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Adult neurogenesis promotes balance recovery after vestibular loss

A phenomenon called vestibular compensation occurs after peripheral vestibular loss. This process involves a mosaic of profound structural rearrangements within the vestibular nuclei.

Among them, adult reactive neurogenesis is perhaps the most unexpected, as it occurs in a brain area that was never reported as neurogenic before. Both the survival and functionality of this newly generated neuronal network depend on its integration into preexisting networks in the deafferented structure. Far from being aberrant, this organization allows the brain to use inputs from other sensory modalities to facilitate the restoration of posture and equilibrium. This is the best example so far of the reparative role of adult neurogenesis. Recent findings show that a similar phenomenon exists in other brain sensory structures, such as auditory brain stem nuclei and sensory motor cortex. This raises questions about the putative functional relevance of the reactive neurogenesis.

Introduction

The purpose of this review is not to provide an umpteenth material about adult neurogenesis, as this subject has been extensively documented in the literature. Rather, it sets out to highlight a unique phenomenon that occurs in a brain area which does not belong to the traditional niches of adult neurogenesis. Here we describe the permissive environment that allows vestibular neurogenesis to occur and points out on the regulatory cellular and molecular mechanisms involved. We also provide evidence of the functional benefit of vestibular neurogenesis in postural and equilibrium recovery. We finally address the various issues that this phenomenon raises and open up perspectives on the potential use of this phenomenon in the clinical field, as this process might be shared by other sensory modalities.

The vestibular system: a finely tuned functional architecture

The vestibular nuclei (VN) of the brainstem constitute a peculiar area of the brain in many respects. First, they act as a "hub", receiving heteromodal sensory information related to body position. Angular and linear head accelerations (including Earth gravity) are detected by specific sensors located in the inner ear and conveyed to the central VN through the 8 th cranial nerve. The VN also collect proprioceptive, tactile and visual inputs. Their main role is to integrate this plethora of sensory information and to convert the sensory information into motor information. Indeed, VN neurons project onto oculomotor and trunk muscles and to the upper and lower limbs, allowing us to stabilize our gaze and control our posture both at rest and during motion via the vestibulo-ocular, vestibulo-cervical, and vestibulo-spinal reflexes.

These nuclei have the particularity of being both sensory and motor [START_REF] Angelaki | Vestibular system: the many facets of a multimodal sense[END_REF]. The information the VN process also contributes to perceptual or cognitive functions, such as the appreciation of body verticality and the body's orientation in space [START_REF] Lopez | The vestibular system: balancing more than just the body[END_REF].

Another particularity of the VN is that they modulate vestibular sensory information through a direct tuning action on the sensitivity of peripheral vestibular sensors via the efferent fiber pathway [START_REF] Boulenguez | Responses to efferent activation and excitatory response-intensity relations of turtle posterior-crista afferents[END_REF]. Finally, the interconnection of the VN with neurovegetative structures supports the discomfort felt in vestibular disorders [START_REF] Balaban | Vestibular autonomic regulation (including motion sickness and the mechanism of vomiting)[END_REF] (Fig. 1A).

Vestibular syndrome: a set of oculomotor, postural, perceptual, cognitive and vegetative disorders

When vestibular sensory inputs are suddenly altered, an acute vestibular syndrome arises that includes postural imbalance at rest and during movement, spontaneous eye beats (nystagmus) and oscillopsia, which are associated with cognitive and neurovegetative disorders. These disorders occur through alterations of the vestibulo-spinal and vestibulo-oculomotor reflexes, as well as through the modification of the vestibulo-cortical signals [START_REF] Angelaki | Vestibular system: the many facets of a multimodal sense[END_REF][START_REF] Jones | Anatomical and physiological considerations in vestibular dysfunction and compensation[END_REF][START_REF] Lacour | Plastic events in the vestibular nuclei during vestibular compensation: the brain orchestration of a deafferentation code[END_REF]. Patients experience acute vestibular syndrome in cases of unilateral peripheral vestibulopathy, such as that encountered in vestibular neuritis, Ménière's disease or labyrinthine fistula [START_REF] Strupp | Acute vestibulopathy[END_REF].

Symptoms progressively decline, each with its own kinetics, generally leading to an almost full disappearance of the syndrome. This behavioral recovery phenomenon is referred to as "vestibular compensation" [START_REF] Lacour | Vestibular compensation: the neuro-otologist's best friend[END_REF] (Fig. 1B). In most species, the postlesional vestibular syndrome includes both static deficits (those present in absence of body movement) and dynamic deficits (present when body is moving). Static deficits include oculo-motor (spontaneous nystagmus) and postural (head tilt and postural unsteadiness) alterations that are compensated within a few days or weeks, while dynamic deficits (vestibulo-ocular and vestibulo-spinal reflexes and locomotor performance) are compensated much less completely over a longer time period (reviewed in [START_REF] Dieringer | Vestibular compensation: neural plasticity and its relations to functional recovery after labyrinthine lesions in frogs and other vertebrates[END_REF][START_REF] Darlington | Molecular mechanisms of recovery from vestibular damage in mammals: recent advances[END_REF].

