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Distinct neuronal drives from locomotor circuits upregulate breathing rate during running exercise

While respiratory adaptation to exercise is compulsory to cope with metabolic supply to, and necessary clearing of metabolic waste from, body tissues, the neural apparatus at stake remains poorly identified. Using viral tracing, ex vivo and in vivo optogenetic and chemogenetic interference strategies in mice, we unravel interactive locomotor and respiratory networks' nodes that mediate respiratory rate increase accompanying a running exercise. We show that the mesencephalic locomotor region (MLR) and the lumbar spinal locomotor pattern generator (lumbar CPG) that respectively initiate and execute the locomotor behavior access the respiratory network through distinct entry points. The MLR directly projects onto the preBötzinger complex (preBötC) that paces breathing and can trigger moderate increase of respiratory frequency, prior to, or even in the absence of locomotion. In contrast, the lumbar CPG projects onto the retrotrapezoid nucleus (RTN) that in turn contacts the preBötC to enforce, during effective locomotion, higher respiratory frequencies commensurate to locomotor velocity. These data expand, on the one hand, the functional implications of the MLR beyond locomotor initiation to bona fide respiratory modulation and on the other hand, the adaptive respiratory ambitions of the RTN beyond chemoception to "locomotor-ception".

TABLE OF CONTENTS

INTRODUCTION

This PhD work will address interactions between the respiratory and the locomotor central networks that support rapid adaptation to exercise of the respiratory neural command. The metabolic adaptation to exercise is complex and integrates cardio-vascular and respiratory changes. Clearly, lung ventilation, cardiac output, and blood pressure are highly labile physiological variables that are continually adjusted by the central nervous system to match the metabolic requirements of specific behaviors [START_REF] Bevan | Direct arterial pressure recording in unrestricted man[END_REF][START_REF] Feldman | Breathing: rhythmicity, plasticity, chemosensitivity[END_REF]. I have focused my interest on the interface of respiratory and locomotor circuits and thus will not touch upon the circuits controlling attendant cardiovascular responses. As my work will reveal, a respiratory node of this interface is the RTN, a structure known to mediate the chemoreflex, an increase in breathing in response to elevated blood CO 2 (PaCO 2 ). Using PaCO 2 as a guide, I will now briefly expose ventilatory/cardiovascular interplays that must take place in parallel to the regulations that my work will unveil that future work should attempt to dissect with the tools deployed in my work.

Unlike lung ventilation, PaCO2 usually remains constant around a set-point that is characteristic of a particular individual (Haldane and Priestley, 1905). This classic example of homeostatic regulation suffers few exceptions. For example, under hypoxia and/or during strenuous exercise, PaCO2 falls because maintaining the oxygen supply takes priority over the need to keep CO2 constant. Such temporary deviations from homeostasis are adaptive and in keeping with the concept of stability through change. The mechanisms that maintain CO2 constant despite large variations in the metabolic production of this gas are complex [START_REF] Forster | Control of breathing during exercise[END_REF]. For example, during exercise, central command, and reflexes originating from muscle mechano-and metabotropic receptors cooperate to activate breathing to a degree roughly commensurate with the rise in whole body metabolism and CO2 production (Eldridge et al., 1985;[START_REF] Eldridge | Central integration of mechanisms in exercise hyperpnea[END_REF][START_REF] Dempsey | New perspectives concerning feedback influences on cardiorespiratory control during rhythmic exercise and on exercise performance[END_REF].

The cardiovascular effects of hypercapnia result from influence of CO2 at multiple levels and involves sympathetic and parasympathetic mediation [START_REF] Ursino | An integrated model of the human ventilatory control system: the response to hypercapnia[END_REF]. CO2 tends to lower arterial pressure while chemoreceptor stimulation activates the sympathetic nervous system which counteracts, via vasoconstriction, and increases the cardiac output. As a result, arterial pressure may change and engage baroreceptor feedbacks to mitigate or potentiate the effects of chemoreceptors. Chemoreceptor stimulation activates the respiratory central generator which increases breathing and has multiple effects on the neural control of the circulation. For example, increased discharge of sensory afferents from the lung reflexively inhibits cardio-vagal parasympathetic outflow, increasing heart rate and thereby contributing to raising cardiac output. The respiratory central generator also inhibits cardiovagal preganglionic neurons to increase the heart rate.

Integrating all these components in the physiological adaptation to exercise would be a daunting task, by considering here respiration only, I propose a first delineation of respiratory and locomotor neural nodes crucial for respiratory adaptation to exercise. This together with the help of the methodological tools used in my work paves the way for later description, with cellular and synaptic resolutions, of the putative implication of these nodes in cardio-respiratory adaptation to exercise.

Chapter 1: Interactions between respiration and locomotion From birth to death we breathe in a continuous and reliable manner to ensure the essential gas exchanges necessary for life in all mammals. Although breathing 1 is a rhythmic and autonomous behavior, it is precisely modulated by the metabolic demand which is impacted by changes in internal or external states and strongly influenced by other motor behaviors. The adaptations that breathing undergoes during locomotion or exercise are probably the most striking examples. Indeed, when animals move, whether it is to hunt, escape predators, feed or mate, the demand in oxygen (O2) and the production of carbon dioxide (CO2) increase to match the augmented metabolism. In support to this, respiration 1 must increase, and the particular signatures have been commonly described in the literature: 1) an increase in breathing depth and rate (or hyperpnea 1 ), 2) a transition from passive to forced, or active, expiration and 3) a possible temporal synchronization (or phase-locking) between respiratory and locomotor rhythms.

I. Characteristics and specifications of hyperpnea during running

Examining the specifications of respiratory changes during running, and the interaction between respiratory and locomotor rhythms, helps formulate hypothesis regarding the underlying physiological substrate. We will therefore present here the major signatures of respiratory changes during running, together with the associated ambiguities.

1.

An immediate response

In most species including humans, respiratory adaptation to exercise, is most commonly studied during running tasks on a motorized treadmill or an ergometer. On these, it appears that the key signature is an abrupt increase of breathing frequency, often accompanied by an increase in respiratory amplitude, altogether termed hyperpnea. These changes are immediate at the onset of exercise in humans, horses, sheep, dogs and mice running on a treadmill (Figure 1.1A, B) [START_REF] Krogh | The regulation of respiration and circulation during the initial stages of muscular work[END_REF][START_REF] Dejours | Etude du controle de la ventilation par certain stimulus neurogeniques au cours de l'exercise musculaire chez l'homme[END_REF][START_REF] Flandrois | Control of breathing in the exercising dog[END_REF][START_REF] Pearce | dynamic and steady-state respiratory responses to bicycle exercise[END_REF][START_REF] Robinson | Respiratory adaptations to exercise[END_REF]Mateika andDuffin, 1992, 1995;[START_REF] Haouzi | The control of ventilation is dissociated from locomotion during walking in sheep[END_REF][START_REF] Tsuchiya | Dopaminergic modulation of exercise hyperpnoea via D(2) receptors in mice[END_REF].

A possible dependency on limb velocity

In addition to being immediate, the respiratory increase to exercise has been classically defined as commensurate to the speed of the treadmill or the pace of cycling in humans, suggesting a dependence of exercise hyperpnea on the velocity of limb movements [START_REF] Dejours | Etude du controle de la ventilation par certain stimulus neurogeniques au cours de l'exercise musculaire chez l'homme[END_REF]Duffin and Bechbache, 1983;[START_REF] Casey | The effect of treadmill speed on ventilation at the start of exercise in man[END_REF]Mateika and Duffin, 1995;[START_REF] Wells | The ventilatory response to sine wave variation in exercise loads and limb movement frequency[END_REF]. Very little documentation is available for other mammals, although similar observations have been reported in horses and ponies (Figure 1.1C) [START_REF] Pan | Hyperventilation in ponies at the onset of and during steady-state exercise[END_REF][START_REF] Honda | Role of carotid chemoreceptors in control of breathing at rest and in exercise: studies on human subjects with bilateral carotid body resection[END_REF][START_REF] Robinson | Respiratory adaptations to exercise[END_REF]. However, contradictory findings can also be found in the literature where no clear influence of the stride rate on ventilation 1 could be established during treadmill exercise sessions in humans (Figure 1.1D) [START_REF] Kay | Breathing in man during steady-state exercise on the bicycle at two pedalling frequencies, and during treadmill walking[END_REF][START_REF] Berry | Stride frequency and ventilation at constant carbon dioxide output[END_REF][START_REF] Buono | Alterations in the rate of limb movement using a lower body positive pressure treadmill do not influence respiratory rate or phase III ventilation[END_REF]. Interestingly, data in lampreys, distant vertebrates that share a lot of basic features with mammals (Robertson Respiration: exchange of O2 and CO2 across a membrane (lungs or gills). Breathing: qualifies the behavior. Hyperpnea: respiratory frequency & amplitude increase. Ventilation: volume of gas inhaled and exhaled from the lungs per min. et al., 2014) and use swimming for locomotion, show that respiratory frequency is not dependent on the locomotor frequency (Figure 1.1E) (Gravel et al., 2007). Hence, the dependence of breathing on locomotor velocity remains controversial and we will address this question later in running mice. A-B) Ventilation change to treadmill exercise in human at a low speed (A) and at a faster speed (B). Note that the ventilation increase is immediate, at the onset of exercise (red bar). Also, the ventilation increase is greater at the faster speed. Adapted from Duffin (2014). (C-D) Ventilation change to different speeds and gaits in horse (C) and human (D). Note that [START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF] show that the ventilation increases in a speed and gait-dependent manner in horses (C), while [START_REF] Berry | Stride frequency and ventilation at constant carbon dioxide output[END_REF] find that human ventilation is similar during walking and running when the metabolic state is kept stable (D). Graphs are compiled from available data in the corresponding studies. (E) Frequency change to different swimming frequencies in lampreys, showing no clear relation between respiratory and locomotor frequencies. Adapted from Gravel et al. (2007).

3.

Breathing changes can precede movements and occur during fictive exercise Another important feature of breathing augmentation during exercise is that it may occur even in situations where movements are not performed. For instance, subjects told to imagine cycling or running (without any movement), increase their respiratory rate proportionally to the imagined exercise intensity and the respiratory response is reminiscent to the response seen during actual exercise (Figure 1.2A) (Decety et al., 1991;Decety et al., 1993;Thornton et al., 2001). In addition, when subjects are instructed to move after a given delay, breathing rate increases before the onset of movement (Tobin et al., 1986). Interestingly, studies in cats, geese, and lampreys showed that breathing increases just before a spontaneous movement [START_REF] Butler | Heart Rate, Respiratory Frequency and Wing Beat Frequency of Free Flying Barnacle Geese <em>Branta Leucopsis</em&gt[END_REF]Eldridge et al., 1985;Gariepy et al., 2012) (Figure 1.2B). Therefore, this "anticipatory" exercise hyperpnea seems to be conserved amongst vertebrates and might play a crucial part in mediating important respiratory changes (but also cardiovascular changes (Decety et al., 1993;Thornton et al., 2001)) in preparation of exercise, to anticipate important forthcoming metabolic changes.

The mobilization of active expiration

Breathing is based on permanent rhythmic movements of the rib cage enabling the repetition of sequential inspiratory and expiratory phases. Inspiration is a systematically active mechanism which involves the concerted muscular contraction of dedicated inspiratory pump muscle groups, of which the diaphragm is the main muscle. Instead, expiration is a passive mechanism at rest due mainly to the relaxation of the inspiratory muscles and lung recoil. However, under certain physiological conditions where the respiratory drive is increased, like Respiratory rate in human at rest, during actual (black circle) or mental (white circle) exercise, and after exercise (Recov.). Note the increase in breathing frequency during mental exercise, similar to an actual exercise. Adapted from Decety et al. (1993). (B) Respiratory frequency in lamprey at rest, before (pre-Loco) and during (Loco) bouts of swimming. Note the increase in frequency prior to the movement. Adapted from Gariepy et al. (2012).

during high level exercise, forced or active expiration takes place (Iscoe, 1998;[START_REF] Jenkin | Chapter 8 -Expiration: Breathing's other face[END_REF]. The abdominal "expiratory" muscles become actively involved in breathing to produce rapid exhalation and enhance even more respiratory rate and volume. The level of activation of abdominal muscles in mammals during exercise tends to increase as a function of exercise intensity in ponies, dogs and humans (Figure 1.3) [START_REF] Gutting | The pattern of respiratory muscle activity during exercise in normal and hilar nerve denervated ponies[END_REF]Ainsworth et al., 1989;Abraham et al., 2002). We will see in Chapter 2.II.2.a. that a respiratory region, thought to generate active expiration upon increased metabolic demand, might be involved in exercise hyperpnea.

5.

A temporal coordination of breathes to strides?

Another feature of respiratory adjustments to exercise that has been alleged in humans and animals is the temporal synchronization of locomotor and respiratory rhythms [START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF][START_REF] Stickford | Ventilation and Locomotion in Humans: Mechanisms, Implications, and Perturbations to the Coupling of These Two Rhythms[END_REF]. Initially, studies in humans running on a treadmill or cycling on an ergometer showed that the respiratory frequency was a submultiple of the stride rate [START_REF] Bannister | The carbon dioxide stimulus to breathing in severe exercise[END_REF][START_REF] Bechbache | The entrainment of breathing frequency by exercise rhythm[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Corio | Origin of the central entrainment of respiration by locomotion facilitated by MK 801 in the decerebrate rabbit[END_REF] and similar observations were made in horses, dogs, sheep, cats, rabbits, hares etc. [START_REF] Iscoe | Respiratory and stepping frequencies in conscious exercising cats[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Entin | Effect of locomotor respiratory coupling on respiratory evaporative heat loss in the sheep[END_REF][START_REF] Simons | Running, breathing and visceral motion in the domestic rabbit (Oryctolagus cuniculus): testing visceral displacement hypotheses[END_REF]. On this basis, an indicator has been classically used in the literature, the locomotor-respiratory coupling (LRC), which most often refers to number of locomotor events per breaths (Figure 1.4A) [START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF][START_REF] Stickford | Ventilation and Locomotion in Humans: Mechanisms, Implications, and Perturbations to the Coupling of These Two Rhythms[END_REF]. For example, a ratio of 1:1 implies that the frequency of respiratory movements is not statistically distinct of that of limb movements. However, this analysis does not speak to a possible synchronization of breaths and strides on a cycle-to-cycle basis. In other words, the fact that the frequencies of respiratory and locomotor movements are related does not imply that breaths systematically occur at the same moment of the stride. This distinction will become extremely relevant when thinking on the neuronal basis of running hyperpnea (see Chapter 1.II.2.). It is important to stress here that some studies have indeed reported that a temporal coupling on a cycle-to-cycle basis can exist. This is notably demonstrated in running- Electromyogram (EMG) of abdominal muscles (top traces, Abd. EMG) and mouth pressure (down trace, inspiration upwards) at rest and during increasing bicycle workloads in one subject. The beginning of each inspiration is highlighted with red lines. Note that abdominal muscles are strongly recruited at high workloads. Adapted from Abraham et al. (2002). and flying-performant species like horses and geese, where breaths were found to be phaselocked to limb or wing movements (Figure 1.4B) [START_REF] Butler | Heart Rate, Respiratory Frequency and Wing Beat Frequency of Free Flying Barnacle Geese <em>Branta Leucopsis</em&gt[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF]. This suggests that one periodic system (i.e., locomotion) exerts an influence on the other (i.e., breathing). Similar observations can be found in humans running on a treadmill (Figure 1.4C, top) [START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF]. Interestingly, the temporal coupling is more frequent upon engagement in high-speed locomotor gaits like gallop, where one breath is temporally synchronized to each stride, while more variability can be found for lower speeds/gaits [START_REF] Iscoe | Respiratory and stepping frequencies in conscious exercising cats[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF]. However, contradictory findings can be found which show heterogeneous degrees of coupling to no coupling at all within the same tested specie in humans and cats (Figure 1.4C, bottom) [START_REF] Kay | Breathing in man during steady-state exercise on the bicycle at two pedalling frequencies, and during treadmill walking[END_REF][START_REF] Bechbache | The entrainment of breathing frequency by exercise rhythm[END_REF][START_REF] Iscoe | Respiratory and stepping frequencies in conscious exercising cats[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF]. Also, external auditory stimuli have been shown to improve the degree of temporal coupling on a cycle-to-cycle basis when subjects exercise with a metronome [START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF][START_REF] Van Alphen | Entrained breathing and oxygen consumption during treadmill walking[END_REF][START_REF] Hoffmann | Sound stabilizes locomotor-respiratory coupling and reduces energy cost[END_REF]. Additionally, studies have found that running or cycling athletes tend to more frequently lock their breaths to 

. Influence of locomotor strides on breaths: locomotor-respiratory coupling (LRC) and temporal cycle-to-cycle analysis. (A)

Non-exhaustive table recapitulating LRC in mammals. Note that at high-speed locomotion, the preferred ratio is 1:1 (locomotor events divided by respiratory events). Adapted from [START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF]. (B-C) Cycle-to-cycle analysis of strides and breaths. (B) Analysis in one galloping horse showing a clear one to one temporal synchronization at this gait (red dotted lines). Adapted from [START_REF] Bramble | Running and breathing in mammals[END_REF]. (C) Occurrence of breaths during the step cycle, defined between 0 and 1, in the same human cohort running on a treadmill. (Top) Example of synchronized breaths, occurring at two preferred moments of the step cycle. (Down) Example of non-synchronized breaths, occurring randomly in the step cycle. Adapted from [START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF]. 
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Step cycle Ventilation Footfall their strides than inexperienced subjects, suggesting that the coupling may be learnt through training [START_REF] Kohl | Relation between pedalling-and breathing rhythm[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF]. There might thus be important inter-and intra-species differences in individuals' ability to lock breaths to strides.

There is another important source of confound that must be stressed here. Indeed, studies that have analyzed the temporal correlation of breaths to strides on a cycle-to-cycle basis, and those that only report the ratios of respiratory and locomotor frequencies, often rely on the same terminology, the LRC, or sometimes the "locomotor-respiratory entrainment". Admittedly, some of the former studies have used the terms "% of LRC" or "degree of LRC" or "LRC ratio" to refer to the percent of breaths that fall in the same moment of the locomotor cycle. Yet, globally, it is often not clear to which of the analysis a given, say 1:1, "coupling" or "entrainment" refers to. In spite of this, it is commonly assumed that during exercise breaths and strides are temporally synchronized in most, if not all, species.

Therefore, although a cycle-to-cycle coordination of breaths to strides can occur, it is far from clear that it is a mandatory requirement to sustain aerobic exercise in all species. My work will address later this dogma in laboratory mice, an animal model whose environment can be controlled in a standardized manner. We will look at synchronization between strides and breaths using precise cycle-to-cycle analysis (see Paper 1).

II. The physiological substrate of running hyperpnea

Physiologists have been intrigued by the mechanisms that regulate breathing during exercise. The commonly observed signatures of respiratory adjustments to exercise have paved the way to formulate pertinent hypothesis regarding the nature and origin -being humoral, mechanical, or neuronal -of the activating signal. Even after a century of investigations, this is still under debate. Indeed, contradictory data have questioned the validity of each hypothesized mechanism. As a result, there has never been a real consensus among scientists as to the existence and the exact nature of a prominent mechanism that mediates respiratory adaptation to exercise. While still debated, the above characteristics have given rise to three (non-exclusive) major hypothetical sources of drive causal to exercise hyperpnea: 1) chemoception, 2) peripheral feedback and 3) central command hypotheses (Gariepy et al., 2010).

The chemoception hypothesis

Physiologists initially hypothesized that blood chemical changes leading to hypercapnia (increase in CO2) or hypoxia (decrease in O2), could trigger exercise hyperpnea. Indeed, a small increase in inspired CO2 concentration or large decrease in inspired O2 strongly stimulates breathing (Haldane and Priestley, 1905;[START_REF] Remmers | A century of control of breathing[END_REF]. Chemoreceptors (i.e., neurons capable of sensing local changes in the blood gas composition) are present both in the periphery and centrally. The former resides in the carotid bodies and detect essentially O2 changes. The latter comprises specialized groups of neurons in the brain, including in close proximity to respiratory centers (see Chapter 2.II.2.a.), and detect CO2 changes [START_REF] Heymans | Sur les modifications directes et sur la régulation réflexe de l'activité du centre respiratoire de la tête isolée du chien[END_REF][START_REF] Nattie | CO2, brainstem chemoreceptors and breathing[END_REF][START_REF] Guyenet | Retrotrapezoid nucleus and central chemoreception[END_REF]. Activation of either peripheral or central chemoreceptors do indeed results in increased ventilation [START_REF] Regan | Role of peripheral chemoreceptors and central chemosensitivity in the regulation of respiration and circulation[END_REF]. Conversely, suppressing peripheral chemoreceptors during prolonged running exercise results in a reduced hyperventilation by 15 % in humans and goats [START_REF] Bisgard | Role of the carotid body in hyperpnea of moderate exercise in goats[END_REF][START_REF] Honda | Role of carotid chemoreceptors in control of breathing at rest and in exercise: studies on human subjects with bilateral carotid body resection[END_REF][START_REF] Jeyaranjan | The contribution of peripheral chemoreceptors to ventilation during heavy exercise[END_REF]. However, many opposing arguments can be found in the literature. Firstly, because exercise hyperpnea is immediate (i.e., at the onset of exercise) chemical blood changes cannot account for the fast ventilatory response during an acute exercise [START_REF] Krogh | The regulation of respiration and circulation during the initial stages of muscular work[END_REF]Gravel et al., 2007). Secondly, the partial pressures of CO2 and O2 (respectively pCO2 and pO2) actually remains very stable and pCO2 even decreases slightly in prolonged and moderate running sessions in humans, goats, ponies and rats [START_REF] Bisgard | Role of the carotid body in hyperpnea of moderate exercise in goats[END_REF][START_REF] Hastings | Comparative physiological responses to exercise stress[END_REF][START_REF] Pan | Hyperventilation in ponies at the onset of and during steady-state exercise[END_REF][START_REF] Fregosi | Arterial blood acid-base regulation during exercise in rats[END_REF]Mateika and Duffin, 1995). This is in fact not surprising since the goal of adaptative breathing is exactly to prevent any increase in pCO2 or drop in pO2, despite their inevitable change in production and demand. Thirdly, and possibly most importantly, mental simulation or mere anticipation of exercise in humans triggers hyperpnea (Tobin et al., 1986;Decety et al., 1993;Thornton et al., 2001).

For all of these reasons, exercise hyperpnea does not seem to be critically driven by an increase in pCO2 nor a reduction in pO2. It may rather rely on neural mechanisms being of peripheral and/or central origin. Interestingly however, we will see that a CO2-chemosensitive structure in the brainstem might be involved in augmenting ventilation during exercise, but by mechanisms that are independent from their chemoceptive function (see Chapter 2.II.2.a).

The peripheral feedback hypothesis

The peripheral feedback hypothesis refers to the potential influence of sensory afferences (or feedbacks) from exercising muscles on the respiratory network. This hypothesis is attractive because the transmission of sensory afferents activity through spinal circuits could account for a rapid increase in breathing at the onset and throughout exercise, although their role in exercise hyperpnea is not fully understood. Indeed, periodic stimulations of cutaneous or muscular afferents increase the respiratory rhythm [START_REF] Howard | Ventilatory responses to peripheral nerve stimulation at different times in the respiratory cycle[END_REF][START_REF] Iscoe | Synchronization of respiratory frequency by somatic afferent stimulation[END_REF]. In addition, when limbs are moved passively in humans, dogs, and rats, breathing rate increases rapidly [START_REF] Flandrois | Limbs mechanoreceptors inducing the reflex hyperpnea of exercise[END_REF][START_REF] Waisbren | Effects of passive limb movement on pulmonary ventilation[END_REF][START_REF] Zhuang | Passive limb movement augments ventilatory response to CO2 via sciatic inputs in anesthetized rats[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF], albeit does not reach the same magnitude as when caused by active movements [START_REF] Bell | Rapid increases in ventilation accompany the transition from passive to active movement[END_REF].

The role of sensory feedbacks, particularly from the limbs, has received particular attention since they may support the alleged temporal coordination of breathes to strides described above. Indeed, passive limb movements in decorticated rabbits and semi-isolated preparations of neonatal rats were shown to trigger a respiratory discharge and even reinitialize (or reset) the respiratory rhythm [START_REF] Palisses | Reflex modulation of phrenic activity through hindlimb passive motion in decorticate and spinal rabbit preparation[END_REF][START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. Furthermore, electrical stimulation of muscular or cutaneous afferences, rhythmically active during locomotion [START_REF] Duysens | Load-regulating mechanisms in gait and posture: comparative aspects[END_REF], can reset the respiratory rhythm in cats in vivo [START_REF] Iscoe | Synchronization of respiratory frequency by somatic afferent stimulation[END_REF]. Interestingly, ex vivo isolated brainstem preparations still attached to the cervical and lumbar spinal cord of neonatal rats allow the recording of respiratory activity on cervical motor nerves while manipulating sensory spinal afferences (or dorsal nerves) normally activated by contracted locomotor muscles that are not present in the preparation (Figure 1.5A). Interestingly, in these preparations, electrical stimulation of cervical or lumbar dorsal nerves can strictly phase-lock respiration to the stimulations, even in the absence of the muscle itself (Figure 1.5A) [START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF][START_REF] Giraudin | Intercostal and abdominal respiratory motoneurons in the neonatal rat spinal cord: spatiotemporal organization and responses to limb afferent stimulation[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. Interestingly, pharmacological blockage of synaptic transmission at the lumbar or thoracic spinal level did not suppress breathing resetting induced by the stimulations, while synaptic blockage of the entire spinal cord did. This suggests the existence of at least one spinal relay, likely at the cervical level of the spinal cord, in the ascending pathway to the brainstem. Additional data implicate another relay in the pons, i.e., the lateral parabrachial/Kölliker-Fuse nuclei (lPB/KF, see Chapter 2.II.3.) (Figure 1.5B). Altogether, the authors suggest that this ascending drive from the spinal cord to the lPB/KF could be the neuronal basis for phase-locking breathes to strides in vivo. Although as mentioned previously, few studies have shown a strict temporal synchronization of the respiratory and locomotor rhythms. Furthermore, its existence in rodents has not been investigated yet, and part of my PhD will address this issue later in running mice (see Paper 1 (Hérent et al., 2020)). Thus, the functional significance and the biological relevance of proprioceptive afferent drive in respiratory adaptation to exercise remains unclear.

Peripheral feedbacks from contracting limbs may not be the only source of sensory afferences capable of modulating breathing. Indeed, during exercise in quadrupeds, locomotor cycles impose mechanical constrains onto the respiratory apparatus which could be a source of internal mechanical conflicts and explain the necessity for synchronizing respiratory and locomotor rhythms. In the so-called "visceral piston" hypothesis, the internal movement of the viscera may constrain the timing of breaths [START_REF] Alexander | On the synchronization of breathing with running in wallabies (Macropus spp.) and horses (Equus caballus)[END_REF][START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF]. However, viscera oscillations do not match with respiratory phases in horses, rabbits, and potentially other quadrupeds [START_REF] Alexander | On the synchronization of breathing with running in wallabies (Macropus spp.) and horses (Equus caballus)[END_REF][START_REF] Bramble | Mammalian locomotor-respiratory integration: implications for diaphragmatic and pulmonary design[END_REF]. Therefore, although the mechanical effect of strides on breathing has been described, its relative importance in coupling respiratory and locomotor cycles remains largely elusive in mammals. In addition, such mechanical forces are less likely to be involved in bipedal running or cycling in humans due to the vertical position of the body [START_REF] Banzett | Locomotion in men has no appreciable mechanical effect on breathing[END_REF].

While the peripheral feedback hypothesis could account for some aspects of hyperpnea during exercise, and possibly a coordination of breaths to strides, extensive debates remain [START_REF] Eldridge | Supraspinal locomotor centers do/do not contribute significantly to the hyperpnea of dynamic exercise in humans[END_REF][START_REF] Haouzi | Point:Counterpoint authors respond to commentaries on "Supraspinal locomotor centers do/do not contribute significantly to the hyperpnea of dynamic exercise in humans[END_REF][START_REF] Waldrop | Point:Counterpoint: Supraspinal locomotor centers do/do not contribute significantly to the hyperpnea of dynamic exercise[END_REF]. One should also keep in mind that the qualifications of such respiratory-locomotor coupling are highly ambiguous (see more details in Chapter 1.I.5.). Furthermore, sensory afferents cannot explain the important increase in ventilation caused by either mental exercise or in anticipation of exercise (Tobin et al., 1986;[START_REF] Decety | Analysis of actual and mental movement times in graphic tasks[END_REF]Gariepy et al., 2012). These observations altogether suggest that peripheral afferents may not be major contributors to exercise hyperpnea.

The central command hypothesis

The central command hypothesis postulates that groups of neurons located in the central nervous system and directly involved in the planning or execution of the locomotor behavior can modulate breathing by directly contacting respiratory neurons. This possibility is appealing as it is the only one that can support a regulation of breathing at the onset and during a run, but also before a run or during mental simulation of exercise. a. Evidences for supraspinal control of breathing One of the first evidence for a central command came from studies in decerebrated cats (Eldridge et al., 1981;DiMarco et al., 1983;Eldridge et al., 1985) where the authors stimulated supraspinal brain regions known to initiate locomotor stepping, i.e., the diencephalic locomotor region or DLR [START_REF] Orlovsky | Spontaneous and induced locomotion of thalamic cat[END_REF] (see Chapter 3.II.1.) and the mesencephalic locomotor region or MLR (Shik et al., 1966) (see Chapter 3.II.2.). Interestingly, the authors found that the activation of each of these locomotor regions triggered locomotion but, importantly, imposed an associated increase in respiration frequency and amplitude (Figure 1.6A). The demonstration of a central command was further examined by blocking muscular contraction with curare, and thus peripheral feedback, while maintaining PCO2 levels stable. In these conditions, activation of the locomotor centers produced a so called "fictive locomotion", i.e., a rhythmic and patterned activation of the nerves innervating the limbs, but without any actual movement. Importantly, such paralyzed animals displayed a similar increase in respiratory frequency and amplitude than the control, non-paralyzed groups. In addition, respiratory frequency increase occurred in the absence of movement, during subthreshold stimulations, i.e., stimulations that did not trigger movement (Figure 1.6B). The authors concluded that supraspinal locomotor structures can increase breathing rate through mechanisms that do not require the activation of limb effectors. This suggested the existence of direct neuronal connections from such locomotor centers to respiratory circuits. Recently, the involvement of the MLR in exercise hyperpnea was more directly demonstrated in the lamprey (Gariepy et al., 2012). Similar to the pioneer studies in cats (Eldridge et al., 1985), activation of the MLR in lamprey preparations increases breathing frequency and amplitude, and this despite the absence of sensory feedback from contracting muscles. Interestingly, they show that breathing frequency increases prior to the occurrence of movement and also in the absence of movement using subthreshold MLR stimulation, i.e., stimulation that does not trigger swimming-like activities. Importantly, the authors further show the existence of a direct, monosynaptic, and glutamatergic connectivity from the MLR to the paratrigeminal respiratory group, the candidate site for respiratory rhythm generation in this species [START_REF] Mutolo | Opioid-induced depression in the lamprey respiratory network[END_REF]. Such connections in mammals and their function have however not yet been described.

Another evidence for a central command of breathing during running is provided by examinations in human participants during imagined/mental exercise (Decety et al., 1993;Thornton et al., 2001). These studies showed that the mere imagination of exercise is sufficient to increase breathing rate in the absence of actual movements (as seen previously in Chapter 1.I.3.). Importantly, the combination of mental exercise with neuronal imaging revealed that (Left) Recordings of spinal locomotor nerves, that normally innervate locomotor muscles, silent at rest. Upon DLR stimulation, locomotor nerves exhibit locomotor-like activities ("fictive locomotion"). (Right) Note the similar increase in respiratory frequency as compared to non-paralyzed cats (A). Adapted from Eldridge et al. (1981).

several structures involved in the brain locomotor command are activated during mental exercise, including cortical and cerebellar areas, and importantly a region that corresponds to the anatomical location of the MLR (Thornton et al., 2001;Jahn et al., 2008;[START_REF] Karachi | Cholinergic mesencephalic neurons are involved in gait and postural disorders in Parkinson disease[END_REF], a prime candidate in the central command hypothesis.

b. Evidences for spinal control of breathing

Other studies have investigated the implication of the executive circuits that, in the spinal cord, generate rhythmic and patterned contraction of locomotor muscles and often referred to as locomotor central pattern generators or CPGs [START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF], see Chapter 3.II.4.). Indeed, in reduced ex vivo brainstem-spinal cord preparations of neonatal rats (without the above structures initiating locomotion nor the peripheral feedbacks), pharmacological activation of the locomotor CPG in the lumbar spinal cord triggered an increase of respiratory frequencies [START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF]Le Gal et al., 2014;Le Gal et al., 2020) (Figure 1.7). Importantly, this ascending drive does not require a spinal relay, suggesting a direct connectivity to the brainstem, and potentially brainstem respiratory centers. Interestingly, this study has started to examine the nature of the targeted respiratory neurons, and hints at a possible implication of another group of respiratory neurons involved in respiratory rhythm generation, the parafacial respiratory region (pF) that we will detail later (see Chapter 2.II.2.).

Overall, human and animal studies suggest that different levels of the central control of locomotor movements, from cortical to the brainstem command centers and to the spinal cord executive centers, may directly influence breathing during, and even before, running exercise. Yet, the exact identity of the neuronal substrates, in locomotor and respiratory networks, that support this assessment are poorly documented. 

PhD objectives

The exact nature of respiratory adaptations to exercise and their physiological, likely neuronal substrate, have vexed physiologists for more than a century. It is now accepted that one obligatory feature of respiratory adaptation to exercise is the increase in breathing rate and depth which occurs at the onset and throughout a locomotor action and can even precede the locomotor movement. In contrast, the proportional increase of breathing to limb velocity and the temporal coupling of breaths to locomotor cycles remain controversial. Thus, it is still not clear whether these two latter features are mandatory for the adaptive control of breathing during exercise. Mice have become the premier model to investigate the control of motor behaviors like breathing and locomotion. Importantly, laboratory mice can grant access to the hardwired components of respiratory adaptations to exercise, with controlled influence of external stimuli or prior training.

