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Résumé

Les organismes sont physiologiquement préparés à répondre aux menaces et aux évènements négatifs qui perturbent leur homéostasie. Cette capacité repose sur la réponse physiologique au stress et permet aux organismes de s'adapter. Cependant, cette réponse adaptative peut devenir inadaptée lorsque le stress est maintenu dans le temps. Des études humaines et animales ont décrit de manière exhaustive les déficits de mémoire, ainsi que les altérations de la plasticité structurale de l'hippocampe dus au stress chronique. Cependant, les mécanismes sous-jacents à ces effets délétères ne sont pas encore totalement élucidés.

Outre les médiateurs classiques tels que la corticostérone (CORT), le stress induit la libération d'un neuropeptide apparenté aux opioïdes nommé Nociceptine/OrphanineFQ (N/OFQ) qui agit sur un récepteur couplé aux protéines G appelé NOP. Parce que ce peptide a des effets délétères sur la mémoire lorsqu'il est injecté dans le cerveau, nous avons émis l'hypothèse qu'il pourrait être un médiateur des effets négatifs du stress sur la mémoire. De plus, le système N/OFQ-NOP étant fortement exprimé dans l'hippocampe, nous avons suggéré une implication de l'activité de ce système dans les altérations de la plasticité causées par le stress chronique. Nous avons donc mis en place des stratégies pharmacologiques et génétiques pour tester ces hypothèses chez la souris.

Au cours de cette thèse, nous avons d'abord pu montrer que le blocage pharmacologique du système endogène N/OFQ-NOP module la formation de la mémoire en fonction du type de mémoire. À la lumière de ce résultat, nous avons ensuite démontré que le blocage aigu des récepteurs NOP restaure les performances de mémoire à long terme dans les tâches de localisation et de reconnaissance d'objets dans deux modèles de stress chronique basés sur l'administration chronique de CORT. Dans le but d'explorer les mécanismes possibles, nous avons évalué le rôle du système N/OFQ-NOP endogène dans les altérations de la plasticité structurale de l'hippocampe dues au stress. Nous avons ainsi mis en évidence un effet protecteur d'un antagoniste NOP contre certaines altérations structurales de l'hippocampe induites par le stress. Plus précisément, le co-traitement avec l'antagoniste a empêché les déficits de spinogenèse observés dans les neurones nés à l'âge adulte dans les deux modèles de stress chronique. Pour étudier plus en détail les mécanismes, nous avons décrypté le rôle spécifique du système N/OFQ-NOP hippocampique dans les altérations de la mémoire et de la plasticité dues au stress chronique. L'élimination des récepteurs NOP spécifiquement dans l'hippocampe reproduit l'effet du traitement antagoniste systémique, suggérant que les conséquences délétères de l'activation du système N/OFQ-NOP dans des conditions de stress chronique sont médiées en partie par les effets directs du système N/OFQ-NOP hippocampique.

Jusqu'à présent, ce travail met en évidence un rôle régulateur du système N/OFQ-NOP endogène dans la formation de la mémoire dans des conditions physiologiques. De plus, il démontre que le système N/OFQ-NOP est un acteur des effets délétères du stress chronique sur la mémoire et la plasticité de l'hippocampe. Enfin, il révèle qu'un ciblage systémique ou spécifique à l'hippocampe du système N/OFQ-NOP est suffisant pour prévenir les troubles de la mémoire et de la plasticité hippocampique dans un contexte de stress chronique. Ces travaux ouvrent la voie au développement de nouvelles stratégies utilisant le récepteur NOP comme cible pharmacologique pour le traitement des déficits de mémoire dans les troubles liés au stress. d. Discussion ...................................................................................................................... ............................................................................................... b. Modulation of the hippocampus cell activity by the endogenous N/OFQ-NOP system under chronic stress conditions .. ............................................................................. ...................................................................................................................... Originally, the term "stress" comes from classical mechanics and is used by Robert Hook (1635( -1703, Fig 1;, Fig 1;Rowbury, 2012) in its law stated in 1676 to describe the force per unit area applied to an object. This law, stating that the force is proportional to the extension, is aimed at allowing the measurement of the deformation of an object called the strain depending on the force applied named stress. Later, in 1935, the physiologist Walter B. Cannon (1871-1945, Fig 1) applied this terminology and relation to the organisms by describing what he called the "stresses and strains of homeostasis" [START_REF] Cannon | STRESSES AND STRAINS OF HOMEOSTASIS[END_REF]. The concept of homeostasis was first described by the physiologist Claude Bernard (1813-1878, Fig 1) who said in his text: "Introduction to the study of experimental medicine", that every vital mechanism has one purpose which is the conservation of the unity of the conditions of life in the internal environment [START_REF] Irving | Claude Bernard's 'Introduction to the Study of Experimental Medicine[END_REF]. Walter B. Cannon created the term Homeostasis from the Greek stasis ("state") and homoios ("the same as") which he describes in his book "The Wisdom of the Body" as the stabilization of the states that allow the biological processes of life [START_REF] Cannon | The wisdom of the body[END_REF]. Thus, in his text "Stresses and strains of homeostasis", Walter B.
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Cannon uses the term stress to describe events that perturb homeostasis and he describes the various mechanisms that are responding to recover this homeostatic (1813-1878), Walter Bradford Cannon (1871-1945), and Hans Seley (1907[START_REF] Van Hoesen | The parahippocampal gy-rus: new observations regarding its cortical connec-tions in the monkey[END_REF].

state. In this way, an analogy is created between the stress from classical mechanics which can be viewed as the force applied to a spring that induces its deformation, and the physiological stress which is an event that induces a perturbation of the organism.

As the spring recovers its original shape as soon as the force/ stress is over, the organism recovers its homeostatic state when the stressor is no longer present. However, in physics, it was as well described that if the stress goes too strong, the spring will not recover its original shape when the stress is over and will stay deformed: this is called the rupture or fracture. This is also true for the organisms and their homeostasis. Walter B. Cannon wrote, "the stress might be regarded as becoming excessive or critical, i.e., inducing a breaking strain in the homeostatic mechanisms" [START_REF] Cannon | STRESSES AND STRAINS OF HOMEOSTASIS[END_REF]. The rupture point for living organisms is called the allostatic load. The changes in homeostasis are named allostasis by professor Peter Sterling and the neuroendocrinologist Bruce McEwen (1938McEwen ( -2020) ) created the term allostatic load to refer to a change in the homeostasis baseline due to cumulative effects of allostatic responses which are chronic. Thus, when the stress becomes chronic, the changes in homeostasis become too important and do not allow a return to the original homeostasis. There is a new, altered baseline of homeostasis (Figure 2). The physiologist Hens Selye (1907-1982, Fig 1) described the biological response to stress in three stages and called it the general syndrome of adaptation [START_REF] Selye | The stress of life[END_REF].

These three stages are the alarm reaction, the resistance, and the exhaustion. The alarm reaction stage describes the initial physiological response to stress. This natural response of the organism is adaptive and aimed at protecting it from danger. The bodies prepare to face the threat by fighting or flighting, this is why it is called as well the "fight or flight" response. The resistance stage corresponds to the recovery of the organism. All the parameters of the organism that were changed (blood pressure, heart rate, stress mediators levels…) are returning to their basal levels. The last stage, exhaustion, occurs under chronic stress situations. The body struggled too long with stress and is not able to recover its homeostatic state. Many parameters are thus "stuck" in a stress state. This induces fatigue, burnout, anxiety, and depression. This description of stress indicates that it is a change in our environment that necessitates a physiological reaction in order to face the situation and adopt the most adapted behavior. In that perspective, a stressor can be of two natures: physical and psychological. Thus, the variety of stress is infinite and completely depends on the situation itself. It can be of different strengths but as well different duration. This is from this aspect of duration that chronic stress comes. Chronic stress is stress that lasts at least 1 week. As seen before with the allostatic load, chronic stress induces profound changes in the organisms and has deleterious effects which will be described in the following chapters.

b. The biological response to stress i. Main pathways contributing to the stress response For reviews on this matter see [START_REF] Chrousos | Stress and disorders of the stress system[END_REF][START_REF] Lupien | Effects of stress throughout the lifespan on the brain, behaviour and cognition[END_REF]Lee et al., 2015. The physiological stress response, inducing modifications of the endocrine and autonomous systems and behavior, is an adaptive mechanism allowing the organism to adapt to stressful situations. This physiological response to stress during the alarm reaction stage lay on two axes that end with the release of hormones via the adrenal gland (Figure 3). One consists of the activation of the sympathetic nervous system by the hypothalamus that causes the release of catecholamines, epinephrine (adrenaline), and norepinephrine by the medulla part (central part) of the adrenal glands. This pathway leads to an urgent action as it stimulates heartbeats and faster breathing as well as the recruitment of energy by the release of glucose by liver cells. This is a short-term effect directly controlled by a nerve. The other axis is called the Hypothalamo-pituitary-adrenal (HPA) axis (Figure 4). After a stressful stimulus, corticotropin-releasing hormone or factor (CRH or CRF) and arginine vasopressin (AVP) are released from the neurons in the medial parvocellular region of the paraventricular nucleus of the hypothalamus (PVN). The released CRH stimulates the synthesis and release of the adrenocorticotropin hormone (ACTH) in blood circulation.

ACTH, by binding to its receptor (Melanocortin type 2 receptor) on the adrenal gland, induces the synthesis and release of glucocorticoids (GCs), namely cortisol in humans and corticosterone in rodents (collectively referred to as CORT), in blood circulation [START_REF] Spencer | A users guide to HPA axis research[END_REF]. This is a more prolonged response to stress. 
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The body enters then in the resistance stage that is, at the level of the HPA axis, controlled in part by the same mediators that take part in the initial stress response.

Being lipophilic, CORT crosses the blood-brain barrier and enters neuronal target cells through the cell membrane. Once in the cytosol, it binds to two types of steroid receptors: the mineralocorticoid receptor (MR) [START_REF] Arriza | Cloning of human mineralocorticoid receptor 263 complementary DNA: Structural and functional kinship with the glucocorticoid receptor[END_REF] and the glucocorticoid receptor (GR) [START_REF] Hollenberg | Primary structure and expression of a functional human glucocorticoid receptor cDNA[END_REF][START_REF] Reul | Two receptor systems for corticosterone in rat brain: Microdistribution and differential occupation[END_REF]. MRs are mostly located in the hippocampus (HPC) and the amygdala (AMY) [START_REF] Funder | Mineralocorticoid receptors: Distribution and activation[END_REF] while GRs are ubiquitous [START_REF] Alexis | The distribution and properties of the glucocorticoid receptor from rat brain and pituitary[END_REF]. Among others, GRs are found in the hypothalamus and pituitary where the binding of CORT inhibits the release of CRH and ACTH. This way, GCs exert negative feedback on the HPA axis [START_REF] Smith | The role of the hypothalamic-pituitaryadrenal axis in neuroendocrine responses to stress[END_REF].

The hippocampus as well plays a role in the inhibition of the HPA axis as it contains high GRs and MRs levels and the injection of GCs in this structure decreases GCs basal or acute stress-induced release (Jacobson and Sapolsky, 1991). Additionally, the basolateral nucleus of the amygdala (BLA) regulates negatively the behavioral and physiological responses to stress [START_REF] Bhatnagar | Regulation of chronic stressinduced changes in hypothalamic-pituitary-adrenal activity by the basolateral amygdala[END_REF].

The outcome of these two stress pathways is the release of numerous hormones and neuropeptides.

As seen previously, there are many different types of stressors that necessitate different responses in order to obtain the most adaptative behavior. In that sense, the stress mediators and their possible actions are numerous.

Under chronic stress conditions, the HPA axis is overactivated which leads to its dysfunction. This overactivation induces an increase in glucocorticoid concentration which elicits a decrease in the sensitivity of GRs in the hippocampus. Consequently,

Figure 4 -HPA axis. Neurons in the medial parvocellular region of the paraventricular nucleus of the hypothalamus release corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP).

This triggers the subsequent secretion of adrenocorticotropic hormone (ACTH) from the pituitary gland, leading to the production of glucocorticoids by the adrenal cortex. Following activation of the system, feedback loops are triggered at various levels of the system in order to shut the HPA axis down and return to a homeostatic set point. From [START_REF] Lupien | Effects of stress throughout the lifespan on the brain, behaviour and cognition[END_REF] the inhibition of the HPA axis by the hippocampus is no longer functional and the circulating GCs are increased [START_REF] Wong | Acute-stress-induced facilitation of the hypothalamic-pituitary-adrenal axis[END_REF][START_REF] Stetler | Depression and hypothalamic-pituitaryadrenal activation: A quantitative summary of four decades of research[END_REF]. The CRH levels are increased which can lead to hypertrophy of the pituitary and adrenal glands.

The result is hypercortisolism [START_REF] Pruessner | Self-reported depressive symptoms and stress levels in healthy young men: Associations with the cortisol response to awakening[END_REF][START_REF] Pariante | Risk factors for development of depression and psychosis. Glucocorticoid receptors and pituitary implications for treatment with antidepressant and glucocorticoids[END_REF]. This is the exhaustion stage.

ii. Stress mediators Fastly, within minutes after the onset of stressors, monoamines are released and they act fast as they induce synaptic responses within seconds. As seen previously, a part of this release is triggered by the activation of the sympathetic nervous system but it is as well directly triggered by regions involved in the evaluation of stressful events (McGauch, 2004;[START_REF] Ulrich-Lai | Neural regulation of endocrine and autonomic stress responses[END_REF]. This monoamine increase after stress was shown in the hippocampus, the amygdala, the prefrontal cortex, and the nucleus accumbens. Among these monoamines, noradrenaline, dopamine, and serotonin are increased in specific neuronal populations [START_REF] Maier | Stressor controllability and learned helplessness: The roles of the dorsal raphe nucleus, serotonin, and corticotropinreleasing factor[END_REF][START_REF] Linthorst | Stress and the brain: Solving the puzzle using microdialysis[END_REF]. Noradrenaline causes a shift from focused processing of sensory information to a more general scanning of the environment, which may provide better solutions for challenging conditions [START_REF] Aston-Jones | An integrative theory of locus coeruleus-norepinephrine function: Adaptive gain and optimal performance[END_REF]. Dopamine improves risk evaluation and decision strategies at the level of the prefrontal cortex during moderate stress [START_REF] Goto | The Yin and Yang of dopamine release: A new perspective[END_REF]. Serotonin plays an important role in reducing post-stress anxiety [START_REF] Adamec | Vulnerability to lasting anxiogenic effects of brief exposure to predator stimuli: Sex, serotonin and other factors-relevance to PTSD[END_REF]. Although monoamines are principally engaged in the rapid initial response to stress, they can activate transcription factors called early genes, which extend their action in time [START_REF] Mcintyre | Memory-influencing intra-basolateral amygdala drug infusions modulate expression of Arc protein in the hippocampus[END_REF].

As the end product of the HPA axis, glucocorticoids released by the adrenal cortex (Cortisol in humans and corticosterone in rodents) are the main stress mediators.

These steroid hormones reach all tissues including the brain and are thus involved in almost every physiologic, cellular and molecular networks (For reviews on this part see [START_REF] Charmandari | Glucocorticoids and their actions: An introduction[END_REF][START_REF] Chrousos | Glucocorticoid action networks-An introduction to systems biology[END_REF][START_REF] Chrousos | Glucocorticoid action networks and complex psychiatric and/or somatic disorders[END_REF]Nicolaids et al., 2015).

Once released, glucocorticoids reduce inflammation through a combination of both inhibition and upregulation of gene transcription, increase neoglucogenesis at the level of the liver, reduce glucose uptake and its use by peripheral tissues, increase proteins breakdown, activate lipolysis, and cause diverse neurological effects. An excess of glucocorticoids can induce the accumulation of visceral fat (metabolic syndrome), hypertension, stunted growth and osteoporosis, immune suppression, antiinflammation, vulnerability to infections and tumors as well as insomnia, anxiety, depression, and defective cognition.

Numerous neuropeptides are released by stress and produce various effects on the body and the brain. The neuropeptide action after stress can be fast as they can be released in the early onset of stress by hypothalamic neurons and their actions depending on the neuropeptide and its receptor can be long-lasting. The CRH released by the parvocellular neurons of the PVN induces the fast release of ACTH and then corticosteroids. CRH, when released by modest acute stress, enhances memory consolidation in the amygdala [START_REF] Roozendaal | Involvement of stress-released corticotropin-releasing hormone in the basolateral amygdala in regulating memory consolidation[END_REF][START_REF] Merali | Does amygdaloid corticotropin-releasing hormone (CRH) mediate anxiety-like behaviors? Dissociation of anxiogenic effects and CRH release[END_REF] and primes long-term potentiation (LTP) [START_REF] Blank | Priming of long-term potentiation in mouse hippocampus by corticotropin-releasing factor and acute stress: Implications for hippocampus-dependent learning[END_REF], and improves memory [START_REF] Wang | Corticotrophinreleasing factor produces a long-lasting enhancement of synaptic efficacy in the hippocampus[END_REF] at the level of the hippocampus. However, in the context of chronic stress, the large amount of CRH can lead to the loss of dendritic spines in the pyramidal cells of the CA3 region of the hippocampus [START_REF] Chen | Rapid loss of dendritic spines after stress involves derangement of spine dynamics by corticotropin-releasing hormone[END_REF]. The vasopressin neuropeptide which origins in the magnocellular neurons of the paraventricular and supraoptic nuclei is released by stress and increases the water reabsorption in the renal distal tubules. This induces vasoconstriction and elevated blood pressure. Under chronic stress conditions, vasopressin maintains the increase of the HPA axis activity. Stress has a strong impact on the neuropeptide Y (NPY) system [START_REF] Alldredge | Pathogenic involvement of neuropeptides in anxiety and depression[END_REF] which is broadly expressed in the central nervous system and thus involved in numerous physiological functions. While acute stress reduces the expression of NPY messenger ribonucleic acid (mRNA) and peptides (Throsell et al., 1998), chronic stress increases it [START_REF] Thorsell | Behavioral and endocrine adaptation, and up-regulation of NPY expression in rat amygdala following repeated restraint stress[END_REF]. As NPY is expressed in stress-related centers it is thought to have at least a modulatory role in stress adaptation. Similarly, the neuropeptide S which is expressed in the brainstem and locus coeruleus and involved in numerous physiological functions is believed to have a role in stress adaptation [START_REF] Alldredge | Pathogenic involvement of neuropeptides in anxiety and depression[END_REF]. Numerous other neuropeptides such as Orexin and Galanin are triggered by stress and participate in the physiological modifications induced by stress.