Reactive molecular and biochemical rearrangements in the deafferented vestibular nuclei

Animal models of vestibular loss have revealed that acute vestibular syndrome originates from electrophysiological asymmetry between intact and deafferented VN and that recovery from this syndrome occurs through a rebalancing of this electrical activity (Smith andCurthoys, 1989, Darlington et al., 2002). The return to electrophysiological homeostasis, considered the key parameter for vestibular functional recovery, takes place via a mosaic of biological events occurring specifically within the deafferented VN. Some of the changes are restricted to an acute phase lasting from hours to several days, while other are maintained over a chronic period lasting several months (Fig. 2). The time course of the cellular and molecular events that support this process is now well documented [START_REF] Lacour | Interaction between Vestibular Compensation Mechanisms and Vestibular Rehabilitation Therapy: 10 Recommendations for Optimal Functional Recovery[END_REF]. In a first acute phase, upregulation of immediate early genes (IEGs) occurs over the very early hours and days, with Fos immunoreactivity peaking at 2 h postlesion and Zif-268-immunoreactive neurons peaking at 1-3 days postlesion. The expressions of both of these IEGs decreased progressively within 3 days to 1 week [START_REF] Dit Duflo | Fos expression in the cat brainstem after unilateral vestibular neurectomy[END_REF][START_REF] Lacour | Plastic events in the vestibular nuclei during vestibular compensation: the brain orchestration of a deafferentation code[END_REF]. Many plastic events are increased and peak at 3 days.

Neurotrophin immunoreactivity occurs one day after lesionning, with peak expression of the brain-derived neurotrophic factor (BDNF) observed at 3 days in the VN and related structures, and a return toward basal expression within the first week after lesioning. A similar spatiotemporal pattern has been observed for the nerve growth factor (NGF), neurotrophin 3 (NT3), and their respective TrKA/TrKC receptors [START_REF] Lacour | Plastic events in the vestibular nuclei during vestibular compensation: the brain orchestration of a deafferentation code[END_REF]. These changes in turn regulate different neurotransmitter systems, such as gamma-aminobutyric acid (GABA), acetyl choline, histamine and noradrenaline, starting at one day after unilateral vestibular neurectomy (UVN). In parallel, excitability markers such as the cation-chloride cotransporter (KCC2), GABAa receptors and calcium-activated small conductance K + (SK) channels are drastically reconfigured in this early time window [START_REF] Dutheil | BDNF signalling promotes vestibular compensation by increasing neurogenesis and remodelling the expression of potassium-chloride cotransporter KCC2 and GABAa receptor in the vestibular nuclei[END_REF][START_REF] Tighilet | Apamin treatment accelerates equilibrium recovery and gaze stabilization in unilateral vestibular neurectomized cats: cellular and behavioral aspects[END_REF]. Astrocytic and microglial reactions, as well as an increase in tumor necrosis factor alpha (TNFα) expression are also observed at the same time [START_REF] Liberge | Changes in TNFα, NFκB and MnSOD protein in the vestibular nuclei after unilateral vestibular deafferentation[END_REF][START_REF] Lacour | Plastic events in the vestibular nuclei during vestibular compensation: the brain orchestration of a deafferentation code[END_REF][START_REF] Dutheil | Neurogenic potential within the vestibular nuclei and behavioural time course recovery in the adult cat are governed by the nature of the vestibular damage[END_REF][START_REF] Lopez | The vestibular system: balancing more than just the body[END_REF]. Finally, the neurohormonal system and more specifically the hypothalamo-pituitary-adrenal axis (HPA or stress axis), is also activated. The activation of this pathways is characterized by an increased immunostaining for corticotrophin-releasing factor (CRF) and arginine vasopressin in the paraventricular nucleus of the hypothalamus as early as one day alter lesioning [START_REF] Tighilet | Stress axis plasticity during vestibular compensation in the adult cat[END_REF]. A temporal correlation between the expression of the proteins involved in these acute plastic mechanisms and the reduction in the static deficits has been observed. In a second, more chronic phase, part of the modulations that started during the acute period is maintained, including the glial reaction, changes affecting GABAergic, cholinergic, histaminergic and noradrenergic systems, and neuroendocrine changes. Structural changes, such as reactive synaptogenesis or collateral axonal sprouting, also occur within the deafferented VN [START_REF] Li | Remodeling of synaptic connections in the deafferented vestibular nuclear complex[END_REF][START_REF] Raymond | Quantification of synaptic density changes in the medial vestibular nucleus of the cat following vestibular neurectomy[END_REF]. All of the plastic events occurring during the first month postlesion indicate a critical period, which should benefit vestibular rehabilitation and during which vestibular plasticity is likely shaped by vestibular rehabilitation therapies.