Therefore, the aim of Paper 1 (Hérent et al., 2020) was to identify and document the specifications of respiratory changes in running mice. We searched for robust breathing features at different speeds, gaits, and examined the impact of limb velocity to derive hardwired features of running hyperpnea. Importantly, we looked at the coordination of breathing drives and running movements using a cycle-to-cycle analysis.

We discussed above that the central command theory seems to play a pivotal role in mediating breathing adaptations to exercise. However, the underlying connectomics is still poorly documented (if at all existing) especially in mammals, owing to the limited tool boxes for the species tested. In contrast, mice give access to a wide range of genetic and molecular tools for anatomical, functional, and behavioral studies.

Therefore, the aim of Paper 2 was to identify the neurons and circuits underlying exercise hyperpnea in running mice. We searched, in the brain and the spinal cord, for locomotor neurons that send the activatory signal and for the respiratory neurons that receive this signal. Particularly, we investigated the possibility that both the locomotor center that initiate locomotion, i.e., the mesencephalic locomotor region (MLR), and the locomotor executive circuit, i.e., the lumbar locomotor central pattern generator (locomotor CPG) could also modulate breathing during exercise. Furthermore, we investigated the possibility that the respiratory neurons targeted by these locomotor circuits might reside in the respiratory CPG, the preBötzinger complex (preBötC) and the parafacial respiratory region (pF).

The next two chapters will be dedicated to the understanding of respiratory and locomotor control in mammals while key respiratory and locomotor structures candidate to mediate exercise hyperpnea will be highlighted.

Chapter 2: Control of respiration and candidate neurons Several times in every minute of every day, we take a breath, in an effort less and most of the time unconscious manner and hopefully without major interruptions, even while we sleep. Indeed, breathing is essential for life, as it metabolically supports all physiological processes in the body. It is a robust and infallible behavior from birth to death, which in close interaction with the cardiovascular system, ensures the gas exchanges necessary for the continuous maintenance of tissue homeostasis.

In this second chapter, I will describe the general aspects of respiratory behavior in mammals as well as the central organization of the respiratory neurons responsible for generating and patterning breathing movements, with emphasis on respiratory neurons candidates to mediate respiratory adaptation during running exercise.

I. Generalities on respiratory control

1.

Breathing movements: inspiration and expiration

Breathing is based on cyclical movements of the rib cage which serve to fill and empty the lungs, to ensure the continuous supply of O2 and the elimination of CO2 (Figure 2.1). Inspiration (or inhalation) is a systematically active mechanism which involves the concerted muscular contraction of dedicated pump muscle groups which expand the rib cage and consequently fill the compliant lungs. The main inspiratory muscle is the diaphragm, activated by the phrenic nerve. Unlike inspiration, expiration (or exhalation) is a passive mechanism in resting and calm A B conditions. However, under certain physiological conditions where the respiratory drive is increased (hypercapnia or intense exercise), the expiration becomes an active breathing phase. Expiratory muscles (abdominal and thoracic) are recruited to push the diaphragm upwards imposing intra-thoracic positive pressure that forces the expulsion of the air out of the lungs.

Neural bases of breathing control

Breathing is the only behavior that requires permanent and rhythmic contractions of skeletal muscles. We breathe about 600 million times in a lifespan owing to spatially and functionally organized respiratory neurons in the brain forming the respiratory rhythm generator (RRG) or central pattern generator (CPG) that generates and patterns rhythmic motor sequences.

The respiratory CPG hosts two critical neural circuits, which generate the rhythmic inspiratory and expiratory activities: the preBötzinger complex (preBötC) in the vicinity of the nucleus ambiguous, and more rostrally near the facial motor nucleus the parafacial respiratory group (pF) (Figure 2.2). The preBötC is composed of excitatory and inhibitory inspiratory neurons, that constitute the core rhythmogenic microcircuit for generating inspiration (Smith et al., 1991;[START_REF] Feldman | Breathing: rhythmicity, plasticity, chemosensitivity[END_REF][START_REF] Feldman | Looking for inspiration: new perspectives on respiratory rhythm[END_REF]Del Negro et al., 2018). From embryonic to neonatal stages, the pF acts as a second oscillator, coupled to the preBötC, to generate inspiratory rhythm [START_REF] Onimaru | Localization of respiratory rhythm-generating neurons in the medulla of brainstem-spinal cord preparations from newborn rats[END_REF][START_REF] Onimaru | A novel functional neuron group for respiratory rhythm generation in the ventral medulla[END_REF][START_REF] Thoby-Brisson | Genetic identification of an embryonic parafacial oscillator coupling to the preBotzinger complex[END_REF]. In adults, upon increased metabolic drive (hypercapnia, i.e., increase in blood CO2), the pF acts as a conditional expiratory oscillator to generate active expiration [START_REF] Janczewski | Opioid-resistant respiratory pathway from the preinspiratory neurones to abdominal muscles: in vivo and in vitro study in the newborn rat[END_REF][START_REF] Mellen | Opioid-induced quantal slowing reveals dual networks for respiratory rhythm generation[END_REF][START_REF] Janczewski | Distinct rhythm generators for inspiration and expiration in the juvenile rat[END_REF]. The inspiratory and expiratory activities are then transmitted to premotor neurons in the caudal and ventral medulla that convey the respiratory command onto specific spinal motoneurons. The rostral ventral respiratory group (rVRG), directly caudal to the preBötC, is mostly composed of inspiratory premotor neurons relaying inspiratory drive to the phrenic spinal motoneurons which innervate the diaphragm, the main inspiratory muscle [START_REF] Alheid | The chemical neuroanatomy of breathing[END_REF][START_REF] Qiu | The phrenic motor nucleus in the adult mouse[END_REF][START_REF] Wu | A V0 core neuronal circuit for inspiration[END_REF]. The caudal ventral respiratory group (cVRG) contains expiratory neurons relaying expiratory drive to the abdominal spinal motoneurons [START_REF] Janczewski | Opioid-resistant respiratory pathway from the preinspiratory neurones to abdominal muscles: in vivo and in vitro study in the newborn rat[END_REF][START_REF] Giraudin | Intercostal and abdominal respiratory motoneurons in the neonatal rat spinal cord: spatiotemporal organization and responses to limb afferent stimulation[END_REF]. Although the respiratory CPG is sufficient to generate all respiratory phases, it is interconnected with dorsal and ventral medullary, and pontine respiratory groups that regulate respiratory pattern and other autonomic or motor responses. In the ventral medulla, the Bötzinger complex (BötC) containing inhibitory expiratory neurons promotes inspiratory-expiratory phase transition during normal breathing [START_REF] Burke | Somatostatin selectively ablates postinspiratory activity after injection into the Bötzinger complex[END_REF]. In the dorsal medulla resides the nucleus of the solitary tract (NTS) that contains almost exclusively inspiratory neurons [START_REF] Bianchi | Central control of breathing in mammals: neuronal circuitry, membrane properties, and neurotransmitters[END_REF]. The NTS is a secondary sensory relay receiving visceral afferents drives including those that provide critical respiratoryrelated information about the status of lungs and reflexively regulates lung volume (i.e., Herring-Breuer reflex) and promotes the transition from inspiration to expiration [START_REF] Kalia | Brain stem projections of sensory and motor components of the vagus complex in the cat: I. The cervical vagus and nodose ganglion[END_REF]. Also, previous investigation in the lab have shown that the NTS is required to produce the expiratory drive required for innate vocalization [START_REF] Hernandez-Miranda | Genetic identification of a hindbrain nucleus essential for innate vocalization[END_REF]. More generally, the NTS is an essential center for the integration of visceral functions, i.e., cardiovascular, digestive, and respiratory [START_REF] Kalia | Brain stem projections of sensory and motor components of the vagus complex in the cat: I. The cervical vagus and nodose ganglion[END_REF][START_REF] Boscan | The nucleus of the solitary tract: an integrating station for nociceptive and cardiorespiratory afferents[END_REF][START_REF] Spyer | Chemosensory pathways in the brainstem controlling cardiorespiratory activity[END_REF]. In the dorsolateral pons the lateral parabrachial/Kölliker-Fuse nuclei (lPB/KF) contains inspiratory and expiratory neurons [START_REF] Bertrand | Quantitative study of anatomical distribution of respiration related neurons in the pons[END_REF][START_REF] Song | Cytoarchitecture of pneumotaxic integration of respiratory and nonrespiratory information in the rat[END_REF]) that regulate the inspiratory-expiratory transition [START_REF] Dutschmann | The Kölliker-Fuse nucleus gates the postinspiratory phase of the respiratory cycle to control inspiratory off-switch and upper airway resistance in rat[END_REF][START_REF] Smith | Spatial and Functional Architecture of the Mammalian Brain Stem Respiratory Network: A Hierarchy of Three Oscillatory Mechanisms[END_REF][START_REF] Mörschel | Pontine respiratory activity involved in inspiratory/expiratory phase transition[END_REF]. The lPB/KF also regulates cardiovascular function [START_REF] Davern | A role for the lateral parabrachial nucleus in cardiovascular function and fluid homeostasis[END_REF] and integrates information about noxious stimuli [START_REF] Jiang | Parabrachial-lateral pontine neurons link nociception and breathing[END_REF][START_REF] Chiang | Parabrachial Complex: A Hub for Pain and Aversion[END_REF]. II. Candidate respiratory neurons for mediating exercise hyperpnea 1.

The PreBötzinger complex (preBötC)

a. The core circuit for inspiratory generation

In 1991, the preBötC was discovered in medullary slices as a group of neurons with intrinsic inspiratory bursting properties and suggested as the prime oscillator for inspiratory rhythm generation (Figure 2.4A) (Smith et al., 1991). The preBötC was later described in diverse species including mice, goats, lampreys, rabbits, bats [START_REF] Ramirez | Postnatal changes in the mammalian respiratory network as revealed by the transverse brainstem slice of mice[END_REF][START_REF] Wenninger | Small reduction of neurokinin-1 receptor-expressing neurons in the pre-Bötzinger complex area induces abnormal breathing periods in awake goats[END_REF][START_REF] Mutolo | Opioid-induced depression in the lamprey respiratory network[END_REF][START_REF] Pantaleo | Respiratory responses to somatostatin microinjections into the Bötzinger complex and the pre-Bötzinger complex of the rabbit[END_REF][START_REF] Tupal | Testing the role of preBötzinger Complex somatostatin neurons in respiratory and vocal behaviors[END_REF] and presumably humans [START_REF] Ramirez | The human pre-Bötzinger complex identified[END_REF][START_REF] Schwarzacher | Neuroanatomical characteristics of the human pre-Bötzinger complex and its involvement in neurodegenerative brainstem diseases[END_REF]. Since its discovery, experiments that lesioned or perturbed the activity of the preBötC (in vitro in slices or in vivo) confirmed its role as the "kernel" for inspiratory rhythmogenesis, containing neuronal circuits that produce basic rhythmic inspiratory activity at all developmental stages (Figure 2.4B, C) [START_REF] Gray | Normal breathing requires preBötzinger complex neurokinin-1 receptor-expressing neurons[END_REF][START_REF] Mckay | Sleep-disordered breathing after targeted ablation of preBötzinger complex neurons[END_REF][START_REF] Feldman | Looking for inspiration: new perspectives on respiratory rhythm[END_REF]Tan et al., 2008;Bouvier et al., 2010;[START_REF] Wang | Laser ablation of Dbx1 neurons in the pre-Bötzinger complex stops inspiratory rhythm and impairs output in neonatal mice[END_REF]Alsahafi et al., 2015;Baertsch et al., 2018;Del Negro et al., 2018;Vann et al., 2018;[START_REF] Menuet | PreBötzinger complex neurons drive respiratory modulation of blood pressure and heart rate[END_REF].

The glutamatergic preBötC: core circuit for generating inspiration

To this day, no marker exclusive to the PreBötC has been found. However, subsets of PreBötC neurons have been characterized anatomically and functionally using markers and modern genetic tools. Anatomically, PreBötC neurons can be defined by the expression of the neurokinin 1 receptor (NK1R), or the neuropeptide somatostatin (SST) [START_REF] Gray | Modulation of respiratory frequency by peptidergic input to rhythmogenic neurons in the preBötzinger complex[END_REF]Stornetta et al., 2003). A most used anatomical signature to localize the preBötC is the immunoreactivity to SST and/or NK1R staining (Figure 2.5A, B). Ablation of NK1R + /SST + PreBötC neurons leads to an ataxic respiratory rhythm or even persistent apneas, suggesting their importance in generating respiratory rhythm (Figure 2.5C) [START_REF] Gray | Normal breathing requires preBötzinger complex neurokinin-1 receptor-expressing neurons[END_REF]Tan et al., 2008). Most preBötC neurons are rhythmically active during inspiration (Smith et al., 1991;[START_REF] Connelly | Pre-Bötzinger complex in cats: respiratory neuronal discharge patterns[END_REF][START_REF] Schwarzacher | Pre-Bötzinger complex in the cat[END_REF][START_REF] Guyenet | Pre-Bötzinger neurons with preinspiratory discharges "in vivo" express NK1 receptors in the rat[END_REF].

A consensus view about rhythm generation in the preBötC, known as the group pacemaker hypothesis [START_REF] Ramirez | Pacemaker neurons and neuronal networks: an integrative view[END_REF][START_REF] Feldman | Looking for inspiration: new perspectives on respiratory rhythm[END_REF], posits that the rhythm emerges from the redundant excitatory connectivity of its constituent neurons in combination with a palette of intrinsic membrane conductance that supports their bi-stable behavior. This comes from series of experiments demonstrating that the preBötC rhythm is abrogated after pharmacological challenges disrupting glutamatergic synaptic transmission (Smith et al., 1991;[START_REF] Funk | Generation and transmission of respiratory oscillations in medullary slices: role of excitatory amino acids[END_REF]Koshiya and Smith, 1999;[START_REF] Gray | Normal breathing requires preBötzinger complex neurokinin-1 receptor-expressing neurons[END_REF] or after genetic invalidation of glutamatergic synaptic release [START_REF] Wallén-Mackenzie | Vesicular glutamate transporter 2 is required for central respiratory rhythm generation but not for locomotor central pattern generation[END_REF] while in these conditions some preBötC neurons are able to maintain their rhythmic behaviour suggesting their role as pacemaker-like neurons [START_REF] Thoby-Brisson | Identification of two types of inspiratory pacemaker neurons in the isolated respiratory neural network of mice[END_REF][START_REF] Del Negro | Respiratory rhythm: an emergent network property?[END_REF][START_REF] Peña | Differential contribution of pacemaker properties to the generation of respiratory rhythms during normoxia and hypoxia[END_REF][START_REF] Thoby-Brisson | Emergence of the pre-Botzinger respiratory rhythm generator in the mouse embryo[END_REF]. As it turns out, pharmacological blockade of candidate ionic conductances supporting pacemaker-like neuronal behaviour failed to disrupt the rhythm in slices in vitro [START_REF] Del Negro | Sodium and Calcium Current-Mediated Pacemaker Neurons and Respiratory Rhythm Generation[END_REF] calling for the prominence of synaptic over intrinsic properties of network elements for rhythm generation. Recent developments invoke a selective class of "burstlet" neurons as critical for rhythm generation on the basis that these neurons maintain unperturbed rhythmic activity while the rhythmic commands to output motor neurons can be changed but only by quantal increments corresponding to the burstlet rhythmic period. As such, this observation doesn't enlight mechanistic aspects of rhythm generation per se, at best it re-orients the question towards a prefered subset of neurons with yet unidentified molecular signatures and undescribed anatomical organization in the preBötC, that may take on rhythmogenic ambition [START_REF] Kam | Distinct inspiratory rhythm and pattern generating mechanisms in the preBötzinger complex[END_REF][START_REF] Sun | Opioids modulate an emergent rhythmogenic process to depress breathing[END_REF]. Finally, an important contributing phenomenon to rhythmogenesis is the existence, manifest in slices, of a refractory period maximal after the preBötC burst and progressively waning as the inter-burst interval elapses. This refractory period may rely on conductances that maintain the hyperpolarization of preBötC neurons after bursting (Baertsch et al., 2018) or may involve synaptic depletion [START_REF] Guerrier | Robust network oscillations during mammalian respiratory rhythm generation driven by synaptic dynamics[END_REF][START_REF] Kottick | Synaptic Depression Influences Inspiratory-Expiratory Phase Transition in Dbx1 Interneurons of the preBötzinger Complex in Neonatal Mice[END_REF][START_REF] Morgado-Valle | Substitution of extracellular Ca2+ by Sr2+ prolongs inspiratory burst in pre-Bötzinger complex inspiratory neurons[END_REF]. The net effect of the refractory period is to limit the percolation of excitation within the network and through waning to progressively increase the spiking probablity and therefore the cellular recruitment within the preBötC neuronal assembly until a point when the entire preBötC effective of neuron collectively discharges to form the preBötC burst. As will be briefly alluded to in the discussion of my results, this refractory period may be shortened by the stimulation of preBötC inhibitory neurons while prolonged by the stimulation of excitatory ones (see below for more details, (Baertsch et al., 2018)). This means that the timing of preBötC responses to incoming signals and up or down regulation of the rhythm frequency are respectively temporally constrained during the interburst interval and dependent on the excitatory or inhibitory nature of the targeted preBötC neurons.

A previous study in the laboratory showed that PreBötC neurons derive from the ventral P0 domain of progenitors of the developing hindbrain neural tube, that expresses the homeobox transcription factor Dbx1 and gives rise to V0 type interneurons [START_REF] Pierani | A sonic hedgehog-independent, retinoid-activated pathway of neurogenesis in the ventral spinal cord[END_REF]Pierani et al., 2001;Bouvier et al., 2010). Bouvier et al. (2010) studied Dbx1 null mutants and reported a complete abrogation of breathing due to a functional disruption of the preBötC (Figure 2.6). This largely owes to re-specification of PreBötC V0 neurons that no longer express the classical markers NK1R and SST and importantly are no longer glutamatergic. This elegant study, corroborated by others (Gray et al., 2010;[START_REF] Wang | Laser ablation of Dbx1 neurons in the pre-Bötzinger complex stops inspiratory rhythm and impairs output in neonatal mice[END_REF][START_REF] Vann | Transient Suppression of Dbx1 PreBötzinger Interneurons Disrupts Breathing in Adult Mice[END_REF]Vann et al., 2018), placed PreBötC V0 neurons as the core elements for inspiratory rhythmogenesis.

Commissural preBötC neurons are essential for synchronizing left and right inspiratory rhythms Bilateral synchronization of the rhythm again owes to the V0 nature of preBötC neurons which are commissural (i.e., bear axons that cross the midline) and thus innervate the contralateral preBötC. When midline navigation of V0 neurons is prevented genetically by invalidation of Robo3 receptor guiding midline crossing, de-synchronized rhythms ensue on the left and right preBötC (Figure 2.7) [START_REF] Thoby-Brisson | Emergence of the pre-Botzinger respiratory rhythm generator in the mouse embryo[END_REF]Bouvier et al., 2010;[START_REF] Wu | A V0 core neuronal circuit for inspiration[END_REF], ). These commissural connections, including SST neurons, were found to be principally glutamatergic (Bouvier et al., 2010;[START_REF] Koizumi | Structural-functional properties of identified excitatory and inhibitory interneurons within pre-Botzinger complex respiratory microcircuits[END_REF]. Therefore, the generation and the bilateral synchronization of the inspiratory rhythm has been proposed to rely on V0 glutamatergic commissural neurons in the preBötC. This anatomical feature will be used later in my PhD tracing work to target preBötC neurons.

Inhibitory preBötC neurons are critical to control breathing rhythm frequency Although the generation of inspiratory rhythm and the bilateral synchronization rely on excitatory commissural interneurons of the preBötC, half of preBötC neurons are inhibitory (glycinergic and GABAergic) [START_REF] Liu | Distribution and colocalization of neurotransmitters and receptors in the pre-Bötzinger complex of rats[END_REF][START_REF] Kuwana | Electrophysiological and morphological characteristics of GABAergic respiratory neurons in the mouse pre-Bötzinger complex[END_REF][START_REF] Winter | Glycinergic interneurons are functionally integrated into the inspiratory network of mouse medullary slices[END_REF][START_REF] Morgado-Valle | Glycinergic pacemaker neurons in preBötzinger complex of neonatal mouse[END_REF][START_REF] Koizumi | Structural-functional properties of identified excitatory and inhibitory interneurons within pre-Botzinger complex respiratory microcircuits[END_REF] and rhythmically active, mostly during inspiration [START_REF] Connelly | Pre-Bötzinger complex in cats: respiratory neuronal discharge patterns[END_REF][START_REF] Kuwana | Electrophysiological and morphological characteristics of GABAergic respiratory neurons in the mouse pre-Bötzinger complex[END_REF][START_REF] Winter | Glycinergic interneurons are functionally integrated into the inspiratory network of mouse medullary slices[END_REF][START_REF] Morgado-Valle | Glycinergic pacemaker neurons in preBötzinger complex of neonatal mouse[END_REF]. Their role in rhythmogenesis is still debated as rhythmicity persists even when synaptic inhibition is blocked in vivo [START_REF] Janczewski | Role of inhibition in respiratory pattern generation[END_REF][START_REF] Sherman | Optogenetic perturbation of preBötzinger complex inhibitory neurons modulates respiratory pattern[END_REF]. Interestingly, an elegant study from Baertsch et al. (2018) showed that blockade of inhibitory transmission, in PreBötC slices, 1) increases the duration of the refractory period and 2) delays the bursting probability thus decreases the rhythm frequency (Figure 2.8). They further show that excitatory preBötC neurons have a limited capacity to generate rapid breathing in vivo. Therefore, inhibitory neurons within the preBötC network are critical to up-regulate inspiratory rhythm frequency above the frequency mediated by excitatory preBötC neurons.

b. Involvement in exercise hyperpnea

The preBötC plays a primordial pacing role in breathing, it is therefore reasonable to assume that it might be targeted by locomotor inputs during exercise. We saw previously that breathing rate can be increased prior to or in the absence of movements in humans, cats, geese and lampreys [START_REF] Butler | Heart Rate, Respiratory Frequency and Wing Beat Frequency of Free Flying Barnacle Geese <em>Branta Leucopsis</em&gt[END_REF]Eldridge et al., 1985;Tobin et al., 1986;Decety et al., 1991;Decety et al., 1993;Gravel et al., 2007) (see Chapter 1.I.3.). In addition, similar observations were found upon stimulation of the locomotor initiation centers in the brain, i.e., the diencephalic locomotor region (DLR) and/or the mesencephalic locomotor region (MLR) in cats and lampreys ( Eldridge et al., 1981;Eldridge et al., 1985;Gariepy et al., 2012) (see Chapter 1.II.3.a.). These data strongly suggested the existence of a direct connectivity from these brain locomotor centers onto respiratory circuits in the brainstem to mediate exercise hyperpnea in anticipation of, and during exercise. As previously mentioned, in lampreys, the MLR was shown to directly contact the paratrigeminal respiratory group (Gariepy et al., 2012). Interestingly, this structure may be homologue to the mammalian preBötC [START_REF] Mutolo | Opioid-induced depression in the lamprey respiratory network[END_REF]. The authors also show that the MLR neurons contacting the preBötC homologue are distinct from the one contacting descending locomotor circuits, suggesting that different subpopulations of MLR neurons drive respiratory and locomotor signals. Therefore, the preBötC is a prime candidate for integrating brain locomotor signals and mediating respiratory changes to meet the energetic demand associated with exercise. However, the existence of such mechanism has not been documented yet in other species. In addition, the cell types and exact synaptic connectivity need to be ascertained capitalizing on in-depth knowledge about the organization of both locomotor and respiratory control networks and a wide range of genetic and molecular tools available in mice, enabling their manipulation.

2.

The parafacial respiratory region (pF) a. A second oscillator for respiratory generation and modulation

In 1987, another neuronal respiratory group was proposed to take part in respiratory rhythm generation. This group of neurons, found in newborn rats, is located rostral to the PreBötC in the parafacial region, and was called the parafacial respiratory group (pFRG) [START_REF] Onimaru | Localization of respiratory rhythm-generating neurons in the medulla of brainstem-spinal cord preparations from newborn rats[END_REF][START_REF] Onimaru | A novel functional neuron group for respiratory rhythm generation in the ventral medulla[END_REF]. The pFRG happened to coincide with the location of a previously found chemosensory region of the adult cat, called the retrotrapezoid nucleus (RTN) [START_REF] Mitchell | Respiratory responses mediated through superficial chemosensitive areas on the medulla[END_REF]Smith et al., 1989).

The pFRG: an inspiratory oscillator coupled to the preBötC Initial work has been carried out using an ex vivo isolated preparation of the brainstem still attached to the cervical spinal cord in neonatal rats [START_REF] Suzue | Respiratory rhythm generation in the in vitro brain stem-spinal cord preparation of the neonatal rat[END_REF]. In this preparation, a constitutive respiratory rhythm persists -"respiratory-like activities" -that can be monitored on the 4 th cervical motor nerve (C4) where exits the phrenic nerve that innervates the diaphragm in vivo. This type of preparation and recording will be used in my work to monitor respiratory-like activities in mouse pups. In this frame, Onimaru and colleagues first described a rhythmically active region, confined near the ventrolateral surface under the facial motor nucleus (Figure 2.9A), comprised of neurons presenting with activity preceding and following the inspiratory burst recorded on C4 that were defined as pre-inspiratory (pre-I) although they also discharge after inspiration (post-I) (Figure 2.9B) [START_REF] Onimaru | Localization of respiratory rhythm-generating neurons in the medulla of brainstem-spinal cord preparations from newborn rats[END_REF]. We will see that the functional assignments of pFRG neurons was somewhat guided by researchers biased towards considering the importance of the pre-I or post-I burst prompting respective roles in rhythm generation or expiratory control. Electrical stimulation of these neurons resets the rhythm (Figure 2.9B) and bilateral lesions of the pFRG causes the rhythm to slow down [START_REF] Onimaru | Localization of respiratory rhythm-generating neurons in the medulla of brainstem-spinal cord preparations from newborn rats[END_REF][START_REF] Onimaru | A novel functional neuron group for respiratory rhythm generation in the ventral medulla[END_REF]. Important experiments later demonstrated that the generation of the inspiratory rhythm at birth requires the functional coupling between the preBötC and the pFRG [START_REF] Mellen | Opioid-induced quantal slowing reveals dual networks for respiratory rhythm generation[END_REF] and that most pre-I pFRG express the transcription factor Phox2b (paired-like homeobox 2b) [START_REF] Onimaru | CO2-sensitive preinspiratory neurons of the parafacial respiratory group express Phox2b in the neonatal rat[END_REF]. In the adult however, there is no evidence for the existence of rhythmic pre-I pFRG neurons, rather in this region Phox2b-expressing neurons are either found silent or tonic [START_REF] Mulkey | Respiratory control by ventral surface chemoreceptor neurons in rats[END_REF][START_REF] Fortuna | Bötzinger Expiratory-Augmenting Neurons and the Parafacial Respiratory Group[END_REF][START_REF] Pagliardini | Active expiration induced by excitation of ventral medulla in adult anesthetized rats[END_REF]. This may be indicative that the pFRG has only a transient rhythmogenic role to ensure robustness of breathing at birth. In any case, Phox2b-neurons in this area are involved in CO2 chemoception (see below) from birth onwards and thus can modulate the respiratory rhythm throughout. My work will therefore investigate their putative role in mediating respiratory adaptation to exercise.

The RTN: an independent and genetically defined chemoceptive region Blood pCO2 is strongly regulated to remain at a certain set-point, non-toxic for cells physiology and survival, despite all metabolic demand variations including exercise [START_REF] Bisgard | Role of the carotid body in hyperpnea of moderate exercise in goats[END_REF][START_REF] Forster | Temporal pattern of arterial CO2 partial pressure during exercise in humans[END_REF][START_REF] Forster | Control of breathing during exercise[END_REF]. Extensive work has now demonstrated that glutamatergic Phox2b+ neurons located beneath and caudal to the facial motor nucleus (Figure 2.10A), termed the RTN in the adult, form a CO2 chemoceptive structure required for completion of the chemoreflex, whereby breathing rates increase upon elevation of blood pCO2. The RTN is intrinsically able to detect local pCO2 changes or the attendant pH variations, increase their firing rate and in turn up-regulate the rhythm, and this independently from the activity of the respiratory CPG itself or peripheral information [START_REF] Mulkey | Respiratory control by ventral surface chemoreceptor neurons in rats[END_REF][START_REF] Guyenet | Regulation of ventral surface chemoreceptors by the central respiratory pattern generator[END_REF]Ramanantsoa et al., 2011;Ruffault et al., 2015).

The role of Phox2b-expressing neurons in chemosensitivity was first revealed by observation that mutations in PHOX2B cause congenital central hypoventilation syndrome (CCHS) in human, a rare disease defined by the lack of chemoreflex and sleep apneas [START_REF] Amiel | Polyalanine expansion and frameshift mutations of the paired-like homeobox gene PHOX2B in congenital central hypoventilation syndrome[END_REF]. All RTN CO2-responsive neurons were shown to express the transcription factor Phox2b [START_REF] Stornetta | Expression of Phox2b by brainstem neurons involved in chemosensory integration in the adult rat[END_REF]. The CCHS-causing Phox2b mutation was then transposed in mice (mouse line: Phox2b 27ala/+ ) which recapitulated the blunt chemoreflex and revealed an atrophic RTN in newborns [START_REF] Dubreuil | Defective Respiratory Rhythmogenesis and Loss of Central Chemosensitivity in Phox2b Mutants Targeting Retrotrapezoid Nucleus Neurons[END_REF][START_REF] Dubreuil | Defective Respiratory Rhythmogenesis and Loss of Central Chemosensitivity in Phox2b Mutants Targeting Retrotrapezoid Nucleus Neurons[END_REF]Ramanantsoa et al., 2011), suggesting the existence of an equivalent structure in humans. In adult, photo-activation of the Phox2bexpressing RTN results in an increase in respiratory rate (Abbott et al., 2009;[START_REF] Basting | Hypoxia silences retrotrapezoid nucleus respiratory chemoreceptors via alkalosis[END_REF][START_REF] Souza | Selective optogenetic stimulation of RTN neurons drives ventilation and active expiration in unanesthetized rats[END_REF] while inhibition of the same cells depresses the response to CO2 in vivo [START_REF] Marina | Essential role of Phox2b-expressing ventrolateral brainstem neurons in the chemosensory control of inspiration and expiration[END_REF][START_REF] Takakura | Phox2b-expressing retrotrapezoid neurons and the integration of central and peripheral chemosensory control of breathing in conscious rats[END_REF]. So, the Phox2b-expressing RTN can modulate respiratory frequency under specific physiological conditions where the metabolic demand is increased. The RTN is therefore in favorable position to regulate the activity of the preBötC and could potentially mediate respiratory modulation driven by exercise.

Importantly, chemosensitive RTN neurons share a genetic lineage as they are derived from the co-expression of Phox2b, Atoh1 (Protein atonal homolog 1), Egr2 (Early growth response protein 2, also known as Krox20) (Figure 2.10A), and Lbx1 (Ladybird homeobox gene) [START_REF] Dubreuil | Defective Respiratory Rhythmogenesis and Loss of Central Chemosensitivity in Phox2b Mutants Targeting Retrotrapezoid Nucleus Neurons[END_REF][START_REF] Dubreuil | Defective Respiratory Rhythmogenesis and Loss of Central Chemosensitivity in Phox2b Mutants Targeting Retrotrapezoid Nucleus Neurons[END_REF]Ramanantsoa et al., 2011;Ruffault et al., 2015). Previous work in the lab showed that ablation of the Phox2b/Atoh1 RTN cells, thereafter termed RTN Phox2b/Atoh1 cells, (mouse line: Egr2-Cre; Phox2b 27AlaCKI ) also blunted the chemoreflex in neonates, therefore providing the utmost specific genetic signature for the CO2-sensitive RTN (Figure 2.10) [START_REF] Dubreuil | Defective Respiratory Rhythmogenesis and Loss of Central Chemosensitivity in Phox2b Mutants Targeting Retrotrapezoid Nucleus Neurons[END_REF][START_REF] Dubreuil | Defective Respiratory Rhythmogenesis and Loss of Central Chemosensitivity in Phox2b Mutants Targeting Retrotrapezoid Nucleus Neurons[END_REF]Ramanantsoa et al., 2011;Ruffault et al., 2015). Furthermore, in agreement with the above data obtained in adults, optogenetic stimulation of RTN Phox2b/Atoh1 neurons, in neonatal ex vivo preparation, was shown to trigger an inspiratory burst recorded from C4 where exits the phrenic nerve innervating the diaphragm (Ruffault et al., 2015). Together with their CO2 sensitivity this demonstrated that a chemosensitive change of their activity could translate in a change of the respiratory command thus defining them as bona fide CO2 chemoceptive neurons. We will use later in this work the Phox2b/Atoh1 genetic signature to selectively manipulate the RTN during a running exercise.

A debate remains unsolved regarding the anatomical and functional overlapping of the rhythmogenic non-chemosensitive pFRG and the non-rhythmogenic chemosensitive RTN. RTN and pFRG both respond to CO2/pH changes and share marker gene expression including Phox2b [START_REF] Mulkey | Respiratory control by ventral surface chemoreceptor neurons in rats[END_REF][START_REF] Stornetta | Expression of Phox2b by brainstem neurons involved in chemosensory integration in the adult rat[END_REF]Ruffault et al., 2015). However, chemosensitive neurons in neonates retain their central chemoreceptor properties and their ability to activate the respiratory rhythm in adulthood [START_REF] Mulkey | Respiratory control by ventral surface chemoreceptor neurons in rats[END_REF][START_REF] Kanbar | Photostimulation of Phox2b medullary neurons activates cardiorespiratory function in conscious rats[END_REF][START_REF] Marina | Essential role of Phox2b-expressing ventrolateral brainstem neurons in the chemosensory control of inspiration and expiration[END_REF], while the persistence of the rhythmogenic properties is less clear [START_REF] Guyenet | Regulation of ventral surface chemoreceptors by the central respiratory pattern generator[END_REF][START_REF] Oku | Postnatal developmental changes in activation profiles of the respiratory neuronal network in the rat ventral medulla[END_REF]. RTN and pFRG might be identical structures or might largely overlap at different stages [START_REF] Onimaru | Phox2b, RTN/pFRG neurons and respiratory rhythmogenesis[END_REF][START_REF] De Britto | Non-chemosensitive parafacial neurons simultaneously regulate active expiration and airway patency under hypercapnia in rats[END_REF]. We will see in the next section that the rhythmogenic pFRG might acquire a different firing property throughout adulthood.