Finally, other types of molecules implicated in stress are opioids such as enkephalins and dynorphins that are released by stress and attenuate or mimic the stress response depending on the receptors activated (For a review see [START_REF] Valentino | Endogenous Opioids: The Downside of Opposing Stress[END_REF]. One of these peptides, related to the opioid family, is named Nociceptin/Orphanin FQ (N/OFQ), and its relation to stress is further described in Part 2.II of the introduction.

II. Chronic stress and memory

a. Chronic stress-induced memory deficits For a description of behavioral tests for memory evaluation cited below see box 1.

While acute stress either intrinsic or extrinsic can have favorable outputs in memory acquisition and consolidation depending on the strength of stress (for a review see [START_REF] Sandi | Stress and memory: Behavioral effects and neurobiological mechanisms[END_REF], chronic stress is mostly deleterious for memory processes. The effect of chronic stress on memory depends on the type of memory studied, the gender, and the type of stress with major importance in the age during the stress. Here I will describe the effect of different chronic stresses on several aspects of cognition.

Concerning spatial learning and memory, in the majority of studies stress induces learning and memory impairment. In male rats, restraint stress has a deleterious impact on learning and memory. A strong restraint of 6h per day for 21 days impaired spatial learning in the Morris Water Maze (MWM) [START_REF] Venero | Chronic stress induces opposite changes in the mRNA expression of the cell adhesion molecules NCAM and L1[END_REF][START_REF] Sandi | Rapid reversal of stress induced loss of synapses in CA3 of rat hippocampus following water maze training[END_REF] and induced memory deficits in the eight-arm radial maze [START_REF] Luine | Repeated stress causes reversible impairments of spatial memory performance[END_REF].

A decrease in the time of restraint per day from 6 to 2 hours is still deleterious for memory as shown in the MWM and the Barnes-Maze (BM) [START_REF] Trofimiuk | Ciproxifan differentially modifies cognitive impairment evoked by chronic stress and chronic corticosterone administration in rats[END_REF].

However, the alteration of learning and memory is not consistent when the total duration is shortened to 7 days with a study showing impaired spatial learning and memory in the MWM [START_REF] Radecki | BDNF protects against stress-induced impairments in spatial learning and memory and LTP[END_REF], and another finding no effect of stress on these aspects in the radial maze [START_REF] Luine | Restraint stress reversibly enhances spatial memory performance[END_REF]. The model of social defeat was shown to induce long-term but not short-term memory deficit in the Radial-Arm Water Maze (RAWM) in male Sprague-Dawley rats [START_REF] Patki | Depression, anxiety-like behavior and memory impairment are associated with increased oxidative stress and inflammation in a rat model of social stress[END_REF], but this same model of stress had no impact on learning and memory in male C57BL/6J mice [START_REF] Yu | Cognitive and neural correlates of depression-like behaviour in socially defeated mice: An animal model of depression with cognitive dysfunction[END_REF][START_REF] Jin | The effects of social defeat on behavior and dopaminergic markers in mice[END_REF]. A similar chronic stress that consists of exposure to a predator, induced impairment of learning and short-term memory in male rats evaluated in the RAWM [START_REF] Diamond | Exposing rats to a predator impairs spatial working memory in the radial arm water maze[END_REF]. In male mice, however, the Unpredictable Chronic Mild Stress (UCMS) model consistently induced impaired learning and memory in the MWM in different strains: Laca mice [START_REF] Rinwa | Piperine potentiates the protective effects of curcumin against chronic unpredictable stress-induced cognitive impairment and oxidative damage in mice[END_REF]), ICR (Song et al., 2006), BALB/cByJ [START_REF] Gumuslu | The Antidepressant Agomelatine Improves Memory Deterioration and Upregulates CREB and BDNF Gene Expression Levels in Unpredictable Chronic Mild Stress (UCMS)-Exposed Mice[END_REF], and C57Bl/6 [START_REF] Bisaz | Causal evidence for the involvement of the neural cell adhesion molecule, NCAM, in chronic stress-induced cognitive impairments[END_REF]. The same stress model in male rats, induced impairment of spatial learning in the RAWM [START_REF] Ortiz | Sex-specific impairment and recovery of spatial learning following the end of chronic unpredictable restraint stress: Potential relevance of limbic GAD[END_REF] and in the MWM [START_REF] Tagliari | Antioxidants prevent memory deficits provoked by chronic variable stress in rats[END_REF] and long-term memory deficits in the MWM [START_REF] Tagliari | Antioxidants prevent memory deficits provoked by chronic variable stress in rats[END_REF]Liu et al., 2014). However, this paradigm did not affect spatial learning and memory performances of female Sprague-Dawley rats in the RAWM [START_REF] Ortiz | Sex-specific impairment and recovery of spatial learning following the end of chronic unpredictable restraint stress: Potential relevance of limbic GAD[END_REF]. The models based on chronic corticosterone administration consistently induce learning and memory impairments in rats and mice. In male rats, subcutaneous injection of 5 mg/kg/day [START_REF] Trofimiuk | Ciproxifan differentially modifies cognitive impairment evoked by chronic stress and chronic corticosterone administration in rats[END_REF] or 40 mg/kg/day [START_REF] Lee | Baicalin improves chronic corticosterone-induced learning and memory deficits via the enhancement of impaired hippocampal brain-derived neurotrophic factor and cAMP response elementbinding protein expression in the rat[END_REF]) of corticosterone has a deleterious impact on spatial learning and memory.

Still in male rats, the delivery of corticosterone with CORT pellets during 80 days damaged learning in the BM [START_REF] Mclay | Chronic corticosterone impairs memory performance in the Barnes maze[END_REF]. In male C57Bl/6J mice, corticosterone delivered via drinking water during 5 weeks (model used in this thesis) impaired spatial learning memory and recall assessed in the MWM and the BM [START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF]. Only one study found opposite results in male rats with subcutaneous injections of corticosterone (40mg/kg/day) with an increased memory performance when tested 5 days after the last training session [START_REF] Workman | Prior high corticosterone exposure reduces activation of immature neurons in the ventral hippocampus in response to spatial and nonspatial memory[END_REF]. It was shown in multiple studies using prenatal stress that chronic stress applied to dams affects the learning and memory performance of offspring. In rats, applying a physical chronic stressor, like restraint stress, to dams results in altered spatial learning and memory in adult male offspring [START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF][START_REF] Zheng | Maternal hydroxytyrosol administration improves neurogenesis and cognitive function in prenatally stressed offspring[END_REF][START_REF] Nazeri | Psychological or physical prenatal stress differentially affects cognition behaviors[END_REF].

Impaired learning and memory are also found in adult male offspring when the mother underwent psychological stress [START_REF] Nazeri | Psychological or physical prenatal stress differentially affects cognition behaviors[END_REF] or a UCMS procedure [START_REF] Markham | Characterization of the cognitive impairments induced by prenatal exposure to stress in the rat[END_REF][START_REF] Salomon | Corticosterone mediates some but not other behavioural changes induced by prenatal stress in rats[END_REF][START_REF] Modir | Prenatal stress decreases spatial learning and memory retrieval of the adult male offspring of rats[END_REF][START_REF] Huang | Chronic unpredictable stress before pregnancy reduce the expression of brain-derived neurotrophic factor and N-methyl-D-aspartate receptor in hippocampus of offspring rats associated with impairment of memory[END_REF]. In C57Bl/6 mice, prenatal restraint stress induces the persistence of remote memory in adult male offspring as they were able to find the escape box 10 days after the last training session in the BM (Negron-Oyarzo et al., 2015). In rat female offspring, results are more variable between studies. Two studies showed impaired learning and memory in adult offspring after psychological and physical stressors [START_REF] Nazeri | Psychological or physical prenatal stress differentially affects cognition behaviors[END_REF] and after the UCMS procedure [START_REF] Huang | Chronic unpredictable stress before pregnancy reduce the expression of brain-derived neurotrophic factor and N-methyl-D-aspartate receptor in hippocampus of offspring rats associated with impairment of memory[END_REF]. One study using restraint stress found impaired learning but not memory in offspring [START_REF] Zheng | Maternal hydroxytyrosol administration improves neurogenesis and cognitive function in prenatally stressed offspring[END_REF]. Finally, two studies found no effect of prenatal stress on learning and memory performances [START_REF] Salomon | Corticosterone mediates some but not other behavioural changes induced by prenatal stress in rats[END_REF][START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF]. No effect of prenatal stress was found in two studies pooling the performances of all offspring regardless of gender in rats (Palacios-Garcia et al., 2015) and mice [START_REF] Benoit | Prenatal stress induces spatial memory deficits and epigenetic changes in the hippocampus indicative of heterochromatin formation and reduced gene expression[END_REF]. Only one study found memory improvement after prenatal stress in the MWM with offspring of all gender pooled [START_REF] Wilson | Variable maternal stress in rats alters locomotor activity, social behavior, and recognition memory in the adult offspring[END_REF]. The only models in which chronic stress mostly does not affect learning and memory are models of early life stress. In every study evaluating the impact of chronic maternal separation on male and female infant rats, once adults, the learning and memory performances were comparable to control animals [START_REF] Baudin | Maternal deprivation induces deficits in temporal memory and cognitive flexibility and exaggerates synaptic plasticity in the rat medial prefrontal cortex[END_REF][START_REF] Xue | Maternal separation induces alterations in reversal learning and brain-derived neurotrophic factor expression in adult rats[END_REF][START_REF] Tata | Effects of maternal separation on behavior and brain damage in adult rats exposed to neonatal hypoxia-ischemia[END_REF][START_REF] Wang | The different effects of maternal separation on spatial learning and reversal learning in rats[END_REF]. One study found impaired memory in the MWM in adult males and females following infant maternal and littermates separation [START_REF] Aisa | Cognitive impairment associated to HPA axis hyperactivity after maternal separation in rats[END_REF]. When considering only males, infant maternal separation had no effect on learning and memory performances in two studies [START_REF] Choy | Combined neonatal stress and young-adult glucocorticoid stimulation in rats reduce BDNF expression in hippocampus: Effects on learning and memory[END_REF][START_REF] Sun | Femaledependent impaired fear memory of adult rats induced by maternal separation, and screening of possible related genes in the hippocampal CA1[END_REF], and induced long-term memory but not learning deficit in the MWM [START_REF] Couto | Escitalopram improves memory deficits induced by maternal separation in the rat[END_REF]. In female rats, infant maternal separation had as well no impact on adult learning and memory [START_REF] Sun | Femaledependent impaired fear memory of adult rats induced by maternal separation, and screening of possible related genes in the hippocampal CA1[END_REF] but early handling which is lighter stress than the maternal separation model improved their memory performances in the MWM [START_REF] Plescia | Early handling effect on female rat spatial and non-spatial learning and memory[END_REF]. On the contrary, in C57Bl/6J mice, a model of early life stress using limited bedding and nesting materials impaired learning in females and learning and memory in males assessed in the MWM [START_REF] Naninck | Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice[END_REF].

Altogether these results show that spatial learning and memory are altered in male rats and mice by chronic stress when applied prenatally and during adulthood.

Females are more resistant than males in 6 out of 9 studies but are still negatively affected by stress (5 studies out of 9).

The effect of chronic stress on short-term spatial memory has been studied as well in rats using Y-and T-mazes. In juvenile male rats, prenatal chronic restraint stressinduced short-term memory deficit was demonstrated in the T-maze [START_REF] Gué | Sex differences in learning deficits induced by prenatal stress in juvenile rats[END_REF][START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF]. The infant maternal separation however had no impact on adult short-term memory [START_REF] Choy | Combined neonatal stress and young-adult glucocorticoid stimulation in rats reduce BDNF expression in hippocampus: Effects on learning and memory[END_REF][START_REF] Klug | Chronic cannabinoid treatment during young adulthood induces sex-specific behavioural deficits in maternally separated rats[END_REF][START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF]. Short-term memory deficits were found in adult rats after chronic restraint stress [START_REF] Conrad | Chronic stress impairs rat spatial memory on the Y maze, and this effect is blocked by tianeptine pretreatment[END_REF] and UCMS [START_REF] Orsetti | Modification of spatial recognition memory and object discrimination after chronic administration of haloperidol, amitriptyline, sodium valproate or olanzapine in normal and anhedonic rats[END_REF] but not after 21 days of chronic corticosterone administration [START_REF] Coburn-Litvak | Chronic administration of corticosterone impairs spatial reference memory before spatial working memory in rats[END_REF][START_REF] Gururajan | Brain-derived neurotrophic factor heterozygous mutant rats show selective cognitive changes and vulnerability to chronic corticosterone treatment[END_REF]. However, 2 weeks of corticosterone administration were deleterious for short-term memory when used as a double hit following maternal separation which, alone, did not affect memory [START_REF] Choy | Combined neonatal stress and young-adult glucocorticoid stimulation in rats reduce BDNF expression in hippocampus: Effects on learning and memory[END_REF][START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF]. In females, prenatal restraint stress-induced memory deficit in juvenile rats [START_REF] Gué | Sex differences in learning deficits induced by prenatal stress in juvenile rats[END_REF][START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF] while infant maternal separation [START_REF] Klug | Chronic cannabinoid treatment during young adulthood induces sex-specific behavioural deficits in maternally separated rats[END_REF][START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF], and chronic corticosterone when used as double hit after maternal separation had no impact on spatial short-term memory [START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF].

Overall, as for spatial learning and long-term memory, spatial short-term memory is negatively affected by chronic stress when applied prenatally and in adulthood in male rats. In females, prenatal stress induces as well spatial short-term memory impairment but no studies allow us to know whether chronic stress in adulthood affects this memory.

Spatial working memory is mainly negatively affected by chronic stress events. In adult male rats, restraint stress induces working memory impairments assessed in the working memory versions of the MWM and BM [START_REF] Trofimiuk | Ciproxifan differentially modifies cognitive impairment evoked by chronic stress and chronic corticosterone administration in rats[END_REF]. Social defeat induces as well working memory impairments in male adolescent rats [START_REF] Novick | Adolescent social defeat decreases spatial working memory performance in adulthood[END_REF] and male adult C57Bl/6 mice [START_REF] Yu | Cognitive and neural correlates of depression-like behaviour in socially defeated mice: An animal model of depression with cognitive dysfunction[END_REF]. The UCMS procedure induces working memory impairments in adult male rats in the Y-maze [START_REF] Henningsen | Cognitive deficits in the rat chronic mild stress model for depression: Relation to anhedonic-like responses[END_REF][START_REF] Henningsen | Electroconvulsive stimulation reverses anhedonia and cognitive impairments in rats exposed to chronic mild stress[END_REF][START_REF] Andreasen | Nicotine reverses anhedonic-like response and cognitive impairment in the rat chronic mild stress model of depression: Comparison with sertraline[END_REF] and in the working memory version of the MWM [START_REF] Tagliari | Antioxidants prevent memory deficits provoked by chronic variable stress in rats[END_REF]. The water bath chronic stress impaired delayed alternation of adult male rats in the T-maze [START_REF] Mizoguchi | Chronic stress induces impairment of spatial working memory because of prefrontal dopaminergic dysfunction[END_REF]. Chronic subcutaneous administration of 5 mg/kg/day for 21 days (Tromifiuk et al., 2015), 25 mg/kg/day for 4 weeks [START_REF] Cerqueira | Morphological correlates of corticosteroid-induced changes in prefrontal cortex-dependent behaviors[END_REF], or 300 µg/kg/day for 4 weeks (Cerquiera et al., 2005) of glucocorticoids induces impaired working memory in the MWM and BM tests.

However, two weeks of corticosterone administered as a double hit in animals subjected to maternal separation had no impact on working memory in the delayed alternation task [START_REF] Choy | Combined neonatal stress and young-adult glucocorticoid stimulation in rats reduce BDNF expression in hippocampus: Effects on learning and memory[END_REF]. A single study conducted on adult female rats showed that social defeat had no effect on the working memory assessed in the Tmaze [START_REF] Furuta | Exposure to social defeat stress in adolescence improves the working memory and anxiety-like behavior of adult female rats with intrauterine growth restriction, independently of hippocampal neurogenesis[END_REF]. In a study using both male and female mice together, UCMS induced a working memory deficit in Balb/c mice and had no impact on C57Bl/6 mice [START_REF] Palumbo | Stress induced cognitive deficit is differentially modulated in BALB/c and C57Bl/6 mice: Correlation with Th1/Th2 balance after stress exposure[END_REF]. Working memory was impaired in juvenile male and female rats (tested apart) subjected to prenatal stress in the Y-maze [START_REF] Gué | Sex differences in learning deficits induced by prenatal stress in juvenile rats[END_REF][START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF], the MWM [START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF], and in the T-maze [START_REF] Zheng | Maternal hydroxytyrosol administration improves neurogenesis and cognitive function in prenatally stressed offspring[END_REF]. On the contrary, maternal separation has no impact on adult males [START_REF] Choy | Combined neonatal stress and young-adult glucocorticoid stimulation in rats reduce BDNF expression in hippocampus: Effects on learning and memory[END_REF], and adolescent male and female rats (tested separately) [START_REF] Marco | Maternal deprivation effects on brain plasticity and recognition memory in adolescent male and female rats[END_REF]. In female rats, early handling (light stress) induced an enhanced working memory in the MWM [START_REF] Plescia | Early handling effect on female rat spatial and non-spatial learning and memory[END_REF]. Studies conducted on males and females together show divergent results with three studies showing impaired memory performances [START_REF] Palumbo | Stress induced cognitive deficit is differentially modulated in BALB/c and C57Bl/6 mice: Correlation with Th1/Th2 balance after stress exposure[END_REF][START_REF] Mehta | Strain-specific cognitive deficits in adult mice exposed to early life stress[END_REF]Matsumoto et al., 2011) and three showing no impact of stress [START_REF] Palumbo | Stress induced cognitive deficit is differentially modulated in BALB/c and C57Bl/6 mice: Correlation with Th1/Th2 balance after stress exposure[END_REF][START_REF] Wilson | Variable maternal stress in rats alters locomotor activity, social behavior, and recognition memory in the adult offspring[END_REF][START_REF] Tata | Effects of maternal separation on behavior and brain damage in adult rats exposed to neonatal hypoxia-ischemia[END_REF].

Together these results indicate that chronic stress has a mostly negative impact on spatial working memory in male as well as in female rodents.