Adult reactive neurogenesis: an unexpected rescue mechanism

Unexpectedly, we used histological approaches and were the first group to report the exclusive and robust induction of reactive neurogenesis in the deafferented VN [START_REF] Tighilet | New neurons in the vestibular nuclei complex after unilateral vestibular neurectomy in the adult cat[END_REF]. Using BrdU strong cell proliferation began one day after lesioning and peaked at three days post-UVN in the adult deafferented VN (Fig. 3A). An immediate infusion of the antimitotic drug cytosine-beta-D-arabino-furanoside (AraC) blocked cell proliferation and decreased the number of GFAP-immunoreactive cells and GABAergic neurons observed in the vestibular nuclei of neurectomized cats. At the behavioral level, after UVN and immediate AraC infusion, the time course of the recovery of postural and locomotor functions was drastically delayed, and no alterations in the horizontal spontaneous nystagmus were observed.

In contrast, an infusion of AraC beginning 3 weeks after UVN had no influence on the time course of the behavioral recovery, or the proliferation and differentiation of reactive cells. We concluded that the first 3 weeks after UVN represent a possible critical period in which important neuroplasticity mechanisms occur to promote the recovery of vestibular function.

During this time period, reactive neurogenesis and astrogenesis might contribute highly to vestibular compensation in the adult cat [START_REF] Dutheil | Neurogenesis and astrogenesis contribution to recovery of vestibular functions in the adult cat following unilateral vestibular neurectomy: cellular and behavioural evidence[END_REF]Fig. 3B).

Many questions remain regarding the establishment and relevance of reactive vestibular neurogenesis. First, how does a mature brain environment, not known as a neurogenic site, comes to harbor new neurons. One possibility is that these newly generated neurons migrate from established neurogenic niches, such as the subgranular zone of the dentate gyrus of the hippocampus or the subventricular zone of the lateral ventricles [START_REF] Gage | Neurogenesis in the adult brain[END_REF], via the blood or the cerebrospinal fluid [START_REF] Stellos | Increased circulating progenitor cells in Alzheimer's disease patients with moderate to severe dementia: evidence for vascular repair and tissue regeneration?[END_REF] and then integrate into the VN on the edge of the fourth ventricle. An alternative option is that, under normal conditions, the VN constitute a neurogenic niche that hosts quiescent neural progenitors. This hypothesis is supported by the presence of cells that are immunoreactive for both SYR (sex determining region Y)-box 2 (SOX2) and (glial fibrillary acidic protein) GFAP, which are considered neural stem cell markers [START_REF] Ferensztajn-Rochowiak | Stem cells, pluripotency and glial cell markers in peripheral blood of bipolar patients on long-term lithium treatment[END_REF], in the intact VN of adult mammals (unpublished data).

The second question relates to the conditions that induce stem cells migration from neurogenic areas, or factors that induce these cells to enter the cell division cycle from the quiescent state. Neurogenesis only occurs after VN structural deafferentation (eighth nerve section) rather than functional deafferentation (labyrinthectomy or pharmacological blockade) [START_REF] Dutheil | Neurogenic potential within the vestibular nuclei and behavioural time course recovery in the adult cat are governed by the nature of the vestibular damage[END_REF]. Thus, Wallerian degeneration of the sectioned nerve fibers and the subsequent biochemical cascades may trigger the ability to produce new neurons by attracting stem cells or by removing the environmental locks that prevent neurogenesis. The fate of these undifferentiated newborn cells, how they mature and differentiate, and how they fit into a preexisting neural network and impact posture and balance recovery remain unknown.

Confocal imaging and stereological analysis in a UVN cat model have indicated that among these newborn cells, 70% survive beyond 2 months. Of those cells, 40% differentiate into neurons, 40% into astrocytes, and the remaining 20% into microglial cells (Fig. 4). We do not know yet what conditions the distribution in each cell lineage. However, one can speculate that the cells with a neuronal fate will somehow integrate into preexisting functional vestibular networks. This hypothesis is strongly supported by the high proportion of new born neurons and by the mature morphology of these neurons, such as the development of dendritic arborization in one-month post-UVN new neurons [START_REF] Dutheil | BDNF signalling promotes vestibular compensation by increasing neurogenesis and remodelling the expression of potassium-chloride cotransporter KCC2 and GABAa receptor in the vestibular nuclei[END_REF]. Both histological and electrophysiological approaches should confirm this hypothesis.

