Pulver SR, Truman JW, et al. (2016) Selective Inhibition Mediates the Sequential Recruitment of Motor Pools. Neuron 91: 615-628.

When

comparing only two groups we used unpaired Student t-test.

Table 4 :

 4 Summary of the preliminary results obtained with an optogenetic-based intersectional genetics approach.

	Genetics		Neuronal population activated	Behaviour observed	Consistency with TrpA1-based intersectional genetics approach?
	tsh-lexA:: lexAop>>CsChrimson TJ-Flp	Venus ;	All TJ the VNC + neurons in	Full tonic contraction of the larva body	Yes
	lexAop>>CsChrimson TJ-Flp, Gad1-lexA Venus ;	neurons + GABAergic TJ	Apparently normal, locomotion though slowed	Yes
	per-lexA, lexAop>>CsChrimson TJ-Flp	Venus ;	TJ + per (TJ + PMSI neurons) + neurons	Relaxed posterior slowed locomotion segments causing a	Yes

Table 5 :

 5 Recapitulative table of the transgenes used for each of the intersectional genetics approaches used in this work.

	lexA

  . It would be necessary in our case to have staining of indirect flight

	muscles to know if muscle defect is implicated; however taking into consideration that
	the phenotype become irreversible after only 2 hours of recurrent activation of TJ +
	neurons, it seems unlikely that muscle degeneration is involved. Rather, I would
	hypothesize that recurrent activity of TJ + MNs or TJ + INs innervating MNs could lead
	to denervation of the neuromuscular junction and potentially even death of MNs by
	excitotoxicity.

Central Pattern Generators : des circuits neuronaux pas comme les autres

  

	Les Central Pattern Generators (CPGs) sont des circuits neuronaux impliqués
	dans la génèse de comportements autonomes rythmiques essentiels à la vie, tels
	que la respiration, la locomotion (qu'elle soit sous la forme de marche, nage ou
	reptation par exemple) ou la mastication pour ne citer que les exemples les plus
	évidents. Ces circuits neuronaux sont capables de générer une activité « tous
	seuls », c'est-à-dire de façon indépendante vis-à-vis des centres nerveux supérieurs
	ou du système sensoriel. Toutefois des signaux provenant de ces deux centres

jouent un rôle dans la modulation de l'activité des CPGs pour répondre à des changements environnementaux ou physiologiques. Chez les vertébrés, les CPGs sont localisés dans la moelle épinière (ou son équivalent chez les invertébrés) en ce qui concerne le CPG de la locomotion, ou dans le tronc cérébral en ce qui concerne les CPGs de la respiration et de la mastication. Cellulairement parlant, les CPGs sont composés bien évidemment de motoneurones (MNs), qui sont les derniers effecteurs du CPG, innervent les muscles et leur donnent l' « ordre » de contraction, et d'une grande diversité d'interneurones (INs) qui se connectent les uns les autres et/ou innervent les MNs. Certains INs sont par ailleurs chargés de relayer les informations provenant des centres nerveux supérieurs et du système sensoriel. Les CPGs sont des circuits neuronaux hautement complexes et les bases moléculaires et cellulaires à l'origine de leur activité rythmique restent inconnues

  Parmi les 29 neurones TJ + présents dans chaque hémi-segment, 10 sont cholinergiques, 8 sont GABAergiques et 11 glutamatergiques. De plus, la population TJ + comprend 6 MNs (U1, U2, U5, DO5 MN et 2 MNs latéraux dorsaux qui projettent leurs axones dans le nerf ISNd). Le reste des neurones TJ + sont des INs. Les neurones TJ + sont majoritairement exclus des populations neuronales déjà caractérisées comme faisant partie du CPG locomoteur chez la larve de Drosophile.

  . En allant un peu plus loin dans la caractérisation moléculaire de ces neurones, je me suis rendue compte qu'elles expriment les FTs grain et hlh3b. Le code combinatoire trouvé dans les neurones TJ + per + GABAergiques est donc le suivant : fkh, grain et hlh3b, ce qui rappelle le code combinatoire d'une population d'INs impliqués dans la locomotion chez les vertébrés : les V 2b