The impact of chronic stress on the What component of episodic-like memory has been extensively studied in rats and mice. In all studies conducted only in adult males, the UCMS procedure had a negative impact on object recognition (OR) memory as tested in rats [START_REF] Orsetti | Modification of spatial recognition memory and object discrimination after chronic administration of haloperidol, amitriptyline, sodium valproate or olanzapine in normal and anhedonic rats[END_REF] and in different mice strains: Swiss Albino [START_REF] Li | Chronic mild stress impairs cognition in mice: From brain homeostasis to behavior[END_REF], BALB/cByJ [START_REF] Gumuslu | The Antidepressant Agomelatine Improves Memory Deterioration and Upregulates CREB and BDNF Gene Expression Levels in Unpredictable Chronic Mild Stress (UCMS)-Exposed Mice[END_REF], and C57Bl/6J [START_REF] Elizalde | Long-lasting behavioral effects and recognition memory deficit induced by chronic mild stress in mice: Effect of antidepressant treatment[END_REF][START_REF] Haridas | Melatonin ameliorates chronic mild stress induced behavioral dysfunctions in mice[END_REF]. Interestingly, a study showed that recognition memory was still impaired one month after the end of the UCMS procedure in C57Bl/6J mice [START_REF] Elizalde | Long-lasting behavioral effects and recognition memory deficit induced by chronic mild stress in mice: Effect of antidepressant treatment[END_REF]. The same outcome was found in adult male C57Bl/6J mice after social defeat stress [START_REF] Jin | The effects of social defeat on behavior and dopaminergic markers in mice[END_REF] and in rats and mice after different protocols of chronic corticosterone administration: CORT in the drinking water for 4 [START_REF] Dobarro | Propranolol reduces cognitive deficits, amyloid β levels, tau phosphorylation and insulin resistance in response to chronic corticosterone administration[END_REF][START_REF] Solas | Mineralocorticoid receptor activation induces insulin resistance through c-Jun N-terminal kinases in response to chronic corticosterone: Cognitive implications[END_REF] and 5 [START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF] weeks, and subcutaneous injections for 21 days [START_REF] Gururajan | Brain-derived neurotrophic factor heterozygous mutant rats show selective cognitive changes and vulnerability to chronic corticosterone treatment[END_REF]. There is no study investigating the impact of chronic stress applied in adulthood on object recognition memory in females. Apart from one study (Solomon et al., 2011) showing an improved memory, every study assessing the impact of prenatal stress on the rat adult offspring's object recognition memory showed memory deficits [START_REF] Markham | Characterization of the cognitive impairments induced by prenatal exposure to stress in the rat[END_REF][START_REF] Schulz | Maternal stress during pregnancy causes sex-specific alterations in offspring memory performance, social interactions, indices of anxiety, and body mass[END_REF][START_REF] Wilson | Variable maternal stress in rats alters locomotor activity, social behavior, and recognition memory in the adult offspring[END_REF]. The same deleterious impact of prenatal stress was demonstrated in B6D2F1 mice (Abdul [START_REF] Aziz | Prenatal exposure to chronic mild stress increases corticosterone levels in the amniotic fluid and induces cognitive deficits in female offspring, improved by treatment with the antidepressant drug amitriptyline[END_REF]. Concerning prenatally stressed adult female rats, two studies found memory impairment [START_REF] Wilson | Variable maternal stress in rats alters locomotor activity, social behavior, and recognition memory in the adult offspring[END_REF][START_REF] Ehrlich | Prenatal stress, regardless of concurrent escitalopram treatment, alters behavior and amygdala gene expression of adolescent female rats[END_REF] and two others found no effect [START_REF] Markham | Characterization of the cognitive impairments induced by prenatal exposure to stress in the rat[END_REF][START_REF] Salomon | Corticosterone mediates some but not other behavioural changes induced by prenatal stress in rats[END_REF]. However, the only study assessing memory in adolescent female rats after prenatal stress found a memory deficit [START_REF] Markham | Characterization of the cognitive impairments induced by prenatal exposure to stress in the rat[END_REF]. In B6D2F1 mice, prenatal stress impaired object recognition memory in adult but not juvenile females (Abdul [START_REF] Aziz | Prenatal exposure to chronic mild stress increases corticosterone levels in the amniotic fluid and induces cognitive deficits in female offspring, improved by treatment with the antidepressant drug amitriptyline[END_REF]. A study conducted on both males and females together shows that prenatal stress induced adult memory deficit in the object recognition test [START_REF] Said | Effect of prenatal stress on memory, nicotine withdrawal and 5HT1A expression in raphe nuclei of adult rats[END_REF]. Apart from one study where object discrimination was impaired during the first minute of the test [START_REF] Makena | Maternal separation enhances object location memory and prevents exercise-induced MAPK/ERK signalling in adult Sprague-Dawley rats[END_REF], maternal separation has no effect on male adolescent [START_REF] Marco | Maternal deprivation effects on brain plasticity and recognition memory in adolescent male and female rats[END_REF] and adult [START_REF] Klug | Chronic cannabinoid treatment during young adulthood induces sex-specific behavioural deficits in maternally separated rats[END_REF][START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF] rats. In mice, however, early life stress with limited bedding and nesting materials induced adult object recognition memory impairment [START_REF] Naninck | Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice[END_REF]. In female rats, infant maternal separation has no effect on adult recognition memory [START_REF] Klug | Chronic cannabinoid treatment during young adulthood induces sex-specific behavioural deficits in maternally separated rats[END_REF][START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF] but impaired adolescent memory [START_REF] Marco | Maternal deprivation effects on brain plasticity and recognition memory in adolescent male and female rats[END_REF]. On the contrary, maternal separation [START_REF] Wang | Infant maternal separation impairs adult cognitive performance in BALB/cJ mice[END_REF] and limited bedding and nesting materials [START_REF] Naninck | Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice[END_REF] impair recognition memory in adult female mice. Very light stress (early handling) improves adult female memory [START_REF] Plescia | Early handling effect on female rat spatial and non-spatial learning and memory[END_REF]. In rats, studies conducted on both males and females together show either no effects [START_REF] Vivinetto | Neurobiological effects of neonatal maternal separation and post-weaning environmental enrichment[END_REF][START_REF] Tata | Effects of maternal separation on behavior and brain damage in adult rats exposed to neonatal hypoxia-ischemia[END_REF] or impaired memory (Aisa et al., 2017). In mice, the same investigation showed a deleterious impact of maternal and littermate separation on recognition memory (Niwa et al., 2011).

Overall, these results indicate that chronic stress mainly alters the "What" component of episodic-like memory in male rats and mice.

Fewer studies assessed the "Where" component of episodic-like memory. In adult male rats, UCMS as well as prenatal stress, induced object location (OL) memory impairment [START_REF] Li | Chronic mild stress impairs cognition in mice: From brain homeostasis to behavior[END_REF]Schulz et al., 2011 respectively). In adult male mice, early life stress induces, as well, memory deficit in this test [START_REF] Naninck | Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice[END_REF]. On the contrary, maternal separation in male rats improved location memory during the first minute of the test [START_REF] Makena | Maternal separation enhances object location memory and prevents exercise-induced MAPK/ERK signalling in adult Sprague-Dawley rats[END_REF] and early life stress had no effect on female mice's memory [START_REF] Naninck | Chronic early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice[END_REF]. In a study conducted on both males and females, maternal separation had no effect on object location memory [START_REF] Tata | Effects of maternal separation on behavior and brain damage in adult rats exposed to neonatal hypoxia-ischemia[END_REF].

Altogether, this result showed that, in males, chronic stress has a deleterious impact on the "Where" component of episodic-like memory. Too few studies have been done on females to conclude about the impact of chronic stress on this type of memory.

Chronic stress displays outcomes opposite to what was seen previously on one type of memory, which is the fear memory, assessed with the fear conditioning (FC) paradigm. In adult male rats, restraint stress (6h/day for 21 days) enhanced freezing during conditioning and memory in contextual fear conditioning [START_REF] Sandi | Effects of chronic stress on contextual fear conditioning and the hippocampal expression of the neural cell adhesion molecule, its polysialylation, and L1[END_REF][START_REF] Cordero | Modulation of contextual fear conditioning by chronic stress in rats is related to individual differences in behavioral reactivity to novelty[END_REF] and impaired the extinction of the acquired memory in tone fear conditioning when restraint was of 3h hours per days for 7 days [START_REF] Miracle | Chronic stress impairs recall of extinction of conditioned fear[END_REF].

Social defeat enhanced contextual memory in contextual fear conditioning in adult male rats [START_REF] Duclot | Individual differences in novelty-seeking behavior in rats as a model for psychosocial stress-related mood disorders[END_REF] and enhanced the freezing to context and tone in adult male C57Bl/6J mice [START_REF] Yu | Cognitive and neural correlates of depression-like behaviour in socially defeated mice: An animal model of depression with cognitive dysfunction[END_REF][START_REF] Dulka | Phenotypic responses to social defeat are associated with differences in cued and contextual fear discrimination[END_REF]. The memory of the context was as well enhanced in adult male rats that underwent the UCMS procedure but the memory of the tone was not affected [START_REF] Henningsen | Cognitive deficits in the rat chronic mild stress model for depression: Relation to anhedonic-like responses[END_REF]. Contextual fear memory was as well enhanced in a study evaluating males and females together [START_REF] Camp | Repeated stressor exposure enhances contextual fear memory in a beta-adrenergic receptor-dependent process and increases impulsivity in a non-beta receptor-dependent fashion[END_REF]. In male rats, 5 mg/kg/day for 21 days of corticosterone enhanced the freezing response to the tone only while 40 mg/kg/day for 21 days of corticosterone enhanced the freezing to the tone and the context [START_REF] Marks | The effect of chronic corticosterone on fear learning and memory depends on dose and the testing protocol[END_REF].

Similarly, corticosterone delivered in the drinking water induced enhanced consolidation of fear memory even 2 weeks after corticosterone wash-out in adult male mice [START_REF] Monsey | Chronic corticosterone exposure persistently elevates the expression of memory-related genes in the lateral amygdala and enhances the consolidation of a Pavlovian fear memory[END_REF]. On the contrary, a study conducted on adult male rats with corticosterone at a concentration of 200 mg/L showed a delayed acquisition of fear [START_REF] Gururajan | Brain-derived neurotrophic factor heterozygous mutant rats show selective cognitive changes and vulnerability to chronic corticosterone treatment[END_REF]. Additionally, in C57Bl/6J male mice, corticosterone in the drinking water (5mg/kg/day) for 5 weeks impaired learning and memory in the contextual fear conditioning [START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF]. On the opposite, when the stress is undergone perinatally or during early life, it mostly impairs fear learning, and memory.

Prenatal stress impairs tone conditioning in male rats [START_REF] Markham | Characterization of the cognitive impairments induced by prenatal exposure to stress in the rat[END_REF] but does not affect contextual fear in male mice (Abdul [START_REF] Aziz | Prenatal exposure to chronic mild stress increases corticosterone levels in the amniotic fluid and induces cognitive deficits in female offspring, improved by treatment with the antidepressant drug amitriptyline[END_REF]. In females, however, context and tone conditioning are impaired in rats [START_REF] Markham | Characterization of the cognitive impairments induced by prenatal exposure to stress in the rat[END_REF] and mice [START_REF] Aziz | Prenatal exposure to chronic mild stress increases corticosterone levels in the amniotic fluid and induces cognitive deficits in female offspring, improved by treatment with the antidepressant drug amitriptyline[END_REF]. Concerning maternal separation, one study on male rats showed no effect of stress on contextual fear conditioning [START_REF] Sun | Femaledependent impaired fear memory of adult rats induced by maternal separation, and screening of possible related genes in the hippocampal CA1[END_REF] while other studies showed impaired fear of the context and the tone in male rats [START_REF] Chocyk | The effects of early-life adversity on fear memories in adolescent rats and their persistence into adulthood[END_REF] and mice [START_REF] Wang | Infant maternal separation impairs adult cognitive performance in BALB/cJ mice[END_REF]. In female rats, maternal separation impaired fear memory to the context and the tone [START_REF] Sun | Femaledependent impaired fear memory of adult rats induced by maternal separation, and screening of possible related genes in the hippocampal CA1[END_REF][START_REF] Chocyk | The effects of early-life adversity on fear memories in adolescent rats and their persistence into adulthood[END_REF] but enhanced spontaneous recovery of extinguished fear [START_REF] Xiong | Maternal separation exaggerates spontaneous recovery of extinguished contextual fear in adult female rats[END_REF]. In female mice, maternal separation impaired fear to the context and the tone [START_REF] Wang | Infant maternal separation impairs adult cognitive performance in BALB/cJ mice[END_REF]. Studies conducted in females and males together are disparate with one study showing enhanced freezing to the context and tone [START_REF] Oomen | Early maternal deprivation affects dentate gyrus structure and emotional learning in adult female rats[END_REF] and the other one showing impaired memory to the context and tone (Niwa et al., 2011).

Overall, chronic stress induced during adulthood enhanced fear memory in males but when undergone prenatally or during early life it mostly alters fear memory in males and females.

Another, less-studied type of aversive conditioning is passive avoidance (PA).

Whereas fear conditioning is mostly enhanced in adult animals, passive avoidance is impaired or not affected. In male rats, prenatal restraint stress was shown in two studies not to impact passive avoidance [START_REF] Gué | Sex differences in learning deficits induced by prenatal stress in juvenile rats[END_REF][START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF] while in another model of prenatal stress a study showed that both physical and psychological stress impaired learning and memory [START_REF] Nazeri | Psychological or physical prenatal stress differentially affects cognition behaviors[END_REF]. In adult male rats, the UCMS procedure had no impact on the passive-avoidance task [START_REF] Henningsen | Cognitive deficits in the rat chronic mild stress model for depression: Relation to anhedonic-like responses[END_REF] while corticosterone administered subcutaneously for 21 days (40 mg/kg/day) altered passive avoidance memory [START_REF] Lee | Baicalin improves chronic corticosterone-induced learning and memory deficits via the enhancement of impaired hippocampal brain-derived neurotrophic factor and cAMP response elementbinding protein expression in the rat[END_REF]. In females, prenatal physical stress induces deficits in the passive avoidance task [START_REF] Gué | Sex differences in learning deficits induced by prenatal stress in juvenile rats[END_REF][START_REF] Meunier | Attenuation by a sigma1 (sigma1) receptor agonist of the learning and memory deficits induced by a prenatal restraint stress in juvenile rats[END_REF][START_REF] Nazeri | Psychological or physical prenatal stress differentially affects cognition behaviors[END_REF] while psychological stress had no impact on this test [START_REF] Nazeri | Psychological or physical prenatal stress differentially affects cognition behaviors[END_REF]. In studies conducted on both males and females together, passive avoidance was altered after prenatal stress (Palacios-Garcia et al., 2015), maternal separation [START_REF] Vivinetto | Neurobiological effects of neonatal maternal separation and post-weaning environmental enrichment[END_REF], and UCMS [START_REF] Camp | Repeated stressor exposure enhances contextual fear memory in a beta-adrenergic receptor-dependent process and increases impulsivity in a non-beta receptor-dependent fashion[END_REF].

In conclusion, chronic stress impaired passive avoidance learning and memory in both males and females.

Another cognitive aspect is altered with chronic stress: the cognitive flexibility assessed in the reversal version of the MWM. In all studies conducted only on males or on males and females together, stress has a deleterious impact on cognitive flexibility as shown with UCMS [START_REF] Bisaz | Causal evidence for the involvement of the neural cell adhesion molecule, NCAM, in chronic stress-induced cognitive impairments[END_REF], maternal separation [START_REF] Xue | Maternal separation induces alterations in reversal learning and brain-derived neurotrophic factor expression in adult rats[END_REF][START_REF] Wang | The different effects of maternal separation on spatial learning and reversal learning in rats[END_REF], and chronic glucocorticoids administration [START_REF] Cerqueira | Morphological correlates of corticosteroid-induced changes in prefrontal cortex-dependent behaviors[END_REF].

Thus, chronic stress is deleterious for cognitive flexibility. To conclude, in male rodents, chronic stress inflicted prenatally or during adulthood is detrimental to spatial learning, short and long-term memory, working memory as well as the What and Where components of episodic-like memory. It induces fear memory deficits when undergone prenatally or during early life but enhances the memory of fear when applied during adulthood (Figure 5). The impact of chronic stress on females' learning and memory is less clear than for males, which is due to the fact that a large majority of studies have been conducted on male animals.

Box 1: Description of behavioral tests for memory

Morris Water Maze (MWM): Mice use spatial cues to locate a hidden underwater platform. Mice learn to locate the hidden platform in a circular pool of opaque water using distal visual cues.

Mice are given multiple training trials often over several days, before a final probe trial, in which the platform is removed. When mice acquire well the task, their time to reach the platform decreases across trials. When memory is intact, during the probe test, animals spend more time in the quadrant where the platform was located. The visible platform version of the test allows assessing non-spatial components such as swimming ability and procedural memory.

Passive Avoidance (PA):

The passive avoidance chamber is partitioned into two sections, one light and one dark. As the mouse moves into the dark section a mild aversive stimulus is delivered through the floor of the chamber. One day following training, mice are again placed into the illuminated portion of the chamber, and the time required for the mouse to move into the dark section is recorded. If mice remember receiving the aversive stimulus, their latency to enter the dark chamber should increase.

Fear Conditioning (FC):

Mice learn to associate a context and a cue with an unconditioned stimulus. During training, mice are exposed to a chamber in which the cue (generally a tone) is paired with an aversive stimulus. On a subsequent trial, mice are returned to the context in which they have received the aversive stimulus, and freezing behavior is recorded as a measure of fear.

Cue-associated memory is tested by placing the mice in an alternative context and introducing the tone cue, while measuring freezing behavior. Y-maze: Mice are placed in the center of a Y-maze and allowed to explore it freely without any reward. If its spatial working memory is intact, the animal will alternate regularly between the three arms in order to optimize its exploration strategy.

Object

b. Effects of chronic stress on the hippocampus i. The hippocampus

Structure

The hippocampus is part of the hippocampal formation whose anatomy was first described by Julius Caesar Arantius in 1587 (Arantius, 1587) who gave it the name hippocampus (derived from the Greek word for sea horse). This hippocampal formation is a C-shape structure localized in the medial temporal lobe of the brain. It comprises the hippocampus, the dentate gyrus (DG), the subicular complex, and the entorhinal cortex (EC) (Figure 6).

The hippocampus is composed of the Ammon's Horn (named after an Egyptian god by René Croissant de Garengeot in 1742; Croissant de Garengeot, 1742) and the dentate gyrus.

For a review on the following two sections see [START_REF] Schultz | Anatomy of the hippocampal formation[END_REF].

The Ammon's horn

The Ammon's horn can be divided into three fields: the CA1, CA2, and CA3 which are mainly composed of the pyramidal cell layer. The limit between the ventricle and the Ammon's horn is traced by the alveus composed of the axons of pyramidal cells. The stratum oriens between the alveus and the pyramidal cell layer contains the basal dendrites of the pyramidal cells and several types of interneurons. The region between the pyramidal cell layer and the dentate gyrus contains the apical dendrites of the pyramidal cells and interneurons and is divided into the stratum lucidum, the stratum radiatum, and the stratum lacunosum-moleculare.