Why does the pharmacological blockade of neurogenesis principally impact the postural and locomotor functions, but not the nystagmus compensation? Although cell proliferation occurs in all deafferented vestibular nuclei, neuron differentiation (neurogenesis) only occurs in the medial, lateral and inferior vestibular nuclei, which are mainly associated with static and dynamic postural functions [START_REF] Wilson | Mammalian Vestibular Physiology[END_REF]. Thus, the specific blockade of NG exclusively impairs postlocomotor restoration [START_REF] Dutheil | Neurogenesis and astrogenesis contribution to recovery of vestibular functions in the adult cat following unilateral vestibular neurectomy: cellular and behavioural evidence[END_REF].

The superior vestibular nucleus is exclusively dedicated to gaze stabilization and oculomotricity. In this nucleus, cells essentially differentiate into astrocytes and microglia.

Moreover, the kinetics of disappearance of the nystagmus are very fast (8 days in the UVN cat model) and occur before the establishment of the processes leading to the neurogenesis (30 days), indicating that these two processes are independent. Measurements of the vestibulo oculomotor reflex (VOR) after neurogenesis blockade might confirm the lack of a role for neurogenesis in the VOR recovery. What are the possible contributions of neurogenesis to static and dynamic compensation? Compensation for the static deficits results from the restoration of balanced electrical activity between the VNCs. This finding has been confirmed electrophysiologically in the alert guinea pig [START_REF] Ris | Neuronal activity in the ipsilateral vestibular nucleus following unilateral labyrinthectomy in the alert guinea pig[END_REF] and cat [START_REF] Zennou-Azogui | Recovery of head postural control following unilateral vestibular neurectomy in the cat. Neck muscle activity and neuronal correlates in Deiters' nuclei[END_REF]. In addition to a rebalanced activity in the VNCs, compensation for dynamic signs requires a more global reorganization of the central nervous system (reviewed in [START_REF] Curthoys | Vestibular compensation and substitution[END_REF][START_REF] Dieringer | Vestibular compensation: neural plasticity and its relations to functional recovery after labyrinthine lesions in frogs and other vertebrates[END_REF][START_REF] Vidal | Vestibular compensation revisited[END_REF]. The neurogenesis phenomenon we highlight is involved in these two aspects. As shown in our previous study, neurogenesis occurring secondary to unilateral vestibular neurectomy contributes to the restoration of static and dynamic postural deficits (dynamic equilibration function), while it does not interfere with the disappearance of horizontal vestibular nystagmus [START_REF] Dutheil | Neurogenesis and astrogenesis contribution to recovery of vestibular functions in the adult cat following unilateral vestibular neurectomy: cellular and behavioural evidence[END_REF]. Neurogenesis does not appear to be involved in the very early mechanisms of static vestibular compensation, because its time course does not match the recovery of vestibular symptoms, such as nystagmus. Rather, we have postulated that neurogenesis contributes to mid-and long-term compensation, since it appears at 30 days after UVN [START_REF] Tighilet | New neurons in the vestibular nuclei complex after unilateral vestibular neurectomy in the adult cat[END_REF]. This phenomenon probably occurs both through structural reconstruction of vestibular connectivity, and functional adaptations involving the modulation of molecular effectors (such as KCC2 channels), which contributes to maintaining the homeostatic excitability necessary for functional recovery [START_REF] Dutheil | BDNF signalling promotes vestibular compensation by increasing neurogenesis and remodelling the expression of potassium-chloride cotransporter KCC2 and GABAa receptor in the vestibular nuclei[END_REF].

The deafferented vestibular nuclei: a permissive environment for adult reactive neurogenesis

The cellular and molecular mechanisms that support injury-induced endogenous neurogenesis

are not yet fully understood. However, some environmental conditions have been deciphered.

In the deafferented VN, reactive neurogenesis relies on at least three specific conditions (Fig. 5). First, it depends on the level of excitability of the deafferented vestibular environment. We recently demonstrated a remodeling of excitability markers, such as the cation-chloride cotransporter KCC2 and GABAA receptors, during the first three days after UVN (Dutheil et al., 2016). This remodeling favors a depolarizing action of GABA, a neurotransmitter that usually inhibits excitability [START_REF] Boulenguez | Responses to efferent activation and excitatory response-intensity relations of turtle posterior-crista afferents[END_REF][START_REF] Ben-Ari | The GABA excitatory/inhibitory shift in brain maturation and neurological disorders[END_REF]. The pharmacological modulation of GABAA receptors during the post-UVN period significantly alters vestibular reactive neurogenesis and impairs functional restoration [START_REF] Dutheil | GABA(A) receptor agonist and antagonist alter vestibular compensation and different steps of reactive neurogenesis in deafferented vestibular nuclei of adult cats[END_REF].