The pF: a conditional expiratory oscillator

Despite the fact that the pFRG action potentials occurs before and after inspiration, these neurons were called pre-I [START_REF] Onimaru | A novel functional neuron group for respiratory rhythm generation in the ventral medulla[END_REF], which is potentially misleading. Indeed, several lines of evidence suggest that neurons in the parafacial respiratory region (pF) might drive active expiration upon metabolic changes. In neonatal and juvenile rats, hypercapnia (i.e., increase in CO2) was shown to trigger active expiration (Figure 2.11A) [START_REF] Abdala | Abdominal expiratory activity in the rat brainstem-spinal cord in situ: patterns, origins and implications for respiratory rhythm generation[END_REF]. Importantly, active expiration was abolished when the pF was eliminated or chemically suppressed. Also, in adult anesthetized rats, photo-activation, or local disinhibition of the pF triggers active expiration (Figure 2.11B). Importantly, previously silent pF neurons become rhythmically active during the expiratory phase and fire in synchrony with abdominal bursts (Figure 2.11B) [START_REF] Pagliardini | Active expiration induced by excitation of ventral medulla in adult anesthetized rats[END_REF][START_REF] Huckstepp | Role of parafacial nuclei in control of breathing in adult rats[END_REF][START_REF] De Britto | Non-chemosensitive parafacial neurons simultaneously regulate active expiration and airway patency under hypercapnia in rats[END_REF]. These results suggest that active expiration results from the activation of a conditional pF oscillator that persists in adulthood and is coupled to the inspiratory rhythm generator. Altogether, there is increasing consensus that the pF, in addition to play a central part in chemoception, contributes to the generation of active expiration, and is coupled to the preBötC. In this sense, the pF is a contender for mediating respiratory modulation upon other high metabolic demands like exercise.

To conclude on the pFRG, RTN and pF, it is worth noting that despite intensive work, a clear view on the anatomical and functional overlap of the neurons that these denominations include is missing. Because this debate is beyond the scope of my PhD we will refer to it thereafter as the pF. Assigning specific subsets of pF neurons with precise functional tasks is the only way to get a comprehensive view of the cellular bases of its multifunctional implications. Therefore, in this work, I have chosen to focus on chemoceptive RTN Phox2b/Atoh1 neurons, a homogenous cellular lineage sharing a developmental history of expression of several transcription factor (Egr2, Phox2b, Atoh1, Lbx1) to evaluate its role in respiratory adaptation to exercise.

b. Involvement in exercise hyperpnea

The pF is crucial for generating the respiratory rhythm, and for the modulation of the rhythm in response to metabolic changes, thereby placing this structure as a prime candidate to mediate respiratory changes during an increase metabolic drive like exercise. Indeed, several lines of evidences suggest its implication, albeit mostly through indirect observations. First, a study used ex vivo preparations of brainstem still attached to the lumbar spinal cord in neonatal rats, and monitored respiratory frequency recorded on the cervical motor nerve C4 as previously presented (see Chapter 1. II.3.b., (Le Gal et al., 2014). The authors show that empiric pharmacological activation of the locomotor CPG in the lumbar spinal cord, in charge of generating a rhythmic and patterned activation of locomotor muscles during movement (see more details in Chapter 3.II.4.), triggers an increase in respiratory frequency recorded on C4. Interestingly, broad lesions of the pF region suppressed the ability for locomotor CPG-driven respiratory increase. Furthermore, patch clamp recordings showed that pF neurons are depolarized during activation of the locomotor CPG, further suggesting that it integrates locomotor signals from the spinal cord. However, the implication of a direct connectivity from the spinal locomotor CPG to the pF was not demonstrated in this study, and the exact identity of pF neurons (apart from the potential expression of Phox2b) remains to be elucidated. Second, virally driven inhibition of Phox2b pF neurons (albeit also the nearby catecholaminergic C1 neurons) was shown to greatly impact the capacity of adult rats to run for a long distance on a treadmill, suggesting that Phox2b neurons in the broad region of the pF are involved in exercise performance (Korsak et al., 2018). However, the implication of this region in mediating exercise hyperpnea in running animals was not addressed. Third, c-fos experiments (i.e., a marker for neuronal activity) showed that Phox2b pF neurons are activated by an acute treadmill exercise in rats (Barna et al., 2014). Finally, activation of the hypothalamus in rats [START_REF] Parker | Forward locomotion elicited by electrical stimulation in the diencephalon and mesencephalon of the awake rat[END_REF], a region that could correspond to the diencephalic locomotor region (DLR), a region that initiates the movement (see more details Chapter 3.II.1.), activates pF neurons and increases respiratory frequency and amplitude [START_REF] Fortuna | Activation of the retrotrapezoid nucleus by posterior hypothalamic stimulation[END_REF]. However, hypothalamic stimulation did not trigger locomotion, so the functional significance of this effect remains elusive.

3.

The lateral parabrachial/kölliker-fuse nuclei (lPB/KF) a. A multisensory integrator

The lPB/KF is implicated in respiratory phase transition [START_REF] Dutschmann | The Kölliker-Fuse nucleus gates the postinspiratory phase of the respiratory cycle to control inspiratory off-switch and upper airway resistance in rat[END_REF][START_REF] Mörschel | Pontine respiratory activity involved in inspiratory/expiratory phase transition[END_REF]. The lPB/KF receives principal inputs from the NTS [START_REF] Herbert | Connections of the parabrachial nucleus with the nucleus of the solitary tract and the medullary reticular formation in the rat[END_REF] and the dorsal horn of the spinal cord [START_REF] Cordero-Erausquin | Dorsal horn neurons presynaptic to lamina I spinoparabrachial neurons revealed by transynaptic labeling[END_REF][START_REF] Cameron | The organisation of spinoparabrachial neurons in the mouse[END_REF], and projects to numerous forebrain structures including the amygdala, hypothalamus, cortex and thalamus. Thus, the lPB/KF relays multiple sensory information about respiratory and cardiovascular function and also about nociception, pain, and temperature [START_REF] Jiang | Parabrachial-lateral pontine neurons link nociception and breathing[END_REF][START_REF] Davern | A role for the lateral parabrachial nucleus in cardiovascular function and fluid homeostasis[END_REF][START_REF] Barik | A Brainstem-Spinal Circuit Controlling Nocifensive Behavior[END_REF][START_REF] Palmiter | The Parabrachial Nucleus: CGRP Neurons Function as a General Alarm[END_REF][START_REF] Chiang | Parabrachial Complex: A Hub for Pain and Aversion[END_REF]. Interestingly, lPB/KF was shown to coordinate stereotyped responses such as jumping in response to noxious stimuli like heat [START_REF] Barik | A Brainstem-Spinal Circuit Controlling Nocifensive Behavior[END_REF]. In addition, the lPB/KF receives direct projection from cervical spinal neurons involved in coordinating fore-and hindlimbs [START_REF] Ruder | Long-Distance Descending Spinal Neurons Ensure Quadrupedal Locomotor Stability[END_REF], although its exact role has not been addressed in this study. Altogether, an emerging view is that the lPB/KF is a multisensory integrative center for peripheral and central stimuli that relays information to forebrain areas to elaborate an adaptive response, and might do so during to exercise.

b. Involvement in exercise hyperpnea

The possible implication of the lPB/KF in mediating respiratory responses to exercise has been investigated in juvenile and neonatal rats [START_REF] Potts | Respiratory rhythm entrainment by somatic afferent stimulation[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. We saw previously (see Chapter 1.II.2.) that stimulation of lumbar and cervical afferences, that normally arise from contracted locomotor muscles, can trigger an inspiratory burst. Interestingly, lesion or ablation of the lPB/KF abolishes this respiratory response, suggesting that the lPB/KF serves as a pontine relay for transmission of peripheral spinal information to respiratory generating circuits in the brainstem. The transmission from the lumbar spinal cord was shown to require a spinal relay at the cervical level of the spinal cord [START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. The authors argue that peripheral information from contracted muscles is integrated in the lPB/KF to synchronize respiratory and locomotor rhythm. We saw previously in Chapter 1.I.5 that the evidences for a strict temporal synchronization between breathes and strides are poorly documented across species. While a phase-locking of respiratory and locomotor rhythms can occur, it is far from clear that it is a mandatory requirement in all species. In addition, this has never been investigated in rodents and part of my work will address this issue in mice (see Paper 1, (Hérent et al., 2020)). In any case, while the functional significance of the ascending drive from cervical and lumbar sensory feedback involving the lPB/KF remains unclear, the lPB/KF is nonetheless a key structure that receive proprioceptive information from the spinal cord, which might be important to relay sensorimotor signals to respiratory centers during exercise.

Chapter 3: Control of locomotion and candidate neurons

Locomotion is a vital motor behavior allowing animals to move from place to place to hunt for preys, escape predators, find a mate or a suitable habitat. Depending on the species, locomotion can refer to different ambulatory modes: swimming, flying, crawling, over-ground walking, running, or hopping. Although the act of locomotion seems simple, it is a rather complex and sophisticated behavior that relies on the concerted activation and coordination of body and limb muscles. Locomotor movements are driven by planning and initiation centers in the brain and the precise rhythmic and patterned muscle activation is generated in the spinal cord.

In this third chapter, I will describe the general aspects of the locomotor behavior in mammals, focusing on limbed locomotion in quadrupeds. In addition, I will document the central and peripheral neuronal structures essential for locomotor control, with emphasis on locomotor neurons candidates to mediate respiratory adaptation during running exercise.

I. Generalities on locomotor control 1. Locomotor movements: cycle and gait

To move in their environment, mammals use a succession of locomotor cycles (or strides) for each limb and alternate between stance and swing phases. During the stance phase, the limb is extended and in contact with the ground to carry the body weight and provide propulsive forces. During the swing phase, the limb is flexed and lifted off the ground forward (footlift) until it bounces back on the ground (footfall), to start a new stance phase. Thus, a complete locomotor cycle or stride is comprised between two consecutive footfalls of one given limb (Figure 3.1) [START_REF] Pearson | The control of walking[END_REF][START_REF] Hughes | Normal human locomotion[END_REF][START_REF] Purves | Spinal Cord Circuitry and Locomotion Neuroscience[END_REF][START_REF] Ismail | Gait Estimation and Analysis from Noisy Observations[END_REF]. In mammals, locomotor strides are mainly achieved through the precise recruitment of rhythmic and temporally-organized contraction of flexor and extensor muscles from different joints [START_REF] Grillner | Control of Locomotion in Bipeds, Tetrapods, and Fish[END_REF]. The control of extensor and flexor muscles within a limb needs to be activated in a precise sequence, often referred to as a "pattern", to avoid contraction of antagonist muscles. To put it simply, flexor muscles are recruited mostly during the swing, and extensor muscles during the stance. To move faster, the locomotor cycle duration can be decreased, notably owing to a reduction in the duration of the stance phase. Indeed, extensor muscles are increasingly recruited as displacement speed augments (Figure 3.2A, B) [START_REF] Grillner | Control of Locomotion in Bipeds, Tetrapods, and Fish[END_REF][START_REF] Mayer | Role of muscle spindle feedback in regulating muscle activity strength during walking at different speed in mice[END_REF]. While such adjustments in the step cycle can support a wide range of running speeds, highest displacement speeds are typically associated, in most quadrupedal mammals, with a switch of gait, i.e., the adoption of a different sequence of interlimb coordination. [START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF]. (D) Bar-graphs illustrating swing and stance durations for each gait. Note that shifting to higher gaits requires a strong decrease of the stance duration. Adapted from [START_REF] Lemieux | Speed-Dependent Modulation of the Locomotor Behavior in Adult Mice Reveals Attractor and Transitional Gaits[END_REF].

Mammals show a variety of interlimb coordination patterns, named gaits, which are linked to different speed ranges [START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF][START_REF] Lemieux | Speed-Dependent Modulation of the Locomotor Behavior in Adult Mice Reveals Attractor and Transitional Gaits[END_REF][START_REF] Frigon | The neural control of interlimb coordination during mammalian locomotion[END_REF]. This allows the efficient expression of running behaviors ranging from low-speed exploration to highspeed escape. Quadrupeds display four-leg coordination patterns, divided into four major gaits: walk, trot, gallop and bound [START_REF] Dagg | Gaits in mammals[END_REF]. Elegant studies analyzed the kinematics of these different gaits in mice on a catwalk and treadmill (Figure 3.2C, D) [START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF][START_REF] Lemieux | Speed-Dependent Modulation of the Locomotor Behavior in Adult Mice Reveals Attractor and Transitional Gaits[END_REF]. In [START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF], walking is defined as a slow (10 cm/s) alternating gait where at least three feet are in contact with the ground simultaneously and homologous pair of limbs on the left and left right sides are moving in alternation. Trotting is characterized as a fast (between about 15 to 60 cm/s) alternating gait where two feet are touching the ground at the same time and the homologous pair of limbs are also alternating. Galloping is defined as a medium-to high-speed (up to 90 cm/s) semi-synchronous gait where left and right hindlimbs are mostly synchronized while left and right forelimbs are alternating. Bounding is defined as a high-speed (100 cm/s and beyond) synchronous gait where both homologous fore-and hindlimbs are synchronized. We will see later that these distinct gaits might be encoded centrally by dedicated microcircuits in supraspinal (see Chapter 3.II.2.a.) and spinal locomotor centers (see Chapter 3.II.4.a.).

Neural bases of locomotor control

The complex intra-and interlimb coordination of limb movements illustrates the complexity of the underlying neuronal organization. Indeed, the locomotor act involves a remarkably conserved neuronal organization amongst vertebrates based on three levels of control extending from the forebrain to the spinal cord (Figure 3.3). The first level is the selection and initiation of locomotor behavior. The basal ganglia, located in the forebrain, are the dominating selection system for the execution of planned movements like volitional exploratory or goal-directed locomotion and depends on inputs from cortical areas, thalamus and the dopaminergic system [START_REF] Kiehn | Locomotion: Circuits and Physiology[END_REF]Kiehn, 2016;[START_REF] Ferreira-Pinto | Connecting Circuits for Supraspinal Control of Locomotion[END_REF]. The basal ganglia project back to the thalamus and also to key locomotor centers in the diencephalon and the mesencephalon: the diencephalic locomotor region (DLR) [START_REF] Orlovsky | Spontaneous and induced locomotion of thalamic cat[END_REF] and the mesencephalic locomotor region (MLR) (Shik et al., 1966). The DLR and MLR are thought to mediate locomotor initiation as they have been initially identified in cats as able to initiate locomotor movements and to control locomotor speed and gaits, even without the cortex. The initiating command signal is funneled to long-range projection neurons in the brainstem reticular formation, including neurons that directly project to the spinal cord, i.e., reticulospinal (RS) neurons. RS neurons therefore provide the final descending signal to the spinal cord to gate (initiate, maintain, and arrest) and modulate locomotion. RS neurons not only relay initiating signals from the MLR and DLR but may also relay external and internal sensory information [START_REF] Kim | Integration of Descending Command Systems for the Generation of Context-Specific Locomotor Behaviors[END_REF][START_REF] Brownstone | Reticulospinal Systems for Tuning Motor Commands[END_REF]. The signal from RS neurons is transmitted to specialized ventral spinal executive circuits, often referred to as a "central pattern generator" (or CPG, (Kjaerulff and Kiehn, 1996;[START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF]Kiehn, , 2016;;Grillner and El Manira, 2020). The spinal CPG is in charge of generating the rhythmic and patterned activation of multiple body and limb muscles. Locomotor information is also conveyed from the cerebellum directly or indirectly to the spinal cord to maintain posture, modulate descending pathways signals and regulate motor and spatial learning [START_REF] Morton | Cerebellar control of balance and locomotion[END_REF][START_REF] Helleringer | Cerebellar synapse properties and cerebellum-dependent motor and non-motor performance in <em>Dp71</em>-null mice[END_REF][START_REF] Muzzu | Encoding of locomotion kinematics in the mouse cerebellum[END_REF][START_REF] Darmohray | Spatial and Temporal Locomotor Learning in Mouse Cerebellum[END_REF]Sathyamurthy et al., 2020). Proprioceptive feedback from contracted muscles also regulate ongoing activity by projection to the spinal CPG [START_REF] Lam | The role of proprioceptive feedback in the regulation and adaptation of locomotor activity[END_REF]. Ascending signals from the spinal cord provide sensory and motor information to supraspinal locomotor regions.

The central command theory stipulates that signals from any of the above locomotor circuits could directly modulate respiratory activity at the onset and during exercise but importantly also prior to exercise. Locomotor neurons candidate for mediating exercise hyperpnea will be detailed in the following section.

II. Candidate locomotor neurons for mediating exercise hyperpnea

1.

The diencephalic locomotor region (DLR)

a. Locomotor initiation and control of speed and gaits

The DLR has been identified physiologically by broad stimulations of regions in proximity of the subthalamic nucleus able to trigger a well-controlled locomotion in cats and rats from walk to gallop, depending on the stimulation intensity [START_REF] Orlovsky | Spontaneous and induced locomotion of thalamic cat[END_REF][START_REF] Parker | Forward locomotion elicited by electrical stimulation in the diencephalon and mesencephalon of the awake rat[END_REF]. However, its anatomical location is still debated and remains obscure in mammals. In lampreys, which share strong similarities with the mammalian locomotor system [START_REF] Robertson | The lamprey blueprint of the mammalian nervous system[END_REF], the DLR is located in the ventral thalamus -a region analogous to the lateral hypothalamus in mammals -and its activation elicits bouts of swimming [START_REF] El Manira | Diencephalic projection to reticulospinal neurons involved in the initiation of locomotion in adult lampreys Lampetra fluviatilis[END_REF][START_REF] Ménard | Diencephalic locomotor region in the lamprey--afferents and efferent control[END_REF]. Interestingly, although the DLR connects to the MLR, the MLR is not required to elicit a DLR-induced locomotion, suggesting that the locomotor command from the DLR might be a parallel system for locomotor control [START_REF] Orlovsky | Spontaneous and induced locomotion of thalamic cat[END_REF]Shik et al., 1969) that could be used in different behavioral contexts [START_REF] Grillner | Selection and initiation of motor behavior[END_REF]. Therefore, the DLR might play a key role in running exercise by initiating the movement and controlling locomotor speed and gaits. b. Involvement in exercise hyperpnea Some lines of evidence have suggested that the DLR might mediate breathing changes during exercise (see Chapter 1.II.3.a., (Eldridge et al., 1981;DiMarco et al., 1983;[START_REF] Waldrop | Microinjection of GABA antagonists into the posterior hypothalamus elicits locomotor activity and a cardiorespiratory activation[END_REF]). Indeed, electrical or pharmacological activation of the DLR in decorticate cats (i.e., without cortex) triggers locomotion and is associated with respiratory and cardiovascular changes during the movement (Eldridge et al., 1981;1985;DiMarco et al., 1983). Importantly, these changes take place prior to, and also without, any movement (i.e., in curarized animals). This suggests that a central command starting from the DLR might control autonomic changes including exercise hyperpnea in parallel of, or in synergy with, locomotion. While the DLR is clearly a good candidate to mediate exercise hyperpnea, its exact localization and precise cell types are yet to be specified in other mammals, like mice, to ascertain its implication.

2.

The mesencephalic locomotor region (MLR) a. Locomotor initiation and control of speed and gaits A highly conserved structure amongst vertebrates The MLR has received much more attention over the years -see for review (Le Ray et al., 2011;Ryczko and Dubuc, 2013). Shik et al. (1969) showed that low MLR stimulation initiates and maintains slow locomotor patterns in decerebrated cats. As the stimulation strength increased, higher speed locomotion is produced, and the animals shift gait. Interestingly, the MLR has been documented in all investigated species from lampreys to mammals and can trigger all types of locomotion, i.e., from swimming to walking and running, and controls locomotor speed and gait (Shik et al., 1966;[START_REF] Skinner | The mesencephalic locomotor region (MLR) in the rat[END_REF][START_REF] Sirota | Stimulation of the mesencephalic locomotor region elicits controlled swimming in semi-intact lampreys[END_REF]Ryczko et al., 2016;Caggiano et al., 2018;Josset et al., 2018). Interestingly, investigations in humans using mental simulation of exercise and functional magnetic resonance imaging showed that a region corresponding to the anatomical location of the MLR is activated when subjects are "mentally walking" (Jahn et al., 2008;[START_REF] Karachi | Cholinergic mesencephalic neurons are involved in gait and postural disorders in Parkinson disease[END_REF]. When the intensity of the simulated effort is upgraded to "running", the activation of the MLR intensifies. In addition, the MLR has become a prime target of deep brain stimulations to alleviate some motor deficits of Parkinson patients and Parkinson animal models [START_REF] Moro | Unilateral pedunculopontine stimulation improves falls in Parkinson's disease[END_REF][START_REF] Pereira | Pedunculopontine stimulation from primate to patient[END_REF][START_REF] Thevathasan | Pedunculopontine nucleus stimulation improves gait freezing in Parkinson disease[END_REF][START_REF] Goetz | Deep Brain Stimulation of the Pedunculopontine Nucleus Area in Parkinson Disease: MRI-Based Anatomoclinical Correlations and Optimal Target[END_REF][START_REF] Lau | Structure and function of the mesencephalic locomotor region in normal and parkinsonian primates[END_REF]. Therefore, the MLR is a highly conserved structure amongst vertebrates and most likely in humans as well.

The glutamatergic MLR is sufficient to elicit a graded locomotion Using electrical or chemical mapping of the MLR, sites able to elicit locomotion were located in a broad region comprising the cuneiform nucleus (CnF) and the pedunculopontine nucleus (PPN) (Shik et al., 1969;[START_REF] Skinner | The mesencephalic locomotor region (MLR) in the rat[END_REF][START_REF] Sirota | Stimulation of the mesencephalic locomotor region elicits controlled swimming in semi-intact lampreys[END_REF][START_REF] Takakusaki | Basal ganglia efferents to the brainstem centers controlling postural muscle tone and locomotion: a new concept for understanding motor disorders in basal ganglia dysfunction[END_REF], although some studies showed variable results [START_REF] Takakusaki | Brainstem control of locomotion and muscle tone with special reference to the role of the mesopontine tegmentum and medullary reticulospinal systems[END_REF]. Indeed, CnF and PPN contain intermingled glutamatergic and GABAergic neurons, with additional cholinergic neurons in the PPN (Figure 3.4A) [START_REF] Martinez-Gonzalez | Topographical organization of the pedunculopontine nucleus[END_REF], making it challenging to further dissect the cellular and functional identity in the MLR. To resolve this, an elegant study manipulated the different subtypes of the MLR using optogenetics tools in mice (Roseberry et al., 2016). They found that the sole activation of glutamatergic MLR neurons could elicit a graded locomotion, whereas inhibition of the same cells caused animals to decelerate and stop ongoing locomotion (Figure 3.4). This demonstrated that the glutamatergic MLR is sufficient to elicit locomotion in a graded fashion and necessary for spontaneous locomotion. However, it was not clear at the time if the glutamatergic MLR included the CnF and/or PPN.

The glutamatergic CnF encodes locomotor speeds and gaits, especially high-speed running Later elegant studies used optogenetics and chemogenic tools in mice to activate either the glutamatergic CnF or PPN (Caggiano et al., 2018;Josset et al., 2018;[START_REF] Dautan | Modulation of motor behavior by the mesencephalic locomotor region[END_REF]. All three studies show that, glutamatergic CnF optoactivation always initiate robust full-body locomotion at short latencies, from slow alternating speed to fast synchronous gaits depending on the stimulation frequency. Silencing these cells greatly impaired mice ability to engage in highspeed locomotion. In contrast, the exact role of the glutamatergic PPN requires further investigations. Indeed, Caggiano et al. (2018) show that, photoactivation of the glutamatergic PPN can elicit, with longer latencies (~1s), only the slow alternating speeds that are associated with exploratory behavior. Other studies have found that activation of the glutamatergic PPN decreases and arrests ongoing locomotion (Josset et al., 2018;[START_REF] Dautan | Modulation of motor behavior by the mesencephalic locomotor region[END_REF]. These discrepancies might owe to a wide heterogeneity in the electrophysiological properties of glutamatergic PPN cells as compared to the CnF (Caggiano et al., 2018;[START_REF] Dautan | Modulation of motor behavior by the mesencephalic locomotor region[END_REF].

Interestingly, the glutamatergic PPN receives strong inputs from the basal ganglia, and sensory and motor-related regions of the medulla. In contrast, the CnF receives few inputs from the basal ganglia but is strongly targeted by the colliculi and the periaqueductal gray (PAG) (Figure 3.5) (Caggiano et al., 2018). Both CnF and PPN projects to the brainstem reticular formation where reticulospinal neurons that directly project to the spinal cord reside (see next section).

Taken together these data reinforce the idea of a dual locomotor command in the glutamatergic MLR: 1) a CnF-mediated fast locomotion to orchestrate all locomotor regimes, especially fast running and escape-like behaviors selected by limbic structures and 2) a PPNmediated specifically tuned for low or reduced locomotion relevant during exploratory-like behavior selected by the basal ganglia (Figure 3.5) [START_REF] Ferreira-Pinto | Connecting Circuits for Supraspinal Control of Locomotion[END_REF].

b. Involvement in exercise hyperpnea

The MLR, and in particular the glutamatergic CnF in mice, is undoubtedly the initiator command for orchestrating locomotion. Some line of evidences suggested that the MLR can also mediate exercise hyperpnea (see Chapters 1. II.3.a. and 2.II.1.b., (DiMarco et al., 1983;Eldridge et al., 1985;[START_REF] Kawahara | Coupling between respiratory and locomotor rhythms during fictive locomotion in decerebrate cats[END_REF]Gariepy et al., 2012)). First in humans, we saw that mental stimulation is associated with MLR activation. Interestingly, mental stimulation also induces respiratory and cardiovascular changes (Tobin et al., 1986;Decety et al., 1991;Thornton et al., 2001), which could suggest a possible implication of the MLR. Secondly in cats, stimulation of the MLR leads to respiratory and cardiovascular increase that could occur during locomotor episodes but also prior to the movement (Eldridge et al., 1985). Thirdly in lampreys, MLR stimulation also increases respiratory output and importantly projects directly to respiratory centers, and in particular the presumed homologue of the preBötC, the inspiratory generator in mice (Gariepy et al., 2012). Altogether, these data suggest that the MLR integrates and transforms locomotor signals into multifunctional outputs that might control locomotion and autonomic responses in parallel, including breathing. In addition, the MLR encodes the upcoming locomotor action and is therefore in a prime position to regulate breathing prior to, at the onset, and throughout locomotor episodes. However, the exact MLR subcomponent (CnF and/or PPN) involved and its exact neuronal cell types are not documented in mice. Also, the connectivity from the MLR to the preBötC as well as the genetic identity of targeted preBötC cells are yet to be characterized. And we will endeavor to resolve these issues in mice which provide an amazing understanding of the neuronal bases for locomotor and respiratory control and cutting-edge tools to manipulate and trace circuits with synaptic specificity (see Paper 2). In particular in mice, the glutamatergic CnF encodes especially high-speed locomotion (Caggiano et al., 2018;Josset et al., 2018;[START_REF] Dautan | Modulation of motor behavior by the mesencephalic locomotor region[END_REF], and therefore likely mirrors the intensity of the upcoming effort. Thus, the glutamatergic CnF is a key candidate to mediate exercise hyperpnea. Accordingly, in mice, the generation of inspiratory rhythm relies on glutamatergic preBötC neurons (see Chapter 2.II.1. (Smith et al., 1991;[START_REF] Gray | Normal breathing requires preBötzinger complex neurokinin-1 receptor-expressing neurons[END_REF]Tan et al., 2008;Bouvier et al., 2010)), key candidates to receive locomotor signals from the CnF.

3.

The reticulospinal neurons (RS) a. Motor command tuning RS neurons in the reticular formation can directly or indirectly influence interneurons and motoneurons activity in the spinal locomotor CPG [START_REF] Lemon | Descending pathways in motor control[END_REF][START_REF] Brownstone | Reticulospinal Systems for Tuning Motor Commands[END_REF], through excitatory descending commands, especially glutamatergic, serotonergic and dopaminergic [START_REF] Liu | Stimulation of the parapyramidal region of the neonatal rat brain stem produces locomotor-like activity involving spinal 5-HT7 and 5-HT2A receptors[END_REF][START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF]Jordan et al., 2008;Hagglund et al., 2010). RS neurons are essential substrates in locomotor control as they convey various information from locomotor centers, but also from other brain and cerebellar areas, to the spinal locomotor CPG to initiate, modulate or terminate its activity. In contrast with studies on the DLR and the MLR, electrical stimulations in the reticular formation based on localization failed to reveal consistent behaviors, presumably owing to the presence of diverse cell-types with little spatial organization [START_REF] Ferreira-Pinto | Connecting Circuits for Supraspinal Control of Locomotion[END_REF]. Studies in mice have started to disentangle the diversity of locomotor repertoires using developmental genetics and viral tracings combined with discrete manipulation of specific cell types. Corroborating this, broad optogenetic activation of glutamatergic RS neurons in the brainstem established their critical role for initiating locomotion (Hagglund et al., 2010). Later studies used more restricted activation of glutamatergic subsets and further show that the lateral paragigantocellular nucleus (LPGi), located in the caudal brainstem, can elicit locomotion and control the speed (Capelli et al., 2017). Interestingly, combining photoactivation of the MLR with ablation of the glutamatergic LPGi greatly impaired high-speed locomotion without perturbation of the exploratory low-speed locomotion. In addition, the LPGi is preferentially targeted by the CnF subcomponent of the MLR, suggesting that engagement in high-speed locomotion relies on the specific recruitment of the CnF-LPGi pathway (Figure 3.6A, B) (Capelli et al., 2017). This also suggests that the MLR-driven low-speed control is mediated by another neuronal groups, probably in the brainstem, yet to be uncovered. The same study shows that inhibitory neurons in the LPGi halt ongoing locomotion, highlighting that the diversity of cell types and function of one RS pathway in initiating, or on the contrary arresting, locomotion cannot accurately be predicted by the positioning of the neuronal somata in crudely defined anatomical areas, nor even by its neurotransmitter. Indeed, Bouvier et al. (2015) uncovered the surprising role of a glutamatergic neuronal population, located in the rostral gigantocellular (Gi) nucleus, and expressing Chox10 (V2a neurons). Unexpectedly, bilateral photoactivation of the V2a Gi neurons halted ongoing locomotion, while silencing these cells enhanced mobility (Figure 3.6C). V2a neurons project to inhibitory interneurons in the ventro-lumbar spinal cord, which likely mediate the locomotor arrest. It was however not clear at the time in what behavioral context this locomotor break would take place. Therefore, the study was continued in the lab and my PhD contributed to it, although without direct relation to exercise hyperpnea (see Paper 3, Annex 1, (Usseglio et al., 2020)). In short, we show that distinct subsets of V2a RS neurons project to specific spinal segments and control different motor behaviors: 1) a lumbar-projecting subset devoted to the control of locomotor speed and break and 2) a premotor cervical-projecting subset that specifically mediates head orientation. Interestingly, none of these V2a subsets receive inputs from the MLR. Instead, the most abundant source of inputs was seen in the superior colliculus. Altogether this work demonstrates that the arrest of locomotion driven by V2a RS neurons is not related to an MLR-driven modality, but is rather linked with orienting movements. The work also highlights the need to consider functional diversity within RS neurons, even within cells that share the same genetic identity. b. Involvement in exercise hyperpnea RS neurons relay crucial information about the upcoming locomotor movement and could also mediate breathing changes prior to and during ongoing movement. Because of their close proximity to respiratory centers, they might also integrate information on other functions like breathing, albeit very few evidences are available. On that note, V2a brainstem neurons were shown to directly project to the preBötC and to be essential to promote stable breathing activity at birth [START_REF] Crone | Irregular Breathing in Mice following Genetic Ablation of V2a Neurons[END_REF]. It is however not known if such respiratory-related V2a brainstem neurons are preserved in the adult and whether they overlap with the locomotor and orientingrelated ones described above (Paper 3, Annex 1, (Usseglio et al., 2020)).

4.

The spinal locomotor CPG a. Locomotor rhythm and pattern generation

Locomotor movements are complex and based on rhythmic and coordinated activation of several muscles across many joints by dedicated spinal CPGs. Hindlimbs locomotion is controlled by spinal circuits in the lumbar spinal cord, while forelimbs movements are driven by cervical spinal circuits. The lumbar locomotor CPG has received a lot of attention over the years and appears to be very much conserved amongst vertebrates -see for review [START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF][START_REF] Frigon | The neural control of interlimb coordination during mammalian locomotion[END_REF]Grillner and El Manira, 2020) -and likely in humans [START_REF] Minassian | The Human Central Pattern Generator for Locomotion: Does It Exist and Contribute to Walking?[END_REF][START_REF] Klarner | Sherlock Holmes and the curious case of the human locomotor central pattern generator[END_REF]. Like for investigating the respiratory rhythm, reduced ex vivo preparations were extensively used to isolate the spinal cord circuits and study their organization, function and development [START_REF] Smith | In vitro brainstem-spinal cord preparations for study of motor systems for mammalian respiration and locomotion[END_REF][START_REF] Branchereau | Development of lumbar rhythmic networks: from embryonic to neonate locomotor-like patterns in the mouse[END_REF][START_REF] Clarac | The in vitro neonatal rat spinal cord preparation: a new insight into mammalian locomotor mechanisms[END_REF]. To mimic the activation by descending RS neurons, absent in such preparations, spinal circuits have been classically activated by bath-application of glutamate, serotonin, and dopamine agonists onto the spinal cord, combined with electrophysiological recordings of the 2 nd (L2) and 5 th (L5) lumbar motor nerves. Notably, activities induced on the L2 flexor-and L5 extensor-like roots resemble the locomotor pattern of gaits in vivo like walking and trotting, i.e., alternation between flexor and extensor (ipsilateral L2 and L5), and between left and right (bilateral L2 or L5) [START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF][START_REF] Goulding | Circuits controlling vertebrate locomotion: Moving in a new direction[END_REF]. These activities are therefore referred to as "locomotor-like" activities. Based on this type of experiment, the rhythmogenic core of the locomotor CPG was shown to be restricted to the ventral part of the spinal cord and distributed along the lumbar segments, with the most rhythmogenic capacity in the rostral lumbar segments (L1-L3) [START_REF] Cazalets | Localization and organization of the central pattern generator for hindlimb locomotion in newborn rat[END_REF]Kjaerulff and Kiehn, 1996). The locomotor CPG harbors key microcircuits that are sufficient to generate a well-coordinated movement: 1) rhythm generating circuits, 2) left and right interlimb coordination circuits and 3) ipsilateral flexor and extensor intralimb coordination circuits -see for review [START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF](Kiehn, , 2016)). Work with electrophysiology and mouse genetics have provided insights into the identity and function of specialized groups of spinal neurons and allowed to link genetically defined neuronal population to a specific locomotor behavior.