The dentate gyrus

The dentate gyrus is a trilaminate structure separated from the CA1 and subiculum by the hippocampal fissure. The principal cell layer of the dentate gyrus is constituted of the soma of granule cells. The dentate molecular layer contains the dendrites of these cells. The last layer of the dentate gyrus is called the hilus. This structure is one of the only two brain regions where new neurons are formed in adulthood, this phenomenon called neurogenesis is described later beyond.

Connectivity

The main input in the DG comes from the entorhinal cortex whose layer II neurons project to the molecular layer of the dentate gyrus via the perforant path [START_REF] Witter | Entorhinal cortex of the monkey: V. Projections to the dentate gyrus, hippocampus, and subicular complex[END_REF]. The DG granule cells project via their axons, the mossy fibers, to the proximal dendrites of CA3 pyramidal neurons. The CA3 region receives as well some direct input from the EC and the pyramidal cells in this region do excitatory interconnections forming a recurrent circuit. CA3 pyramidal cells give rise to the major inputs to CA1 via the Schaffer collaterals [START_REF] Ishizuka | Organization of intrahippocampal projections originating from CA3 pyramidal cells in the rat[END_REF]. Finally, the CA1 pyramidal cells project predominantly to the subiculum which in turn, projects to the EC [START_REF] Beckstead | Afferent connections of the entorhinal area in the rat as demonstrated by retrograde cell-labeling with horseradish peroxidase[END_REF]. This strong forward connection within the hippocampus is called the tri-synaptic loop (Figure 7).

It is worth mentioning that the CA3 region also extends axons to the dendrites of CA2 pyramidal cells and the CA2 projects as well to the CA3 region. The CA2 region, its connectivity, and its involvement in cognition are increasingly studied but will not be further described for the sake of clarity. For more information see [START_REF] Caruana | New insights into the regulation of synaptic plasticity from an unexpected place: Hippocampal area CA2. Learning & Memory[END_REF] The hippocampus receives as well extrinsic inputs from various cortical areas (Arantius, 1587), the amygdaloid complex [START_REF] Winslow | Exposition anatomique de la structure du corps humain[END_REF], the medial septal region (Croissant de Garengeot, 1742), the thalamus (Lorente, 1934), the supramamillary region [START_REF] Insausti | Hippocampal formation[END_REF], and monoaminergic brainstem nuclei ( [START_REF] Van Hoesen | The parahippocampal gy-rus: new observations regarding its cortical connec-tions in the monkey[END_REF]. The Ammon's horn comprises a great number of different interneurons, for a review see [START_REF] Booker | Morphological diversity and connectivity of hippocampal interneurons[END_REF] We can cite among them some principal interneurons involved in the feedback inhibition at the level of the CA1 and CA3 regions: PV fastspiking BC, CCK regular-spiking BC, AAC, Ivy cells, stratum lacunosum/moleculare cell, NGFCs, and Schaffer collateral-associated cells. The connectivity of these cells in the CA1 and CA3 regions is represented in Figure 10. 

The adult neurogenesis

Traditionally, the view of the mammalian brain was that no neurons were added in adulthood and that every cell loss was thus permanent. This central dogma came from the neuroanatomist Santiago Ramon y Cajal, who wrote "in adult centers the nerve paths are something fixed, ended, immutable. Everything may die, nothing may be regenerated. It is for science of the future to change, if possible, this harsh decree" [START_REF] Cajal | Degeneration & Regeneration of the Nervous System[END_REF]. However, 6 years later, the first report of adult neurogenesis in the mammalian brain was published [START_REF] Altman | Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in rats[END_REF] followed by a series of studies carried out by Nottebohm and colleagues demonstrating adult neurogenesis in the songbird brain (Goldman and Nottebhom, 1983;[START_REF] Alvarez-Buylla | Birth of projection neurons in adult avian brain may be related to perceptual or motor learning[END_REF][START_REF] Kirn | Production and survival of projection neurons in a forebrain vocal center of adult male canaries[END_REF]. Later on, several studies reported stem cells in the adult mammalian brain [START_REF] Doetsch | Subventricular zone astrocytes are neural stem cells in the adult mammalian brain[END_REF][START_REF] Gould | Proliferation of granule cell precursors in the dentate gyrus of adult monkeys is diminished by stress[END_REF]Gould et al., , 1999a,b;,b;[START_REF] Eriksson | Neurogenesis in the adult human hippocampus[END_REF]. It is now known that there are two neurogenic niches in the adult mammalian brain:

the subventricular zone (SVZ) and the subgranular zone (SGZ) [START_REF] Ribeiro | An Overview of Adult Neurogenesis[END_REF]. In these niches, neural stem cells (NSC) generate newborn neurons through constitutive neurogenesis. SVZ newborn neurons migrate a long distance to reach the olfactory bulbs whereas SGZ newborn neurons migrate a short distance to integrate the circuit of the granule cell layer (Figure 11). In the SGZ, NSCs are called type 1 cells and express the astrocytic marker GFAP as well as the intermediate filament nestin and Sox 2 markers [START_REF] Filippov | Subpopulation of nestinexpressing progenitor cells in the adult murine hippocampus shows electrophysiological and morphological characteristics of astrocytes[END_REF][START_REF] Fukuda | Two distinct subpopulations of nestin-positive cells in adult mouse dentate gyrus[END_REF][START_REF] Steiner | Type-2 cells as link between glial and neuronal lineage in adult hippocampal neurogenesis[END_REF]. These cells are maintained quiescent by tonic GABA from GABAergic basket cells of the hilus. They generate intermediate progenitor cells named type 2 cells when they exit the quiescent state. These type 2 cells are responsive to active GABAergic excitatory inputs from the hippocampal circuitry and thus display a high proliferative activity [START_REF] Tozuka | GABAergic excitation promotes neuronal differentiation in adult hippocampal progenitor cells[END_REF]. These cells can be divided into two subtypes, the type 2a cells that express glial markers and the type 2b cells that lack Glial fibrillary acidic protein (GFAP) markers and express the neuronal markers doublecortin (DCX) and polysialylated-neural cell adhesion molecule (PSA-NCAM) [START_REF] Fukuda | Two distinct subpopulations of nestin-positive cells in adult mouse dentate gyrus[END_REF][START_REF] Steiner | Type-2 cells as link between glial and neuronal lineage in adult hippocampal neurogenesis[END_REF]. This last subtype engenders type 3 cells expressing the same neuronal markers and lacking nestin and glial markers. These cells migrate to the granule cell layer where they become immature granule neurons that express the postmitotic neuronal marker neuronal nuclei (NeuN) and the transient calcium-binding protein calretinin [START_REF] Brandt | Transient calretinin expression defines early postmitotic step of neuronal differentiation in adult hippocampal neurogenesis of mice[END_REF].

The maturation continues in the granule cell layer with the projection of the axon through the mossy fiber tract to the CA3 region followed by the extension of the dendrites in the molecular layer and the establishment of connections with axons from the entorhinal cortex (Hasting and Gould, 1999;[START_REF] Zhao | Distinct morphological stages of dentate granule neuron maturation in the adult mouse hippocampus[END_REF][START_REF] Sun | Femaledependent impaired fear memory of adult rats induced by maternal separation, and screening of possible related genes in the hippocampal CA1[END_REF].

The transient calcium-binding protein calretinin is replaced by the mature neuronal marker calbindin [START_REF] Brandt | Transient calretinin expression defines early postmitotic step of neuronal differentiation in adult hippocampal neurogenesis of mice[END_REF] (Figure 12). It is to note that from the 10.000 cells that are produced every day in rodents, just a small percentage survives and becomes permanently integrated into the granule cell layer due to high apoptosis during the postmitotic phase (Bielb et al., 2000;[START_REF] Kuhn | Increased generation of granule cells in adult Bcl-2-overexpressing mice: A role for cell death during continued hippocampal neurogenesis[END_REF].

Role in memory

Concerning the DG, it is involved in many mnemonic functions notably via its output to the CA3 region of the hippocampus. Granule cells recruit precise CA3 pyramidal cells ensembles during encoding and elicit a reorganization of pyramidal-cell place fields (see Box 2 for place cells) in CA1 [START_REF] Bittner | Behavioral time scale synaptic plasticity underlies CA1 place fields[END_REF][START_REF] Sheffield | Increased Prevalence of Calcium Transients across the Dendritic Arbor during Place Field Formation[END_REF] and CA3 [START_REF] Diamantaki | Manipulating Hippocampal Place Cell Activity by Single-Cell Stimulation in Freely Moving Mice[END_REF]. Furthermore, GCs ensembles are re-activated during the retrieval of recent memory [START_REF] Tayler | Reactivation of neural ensembles during the retrieval of recent and remote memory[END_REF]. Thus, the DG is required for encoding and retrieval of recent memory. Concerning memory consolidation, granule cell outputs are required for the maturation of memory engrams in the prefrontal cortex during consolidation [START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF]. Moreover, granule cells promote slow wave ripples in the CA3 [START_REF] Sasaki | Dentate network activity is necessary for spatial working memory by supporting CA3 sharp-wave ripple generation and prospective firing of CA3 neurons[END_REF] that were linked to memory consolidation [START_REF] Girardeau | Selective suppression of hippocampal ripples impairs spatial memory[END_REF][START_REF] Jadhav | Awake hippocampal sharp-wave ripples support spatial memory[END_REF]. The dentate gyrus is as well a key structure in pattern separation (see Box 2). It provides unique input patterns to CA3 from overlapping input patterns of the perforant path by separating these inputs into distinct granule cell assemblies [START_REF] Treves | Computational analysis of the role of the hippocampus in memory[END_REF]. Finally, the dentate gyrus plays a crucial role in the modification of pre-existing memory. It is required to learn change contingencies in a previously encountered environment [START_REF] Van Dijk | On How the Dentate Gyrus Contributes to Memory Discrimination[END_REF]. Adult-born neurons of the DG, in particular, are important for cue [START_REF] Shors | Neurogenesis may relate to some but not all types of hippocampal-dependent learning[END_REF] and context [START_REF] Wojtowicz | The effects of running and of inhibiting adult neurogenesis on learning and memory in rats[END_REF] fear learning, they may have a role in spatial memory though results are controversial [START_REF] Cameron | ADULT NEUROGENESIS: BEYOND LEARNING AND MEMORY[END_REF]. Concerning pattern separation, many studies were able to demonstrate the importance of new neurons in this task particularly when it is difficult [START_REF] Clelland | A functional role for adult hippocampal neurogenesis in spatial pattern separation[END_REF][START_REF] Kheirbek | NR2B-dependent plasticity of adult-born granule cells is necessary for context discrimination[END_REF].

As the DG supports pattern separation with its projection to CA3, the former is as well required for pattern separation (Guilbert and Kesner, 2006). Apart from pattern separation, it is believed that the recurrent circuit of CA3 acts as an attractor through which a new activity can activate some neurons of a stored firing pattern and elicit the reactivation of the whole pattern of activation of memory, this process is called pattern completion (Box 2; Gold and[START_REF] Gold | The role of the CA3 subregion of the dorsal hippocampus in spatial pattern completion in the rat[END_REF][START_REF] Kesner | A computational theory of hippocampal function, and tests of the theory: New developments[END_REF]. Additionally, the CA3 region has been shown to be required for spatial paired-association learning (Guilbert and [START_REF] Gilbert | Localization of function within the dorsal hippocampus: The role of the CA3 subregion in paired-associate learning[END_REF] and spatial working memory (Guilbert and Kesner, 2006).

Concerning the CA1 region, it contributes to several functions such as the discrimination of the context associated with an object (Dimsdale-Zucker et al., 2018), and the encoding for context [START_REF] Barrientos | Hippocampal CA1 Subregion as a Context Decoder[END_REF], and sequences [START_REF] Allen | Nonspatial Sequence Coding in CA1 Neurons[END_REF]. ii. Dorsal hippocampal modulations due to stress Stress has multiple impacts on the body and the brain. One region particularly affected and of interest in the literature is the hippocampus. As seen in part 1.I, the GCs receptors MRs and GRs are abundant in this brain region and the hippocampus participates in the feedback loop and regulates the HPA axis. More particularly, the ventral part of the hippocampus is involved in this feedback and the regulation of emotions while the dorsal part of the hippocampus is involved in cognitive processes [START_REF] Fanselow | Are the dorsal and ventral hippocampus functionally distinct structures?[END_REF]. It is this dorsal part that will be described in this chapter.

In the hippocampus, stress can alter the plasticity and the activity of cells as well as their morphology and modulates adult neurogenesis in the dentate gyrus. These modulations depend on the strength of stress as well as the region of the hippocampus.

In the CA3 region, chronic stress induces neuron loss and the atrophy of apical dendrites of the pyramidal neurons [START_REF] Watanabe | Phenytoin prevents stress-and corticosterone-induced atrophy of CA3 pyramidal neurons[END_REF][START_REF] Stein-Behrens | Stress exacerbates neuron loss and cytoskeletal pathology in the hippocampus[END_REF][START_REF] Sousa | Reorganization of the morphology of hippocampal neurites and synapses after stress-induced damage correlates with behavioral improvement[END_REF]. This effect has been described as well in the CA1 region [START_REF] Sousa | Reorganization of the morphology of hippocampal neurites and synapses after stress-induced damage correlates with behavioral improvement[END_REF]. In the dentate gyrus, chronic restraint and corticosterone treatment decreases the total dendritic length and the branching density of granule cells. It as well decreases the volume of mossy fibers terminals, and the total number and surface area of mossy fibers-CA3 synapses [START_REF] Sousa | Reorganization of the morphology of hippocampal neurites and synapses after stress-induced damage correlates with behavioral improvement[END_REF]. Furthermore, UCMS impairs in-vitro long-term potentiation in CA1 and DG [START_REF] Alfarez | Chronic unpredictable stress impairs long-term potentiation in rat hippocampal CA1 area and dentate gyrus in vitro[END_REF].

Chronic stress affects the neurogenesis processes in multiple ways. It induces a net decrease in the number of proliferating cells [START_REF] Ferragud | Enhanced habit-based learning and decreased neurogenesis in the adult hippocampus in a murine model of chronic social stress[END_REF] and modifies cell fate in favor of the path of oligodendrocytes [START_REF] Chetty | Stress and glucocorticoids promote oligodendrogenesis in the adult hippocampus[END_REF]. Furthermore, stress diminishes the differentiation of cells into neurons and reduces the survival of neurons [START_REF] Pham | Repeated restraint stress suppresses neurogenesis and induces biphasic PSA-NCAM expression in the adult rat dentate gyrus[END_REF]Lee et al., 2006;[START_REF] Oomen | Brief treatment with the glucocorticoid receptor antagonist mifepristone normalizes the reduction in neurogenesis after chronic stress[END_REF]Dagyte et al., 2009). For a review see Schoenfeld and Gould, 2012. It is important to note that evidence suggests that the elevated levels of glucocorticoids due to stress are at least in part responsible for the effect of stress on neurogenesis and exogenous glucocorticoid administration produces effects similar to stress on cell proliferation, neuronal differentiation, and cell survival [START_REF] Chetty | Stress and glucocorticoids promote oligodendrogenesis in the adult hippocampus[END_REF].

I. The Nociceptin/OrphaninFQ -NOP system -Generalities a. Discovery

The discovery of the Nociceptin/OrphaninFQ-NOP system began in 1994 with the cloning of a new G protein-coupled receptor (GPCR) by two teams in humans and mice [START_REF] Mollereau | ORL1, a novel member of the opioid receptor family. Cloning, functional expression and localization[END_REF] and in rats [START_REF] Bunzow | Molecular cloning and tissue distribution of a putative member 266 of the rat opioid receptor gene family that is not a mu, delta or kappa opioid receptor type[END_REF]. This receptor had significant homology with known opioid receptors but was unable to bind opioid ligands which made it an orphan receptor, and was thus named ORL1 for Opioid Receptor-Like 1 [START_REF] Mollereau | ORL1, a novel member of the opioid receptor family. Cloning, functional expression and localization[END_REF].

The following year, two teams simultaneously isolated the ligand for the ORL1 receptor and named it nociceptin (Meunier et al., 1995) and Orphanin FQ (Reinscheid et al., 1995). This reverse pharmacology approach demonstrated that orphan GPCRs can be used to identify new neuromodulators (For a review see [START_REF] Civelli | Orphan GPCRs and neuromodulation[END_REF]. Nociceptin comes from a precursor named prepronociceptin (ppN/OFQ) whose gene shares a common evolutionary origin with the precursors of endogenous opioid peptides. In addition to a single copy of nociceptin, the ppN/OFQ gene encodes another peptide named nocistatin [START_REF] Mollereau | Structure, tissue distribution, and chromosomal localization of the prepronociceptin gene[END_REF].

Although the primary sequences of Nociceptin/Orphanin FQ and endogenous opioid peptides exhibit some similarity (particularly with the dynorphin A, Figure 13), the Nociceptin/Orphanin FQ peptide binds selectively to the ORL-1 receptor. This high degree of selectivity was shown to be caused by nociceptin having a Phe residue at its N-terminus whereas Tyr is present at this location in opioid endopeptides (Calo et al., 2013).