UVN also induces both ipsi-and contralateral upregulation of the apamin-sensitive calciumactivated small conductance K + (SK) channels, within the first days following the insult [START_REF] Tighilet | Apamin treatment accelerates equilibrium recovery and gaze stabilization in unilateral vestibular neurectomized cats: cellular and behavioral aspects[END_REF]. The administration of apamin (SK channel-selective antagonist) during the acute phase of the vestibular syndrome significantly reduces both the postural/locomotor and vestibulo-ocular deficits induced by the UVN. These changes are manifested as decreases in both the spontaneous nystagmus and the static and dynamic balance unsteadiness. Thus, strategies that regulate SK channel expression may be part of the changes in excitability that support the vestibular compensation process.

The second condition involves BDNF. The number of immunoreactive neurons to BDNF and TrkB (BDNF receptor) transiently increases in the deafferented VN concomitantly with the cell proliferation peak [START_REF] Lacour | Plastic events in the vestibular nuclei during vestibular compensation: the brain orchestration of a deafferentation code[END_REF]. Blocking BDNF-TrkB signaling significantly reduces neurogenesis and prevents postural locomotor recovery in animals with vestibular injuries. Conversely, a continuous infusion of BDNF from the first day after UVN increases the rates of cell proliferation, survival, and differentiation. Under these conditions, the animals fully restore their balance and posture earlier [START_REF] Dutheil | BDNF signalling promotes vestibular compensation by increasing neurogenesis and remodelling the expression of potassium-chloride cotransporter KCC2 and GABAa receptor in the vestibular nuclei[END_REF].

The third essential condition for reactive vestibular neurogenesis is the presence of inflammatory factors in the deafferented VN environment. As soon as UVN is induced, strong astrocytic, microglial and inflammatory reactions favor neurogenesis [START_REF] Dutheil | Neurogenesis and astrogenesis contribution to recovery of vestibular functions in the adult cat following unilateral vestibular neurectomy: cellular and behavioural evidence[END_REF][START_REF] Lopez | The vestibular system: balancing more than just the body[END_REF][START_REF] Liberge | Changes in TNFα, NFκB and MnSOD protein in the vestibular nuclei after unilateral vestibular deafferentation[END_REF]. A three-day treatment with an anti-inflammatory drug (solumedrol) in UVN animals reduces the cell proliferation observed in the deafferented VN (unpublished data). The synthesis of histamine, which has also been reported to function as a proinflammatory factor that activates microglia [START_REF] Rocha | Histamine induces microglia activation and dopaminergic neuronal toxicity via H1 receptor activation[END_REF], is substantially increased after UVN in the posterior hypothalamus and is released in the VN [START_REF] Tighilet | Changes in the histaminergic system during vestibular compensation in the cat[END_REF]. As histamine promotes hippocampal [START_REF] Guilloux | S 38093, a histamine antagonist/inverse agonist, promotes hippocampal neurogenesis and improves context discrimination task in aged mice[END_REF] and subventricular neurogenesis [START_REF] Eiriz | New insights into the role of histamine in subventricular zone-olfactory bulb neurogenesis[END_REF], it could be an essential factor of reactive neurogenesis in the deafferented VN. Moreover, prohistaminergic drugs, which are used to treat vertigo, favor vestibular compensation [START_REF] Tighilet | New neurons in the vestibular nuclei complex after unilateral vestibular neurectomy in the adult cat[END_REF]. Given that inflammation regulates adult neurogenesis [START_REF] Whitney | inflammation mediates varying effects in neurogenesis: relevance to the pathogenesis of brain injury and neurodegenerative disorders[END_REF], the inflammatory phenomenon expressed acutely in the deafferented VN may facilitate the expression of the observed reactive neurogenesis. Similarly, glia have been shown to modulate neuronal network excitability via different processes, such as K + clearance [START_REF] Bellot-Saez | Astrocytic modulation of neuronal excitability through K + spatial buffering[END_REF] or BDNF signaling [START_REF] Ferrini | Microglia control neuronal network excitability via BDNF signalling[END_REF]. Glial cells are also considered central components of all neurogenic niches in the embryonic and adult central nervous systems [START_REF] Falk | Injury-stimulated neurogenesis in sensory systems[END_REF]. Neuronal excitability is known to be a key factor for both postnatal neurogenesis and gliogenesis [START_REF] Káradóttir | Neuronal Activity-Dependent Control of Postnatal Neurogenesis and Gliogenesis[END_REF]. Both the concomitance and the interdependence of these different neuroplastic mechanisms indicate that they work in concert to rebalance the level of excitability between the intact and the deafferented VN. This electrophysiological homeostasis is a prerequisite for the induction of reactive vestibular neurogenesis and the subsequent functional recovery.