Rhythm generating circuits: Rhythm-generating neurons should be able to conditionally initiate and control the frequency of locomotion. Optogenetic activation or inactivation experiments identified excitatory spinal neurons (i.e., glutamatergic in mice) as necessary and sufficient to generate locomotor rhythm [START_REF] Kiehn | Excitatory components of the mammalian locomotor CPG[END_REF]Hagglund et al., 2010;Hagglund et al., 2013). To date, the only signatures identified for locomotor rhythm neurons are the expression of the transcription factors Shox2 (short stature homeobox protein 2) (Dougherty et al., 2013) and HB9 (basic helix-loop-helix domain containing, class B, 9) [START_REF] Wilson | Conditional rhythmicity of ventral spinal interneurons defined by expression of the Hb9 homeodomain protein[END_REF][START_REF] Caldeira | Spinal Hb9::Cre-derived excitatory interneurons contribute to rhythm generation in the mouse[END_REF]. Other contributing neurons are yet to be documented. To this day, it is therefore not obvious that locomotor rhythm generation may rely on a prominent, single type of neurons (such as V0 neurons in the preBötC).

Left and right interlimb coordination circuits that encode gaits: The coordination of muscle activities on the left and right side is essential to execute the repertoire of quadrupedal gaits in mammals. Alternation or synchronization of pairs of limbs relies on commissural neurons (CN) whose axons cross the midline. Genetic ablation of types of CN provided insight into the mechanisms underlying left and right coordination and the encoding of gaits. A large proportion of CN in the ventral spinal cord are V0 Dbx1 neurons subdivided in two populations: excitatory V0V and inhibitory V0D. Ablation of the V0 population as a whole leads to a disruption of alternating locomotor-like bursting ex vivo, and bound becomes the default and only possible gait in vivo (Figure 3.7) [START_REF] Lanuza | Genetic identification of spinal interneurons that coordinate left-right locomotor activity necessary for walking movements[END_REF]Talpalar et al., 2013). However, animals in which only the V0V are deleted can engage in every gait except trot (Talpalar et al., 2013). Altogether this elegant study shows that the combination of V0D and V0V CN encodes alternating gaits (walk and trot), while non-V0 CN encode the synchronous gait bound. Gallop is proposed to rely on a combination of V0 and non-V0 populations. Also, the loss of V2a spinal neurons also disrupts left and right coordination at high trotting speeds, highlighting that V2a neurons can influence gait selection, in a speed dependent manner [START_REF] Crone | In mice lacking V2a interneurons, gait depends on speed of locomotion[END_REF]. Interestingly, axon guidance and associated molecules play a crucial role in the wiring of spinal neurons by directing the axon of commissural neurons during development [START_REF] Chédotal | Roles of axon guidance molecules in neuronal wiring in the developing spinal cord[END_REF]. During my PhD, I have worked on a collaborative project which touched upon the role of the scaffold molecule afadin, expressed at the spinal midline during development (see Paper 4, Annex 2, [START_REF] Skarlatou | Afadin Signaling at the Spinal Neuroepithelium Regulates Central Canal Formation and Gait Selection[END_REF]). We found that ablation of afadin from the motor neuron progenitor zone in the developing spinal cord leads to a striking hopping phenotype in vivo, and a disruption of left and right coordination in ex vivo spinal cord preparations. Afadin ablation does not alter the development of motoneurons, instead, it disrupts the expression of axon guidance molecules at the midline, causing ectopic and aberrant contralateral wiring of several types of spinal interneuron's axons, including V0 and V2a interneurons. This shows that guidance molecules are crucial for the correct laterality in wiring spinal circuits and coordination of key locomotor features.

Ipsilateral flexor and extensor intralimb coordination circuits: Flexor and extensor components of locomotor network are reciprocally connected through ipsilateral inhibitory neurons, notably through inhibitory Ia interneurons, activated by stretch-sensitive proprioceptive muscle spindles (Ia) [START_REF] Talpalar | Identification of Minimal Neuronal Networks Involved in Flexor-Extensor Alternation in the Mammalian Spinal Cord[END_REF]Kiehn, 2016). Genetic ablation of both V1 and V2b inhibitory interneurons, expressing respectively En1 (engrailed homeobox 1) and GATA2 (GATA binding protein 2), leads to a shift from alternating to synchronous flexor-extensor pattern (i.e., without left-right disruption) [START_REF] Zhang | V1 and v2b interneurons secure the alternating flexor-extensor motor activity mice require for limbed locomotion[END_REF].

b. Involvement in exercise hyperpnea

We saw that the locomotor CPG harbors complex microcircuits that play key roles in the execution of the rhythmic and patterned locomotor output. Interestingly, supraspinal centers that control the activity of the locomotor CPG receive ascending projections in return about the state of locomotor networks, to adapt ongoing movements to the environment. In particular, the ventral spino-cerebellar and spino-reticulo-cerebellar tracts convey information about the activity of locomotor interneurons activity [START_REF] Buchanan | The spinobulbar system in lamprey[END_REF]. For example, during locomotor-like activities in rats and lampreys, reticulospinal neurons are rhythmically activated in phase with the locomotor cycle [START_REF] Dubuc | The role of spinal cord inputs in modulating the activity of reticulospinal neurons during fictive locomotion in the lamprey[END_REF][START_REF] Oueghlani | Brainstem Steering of Locomotor Activity in the Newborn Rat[END_REF]. Therefore, the locomotor CPG sends ascending efference copies to supraspinal regions involved in locomotion, but also regions related to other motor behaviors. Indeed, ascending projection to brainstem extraocular motoneurons have been shown to ensure gaze stabilization during swimming in tadpoles [START_REF] Lambert | Gaze stabilization by efference copy signaling without sensory feedback during vertebrate locomotion[END_REF][START_REF] Straka | A New Perspective on Predictive Motor Signaling[END_REF]. Therefore, besides being highly specialized in generating and coordinating locomotor movements, the locomotor CPG also relays critical information to other non-locomotor structures and possibly autonomic centers that are essential to survival, like breathing. Importantly, the CPG encodes the ongoing locomotor speed and gaits (Talpalar and Kiehn, 2010) and is therefore in an advantageous position to mirror the intensity of the effort and mediate respiratory adjustments according to the engaged locomotor program. Interestingly, a spinal ascending efference copy has been shown to upregulate respiration in ex vivo brainstem-spinal cord preparations of neonatal rodents (see Chapter 1. II.3.b., (Le Gal et al., 2014;Le Gal et al., 2020)). Importantly, the authors show that this effect does not require synaptic relays in the spinal cord and is rather direct to the brainstem (Le Gal et al., 2014). Also, glutamatergic ascending spinal neurons are thought to mediate this ascending drive (Le Gal et al., 2020). Interestingly, using a specific lesion, the authors show that lumbar-induced upregulation of respiration seems to require the integrity of the parafacial respiratory region (pF, see Chapter 2.II.2.). We stated previously that a clear characterization of the pF based on genetics and common lineage is needed to avoid further confusion regarding the number of structures at play in the "parafacial region". Therefore, the exact implication and identity of the pF in integrating locomotor signals from the lumbar CPG needs to be more precisely defined, using the outstanding genetic tools available in mice.

5.

The spinal peripheral feedback a. Sensorimotor integration

Although spinal circuits can produce precise and well-organized movements without any sensory inputs, sensorimotor interactions are essential to create an adaptive locomotion to a real environment [START_REF] Pearson | Generating the walking gait: role of sensory feedback[END_REF][START_REF] Rossignol | Dynamic sensorimotor interactions in locomotion[END_REF][START_REF] Akay | Degradation of mouse locomotor pattern in the absence of proprioceptive sensory feedback[END_REF]. During movement, the locomotor CPG receives sensory information through proprioceptive afferences activated by muscle contractions. In ex vivo neonatal reduced brainstem-spinal cord preparations, low threshold stimulation of dorsal nerve roots, that convey proprioceptive signal to the CPG, can even induce episodes of locomotor-like activities [START_REF] Whelan | Properties of rhythmic activity generated by the isolated spinal cord of the neonatal mouse[END_REF][START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF]. Transition from stance (extension) to swing (flexion) is influenced by proprioceptive feedback. When animals increase their speed, the duration of the step cycle decreases due to a reduction of the stance phase duration, mainly mediated by the activity of extensor muscles [START_REF] Roy | EMG patterns of rat ankle extensors and flexors during treadmill locomotion and swimming[END_REF]. In walking mice, extensor muscles are recruited in a speed-dependent manner (see Chapter 3.I.1., [START_REF] Mayer | Role of muscle spindle feedback in regulating muscle activity strength during walking at different speed in mice[END_REF]). Acute removal of proprioceptive sensory feedback from the stretch-sensitive muscle spindles (type Ia/II) prevents mice from walking at higher speed. Activation of muscle spindles is thus essential to regulate the strength and amplitude of extensor muscles activity to transition to the swing phase [START_REF] Mayer | Role of muscle spindle feedback in regulating muscle activity strength during walking at different speed in mice[END_REF]. In addition, force-sensitive Golgi tendons organs (type Ib) provide excitation to extensors during the stance phase to increase extension. Once the limb unloads, the excitation decreases and the limb transitions to the swing phase [START_REF] Conway | Proprioceptive input resets central locomotor rhythm in the spinal cat[END_REF][START_REF] Duysens | Load-regulating mechanisms in gait and posture: comparative aspects[END_REF]. Peripheral feedback can therefore influence locomotor phase transition, reinforce ongoing activity, and correct the movement according to perturbations in the environment. In addition, interneurons in the dorsal horn also integrate sensory information about noxious, thermal, and mechanical external stimuli [START_REF] Cordero-Erausquin | Neuronal networks and nociceptive processing in the dorsal horn of the spinal cord[END_REF][START_REF] Koch | Spinal Circuits for Touch, Pain, and Itch[END_REF]. Proprioceptive feedbacks can reach supraspinal structures directly or indirectly through a spinal relay, including reticulospinal neurons, while cutaneous afferences reach the dorsal horn, including laminae I known to send direct afferences to brainstem regions [START_REF] Rossignol | Dynamic sensorimotor interactions in locomotion[END_REF][START_REF] Koch | Spinal Circuits for Touch, Pain, and Itch[END_REF]. b. Evidences for parallel mediation of respiration Some evidence point to the implication of proprioceptive inputs in regulating respiratory rhythm. Indeed, electrical stimulation of proprioceptive afferences from the lumbar spinal cord, in ex vivo preparations of neonatal and juvenile rats, can reset the respiratory rhythm (see Chapter 1.II.2., [START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF][START_REF] Potts | Respiratory rhythm entrainment by somatic afferent stimulation[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]). The authors argue that this ascending pathway might help coordinating respiratory and locomotor rhythms in walking/running animals, although as discussed previously (see Chapter 1.I.5.), only few studies have actually studied the existence of a temporal synchronization (cycle-to-cycle analysis) of breaths to strides during actual running [START_REF] Iscoe | Respiratory and stepping frequencies in conscious exercising cats[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF]. This was in fact never examined in rodents. In any case, this ascending sensory feedback-driven respiratory resetting was shown to require at least two relays: one in the cervical spinal cord, and one in the pons, i.e., the lateral parabrachial/Kölliker-fuse nuclei (lPB/KF) [START_REF] Potts | Respiratory rhythm entrainment by somatic afferent stimulation[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. Interestingly, the lPB/KF is a direct target of cervical interneurons [START_REF] Ruder | Long-Distance Descending Spinal Neurons Ensure Quadrupedal Locomotor Stability[END_REF] and is essential for the transition between inspiratory and expiratory phases, notably through direct projection to the preBötC that generates inspiration [START_REF] Mörschel | Pontine respiratory activity involved in inspiratory/expiratory phase transition[END_REF][START_REF] Palmiter | The Parabrachial Nucleus: CGRP Neurons Function as a General Alarm[END_REF]Yang et al., 2020a). While the exact functional significance of this pathway remains unclear, the sensory afferences are nonetheless candidates to send locomotor-related signals to respiratory centers.

Introduction

Breathing is a vital behavior which must combine extreme robustness with continuous adaptability. One striking example is the abrupt augmentation of ventilation at the transition from rest to running in order to maintain homeostasis in spite of increased metabolic demand (DiMarco et al., 1983;Duffin and Bechbache, 1983;Mateika and Duffin, 1995). This "exercise hyperpnoea" is manifested by an increase in both respiratory frequency and volume. It has long been proposed that its main trigger, at least for acute exercise, is of neuronal nature, i.e., relies on activatory signals from locomotor effectors or circuits impacting onto the respiratory generator in the brainstem (Mateika and Duffin, 1995;Gariepy et al., 2010;Duffin, 2014;Paterson, 2014). However, the underlying cells and circuits are not fully elucidated.

We recently uncovered that running hyperpnoea can, at least in mice but very likely in all quadrupeds, occur without temporal synchronization of breathes to strides (Hérent et al., 2020). This, together with the ventilatory response seen in men during mental simulation of exercise (Tobin et al., 1986;Decety et al., 1991;Decety et al., 1993) or in the absence of peripheral signals (Fernandes et al., 1990), highlights that the main neuronal trigger of exercise hyperpnoea is of central, rather than peripheral, origin. Of particular interest are therefore brain regions that command or execute locomotor movements and could provide a parallel drive to respiratory centers (Eldridge et al., 1981;Eldridge et al., 1985). The mesencephalic locomotor region (MLR) in the dorsal midbrain is considered the main site of locomotor initiation throughout the animal kingdom (Shik et al., 1966;Le Ray et al., 2011;Ryczko et al., 2016) and possibly humans (Jahn et al., 2008). Stimulation of the MLR, and particularly its cuneiform nucleus (CnF) component, engages forward locomotion at a speed that is commensurate to the intensity of the stimulus [START_REF] Bachmann | Deep brain stimulation of the midbrain locomotor region improves paretic hindlimb function after spinal cord injury in rats[END_REF]Roseberry et al., 2016;Caggiano et al., 2018;Josset et al., 2018), making it a candidate neuronal driver and encoder of running intensity. The possibility that the MLR may provide a parallel activation of respiratory centers is suggested by work in the lamprey (Gariepy et al., 2012), an ancestral vertebrate specie, but this has yet not been investigated in terrestrial mammals. Another central drive to respiratory centers may originate in the circuits of spinal cord that elaborate the locomotor rhythm and coordinate the motor output during ongoing locomotor movements, often referred to as "Central Pattern Generator" or CPG [START_REF] Grillner | Biological pattern generation: the cellular and computational logic of networks in motion[END_REF]Kiehn, 2016;Grillner and El Manira, 2020). Indeed, pharmacological activation of the lumbar enlargement, where the hindlimb CPG circuit resides, can upregulate the frequency of respiratory-like activities on ex-vivo preparations from neonatal rats (Le Gal et al., 2014;Le Gal et al., 2020). While this is suggestive of ascending projections to respiratory centers, the underlying circuit and its functionality during running has not been documented.

Another gap of knowledge resides in the identification of the respiratory neurons targeted by descending (i.e., MLR) or ascending (i.e., from the CPG) locomotor drives. In mammals, the respiratory rhythm is paced by a confined cluster of neurons in the ventromedial medulla, the pre-Bötzinger complex (preBötC, (Smith et al., 1991;Del Negro et al., 2018)). Direct activation or inactivation of preBötC glutamatergic neurons respectively increases, or reduces and even arrests, respiratory rate (Tan et al., 2008;Alsahafi et al., 2015;Cui et al., 2016;Vann et al., 2018). The preBötC receives inputs from several brain areas including the midbrain (Yang et al., 2020) and, in the lamprey, MLR neurons were shown to contact a presumed homologue of the preBötC [START_REF] Mutolo | Role of Neurokinin Receptors and Ionic Mechanisms Within the Respiratory Network of the Lamprey[END_REF]Gariepy et al., 2012). This makes the preBötC a candidate for promptly entraining respiration during exercise in mammals. More rostrally, an area collectively referred to as the parafacial respiratory region may be another candidate of respiratory regulation during metabolic challenges including effort. In particular in this region, non-catecholaminergic Phox2b-expressing neurons (defining the Retrotrapezoid Nucleus, RTN) are well-known for their capacity to rapidly upregulate respiratory rate in the context of central chemoception (Abbott et al., 2009;[START_REF] Abbott | Phox2b-expressing neurons of the parafacial region regulate breathing rate, inspiration, and expiration in conscious rats[END_REF]. They might also support active expiration which is thought to accompany exercise (Ainsworth et al., 1989;Iscoe, 1998;Abraham et al., 2002). Phox2b-positive neurons in the parafacial region have been shown to be activated during running [START_REF] Barna | Pontomedullary and hypothalamic distribution of Fos-like immunoreactive neurons after acute exercise in rats[END_REF](Barna et al., , 2014)), during locomotor-like activity on ex vivo neonatal rat preparations (Le Gal et al., 2014), and their chemogenetic silencing limits exercise capacity in running rats (Korsak et al., 2018).

Here we sought to investigate the central circuits interfacing locomotor and respiratory centers in the resourceful mouse model. We found the existence of both a feed-forward drive from the MLR, and of an ascending drive from the locomotor CPG of the lumbar spinal cord. Remarkably, the MLR is capable of upregulating breathing rate even before the initiation of actual limb movements. We further uncovered that the two systems have rapid access to respiratory rhythm generation mechanisms albeit through two different synaptic schemes. The MLR directly projects to the preBötC, but not to the parafacial respiratory region, while the lumbar spinal cord targets the RTN which in turns contacts the preBötC. Our work therefore demonstrates two central drives that may underlie breathing adaptability during running and their synaptic nodes in the respiratory central network.

Results

Glutamatergic CnF neurons project to the preBötC

We first examined whether locomotor promoting MLR neurons in mice, as the case in the lamprey (Gariepy et al., 2012), contact neuronal groups involved in respiratory rhythm generation. The MLR contains two major subdivisions, the cuneiform nucleus (CnF) containing glutamatergic (Glut+) neurons, and the pedunculopontine nucleus (PPN) containing both glutamatergic and cholinergic neurons (Roseberry et al., 2016;Caggiano et al., 2018;Josset et al., 2018). Since locomotor initiation is mostly attributed to the former, we traced the projections of CnF neurons by unilateral stereotaxic injections of a Cre-dependent Adeno Associated Virus (AAV) coding the fluorescent protein eYFP in vGlut2-IRES-Cre adult mice [START_REF] Vong | Leptin action on GABAergic neurons prevents obesity and reduces inhibitory tone to POMC neurons[END_REF] (Figure 1A-F, Figure S1). Abundant eYFP-positive fibers were detected in the preBötC, defined as located ventrally to the nucleus ambiguous, containing SST-positive neurons and between antero-posterior levels -7.3 and -6.7 from bregma (Stornetta et al., 2003;Tan et al., 2008). These projections were found bilaterally with an ipsilateral predominance (Figure 1C,D). In contrast, projections were very sparse ventral to the facial motor nucleus (7N) in the parafacial respiratory area (pF, between antero-posterior levels -6.5 and -5.7 from Bregma, Figure 1E,F). We also observed CnF projections to the lateral parabrachial nucleus (lPB, Figure S1B,C) and to the nucleus of the tractus solitarius (NTS, Figure S1D,E). To verify that CnF neurons synaptically target preBötC neurons, we made use of a genetically restricted two-virus approach [START_REF] Kim | Improved Monosynaptic Neural Circuit Tracing Using Engineered Rabies Virus Glycoproteins[END_REF] to reveal preBötC putative inputs anatomically. Functional preBötC neurons can be efficiently delineated as glutamatergic (Glut+) neurons with commissural projections (Koshiya and Smith, 1999;Bouvier et al., 2010). We therefore drove the expression of the TVA receptor and the rabies protein G using a retrogradely transported Cre-dependent Herpes Simplex Virus (HSV [START_REF] Neve | Use of herpes virus amplicon vectors to study brain disorders[END_REF][START_REF] Reinhard | A projection specific logic to sampling visual inputs in mouse superior colliculus[END_REF]) injected in the preBötC on one side. Seven days later, a Gdeleted and EnvA-pseudotyped rabies (Rb) virus coding mCherry was injected in the preBötC on the other side (Figure 1G). As demonstrated previously, this leads to the expression of the Rb virus in projectiondefined neuronal somata (Usseglio et al., 2020), here commissural Glut+ neurons of the preBötC, and, from these starter cells, to its trans-neuronal spread to upstream neurons (Figure 1H,K). Trans-neuronally labelled neurons, i.e., expressing only the Rb-driven fluorophore, were detected in the Cn-F and PPN nuclei bilaterally (Figure 1J,K). Putative inputs to Glut+ preBötC neurons were also detected in the contralateral preBötC, the periaqueductal grey, the superior colliculus and the NTS, and only few cells were detected in the parafacial respiratory region on either side (Figure 1H, J, Figure S1G-J). Altogether, these converging anterograde and retrograde tracings collectively demonstrate that Glut+ MLR neurons make direct contact with candidate respiratory rhythm generating neurons in the preBötC, but not in the parafacial respiratory region.

Glutamatergic CnF neurons modulate inspiratory rhythm generation mechanisms

We next aimed at verifying the functionality of Glut+ MLR neurons to the preBötC. One hallmark of photo-activating preBötC neurons is an altered timing of the subsequent respiratory motor burst that depends on the time of light onset within the respiratory cycle (Cui et al., 2016;Baertsch et al., 2018). To evaluate the capacity of MLR neurons to reproduce this, we virally delivered the Channelrhodopsin 2 (ChR2) in the CnF on one side (AAV-DIO-ChR2-eYFP) of Vglut2-Cre mice, and implanted an optic fiber over the MLR on the same side (Figure 2A). Breathing cycles were measured in awake adult animals with whole body plethysmography (WBP, (DeLorme and Moss, 2002), Figure 2B) while short single-pulse (50 ms) photo-activations were randomly delivered during the respiratory cycle. We calculated the resultant phase shift, expressed as the perturbed cycle duration over the control cycle duration as done previously ( (Cui et al., 2016;Baertsch et al., 2018), Figure 2C). A phase shift <1 (perturbed cycle duration lower than the control one) indicates a shortening of the respiratory cycle, a phase shift >1 (perturbed cycle duration higher than the control one) indicates a lengthening, and a phase shift equal to 1 (perturbed cycle duration equal to the control one) indicates no effect. We found that unilateral photo-stimulation of CnF neurons elicited an ectopic inspiratory burst and shortened the respiratory cycle (Figure 2C) but that this effect was dependent on the timing of light-activation during the respiratory cycle. Specifically, the most significant cycle shortening was seen when delivering light pulses during early expiration (phase: 0.5-0.6, phase shift: 0.77 ± 0.12, p<0.0001 Figure 2D). In contrast, the effect was only minimal when photo-stimulations were delivered in late expiration. Intriguingly, a shortening, albeit to a lesser extent, was also noted on the three subsequent respiratory cycles (Figure S2A-D). To ascertain that this modulation of respiratory rhythm generation owes to direct projections of Glut+ CnF neurons to the preBötC, we next aimed at photoactivating ChR2-expressing fibers in the preBötC following the delivery of the ChR2 virus in the CnF (Figure 2E). This led to a similar phase-dependent shortening of the respiratory cycle, with a maximal shortening observed when light-activations are delivered in early expiration (phase: 0.5-0.6; phase shift: 0.73 ± 0.15, p<0.0001, Figure 2F,G). This effect disappeared after the 2 nd subsequent respiratory cycle (θ+3, Figure S2E-H). Overall, this indicates that Glut+ MLR neurons, through their direct projections to the preBötC, can trigger a phase-dependent resetting of the respiratory cycle, highlighting an excitatory modulation of inspiratory burst generation mechanisms.

Glutamatergic CnF neurons modulate breathing in synergy with locomotion

Through their access to rhythm generating neurons in the preBötC, Glut+ MLR neurons might be capable of upregulating breathing frequency in synergy with locomotor initiation. To access respiratory parameters during vigorous displacement movements, we made use of our recently developed method for chronic electromyographic (EMG) recordings of the diaphragm, the main inspiratory muscle (Hérent et al., 2020). Animals were thus made to express ChR2 in Glut+ CnF neurons, EMG-implanted and placed in a linear corridor. Light was delivered in trains of 1 s duration at increasing pulse frequencies when animals were stationary at one end of the corridor (Figure 3A). Animals were filmed from the side and their displacement speed computed using markerless video-tracking [START_REF] Mathis | DeepLabCut: markerless pose estimation of user-defined body parts with deep learning[END_REF] as performed previously (Hérent et al., 2020). In line with numerous studies (Roseberry et al., 2016;Caggiano et al., 2018;Josset et al., 2018), we found that light-activation of Glut+ CnF neurons at 15 Hz or more engage animals in forward locomotion, and that higher stimulation frequencies impose faster regimes, increase the occurrence of left-right synchronous gaits, and shorten the latency between light onset and locomotor initiation (Figure S3A-D). Importantly, in trials that effectively engage forward locomotion, we observed an increased respiratory rate (Figure 3B,C). In what we consider a remarkable observation, during CnF photo-activations, respiratory rate increased in a two-step sequential manner. In a first step, that we term the "pre-loco" phase, a modest increase was seen immediately at light onset but before the first locomotor movements (i.e., during the latency between light onset and the initiation of locomotion, Figure 3D). The mean respiratory rate during this "pre-loco" phase was found significantly higher than baseline but was not correlated to the CnF stimulation frequency nor to the displacement speed eventually adopted by the animal (Figure 3E). In a second step, when the animal effectively engage in locomotion ("loco" phase) the average respiratory rate was further augmented (Figure 3D,F). There, respiratory rate was still not strongly dependent on stimulation frequency, however it was partly proportional to the actual displacement speed (R 2 = 0.23, Figure 3F). This likely reflects the variability of locomotor velocities at a given stimulation frequency (Figure S3B). Altogether, these results indicate that respiratory frequency during CnF-evoked locomotion is 1) upregulated immediately at light onset and before the initiation of locomotion, and 2) further upregulated during actual locomotion in a somewhat speed-dependent manner.

These data suggest that Glut+ CnF neurons can modulate respiratory activity independently of their action on limb movements, in line with what was reported in the lamprey (Gariepy et al., 2012). To demonstrate this further, we reduced the intensity of photo-stimulations by bringing down the frequency of light pulses onto CnF Glut+ neurons to 5 and 10 Hz at which locomotion initiation failed (Figure 3G, Figure S3B). We found that, in spite of absent locomotor movements, the respiratory frequency could indeed be significantly increased from baseline (CTL 3.6 ± 0.6 bursts/s; 5 Hz: 6.2 ± 1.4; 10 Hz: 6.7 ± 1.6 bursts/s, Figure 3H). These values are in keeping with those reached above during the "pre-loco" phase. Altogether, these analyses demonstrate that i) Glut+ CnF neurons can upregulate breathing before, or even in the absence of, locomotor movements, ii) during CnF-evoked locomotion, the highest increase in breathing rate from rest occurs when actual locomotor movements are engaged, and iii) respiratory frequency increases during the "loco" phase are partly proportional to the displacement speed.

The spinal locomotor circuits project to the parafacial respiratory region.

From the above observation we reasoned that the engagement in actual locomotor movements may be associated with a stronger activating drive onto respiratory centers which could originate in executive lumbar locomotor circuits. We thus examined the ascending projections to the brainstem of glutamatergic lumbar neurons that are essential in the regulation of locomotor speed (Kjaerulff and Kiehn, 1996;Hagglund et al., 2010;Hagglund et al., 2013;Talpalar et al., 2013). To do so, we injected a Credependent AAV-eYFP vector bilaterally in the ventral laminae of the 2 nd lumbar segment (L2) of adult Vglut2-Cre animals (Figure 4A,B) and examined projections in the brainstem reticular formation. In contrast to the anterograde tracings from the CnF, this revealed very few, if any, eYFP-positive fibers in the anatomical area of the preBötC (Figure 4C, D) but their abundant presence in the parafacial respiratory region, defined as layers of neurons ventral and medial to the facial motor nucleus (Figure 4E,F). Ascending projections were also detected in the lateral parabrachial nucleus, the NTS and the lateral reticular nucleus (LRt, Figure S4A-C). To discriminate passing fibers from putative synaptic contacts, we performed similar spinal injections this time with a high-titer AAV coding the Cre recombinase (AAV1-Syn-Cre, [START_REF] Zingg | AAV-Mediated Anterograde Transsynaptic Tagging: Mapping Corticocollicular Input-Defined Neural Pathways for Defense Behaviors[END_REF]), on wild-type mice. This vector has been previously shown to be transported anterogradely down the axon and to enable expression of the Cre-recombinase in postsynaptic target neurons that then are amenable to visualization through Cre-dependent transgene expression. We therefore injected, one week after the first viral injection a Cre-dependent AAV-eYFP vector in the parafacial respiratory region by stereotaxy. This led to numerous eYFP-expressing cells (Figure 4G,H). Since this region does not project to the lumbar spinal cord (Figure S4D,E), the Cre-dependent labelling cannot owe to spurious retrograde transport of the AAV1-Syn-Cre virus. Therefore, ascending spinal projections synaptically target the parafacial respiratory region.

Lumbar locomotor circuits upregulate breathing through the RTN Phox2b/Atoh1 ex vivo.

To investigate functionally the possibility that lumbar locomotor circuits can upregulate breathing, we used the ex vivo isolated brainstem/spinal cord preparation from neonatal mouse. Although long-used for monitoring locomotor (Kjaerulff and Kiehn, 1996;Bouvier et al., 2015) or respiratory-like (Bouvier et al., 2010;[START_REF] Ramanantsoa | Breathing without CO(2) chemosensitivity in conditional Phox2b mutants[END_REF] activities, monitoring both simultaneously using pharmacological activation of the lumbar CPG had only been achieved on neonatal rat preparations (Le Gal et al., 2014;Le Gal et al., 2020). We adapted the method to neonatal mice and used a split-bath allowing independent pharmacological manipulation of the brainstem and spinal cord superfused by artificial-cerebrospinal fluid (a-CSF, see methods). In these conditions, we recorded respiratory-like activity recorded on the 4 th cervical root and locomotor-like activity on the 2 nd lumbar ventral rootlet (Figure 5A,B).

When both the brainstem and spinal cord were superfused with their respective control a-CSF solution, the frequency of respiratory-like activities was found to be very variable across animals, ranging from 2.5 to 8.3 bursts/min, with an average of 4.3 ± 1.6 bursts/min. Bath-application of the neuroactive substances N-methyl-D-aspartate (NMDA) and serotonin (5-HT) in the spinal cord compartment evoked locomotor-like activities associated with an increased frequency of the respiratory-like activity (7.2 ± 3.6 bursts/min, 162 ± 30 % of baseline, Figure 5B,C). Reminiscent of what we observed in freely running mice (Hérent et al., 2020), we found that respiratory-and locomotor-like activities were not temporally synchronized (data not shown). To rule out drug leakage from the spinal compartment we first verified that this frequency increase of respiratory-like activities was abolished following a cervical trans-section of the medulla (Figure S5A-C). We also examined respiratory changes following the engagement of locomotor-like activities by targeted optogenetic activations of lumbar excitatory neurons (Vglut2- 79 Cre;floxedChR2), in the absence of NMDA and 5-HT (Hagglund et al., 2010;Hagglund et al., 2013;Le Gal et al., 2020). In this optogenetic paradigm, the frequency of inspiratory activity was increased similarly to the pharmacological-induced locomotion (170 ± 38 % from baseline, Figure S5D-F). Altogether, these experiments indicate that the lumbar spinal segments containing the locomotor CPG exert an excitatory effect on respiratory activity. ). Note that the elimination of the RTN Phox2b/Atoh1 is sufficient to abolish the drug induced-C4 frequency increase in n=8 mice. Data in all graphs are mean ± SD. Wilcoxon matched-pairs tests are used to compare conditions. ns, not significant. ***, p<0.001.

Since our anatomical observations place the parafacial respiratory region as a candidate target of ascending pathways from the spinal cord, we next addressed the functional contribution of this region. In a first set of experiments, we eliminated physically the parafacial respiratory region by a complete transsection below the facial motor nucleus (Figure 5D). Respiratory-like activities persisted on the 4 th cervical root, but pharmacological activation of lumbar circuits was no longer capable of significantly upregulating their frequency (Figure 5E,F). In a second set of experiments, we examined specifically the contribution of RTN neurons in the parafacial region (Abbott et al., 2009;[START_REF] Abbott | Phox2b-expressing neurons of the parafacial region regulate breathing rate, inspiration, and expiration in conscious rats[END_REF]. For this we made use of the fact that RTN neurons relevant for modulating respiratory rhythm generation, at least in the context of central chemoception, are i) best identified by their combined history of expression of the transcription factors Phox2b and Atoh1 during embryogenesis (thereafter RTN Phox2b/Atoh1 neurons, [START_REF] Ramanantsoa | Breathing without CO(2) chemosensitivity in conditional Phox2b mutants[END_REF]Ruffault et al., 2015)) and ii) can be deleted when expressing a mutated allele of PHOX2B (Phox2b 27Ala ) in rhombomeres 3 and 5 (Egr2-cre;Phox2b 27AlaCKI mutants, Figure S5G, H, [START_REF] Ramanantsoa | Breathing without CO(2) chemosensitivity in conditional Phox2b mutants[END_REF]Ruffault et al., 2015)). We thus generated RTN mutant pups and recorded respiratory-and locomotor-like activities as above. Preparations showed persistent inspiratory-like activity on the C4 root, but pharmacological activation of lumbar circuits was no longer capable of significantly upregulating its frequency (Figure 5G-I). These experiments altogether highlight the capacity of spinal lumbar circuits to upregulate respiratory-like activities through RTN Phox2b/Atoh1 neurons in the parafacial respiratory region.