Figure 13 -N/OFQ and Dynorphine A peptides sequence

The ligand was then officially named Nociceptin/Orphanin FQ and its receptor N/OFQ opioid peptide (NOP) receptor, on the advice of the International Union of Basic and Clinical Pharmacology (IUPHAR; [START_REF] Borsodi | Opioid receptors (version 2019.3) in the IUPHAR/BPS Guide to Pharmacology Database[END_REF].

b. Signaling

The NOP receptor is a G-protein-coupled receptor coupled to the Gi subtype of heterotrimeric G proteins, like opioid receptors [START_REF] Mollereau | ORL1, a novel member of the opioid receptor family. Cloning, functional expression and localization[END_REF]. As with every GPCRs, the activation of the NOP receptor induces the dissociation of Ga and Gbg subunits [START_REF] Childers | Opiate receptor binding affected differentially by opiates and opioid peptides[END_REF]. The coupling to Gai induces the inhibition of cyclic adenosine monophosphate (cAMP) production via the inhibition of the adenylyl cyclase activity (Zhang et al., 2012). The Gbg pathway allows the receptor to canonically couple to Kir3 K + channels and Ca 2+ channels (Connor et al., 1996a;[START_REF] Connor | Modulation of Ca2+ channel currents of acutely dissociated rat periaqueductal grey neurons[END_REF]. The binding of the Gbg subunits causes a reduction in Ca 2+

currents (Connor et al., 1996a;Zhang et al., 2012). It increases potassium channel conductance in the periaqueductal grey (PAG) neurons [START_REF] Vaughan | Actions of the ORL1 receptor ligand nociceptin on membrane properties of rat periaqueductal gray neurons in vitro[END_REF] and the locus coeruleus (Connor et al., 1996b). NOP receptors open inwardly, rectifying potassium channels which produce a post-synaptic hyperpolarisation and prevent neuronal excitation in the dorsal raphe [START_REF] Vaughan | Increase by the ORL1 receptor (opioid receptor-like1) ligand, nociceptin, of inwardly rectifying K conductance in dorsal raphe nucleus neurones[END_REF] and the arcuate nucleus [START_REF] Wagner | The peptide orphanin FQ inhibits beta-endorphin neurons and neurosecretory cells in the hypothalamic arcuate nucleus by activating an inwardly-rectifying K+ conductance[END_REF]. It was as well shown that NOP receptor activation inhibits presynaptic voltage-gated calcium channels in-vitro (Connor et al., 1996a) and in CA3 hippocampal neurons (Knoflash et al., 1996). It inhibits also N-type (Connor et al., 1996a;Sesena et al., 2020) and T-type [START_REF] Abdulla | Nociceptin inhibits T-type Ca2+ channel current in rat sensory neurons by a G-protein-independent mechanism[END_REF] calcium channels in SH-SY5Y cells, vestibular afferent neurons, and sensory neurons respectively. The rapid modulation of ion channel activity by N/OFQ is responsible for the inhibition of neuronal activity and the release of numerous neurotransmitters. Additionally, the NOP receptor, when activated, modulates multiple kinases and phospholipases. Its activity can induce the activation of the protein kinase C (PKC) [START_REF] Armstead | NOC/oFQ activates PKC and generates superoxide to impair hypotensive cerebrovasodilation after hypoxia/ischemia[END_REF] and the phospholipases A2 and C [START_REF] Fukuda | Activation of phospholipase A2 by the nociceptin receptor expressed in Chinese hamster ovary cells[END_REF][START_REF] Yung | GalphaL1 (Galpha14) couples the opioid receptor-like1 receptor to stimulation of phospholipase C[END_REF]. NOP receptors activate as well mitogen-activated protein kinase (MAPK) cascades [START_REF] Fukuda | Activation of mitogen-activated protein kinase by the nociceptin receptor expressed in Chinese hamster ovary cells[END_REF][START_REF] Lou | Nociceptin/orphanin FQ activates mitogen-activated protein kinase in Chinese hamster ovary cells expressing opioid receptor-like receptor[END_REF]. Its activation induces the phosphorylation of extracellular-signal-regulated kinase (ERK) 1/2 (Zhang et al., 2012) as well as c-Jun N-terminal kinase (JNK) [START_REF] Chan | Regulation of c-Jun N-terminal kinase by the ORL(1) receptor through multiple G proteins[END_REF]. NOP activation is also linked to the activation of p38 MAPK signaling via the protein kinase A and PKC pathways [START_REF] Zhang | Endogenous delta-opioid and ORL1 receptors couple to phosphorylation and activation of p38 MAPK in NG108-15 cells and this is regulated by protein kinase A and protein kinase C[END_REF]. These modulations of different enzyme activities can induce long-term changes in the cells. The NOP receptor signaling is summarized in Figure 14. For reviews see [START_REF] Civelli | The orphanin FQ/nociceptin (OFQ/N) system[END_REF][START_REF] Donica | Cellular mechanisms of nociceptin/orphanin FQ (N/OFQ) peptide (NOP) receptor regulation and heterologous regulation by N/OFQ[END_REF] Consequently, the N/OFQ-NOP system is mostly inhibitory, in the short term via the modulation of ion channels and in the longer term with its modulation of the cell dynamics via second messengers such as cAMP. Moreover, the NOP signaling induces modulations of multiples kinases and phospholipase activity which could lead to more permanent changes in the cells via transcriptional changes (c-AMP Response Element-binding protein (CREB), c-Jun).

c. N/OFQ and NOP localization

i. NOP localization

Periphery

One of the principal locations of NOP in the periphery is the immune system. In humans, NOP mRNAs are found in lymphocytic B and T cell lines, monocytic cell lines, and circulating lymphocytes and monocytes [START_REF] Wick | Expression of alternate forms of brain opioid 'orphan' receptor mRNA in activated human peripheral blood lymphocytes and lymphocytic cell lines[END_REF][START_REF] Peluso | Distribution of nociceptin/orphanin FQ receptor transcript in human central nervous system and immune cells[END_REF]. In mice, NOP is expressed in splenic lymphocytes: CD4+, CD8+, CD4-, and CD8- [START_REF] Halford | Functional role and sequence analysis of a lymphocyte orphan opioid receptor[END_REF].

NOP receptor is also well present in the peripheral nervous system and isolated organs. It is notably expressed in the gastrointestinal and urogenital systems as NOP mRNAs are found in rat intestines and vas deferens [START_REF] Wang | CDNA cloning of an orphan opiate receptor gene family member and its splice variant[END_REF] as well as the porcine gastrointestinal tract and kidney [START_REF] Osinski | Cloning, expression and functional role of a nociceptin/orphanin FQ receptor in the porcine gastrointestinal tract[END_REF]. Reverse transcriptase polymerase chain reaction (rt-PCR) technique in guinea pigs revealed that NOP is also expressed in a number of ganglia: prevertebral sympathetic ganglia (coeliaco-superior mesenteric, inferior mesenteric), paravertebral sympathetic ganglia (superior cervical, stellate, lumbar chain), and jugular ganglia [START_REF] Kummer | Nociceptin and its receptor in guinea-pig sympathetic ganglia[END_REF][START_REF] Fischer | Nociceptin-induced inhibition of tachykinergic neurotransmission in guinea pig bronchus[END_REF]. In rats, N/OFQ binding sites with high affinity were detected in the retina [START_REF] Makman | Presence of nociceptin (orphanin FQ) receptors in rat retina: Comparison with receptors in striatum[END_REF] and the heart [START_REF] Dumont | Characterization of the high affinity [3H]nociceptin binding site in membrane preparations of rat heart: Correlations with the non-opioid dynorphin binding site[END_REF].

Central nervous system

Since there is a lack of validated antibodies for NOP receptors that do not cross-react with brain tissue for NOP receptor knockout (KO) [NOP(-/-)] mice, the most reliable results on NOP receptor localization are provided by in-situ hybridization and in-vitro autoradiography using [ 125 I]-N/OFQ.

These studies show that NOP receptors are highly expressed in several brain regions that are involved in multiple central processes including pain, learning and memory, emotional states, neuroendocrine control, food intake, and motor control. A study in rats investigating the location of the peptide N/OFQ by immunochemistry and in-situ hybridization in mice shows that there is an overlap between the location of the peptide and the receptor (Neal et al., 1999a).

Concerning the limbic system (Figure 15), NOP mRNAs are expressed in every structure composing this system: the hippocampal formation, the septum, the bed nucleus of the stria terminalis (BNST), the diagonal band of Broca, the anterodorsal thalamus, the habenula, the amygdaloid complex as well as in the associated hypothalamic areas [START_REF] Bunzow | Molecular cloning and tissue distribution of a putative member 266 of the rat opioid receptor gene family that is not a mu, delta or kappa opioid receptor type[END_REF][START_REF] Mollereau | ORL1, a novel member of the opioid receptor family. Cloning, functional expression and localization[END_REF][START_REF] Wick | Isolation of a novel cDNA encoding a putative membrane receptor with high homology to the cloned mu, delta, and kappa opioid receptors[END_REF][START_REF] Lachowicz | Molecular cloning of a novel G protein-coupled receptor related to the opiate receptor family[END_REF]. In these structures, strong nociceptin/orphanin FQ-induced GTPγS binding stimulation was demonstrated (Sim et al., 1996;[START_REF] Shimohira | Characterization of nociceptin-stimulated in situ [35S]GTPgammaS binding in comparison with opioid agonist-stimulated ones in brain regions of the mice[END_REF].

Regarding the hippocampus, the NOP receptor is expressed in pyramidal cells of the hippocampal CA1-3 regions and the dentate gyrus granule cells (Figure 16).

Transcriptomics data indicate that it is expressed mostly in glutamatergic but as well in some GABAergic neurons but is not expressed in other cell types (Transcriptomics Explorer: Allen Brain Atlas: Cell Types.). rostral ventral medulla, lateral parabrachial nucleus, spinal cord, and dorsal root ganglia (DRG) [START_REF] Neal | Opioid receptor-like (ORL1) receptor distribution in the rat central nervous system: Comparison of ORL1 receptor mRNA expression with (125)I-[()Tyr]-orphanin FQ binding[END_REF][START_REF] Florin | Autoradiographic localization of [3H]nociceptin binding sites in the rat brain[END_REF].

Regarding regions involved in reward and drug abuse, NOP is found in the mesocorticolimbic drug reward circuitry, including the ventral tegmental area (VTA), nucleus accumbens, prefrontal cortex, central amygdala (CeA), and the medial habenula-interpeduncular nucleus pathway [START_REF] Neal | Opioid receptor-like (ORL1) receptor distribution in the rat central nervous system: Comparison of ORL1 receptor mRNA expression with (125)I-[()Tyr]-orphanin FQ binding[END_REF].

NOP receptors are as well found in regions in relation to sensory perception like regions involved in the auditory function and areas related to vision [START_REF] Bunzow | Molecular cloning and tissue distribution of a putative member 266 of the rat opioid receptor gene family that is not a mu, delta or kappa opioid receptor type[END_REF][START_REF] Anton | Immunohistochemical localization of ORL-1 in the central nervous system of the rat[END_REF][START_REF] Makman | Presence of nociceptin (orphanin FQ) receptors in rat retina: Comparison with receptors in striatum[END_REF][START_REF] Sim | Anatomical distribution of mu, delta, and kappa opioid-and nociceptin/orphanin FQ-stimulated [35S]guanylyl-5'-O-(gammathio)-triphosphate binding in guinea pig brain[END_REF][START_REF] Ikeda | Distribution of prepro-nociceptin/orphanin FQ mRNA and its receptor mRNA in developing and adult mouse central nervous systems[END_REF][START_REF] Neal | Opioid receptor-like (ORL1) receptor distribution in the rat central nervous system: Comparison of ORL1 receptor mRNA expression with (125)I-[()Tyr]-orphanin FQ binding[END_REF][START_REF] Florin | Autoradiographic localization of [3H]nociceptin binding sites in the rat brain[END_REF].

In conclusion, the NOP receptor is widely expressed over the whole nervous system and consequently found in a number of areas involved in many processes including pain and sensory perception, motricity, hormonal regulation, memory, and stress.

ii. N/OFQ localization

Periphery

Only a few studies looked at the presence of N/OFQ peptides or mRNAs of the precursor in peripheral organs. In 1996, two studies using northern blot showed that the ppN/OFQ mRNA is present in the rat ovaries [START_REF] Mollereau | Structure, tissue distribution, and chromosomal localization of the prepronociceptin gene[END_REF] and in the spleen, the blood leucocytes, and fetal kidneys of humans [START_REF] Nothacker | Primary structure and tissue distribution of the orphanin FQ precursor[END_REF].

ppN/OFQ transcripts were also found in the spleen, the thymus, and the splenocytes of juvenile Yorkshire pigs (Pampush et al., 2000) and in the heart and muscles of chickens (Lohmann, Sandy strain) [START_REF] Bu | Opioid Peptides and Their Receptors in Chickens: Structure, Functionality, and Tissue Distribution[END_REF].

Concerning the peptide, it has been found using immunohistochemistry in the colon of Sprague-Dawley rats [START_REF] Yazdani | Functional significance of a newly discovered neuropeptide, orphanin FQ, in rat gastrointestinal motility[END_REF] and in the gallbladder [START_REF] Mawe | Chemical coding of intrinsic and extrinsic nerves in the guinea pig gallbladder: Distributions of PACAP and orphanin FQ[END_REF] and sympathetic ganglia [START_REF] Kummer | Nociceptin and its receptor in guinea-pig sympathetic ganglia[END_REF] of Guinea pigs.

Central nervous system

Many in-situ hybridization studies have looked at the expression of the N/OFQ gene in the central nervous system of various rodent strains: ICR mice [START_REF] Houtani | Structure and regional distribution of nociceptin/orphanin FQ precursor[END_REF], C57Bl/6J [START_REF] Ikeda | Distribution of prepro-nociceptin/orphanin FQ mRNA and its receptor mRNA in developing and adult mouse central nervous systems[END_REF], CBA mice [START_REF] Boom | Distribution of the nociceptin and nocistatin precursor transcript in the mouse central nervous system[END_REF], Sprague-Dawley rats (Neal et al., 1999a), and NOP -/-mice (Houtani et al., 2000). Here I am going to describe the main results of these studies from a functional perspective.

Overall, as for the NOP receptor, ppN/OFQ mRNAs are widely present in the brain in various regions involved in many functions such as learning and memory, pain perception, reward, motor control, and sensory perception.

Concerning the limbic system, N/OFQ is expressed in the AMY nuclei, the bed nucleus of the stria terminalis, the hypothalamus nuclei, the subiculum, the thalamus, the habenula, the cingulate gyrus, the septum, the prefrontal cortex, the hippocampal formation, and the entorhinal cortex.

If taking a closer look at the hippocampus, N/OFQ is expressed in middle-sized interneurons scattered in the stratum oriens, stratum radiatum, stratum lacunosummoleculare, stratum moleculare, and hilus while not present in the pyramidal and granular layers (Ikeda et al., 1998, Figure 17). Transcriptomics data indicate that it is expressed in every type of GABAergic interneurons (Transcriptomics Explorer: Allen Brain Atlas: Cell Types.). The ppN/OFQ mRNAs are as well found along all parts of the pain circuitry: the PAG, the raphe nuclei, the lateral parabrachial nucleus, the reticular formation nuclei, the spinal trigeminal nucleus, and the superficial laminae of the spinal cord.

N/OFQ is strongly expressed in areas involved in reinforcement and reward such as the VTA, and the substantia nigra as well as regions involved in feeding behavior as the lateral septum.

In regard to the motor system, N/OFQ is expressed in many regions and structures involved in motor control: the globus pallidus, entopeduncular nucleus, substantia nigra as well as the vestibular nuclei, deep cerebellar nuclei, and the inferior olive of the brainstem.

Concerning sensory systems, N/OFQ is expressed in structures essential for the integration of visual, auditory, and vestibular information.

Interestingly, the N/OFQ peptide assayed by radioimmonuassay (RIA) has been found

in the human brain in the multiple brain regions involved in the functions cited above [START_REF] Witta | Distribution of nociceptin/orphanin FQ in adult human brain[END_REF].

In conclusion, the N/OFQ-NOP system is present throughout the whole central nervous system (CNS) which makes it likely to participate in a broad range of neuronal circuits. Concerning the distribution of this system in the hippocampus, the N/OFQ
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peptide is expressed in numerous interneurons in the DG, CA1, CA2, and CA3 while the receptor is expressed primarily in granule and pyramidal cells but also in some interneurons.

d. Functions i. Peripheral actions

As seen in the previous chapter (Part 2.I.c), the NOP receptor can be found in the peripheral nervous system, principally in the immune system. Here I will give an overview of the effects of the N/OFQ-NOP system on some of these systems.

Concerning the immune response, in-vitro studies on human cells showed that treatment with N/OFQ induces an increase in monocyte chemotaxis and T-cell proliferation [START_REF] Waits | Nociceptin/orphanin FQ modulates human T cell function in vitro[END_REF][START_REF] Trombella | Nociceptin/orphanin FQ stimulates human monocyte chemotaxis via NOP receptor activation[END_REF]. With respect to airways, an antitussive action of N/OFQ was demonstrated in guinea pigs (Lee et al., 2006) and cats [START_REF] Bolser | Antitussive action of nociceptin in the cat[END_REF]. It was as well shown that treatment with N/OFQ could inhibit ex-vivo airway contractility in humans [START_REF] Faisy | Nociceptin inhibits vanilloid TRPV-1-mediated neurosensitization induced by fenoterol in human isolated bronchi[END_REF]. Finally, N/OFQ has been shown in multiple studies to inhibit the contractility of the gastrointestinal tract (for a review see [START_REF] Osinski | Orphanin FQ/nociceptin: A novel neuromodulator of gastrointestinal function?[END_REF] and prevent gastric damage induced by intragastric ethanol [START_REF] Morini | Nociceptin/orphanin FQ prevents ethanol-induced gastric lesions in the rat[END_REF] and cold-restraint stress [START_REF] Grandi | Nociceptin/orphanin FQ prevents gastric damage induced by cold-restraint stress in the rat by acting in the periphery[END_REF].

ii. Central effects

As seen in the previous chapter (Part 2.I.c), the N/OFQ-NOP system is expressed in many brain regions involved in numerous functions including, motor control, pain, emotions, perception, and memory. Here I am going to describe the modulation by the N/OFQ-NOP system of some of these functions: pain, reward, anxiety, and depression.

Pain

The name nociceptin was originally given by Meunier et al. (1995) because of the hyperalgesia induced by i.c.v. injection of the N/OFQ peptide. Indeed, when administered supraspinally, N/OFQ reverses the effects of exogenous opioids [START_REF] Heinricher | Circuitry underlying antiopioid actions of orphanin FQ in the rostral ventromedial medulla[END_REF][START_REF] Pan | A cellular mechanism for the bidirectional pain-modulating actions of orphanin FQ/nociceptin[END_REF]. In fact, the hyperalgesia effect of N/OFQ i.c.v. injection observed in this early study could result from the release of central opioids following the stress induced by the injection that would have been counteracted by the delivery of N/OFQ (Zheilhofer and Calo, 2003). This anti-opioid action was proposed to take place in the rostral ventromedial medulla where "ON" cells inhibit "OFF" cells which project to the spinal dorsal horn to reduce ascending nociceptive information [START_REF] Pan | A cellular mechanism for the bidirectional pain-modulating actions of orphanin FQ/nociceptin[END_REF]Zheilhofer and Calo, 2003). Morphine inhibits "ON" cells via the activation of the µ-opioid receptor which relieves the inhibition of "OFF" neurons and induces the antinociceptive effect. N/OFQ inhibits "ON" as well as "OFF" cells, this last one reversing any actions of opioids at the "ON" cell resulting in the anti-opioid action. On the other hand, spinal administration of N/OFQ induces an antinociceptive effect with the inhibition of transmitter release at primary afferent terminals [START_REF] Inoue | In vivo pain-inhibitory role of nociceptin/orphanin FQ in spinal cord[END_REF][START_REF] Ko | Effects of intrathecally administered nociceptin/orphanin FQ in monkeys: Behavioral and mass spectrometric studies[END_REF] including glutamate [START_REF] Faber | Depression of glutamatergic transmission by nociceptin in the neonatal rat hemisected spinal cord preparation in vitro[END_REF] (Figure 18). More recently, the N/OFQ-NOP system was studied in the context of chronic pain, where NOP receptors were decreased in regions that mediate noxious heat stimuli in a model of chronic stress based on spinal nerve ligation [START_REF] Ozawa | Analysis of the distribution of spinal NOP receptors in a chronic pain model using NOP-eGFP knock-in mice[END_REF].