Critical period and development recapitulation of developmental processes

Notably, all the phenomena described above occur during the 3-day window after UVN. AraC infusion during this acute phase blocks neurogenesis and decreases the number of GFAPimmunoreactive cells and GABAergic neurons in the VN of neurectomized cats [START_REF] Dutheil | Neurogenesis and astrogenesis contribution to recovery of vestibular functions in the adult cat following unilateral vestibular neurectomy: cellular and behavioural evidence[END_REF]. At the behavioral level, the time course of postural locomotor function recovery is drastically delayed. In contrast, the infusion of AraC beginning 3 weeks after UVN had no influence on either the time course of behavioral recovery or on the different steps of neurogenesis. We conclude that the first week after UVN represents a likely critical period in which important neuroplastic mechanisms, including neurogenesis, take place to promote vestibular functional recovery. In support of this hypothesis, sensorimotor restriction (SMR) applied during the first week after UVN to both adult cats and monkeys prevents postural recovery, while later application of SMR does not impair the functional recovery time course [START_REF] Lacour | Modifications and development of spinal reflexes in the alert baboon (Papio papio) following an unilateral vestibular neurotomy[END_REF][START_REF] Xerri | Compensation deficits in posture and kinetics following unilateral vestibular neurectomy in cats. The role of sensorimotor activity[END_REF]. The re-emergence of such a critical period during the postlesional reparative time is reminiscent of some stages of development, during which both neurogenesis and the peak expression of depolarizing GABA and neurotrophins are together solicited. Therefore, the injured adult vestibule may use the same developmental recipes for its reconstruction and functionality.

Adult reactive neurogenesis and sensory systems

Reactive adult cortical neurogenesis has previously been observed in patients with amyotrophic lateral sclerosis [START_REF] Chi | Motor neuron degeneration promotes neural progenitor cell proliferation, migration, and neurogenesis in the spinal cords of amyotrophic lateral sclerosis mice[END_REF], epilepsy [START_REF] Scott | Kindling-induced neurogenesis in the dentate gyrus of the rat[END_REF]Jessberger and Parent, 2008), and multiple sclerosis [START_REF] Danilov | Neurogenesis in the adult spinal cord in an experimental model of multiple sclerosis[END_REF], after focal apoptosis [START_REF] Magavi | Induction of neurogenesis in the neocortex of adult mice[END_REF] as well as in rodent models of ischemia [START_REF] Parent | The role of seizure-induced neurogenesis in epilepto-genesis and brain repair[END_REF][START_REF] Thored | Persistent production of neurons from adult brain stem cells during recovery after stroke[END_REF][START_REF] Ling | Neurogenesis and angiogenesis within the ipsilateral thalamus with secondary damage after focal cortical infarction in hypertensive rats[END_REF]. However, few investigations have addressed the question of whether adult reactive neurogenesis occurs in sensory systems following damages to the sensory nerve. [START_REF] Vessal | Adult neurogenesis occurs in primate sensorimotor cortex following cervical dorsal rhizotomy[END_REF] presented the first evidence that adult neurogenesis occurs in the nonhuman primate primary somatosensory and motor cortex in direct response to a spinal dorsal root injury. Importantly, they provided strong evidence that new neurons formed within the reorganized but uninjured cortex in response to a cervical deafferentation, as many synapses at the site of injury and significant gliosis associated with the injury were observed.

Neither the environmental conditions that support injury-induced endogenous neurogenesis, nor the functional relevance of this phenomenon in the subsequent recovery of hand function have been established.

Adult neurogenesis is also involved in peripheral sensory systems, during the regeneration of photoreceptors, olfactory sensory cells and vestibular hair cells (Farbman 1997 for review).

However, few studies have reported that damage to a peripheral sensory system induces cell proliferation that may be related to central neurogenesis. Bilateral surgical lesions of the cochlea result in cell proliferation in the cochlear nucleus of the brainstem in adult rats (Zheng et al., 2011). A similar plastic phenomenon was subsequently observed after acoustic trauma in adult rats (Zheng et al., 2015). The functional significance of this process has not been determined. It can be assumed, that the new cells undergo apoptosis or remain nonfunctional. Another possibility is that some of the new neurons become functional by integrating into the local neural circuitry and contributing to adaptive or maladaptive plasticity. In a more recent study, we confirmed the existence of reactive neurogenesis in the cochlear nuclei of the brain stem, subsequent to vestibule cochlear nerve section. Some of the mechanisms that have been previously reported in the deafferented vestibular nuclei, such as the KCC2 downregulation (suggesting that GABA may become excitatory), were also observed. The functionality of the newborn neurons remains an open question. One possibility is that they support a maladaptive plasticity such as tinnitus or hyperacusis [START_REF] Tighilet | Reactive Neurogenesis and Down-Regulation of the Potassium-Chloride Cotransporter KCC2 in the Cochlear Nuclei after Cochlear Deafferentation[END_REF].