Silencing RTN Phox2b/Atoh1 neurons reduces respiratory increase during running exercise in vivo

The importance of RTN Phox2b/Atoh1 neurons revealed above on ex vivo neonatal preparations prompted to address their contribution to respiratory activity during running in behaving adult mice. For this, we used the Atoh1-FRTCre;Phox2b-Flpo intersectional background, i.e., in which Cre-expression from the Atoh1 locus is conditional to Flpo expression driven by the Phox2b locus (Ruffault et al., 2015), and injected in the parafacial region bilaterally a Cre-dependent AAV coding the inhibitory DREADD receptor hM4Di (Figure 6A,B). Three weeks later, animals underwent the chronic implantation of diaphragmatic EMG electrodes (Hérent et al., 2020). Inspiratory frequency was then measured before, and 2-3 h after, the administration of the DREADD ligand Clozapine-N-Oxide (CNO, 10 mg/Kg) while animals were at rest or running at a set frequency on a motorized treadmill.

At rest, we found that CNO administration had no significant effect on the mean inspiratory frequency (Figure 6C, D), supporting previous findings that the RTN only minimally contributes to setting the baseline breathing rate (Korsak et al., 2018). When animals were made to run for 1.5 min at a velocity of 40 cm/s set by the treadmill, they presented with augmented respiratory frequency (from 3.85 ± 0.2 bursts/s at rest to 10.4 ± 1.1 bursts/s, which represents a 271 % increase, Figure 6E,F). We have recently reported that this value is characteristic of running mice on a treadmill, regardless of the trotting speed (Hérent et al., 2020). Following CNO administration, while animals were still capable to run at 40 cm/s for 1.5 min, their breathing rate was significantly reduced when compared to controls (8.4 ± 1.2 bursts/s, which represents a 227 % augmentation from rest, Figure 6E,F). Administration of saline in hM4Di-injected mice, or CNO on wild-type mice did not significantly reduce breathing rate (Figure S6). These experiments altogether indicate that the activity of RTN Phox2b/Atoh1 neurons is required for setting the adapted ventilatory frequency during running exercise.

RTN Phox2b/Atoh1 neurons project to the preBötC generator

The reduced breathing rate following the silencing of RTN Phox2b/Atoh1 neurons suggests that this genetically defined neuronal subset may have access to the main inspiratory generator, the preBötC. While the parafacial region was previously shown to send axonal projections to the ventral respiratory column and possibly the preBötC (Smith et al., 1989;[START_REF] Li | The peptidergic control circuit for sighing[END_REF], this had not been determined for RTN Phox2b/Atoh1 neurons. We therefore injected, in the parafacial region using the Atoh1-FRTCre;Phox2b-FlpO mouse background a Cre-dependent AAV vector coding a synaptic eYFP (AAV-DIO-syn-eYFP, Figure 7A). We found eYFP puncta, i.e., putative synaptic contacts, in the preBötC (Figure 7B) as well as in other respiratoryrelated nuclei, including the lateral parabrachial nucleus, the ventral respiratory group and the NTS (Figure S7A-G). To demonstrate functionally the capacity RTN Phox2b/Atoh1 neurons to directly modulate rhythm generation mechanisms in the preBötC, we delivered the ChR2 unilaterally in the parafacial area and examined respiratory responses to short single-pulse (50 ms) photo-activations with the same analytic tools described earlier for CnF activations (Figure 7C-D). We found that unilateral photo-stimulation of RTN Phox2b/Atoh1 neurons could elicit an ectopic inspiratory burst and shorten the respiratory cycle. However, when compared to CnF photostimulation, shortenings of the respiratory peaked earlier during the inspiration phase (phase 0.2-0.3 and 0.3-0.4, phase shift: 0.70 ± 0.13 and 0.69 ± 0.09, p<0.0001 Figure 7D,E) and, contrary to the CnF, stimulation of the RTN during late expiration caused a significant lengthening of the respiratory cycle (phases 0.9-1, phase shift: 1.11 ± 0.12, p=0.0004). Again, as expected from access to the preBötC rhythm generator, a clear resetting of the rhythm ensued without effect on the period of subsequent cycle following the stimulus (Figure S7H-K). Finally, 1 s pulsed-light stimulations of the RTN Phox2b/Atoh1 neurons resulted in significant augmentations of respiratory frequency during the stimulus (Figure 7F-G). Altogether, these results demonstrate that the genetically defined subset of RTN neurons co-expressing Phox2b and Atoh1 can upregulate respiratory rate through direct projections to the preBötC. Interestingly, the phase-dependent shortening (in inspiration) and lengthening (in late expiration) observed from RTN stimulations are reminiscent of those reported when photo-stimulating inhibitory preBötC neurons (Baertsch et al., 2018). This suggests that RTN Phox2b/Atoh1 and CnF locomotor-related drives may also differ by their targeting of a distinct balance of excitatory versus inhibitory preBötC neurons.

Discussion

A neuronal substrate for hyperpnea during running has long been proposed but its underlying cells and circuits had remained speculative. We uncover here two systems by which the central locomotor network can enable respiratory rate to be augmented in relation to running activity. On the one hand, we demonstrate the capacity of the MLR subnucleus CnF, a conserved locomotor controller across the vertebrate phylum (Shik et al., 1969;[START_REF] Dubuc | Initiation of locomotion in lampreys[END_REF]Le Ray et al., 2011;[START_REF] Bachmann | Deep brain stimulation of the midbrain locomotor region improves paretic hindlimb function after spinal cord injury in rats[END_REF]Roseberry et al., 2016;Caggiano et al., 2018;Josset et al., 2018), to upregulate breathing. On the other hand, we also demonstrate that the lumbar enlargement of the spinal cord, containing the hindlimb CPG, also acts as a potent upregulator of breathing rate. Using cell-type specific circuit tracing, we further characterize both locomotor drives by identifying their distinct neuronal targets in the respiratory network.

Multiple locomotor drives set respiratory rhythm frequency

One intriguing feature we observed with CnF stimulations is that respiratory rate is upregulated before the engagement of effective locomotor movements, or for stimulations intensities that are below the threshold for locomotor initiation. This may reflect that the CnF has direct access to the inspiratory rhythm generator (Figures 1,2), while its action on the limb controller requires the crossing of multiple synapses, including onto reticulospinal neurons (Jordan et al., 2008;Capelli et al., 2017;Caggiano et al., 2018), as manifested by the typical 100 to 300 ms latency from light onset to locomotor movements. The regulation of breathing from the CnF in the absence of locomotor movements may bear physiological relevance as an anticipatory mechanism to the planned motor action. In the lamprey, spontaneous swimming bouts are preceded by a marked increase in respiratory frequency, an effect that may incriminate the MLR (Gravel et al., 2007;Gariepy et al., 2012). Men informed of an upcoming exercise also show increased ventilation and cardiovascular responses before movement onset, albeit less drastically than during the actual movements [START_REF] Krogh | The regulation of respiration and circulation during the initial stages of muscular work[END_REF]Tobin et al., 1986;[START_REF] Green | Identifying cardiorespiratory neurocircuitry involved in central command during exercise in humans[END_REF], reminiscent of the "pre-loco" phase resulting here from CnF stimulations (Figure 3). The mere mental imagination of performing exercise also suffices to increase breathing rate (Decety et al., 1991;[START_REF] Decety | Analysis of actual and mental movement times in graphic tasks[END_REF]Thornton et al., 2001;[START_REF] Williamson | Hypnotic manipulation of effort sense during dynamic exercise: cardiovascular responses and brain activation[END_REF]. Interestingly, the CnF subcomponent of the MLR is associated with escape-like fast regime running, rather than exploratory locomotion (Caggiano et al., 2018;Josset et al., 2018) and may be part of a larger command system for defensive behaviors in the broad sense (Mitchell et al., 1988a;[START_REF] Depoortere | Aversion induced by electrical stimulation of the mesencephalic locomotor region in the intact and freely moving rat[END_REF][START_REF] Korte | Mesencephalic cuneiform nucleus and its ascending and descending projections serve stress-related cardiovascular responses in the rat[END_REF]Ryczko and Dubuc, 2013). It may therefore bear output connectivities allowing to engage a composite response with both cardiovascular (Mitchell et al., 1988b;[START_REF] Korte | Mesencephalic cuneiform nucleus and its ascending and descending projections serve stress-related cardiovascular responses in the rat[END_REF], respiratory (this study and (Gariepy et al., 2012)), and if needed, locomotor components. A higher threshold and longer latency for the latter would ensure sufficient priming of relevant autonomic respiratory and cardiovascular controls. Interestingly, data in the lamprey indicate that locomotor and respiratory centers are not contacted by the same individual MLR neurons with branched collaterals but rather by distinct subtypes (Gariepy et al., 2012). Pending an equivalent examination in mice, it is possible that the MLR may, similarly to other descending motor pathways (Sathyamurthy et al., 2020;Usseglio et al., 2020) host projection-defined subsets that each control one trait of a multi-faceted adaptive response.

We also report the existence of a respiratory-modulatory drive from the lumbar spinal segments that contains the hindlimb locomotor circuits supporting ongoing locomotion (Kiehn, 2016). Such an ascending drive, previously suggested in rats (Le Gal et al., 2014;Le Gal et al., 2020) is demonstrated here in mice by local pharmacological (Figure 5) or optogenetic (Figure S5) activations of the lumbar enlargement on reduced preparations ex vivo. Indeed in these, the absence of the MLR and of peripheral structures, as well as the experimental control of the extracellular solution allows to isolate the functional contribution of a spinal ascending drive from descending, peripheral feedbacks and central chemoceptive ones. Since the activity of the spinal locomotor circuits is proportional to locomotor speed (Talpalar and Kiehn, 2010), it is possible that this ascending drive continuously informs supra-spinal structures including respiratory centers (this study, see also (Le Gal et al., 2014)) on the state of ongoing locomotion. We thus propose that active locomotor executive circuits are, at least partly, causal to the further increase of respiratory rate seen when animals engage in locomotion (i.e., the "loco" phase) following CnF stimulations. In support of this, we show ex vivo that respiratory-like activity rates are no longer upregulated by engagement of locomotor-like activity after elimination of the RTN Phox2b/Atoh1 (Figure 5). However, acute silencing of the RTN Phox2b/Atoh1 neurons in vivo reduces, but does not completely prevent, the capacity to accelerate breathing during treadmill running (Figure 6). This could owe to the relative efficiency of the chemogenetic inhibition strategy (i.e., variable levels of expression of DREADDS receptors in transfected neurons) only partially reducing neuronal activity. Alternatively, the residual respiratory increase may reflect persistent activity of CnF neurons, and therefore of excitatory drive on the preBötC, during a running episode (Caggiano et al., 2018). This leaves open the possibility that, during ongoing running, the two locomotor drives, i.e., from the CnF and the lumbar spinal cord, may synergize to set the respiratory frequency.

Our results also do not speak to the possible involvement of other central locomotor descending pathways (Jordan et al., 2008) whose contribution will remain to be investigated. However, the absent phasing between respiratory and locomotor drives or movements reported previously during treadmill running (Hérent et al., 2020) together with the persistence of a normal ventilatory response to exercise following the removal of peripheral signals in multiple species (Eldridge et al., 1981;Eldridge et al., 1985;Fernandes et al., 1990), make it very unlikely that phasing signals arising from proprioceptive limb afferences or sensory modalities reporting visceral oscillations are important components of the respiratory adaptation to exercise.

Different respiratory nodes integrate distinct locomotor drives

Another intriguing observation is that the two revealed locomotor drives target different nuclei in the rhythm generating respiratory network. The CnF connects to the preBötC, the main site of inspiratory rhythm generation (Smith et al., 1991;Del Negro et al., 2018), while the lumbar CPG rather contacts the parafacial respiratory region, and possibly the RTN Phox2b/Atoh1 previously implicated in central chemoception (Abbott et al., 2009;[START_REF] Abbott | Phox2b-expressing neurons of the parafacial region regulate breathing rate, inspiration, and expiration in conscious rats[END_REF]Ramanantsoa et al., 2011a;Ruffault et al., 2015). For the former, the connectivity is first demonstrated anatomically by the detection of anterograde fibers and a transneuronal labelling approach initiated from preBötC neurons (Figure 1). Transposing this trans-neuronal strategy to RTN Phox2b/Atoh1 neurons however led to no labelling aside the starter cells. This inconclusive result may owe to the suboptimal expression of the rabies glycoprotein with our intersectional background, or to synaptic connections onto the RTN being more refractory to rabies transfer. Therefore, while our anterograde labelling from the CnF only showed little projections in the parafacial respiratory region, in line with other reports (Caggiano et al., 2018), we cannot firmly exclude some contacts especially if remote from neuronal somata. Regarding the identity of the preBötC neurons targeted by the CnF, our analysis advocate for outputs onto glutamatergic neurons, considered as the essential drivers of inspiratory rhythm (Cui et al., 2016;Del Negro et al., 2018). First, CnF neurons are detected when initiating a trans-neuronal labelling from glutamatergic preBötC neurons. Secondly, the capacity of short CnF photostimulations to shorten the respiratory cycle when delivered at a specific time within the respiratory cycle (Figure 2) are reminiscent to that observed when directly stimulating glutamatergic preBötC neurons collectively (Baertsch et al., 2018) or the Dbx1-expressing V0 subset (Cui et al., 2016, Baertsch et al., 2018), the main rhythmogenic candidates (Bouvier et al., 2010;Gray et al., 2010). Since Dbx1 expression is, similar to most transcription factors used to delineate cardinal neuronal classes [START_REF] Jessell | Neuronal specification in the spinal cord: inductive signals and transcriptional codes[END_REF], downregulated in the adult (Pierani et al., 2001), dedicated strategies to prolong the Dbx1 conditionality will be needed to confirm the identity of targeted preBötC neurons in adult mice (Pivetta et al., 2014).

In contrast, we found that ascending projections from the lumbar spinal cord were virtually absent in the preBötC but were dense in the parafacial respiratory region (Figure 4) in an area compatible with that of the RTN. The synaptic nature of these projections was ascertained using an AAV vector that has the capacity to deliver the Cre recombinase to post-synaptic partners (Figure 4G, H, [START_REF] Zingg | AAV-Mediated Anterograde Transsynaptic Tagging: Mapping Corticocollicular Input-Defined Neural Pathways for Defense Behaviors[END_REF]). The functionality of these ascending projections and the identity of their neuronal targets were evaluated here by loss of function experiments. Specifically, certainly the best defined RTN neurons are those characterized by a history of co-expression of Phox2b and Atoh1 [START_REF] Ramanantsoa | Breathing without CO(2) chemosensitivity in conditional Phox2b mutants[END_REF]Ruffault et al., 2015). Remarkably, the selective demise of RTN Phox2b/Atoh1 neurons totally abolished the acceleration of respiratory-like activities associated with pharmacological activation of the lumbar spinal cord, ex vivo (Figure 5). Therefore, while other parafacial respiratory neurons as well as neighboring adrenergic C1 neurons [START_REF] Abbott | Phox2b-expressing neurons of the parafacial region regulate breathing rate, inspiration, and expiration in conscious rats[END_REF][START_REF] Guyenet | C1 neurons: the body's EMTs[END_REF] may also be targeted by the locomotor spinal circuits, the RTN Phox2b/Atoh1 subset may be the prominent integrator of the ascending locomotor drive, at least for the setting of respiratory frequency. As discussed above, that their silencing in vivo only reduces, but does not completely prevent, the capacity of breathing to accelerate during running (Figure 6) could reflect a too partial reduction of neuronal activity or the additive effect of concomitant spinal cord and CnF drives. Finally, our results indicate that the capacity of RTN Phox2b/Atoh1 neurons to upregulate breathing frequency may be supported by their direct projections to the preBötC (Figure 7).

Limitations

While our work reveals important features of respiratory regulation in the mouse model, and highlights some of its constituent cellular actors, others remain to be investigated. Our results notably do not speak to the identity of spinal neurons that support the ascending drive. Spinal V2a neurons (i.e., Chx10-expressing) stood as key candidates, by virtue of their glutamatergic nature and involvement in rhythm generation (Dougherty and Kiehn, 2010a, b;Dougherty et al., 2013). However, we previously found that only the cervical V2a neurons project to the brainstem (Usseglio et al., 2020) but not the lumbar ones (data not shown). V0V and V3 spinal interneurons, expressing respectively Evx1 and Sim1, should next be considered. In the same line, while our anatomical and functional investigations demonstrate that both the CnF and the RTN Phox2b/Atoh1 project to the preBötC, the exact identity of targeted neurons remains to be elucidated. Intriguingly however, we observed that the capacity of RTN Phox2b/Atoh1 stimulations to trigger an ectopic inspiratory burst is more efficient in inspiration while that of the CnF in early expiration (compare Figure 2D, G with Figure 7E). Furthermore, a significant lengthening of the respiratory cycle is observed when photo-activations are delivered in late expiration to the RTN Phox2b/Atoh1 , but not to the CnF. This permissive action in inspiration and the lengthening in expiration recalls what others have reported when specifically activating inhibitory, but not excitatory, preBötC neurons (Baertsch et al., 2018). This leaves open the possibility that the RTN Phox2b/Atoh1 and the CnF might preferentially target different cell-types in the preBötC: inhibitory neurons for the former, and glutamatergic ones for the latter. Note that such a RTN bias towards contacting inhibitory preBötC neurons could explain its absent labeling following retrograde trans-neuronal tracing using preBötC glutamatergic neurons as entry points (Figure 1G-I, Figure S1I,J). Although our data are compatible with such a working model, the proposed connectivity will need to be investigated directly by future work. Finally, while changes in breathing frequency are a major substrate of increased minute ventilation, further adjustments can be achieved by changes in tidal volume. Admittedly, our diaphragmatic EMG recordings only reliably report the former. It would therefore be important to measure additional respiratory parameters and/or accessory respiratory muscles that can support changes in tidal volume (Sieck and Gransee, 2012) in response to targeted activations of the CnF, the RTN Phox2b/Atoh1 , and the lumbar spinal cord. This might underscore specific actions of each modality on different traits of respiratory rhythm and pattern formation.

Material and methods

Mice

C57BL/6J wild-type mice were obtained by Janvier Labs (Le Genest-Saint-Isle, France). VGlut2-IRES-Cre animals (therefafter Vglut2-Cre, [START_REF] Vong | Leptin action on GABAergic neurons prevents obesity and reduces inhibitory tone to POMC neurons[END_REF] and Ai32(RCL-ChR2(H134R)/EYFP) (thereafter floxedChR2, [START_REF] Madisen | A toolbox of Cre-dependent optogenetic transgenic mice for light-induced activation and silencing[END_REF]) were obtained from Jackson Laboratories. To manipulate Phox2b/Atoh1-expressing RTN neurons we used the following mouse lines: Egr2-Cre [START_REF] Voiculescu | Expression pattern of a Krox-20/Cre knock-in allele in the developing hindbrain, bones, and peripheral nervous system[END_REF] crossed with Phox2b 27AlaCKI [START_REF] Ramanantsoa | Breathing without CO(2) chemosensitivity in conditional Phox2b mutants[END_REF]) and Atoh1-FRTCre;Phox2b-Flpo (Ruffault et al., 2015) mouse lines. Animals were group-housed with free access to food and water in controlled temperature conditions and exposed to a conventional 12-h light/dark cycle. Experiments were performed on animals of either sex, aged 2 to 3 months at the time of first injection. All procedures were approved by the French Ethical Committee (authorization 2020-022410231878) and conducted in accordance with EU Directive 2010/63/EU. All efforts were made to reduce animal suffering and minimize the number of animals.

Viruses used

For anterograde tracing and photostimulation of the CnF and its projection in the preBötC, we used a Cre-dependent AAV9-Ef1a-DIO-hChR2(E123T/T159C)-eYFP (Addgene #35509, titer 7.7e12vp/ml [START_REF] Mattis | Principles for applying optogenetic tools derived from direct comparative analysis of microbial opsins[END_REF]) unilaterally in the CnF (70 to 100 nL). For anterograde tracing from the lumbar spinal cord, the same virus was injected bilaterally (600-750 nL each side) in the lumbar segment, and for RTN Phox2b/Atoh1 photostimulation, the injection was unilateral (350-400 nL). For reversible silencing of RTN Phox2b/Atoh1 neurons we used bilateral injections (400 nL each side) of an AAV8.2-hEF1a-DIO-hM4Di-mCherry-WPRE obtained from Dr. Rachael Neve (Gene Delivery Technology Core, Massachusetts General Hospital, USA, titer: 5.6e12). For transsynaptic labelling of inputs onto preBötC neurons, we used 500 nL of a HSV1-hEF1a-LS1L-TVA950-T2A-rabiesOG-IRES-mCherry obtained from Dr. Rachael Neve (Gene Delivery Technology Core, Massachusetts General Hospital, USA), and 200 nL of EnvA-∆G-rabies-GFP obtained by the GT3 core (Salk Institute, USA, titer: 9.59e9vp/ml). For anterograde transsynaptic tracing, we used injection of the AAV2/1-hSyn-Cre-WPRE-hGH (UPenn Vector Core, titer: 6.68e13 vg/ml [START_REF] Zingg | AAV-Mediated Anterograde Transsynaptic Tagging: Mapping Corticocollicular Input-Defined Neural Pathways for Defense Behaviors[END_REF]) bilaterally in the spinal cord (600-750 nL each side) and AAV-DJ-EF1-DI-hChR2(E123T/T159C)-p2A-eYFP-WPRE (Karl Deisseroth, Addgene # 35509, titer: 0.7.8e12 vg/ml) bilaterally in the RTN (300 nL). For anterograde synaptic tracing from the RTN Phox2b/Atoh1 we used a unilateral injection (350-500 nL) of an AAV8.2-hEF1a-DIO-synaptophysin-eYFP obtained from Dr. Rachael Neve (Gene Delivery Technology Core, Massachusetts General Hospital, USA, titer: 5.4e12).

Surgical procedures

Injections and implants in the brainstem

Animals were anesthetized with isoflurane throughout the surgery (4 % at 1 L/min for induction and 2 % at 0.2 L/min for maintenance). Buprenorphine (0,025mg/kg) was administered subcutaneously for analgesia before the surgery. The temperature of the mice was maintained at 36 °C with a feedbackcontrolled heating pad. Anesthetized animals were placed on a stereotaxic frame (Kopf) and the skull was exposed. Viral vectors were delivered using a pulled glass pipette connected to a syringe pump (Legato 130, KD Scientific, customized by Phymep, France). The infusion flow was set to 100 nL/min. Coordinates 87 (in mm) used to target CnF neurons (Figures 123) were: 4.4 caudal to bregma, 1.3 lateral, and 2.8 from the skull surface. RTN Phox2b/Atoh1 neurons were targeted unilaterally (Figure 7) or bilaterally (Figures 4,6) by the following coordinates: 5.6 caudal to bregma, 1.25 lateral, and 0.2 above the ventral surface. Sequential bilateral injection in the preBötC (Figure 1) were performed at the following coordinates: -6.5 from bregma, 1.25 lateral, and 0.5 above the ventral surface. After the injection, the pipette was held in place for 5 to 10 min before being slowly retracted. For optogenetic activations of the CnF, the CnF fibers in the preBötC and the RTN Phox2b/Atoh1 , a 200 µm core 0.39 NA optic fiber (Thorlabs) connected to a 1.25 mm diameter ferrule (Thorlabs) was implanted 0.4 mm above the injected site (CnF, Figures 23), as well as 1.5 mm (preBötC, Figure 2) and 1 mm (RTN Phox2b/Atoh1 , Figure 7) above the ventral surface. Optic fibers were secured to the skull with dental cement (Tetric Evoflow). Animals were followed daily after the surgery.

Injections in the spinal cord

Animals were anesthetized as described above and spinal injections were performed as previously done (Bouvier et al., 2015;Usseglio et al., 2020). A 2 cm incision of the skin was performed dorsally on anesthetized animals and the exposed spinal column was fixed with two holders on the left and right sides to a stereotaxic frame to minimize movements. Vertebral spinous processes were used as landmarks to target specific segments (Harrison et al., 2013). A small incision of the ligamentum Flavum allowed access to the spinal cord. A pulled glass pipette connected to a motorized syringe pump injector (Legato 130, KD Scientific, customized by Phymep, France) was positioned into the ventromedial area of the 2 nd lumbar segment (L2, between the 11 th and 12 th vertebral body) using the following coordinates (in mm) : 0.35 laterally from the dorsal artery and 0.8 depth from the dorsal surface. This lateral positioning ensures that the injection pipette does not pass through the lateral funiculus where ascending and descending axons travel. For CTB experiments, we injected on each side of the spinal cord 600-750 nL of Cholera Toxin B (CTB)-AF647 conjugate (ThermoFisher Scientific Cat #: C-34778) diluted at 0.5 % in sterile water (Figure S4D,E). After each injection, the pipette was held in place for 5 to 10 min before being slowly retracted. The skin was sutured, and animals were followed daily after the surgery. All animals recovered without motor impairments.

Diaphragm EMG recordings

The protocol was described previously (Hérent et al., 2020). In brief, a 12 cm pair of electrodes was prepared from Teflon-coated insulated steel wires with an outside diameter of 0.14 mm (A-M systems, ref 793200). Two wires were lightly twisted together, and a knot was placed 5 cm from one end. At 1 cm from the knot, the Teflon insulation was stripped over 1 mm from each wire so that the two bared regions were separated by about 2 mm. The ends of the two wires were soldered to a miniature dissecting pin. The free ends of the electrodes, as well as a 5 cm ground wire, were soldered to a micro connector (Antelec). Nail polish was used to insulate the wires at the connector.

To implant the diaphragm as previously reported (Hérent et al., 2020), animals were anaesthetized placed in a stereotaxic frame and hydrated by a subcutaneous injection of saline solution (0.9 %). Their temperature was maintained at 36 °C with a feedback-controlled heating pad. This step was crucial to ensure post-surgery survival. The skull was exposed and processed to secure the micro connector using dental cement (Tetric Evofow). The ground wire was inserted under the neck's skin and the twisted electrodes were tunneled towards the right part of the animal guided by a 10 cm silicon tube of 2 mm inner diameter. The animal was then placed in supine position, the peritoneum was opened horizontally under the sternum, extending laterally to the ribs, and the silicon tube containing the electrodes was pulled through the opening. The sternum was clamped and lifted upwards to expose the diaphragm. A piece of stretched sterile parafilm was placed on the upper part of the liver to avoid friction during movement of the animal and to prevent conjunctive tissue formation at the recording sites. The miniature dissecting pin was pushed through the right floating ribs. The pin was then inserted through the sternum, leaving the bare part of the wires in superficial contact with the diaphragm. The position of the electrodes was secured on both sides of the floating ribs and sternum using dental cement. The pin was removed by cutting above the secured wires. The peritoneum and abdominal openings were sutured, and a head bar was placed on the cemented skull to facilitate animal's handling when connecting and disconnecting EMG cables during behavioral sessions. Buprenorphine (0.025 mg/kg) was administered subcutaneously for analgesia at the end of the surgery and animals were observed daily following the surgery and treated with Buprenorphine if needed.

Histology

Adult mice were anesthetized with Euthasol Vet (140 mg/kg) and perfused with 4 % paraformaldehyde (PFA) in 1 X Phosphate Buffered Saline (PBS). Brains and spinal cords were dissected out and fixed overnight in 4 % PFA at 4 °C. After fixation, tissues were rinsed in 1X PBS. Brain and spinal cord were cryoprotected overnight at 4 °C, respectively in 16 % and 20 % of sucrose in PBS. Tissues were rapidly cryo-embedded in OCT mounting medium and sectioned at 30 µm using a cryostat. Sections were blocked in a solution of 1 X Tris Buffered Saline (TBS), 5 % normal donkey serum and 1 % Triton X-100. The primary antibodies, carried out 48 hours at 4 °C, were: goat anti-ChAt (1:500, ref: AB144P, Merck Millipore), chicken anti-GFP (1:500, ref: 1020, Aves Labs), rabbit anti-RFP (1:500, ref: 600-401-379, Rockland), rabbit anti-SST (1:500, ref: T-4103, BMA Biomedicals), and sheep anti-TH (1:500, ref: AB1542, Merck Millipore). Primary antibodies were detected after 2 hours of incubation at room temperature with appropriate secondary antibodies coupled to Alexa-Fluor 488, 647, Cy-3 or Cy-5 (1:500, Jackson ImmunoResearch). Sections were counterstained with a fluorescent Nissl stain (NeuroTrace 435/445 blue, ref: N21479, 1:200 or NeuroTrace 640/660 deep-red, ref: N21483, 1:1000, Thermo Fisher Scientific) and mounted in Prolong Diamond Antifade Montant (P36970, Thermo Fisher Scientific) or Ibidi Mounting Medium (50001, Ibidi). Sections were acquired with a Leica TCS SP8 confocal microscope (imaging platform of the NeuroPSI Institute, Gif-sur-Yvette, France) with 10 x and 25 x objectives.

The preBötC was defined as located ventrally to the cholinergic ChAT + neurons of the nucleus ambiguous (na) where somatostatin + (SST) neurons are detected ( (Stornetta et al., 2003), Figure 1C-D, corresponding to areas from 7.3 to 6.7 mm caudal to bregma). The parafacial respiratory region (pF) was defined as immediately ventral, ventro-median and ventro-lateral to the facial motor neurons ( (Guyenet and Mulkey, 2010), Figure 1E-F, corresponding to areas from 6.5 to 5.7 mm caudal to bregma).

Behavioral experiments

Optogenetic activations

Behavioral experiments started 4 to 5 weeks after the viral injection. Implanted animals were connected to a laser source (473 nm DPSS system, LaserGlow Technologies, Toronto, Canada) through a mating sleeve (Thorlabs). The laser was triggered by the output of a National Instruments interface (NI-USB 6211) and the timings of light activations were delivered using the NI MAX software. For CnF or RTN Phox2b/Atoh1 long photostimulation, light was delivered in trains of pulses of 20 ms (5 to 30 Hz) and of 15 ms (40 Hz) frequency for a duration of 1 s. Each frequency stimulation was repeated three times with several minutes of rest between trials. We used the minimal laser power sufficient to evoke a response, which was measured to be between 5-12 mW at the fiber tip using a power meter (PM100USB with S120C silicon power head, Thorlabs) to restrict photo-activations unilaterally [START_REF] Stujenske | Modeling the Spatiotemporal Dynamics of Light and Heat Propagation for In Vivo Optogenetics[END_REF], prevent heat, and exclude an unintentional silencing by over-activation. For randomized short light-pulses, 50 ms light stimulations (50-70 pulses/experiment) were applied randomly in the respiratory cycle.

Plethysmography recordings

To analyze the effect of short photo-activations of the CnF and CnF fibers in the preBötC (Figure 2), or the RTN Phox2b/Atoh1 (Figure 7) on burst timing, ChR2-injected animals were placed inside a hermetic whole-body plethysmography (WBP) chamber (Ruffault et al., 2015), customized to allow the passage of the optical patch-cord, four weeks after viral injection. The plethysmography signal was recorded over a period of 10 min using the LabScribe NI software (iWorxs).
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Locomotion in a linear runway Four to five weeks following the injection of the ChR2-expressing virus in the CnF, animals were implanted with a diaphragm EMG as explained previously (Figure 3). One week following EMG implantation, animals were placed in a linear corridor (80 x 10 cm), and familiarized for 1 h/day for 3 days, prior to the experiments. Implanted animals were filmed from the side at 200 fps and 0.5 ms exposure time using a CMOS camera (Jai GO-2400-USB) and images were streamed to a hard disk using the 2 nd LOOK software (IO Industries). The start of the EMG recordings was hardware-triggered by the start of the videorecordings using the frame exposure output of the video camera, so that the two recordings are synchronized. When animals were immobile at one end of the corridor and the respiration was stable, we delivered CnF optogenetic activations with frequencies ranging from 5 to 40 Hz. For each frequency, the stimulation was repeated three times with several minutes of rest between trials.

Chemogenetic silencing and treadmill experiment

Three weeks following the injection of the hM4Di virus in the RTN Phox2b/Atoh1 , animals were implanted for diaphragm EMG recordings as explained above (Figure 6). Non-injected C57BL/6J mice were also implanted as controls to test for CNO side effects. One week following EMG implantation, implanted animals were familiarized on a stationary custom-made motorized treadmill with adjustable speed range (Scop Pro, France, belt dimensions: 6 cm x 30 cm) for 30 min/day for 3 days, prior to the experiments. In addition, implanted animals were exercised during this time for a total of 5 min at 40 cm/s each day. This step was crucial to obtain stable running animals during experimental sessions. Mice could rest for 5 min after running before being placed back in their cage. Following this short training, implanted mice were connected with custom light-weight cables to an AC amplifier (BMA-400, CWE Inc.) and neurograms were filtered (high-pass: 100 Hz, low-pass: 10 kHz), collected at 10 kHz using a National Instruments acquisition card (USB-6211) and live-integrated using the LabScribe NI software. Animals were first placed on the stationary treadmill to monitor basal respiration. Animals were then challenged to trot at 40 cm/s for 1.5 min before being administered intraperitoneally with CNO (Enzo Life science, cat #: BML-NS105-0005, 10 mg/kg) or saline (0.9 %). Animals were placed again on the treadmill with the same paradigm 2-3 h and 5 h after CNO or saline administration to measure respiration in resting and running conditions. During experiments, animals were filmed from the side in the same way as above to monitor the stability of running episodes.

Ex vivo brainstem-spinal cord experiments

Pups aged 1-2 days were used in all experiments. The pups were anaesthetized with isoflurane, decerebrated and the brainstem still attached to the spinal cord was dissected and isolated in ice-cold artificial-cerebrospinal fluid (a-CSF) solution that contained (in mM): 111 NaCl, 3 KCl, 25 NaHCO 3, 1.25 MgSO4, 1.1 KH2PO4, 2.5 CaCl2 and 11 D-Glucose, and oxygenated in 95 % O2, 5 %CO2 to obtain a pH of 7.4. Isolated brainstem-spinal cords were transferred into a recording chamber and pinned to a Sylgard 184 resin. Preparations were partitioned in two compartments at the level of lower thoracic segments (11 th thoracic, T11) using a Vaseline wall, to restrict bath application of locomotor drugs on the lumbar spinal cord (Figure 5). The lumbar compartment was continuously perfused with the above a-CSF solution while the rostral compartment containing the brainstem was superfused with an a-CSF containing (in mM): 111 NaCl, 8 KCl, 25 NaHCO3, 3.7 MgSO4, 1.1 KH2PO4, 1.25 CaCl2 and 30 D-Glucose. All recordings were done at room temperature (22-25 °C) after allowing 30 min of resting period after the dissection. Respiratory-and locomotor-like activities were recorded respectively on the 4 th cervical (C4) and the 2 nd lumbar (L2) ventral rootlets using extracellular suction glass pipettes (120F-10, Harvard Apparatus). Drug-evoked locomotorlike activities were induced by bath-applying 10-14 µM of N-methyl-D-aspartate (NMDA, Tocris) and serotonin (5-HT, Sigma-Aldrich) (Figure 5) or using blue light on the lumbar spinal cord of ChR2-expressing pups (Vglut2cre;floxedChR2, Figure S5). Signals were collected and band-passed filtered at 100 Hz to 1 kHz with an AC amplifier (Model 1700, A-M Systems) and live-integrated (Neurolog, Digitimer) with a time constant of 100 ms (C4) and 200 ms (L2). Signals were sampled using Clampex 11 (Molecular Devices) at 5 kHz. To control for locomotor drugs leakage, some preparations were transected at the level of the cervical spinal cord (Figure S5A-C). For brainstem trans-section experiments, the rostral part of the brainstem containing the parafacial respiratory region was physically removed (Figure 5D-F). Egr2-Cre;Phox2b 27AlaCKI pups were used to genetically eliminate RTN Phox2b/Atoh1 neurons ( [START_REF] Ramanantsoa | Breathing without CO(2) chemosensitivity in conditional Phox2b mutants[END_REF]Ruffault et al., 2015), Figure 5G-I).