However, this study showed an increased sensitivity to the analgesic effect of spinal N/OFQ in animals under chronic pain. Furthermore, there is currently a growing interest in bi-functionnal molecules such as Cebranopadol which activates both mu and NOP receptors. This approach allows a reduction in opioid side effects without compromising the treatment of pain. Cebranopadol was tested in acute and chronic pain in three ended clinical trials among which two are published [START_REF] Eerdekens | Cancer-related chronic pain: Investigation of the novel analgesic drug candidate cebranopadol in a randomized, double-blind, noninferiority trial[END_REF][START_REF] Koch | Cebranopadol, a Novel First-in-Class Analgesic Drug Candidate: First Experience With Cancer-Related Pain for up to 26 Weeks[END_REF] and one is in progress. For a review see [START_REF] Ziemichod | Cebranopadol as a Novel Promising Agent for the Treatment of Pain[END_REF].

Reward

N/OFQ reduces the development of conditioned place preference for alcohol [START_REF] Ciccocioppo | Effect of nociceptin on alcohol intake in alcohol-preferring rats[END_REF][START_REF] Ciccocioppo | Pharmacological characterization of the nociceptin receptor which mediates reduction of alcohol drinking in rats[END_REF][START_REF] Kuzmin | Acquisition, expression, and reinstatement of ethanol-induced conditioned place preference in mice: Effects of opioid receptor-like 1 receptor agonists and naloxone[END_REF], amphetamine [START_REF] Kotlinska | Nociceptin inhibits acquisition of amphetamine-induced place preference and sensitization to stereotypy in rats[END_REF], cocaine (Kotlinska et al., 2002;[START_REF] Sakoori | Central administration of nociceptin/orphanin FQ blocks the acquisition of conditioned place preference to morphine and cocaine, but not conditioned place aversion to naloxone in mice[END_REF], and morphine [START_REF] Sakoori | Central administration of nociceptin/orphanin FQ blocks the acquisition of conditioned place preference to morphine and cocaine, but not conditioned place aversion to naloxone in mice[END_REF] while being inactive when administered alone. These results could come from a regulation of the dopamine release as i.c.v.

and intrategmental injection of N/OFQ suppress dopamine release [START_REF] Murphy | Intracerebroventricular orphanin FQ/nociceptin suppresses dopamine release in the nucleus accumbens of anaesthetized rats[END_REF][START_REF] Murphy | Orphanin FQ/nociceptin modulation of mesolimbic dopamine transmission determined by microdialysis[END_REF] and reduce morphine-induced [START_REF] Di Giannuario | Orphanin FQ reduces morphine-induced dopamine release in the nucleus accumbens: A microdialysis study in rats[END_REF][START_REF] Di Giannuario | Nociceptin differentially affects morphine-induced dopamine release from the nucleus accumbens and nucleus caudate in rats[END_REF], and cocaine-induced (Lufty et al., 2001) dopamine release in the nucleus accumbens. More recent studies showed that N/OFQ administered either in the central amygdala (1µg) [START_REF] Kallupi | Nociceptin attenuates the escalation of oxycodone self-administration by normalizing CeA-GABA transmission in highly addicted rats[END_REF] or i.c.v. ( 10nmol) (Bebawy et al., 2020) decrease the oxycodone self-administration in rats and blocks the sensitization to the conditioned rewarding action of cocaine in mice respectively. In accordance, NOP knock-out mice show increased sensitivity to nicotine [START_REF] Sakoori | Enhanced nicotine sensitivity in nociceptin/orphanin FQ receptor knockout mice[END_REF] and a slightly enhanced place preference for methamphetamine and ethanol [START_REF] Sakoori | Endogenous nociceptin (orphanin FQ) suppresses basal hedonic state and acute reward responses to methamphetamine and ethanol, but facilitates chronic responses[END_REF]. Furthermore, whole-cell electrophysiology of rat midbrain shows that N/OFQ inhibits VTA neurons [START_REF] Driscoll | Differential Modulation of Ventral Tegmental Area Circuits by the Nociceptin/Orphanin FQ System[END_REF], and the ablation of paranigral VTA neurons increases operant responding (Parker et al., 2019). However, some studies suggest that the endogenous N/OFQ-NOP system might facilitate the development of addiction. Behavioral sensitization to methamphetamine as well as ethanol consumption and preference was lower in NOP - /-mice [START_REF] Sakoori | Endogenous nociceptin (orphanin FQ) suppresses basal hedonic state and acute reward responses to methamphetamine and ethanol, but facilitates chronic responses[END_REF]. Moreover, NOP receptor constitutive knock-out, and i.p. (1 and 3 mg/kg) and intraVTA (3 and 6 µg/µl) administration of the LY2817412 NOP antagonist reduces nicotine intake in rats [START_REF] Domi | Genetic deletion or pharmacological blockade of nociceptin/orphanin FQ receptors in the ventral tegmental area attenuates nicotinemotivated behaviour[END_REF]. Furthermore, the inhibition of CeA cells expressing pre-pronociceptin decreases the consumption of palatable food [START_REF] Hardaway | Central Amygdala Prepronociceptin-Expressing Neurons Mediate Palatable Food Consumption and Reward[END_REF]. Finally, the NOP receptor antagonist LY2940094 was shown to reduce the percentage of heavy drinking days in patients with alcohol dependence in a proof-of-concept study (Post et al., 2016a).

Thus, it is difficult to conclude on the role of the endogenous N/OFQ-NOP system activity in reward as both N/OFQ peptide and antagonists or knock-out are able to decrease addiction-linked behaviors. Results are thus conflicting and indicate that the outcome could depend on the model used or the drug. This makes it complicated to know which strategy would be the most pertinent to use in humans. However, the clinical trial conducted by Post and colleagues suggests that the NOP antagonists could be the most efficient as they are effective in patients suffering from alcoholism (Post et al., 2016).

Anxiety and depression

For a description of behavioral tests for anxiety and depression see Box 3. Concerning anxiety, the first test performed was the effect of i.c.v. administration of N/OFQ on anxiety a few years after its discovery [START_REF] Jenck | Orphanin FQ acts as an anxiolytic to attenuate behavioral responses to stress[END_REF]. It showed that NOP agonist administration had anxiolytic effects. Since then, many studies confirmed the anxiolytic action of N/OFQ administration in a variety of tests (See table 1). However, it is to note that two studies found an increase in anxiety-related behavior following N/OFQ injection in the lateral ventricle, BNST, or amygdala of rats [START_REF] Fernandez | Nociceptin/orphanin FQ increases anxiety-related behavior and circulating levels of corticosterone during neophobic tests of anxiety[END_REF][START_REF] Green | Roles of the bed nucleus of stria terminalis and of the amygdala in N/OFQ-mediated anxiety and HPA axis activation[END_REF]. Studies using the genetic blockade of the N/OFQ-NOP system tend to indicate anxiolytic properties of this endogenous system as these knock-outs induce anxious phenotypes (See table 1). Apart from a study with NOP -/-mice showing an anxiolytic-like phenotype in some tests (Gavioli et al., 2017), ppN/OFQ -/-and NOP - /-rodents display increased anxiety-related behavior. For the interpretation of these results, it is important to note that the ppN/OFQ precursor encodes as well other putative bioactive peptides such as nocistatin and nociceptin II.

Concerning NOP antagonists, their actions on anxiety are debated and assaydependent but the results that reach the majority of studies indicate an absence of anxiety modulation by NOP antagonists under basal conditions (See table 1).

However, a potential anxiolytic action cannot be excluded as some later studies have shown an anxiolytic effect of NOP antagonists in the central nervous system in the elevated plus-maze test (EPM) [START_REF] Duzzioni | Anxiolytic-like effect of central administration of NOP receptor antagonist UFP-101 in rats submitted to the elevated T-maze[END_REF] and in freezing to fear conditioning or stress-induced hyperthermia (Witkin et al., 2016). One may suppose that chronic administration of a NOP antagonist could provide consistent anxiolytic effects.

Effect References

NOP ligands

Agonists Anxiolytic

Jenk et al., 1997;[START_REF] Gavioli | Central injections of nocistatin or its C-terminal hexapeptide exert anxiogenic-like effect on behaviour of mice in the plus-maze test[END_REF][START_REF] Kamei | Effects of nociceptin on the exploratory behavior of mice in the hole-board test[END_REF][START_REF] Vitale | Anxiolytic-like effects of nociceptin/orphanin FQ in the elevated plus maze and in the conditioned defensive burying test in rats[END_REF][START_REF] Aujla | Modification of anxiety-like behaviors by nociceptin/orphanin FQ (N/OFQ) and time-dependent changes in N/OFQ-NOP gene expression following ethanol withdrawal[END_REF][START_REF] Filaferro | Functional antagonism between nociceptin/orphanin FQ and corticotropin-releasing factor in rat anxiety-related behaviors: Involvement of the serotonergic system[END_REF][START_REF] Asth | Nociceptin/orphanin FQ induces simultaneously anxiolytic and amnesic effects in the mouse elevated T-maze task[END_REF][START_REF] Asth | Beta-arrestin 2 rather than G protein efficacy determines the anxiolytic-versus antidepressant-like effects of nociceptin/orphanin FQ receptor ligands[END_REF] Antagonists Inactive [START_REF] Varty | Characterization of the nociceptin receptor (ORL-1) agonist, Ro64-6198, in tests of anxiety across multiple species[END_REF]Varty et al., , 2006;;[START_REF] Gavioli | Antidepressant-and anxiolytic-like effects of nociceptin/orphanin FQ receptor ligands[END_REF][START_REF] Vitale | Anxiolytic-like effects of nociceptin/orphanin FQ in the elevated plus maze and in the conditioned defensive burying test in rats[END_REF]Uchiyama et al., 2008a[START_REF] Lu | The anxiolytic-like profile of the nociceptin receptor agonist, endo-8-[bis(2-chlorophenyl)methyl]-3phenyl-8-azabicyclo[3.2.1octane-3-carboxamide (SCH 655842): Comparison of efficacy and side effects across rodent species[END_REF] Knock-out mice ppN/OFQ -/- Anxious phenotype Koster et al., 1999;[START_REF] Ouagazzal | Impact of environmental housing conditions on the emotional responses of mice deficient for nociceptin/orphanin FQ peptide precursor gene[END_REF] NOP -/- Anxious phenotype [START_REF] Gavioli | Altered anxiety-related behavior in nociceptin/orphanin FQ receptor gene knockout mice[END_REF][START_REF] Sakoori | Enhanced nicotine sensitivity in nociceptin/orphanin FQ receptor knockout mice[END_REF][START_REF] Rizzi | Nociceptin/orphanin FQ receptor knockout rats: In vitro and in vivo studies[END_REF] Table 1 

-Summary of the principal effects of different modulation of the N/OFQ-NOP system on anxiety in rodents

As far as depression is concerned, there is a majority of studies in the literature assessing the action of NOP antagonists. This interest in NOP antagonists' actions arose after a study from Redrobe and colleagues in 2002 describing the potential antidepressant effects of two NOP antagonists in mice. Since then, findings were confirmed multiple times in naive (See table 2) animals and were then extended to animal models of depression which will be further described in part II.b (for a review see Gavioli, 2018). Fewer studies have evaluated the effect of NOP agonists on depressive-like symptoms as they quickly appeared to have no impact on these symptoms (see table 2). They yet have a non-negligible impact when co-administered with NOP antagonists as they reversed their antidepressant-like effects in naive mice (Gavioli et al., 2003[START_REF] Gavioli | Antidepressant-like effects of the nociceptin/orphanin FQ receptor antagonist UFP-101: New evidence from rats and mice[END_REF][START_REF] Gavioli | Antidepressant-and anxiolytic-like effects of nociceptin/orphanin FQ receptor ligands[END_REF][START_REF] Rizzi | Pharmacological Characterization of the Nociceptin/Orphanin FQ Receptor Antagonist SB-612111[END_REF] as well as in the learned helplessness (LH) model of depression (Holanda et al., 2018). Interestingly, it has been reported that NOP activation inhibits the antidepressant effects of nortriptyline and fluoxetine (Holanda et al., 2018). In accordance with the antidepressant effect of NOP antagonists, NOP -/-rodents display antidepressant-like phenotypes (see table 2). Moreover, the NOP deletion induces resistance to depressive-like behaviors in bacterial lipopolysaccharide (LPS)-challenged (consisting in a single i.p. injection of the bacterial endotoxin LPS) NOP -/-mice [START_REF] Medeiros | Blockade of nociceptin/orphanin FQ receptor signaling reverses LPS-induced depressive-like behavior in mice[END_REF].

Effect References

NOP ligands

Agonists

Inactive [START_REF] Redrobe | Nociceptin receptor antagonists display antidepressant-like properties in the mouse forced swimming test[END_REF][START_REF] Goeldner | Further characterization of the prototypical nociceptin/orphanin FQ peptide receptor agonist Ro 64-6198 in rodent models of conflict anxiety and despair[END_REF] Antagonists Antidepressant [START_REF] Redrobe | Nociceptin receptor antagonists display antidepressant-like properties in the mouse forced swimming test[END_REF]Gavioli et al., 2003[START_REF] Gavioli | Antidepressant-like effects of the nociceptin/orphanin FQ receptor antagonist UFP-101: New evidence from rats and mice[END_REF][START_REF] Rizzi | Pharmacological Characterization of the Nociceptin/Orphanin FQ Receptor Antagonist SB-612111[END_REF]Post et al. 2016 

Knock-out mice

ppN/OFQ -/- Not tested NOP -/- Antidepressant phenotype Gavioli et al., 2003[START_REF] Gavioli | Antidepressant-like effects of the nociceptin/orphanin FQ receptor antagonist UFP-101: New evidence from rats and mice[END_REF][START_REF] Rizzi | Nociceptin/orphanin FQ receptor knockout rats: In vitro and in vivo studies[END_REF] Table

-Summary of the principal effects of different modulation of the N/OFQ-NOP system on depression in rodents

Interestingly, the measurement of N/OFQ concentration in the plasma of humans revealed an association between depressive disorder and elevated N/OFQ [START_REF] Gu | Changes and significance of orphanin and serotonin in patients with postpartum depression[END_REF][START_REF] Wang | Plasma levels of nociceptin/orphanin FQ in patients with bipolar disorders and health adults[END_REF]. NOP antagonists have been tested as antidepressants in humans, these results are described in part II.b.

Box 3 -behavioral tests for anxiety and depression

Conflict test: used to assess anxiety. Electric shocks are delivered when the animal feeds (conflict feeding) or drinks (conflict drinking). The more the animal drinks or feeds, the less anxious.

Elevated Plus Maze (EPM):

The EPM is designed to evaluate anxiety in mice by using their innate preference for dark and enclosed spaces. The EPM consists of four runways arranged perpendicularly, two of which are enclosed and two of which are open. The amount of time spent in the closed arms of the maze is used as a measure of anxiety behavior.

Forced Swim Test (FST):

It is a common test of resignation. Mice are placed in an inescapable transparent tank that is filled with water and their escape-related mobility behavior is measured.

The more mobile the mice are, the less resigned.

Tail Suspension Test (TST):

It is a common test of resignation. Mice are suspended by their tails with tape, in such a position that it cannot escape or hold on to nearby surfaces. During this test, the resulting escape-oriented behaviors are quantified. The more mobile the mice are, the less resigned.

Sucrose preference test:

Common test for anhedonia. The sucrose preference test is based on the animal's natural preference for sweets. This test measures the amount of a sweet-tasting solution that the animal ingests across a fixed period. Animals with depressive-like behavior tend to have less glucose preference.

II. The Nociceptin OrphaninFQ-NOP system and stress a. Regulation of the HPA axis by the N/OFQ-NOP system

The N/OFQ system modulates the neuroendocrine response to stress (for a review see Gavioli et al., 2019). It as well modulates stress mediators in a physiological context. Multiple studies have shown that, in naive rats, i.c.v. injection of N/OFQ induces an increased level of plasma corticosterone. In Wistar rats, N/OFQ i.c.v. injections of 0.5 to 1.5 nmol [START_REF] Vitale | Anxiolytic-like effects of nociceptin/orphanin FQ in the elevated plus maze and in the conditioned defensive burying test in rats[END_REF] and of 2.5 nmol [START_REF] Broccardo | Nociceptin/orphanin FQ-induced delay in gastric emptying: Role of central corticotropin-releasing factor and glucocorticoid receptors[END_REF] induce an increase in plasma CORT level. Furthermore, plasma CORT levels are increased with N/OFQ i.c.v. injections of 0.01 to 1 nmol in Long-Evans rats [START_REF] Fernandez | Nociceptin/orphanin FQ increases anxiety-related behavior and circulating levels of corticosterone during neophobic tests of anxiety[END_REF][START_REF] Green | Roles of the bed nucleus of stria terminalis and of the amygdala in N/OFQ-mediated anxiety and HPA axis activation[END_REF]. In Wistar Ottawa Karlsburg W rats (which are obese) and their controls, Dark Agouti rats, 8.4 nmol of N/OFQ injected i.c.v.

induces an increased plasma CORT level [START_REF] Filippetti | Involvement of cocaine-amphetamine regulated transcript in the differential feeding responses to nociceptin/orphanin FQ in dark agouti and Wistar Ottawa Karlsburg W rats[END_REF]. Finally, in Sprague-Dawley rats, i.c.v. injections of 0.1 and 1 nmol [START_REF] Devine | Nociceptin/orphanin FQ regulates neuroendocrine function of the limbic-hypothalamic-pituitary-adrenal axis[END_REF] and of 0.1 to 10 µg of N/OFQ induce an increase in plasma corticosterone level [START_REF] Leggett | The nociceptin receptor antagonist [Nphe1,Arg14,Lys15]nociceptin/orphanin FQ-NH2 blocks the stimulatory effects of nociceptin/orphanin FQ on the HPA axis in rats[END_REF].

In this last study, it was shown as well that these N/OFQ injections produce an increase in ACTH plasma level, and 1µg of N/OFQ increases CRF mRNA in the PVN and POMC mRNA in the anterior pituitary. N/OFQ induces as well an increased plasma CORT concentration when injected directly into the BNST at a dose of 1 nmol in Long-Evans rats [START_REF] Green | Roles of the bed nucleus of stria terminalis and of the amygdala in N/OFQ-mediated anxiety and HPA axis activation[END_REF]. These results are summarized in Table 3.