Clinical relevance

Over the two last decades, the use of surgical approaches to treat Ménière's disease (including vestibular neurectomy, labyrinthectomy and ablation of the endolymphatic sac) has significantly decreased. Simultaneously, the intratympanic administration of gentamicin therapy has increased to become the most frequently used invasive treatment for Ménière's disease [START_REF] Silverstein | Changing trends in the surgical treatment of Ménière's disease: results of a 10-year survey[END_REF]). However, one of the main advantages of the neurectomy is that it preserved the hearing of more than 98% of patients [START_REF] Silverstein | Combined retrolab-retrosigmoid vestibular neurectomy. An evolution in approach[END_REF][START_REF] Pareschi | Posterior fossa vestibular neurotomy as primary surgical treatment of Menière's disease: a reevaluation[END_REF][START_REF] Schlegel | Functional results and quality of life after retrosigmoid vestibular neurectomy in patients with Ménière's disease[END_REF], whereas labyrinthectomy systematically sacrifices hearing [START_REF] Diaz | Quality of life assessment of Ménière's disease patients alter surgical labyrinthectomy[END_REF]. Unfortunately, current clinical imaging technics do not allow for checking the presence of newborn neurons in deafferented vestibular nuclei in response to curative vestibular neurectomy. Given the phylogenetic proximity, neurogenesis likely occurs in the brain stem of patients after vestibular neurectomy. We can question the impact of this mechanism in the disappearance of the syndrome and the implementation of the vestibular compensation. Different animal models of vestibular lesions have been developed (Lacour et al., 2009[START_REF] Dutheil | Neurogenic potential within the vestibular nuclei and behavioural time course recovery in the adult cat are governed by the nature of the vestibular damage[END_REF]) that reproduce either reversible blockage of peripheral inputs (inner ear injection of tetrodotoxin), permanent loss of peripheral sensors only (unilateral labyrinthectomy -UL-model), or complete removal of both peripheral sensors and Scarpa's ganglion (UVN model) to compare the compensation capacities according to the type of peripheral impairment and the neuroplasticity mechanisms involved. In the two first cases, the mechanisms that occur in the brainstem vestibular nuclei include the modulation of neurotransmitter, neurohormone, and/or neurotrophic factor synthesis. Conversely, in the case of UVN, in which the peripheral inputs are completely lost, the aforementioned plasticity mechanisms are observed to a greater extent and structural changes, such as neurogenesis, are established within the vestibular nuclei. The time courses and mechanisms of recovery depend on the type of vestibular deafferentation. In support of this hypothesis, patients who undergo neurectomy have been reported to experience a significant correction of their functional deficits within a few months after surgical intervention [START_REF] Redon | Betahistine treatment improves the recovery of static symptoms in patients with unilateral vestibular loss[END_REF]. We presume that this effect may rely on neurogenesis. This type of emergency rescue may occur to replace the loss of secondary vestibular neurons in the brainstem during aging [START_REF] Lopez | Aging and the human vestibular nucleus[END_REF][START_REF] Zalewski | Aging of the Human Vestibular System[END_REF]. This question also extends to the age-related loss of primary vestibular neurons and hair cells [START_REF] Rosenhall | Degenerative patterns in the aging human vestibular neuro-epithelia[END_REF].

Future directions

The discovery of the involvement of adult reactive neurogenesis in the vestibular compensation process raises both basic and translational questions. In terms of priority, more thorough investigations of the origins and fate of the newborn neurons in the VN are needed.

Mouse strains in which stem cells are specifically labeled may allow researchers to define the types and location of neural precursors, as well as the characteristics of integration (arborization and synaptic contacts) of the new neurons, in preexisting networks. Molecular electrophysiological approaches for brainstem slices should be developed to confirm the electrophysiological signatures of the different cell types and their roles in restoring the excitability of the deafferented vestibular environment. Pharmacological modulation of each of the cell types (astrocytes, microglia, and neurons) should improve our understanding of their respective contributions to the overall functional recovery process.

Confirming the existence of such a phenomenon in humans is of course a prerequisite for any therapeutic intervention aimed at accelerating and optimizing vestibular compensation for a faster and better recovery of gait and balance. However, we must accept that established clinical protocols for functional imaging that are suitable to depict neurogenesis to the extent expected from animal models are currently unavailable. The observation of a critical time window of intense postlesional plasticity delineates a putative therapeutic window in which drug actions should be most effective in influencing local plasticity and subsequent functional restoration. Unlike the auditory system, the damaged adult peripheral vestibular system is able to generate new hair cells, albeit in limited numbers (Li et al., 2003). The adult central vestibular system also initiates functional neurogenesis upon traumatic injury. Based on these findings, cells in adult vestibular tissues retain regenerative and proliferative capacities. The identification of the molecular effectors that control these properties might be relevant to regenerative medicine based on stem-cell-mediated replacement of damaged or lost inner ear hair cells and neurons, as well as the development of cochlear and vestibular implants. Indeed, based on current advances in these respective fields (Czalkowski et al. 2018;[START_REF] Lenarz | Cochlear implant -state of the art[END_REF], the next true challenge will consist of integrating and reconnecting the newly generated cells and devices into preexisting networks.