Quantifications and statistical analysis

Phase-shift analysis

We measured the duration of the respiratory cycle containing the light stimulus (perturbed cycle, θ) and the previous respiratory cycle (control cycle, ɸ, Figures 2,7). One respiratory cycle was defined as from the onset of inspiration to the subsequent inspiratory onset. The stimulated cycle ɸS was defined as from the onset of the perturbed cycle to the onset of the light pulse. The perturbed cycle θ was defined as from the onset of the inspiration prior to the light stimulation to the onset of the subsequent inspiration. The phase-shift was calculated as the ratio of the perturbed cycle divided by the control cycle (θ/ɸ). The light phase was defined as the ratio of the stimulated cycle divided by the control cycle (ɸS/ɸ). The phaseshift was then plotted against the light phase for all N events from n animals. The number of events (N) and animals (n) are assigned in the corresponding figures for all tested condition (CnF, CnF fibers in the preBötC, and RTN Phox2b/Atoh1 stimulation). In addition, the average phase-shift was plotted against the average light phase in bins (1/10) as mean ± SD. Inspiratory time (I) was measured, averaged for each animal and a grand average was calculated and annotated in the corresponding figures for all tested condition. Expiratory time (E) was calculated from respiratory cycle and inspiratory (I) times.

Locomotor parameters analysis

To track the mouse displacement and measure its speed, we used DeepLabCut (version 2.1.5.2, [START_REF] Mathis | DeepLabCut: markerless pose estimation of user-defined body parts with deep learning[END_REF]) and manually labelled the positions of the head from 50 frames of each video. We then used 95 % of the labelled frames to train the network using a ResNet-50-based neural network with default parameters for 3 training iterations. This network was then used to analyze videos from similar experimental settings. For treadmill experiments, the head X coordinate was used as a control for running stability on the treadmill. For CnF stimulations on the corridor, the head X coordinate was used to calculate the animal's speed sx using the gradient over time.
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𝜕𝜕𝑥𝑥 ⃗ 𝜕𝜕𝜕𝜕 , 𝑥𝑥 ⃗ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝜕𝜕ℎ𝑏𝑏 𝑑𝑑𝑏𝑏𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏𝑑𝑑𝑏𝑏𝑏𝑏𝜕𝜕 𝑜𝑜𝑜𝑜 𝜕𝜕ℎ𝑏𝑏 ℎ𝑏𝑏𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑜𝑜𝑏𝑏𝑏𝑏 𝜕𝜕ℎ𝑏𝑏 𝑥𝑥 𝑑𝑑𝑥𝑥𝑏𝑏𝑠𝑠 Head X coordinate (treadmill) and calculated speed (corridor) were then exported to Clampfit (Molecular Devices) and interpolated to 10 kHz to match the acquisition frame rate of diaphragmatic EMG recordings. Both sets of signals (head X and diaphragm, or speed and diaphragm) were merged in single files, before being processed offline in Clampfit. The animal's instantaneous speed is illustrated in Figure 3. The mean speed, defined from the onset of the movement to the end of the photostimulation, was then calculated using the statistic function in Clampfit for each CnF stimulation (5 to 40 Hz). All values were averaged across trials (3 trials/animal) for each animal, and a grand mean ± SD across n animals was calculated per stimulation frequency (5 to 40 Hz, Figure S3B).

For gait analysis during CnF photo-stimulations (15 to 40 Hz), we manually annotated the paw of a reference hindlimb (ipsilateral) and registered the timings of footfalls (when the paw first touches the floor). Each reference locomotor cycle was then defined as the duration from one footfall (ipsi_FFn) to the next (ipsi_FFn+1). The time of occurrence of the contralateral hindlimb footfall within the reference locomotor cycle was annotated manually (contra_FF) and the synchronicity rate was then computed as follows:

𝑠𝑠𝑠𝑠𝑏𝑏𝑑𝑑ℎ𝑟𝑟𝑜𝑜𝑏𝑏𝑏𝑏𝑑𝑑𝑏𝑏𝜕𝜕𝑠𝑠 𝑟𝑟𝑑𝑑𝜕𝜕𝑏𝑏 = 𝜕𝜕 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_FF -𝜕𝜕 ipsi_FFn 𝜕𝜕 ipsi_FFn+1 -𝜕𝜕 ipsi_FFn A custom MATLAB script was then used to categorize synchronized (synchronicity rate ∈[0, 0.25[∪[0.75, 1]) or alternated (synchronicity rate ∈[0.25, 0.75[) ipsi-and contralateral hindlimb steps.

Synchronicity rates were averaged across animals (3 trials/animal) and a grand mean ± SD across n animals was calculated per stimulation frequency (15 to 40 Hz, Figure S3C).

Locomotor latencies were defined as the duration from the onset of the CnF stimulation to the onset of movement for each CnF stimulations. All values were averaged across trials (3 trials/animal) and a grand mean ± SD across n animals was calculated per stimulation frequency (15 to 40 Hz, Figure S3D).

In vivo respiratory changes analysis

To analyze breathing changes to CnF (EMG recordings, Figure 3) and RTN Phox2b/Atoh1 (WBP recordings, Figure 7) photo-stimulation, instantaneous diaphragm frequencies were detected over a 1 s window, using the threshold search in Clampfit before (CTL), during (Light) and directly after (REC) the light stimulation for all frequencies (5 to 40 Hz). For CnF stimulations that triggered locomotor episodes (15-40 Hz), the recovery period was measured as soon as the animal returned to immobility. Respiratory changes detected from the onset of the light stimulus to the onset of the movement were categorized as during the "pre-Loco" phase (Figure 3D,E). Those detected from the onset of the movement to the offset of the light stimulus were categorized as during the "Loco" phase (Figure 3D,F). All values were averaged across animals (3 trials/animal) and a grand mean ± SD across n animals was calculated per stimulation frequency.

For treadmill exercise (Figure 6), the mean diaphragm frequency was analyzed prior to exercise (resting condition) and from stable trotting moments, i.e., when the animal's speed was in phase with the treadmill, inferred by the absence of changes in head's X coordinates (running condition). Instantaneous respiratory frequency was measured for a total duration of 6 s in each condition: before (CTL), during (CNO/saline) and after (REC) administration of either CNO or saline. These measurements were done using 2 to 3 windows taken during resting conditions and at any stable moment of the 1.5 min run (excluding the first 20 s to exclude possible stress-induced changes when the treadmill is just engaged). Measurements were averaged to give the mean value for each animal. Averaged mean values were expressed as mean ± SD across n animals.

Ex vivo respiratory-like activities analysis

For each preparation, instantaneous respiratory-like frequencies were analyzed offline using the threshold search in Clampfit (Molecular Devices) before (CTL), during (Drugs) and after bath application of NMDA and 5-HT (WO) (Figure 5). Respiratory frequency changes during drug and washout conditions were normalized and expressed as a percent of the control. A grand mean ± SD across n animals was calculated.

Statistical Analysis

All data are expressed as mean ± SD. Statistical tests were performed using Prism (GraphPad Prism 7) and are spelled out in the corresponding figure legends, as well as the number of trials (N) and animals (n) used for each experiment. Changes were considered as not significant (ns) when p>0.05 and as significant when p<0.05. Significance levels are reported as follows: * p<0.05, ** p< 0.01, *** p< 0.001, and **** p< 0.0001. 

DISCUSSION AND PERSPECTIVES

My PhD investigated integrative neurophysiology in motor systems. The work aimed at unravelling some key features between motor systems that support an accurate and timely control of behavior, crucial for animal survival.

A major part of my work has focused on one major example of crucial interaction between two, otherwise independent, motor behaviors: locomotion (running exercise) and breathing, and more precisely the influence of running exercise on breathing. Our study is the first to provide a precise examination of respiratory parameters changes as well as the temporal coordination of breaths to strides in mice. We first examined whether and how running exercise impacts breathing in mice (Paper 1 (Hérent et al., 2020)). We demonstrate that immediate and sustained increase in respiratory rate during running is as an obligatory feature of exercise hyperpnea in mice. Also, we found that hyperpnea to exercise in mice is not dependent on limb velocity per se, but rather seems to depend on the locomotor context (treadmill vs overground run) or the engaged behavior (exploratory-vs escape-like behaviors). Importantly, we show, at least in mice, that the temporal synchronization of breaths to strides is not a hardwired component of exercise hyperpnea. Overall, this suggests that exercise hyperpnea 1) depends on a trigger signal at the onset and throughout exercise, 2) requires gait-or context-dependent specific signals to modulate the frequency, and 3) lacks phasic locomotor signals from sensory feedbacks or internal visceral oscillations, which would impose a synchronization of the two central commands. Therefore, we next looked for the neuronal, likely central, substrates in the locomotor and respiratory networks that would mediate exercise hyperpnea in the resourceful mouse model (Paper 2). We found the existence of at least two distinct central locomotor drives, targeting different respiratory centers, that modulate breathing in relation to running exercise. One descending excitatory drive from the prime locomotor center for initiation -the dorsal part of the MLR, the CnF -directly contacts the principal inspiratory generator -the preBötC -and can upregulate breathing prior to, and even in the absence of, locomotor movements. Another drive is excitatory and ascending from the lumbar executive circuits -the locomotor CPG -onto the expiratory generator -the parafacial respiratory region -and modulates breathing during ongoing locomotion.

1.

Breakdown of the locomotor-respiratory phase-locking dogma

When searching through the literature during my PhD, a long-standing dogma stated that respiratory events are temporally phase-locked to locomotor movements in all species, even more so at the fastest speeds or gaits like gallop as compared to slower alternating gaits [START_REF] Iscoe | Respiratory and stepping frequencies in conscious exercising cats[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF][START_REF] Simons | Running, breathing and visceral motion in the domestic rabbit (Oryctolagus cuniculus): testing visceral displacement hypotheses[END_REF][START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF]. Our study in running mice clearly demonstrates that breaths are never phase-locked to strides at any tested speeds from 15 to 50 cm/s, gaits (trot and gallop), and with or without incline. We should acknowledge that the analysis did not covered all possible speeds in running mice [START_REF] Lemieux | Speed-Dependent Modulation of the Locomotor Behavior in Adult Mice Reveals Attractor and Transitional Gaits[END_REF]. However, further analyses on CnF stimulations experiments in vivo, which provided a complementary sample of triggered locomotor speeds ranging from 40 to 120 cm/s, will shortly settle this caveat. In any case, we already examined a wide range of trot as well as the fastest gait in mice (gallop) in two different locomotor contexts (treadmill and overground locomotion) and behaviors (exploratory-and escape-like running). At first glance, our results seem to be contradicting previous work. As discussed in Chapter 1.1.5. and Paper 1 (Hérent et al., 2020), the strict temporal occurrence of breaths within the same part of the stride cycle has only been sparsely investigated [START_REF] Iscoe | Respiratory and stepping frequencies in conscious exercising cats[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF][START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF][START_REF] Simons | Running, breathing and visceral motion in the domestic rabbit (Oryctolagus cuniculus): testing visceral displacement hypotheses[END_REF], yet it was assumed to exist in all species [START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF][START_REF] Stickford | Ventilation and Locomotion in Humans: Mechanisms, Implications, and Perturbations to the Coupling of These Two Rhythms[END_REF]. This assumption led researchers to consider the existence of phase-locking, notably in rodents, when searching for neuronal substrates of running hyperpnea [START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. Pertinent cycle-to-cycle analysis studies, as done in this work, are therefore of the utmost importance when searching for the neuronal mechanisms responsible for phase-locking breaths to strides. Studies using clear cycle-to-cycle analysis however revealed heterogeneity between individuals from a constant degree of coupling to no coupling at all [START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF][START_REF] Daley | Impact loading and locomotor-respiratory coordination significantly influence breathing dynamics in running humans[END_REF]. In addition, large differences were reported between experienced and unexperienced runners [START_REF] Bramble | Running and breathing in mammals[END_REF]. While experienced runners presented a tight phase locking, subjects with little to no serious running experience showed little to no tendency to temporally synchronize breaths and strides. Our results in trained mice, given free access to a running wheel combined with a 15 min daily training run on the treadmill, show that prior training does not lead to a temporal phase-locking in our conditions. Importantly, this does not mean that a temporal synchronization never occurs in mice. One should probably also take into consideration genetic variations in mice that affect on the one hand, exercise performance [START_REF] Avila | Differences in Exercise Capacity and Responses to Training in 24 Inbred Mouse Strains[END_REF] and on the other hand, proper breathing [START_REF] Tankersley | Differential inspiratory timing is genetically linked to mouse chromosome 3[END_REF][START_REF] Menuet | Differences in serotoninergic metabolism possibly contribute to differences in breathing phenotype of FVB/N and C57BL/6J mice[END_REF] with therefore possible incidence on adaptation of the latter to the former. Further experiments will be needed to ascertain the total absence of temporal synchronization in mice for example in runningperformant mouse lines [START_REF] Avila | Differences in Exercise Capacity and Responses to Training in 24 Inbred Mouse Strains[END_REF], by testing longer and more intense daily treadmill training sessions [START_REF] Multon | The effect of treadmill training on motor recovery after a partial spinal cord compression-injury in the adult rat[END_REF][START_REF] Park | Early treadmill training promotes motor function after hemorrhagic stroke in rats[END_REF] or even investigate other ambulatory modes like swimming which differ in sensory feedback contribution [START_REF] Akay | Degradation of mouse locomotor pattern in the absence of proprioceptive sensory feedback[END_REF].

Altogether, we propose that the temporal synchronization of respiratory and locomotor movements is not a mandatory requirement to sustain aerobic exercise, at least in mice. We also stress the importance of pertinent cycle-to-cycle analysis to avoid ambiguous results which led to the assumption of evolutionary convergence across species. Based on this assumption, periodic signals from sensory feedbacks (and/or from the viscera) were investigated and proposed to drive the phasing of respirations to locomotor movements [START_REF] Iscoe | Synchronization of respiratory frequency by somatic afferent stimulation[END_REF][START_REF] Bramble | Running and breathing in mammals[END_REF][START_REF] Palisses | Reflex modulation of phrenic activity through hindlimb passive motion in decorticate and spinal rabbit preparation[END_REF][START_REF] Potts | Respiratory rhythm entrainment by somatic afferent stimulation[END_REF], even in rodents [START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]. Based on our results and the discrepancies in the literature, we however propose that phasic locomotor sensory or visceral signals are not hardwired mechanisms of exercise hyperpnea, although their contribution in other mechanisms cannot be excluded. Our results are otherwise is in accordance with studies showing an increase in ventilation in anticipation of, or prior to, exercise, during a mental exercise, or after removal of peripheral feedbacks [START_REF] Butler | Heart Rate, Respiratory Frequency and Wing Beat Frequency of Free Flying Barnacle Geese <em>Branta Leucopsis</em&gt[END_REF]Eldridge et al., 1981;Eldridge et al., 1985;Tobin et al., 1986;Fernandes et al., 1990;Decety et al., 1991;Decety et al., 1993;Thornton et al., 2001;Gariepy et al., 2012).

Hardwired features of exercise hyperpnea

Our study in mice confirms that an immediate (and sustained) increase in ventilation is an obligatory component of exercise hyperpnea, as observed by others in swimming lampreys (Gravel et al., 2007), running cats (Eldridge et al., 1981;Eldridge et al., 1985) and running humans (Mateika and Duffin, 1995). Therefore, this fast and reliable respiratory feature seems preserved across vertebrates which highly suggests the involvement of shared behavioral and neuronal programming relevant for survival. We notably revealed two central neuronal pathways that could encode this feature in mice and might be conserved across species. This will be discussed later.

Exercise hyperpnea is classically described as dependent on the exercise speed and hence presumed to inherently depend on limb velocity in humans [START_REF] Dejours | Etude du controle de la ventilation par certain stimulus neurogeniques au cours de l'exercise musculaire chez l'homme[END_REF]Duffin and Bechbache, 1983;[START_REF] Casey | The effect of treadmill speed on ventilation at the start of exercise in man[END_REF]Mateika and Duffin, 1995;[START_REF] Wells | The ventilatory response to sine wave variation in exercise loads and limb movement frequency[END_REF] as well as horses [START_REF] Honda | Role of carotid chemoreceptors in control of breathing at rest and in exercise: studies on human subjects with bilateral carotid body resection[END_REF][START_REF] Robinson | Respiratory adaptations to exercise[END_REF], albeit little was known for other species. Our work revealed that the respiratory frequency and amplitude increase is not proportional to the locomotor speed or height in running mice, even for a wide range of trotting speeds on the treadmill. These results contrast at first glance with previous studies but corroborate with other work in lamprey and human [START_REF] Kay | Breathing in man during steady-state exercise on the bicycle at two pedalling frequencies, and during treadmill walking[END_REF][START_REF] Berry | Stride frequency and ventilation at constant carbon dioxide output[END_REF]Gravel et al., 2007). One explanation could come from the method used to record respiratory activity through diaphragm inspiratory activity. Although the diaphragm rate is a great indicator of the preBötC-mediated inspiratory frequency, the diaphragm amplitude does not reflect the actual volume of the lungs. Indeed, additional respiratory muscles, i.e., expiratory and inspiratory accessory muscles, are typically recruited during an increased energetic demand like exercise to expand the rib cage further (Abraham et al., 2002;Sieck and Gransee, 2012;[START_REF] Aliverti | The respiratory muscles during exercise[END_REF]. Therefore, even if respiratory frequency remains stable, the sequential recruitment of additional muscles, not accessed in this work, might increase the total volume of the lungs. It would be interesting to record the activity from these muscles to evaluate this. Others have already developed specific recordings, albeit in resting or anesthetized rodents [START_REF] Pagliardini | Active expiration induced by excitation of ventral medulla in adult anesthetized rats[END_REF][START_REF] Romer | Accessory respiratory muscles enhance ventilation in ALS model mice and are activated by excitatory V2a neurons[END_REF]. In any case, even if these muscles are recruited during treadmill exercise, they do not impact on the frequency of inspirations in our study.

Some studies in human running on a treadmill suggested that respiratory variables are not dependent on the speed of repetitive leg movements but rather are tightly related to the metabolic demand [START_REF] Kay | Breathing in man during steady-state exercise on the bicycle at two pedalling frequencies, and during treadmill walking[END_REF][START_REF] Berry | Stride frequency and ventilation at constant carbon dioxide output[END_REF]. Thus, it is also possible that in our context of low to moderate exploratory-like exercise, the metabolic demand does not require a proportional increase in breathing frequency to maintain homeostasis. Interestingly, when mice engage in higher speeds or a higher gait (i.e., gallop) in a corridor, whether it is triggered by an air-puff (Paper 1, (Hérent et al., 2020)) or CnF stimulations (Paper 2), breathing frequency increases further than during treadmill sessions. Interestingly, CnF-driven increase in breathing was not highly dependent on the engaged locomotor speed but was significantly different at the lowest stimulation frequencies used (15-20 Hz). These results could reflect a difference in metabolic demands between two distinct locomotor contexts. In addition, during air puff-induced gallop, we found a reduction in the expiratory time (Te) which likely reflects the mobilization of active expiration. Further targeted recordings of abdominal muscles will be needed to ascertain this. Altogether, we propose that breathing parameters, rather than being dependent on the exercise speed, are modulated according to the behavioral context animals are engaged in. In a context of exploration, a fixe and stable increase in breathing would suffice to meet the energetic demand, while an escape-like locomotor context would require a further increase in breathing through both increased breathing rate and the possible recruitment of active expiration. Interestingly, exploration and escape behaviors are encoded by supraspinal initiation centers (Capelli et al., 2017;Caggiano et al., 2018;Josset et al., 2018) and spinal executive circuits (Talpalar et al., 2013;[START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF]. Therefore, and in line with others, we propose that the sequential increase in breathing according to the locomotor context in mice might directly be mediated by central connections from key locomotor circuits to respiratory centers (Eldridge et al., 1985;Gariepy et al., 2012;Le Gal et al., 2014;Paterson, 2014;Le Gal et al., 2020).

3.

Distinct locomotor circuits modulate breathing during exercise A bulk of evidence points to a central connectivity as the major activatory signal for exercise hyperpnea, but only few neuronal substrates were actually identified. Our study in mice revealed that the brainstem control of respiration during exercise is mediated by, at least, two distinct locomotor drives.

We first show that the glutamatergic CnF component of the MLR, in addition to triggering running, upregulates breathing frequencies even before the movement begins (2.5 folds from resting conditions), and also when stimulations of the CnF do not trigger any movements (1.8 folds from resting conditions). This demonstrates that the glutamatergic CnF can modulate breathing independently from the activation of the locomotor CPG controlling limb movements, or of muscular sensory feedbacks. Similar results were found in MLR-stimulated cats and lampreys, suggesting an evolutionary convergence for the role of the MLR in respiratory adjustments (DiMarco et al., 1983;Eldridge et al., 1985;Gariepy et al., 2012). In cats, stimulation of the MLR also increases heart rate (Eldridge et al., 1985). Interestingly, breathing increase actually precedes spontaneous locomotor episodes in swimming lamprey, flying geese, and running cat, as well as a concomitant cardiovascular response [START_REF] Butler | Heart Rate, Respiratory Frequency and Wing Beat Frequency of Free Flying Barnacle Geese <em>Branta Leucopsis</em&gt[END_REF]Eldridge et al., 1985;Gariepy et al., 2012). And in humans, the mere anticipation or mental simulation of exercise suffices to increase breathing and heart rate (Tobin et al., 1986;Decety et al., 1991;Decety et al., 1993;Thornton et al., 2001). Therefore, one can speculate that this movementindependent upregulation of breathing by the CnF might help anticipating drastic metabolic changes that come with exercise, by priming respiratory and cardiovascular centers. Interestingly, the MLR is activated during a simulated exercise in a speed-dependent manner in humans (Jahn et al., 2008;[START_REF] Karachi | Cholinergic mesencephalic neurons are involved in gait and postural disorders in Parkinson disease[END_REF], and its dorsal component the CnF (investigated in this study) encodes escape-like running speeds in mice through key inputs from limbic structures (Caggiano et al., 2018;Josset et al., 2018;[START_REF] Dautan | Modulation of motor behavior by the mesencephalic locomotor region[END_REF]. Therefore, the MLR might serve as a multifunctional key integrator to pilot autonomic responses associated with defensive behaviors, like respiratory and cardiovascular adjustments, before the planned movement is executed (Ryczko and Dubuc, 2013). Circuit wise, the same CnF neurons could be activated at different thresholds to activate autonomic responses without movement, or different neurons might target in parallel autonomic and locomotor centers. However, our work did not address this issue. The study in lampreys advocates for the latter possibility by showing segregated sets of MLR neurons directly contacting either respiratory-or locomotor-related circuits (Gariepy et al., 2012). Further investigations are needed in mice to ascertain this, using projection-based transsynaptic tracings from targeted respiratory and locomotor neurons directly targeted by the CnF (Pivetta et al., 2014;[START_REF] Ruder | Long-Distance Descending Spinal Neurons Ensure Quadrupedal Locomotor Stability[END_REF] as also used in Paper 3 (Annex 1, (Usseglio et al., 2020)).

Our results in mice further show that, upon CnF stimulations, the strongest increase in breathing rate occurs at the onset and throughout running episodes (about 4-fold from resting conditions), which is about 1.6-fold greater than prior to the movement. This suggests the existence of an additional drive from the spinal executive circuits, possibly from the locomotor CPG itself, polysynaptically contacted by the CnF through reticulospinal neurons [START_REF] Grillner | The motor infrastructure: from ion channels to neuronal networks[END_REF][START_REF] Kiehn | Locomotor circuits in the mammalian spinal cord[END_REF]Kiehn, , 2016;;Capelli et al., 2017;Caggiano et al., 2018). Indeed, we demonstrate that the sole activation of the lumbar locomotor CPG, in ex vivo neonatal brainstem-spinal cord preparations lacking the CnF and sensory afferences, was sufficient to increase respiratory-like activities significantly, as shown by others in neonatal rats [START_REF] Morin | Coordinations of locomotor and respiratory rhythms in vitro are critically dependent on hindlimb sensory inputs[END_REF]Le Gal et al., 2014;Le Gal et al., 2020). Interestingly, the lumbar CPG also encodes locomotor speeds and gaits [START_REF] Lanuza | Genetic identification of spinal interneurons that coordinate left-right locomotor activity necessary for walking movements[END_REF][START_REF] Crone | In mice lacking V2a interneurons, gait depends on speed of locomotion[END_REF]Talpalar and Kiehn, 2010;[START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF] and could therefore provide key information about the locomotor state. Indeed, spinal CPGs have been shown to send ascending signals, i.e., efference copies, to locomotor supraspinal regions [START_REF] Dubuc | The role of spinal cord inputs in modulating the activity of reticulospinal neurons during fictive locomotion in the lamprey[END_REF][START_REF] Matsushita | Projections from the lowest lumbar and sacral-caudal segments to the cerebellar nuclei in the rat, studied by anterograde axonal tracing[END_REF][START_REF] Fedirchuk | Rhythmic activity of feline dorsal and ventral spinocerebellar tract neurons during fictive motor actions[END_REF][START_REF] Stecina | Information to cerebellum on spinal motor networks mediated by the dorsal spinocerebellar tract[END_REF]Pivetta et al., 2014;[START_REF] Oueghlani | Brainstem Steering of Locomotor Activity in the Newborn Rat[END_REF] to adapt the locomotor command to ongoing movements, but also to regions related to other motor behaviors. For example, to maintain stable visual processing while moving, i.e., gaze stabilization, intrinsic feedforward spinal copies are sent directly to brainstem extraocular motoneurons to ensure visual acuity in swimming tadpoles [START_REF] Lambert | Gaze stabilization by efference copy signaling without sensory feedback during vertebrate locomotion[END_REF][START_REF] Straka | A New Perspective on Predictive Motor Signaling[END_REF]. Therefore, besides being highly specialized in generating and coordinating locomotor movements, we propose that the locomotor CPG also relays multifunctional information regarding ongoing movements to update rapidly and coordinate other motor behaviors like breathing, and possibly others autonomic centers that are essential to survival.

An unresolved question regards the identity of the spinal locomotor neurons that send the ascending drive. Importantly, we show that the glutamatergic lumbar CPG is required and sufficient to upregulate respiratory-like frequencies in ex vivo preparations and directly projects to respiratory centers in the brainstem (see next section). Within the spinal cord, different glutamatergic ventral subtypes have been previously shown to project directly to the brainstem. For example, V2a cervical interneurons (expressing Chox10) have been shown, by us (Paper 3, Annex 1, (Usseglio et al., 2020)) and others, to send ascending projections to the brainstem [START_REF] Azim | Skilled reaching relies on a V2a propriospinal internal copy circuit[END_REF]Pivetta et al., 2014), and lumbar V2a are involved in the speed-dependent gait selection [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]. However, anterograde tracing revealed that the V2a lumbar neurons do not project to the supraspinal regions (data not shown and [START_REF] Azim | Skilled reaching relies on a V2a propriospinal internal copy circuit[END_REF]). Further experiments should therefore be designed to look for an ascending drive from other, non-V2a, classes of ventro-lumbar glutamatergic interneurons. For example, cervical V3 interneurons (expressing Sim1) project to the brainstem (Pivetta et al., 2014), and lumbar V3 interneurons mediate left and right coordination and might partly be involved in rhythm generation [START_REF] Zhang | V3 spinal neurons establish a robust and balanced locomotor rhythm during walking[END_REF]Kiehn, 2016). Other key lumbar subtypes might send efference copies to the brainstem, notably non-V2a Shox2 (Dougherty et al., 2013) and HB9 interneurons [START_REF] Caldeira | Spinal Hb9::Cre-derived excitatory interneurons contribute to rhythm generation in the mouse[END_REF], involved in rhythm generation and the control of locomotor speeds, or interneurons mediating left/right interlimb coordination and controlling locomotor gaits, like V0V (expressing Evx1, (Talpalar et al., 2013;[START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF]).

4.

Distinct respiratory neurons integrate different locomotor drives

Our study revealed that the locomotor drives presented above upregulate breathing through distinct respiratory targets in the respiratory CPG.

The fact that CnF-mediated breathing increase can be separated from the movement suggests that the CnF might target brainstem respiratory centers independently or prior to the movement. Using anterograde tracing, we show that the glutamatergic CnF directly contacts the inspiratory generator, the preBötC (Smith et al., 1991;[START_REF] Feldman | Looking for inspiration: new perspectives on respiratory rhythm[END_REF]Del Negro et al., 2018). A recent study has revealed brain presynaptic inputs onto a subset of glutamatergic preBötC neurons expressing somatostatin [START_REF] Yang | Integration of locomotion and auditory signals in the mouse inferior colliculus[END_REF]. The CnF was not documented as a presynaptic region, although it was not clear from the figures whether no presynaptic cells were present in the CnF or if it was simply overlooked. As previously shown in the lab, a large subset of glutamatergic preBötC neurons expresses the transcription factor Dbx1 and constitutes the core circuit for generating inspiratory rhythm (Bouvier et al., 2010). In addition, a large fraction of glutamatergic and commissural preBötC neurons are Dbx1 and are crucial to synchronize the rhythm (Bouvier et al., 2010;[START_REF] Wu | A V0 core neuronal circuit for inspiration[END_REF]. Unfortunately, the expression of Dbx1 is downregulated in the adult (Pierani et al., 2001), precluding the use of classic Cre-dependent viral tools to trace from these genetically defined cells. To overcome this issue, we used retrograde transsynaptic viral tools from the preBötC sharing the glutamatergic and commissural identity. We reveal that the CnF directly contacts the glutamatergic and commissural preBötC, key candidate for generating and synchronizing inspiration [START_REF] Thoby-Brisson | Emergence of the pre-Botzinger respiratory rhythm generator in the mouse embryo[END_REF]Bouvier et al., 2010;[START_REF] Wu | A V0 core neuronal circuit for inspiration[END_REF]. Importantly, we revealed that short stimulations of the glutamatergic CnF fibers in the preBötC can directly modify the timing of respiratory bursts in a phase dependent manner (phase-shift), especially during the expiratory phase. This suggests that the excitatory CnF has access to inspiratory rhythm generation mechanisms in the preBötC, possibly via glutamatergic neurons [START_REF] Funk | Generation and transmission of respiratory oscillations in medullary slices: role of excitatory amino acids[END_REF][START_REF] Gray | Normal breathing requires preBötzinger complex neurokinin-1 receptor-expressing neurons[END_REF]. Interestingly, the phase dependent shift we observed from activating the CnF terminals in the PreBötC, predominant in the expiratory phase, resembles the effect of short pulse stimulations applied directly onto Dbx1-derived preBötC neurons, in anesthetized mice (Cui et al., 2016;Baertsch et al., 2018). Therefore, we hypothesize that the glutamatergic CnF might directly contact the Dbx1-derived inspiratory rhythmogenic circuits. Future experiments should ascertain this hypothesis and further dissect the exact genetic identity of targeted preBötC cells. We should take advantage of available tools to label preBötC Dbx1-derived neurons up to adulthood (Dbx1 ERT2Cre crossed with a floxed reporter line, [START_REF] Kottick | Fate mapping neurons and glia derived from Dbx1-expressing progenitors in mouse preBötzinger complex[END_REF]), trace from glutamatergic flippase-expressing CnF neurons (Vglut2 Flpo mouse line, JAX #030212) using Flpo-dependent AAVs, and searched for putative boutons onto Dbx1-expressing preBötC neurons. Alternatively, presynaptic partners of Dbx1expressing preBötC neurons could be transsynaptically traced in a dedicated genetic background where the transient Dbx1 Cre conditionality can be replaced by a permanent Flpo conditionality through Cre-recombination of a flippase expressing floxed allele (LsL-TauFlpo INLA , (Pivetta et al., 2014)).

In contrast with the CnF-mediated drive, our anterograde tracing demonstrates that the glutamatergic ventro-lumbar spinal cord does not target the preBötC but rather contacts directly the other essential oscillator of the respiratory CPG, the parafacial respiratory region (pF) implicated in the modulation of the respiratory rhythm (Guyenet and Mulkey, 2010;Del Negro et al., 2018;[START_REF] Pisanski | The parafacial respiratory group and the control of active expiration[END_REF]. Anterograde transsynaptic tracing from the lumbar spinal cells revealed that postsynaptic cells in the pF are mostly located ventral and median to the facial motor nucleus, corroborating our anterograde tracing.