Stress condition

Treatment or condition Effects References

Naive rats N/OFQ i.c.v. Plasma CORT Fernandez et al., 2004;[START_REF] Broccardo | Nociceptin/orphanin FQ-induced delay in gastric emptying: Role of central corticotropin-releasing factor and glucocorticoid receptors[END_REF][START_REF] Vitale | Anxiolytic-like effects of nociceptin/orphanin FQ in the elevated plus maze and in the conditioned defensive burying test in rats[END_REF][START_REF] Filippetti | Involvement of cocaine-amphetamine regulated transcript in the differential feeding responses to nociceptin/orphanin FQ in dark agouti and Wistar Ottawa Karlsburg W rats[END_REF] Naive rats N/OFQ intra-BNST Plasma CORT 

-Summary of the principal effects of N/OFQ-NOP system modulation on stress mediators

In case of a strong stressful event, the administration of exogenous N/OFQ has no effect on plasma CORT levels. In Sprague-Dawley rats, 0.01 to 1 nmol N/OFQ i.c.v.

injections do not modulate the plasma CORT and ACTH level of rats following restraint stress [START_REF] Devine | Nociceptin/orphanin FQ regulates neuroendocrine function of the limbic-hypothalamic-pituitary-adrenal axis[END_REF] and 1 µg of N/OFQ i.c.v. has no impact on plasma CORT levels after lipopolysaccharide stress [START_REF] Leggett | Endogenous nociceptin / orphanin FQ system involvement in hypothalamic-pituitary-adrenal axis responses: Relevance to models of inflammation[END_REF]. Moreover, in the context of stress, the blockade of the N/OFQ-NOP system with NOP antagonists reduces the elevation of plasma CORT and ACTH following stress. In Sprague-Dawley rats, i.c.v.

injection of the competitive NOP antagonist UFP-101 (1µg) tends to diminish the evening elevation of plasma CORT and significantly decreases cerebrospinal fluid mRNA elevation in the PVN following 60 minutes of restraint stress [START_REF] Leggett | The nociceptin/orphanin FQ antagonist UFP-101 differentially modulates the glucocorticoid response to restraint stress in rats during the peak and nadir phases of the hypothalamo-pituitaryadrenal axis circadian rhythm[END_REF]. It as well diminishes the elevation of plasma ACTH and CORT levels and CRF mRNA in the PVN after LPS stress [START_REF] Leggett | Endogenous nociceptin / orphanin FQ system involvement in hypothalamic-pituitary-adrenal axis responses: Relevance to models of inflammation[END_REF]. In Wistar rats, 5 to 20 nmol i.c.v. of UFP-101 diminishes the elevation of plasma corticosterone after UCMS [START_REF] Vitale | Chronic treatment with the selective NOP receptor antagonist[END_REF]Vitale et al., 2017). All these results are summarized in table 3. Altogether these results suggest an involvement of the activity of the N/OFQ-NOP system in the elevation of endogenous stress mediators after stress.

However, the activity of the endogenous N/OFQ-NOP system seems not to have a basal effect on the HPA axis in naive animals. NOP antagonists, as well as genetic deletion of NOP receptor (NOP-/-mice) or N/OFQ pre-pro-peptide (ppN/OFQ-/-mice),

have no impact on stress hormone levels. The administration of UFP-101 i.c.v. in naive rats at doses of 10 nmol [START_REF] Vitale | Chronic treatment with the selective NOP receptor antagonist[END_REF] or 1 µg [START_REF] Leggett | The nociceptin receptor antagonist [Nphe1,Arg14,Lys15]nociceptin/orphanin FQ-NH2 blocks the stimulatory effects of nociceptin/orphanin FQ on the HPA axis in rats[END_REF] has no effect on the plasma corticosterone level. Additionally, chronic i.p. injections of the NOP antagonist JTC-801 (6 mg/kg/day; 14 days) do not modulate plasmatic corticosterone levels [START_REF] Zhang | Nociceptin/orphanin FQ peptide receptor antagonist JTC-801 reverses pain and anxiety symptoms in a rat model of post-traumatic stress disorder[END_REF]. In the same way, NOP -/-mice [START_REF] Uezu | Lack of nociceptin receptor alters body temperature during resting period in mice[END_REF] and ppN/OFQ -/-mice (Prince- [START_REF] Prince-Zullig | Effect of Nociceptin/Orphanin FQ (N/OFQ) and isoflurane on the corticosterone secretory response in mice lacking the N/OFQ prepropeptide (ppN/OFQ-/-)[END_REF] show the same plasma CORT concentration as control mice. However, it is to note that in one study, chronic i.c.v.

administration of antisense oligonucleotides targeting NOP mRNA and inducing up to 55% reduction of NOP receptor expression provoked a reduction in plasma CORT level (Blakley et al., 2003). Results are summarized in table 3.

b. Regulation of the N/OFQ-NOP system by stress

Since 2001, many studies evaluated to which extent stressful events could regulate the N/OFQ-NOP system (for a review see [START_REF] Mallimo | The role of orphanin FQ/nociceptin in neuroplasticity: Relationship to stress, anxiety and neuroinflammation[END_REF][START_REF] Mallimo | The role of orphanin FQ/nociceptin in neuroplasticity: Relationship to stress, anxiety and neuroinflammation[END_REF]Gavioli et al., 2019). These regulations of the system variate depending on the nature of the stress, the brain regions studied, and sex.

Overall, acute stress tends to increase the amount of N/OFQ in several brain regions.

Studies using acute restraint stress showed that the N/OFQ peptide, quantified by RIA, was decreased in the forebrain with stress [START_REF] Devine | Nociceptin/orphanin FQ content is decreased in forebrain neurones during acute stress[END_REF] but increased in CA1, CA3, and the DG region of the hippocampus (Nativio et al., 2012). Interestingly, this stress-induced increase of N/OFQ peptide was lost in adrenalectomized rats indicating that it was corticosterone dependent. Furthermore, the upregulation of the peptide was also found after a single injection of corticosterone meaning that the increased corticosterone concentration was sufficient to induce an increased N/OFQ peptide level. Additionally, acute isolation stress provokes an increase in N/OFQ peptide content in the medial prefrontal cortex (mPFC), the nucleus accumbens, and the AMY [START_REF] Granholm | Single housing during early adolescence causes time-, area-and peptide-specific alterations in endogenous opioids of rat brain[END_REF]. Quantitative rt-PCR (rt-qPCR) following acute restraint stress shows that ppN/OFQ mRNAs are decreased in the hippocampus, and NOP mRNAs are decreased in the hypothalamus [START_REF] Delaney | Role of nociceptin/orphanin FQ and NOP receptors in the response to acute and repeated restraint stress in rats[END_REF]. However, in the AMY, insitu hybridization revealed an increased expression of the NOP receptor in the central and basomedial amygdala after social defeat [START_REF] Green | Nociceptin/orphanin FQ and NOP receptor gene regulation after acute or repeated social defeat stress[END_REF] and in the central and basolateral amygdala after restraint stress [START_REF] Ciccocioppo | Restraint stress alters nociceptin/orphanin FQ and CRF systems in the rat central amygdala: Significance for anxiety-like behaviors[END_REF].

Furthermore, in-situ hybridization revealed as well an increase in ppN/OFQ mRNAs in the paraventricular thalamic nucleus after restraint stress [START_REF] Zambello | Acute stress differentially affects corticotropin-releasing hormone mRNA expression in the central amygdala of the 'depressed' flinders sensitive line and the control flinders resistant line rats[END_REF]. Subchronic stress seems as well to positively regulate the N/OFQ-NOP system as subchronic social defeat was shown to increase the level of ppN/OFQ mRNAs in the core and shell of the nucleus accumbens (Der-Avakian, 2017). These results are summarized in table 4. Altogether, these results suggest an increased expression of the N/OFQ-NOP system that might result in increased activity in multiple limbic system brain areas. It appears that in the hippocampus the increase in peptide level induced by acute stress can be accompanied by a decrease in the transcript. This could be the result of a higher transduction rate.

Another branch of the literature worked at evaluating the impact of stressful events that induce long-lasting neurobiological and behavioral modifications. Long-lasting neurobiological changes are seen in models of perinatal stress. An adverse maternal environment induced increased expression of NOP receptors in the hippocampus of mice offspring [START_REF] Ke | Adverse maternal environment alters Oprl1 variant expression in mouse hippocampus[END_REF]. Perinatal food and water withdrawal were shown to induce modification in adulthood in plasma levels of N/OFQ evaluated by RIA. N/OFQ levels were increased in both male and female adult rats subjected to postnatal stress and in male rats subjected to prenatal stress [START_REF] Tekes | Effect of perinatal stress on the biogenic amine neurotransmitter level of the adult rat's brain[END_REF]. Maternal separation induces an increased N/OFQ level in the periaqueductal grey [START_REF] Ploj | Effects of neonatal handling on nociceptin/orphanin FQ and opioid peptide levels in female rats[END_REF]) and a decreased level of N/OFQ in the AMY [START_REF] Gustafsson | Effects of maternal separation on voluntary ethanol intake and brain peptide systems in female Wistar rats[END_REF] in female rats. The same stress in male rats provokes an increase in N/OFQ peptides in the mPFC and the hypothalamus [START_REF] Ploj | Effects of maternal separation on brain nociceptin/orphanin FQ peptide levels in male Wistar rats[END_REF]. In-situ hybridization of NOP mRNAs shows that neonatal exposure to dexamethasone increases NOP mRNAs in the PVN and DG and decreases NOP mRNAs in the CA3 region of the hippocampus [START_REF] Neal | Dexamethasone exposure during the neonatal period alters ORL1 mRNA expression in the hypothalamic paraventricular nucleus and hippocampus of the adult rat[END_REF].

Another type of stress eliciting long-lasting perturbations is traumatic stress. A microarray analysis in the AMY revealed that, in the immobilization-fear conditioning model of post-traumatic stress disorder (PTSD), a gene whose expression is highly modulated is the NOP receptor gene which is downregulated following the fear but not the immobilization-fear procedure [START_REF] Andero | Amygdala-dependent fear is regulated by Oprl1 in mice and humans with PTSD[END_REF]. A batch of studies using a single-prolonged-stress model of PTSD revealed that N/OFQ levels evaluated by RIA are increased 9, 14, and 28 days after stress in cerebrospinal fluid (CSF) and after 28 days in serum of males but not female rats (Zhang et al., 2012[START_REF] Zhang | Nociceptin/orphanin FQ peptide receptor antagonist JTC-801 reverses pain and anxiety symptoms in a rat model of post-traumatic stress disorder[END_REF][START_REF] Zhang | Sex Differences in Nociceptin/Orphanin FQ Peptide Receptor-Mediated Pain and Anxiety Symptoms in a Preclinical Model of Post-traumatic Stress Disorder[END_REF]. These results are summarized in table 4.

Concerning chronic stress, a long period of isolation induces a decrease in N/OFQ peptides in the hypothalamus and mPFC [START_REF] Granholm | Single housing during early adolescence causes time-, area-and peptide-specific alterations in endogenous opioids of rat brain[END_REF] whereas chronic restraint stress induces an increase in NOP mRNAs in the BNST and the reticular thalamic nucleus [START_REF] Delaney | Role of nociceptin/orphanin FQ and NOP receptors in the response to acute and repeated restraint stress in rats[END_REF]. These results are summarized in table 4. 

Stress

-Summary of the principal effects of stress on the N/OFQ-NOP system

Interestingly, two studies tried to find a correlation between sensitivity to stress or anxiety and the N/OFQ system. In the first one, three strains of mice were compared in their sensitivity to social crowding and in NOP and N/OFQ expression in the hippocampus. The BALB/cByJ mice that were the less anxious in behavioral tests show after social crowding higher NOP and N/OFQ mRNAs in the whole hippocampus evaluated by RT-qPCR. This result could indicate a positive correlation between N/OFQ expression and stress resilience. However, this correlation was contradictory with results obtained in other strains. More importantly, the C57BL/6J mice that were more anxious with social crowding show a strong tendency for higher levels of N/OFQ mRNAs and significantly higher levels of NOP mRNAs in the hippocampus [START_REF] Reiss | Effects of social crowding on emotionality and expression of hippocampal nociceptin/orphanin FQ system transcripts in mice[END_REF]. It is to note that in-situ hybridization can reveal opposite regulations of NOP expression in the different subregions of the hippocampus following stress [START_REF] Neal | Dexamethasone exposure during the neonatal period alters ORL1 mRNA expression in the hypothalamic paraventricular nucleus and hippocampus of the adult rat[END_REF]. Consequently, some variation of N/OFQ and NOP mRNAs could be masked by the whole hippocampus analysis. In a second study, the authors compared Flinders sensitive and resistant rat strains with in-situ hybridization of N/OFQ and NOP mRNAs.

This study revealed that N/OFQ is less expressed in the AMY while NOP is more expressed in the paraventricular thalamic nucleus in sensitive rats [START_REF] Zambello | Acute stress differentially affects corticotropin-releasing hormone mRNA expression in the central amygdala of the 'depressed' flinders sensitive line and the control flinders resistant line rats[END_REF]. Altogether these results indicate that the modulation of the N/OFQ-NOP system by stress can be species-, strain-, gender-, region-and stress-dependent which makes it difficult to draw general conclusions. However, this confirms that the N/OFQ-NOP system is sensitive to stressful events, and some correlations suggest that it could play a role in adaptation to stress.

c. Modulation of the behavioral response to stress by the N/OFQ-NOP system

The N/OFQ-NOP system is thus modulated by stressful events, and has a role in the response to stress notably by modulating the HPA axis as seen in the previous sections. Thus, this system could play a role in the modulation of the behavioral response under stress in order to adopt the most adapted behavior (for a review see Gavioli, 2018 andGavioli et al., 2019; for the description of behavioral tests see box

3). From that perspective, the first batch of investigations looked at the impact of the activation of the nociceptin system on stress-induced behaviors. A first study published in 1997 showed that in MORO mice an i.c.v. injection of N/OFQ (3 nmol) was able to increase the feeding behavior in the conflict test where feeding actions were coupled with electric shock-inducing stress [START_REF] Jenck | Orphanin FQ acts as an anxiolytic to attenuate behavioral responses to stress[END_REF]. In accordance, in Swiss mice, a N/OFQ injection (0.3, 1, or 3 nmol, i.c.v.) before predator exposure diminished the anxious behavior during the exposure [START_REF] Griebel | Orphanin FQ, a novel neuropeptide with anti-stress-like activity[END_REF]. In models of stress induced by a CRF injection (i.c.v., 1µg or 0.2 nmol), two N/OFQ injections (i.c.v. 1 nmol or 1.8 or 2.4 µg or intra-BNST 0.5µg) preceding stress were able to restore vehiclelike behavior in the elevated plus maze test [START_REF] Rodi | Functional antagonism between nociceptin/orphanin FQ (N/OFQ) and corticotropinreleasing factor (CRF) in the rat brain: Evidence for involvement of the bed nucleus of the stria terminalis[END_REF][START_REF] Filaferro | Functional antagonism between nociceptin/orphanin FQ and corticotropin-releasing factor in rat anxiety-related behaviors: Involvement of the serotonergic system[END_REF].

Along the same line, a N/OFQ injection in the central amygdala (1 nmol) could prevent anxiety in the EPM following restraint stress in Wistar rats [START_REF] Ciccocioppo | Restraint stress alters nociceptin/orphanin FQ and CRF systems in the rat central amygdala: Significance for anxiety-like behaviors[END_REF].

In accordance with this anxiolytic effect of N/OFQ, the agonist Ro 64-6198 (i.p. 0.3-1.3 mg/kg) induced an anxiolytic effect in tests provoking stress (increase drinking in the Vogel conflict drinking test; increase time spent and distance traveled in the social compartment in the social approach-avoidance test, increase milk intake and decrease latency to feed in the novelty-induced hypophagia test) [START_REF] Goeldner | Further characterization of the prototypical nociceptin/orphanin FQ peptide receptor agonist Ro 64-6198 in rodent models of conflict anxiety and despair[END_REF].

Furthermore, the ppN/OFQ -/-line seems to be more sensitive to stress as these mice have higher startle amplitude in the acoustic startle reflex test after social crowding stress [START_REF] Ouagazzal | Impact of environmental housing conditions on the emotional responses of mice deficient for nociceptin/orphanin FQ peptide precursor gene[END_REF]. However, when injected before stronger stress, the inescapable electric foot shock (Learned helplessness model), the agonist Ro 65-6570 (i.p. 0.1, 1 mg/kg) increases the percentage of mice becoming helpless indicating a reduced stress-coping and increases the immobility time in the forced swim test (FST)

reflecting resignation (Holanda et al., 2019). Furthermore, when used as curative instead of preventive, Ro 65-6570 agonists (i.p. 0,3 mg/kg) do not counteract the effect of stress following the inescapable electric foot shock (Holanda et al., 2018). Hence, the N/OFQ peptide can reduce anxiety following acute stress but a limitation seems to be the intensity of the stress. These results are summarized in table 5.

Treatment, genetic Molecule Principal effect References

Preventive; Acute N/OFQ i.c.v., intra-BNST, intra-CeA Anxiolytic [START_REF] Jenck | Orphanin FQ acts as an anxiolytic to attenuate behavioral responses to stress[END_REF][START_REF] Griebel | Orphanin FQ, a novel neuropeptide with anti-stress-like activity[END_REF][START_REF] Rodi | Functional antagonism between nociceptin/orphanin FQ (N/OFQ) and corticotropinreleasing factor (CRF) in the rat brain: Evidence for involvement of the bed nucleus of the stria terminalis[END_REF][START_REF] Ciccocioppo | Restraint stress alters nociceptin/orphanin FQ and CRF systems in the rat central amygdala: Significance for anxiety-like behaviors[END_REF][START_REF] Filaferro | Functional antagonism between nociceptin/orphanin FQ and corticotropin-releasing factor in rat anxiety-related behaviors: Involvement of the serotonergic system[END_REF] ppN/OFQ et al., 2015;Holanda et al., 2016;Genovesa and Dobre, 2017;[START_REF] Silva | Blockade of NOP receptor modulates anxiety-related behaviors in mice exposed to inescapable stress[END_REF][START_REF] Taylor | Fear expression is reduced after acute and repeated nociceptin/orphanin FQ (NOP) receptor antagonism in rats: Therapeutic implications for traumatic stress exposure[END_REF] Curative; Chronic NOP antagonists Anxiolytic and antidepressant [START_REF] Vitale | Chronic treatment with the selective NOP receptor antagonist[END_REF]Zhang et al., Table

Anxiolytic and antidepressant

Meideros

-Summary of the modulations of behavioral responses to stress by the N/OFQ-NOP system

In contrast, NOP antagonists that show antidepressant properties in naive animals (Holanda et al., 2016;[START_REF] Silva | Blockade of NOP receptor modulates anxiety-related behaviors in mice exposed to inescapable stress[END_REF]. Similarly, an injection of NOP antagonist (J-113397 7, 5, 20 mg/kg i.p. or SB-612,111 1 mg/kg i.p.) could restore control-like behavior in the EPM test in Sprague-Dawley rats subjected to predator exposure [START_REF] Genovese | Mitigation of adverse behavioral impact from predator exposure by the nociceptin/orphanin FQ peptide antagonist J-113397 in rats[END_REF][START_REF] Taylor | Fear expression is reduced after acute and repeated nociceptin/orphanin FQ (NOP) receptor antagonism in rats: Therapeutic implications for traumatic stress exposure[END_REF]. Additionally, an injection of or SB-612,111 (10 mg/kg i.p.) following lipopolysaccharide injection could restore control-like immobility time in the FST (Meideros et al., 2015). NOP antagonists were as well efficacious on anxiety and depression-like (anhedonia, resignation) symptoms when given chronically after a longer or stronger stress. In Wistar rats, chronic treatment with the UFP-101 NOP antagonist (5-20 nmol/day) after UCMS procedure was able to restore control-like sucrose intake and immobility time in the FST [START_REF] Vitale | Chronic treatment with the selective NOP receptor antagonist[END_REF](Vitale et al., , 2017)).