Conclusion

This review describes the phenomenon of adult reactive neurogenesis that occurs in the vestibular nuclei upon the loss of the inputs arising from peripheral vestibular sensors. This Downregulation of KCC2 decreases chloride extrusion from the cell. Cl -ions then accumulate in the cell and the transmembrane chloride gradient collapses. Because the anion flux is inverted, when GABA opens GABAA receptors, Cl -ions leaving the cell depolarize the cell membrane and subsequently increase the cell excitability. Interestingly, at the same time point (3 days after UVN), a peak of BrdU + cells is observed in the deafferented VN and correlates with the peak in BDNF expression. Thus, BDNF, which is released by both neurons and glia, also potentially modulates cell proliferation, survival and excitability. All these molecular mechanisms have the common goal of restoring the excitability of the deafferented VN, which is crucial for the different steps of neurogenesis (proliferation, survival, differentiation and integration into functional neural networks) and subsequent functional recovery [START_REF] Dutheil | GABA(A) receptor agonist and antagonist alter vestibular compensation and different steps of reactive neurogenesis in deafferented vestibular nuclei of adult cats[END_REF]. Adapted from [START_REF] Dutheil | BDNF signalling promotes vestibular compensation by increasing neurogenesis and remodelling the expression of potassium-chloride cotransporter KCC2 and GABAa receptor in the vestibular nuclei[END_REF] 
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 12 Fig.1: Schematics of sensory heteromodal inputs into vestibular nuclei and their functional consequences in normal (A) and unilateral vestibular loss conditions (B).

Fig. 3 :

 3 Fig. 3: Histological evidence of adult cell proliferation in the deafferented vestibular nuclei of the cat and its impact on the postural and locomotor functions. A-B: Proliferating, BrdU-immunoreactive cells (arrow) in deafferented medial VN in cats infused with a control saline solution (NaCl, A) or antimitotic (AraC, B) in the fourth ventricle 30 days after UVN. Vestibular nerve sections exhibited a substantial increase in the number of BrdU-immunoreactive cells in the deafferented medial VN following the NaCl infusion, whereas no BrdU-immunoreactive cells were observed in the medial VN after an AraC infusion (scale bar: 50 µm). C: Evolution of the mean postoperative support surface, as delimited by the four legs of the cat standing erect without walking (in square centimeters). Data recorded after vestibular deafferentation were related to individual references and normalized to the preoperative values referred to unity (one being close to 50 cm 2 ). SEMs of the means are shown as vertical lines. Note the longer recovery time when AraC was infused immediately after UVN (86 days instead of 50 days). D: The maximal performance (Max P)in the dynamic equilibrium task is defined as the highest beam rotation speed that did not lead to a fall on four consecutive crossings. This value is presented as a percentage of the preoperative maximal performance over postoperative time in days (on the abscissae). SEMs are shown as vertical lines. Full recovery takes much longer when AraC is infused immediately after UVN (146 days instead of 46 days). Adapted from[START_REF] Dutheil | Neurogenesis and astrogenesis contribution to recovery of vestibular functions in the adult cat following unilateral vestibular neurectomy: cellular and behavioural evidence[END_REF] 

Fig. 4 :

 4 Fig. 4: Newly generated cells differentiate into neurons, astrocytes and microglial cells.Confocal images of newly generated cells immunolabeled with both BrdU (red) and specific markers of cell differentiation (green) reveal three cell lineages: neurons (NeuN: neuronal nuclei marker), astrocytes (GFAP: glial fibrillary acidic protein), and microglial cells (IBA1: ionized calcium binding adapter molecule 1). Among the neural cell populations, a proportion

Fig. 5 :

 5 Fig.5: The deafferented vestibular nuclei: a permissive environment for adult reactive neurogenesis. In the adult brain, under physiological conditions or on the intact side of the VN (right panel), the presence of KCC2 in the neuronal membrane leads to a low inner Cl - concentration. When GABA activates GABAA receptors, it triggers an influx of Cl -, which hyperpolarizes the membrane. After UVN (left panel), microglia and astrocytes are strongly activated in the deafferented VN. We hypothesize that microglia and nerve terminals release BDNF, which in turn activates TrkB receptors and downregulates KCC2 expression.
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