  INs, a population in vertebrates thought to regulate the speed of locomotion as well in vertebrates; this opens the possibility of a functional conservation across evolution. Preliminary results furthermore suggest that TJ + INs would have functional roles in the adult fly.Key words: Central Pattern Generator; Locomotion; Drosophila melanogaster larva; Traffic Jam; Central Pattern Generators) sont des circuits neuronaux capables de générer de façon autonome des comportements rythmiques essentiels à la vie tels que la respiration ou la locomotion. Chez la larve de Drosophile, le CPG locomoteur est composé de motoneurones (MNs) et d'une grande diversité d'interneurones (INs). Combien d'entre eux sont nécessaires pour former un CPG fonctionnel et comment ils interagissent reste un mystère. Au cours de mon doctorat, j'ai étudié une population neuronale restreinte caractérisée par son expression du facteur de transcription (FT) de la famille des Maf, Traffic Jam (TJ). En utilisant une technique d'intersection génétique et grâce à une lignée TJ-Flp générée au cours de mon doctorat, j'ai démontré pour la première fois que différentes sous-populations de neurones TJ + ont des fonctions distinctes dans le comportement locomoteur de la larve de Drosophile. Au travers de cette sous-division fonctionnelle, j'ai finalement identifié 3 neurones TJ + per + GABAergic par segment qui régulent la vitesse de locomotion des larves. Une caractérisation moléculaire poussée de ces cellules a permis de confirmer qu'elles appartiennent au groupe connu des « midline cells », et plus particulièrement des neurones MNB progeny, dont la fonction était jusqu'à maintenant inconnue. Par ailleurs, le code combinatoire de FTs trouvé chez ces MNB progeny rappelle celui exprimé par les V 2b , une population d'INs qui régulerait également la vitesse de locomotion chez les vertébrés. Ces similarités entre MNB progeny et V 2b laissent à penser que cette population de neurones pourrait être conservée au cours de l'évolution. En outre, des résultats préliminaires suggèrent que les INs TJ + ont également un rôle chez la mouche adulte. Mots-clés: Réseau Locomoteur Spinal ; Locomotion ; Larve de Drosophile; Traffic Jam; Intersection génétique; Interneurones ; vitesse de locomotion Institut des Neurosciences de Montpellier, INSERM U1051, 80 Rue Augustin Fliche, 34095 Montpellier
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Abstract (156 words)

Interneurons (INs) coordinate the activity of motoneurons to generate adequate patterns of muscle contractions providing animals with the ability to adjust their body posture and to move over a range of speeds. In the Drosophila larvae several IN subtypes have been morphologically described and their function well documented. Yet, the combinatorial expression of transcription factors (TFs) within these subsets is scarcely known, limiting our understanding of the common principles underlying the logic of the locomotor circuitry among species. Here we characterize a highly restricted neuronal subset expressing the Maf TF Traffic Jam (TJ). We found that TJ + neurons are highly diverse and their activation using intersectional genetics disrupted larval body posture and locomotion speed. Our results also showed that a small subset of TJ + GABAergic INs, singled out by the unique expression of Per, Fkh, Grain and Hlh3b, a molecular signature highly reminiscent to V 2b INs in vertebrate, substantially impacted the crawling speed of the larvae.

ARTICLE

[46] Supplementary Figure 1 [47] Supp Fig. 1 Supplementary Figure 2 Supplementary Figure 3 [51] Supp Fig. 3: TJ is excluded from monoaminergic and peptidergic neuronal populations A1-A2 Representative views of two segments of stage 16 embryo VNC stained for TJ (magenta) and GFP labelling SNa MNs (thanks to B-H1-gal4 driver). TJ is excluded from SNa MNs (A1, circle).

B Representative views of two segments of stage 16 embryo VNC stained for TJ (magenta) and GFP labelling the ventral median octopaminergic mVUM (ventral Median Unpaired MNs) (thanks to tdc2-gal4 driver). TJ is excluded from mVUM MNs.

C1-C3

Representative views of first instar larva VNC stained for TJ (magenta) and GFP labelling the peptidergic cells (thanks to dimm-gal4 driver). TJ is completely excluded from the larve peptidergic population.

D1-D2

Representative views of first instar larva VNC stained for TJ (magenta) and GFP labelling the dopaminergic neurons (thanks to TH-gal4 driver). TJ is excluded from dopaminergic neurons.

E1-E2

Representative views of first instar larva VNC stained for TJ (red), 5-HT (blue) and GFP labelling the monoaminergic neurons (visualized thanks to the vMat-GFP fusion protein ). TJ is excluded from monoaminergic neurons.

In all panels, anterior of the VNC is up, midline denoted by the full line on top of the panels and the segment boundaries by the dashed lines on the right side of the panels. My preliminary results require confirmation, but I can already say that TJ + MNB progeny neurons have a particular morphology, distinct from that of other per + glutamatergic neurons.