I should note that the definition of the pF is very confusing in the literature owing to its presumed implication in multiple functional tasks that rest on non-overlapping anatomical locations and variable molecular identities that too rare efforts have attempted to crisscross. Many studies have imputed distinct functions (inspiratory generation, chemoception and conditional expiratory generation) depending on its developmental stage (embryonic, perinatal, juvenile, adult), anatomical locations (ventro-median, ventro-lateral edges of the facial motor nucleus, or lack thereof), neurotransmitter identity (glutamatergic, non-catecholaminergic), peptidergic (Galanin [START_REF] Stornetta | Galanin is a selective marker of the retrotrapezoid nucleus in rats[END_REF], Neuromedin B [START_REF] Shi | Neuromedin B Expression Defines the Mouse Retrotrapezoid Nucleus[END_REF]) and genetic identity (mainly Phox2b). For example, the rhythmogenic parafacial respiratory group (pFRG), coupled to the preBötC, drives inspiration at embryonic and perinatal stages, expresses Phox2b and retains its rhythmicity in later stages [START_REF] Onimaru | Localization of respiratory rhythm-generating neurons in the medulla of brainstem-spinal cord preparations from newborn rats[END_REF][START_REF] Mulkey | Respiratory control by ventral surface chemoreceptor neurons in rats[END_REF][START_REF] Onimaru | CO2-sensitive preinspiratory neurons of the parafacial respiratory group express Phox2b in the neonatal rat[END_REF]. The parafacial respiratory region (pF) that conditionally generates expiration at juvenile and adult stages, is presumably located in the ventro-lateral part of the facial motor nucleus in anatomical overlap with the pFRG while its genetic identity is not well defined (Abbott et al., 2009;[START_REF] Marina | Essential role of Phox2b-expressing ventrolateral brainstem neurons in the chemosensory control of inspiration and expiration[END_REF][START_REF] Pagliardini | Active expiration induced by excitation of ventral medulla in adult anesthetized rats[END_REF]Del Negro et al., 2018). The chemosensitive parafacial area termed RTN retains its function from perinatal to adult stages, is presumably located in the ventro-medial part of the facial motor nucleus and expresses Phox2b but in adults its neurons are tonically active and not rhythmically active [START_REF] Mulkey | Respiratory control by ventral surface chemoreceptor neurons in rats[END_REF][START_REF] Stornetta | Expression of Phox2b by brainstem neurons involved in chemosensory integration in the adult rat[END_REF][START_REF] Guyenet | Neural Control of Breathing and CO2 Homeostasis[END_REF][START_REF] Guyenet | Proton detection and breathing regulation by the retrotrapezoid nucleus[END_REF]. Finally, several interventional studies targeting parafacial neurons using their Phox2b signatures will not discriminate RTN neurons from nearby C1 adrenergic neurons regulating cardiovascular function. These examples illustrate the necessity today to replace sheer anatomical boundaries based on cytoarchitectonic criteria by a delineation of brain areas integrating precise molecular identity of resident neurons. Presumably, this will help dissecting specific neurons with dedicated executive implications whose molecular mappings will eventually unveil the intermixing granulosity. Finally, in direct interest to my work, the lumbar spinal cord projects mostly to the ventro-median part of the pF which overlaps with the location of Phox2b chemosensitive neurons of the RTN [START_REF] Stornetta | Expression of Phox2b by brainstem neurons involved in chemosensory integration in the adult rat[END_REF][START_REF] Huckstepp | Role of parafacial nuclei in control of breathing in adult rats[END_REF]Del Negro et al., 2018).

Consequently, in my work, I resorted to investigate the role, in the parafacial area, of the RTN chemosensitive center defined, notably by elegant studies in the lab, as hosting neurons having combined histories of expression of Egr2, Phox2b, Atoh1, Lbx1, and vGlut2 and that importantly can be selectively accessed through a Phox2b/Atoh1 intersectional genetic strategy (Ramanantsoa et al., 2011;Ruffault et al., 2015). In line with that, we used the genetic mutation (Egr2 Cre ; Phox2b 27AlaCKI ) that specifically leads to the demise of Atoh1/Phox2b RTN cells during development (Ruffault et al., 2015). Remarkably, we show that this genotype leads to abrogation of the respiratory increase triggered by pharmacological activation the locomotor CPG, in ex vivo neonatal preparations. This result is in accordance with a previous study in neonatal rat that used broad lesion of the pF without proper genetic identification (Le Gal et al., 2014). Hence, we demonstrate the implication of RTN Phox2b/Atoh1 cells in mediating lumbar CPG-induced increase in breathing. Corroborating this, we show that silencing RTN Phox2b/Atoh1 neurons in adult mice greatly reduced exercise hyperpnea during treadmill exercise. This together demonstrates that the activity of RTN neurons is upregulated by locomotor activity and establishes the RTN as a "locomotor-ceptive" respiratory center, i.e., a structure hosting neurons whose activity is changed during a locomotor challenge (locomotor-sensitive) and whose change of activity will be reflected in an adaptive change of respiration (locomotor-ceptive). Interestingly, silencing the Phox2b-expressing pF (and neighboring C1 cells), using chemogenic tools, was previously shown to markedly reduce exercise capacity, inferred by the total distance rats were able to cover until a point of exhaustion (Korsak et al., 2018). Jointly, this argues for a role of the pF expressing Phox2b, and likely Atoh1, in maintaining an optimal increased respiratory response during exercise and determines exercise performance by integrating locomotor signals from the locomotor CPG. It is therefore striking that the same structure may take part in the upregulation of respiratory rates through a seemingly continuous implication that may sequentially first rely on its locomotor-ceptive role (at a time when exquisite sensitivity to blood CO2 has no object), and possibly later, on combined locomotor-ceptive and chemoceptive roles when the oxygen supply takes priority over the need to keep CO2 constant as the metabolic cost of locomotion rises.

Admittedly, we should acknowledge a potential underestimation of the effect of silencing the RTN Phox2b/Atoh1 on exercise hyperpnea in our chemogenetic silencing experiments. Indeed, Atoh1/Phox2b cells might express different levels of the Gi-coupled DREADD receptor (hM4Di) leading to varied efficiency from cells to cells. Also, the method used to deliver the agonist CNO by intraperitoneal injection might not be optimal. Indeed, in our work on V2a neurons (Paper 3, Annex 1, (Usseglio et al., 2020)), we used intracranial injections of CNO directly onto hM4Diexpressing cells in the gigantocellular nucleus, as intraperitoneal CNO injections were less effective. However, our experiments during running require the implantation of diaphragm EMG which entails to cover the skull with cement and thus precludes subsequent intracranial injections. However, intracranial CNO injections can be directed by prior implantation of a cannula [START_REF] Mahler | Designer receptors show role for ventral pallidum input to ventral tegmental area in cocaine seeking[END_REF][START_REF] Stachniak | Chemogenetic synaptic silencing of neural circuits localizes a hypothalamus→midbrain pathway for feeding behavior[END_REF][START_REF] Lichtenberg | Basolateral Amygdala to Orbitofrontal Cortex Projections Enable Cue-Triggered Reward Expectations[END_REF] and further experiments should implement this approach to ensure maximum efficiency.

One important caveat of this work is that, although our results 1) ascertain a direct synaptic connectivity from the locomotor CPG to the pF (anterograde tracing and anterograde transsynaptic tracings) and 2) demonstrate the implication of the RTN Phox2b/Atoh1 (elimination or silencing), they do not establish a direct connectivity from the lumbar CPG onto the genetically defined RTN Phox2b/Atoh1 . Efforts were made to trace presynaptic cells of the RTN Phox2b/Atoh1 . However, every attempt during my PhD, although successfully revealed starter cells, has failed to reveal their presynaptic neurons (data not shown). Even attempts using the Vglut2 Cre line, otherwise effective in presynaptic tracing from the preBötC, were unsuccessful. Thus, synaptic inputs onto the RTN Phox2b/Atoh1 , and more broadly onto the pF, seem refractory to rabies-mediated transsynaptic jump, which could come from a difference in synaptic strength (i.e., number of contacts on pF cells) or location of synapses onto these neurons [START_REF] Callaway | Monosynaptic Circuit Tracing with Glycoprotein-Deleted Rabies Viruses[END_REF], as compared to structures successfully traced in the lab (preBötC in this study, and V2a neurons in Paper 3, Annex 1, (Usseglio et al., 2020)).

We next thought to understand how the RTN Phox2b/Atoh1 integrates locomotor inputs to produce an adaptive respiratory response during exercise. Our results show that the RTN Phox2b/Atoh1 directly projects to the inspiratory generator the preBötC and mediates an increase in breathing once photoactivated. Therefore, the downregulation of breathing observed during running on the treadmill might be explained by the silencing of the direct inputs onto the preBötC. Interestingly, we found that short activations of the RTN Phox2b/Atoh1 trigger a reduction of the perturbed respiratory cycle with the maximum effect starting earlier that CnF-mediated phase shift, in inspiration. We also observed a lengthening of perturbed cycle at the end of expiration which was not observed following CnF stimulations. This suggests that the RTN Phox2b/Atoh1 has access to different rhythm generating mechanisms than the CnF. The inspiratory and late expiratory effects following short pulse stimulations have been documented when stimulating directly inhibitory preBötC neurons in anesthetized mice (Baertsch et al., 2018). In addition, transsynaptic tracings from glutamatergic preBötC neurons revealed few presynaptic cells in the pF. Therefore, we propose that the RTN Phox2b/Atoh1 targets different preBötC cell types than those from the CnF, including inhibitory neurons, to add an additional drive to exercise hyperpnea mediated by spinal executive circuits. Further experiments to trace from the inhibitory preBötC should ascertain this.

5.

Relative contribution of the two pathways

Our work in mice revealed the implication of at least two distinct locomotor pathways, at the level of the initiation and execution of the movement, able to upregulate breathing in relation to running exercise. We found that each pathway targets different key respiratory neurons in the brainstem. The first drive originates from the glutamatergic CnF which upregulates breathing independently from the movement and sends a descending drive to the glutamatergic preBötC. The second drive originates from the glutamatergic locomotor CPG which increases breathing during locomotion and sends an ascending drive directly to the pF. The genetically defined RTN Phox2b/Atoh1 is a key integrator of the ascending spinal locomotor drive and projects to the preBötC. But what is the relative contribution of the two neuronal pathways?

The CnF-mediated respiratory response can occur prior to the movement, suggesting that activation of the locomotor CPG is not necessary to upregulate breathing before exercise. However, the activation of the lumbar CPG triggers an increase in respiration during locomotion in reduced preparations lacking the CnF, suggesting that the drive from the lumbar CPG can operate independently from the CnF. Also, we show that silencing the RTN Phox2b/Atoh1 during running reduces, but does not abolish, exercise hyperpnea. This could either suggest a methodological underestimation of the effect discussed previously, or a persistence of the excitatory drive from the CnF during movement, or probably both. Interestingly, recent investigations have shown that CnF neurons are active during the entire photostimulation and during treadmill exercise (Caggiano et al., 2018;Josset et al., 2018). Altogether, this suggests that both pathways might operate in synergy to set respiratory responses both in anticipation (CnF) and during running (CnF + locomotor CPG) to meet with the drastic metabolic changes associated with exercise.

Importantly, our data support the existence of different targets in the preBötC. The CnF directly contacts glutamatergic preBötC neurons while the RTN Phox2b/Atoh1 might target a combination of glutamatergic and inhibitory neurons. This is very interesting when looking at the role of excitation and inhibition in generating inspiratory rhythm in the preBötC. Glutamatergic preBötC neurons are necessary and sufficient for rhythmogenesis, albeit the produced rhythm is slow and not so flexible (Smith et al., 1991;[START_REF] Gray | Normal breathing requires preBötzinger complex neurokinin-1 receptor-expressing neurons[END_REF]Bouvier et al., 2010;Baertsch et al., 2018), while inhibitory preBötC neurons cannot produce the rhythm per se [START_REF] Janczewski | Role of inhibition in respiratory pattern generation[END_REF][START_REF] Sherman | Optogenetic perturbation of preBötzinger complex inhibitory neurons modulates respiratory pattern[END_REF]Baertsch et al., 2018). Interestingly, boosting phasic inhibition in the preBötC triggers a reduction of the refractory period for glutamatergic preBötC bursting, which increases excitability of glutamatergic preBötC neurons and triggers rapid breathing (see Chapter 2.II.1., (Baertsch et al., 2018)). In this elegant work the authors added that, as a result of phasic activation of inhibitory preBötC neurons, the "frequency was increased beyond the maximum possible frequency predicted by the refractory period". This means that inhibitory preBötC neurons are critical for eliciting a wider range of inspiratory frequencies and granting flexibility over a higher frequency spectrum. Therefore, we advocate for the recruitment of glutamatergic preBötC neurons (possibly Dbx1-derived) by the CnF in anticipation and during exercise to upregulate breathing up to a certain point, fixed by intrinsic refractory period of the glutamatergic preBötC. Once the movement is engaged, additional inputs onto inhibitory preBötC neurons from the RTN Phox2b/Atoh1 , activated by the spinal drive, would allow for a further increase in breathing, which would support flexibility to overcome the metabolic demand that comes with different locomotor contexts.

To ascertain this, further experiments should concentrate on dissociating the action of the locomotor CPG and the CnF during the movement. Some attempts were made in this sense during my PhD (data not shown). In particular, we tried to acutely silence the locomotor CPG using virally driven chemogenic tools in the glutamatergic spinal cord, as well as injecting xylocaine in the spinal cord to block axonal conduction. However, these methods did not work as animals were still able to engage and maintain locomotor activity. This further corroborates the fact the chemogenic silencing of the RTN Phox2b/Atoh1 might be underestimating its functional impact on exercise hyperpnea. For ethical reasons, no attempts were made to physically cut the descending locomotor pathways in the spinal cord. Another experiment could take advantage of our brainstem-spinal cord ex vivo preparations in which the CnF would be preserved. This approach would allow to activate the CnF/MLR using optogenetics or electrical stimulations and record inspiratory frequency change before and after removal of the spinal cord to assess the relative contribution of the two locomotor drives.

Perspectives

Our results do not speak to the possible influence of other neuronal locomotor descending and ascending pathways. For example, the diencephalic locomotor region (DLR), the other presumed locomotor center, is able to initiate and drive graded locomotion in cats, rats, and lampreys [START_REF] Orlovsky | Spontaneous and induced locomotion of thalamic cat[END_REF][START_REF] Parker | Forward locomotion elicited by electrical stimulation in the diencephalon and mesencephalon of the awake rat[END_REF][START_REF] El Manira | Diencephalic projection to reticulospinal neurons involved in the initiation of locomotion in adult lampreys Lampetra fluviatilis[END_REF][START_REF] Ménard | Diencephalic locomotor region in the lamprey--afferents and efferent control[END_REF], and is required for engagement in spontaneous locomotion [START_REF] Shik | Neurophysiology of locomotor automatism[END_REF]. Importantly, electrical or pharmacological activation of the DLR triggers locomotion and is associated with similar respiratory and cardiovascular changes as MLR stimulation, prior to and during the movement (Eldridge et al., 1981;DiMarco et al., 1983;Eldridge et al., 1985). Therefore, we cannot exclude the potential contribution of the DLR in sending a parallel drive directly to respiratory centers, or indirectly through the MLR, in anticipation and during locomotion. However, its exact location and precise cell types are yet to be clearly identified in mammals to address its implication in autonomic responses in running mice.

Another descending drive could also originate from brainstem reticulospinal neurons activated upon MLR-evoked locomotion and directly contacting the locomotor CPG (Gariepy et al., 2012;[START_REF] Juvin | A Specific Population of Reticulospinal Neurons Controls the Termination of Locomotion[END_REF]Ryczko et al., 2016;Capelli et al., 2017). In lampreys, activation of reticulospinal neurons seems to precede bouts of swimming [START_REF] Brocard | Differential Contribution of Reticulospinal Cells to the Control of Locomotion Induced By the Mesencephalic Locomotor Region[END_REF][START_REF] Juvin | A Specific Population of Reticulospinal Neurons Controls the Termination of Locomotion[END_REF]. Reticulospinal neurons could therefore also be candidates to mediate respiratory changes prior to and during running. In particular, the glutamatergic lateral paragigantocellular nucleus (LPGi), located in the caudal brainstem, has been previously identified as able to initiate and control locomotor speed in mice (see Chapter 3.II.3., (Capelli et al., 2017)). The LPGi is contacted directly by the MLR, preferentially from the CnF, directly projects to the ventral lumbar cord and its ablation during MLR stimulation greatly impairs high-speed locomotion (Capelli et al., 2017;Caggiano et al., 2018). In addition, the LPGi lies very closely to the preBötC and the pF regions which might be an advantage in relaying fast and precise information about the descending locomotor command. Also, brainstem reticulospinal neurons V2a (expressing Chox10) have been shown to promote regular breathing pattern by providing a tonic excitatory drive to the preBötC in neonatal mice [START_REF] Crone | Irregular Breathing in Mice following Genetic Ablation of V2a Neurons[END_REF]. Whether such connection and function are preserved in the adult and whether they overlap with V2a neurons controlling locomotor-and orienting-related responses (Paper 3, Annex 1, (Usseglio et al., 2020)) remains to be investigated.

Admittedly, we cannot exclude that in addition of the RTN Phox2b/Atoh1 , the lumbar CPG drive might target other supraspinal respiratory neurons and further contribute to mediate exercise hyperpnea. For example, we show that lumbar spinal neurons project densely to the lateral parabrachial/kölliker-fuse nucleus (lPB/KF), notably involved in facilitating respiratory phase transitions [START_REF] Dutschmann | The Kölliker-Fuse nucleus gates the postinspiratory phase of the respiratory cycle to control inspiratory off-switch and upper airway resistance in rat[END_REF][START_REF] Mörschel | Pontine respiratory activity involved in inspiratory/expiratory phase transition[END_REF]. This region was previously implicated in relaying sensory afferences information to respiratory centers and reset respiratory rhythm in neonatal and juvenile rats (see Chapter 2.II.3.b., [START_REF] Potts | Respiratory rhythm entrainment by somatic afferent stimulation[END_REF][START_REF] Giraudin | Spinal and pontine relay pathways mediating respiratory rhythm entrainment by limb proprioceptive inputs in the neonatal rat[END_REF]). In addition, the lPB/KF is contacted by cervical neurons projecting to the lumbar spinal cord, which have been shown as crucial for limb coordination notably in high speed locomotion [START_REF] Ruder | Long-Distance Descending Spinal Neurons Ensure Quadrupedal Locomotor Stability[END_REF]. Therefore, the lPB/KF could convey information from lumbar spinal interneurons and relay locomotor signals about the state of locomotion.

Others ascending pathways from the spinal cord could also provide an additional drive during ongoing locomotion. Indeed, pharmacological activation of the locomotor CPG at the cervical spinal cord level was previously shown to mediate respiratory changes in ex vivo brainstem spinal cord preparations of neonatal rats, although in contrast with the lumbar spinal cord, respiratory changes rely on non-glutamatergic cervical neurons (Le Gal et al., 2020). Upon confirmation in mice with specific activation of cervical inhibitory neurons, these cervical efference copies might originate from inhibitory V1 interneurons (expressing En1), that project directly to the brainstem (Pivetta et al., 2014). Cervical spinal copies have been previously implicated in reaching and grasping behaviors [START_REF] Azim | Skilled reaching relies on a V2a propriospinal internal copy circuit[END_REF] and could therefore mediate breathing changes associated to motor behaviors, beyond locomotion, involving forelimb movement.

General conclusion

My work has addressed the neural bases of the interface between breathing and locomotion which are both vital, comparatively simple, and evolutionary conserved behavior in vertebrates. I aimed at identifying the principles by which neuronal circuits interact and orchestrate accurate and timely adapted control of behavior. I sought to understand how the nervous system can modulate a permanent rhythmic activity and pattern adaptive neuronal drives that ensure homeostatic breathing.

On the one hand, by analyzing jointly respiratory and locomotor movements, I proved wrong the assumption that respiratory adaptation to exercise takes place, at least in the preferred mammalian model (mice) used to study motor systems, through a neural architecture enforcing a phasing of respiratory sequences of activity to locomotor ones. On the other hand, my study clearly highlights that exercise hyperpnea rests on at least two distinct modulatory drives onto the respiratory rhythm generator, one from locomotor initiation (CnF) and one from locomotor execution (lumbar CPG) levels. I uncovered new roles for respiratory and locomotor structures beyond and thus expanding those defining them. On the locomotor side, the CnF is shown to increase respiratory rates before, or even in the absence of locomotion, so that this module critical for locomotor initiation is unexpectedly also a bona fide module ensuring respiratory modulation. On the respiratory side, our work expands the adaptive respiratory ambition of the RTN Phox2b/Atoh1 from sheer chemoception to "locomotor-ception". Both the CnF directly, and the lumbar CPG through a relay in the RTN Phox2b/Atoh1 , are shown to target the preBötC. This opens avenues for a comprehensive view of the articulation of these drives onto a distinct balance of excitatory and inhibitory preBötC neurons suggested here to enable flexibility of respiratory frequency adaptation. This work constitutes a contribution to the current advancements in neurobiology whereby multifunctionality of neural circuits is ever more often the rule, than the exception.

ANNEX 3: French Summary Nous respirons en permanence de la naissance à la mort de façon rythmique, automatique, sans effort et le plus souvent inconsciemment. La commande respiratoire est donc robuste. Elle est aussi labile car avec les ajustements cardio-vasculaires, elle est au centre de l'homéostasie énergétique. Ainsi l'activité respiratoire doit s'adapter aux changements de l'environnement (par ex. altitude) ou aux actions menées dans celui-ci (par ex. effort physique) pour assurer les apports, et l'élimination des déchets, métaboliques induits dans tous les tissus de l'organisme. J'ai étudié dans mon travail de thèse de neurobiologie, l'adaptation respiratoire à l'exercice en considérant le comportement locomoteur (la course). La caractéristique ou signature obligatoire de l'adaptation respiratoire à l'exercice est l'augmentation immédiate et drastique de la ventilation -ou hyperpnée -qui se produit dès le début de l'effort. Deux autres signatures présumées mais controversées considèrent d'une part que l'hyperpnée pourrait être proportionnelle à la vitesse de déplacement des membres et d'autre part que les respirations pourraient être temporellement synchronisées aux phases d'activité des membres de manière générale chez les vertébrés. Une partie des incertitudes provient de la grande variété des espèces étudiées dont les variations allométriques (liées à leur poids), les variations adaptatives des stratégies locomotrices (nage, marche, vol) ainsi que les déterminismes prédateur/proie qui occultent sans doute la manifestation de régularités qui pourraient faire loi. Le but de la neurophysiologie est de comprendre comment des séquences d'activité neurales codent les comportements et dans notre cas aussi les conditions métaboliques de leur réalisation. Il s'agit donc de caractériser les neurones impliqués, leurs cibles (la connectivité du réseau) et par des interférences fonctionnelles couplées à des mesures quantitatives des comportements respiratoire et locomoteur d'en préciser les mécanismes. Pour aborder ces questions, nous avons choisi le modèle expérimental de la souris qui donne accès à un large éventail d'outils génétiques et moléculaires de pointe pour manipuler les cellules et les circuits de manière spécifique et étudier leur impact fonctionnel. De plus, les bases neurales des circuits respiratoire et locomoteur longtemps étudiés pour leur propre compte sont parmi les mieux documentés.

Dans ma première étude (Papier 1), nous avons mené une analyse au niveau comportemental dans le but de clarifier les aspects temporels de l'adaptation des commandes neurales respiratoire et locomotrice. Pour cela, nous avons développé une nouvelle méthode d'enregistrements électromyographiques (EMG) du diaphragme (muscle inspiratoire), pour la première fois chez la souris qui court, combinés au suivi vidéo de la dynamique des membres. Nous montrons que pour une gamme de vitesses de course au trot sur tapis roulant, lente à modérée, la fréquence respiratoire augmente immédiatement et de manière drastique. De manière surprenante, cette augmentation atteint une valeur fixe, indépendamment de la vitesse du trot ou de l'inclinaison du tapis (augmentation de la charge de l'effort). Néanmoins, lorsque les souris s'engagent dans des comportements de fuite plus rapides, comme le galop, la fréquence respiratoire augmente davantage. Ces résultats suggèrent que l'augmentation des fréquences respiratoires, dépend plus du contexte de l'effort locomoteur dans lequel la souris est engagée (exploration vs fuite) que de la vitesse de course donc de la cinétique des membres. Nous montrons aussi que les respirations ne sont jamais temporellement synchronisées avec les foulées quelle que soit la vitesse, la charge de l'effort ou l'allure locomotrice (trot ou galop). Ceci démontre que la synchronisation temporelle entre respiration et mouvements des membres n'est pas une signature obligatoire de l'adaptation respiratoire, du moins chez la souris.

Dans l'ensemble, mes travaux indiquent que l'adaptation respiratoire requiert un signal déclencheur dès la mise en place de l'exercice, des signaux spécifiques dépendants de l'allure locomotrice pour en moduler la fréquence mais s'affranchit de signaux phasiques du cycle locomoteur provenant des retours sensoriels ou des oscillations internes viscérales qui imposeraient une synchronisation des deux commandes centrales.

Dans ma seconde étude (Papier 2), nous avons donc cherché à identifier, au sein des centres locomoteurs, les neurones déclencheurs de l'hyperpnée à l'exercice, ainsi que leurs cibles dans les centres respiratoires chez la souris. Dans un premier temps, nous avons abordé la possibilité que le centre principal d'initiation locomotrice -la région locomotrice mésencéphalique (MLR) -puisse moduler l'activité respiratoire en lien avec la course. En utilisant des outils viraux de traçage transsynaptique (qui atteste de la présence d'une connexion entre deux neurones), nous montrons que les neurones glutamatergiques (excitateurs) de la MLR contactent directement les neurones, notamment glutamatergiques, du générateur inspiratoire principal -le complexe préBötzinger (préBötC). Nous utilisons également des outils optogénétiques in vivo et montrons que des stimulations courtes de la MLR imposent la survenue précipitée d'inspiration pendant la phase expiratoire et peuvent de ce fait augmenter la fréquence du rythme. De plus, la photostimulation prolongée de la MLR entraîne une augmentation de la fréquence respiratoire, en l'absence, et avant même le début de tout mouvement locomoteur. De manière intéressante, la fréquence respiratoire augmente encore davantage lorsque la course est activée par la photostimulation de la MLR. Par conséquent, dans un deuxième temps, nous avons étudié la possibilité que les circuits exécutifs locomoteurs de la moelle épinière ventrale, -le générateur central de rythme et de pattern locomoteur (CPG locomoteur) -puissent réguler à la hausse la respiration pendant la course. Pour cela, nous avons utilisé des préparations réduites ex vivo de tronc cérébral attaché à la moelle épinière de souris nouveau-nées, combinées à des enregistrements électrophysiologiques de racines nerveuses ventrales locomotrices et inspiratoires. Nous montrons que l'activation pharmacologique ex vivo du CPG locomoteur déclenche une augmentation des fréquences inspiratoires. De plus, nos expériences de traçage ont révélé que les neurones du CPG locomoteur contactent ceux d'une autre population respiratoire essentielle, le groupe respiratoire parafacial (pF). L'élimination sélective d'une partie des neurones du pF définis de manière génétique stricte (neurones Phox2b/Atoh1, RTN Phox2b/Atoh1 ) dans les préparations réduites ex vivo abolit l'augmentation des fréquences inspiratoires déclenchée par activation pharmacologique du CPG locomoteur. Une démonstration similaire a pu être faite in vivo par des moyens complémentaires de chémogénétique (mise sous silence des neurones RTN Phox2b/Atoh1 pendant la course).

Finalement, nos travaux démontrent la nature multifonctionnelle des circuits locomoteurs, qui envoient des signaux activateurs distincts aux centres respiratoires : 1) un circuit descendant de la MLR au preBötC permettrait une augmentation respiratoire en prévision de la course et 2) un circuit ascendant du CPG locomoteur vers le RTN Phox2b/Atoh1 qui régulerait à la hausse les fréquences respiratoires une fois la course enclenchée. Abstract : During running, ventilation increases to match the augmented energetic demand. Yet the presumed neuronal substrates for this running hyperpnea have remained elusive. To fill this gap, we have, in mice, examined the interactions between i) limb movements and respiratory cycles, and ii) locomotor and respiratory neural networks. First, by combining electromyographic recordings (EMG) of the diaphragm with limb video-tracking in running mice, we show that, for a wide range of trotting speeds on a treadmill, breathing rate increases to a fixed value, irrespective of running speeds. Importantly, breaths are never temporally synchronized to strides, highlighting that exercise hyperpnea can operate without phasic signals from limb sensory feedbacks. We next sought to identify candidate trigger neurons in the locomotor central network, and their partners in respiratory centers. Combining EMG recordings, viral tracing, and activity interference tools, we first show that the prime supraspinal center for locomotor initiation (the mesencephalic locomotor region, MLR) can upregulate breathing during, and even before, running. Indeed, the MLR contacts directly and modulates the main inspiratory generator, the preBötzinger complex. We show that the lumbar locomotor circuits also have an excitatory action onto respiratory activity, but that this ascending drive targets another essential respiratory group, the retrotrapezoid nucleus. This work highlights the multifunctional nature of locomotor command and executive centers, and points to multiple neuronal pathways capable of upregulating breathing during, or possibly even prior to, running.
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 11 Figure 1.1. Immediate increase in ventilation at the onset of exercise and relation to limb velocity. (A-B) Ventilation change to treadmill exercise in human at a low speed (A) and at a faster speed (B). Note that the ventilation increase is immediate, at the onset of exercise (red bar). Also, the ventilation increase is greater at the faster speed. Adapted from Duffin (2014).(C-D) Ventilation change to different speeds and gaits in horse (C) and human (D). Note that[START_REF] Lafortuna | The effects of locomotor-respiratory coupling on the pattern of breathing in horses[END_REF] show that the ventilation increases in a speed and gait-dependent manner in horses (C), while[START_REF] Berry | Stride frequency and ventilation at constant carbon dioxide output[END_REF] find that human ventilation is similar during walking and running when the metabolic state is kept stable (D). Graphs are compiled from available data in the corresponding studies. (E) Frequency change to different swimming frequencies in lampreys, showing no clear relation between respiratory and locomotor frequencies. Adapted fromGravel et al. (2007).

Figure 1 . 2 .

 12 Figure 1.2. Breathing increase can occur without, and even prior to, the movement. (A) Respiratory rate in human at rest, during actual (black circle) or mental (white circle) exercise, and after exercise (Recov.). Note the increase in breathing frequency during mental exercise, similar to an actual exercise. Adapted from Decety et al. (1993). (B) Respiratory frequency in lamprey at rest, before (pre-Loco) and during (Loco) bouts of swimming. Note the increase in frequency prior to the movement. Adapted from Gariepy et al. (2012).
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 1 Figure 1.3. Intensity-dependent recruitment of abdominal muscles during exercise. Electromyogram (EMG) of abdominal muscles (top traces, Abd. EMG) and mouth pressure (down trace, inspiration upwards) at rest and during increasing bicycle workloads in one subject. The beginning of each inspiration is highlighted with red lines. Note that abdominal muscles are strongly recruited at high workloads. Adapted from Abraham et al. (2002).
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  Figure 1.4. Influence of locomotor strides on breaths: locomotor-respiratory coupling (LRC) and temporal cycle-to-cycle analysis. (A)Non-exhaustive table recapitulating LRC in mammals. Note that at high-speed locomotion, the preferred ratio is 1:1 (locomotor events divided by respiratory events). Adapted from[START_REF] Boggs | Interactions between locomotion and ventilation in tetrapods[END_REF]. (B-C) Cycle-to-cycle analysis of strides and breaths. (B) Analysis in one galloping horse showing a clear one to one temporal synchronization at this gait (red dotted lines). Adapted from[START_REF] Bramble | Running and breathing in mammals[END_REF]. (C) Occurrence of breaths during the step cycle, defined between 0 and 1, in the same human cohort running on a treadmill. (Top) Example of synchronized breaths, occurring at two preferred moments of the step cycle. (Down) Example of non-synchronized breaths, occurring randomly in the step cycle. Adapted from[START_REF] Bernasconi | Analysis of co-ordination between breathing and exercise rhythms in man[END_REF].
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  Figure 1.5. Peripheral feedback hypothesis. Ex vivo reduced brainstem-spinal cord preparation in neonatal rats that retains inspiratory activities, recorded on cervical ventral roots (2 nd or 5 th cervical nerve, C2 or C5), that resemble the one in vivo, i.e., inspiratory-like activities. (A) (Left) Inspiratory-like activity in control condition. (Right) Inspiratory-like activity during electrical stimulation of dorsal nerves (blue lines) that normally comes from contracted forelimb (cervical) and hindlimb (lumbar) muscles. Note that each stimulation triggers an inspiratory burst. (B) (Left) Inspiratory-like activity during electrical stimulation of dorsal nerves (blue lines). (Right) Similar experiment after physical ablation of the lateral parabrachial/kölliker-fuse (lPB/KF). Note that dorsal nerve stimulations fail to trigger inspiratory burst in absence of the lPB/KF. Adapted from Giraudin et al. (2012).
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 16 Figure 1.6. Central command hypothesis: supraspinal locomotor centers. (A) Recording of respiration during electrical stimulation of brainstem locomotor centers (here the diencephalic locomotor region, DLR). (Left) Recording of a locomotor muscle activity, respiratory activity (phrenic nerve) and the stimulus applied (between the red dotted lines). Note the increase in respiratory frequency and amplitude following activation of the DLR during movement (purple dotted lines) and even prior to the movement. (Right) Graph showing respiratory and locomotor frequencies in relation to the intensity of the electrical stimulation. (B) Similar recordings in paralyzed cats where muscular contraction is blocked. (Left) Recordings of spinal locomotor nerves, that normally innervate locomotor muscles, silent at rest. Upon DLR stimulation, locomotor nerves exhibit locomotor-like activities ("fictive locomotion"). (Right) Note the similar increase in respiratory frequency as compared to non-paralyzed cats (A). Adapted from Eldridge et al. (1981).

Figure

  Figure 1.7. Central command hypothesis: spinal locomotor executive center. Recording of inspiratory-(C4) and locomotor-like (right L2, left L2 and left L5) nerves in brainstem-spinal cord ex vivo preparation of neonatal rats. (A) In control conditions, basal respiration is recorded on C4 (inspiratory) and L2 (expiratory). (B) Pharmacological activation of the lumbar locomotor CPG triggers locomotor-like activity on locomotor nerves and accelerates inspiratory frequency. Adapted from Le Gal et al. (2014).
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 21 Figure 2.1. Breathing mechanics at rest. (A) Inspiratory movement.When the diaphragm and intercostal muscles contract, the rib cage is moved down in the abdomen, the pressure inside the lungs becomes negative and the air charged in O2 from the atmosphere is inhaled. (B) Expiratory movement. The relaxation of inspiratory muscles constricts the rib cage, leading to a switch from negative to positive pressure and the lungs recoil, releasing the air charged in CO2. Image is from https://www.knowswhy.com/difference-between-inhalation-and-exhalation/.
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 22 Figure 2.2. Location of essential brainstem neurons for breathing control. Sagittal view of the mouse brainstem. The respiratory CPG in red contains the preBötzinger complex (preBötC) and the parafacial respiratory region (pF). The location of other essential respiratory neurons are highlighted in the figure: the Bötzinger complex (BötC), the nucleus of the solitary tract (NTS), the lateral parabrachial/Kölliker-Fuse nuclei (lPB/KF) and the pre-motoneurons in dedicated ventral respiratory groups (VRG). scp, superior cerebellar peduncle. Pn, ventral pontine nucleus. 5N: trigeminal motor nucleus. SO, superior olive. 7N, facial motor nucleus. na, nucleus ambiguous. LRt, lateral reticular nucleus. Adapted from Feldman et al. (2013).
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 24 Figure 2.4. The PreBötC is necessary and sufficient for inspiratory rhythmogenesis. (A) (Left) Medullary slice containing the preBötC. (Right) Intracellular recording of a preBötC neuron and bilateral recording of hypoglossal inspiratory nerves (XII). Note that the preBötC is rhythmically active during inspiration and is sufficient to generate inspiratory rhythm. NA, nucleus ambiguous. 5SP, Spinal trigeminal nucleus. LRN, lateral reticular nucleus. Adapted from Smith et al. (1991). (B) Photoactivation of the preBötC in vivo increases inspiration (diaphragm electromyogram: Dia EMG). Adapted from Alsahafi et al. (2015). (C) Photoinhibition of the preBötC leads to a long apnea in vivo. Adapted from Menuet et al. (2020).
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 27 Figure 2.7. Glutamatergic Dbx1 preBötC neurons are essential for left-right rhythm synchronization. Genetic elimination of commissural preBötC neurons disrupts the left-right coordination of inspiratory rhythm. (A) Injection of a retrograde marker (green) in the right preBötC (white arrows) labels the left preBötC in control (left) but not in mutant (right) mice. (B) Bilateral recordings of the preBötC show a disruption of left-right rhythm synchronization in mutant mice (right) as compared to control (left). Note that commissural connectivity is not required for rhythm generation. Adapted from Bouvier et al. (2010).

Figure 2

 2 Figure 2.6. Glutamatergic Dbx1 preBötC neurons are essential for rhythmogenesis. (Left) Wild type mice. (Right) Dbx1-depleted mice. (A) Plethysmographic recordings of breathing in neonatal mice. (B) Calcium imaging of the preBötC in embryos. Note that genetic elimination of Dbx1-derived neurons abolishes inspiratory rhythm. Adapted from Bouvier et al. (2010).

  Figure 2.8. Inhibition controls the refractory period and bursting frequency of excitatory preBötC neurons. Short light stimulation and recordings of ChR2-expressing glutamatergic preBötC neurons in control (gray) and after inhibition blockade using strychnine (Stry, brown) and Gabazine (orange). Blockage of inhibition in the preBötC lengthens the refractory period (A) and decreases excitatory preBötC bursting frequency (B). Adapted from Baertsch et al. (2018).

Figure 2

 2 Figure 2.9. pFRG and preBötC are coupled oscillators required for inspiratory generation. (A) Ventral ex vivo brainstem-cervical spinal cord preparation showing the setup for recordings of the pFRG and the 4 th cervical inspiratory motor nerve (C4). (B) Single electric stimulations of the pFRG (black arrows) resets the inspiratory rhythm recorded on C4. Adapted from Onimaru et al. (1987).

Figure 2 .

 2 Figure 2.10. The RTN: a central chemosensitive center. (A) (Left) Localization of the RTN. The RTN is located ventral to the facial motor nucleus (nVII) and is Phox2b + , TH -and Islet1,2 -. TH is a marker of catecholaminergic neurons. Islet1,2 labels motoneurons. (Right) Genetic elimination of Phox2b/Atoh1 RTN (RTN Phox2b/Atoh1 ) neurons during development using the transgenic line Egr2-Cre; Phox2b 27AlaCKI . (B) (Left) Increase in inspiratory frequencies, recorded on the 4 th cervical motor nerve C4, in response to an increase in CO2 ex vivo. (Right) Elimination of RTN Phox2b/Atoh1 neurons blunts to response to CO2. (C) (Left) Increase in breathing frequencies in response to an increase in CO2 in the air in vivo. (Right) Elimination of RTN Phox2b/Atoh1 neurons prevents breathing frequency increase to CO2. Adapted from Ramanantsoa et al. (2011).

Figure 2

 2 Figure 2.11. The pF is essential for the generation of active expiration. (A) Recordings of abdominal (ABD, expiratory) and phrenic (inspiratory) nerves in juvenile rats under 7% CO2. (Left) In control animals, hypercapnia triggers active expiration. (Right) Chemical silencing of the parafacial respiratory region (pF) abolishes hypercapnia-driven active expiration. Adapted from Abdala et al. (2009). (B) Recordings of the respiratory volume, abdominal muscle, and pF neuronal firing. Disinhibition of the pF using injections of bicuculline/strychnine triggers active expiration in vivo. Previously silent pF neurons become rhythmically active during active expiration (shaded rectangles). Adapted from Pagliardini et al. (2011).

Figure 3

 3 Figure 3.1. The locomotor cycle. Schematics of a human walking. One locomotor cycle is defined between two consecutive footfalls (n, n+1) and includes a swing and a stance phase. The swing phase starts when the foot is lifted off the ground (footlift). Adapted from https://www.kinesis.ie/gait/.
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 32 Figure 3.2. Speed dependent recruitment of muscles and gaits. (A) Flexor and extensor muscle activities in mice running at 20 (left), 40 (middle) and 60 cm/s (right). Shaded areas indicate swing phases. Note that locomotor muscles are recruited in a speed dependent fashion, especially extensors. (B) Bar-graphs illustrating swing and stance durations at the same running speeds. Note that to increase speed, the stance phase, mostly depending on extensor muscle activities, is highly decreased. A and B are adapted from Mayer et al. (2018). (C) Graph illustrating locomotor speed for each gait in mice. Note the relation between gait and locomotor speed. Adapted from[START_REF] Bellardita | Phenotypic characterization of speed-associated gait changes in mice reveals modular organization of locomotor networks[END_REF]. (D) Bar-graphs illustrating swing and stance durations for each gait. Note that shifting to higher gaits requires a strong decrease of the stance duration. Adapted from[START_REF] Lemieux | Speed-Dependent Modulation of the Locomotor Behavior in Adult Mice Reveals Attractor and Transitional Gaits[END_REF].
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 33 Figure 3.3. Location of essential neurons for locomotor control. The behavior is selected primarily by the basal ganglia (GB) in interaction with thalamocortical areas (Tha, MCtx). The mesencephalic locomotor region (MLR) is contacted by the BG and is the prime initiator of locomotion. The MLR projects to the brainstem reticular formation (RF) including reticulospinal neurons. Brainstem reticulospinal neurons then transmit the locomotor signal to the spinal locomotor network which drives the contraction of dedicated muscles. Once the movement is engaged, sensory inputs from the periphery send feedback to the spinal locomotor network and the cerebellum to modulate descending pathways. VCtx, Visuomotor cortex. pPCtx, posterior parietal cortex. MCtx, Motor cortex. Tha, Thalamus. CNf, Cuneiform nucleus. PPN, Pedunculopontine nucleus. BSN, Vestibular and rubrospinal brainstem nuclei. Adapted from Kiehn (2016).

Figure 3

 3 Figure 3.4. Glutamatergic MLR neurons are necessary and sufficient to initiate and control locomotor speed. (A-C) Photoactivation of the glutamatergic MLR. (A) Coronal view of the MLR comprising the cuneiform (CnF) and pedunculopontine (PPN) nuclei. Glutamatergic neurons are in green (Cre) in the CnF and the PPN, while cholinergic neurons are in red (ChAt) in the PPN. Adapted from Caggiano et al. (2018). PAG, periaqueductal grey. IC, inferior colliculus. (B) Photostimulation of the glutamatergic MLR (blue rectangle) from stationary state initiates locomotion. (C) Locomotor speeds evoked by MLR stimulation are dependent on the stimulation frequency. (D-E) Photoinhibition of the glutamatergic MLR. (E) Sagittal view of the MLR inhibition procedure. (E) Inhibition of the glutamatergic MLR (yellow rectangle) from running state decreases and stops ongoing locomotion (orange line) as compared to control mice (grey line). Adapted from Roseberry et al. (2016).

Figure 3

 3 Figure 3.5. Dual control of locomotion by the glutamatergic MLR. Glutamatergic cuneiform nucleus (CnF) neurons (light green) receive inputs from the periaqueductal grey (PAG) and the colliculi and mediate all locomotor speed including high-speed escape behaviors. The glutamatergic pedunculopontine nucleus PPN (dark green) receives strong inputs from the basal ganglia. It is not clear whether it mediates low-speed exploratory-like behavior or solely reduces the speed of ongoing locomotion. Both CnF and PPN comprise inhibitory neurons (vGAT, white), the PPN also contains cholinergic neurons (ChAt, black). Adapted from Ferreira-Pinto et al. (2018).

Figure 3

 3 Figure 3.6. Brainstem glutamatergic reticulospinal neurons conveying locomotor stop and go signals. (A) Ablation of the glutamatergic lateral paragigantocellular nucleus (LPGi) impairs high-speed locomotion without affecting low-speed locomotion and (B) blunts the speed of locomotion triggered by glutamatergic MLR stimulation. (C) Bilateral photoactivation of the glutamatergic V2a neurons, expressing Chox10, halts ongoing locomotion by targeting inhibitory spinal circuits. Adapted from Ferreira-Pinto et al. (2018).

Figure 3

 3 Figure 3.7. Speed dependent recruitment of spinal locomotor circuits controls left-right coordination and encodes gaits. V0 commissural interneurons are subdivided into two populations: inhibitory V0D and excitatory V0V. Excitatory neurons are in red, inhibitory neurons are in blue, and motor neurons are in green. (Left) At low alternating speeds, V0D neurons provide inhibition to contralateral motor neurons and excitatory locomotor networks, resulting in walk. (Middle) At higher alternating speeds, V0V neurons provide excitation to contralateral inhibitory locomotor networks, resulting in trot. (Right) At highspeed locomotor speeds, non-V0 neurons provide excitation to motor neurons and excitatory locomotor networks, resulting in bound. Adapted from Kiehn (2016).

Figure 1 :

 1 Figure 1: Glutamatergic CnF neurons contact the preBötC. (A-B) Transfection of the glutamatergic CnF. (A) Low magnification at the level of the injection site, showing the glutamatergic CnF transfected with an AAV-DIO-eYFP on a cholinergic staining background (ChAT, delineating the PPN) in a Vglut2 Cre mouse. (B) Magnification of the area framed in red in A. (C) Low magnification at the preBötC level. Top, somatostatin staining (SST, top) is used to locate anatomically the preBötC. Bottom, CnF projections. (D) High magnifications of the ipsi-and contralateral preBötC framed in red in C and identified by SST. Note that the CnF projects to both sides, although prominently on the side ipsilateral to the injection. (E) Low magnification at the parafacial respiratory region (pF) level. Top, cholinergic staining (ChAT). Bottom, CnF projections. (F) High magnifications of the ipsi-and contralateral areas framed in red in E. The pF is delineated in red close to the facial motor nucleus (7N). Note that the CnF projects very little to both pF. (G) Approach used for revealing presynaptic cells of the commissural glutamatergic preBötC in a Vglut2 Cre mouse line. See text for details. Starter cells appear yellow while presynaptic cells are green. (H) Low magnifications at the preBötC level showing HSV-infected cells (top) and Rb-infected cells (bottom). (I) High magnification of the ipsilateral preBötC area framed in red in H. Starter cells are yellow (HSV-mCherry + and Rb-GFP + ). (J) Low magnification at the MLR (CnF + PPN) level showing presynaptic cells (Rb-GFP) on a ChAT background. (K) Magnification of the area framed in red in J. Note the presence of presynaptic cells in the CnF and some in the PPN. Abbreviations used in all figures: CnF, Cuneiform nucleus. PPN, Pedunculopontine nucleus. SC, Superior colliculus. IC, Inferior colliculus. PAG, Periaqueductal gray. MLR, Mesencephalic locomotor region. Cu, Cuneate nucleus. 12N, Hypoglossal nucleus. 10N, Vagus motor nucleus. NTS, Nucleus tractus solitarius. Sp5, Spinal trigeminal nucleus, interpolar. na, Nucleus ambiguous. preBötC, preBötzinger complex. IO, Inferior olive. py, Pyramidal tract. RMg, Raphe magnus nucleus. 7N, facial motor nucleus. pF, Parafacial respiratory region

Figure 2 :

 2 Figure 2: Photoactivation of the Glut+ CnF impacts respiratory rhythm generation through direct projections to the preBötC. (A) Photoactivation of the glutamatergic CnF. (A) Left, low magnification at the level of the injection and optic fiber (OF, blue) implantation sites, showing glutamatergic CnF neurons transfected with an AAV-DIO-ChR2-eYFP on a cholinergic staining background (ChAT, delineating the PPN) in a Vglut2 Cre mouse. (B) Setup for recording breathing movements using a whole-body plethysmography chamber (WBP) while the animal is connected to a laser. (C) WBP recordings of respiratory cycles while a 50 ms stimulation of the glutamatergic CnF (blue rectangles) is applied. Top, one example of the stimulation occurring during the expiratory phase of one respiratory cycle. Note that the stimulation precipitates a new cycle. Bottom, magnification of the top trace showing parameters used in D: the perturbed cycle (θ, red), the control cycle (φ, black) and the light cycle (φs, blue). (D) Plot of the phase-shift (perturbed cycle normalized to the control cycle: θ/φ) as a function of the light phase (light cycle normalized to the control cycle: φs/φ). Inspiration (I) and expiration (E) mean durations are annotated on the graph. A shortening of the perturbed cycle occurs when values are under 1 (purple line). Note that the perturbed cycle is shortened when the light pulse occurs in the expiratory part of the respiratory cycle. N=1136 random trials, n=16 mice. (E) Schematics of the injection identical to A in the CnF and optic fiber implantation in the preBötC ipsilateral to the injection. (F-G) Same as in C-D using photostimulation of the CnF fibers in the preBötC area. Note the similar effect as in C-D. N=276 random trials, n=4 mice. See Figure 1 for abbreviations of brain structures.

Figure 3 :

 3 Figure 3: Glut+ CnF neurons upregulate breathing in synergy with locomotor episodes, and even in the absence of movement. (A) Snapshots from one animal showing that photostimulation of the glutamatergic CnF (blue bar) can trigger running. (B) Example traces from one representative animal during CnF photostimulation at 15, 20 Hz and 40 Hz. Raw neurogram of the diaphragm (Dia EMG), integrated EMG signal (Int.) and locomotor speed (Speed, purple) of the animal are presented for each stimulation frequency. The onset and offset (dotted blue lines), and duration of the light stimulation (blue bar) are highlighted, as well as the onset (dotted purple line) and duration of the locomotor episode (purple bar). (C) Graph showing the diaphragm frequency in resting condition (CTL), during 1 s CnF stimulation frequencies (15-20-30-40 Hz) and in recovery (REC) in n=14 mice. (D) Top, example traces from one animal showing raw and integrated diaphragm EMG signals. The resting condition is depicted by a gray bar (CTL). The 1 s CnF photostimulation (top blue bar) is divided in two conditions: "pre-Loco" (orange bar) characterized by the absence of movement, and "Loco" (purple bar) when the animal engages in running. Note that the diaphragm frequency increases prior to ("pre-Loco"), and during ("Loco") the locomotor episode. Bottom, snapshots showing the state of one representative animal in the 3 illustrated conditions. (E) Characterization of the respiratory changes during the "pre-Loco" condition. Graph showing the diaphragm frequency during control (CTL) and CnF stimulations at 15, 20, 30 and 40 Hz. Note that the diaphragm frequency increases until a plateau at 20 Hz in n=14 mice. (F) Left, same representation as in E during the "Loco" condition. The diaphragm frequency increases dramatically during the movement and reaches a plateau at 20 Hz in n=14 mice. Right, color plot showing the diaphragm frequency in relation to the locomotor speed. Each stimulation frequency is color coded. Note that the diaphragm frequency somewhat correlates with the speed (linear regression, black line, R 2 =0.22). N=168 trials, n=14 mice. (G) Example traces from one representative animal during CnF subthreshold photostimulation at 5 and 10 Hz. The onset and offset of the CnF stimulation are represented with blue dotted lines. Note that subthreshold CnF stimulations do not trigger a locomotor episode, yet breathing frequency is increased. (H) Graph showing the diaphragm frequency in control (CTL) and during subthreshold CnF stimulation (5-10 Hz). Note that the diaphragm frequency increases during subthreshold stimulations in the absence of movement in n=11 mice. Data in all graphs are mean ± SD. Wilcoxon matched-pairs tests are used to compare conditions. ns, not significant. *, p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001.

Figure 4 :

 4 Figure 4: Ventral glutamatergic lumbar neurons contact the parafacial respiratory region. (A) An AAV-DIO-eYFP was injected in the 2nd lumbar spinal segment (L2) in a Vglut2 Cre mouse line. (B) Low magnification of the spinal cord, at the level of the injection site, showing glutamatergic ventral eYFP + interneurons restricted to ventral laminae, delineated using Nissl and ChAT staining. (C) Low magnification at the level of the preBötC showing anterograde projections from the spinal cord. (D) Left, magnification of the red rectangle in C. The preBötC area is highlighted in red. Note the absence of projections from the spinal cord. Right, high magnification of the preBötC area identified by somatostatin staining (SST). (E) Low magnification showing spinal projections at the level of the parafacial respiratory region (pF). (F) Magnification of the red rectangle in E. Note the eYFP + green projections from the spinal cord in the pF region. (G-H) Trans-neuronal anterograde tracing from the lumbar ventral spinal cord. (G) Schematics of the bilateral injection of an AAV1-Syn-Cre in L2 and an AAV-DIO-eYFP in the pF in a C57BL/6J mouse. (H) High magnification at the level of the pF, showing post-synaptic neurons. Cu, Cuneate nucleus. 12N, Hypoglossal nucleus. See Figure 1 for abbreviations of brain structures.

Figure 5 :

 5 Figure 5: Activation of the lumbar spinal cord increases the frequency of in inspiratory-like frequencies ex vivo, which requires the RTN Phox2b/Atoh1 . (A) Schematics of an isolated ex vivo brainstem-spinal cord preparation from C57BL/6J neonates (1-2 days), continuously superfused with oxygenated artificial cerebrospinal fluid (aCSF). Respiratory-and locomotor-like activities are recorded using suction electrodes on the 4 th cervical (C4) and the 2 nd lumbar (L2) motor nerve roots, respectively. The preparation is separated in two compartments using a Vaseline barrier (black bar) to allow the lumbar spinal cord to be superfused with control aCSF of drugs-enriched aCSF (NMDA and 5-HT, gray rectangle). (B) Recordings of C4 and L2 activities of one representative animal before (CTL), during (Drugs) and after (WO) perfusion of NMDA and 5-HT in the lumbar spinal cord compartment. Note that perfusion of locomotor drugs in the lumbar spinal cord triggers locomotor-like activity on L2 and elicits a concomitant increase in C4 respiratory frequency. (C) Graph showing C4 frequency change normalized to the control condition (CTL) during drug-induced locomotor-like activity (Drugs) and during drugs washout (WO) in n=13 mice. (D-F) Similar experiments as in A-C but a brainstem trans-section was performed to physically remove the parafacial respiratory region (pF) from the preparations. Note the absence of increase in C4 respiratory frequency during drugs perfusion in n=5 mice. (G-I) Similar experiments as in A-C were performed in Egr2 Cre ;Phox2b 27AlaCKI mouse line to genetically delete RTN neurons having co-expressed Phox2b and Atoh1 (i.e., the RTN Phox2b/Atoh1). Note that the elimination of the RTN Phox2b/Atoh1 is sufficient to abolish the drug induced-C4 frequency increase in n=8 mice. Data in all graphs are mean ± SD. Wilcoxon matched-pairs tests are used to compare conditions. ns, not significant. ***, p<0.001.

Figure 6 :

 6 Figure 6: Chemical silencing of the RTN Phox2b/Atoh1 impairs running-induced increase in respiratory frequency. (A) Low magnification at the level of the injection site, showing the bilateral RTN Phox2b/Atoh1 neurons transfected with an AAV-DIO-hM4Di-mCherry in an Atoh1 FRTCre ;Phox2b Flpo mouse line. (B) High magnifications of the bilateral transfected RTN Phox2b/Atoh1 cells (red rectangles in A). (C) Raw (Dia. EMG) and integrated (Int.) recordings of the diaphragm activity of one representative animal at rest before (CTL), during (CNO) and after (Recovery) intraperitoneal injection of the agonist CNO (10 mg/kg). (D) Graph showing the diaphragm mean frequency change before (CTL), during (CNO) and after (Recov.) injection of CNO in n=3 mice at rest. Note that silencing the RTN Phox2b/Atoh1 does not alter breathing frequency at rest. (E, F) Similar representations as in C, D in n=4 mice running on a treadmill. Note the reduction in diaphragm frequency during CNO injection. Data in all graphs are mean ± SD. Paired t-test and Wilcoxon matched-pairs test are used to compare conditions in D and F, respectively. ns, not significant. **, p<0.01. 7n, Facial nerve. See Figure 1 for all other abbreviations.

Figure 7 :

 7 Figure 7: The RTN Phox2b/Atoh1 contacts the preBötC and impacts respiratory rhythm generation. (A) Left, low magnification at the level of the parafacial respiratory region (pF), showing RTN Phox2b/Atoh1 neurons transfected with an AAV-DIO-syn-eYFP in an Atoh1 FRTCre ;Phox2b Flpo mouse. Right, high magnification of the infected RTN Phox2b/Atoh1 (red rectangle in the left picture). Top right, Magnification of the area framed in red, showing the syn-eYFP + infected cells. (B) Left, low magnification at the preBötC level. Top, Nissl staining. Bottom, localization of the syn-eYFP + putative synapses. Right, high magnification of the putative synapses from the RTN Phox2b/Atoh1 in the preBötC, identified by somatostatin staining (SST). Note the abundant putative synapses in the ipsilateral preBötC. (C) Left, low magnification at the level of the injection site an optic fiber implantation (OF, blue), showing the RTN Phox2b/Atoh1 neurons transfected with an AAV-DIO-ChR2-eYFP in an Atoh1 FRTCre ;Phox2b Flpo mouse. Right, magnification of the infected RTN Phox2b/Atoh1 (red rectangle in the left picture), showing the eYFP + cells. (D) Whole body plethysmography (WBP) recordings of respiratory cycles while a 50 ms pulse stimulation of the RTN Phox2b/Atoh1 (blue rectangles) is applied. Top, one example of the light pulse occurring during the inspiratory phase of one respiratory cycle. Note that the light pulse precipitates a new cycle. Bottom, magnification of the top trace showing parameters used in E: the perturbed cycle (θ, red), the control cycle (φ, black) and the light cycle (φs, blue). (E) Plot of the phase-shift (perturbed cycle normalized to the control cycle: θ/φ) as a function of the light phase (light cycle normalized to the control cycle: φs/φ). Inspiration (I) and expiration (E) mean durations are annotated on the graph. A shortening of the perturbed cycle happens when values are under 1 (purple line) and a lengthening occurs when values are over 1. Note that the perturbed cycle shortening starts in inspiration. Also, the perturbed cycle is lengthened at the end of expiration. N=349 random trials, n=7 mice. (F) Whole body plethysmography recordings at different RTN Phox2b/Atoh1 stimulation frequencies (5-10-20-40 Hz, blue bars). (G) Graph showing the respiratory frequency change before (CTL), during (5-40 Hz) and after (REC) RTN Phox2b/Atoh1 stimulations. Data are mean ± SD. Mann-Whitney U-tests are used to compare conditions. ns, not significant. *, p<0.05. **, p<0.01. LDTg, Lateral dorsal tegmentum. 5N, Trigeminal motor nucleus. See Figure 1 for all other abbreviations.

Figure S2 :

 S2 Figure S2: Temporal impact of photoactivation of the glutamatergic CnF and its projection in the preBötC area on respiratory cycles following the light-perturbed cycle. (A) Schematics of the viral injection (AAV-DIO-ChR2-eYFP) and optic fiber implantation (OF) to photoactivate the glutamatergic CnF in a Vglut2 Cre mouse line. (B) Top, whole body plethysmography (WBP) recordings of respiratory cycles while a 50 ms pulse stimulation (blue rectangle) is applied. The cycle n+1 following the perturbed cycle is annotated on the trace (θ+1, red). Bottom, plot of the phase-shift (perturbed cycle n+1 normalized to the control cycle: θ+1/φ) as a function of the light phase (light cycle normalized to the control cycle: φs/φ). Inspiration (I) and expiration (E) mean durations are annotated on the graph. A shortening of the perturbed cycle happens when values are under 1 (purple line). N=1136 random trials, n=16 mice. (C, D) Similar representations for cycles n+2 (θ+2) and n+3 (θ+3). (E) Schematics of the injection identical to A in the CnF and fiber implantation in the preBötC ipsilateral to the injection (OF). (F-H) Similar representations as (B-D). N=276 random trials, n=4 mice. See Figure 1 for all abbreviations.

Figure S3 :

 S3 Figure S3: Glutamatergic CnF control of locomotor parameters. (A) Schematics of the viral injection (AAV-DIO-ChR2-eYFP) and optic fiber implantation (OF) to photoactivate the glutamatergic CnF in a Vglut2 Cre mouse line. (B) Graph showing the speed of the animal during CnF stimulation frequencies (5-40 Hz). Note that the locomotor speed reaches a plateau at 30 Hz. 5-10 Hz, n=11 mice; 15-40 Hz, n=14 mice. (C) Bar-graph showing the percent of hindlimb synchronized steps during CnF stimulation frequencies (15-40 Hz) in n=14 mice. Negative and positive values indicate respectively alternated and synchronized (synchr.) steps. (D) Graph showing the onset of locomotion latency during CnF stimulation frequencies (15-40 Hz) in n=14 mice. Data in all graphs are mean ± SD. Wilcoxon matched-pairs tests are used to compare conditions. ns, not significant. *, p<0.05. **, p<0.01. ***, p<0.001. See Figure 1 for all abbreviations.

Figure S4 :

 S4 Figure S4: Outputs of the glutamatergic lumbar spinal cord to other respiratory nuclei and control of AAV1-Syn-Cre spinal injection. (A) Schematics of the bilateral injection of an AAV-DIO-eYFP in the 2nd lumbar spinal segment (L2) in a Vglut2 Cre mouse line. (B) Left, low magnification at the level of the lateral parabrachial nucleus (lPB), showing spinal projections. Right, magnification of the red rectangle in the left picture showing green projections in the lPB. (C) Left, low magnification at the level of the nucleus tractus solitarius (NTS) and lateral reticular nucleus (LRt), showing spinal projections. Middle and right, magnifications of the red rectangles in the left picture showing green projections in the NTS and the LRt. (D) Schematics of the bilateral injection of Cholera toxin B (CTB) in L2 in a C57BL/6J mouse line. CTB is used as a retrograde marker. (E) Left, low magnification at the level of the parafacial respiratory region (pF), showing spinal projections. Right, high magnification of the red rectangle in the left picture, showing spinal projections (AAV-eYFP) and catecholaminergic neurons (tyrosine hydroxylase, TH). Note that the pF does not project to the L2 lumbar spinal cord. See Figure 1 for all abbreviations.

Figure S5 :

 S5 Figure S5: Ex vivo control experiments, ex vivo photoactivation of the glutamatergic lumbar spinal generator and anatomy of RTN Phox2b/Atoh1 KO neonatal mice. (A) Schematics of the isolated ex vivo brainstem-spinal cord preparation from C57BL/6J neonates (see Figure 5). Preparations are cut at the cervical level. (B) Recordings of respiratory-(C4) and locomotor-like (L2) activities of one representative animal before (CTL) and during perfusion of NMDA and 5-HT in the lumbar spinal cord compartment (Drugs, gray rectangle in A). Note the absence of the drug induced-C4 frequency increase during the drugs perfusion when the spinal cord is transected. (C) Graph showing C4 frequency change normalized to the control condition (CTL) during drug-induced locomotor-like activity in intact (Intact, n=13 mice) and transected (Cut, n=3 mice) preparations. (D) Similar preparations in Vglut2 Cre ;floxedChR2 mice. Light stimulations are applied on the lumbar cord (blue circle). (E) Recordings of C4 and L2 activities of one representative animal. Top, representative traces before (CTL, gray line), during (Light, blue line) and after 15 s light stimulation. Bottom, magnification of the top traces during the light stimulation. (F) Graph showing C4 frequency change normalized to the control condition (CTL) during light-induced locomotor-like activity (Light) and during recovery (Recov.) in n=6 preparations. Data in all graphs are mean ± SD. Wilcoxon matched-pairs tests are used to compare conditions. ns, not significant. *, p<0.05. ***, p<0.001. (G-H) High magnifications of the parafacial respiratory region (pF) in wild-type (G, C57BL/6J) and Egr2 Cre ;Phox2b 27AlaCKI (H, RTN Phox2b/Atoh1 KO) neonatal mice, showing Phox2b and ChAt staining. Orientations are depicted on the right. Note the almost complete loss of Phox2b + pF cells in H. See Figure 1 for all abbreviations.

Figure S6 :

 S6 Figure S6: Control for RTN Phox2b/Atoh1 chemogenic silencing experiments. (A) Schematics of the bilateral injection in the parafacial respiratory region (pF) to transfect RTN Phox2b/Atoh1 cells with an AAV-DIO-hM4Di-mCherry in an Atoh1 FRTCre ;Phox2b Flpo mouse line. Injected mice were challenged to run on the treadmill before, during and after intraperitoneal (IP) injection of saline solution. (B) Graph showing the diaphragm mean frequency change before (CTL), during (Saline) and after (Recov.) saline injection in n=4 mice. Note that saline injection does not alter mice capacity to increase diaphragm frequency during running. Paired t-test is used to compare conditions. ns, not significant. (C) Schematics of the experiment. Non-injected C57BL/6J mice were challenged to run on the treadmill before, during and after IP injection of CNO (10 mg/kg). (D) Graph showing the diaphragm mean frequency change before (CTL), during (CNO) and after (Recov.) CNO IP injection in n=2 mice. Data in all graphs are mean ± SD. See Figure 1 for all abbreviations.

Figure S7 :

 S7 Figure S7: Outputs of the RTN Phox2b/Atoh1 to other respiratory nuclei and extended data on RTN Phox2b/Atoh1 photostimulation. (A) Schematics of the unilateral injection of an AAV-DIO-syn-eYFP in the parafacial respiratory region (pF) to transfect RTN Phox2b/Atoh1 neurons in an Atoh1 FRTCre ;Phox2b Flpo mouse line. (B) Low magnification at the level of the lateral parabrachial nucleus (lPB). Top, Nissl staining. Bottom, synapses from the RTN Phox2b/Atoh1 . (C) Magnification of the synapses from the RTN Phox2b/Atoh1 in the lPB (red rectangle in B). Note that the RTN Phox2b/Atoh1 projects to the lPB. (D) Low magnification at the level of the nucleus tractus solitarius (NTS) and ventral respiratory group (VRG). Top, Nissl staining. Bottom, synapses from the RTN Phox2b/Atoh1 . (E) Magnification of the synapses from the RTN Phox2b/Atoh1 in the NTS (top red rectangle in B) and in the VRG (bottom red rectangle in B). Note that the RTN Phox2b/Atoh1 projects to the VRG. (F-G) Same representations but at a more caudal level. Note the RTN Phox2b/Atoh1 projects to the caudal NTS and VRG. (H) Schematics of the unilateral injection of an AAV-DIO-ChR2-eYFP in the RTN Phox2b/Atoh1 in an Atoh1 FRTCre ;Phox2b Flpo mouse line. (I) Top, whole body plethysmography recordings of respiratory cycles while a 50 ms stimulation (blue rectangle) is applied. The cycle n+1 following the perturbed cycle is annotated on the trace (θ+1). Bottom, plot of the phase-shift (perturbed cycle n+1 normalized to the control cycle: θ+1/φ) as a function of the light phase (light cycle normalized to the control cycle: φs/φ). Inspiration (I) and expiration (E) mean durations are annotated on the graph. A shortening of the perturbed cycle happens when values are under 1 (purple line). N=349 random trials, n=7 mice. (J, K) Similar representations for cycles n+2 (θ+2) and n+3 (θ+3). Gr, Gracile nucleus. cu, cuneate fasciculus. See Figure 1 for all other abbreviations.

  Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : L'adaptation respiratoire à la course : comportement et circuits neuronaux chez la souris Mots clés : Respiration, Locomotion, Souris, Circuit Neuronal, Traçage Viral, Optogénétique Résumé : Pendant la course, la ventilation augmente pour compenser la demande énergétique accrue. Le substrat, soupçonné neuronal, de cette hyperpnée à l'exercice est néanmoins toujours méconnu. Pour le caractériser, nous avons, chez la souris, examiné les interactions entre i) mouvements des membres et cycles respiratoires, et ii) réseaux neuronaux locomoteur et respiratoire. Tout d'abord, en combinant enregistrements électromyographiques (EMG) du diaphragme combinés au suivi vidéo des membres pendant la course, nous montrons que, pour une large gamme de vitesses sur un tapis roulant, la fréquence respiratoire augmente jusqu'à une valeur fixe, indépendante des vitesses de course. Surtout, les inspirations ne sont pas temporellement synchronisées avec les foulées indiquant que l'hyperpnée à l'exercice peut opérer sans signaux phasiques provenant des retours sensoriels des membres. Nous avons ensuite cherché à identifier, au sein des centres locomoteurs, les neurones déclencheurs de cette hyperpnée, ainsi que leurs cibles dans les centres respiratoires. En combinant enregistrements EMG, traçages viraux et interférences fonctionnelles, nous montrons d'une part que le principal centre de l'initiation locomotrice (la région locomotrice mésencéphalique, MLR) peut réguler à la hausse la respiration, pendant, et même avant, la course. Cet effet repose sur des projections directes de la MLR vers le générateur inspiratoire principal, le complexe préBötzinger. D'autre part, nous montrons que les circuits locomoteurs de la moelle épinière lombaire ont également une action excitatrice sur l'activité respiratoire. Cette voie ascendante cible néanmoins un autre groupe respiratoire, le noyau rétrotrapézoïde. Ce travail met ainsi en évidence la nature multifonctionnelle des centres locomoteurs, et souligne l'existence de multiples voies neuronales capables d'augmenter la respiration pendant, voire avant, la course. Title : Respiratory adaption to running exercise: a behavioral and neuronal circuits study in mice Keywords : Respiration, Locomotion, Mouse, Neuronal circuit, Viral tracing, Optogenetics
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