After traumatic stress, 9 days of injections of the JTC-801 NOP antagonist (6 mg/kg/day) restored control-like behavior in the EPM test [START_REF] Zhang | Nociceptin/orphanin FQ peptide receptor antagonist JTC-801 reverses pain and anxiety symptoms in a rat model of post-traumatic stress disorder[END_REF]. In accordance with these studies, NOP-/-mice show resistance to stress. NOP-/-mice are resistant to LPS-and sub-chronic dexamethasone stress as they show no despair in the tail suspention test (TST) and FST test respectively (Meideros et al., 2015;Holanda et al., 2020). Moreover, the percentage of NOP-/-mice that acquired the helpless behavior after the inescapable electric foot shock procedure is much lower than for WT mice (Holanda et al., 2019).

All these investigations showed that NOP antagonists can reverse anxiety and depressive-like behavior induced by stress in curative protocols. Interestingly, recent studies have investigated the preventive actions of NOP antagonists in different models of stress. In Swiss mice, preventive acute or sub-chronic SB-612,111 injections (10 mg/kg i.p.) could prevent despair promoted by acute or sub-chronic dexamethasone exposure in the FST test (Holanda et al., 2020). In accordance, acute injection of SB-612,111 (i.p. 3, 10 mg/kg) could prevent the helpless phenotype in mice and the despair behavior in the FST after inescapable electric foot shock exposure (Holanda et al., 2019). These results are summarized in table 5.

Altogether, these results suggest that under normal stress conditions, the activity of the N/OFQ-NOP system has a role in the adaptation to stress and promotes adapted behavioral outcomes. However they suggest as well that under pathological stress conditions an increased activity of the N/OFQ-NOP system could participate in the alteration of stress coping and mood.

III. The Nociceptin OrphaninFQ-NOP system and memory a. Impact of exogenous N/OFQ and NOP agonists on memory

Given the distribution of the N/OFQ-NOP system in the brain, which indicates that the receptor and the peptide are both expressed in all structures involved in the limbic system, researchers assessed the possibility that this system could act on memory processes. Here I will describe the different experiments conducted over the years aiming at evaluating the impact of the N/OFQ system on memory, for a review see Moulédous, 2018 and for a description of behavioral tests cited below see Box 1.

The first study looking at the potential action of the N/OFQ-NOP system on memory was conducted in 1997. In this study conducted on Sprague-Dawley rats, an injection of 10 nmol N/OFQ in the CA3 region of the hippocampus before the learning phase impaired learning in the MWM test [START_REF] Sandin | Nociceptin/orphanin FQ microinjected into hippocampus impairs spatial learning in rats[END_REF]. However, the possibility of confounding effects, notably related to a disturbance of the exploratory behavior of the animal by the peptide, was not totally ruled out. Later, the same team conducted a similar experiment with lower doses of N/OFQ which did not induce modification in the rat exploration and thus ruled out the confounding effects [START_REF] Sandin | Nociceptin/orphanin FQ modulates spatial learning via ORL-1 receptors in the dorsal hippocampus of the rat[END_REF]. This experiment showed that the injection of 3.3 nmol of N/OFQ in the hippocampus impaired rats learning in the MWM. The co-administration of N/OFQ with a NOP receptor antagonist [NPhe1]nociceptin(1-13)NH2 (Nphe1) confirmed that the deleterious effect observed was specific to the action of N/OFQ on the NOP receptor.

Another study conducted on Sprague-Dawley rats using the same procedure showed that the dose of 5 nmol N/OFQ injected into the CA3 had the same deleterious effect on learning in the MWM (Redrobre et al., 2000). This deleterious effect was lost with the co-administration of the Nphe1 antagonist. In the same behavioral test, it was shown in NMRI mice, that intra-CA3 administration of 1 nmol and 5-10 nmol i.c.v. of N/OFQ before the learning impaired memory acquisition [START_REF] Kuzmin | The nociceptin system and hippocampal cognition in mice: A pharmacological and genetic analysis[END_REF]. The confounding effects were excluded as the same injections did not alter the capacity of mice to reach the platform in the visible platform version of the MWM. Additionally, the specific action of N/OFQ on the receptor NOP was validated by the co-administration with the NPhe1 antagonist. The authors studied as well the effect of the administration of the NOP agonist Ro 64-6198 on mice's spatial memory. They showed that an i.p. injection of 0.3 or 1 mg/kg impaired memory acquisition. This impairment was no longer present when Ro 64-6198 was administered with the NOP antagonist NPhe1.

The deleterious effect of the NOP agonist Ro 64-6198 in the acquisition of memory in the MWM has been as well demonstrated in C57Bl/6J mice with an i.p. injection of 1 mg/kg before learning [START_REF] Higgins | A combined pharmacological and genetic approach to investigate the role of orphanin FQ in learning and memory[END_REF].

Altogether these results demonstrate that the activation of the NOP receptor interferes with the acquisition phase of the spatial learning task in the MWM, a paradigm based on multiple trials learning.

Another type of memory, the aversive memory, is also affected by the activation of the NOP receptor. This memory can be evaluated by the passive-avoidance task. It was shown with this paradigm that i.c.v. injection of 500 pmol of N/OFQ in Sprague-Dawley rats [START_REF] Hiramatsu | Nociceptin/orphanin FQ reverses mecamylamine-induced learning and memory impairment as well as decrease in hippocampal acetylcholine release in the rat[END_REF] or 10 pmol in C57Bl/6J mice [START_REF] Mamiya | Nociceptin system plays a role in the memory retention: Involvement of naloxone benzoylhydrazone binding sites[END_REF] had an amnesic effect during the test. In both studies, this effect was counteracted by the co-administration of NOP antagonists, naloxone benzoylhydrazone (NalBzoH) in mice and NPhe1 in rats. This amnesic effect was also observed in ddY and C57Bl/6J mice with N/OFQ i.c.v. injections of higher doses: 5 or 5 and 10 nmol respectively [START_REF] Hiramatsu | Effects of nocistatin on nociceptin-induced impairment of learning and memory in mice[END_REF][START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF]. In C57Bl/6J mice, the specificity of the effect was confirmed by co-administration of NPhe1 and NalBzoH [START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF]. In this study, the same memory impairment was detected with the agonist Ro 64-6198, but this effect persisted with the co-administration of both NPhe1 and NalBzoH antagonists. Interestingly, Liu and collaborators showed that i.c.v. injection of 1 and 4 nmol of N/OFQ before learning could as well impair the acquisition of the aversive memory in a multi-trial version of the PA task in Swiss Albino mice [START_REF] Liu | Nocistatin and its derivatives antagonize the impairment of short-term acquisition induced by nociceptin[END_REF]. A deleterious impact on memory consolidation was demonstrated in Sprague-Dawley rats with an injection of N/OFQ (1, 10 and 100 pmol) post-training in the basolateral amygdala [START_REF] Roozendaal | Orphanin FQ/nociceptin interacts with the basolateral amygdala noradrenergic system in memory consolidation[END_REF]. However, a study evaluating the passive avoidance memory in an elevated T-maze in Swiss mice showed no effect of N/OFQ i.c.v. injection at doses of 0.1 and 1 nmol when administered after the acquisition while the amnesic effect was present when administered before (Asth et al., 2015).

In conclusion, the pharmacological activation of the N/OFQ-NOP system is deleterious for aversive memory. The delayed acquisition observed in the multi-trial protocol indicates that the N/OFQ-NOP system interferes with the acquisition phase of memory [START_REF] Liu | Nocistatin and its derivatives antagonize the impairment of short-term acquisition induced by nociceptin[END_REF]. However, in most studies, the N/OFQ injections were carried out before learning making it difficult to know which of the acquisition or consolidation phases of memory are affected. A consolidation effect cannot be excluded when considering the impairment observed after an intra-basolateral amygdala administration of N/OFQ done after the training (Roozendaal et al., 2017). The question of the memory phase has been better assessed in another type of aversive memory evaluated in the fear-conditioning paradigm.

In the fear conditioning paradigm, i.c.v. administration of N/OFQ (1; 2.5 and 5 nmol) in Wistar rats or i.p. injection of the agonist Ro 64-6198 (1 mg/kg) in C57Bl/6N mice before the conditioning-induced impairment of contextual but not cued memory [START_REF] Fornari | Effects of nociceptin/orphanin FQ in the acquisition of contextual and tone fear conditioning in rats[END_REF][START_REF] Goeldner | Activation of nociceptin opioid peptide (NOP) receptor impairs contextual fear learning in mice through glutamatergic mechanisms[END_REF]. The cued memory was however impaired in C57Bl/6J mice with the injection of the SR-8993 NOP agonist (3mg/kg) before or after the conditioning [START_REF] Andero | Amygdala-dependent fear is regulated by Oprl1 in mice and humans with PTSD[END_REF]. This deleterious effect was observed when the agonist was injected into the central amygdala after the conditioning and in a mouse model of dysregulated fear. In accordance with an effect on memory consolidation, i.c.v. administration of N/OFQ 0.01-1 nmol after the acquisition disturbed contextual but not cued memory in the test [START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF]. This effect was counteracted with the co-administration of the NPhe1 antagonist. The contextual fear memory was as well impaired with the administration of the agonist Ro 65-6570

(1 mg/kg) after conditioning in C57Bl/6J mice [START_REF] Rekik | Activation of nociceptin/orphanin FQ receptors inhibits contextual fear memory reconsolidation[END_REF]. These deleterious effects of N/OFQ or NOP agonist administration after the conditioning indicate a perturbation of memory consolidation. The memory trace stabilized with memory consolidation can, under certain circumstances, be destabilized after memory retrieval. The memory must then go through a process called reconsolidation to be stabilized again over time [START_REF] Alberini | Memory reconsolidation[END_REF][START_REF] Nader | Reconsolidation and the Dynamic Nature of Memory[END_REF]. The effect of the activation of the NOP receptor on reconsolidation was investigated in C57Bl/6J mice.

The injection of N/OFQ (i.c.v., 3 nmol) or NOP agonists AT-403 (i.p. 0.1 mg/kg), and Ro 65-6570 (i.p. 1 mg/kg) after the retrieval inhibited the reconsolidation of contextual fear memory [START_REF] Rekik | Activation of nociceptin/orphanin FQ receptors inhibits contextual fear memory reconsolidation[END_REF]. However, the administration of Ro 65-6570 (i.p. 1 mg/kg) before the retrieval had no impact on the following contextual memory test indicating that the reconsolidation only is affected.

Therefore, the N/OFQ-NOP system alters aversive memory in the fear conditioning paradigm and more particularly the contextual, hippocampus-dependent memory over the cued memory [START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF][START_REF] Goeldner | Activation of nociceptin opioid peptide (NOP) receptor impairs contextual fear learning in mice through glutamatergic mechanisms[END_REF]. Here the treatment with N/OFQ or NOP agonists after the acquisition or retrieval indicates that the activation of NOP receptor can disturb consolidation and reconsolidation [START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF][START_REF] Andero | Amygdala-dependent fear is regulated by Oprl1 in mice and humans with PTSD[END_REF][START_REF] Rekik | Activation of nociceptin/orphanin FQ receptors inhibits contextual fear memory reconsolidation[END_REF].

An effect in memory consolidation is as well suggested in object recognition memory.

It was shown in this test that N/OFQ injected i.c.v. (1 nmol) or into the dorsal hippocampus (3 nmol) impaired long-term recognition memory [START_REF] Goeldner | Nociceptin receptor impairs recognition memory via interaction with NMDA receptor-dependent mitogen-activated protein kinase/extracellular signalregulated kinase signaling in the hippocampus[END_REF].

Interestingly, in this same study, an i.p. injection of the agonist Ro 64-6198 impaired the long-term memory tested 6 hours after the acquisition but not the short-term memory tested 3 hours after the acquisition. These results indicate that the memory deficits observed in the 6 hours test cannot be explained by confounding effects and that they are probably due to an effect of NOP activation on memory consolidation and not acquisition. This effect was specific to the NOP receptor activation as it was no longer present when Ro 64-6198 was co-administered with the antagonist UFP-101.

Thus, the activation of the N/OFQ-NOP system interferes with recognition memory consolidation.

The inhibition of acquisition seen in the MWM and PA tests could be due to a perturbation of working memory. Only two studies have tested the impact of the pharmacological activation of NOP receptors on working memory in the Y-maze. In C57Bl/6J mice, 1-10 pmol of N/OFQ i.c.v. had no impact on mice performance in the Y-maze [START_REF] Mamiya | Nociceptin system plays a role in the memory retention: Involvement of naloxone benzoylhydrazone binding sites[END_REF]. But in ddY mice, 1.5 and 5 nmol i.c.v. of N/OFQ impaired alternations in the test suggesting a working memory deficit [START_REF] Hiramatsu | Effects of nocistatin on nociceptin-induced impairment of learning and memory in mice[END_REF]. Thus, few studies have investigated the impact of the activation of NOP receptors on working memory and the results are not congruent. The strain can be an important factor in the discrepancy as well as the dose.

The importance of the dose in the effects of the N/OFQ-NOP system on memory has been revealed by some studies showing that while a medium-to-high dose of N/OFQ or NOP agonists impaired memory, lower doses produced rather facilitating effects. In C57Bl/6J mice, 0.01 nmol i.c.v. of N/OFQ display a facilitator effect on aversive memory in the PA test whereas 1 and 10 nmol impair this same memory [START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF]. Similarly, in the same study, the agonist Ro 64-6198 injected i.p. at a dose of 3 mg/kg impaired aversive memory but improved it when injected with 0.3 and 1 mg/kg.

In the MWM, 0.33 nmol or 1 nmol N/OFQ intra-CA3 facilitates learning while 3.3 nmol impairs it [START_REF] Sandin | Nociceptin/orphanin FQ modulates spatial learning via ORL-1 receptors in the dorsal hippocampus of the rat[END_REF].

These results suggest a biphasic effect of the N/OFQ-NOP system on memory depending on the dose. This biphasic effect observed with pharmacological activation of the NOP receptor could indicate that at the level of the endogenous system, the recruitment of the system could be beneficial for memory while an over-activation would be deleterious.

Unfortunately, the importance of the endogenous N/OFQ-NOP system for memory processes has not been studied as much as the impact of exogenous N/OFQ/ NOP agonists.

b. Role of endogenous N/OFQ-NOP system on memory i. Behavioral evidence One batch of studies that gives a sight at the role of the endogenous N/OFQ-NOP system on memory regroups the research on Knock-Out mice.

The first investigation looked at the capacity of ppN/OFQ -/-mice in the MWM and could observe no effect of the KO [START_REF] Köster | Targeted disruption of the orphanin FQ/nociceptin gene increases stress susceptibility and impairs stress adaptation in mice[END_REF]. Later, one study found better spatial learning but not memory in KO mice [START_REF] Higgins | A combined pharmacological and genetic approach to investigate the role of orphanin FQ in learning and memory[END_REF], while another experiment witnessed faster learning and an increased memory in the reversal learning but no effect of the KO in the spatial task [START_REF] Kuzmin | The nociceptin system and hippocampal cognition in mice: A pharmacological and genetic analysis[END_REF]. The only congruent part binds the studies of Koster and colleagues and Kuzmin and colleagues that do not observe an impact of the N/OFQ precursor gene deletion on the spatial task of the MWM. The facilitation induced by the deletion on reversal learning and memory [START_REF] Kuzmin | The nociceptin system and hippocampal cognition in mice: A pharmacological and genetic analysis[END_REF] cannot be compared as it was not examined in the other two studies.

Concerning aversive memory examined in the PA test, results are more congruent as in the two studies the ppN/OFQ gene deletion increases aversive memory retention [START_REF] Higgins | A combined pharmacological and genetic approach to investigate the role of orphanin FQ in learning and memory[END_REF][START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF].

The impact of the deletion of the NOP receptor gene on spatial learning and memory is also variable since in the MWM Manabe and colleagues revealed faster learning but no effect on memory (Manabe et al., 1998) whereas in the KUROBOX system (testing spatial learning with less stress), Nagai and colleges observed an enhancement of memory [START_REF] Nagai | Circadian-dependent learning and memory enhancement in nociceptin receptordeficient mice with a novel KUROBOX apparatus using stress-free positive cue task[END_REF].

Concerning aversive memory, results are in line with those obtained with the ppN/OFQ deletion. NOP -/-mice show enhanced memory in the PA task (Manabe et al., 1998) and more durable fear memory to the context (and not the cue) in the FC paradigm [START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF].

The impact of NOP receptor deletion has been assessed in two other tests and revealed an enhancement of latent learning in the water-finding test [START_REF] Mamiya | Enhancement of spatial attention in nociceptin/orphanin FQ receptor-knockout mice[END_REF] and no effect in the Y-maze [START_REF] Mamiya | Nociceptin system plays a role in the memory retention: Involvement of naloxone benzoylhydrazone binding sites[END_REF].

The study of KO lines suggests an inhibitory role of the N/OFQ-NOP system on memory in particular for aversive memory. However, these are constitutive KO meaning that developmental adaptations can interfere, which makes it difficult to conclude on the role of the endogenous N/OFQ-NOP system on memory. We cannot exclude the modification of other systems inducing behavioral changes that would explain the results obtained in memory tests. The use of antagonists could overcome this limitation.

Studies using antagonists are sparse and the majority aimed at demonstrating the specificity of the effect observed with an agonist. In some of these, a control group was designed to exclude a potential effect of the antagonist on its own. In these studies, it was shown that the antagonist NPhe1 had no impact on learning and memory in the MWM when administered i.c.v. (10 nmol) [START_REF] Kuzmin | The nociceptin system and hippocampal cognition in mice: A pharmacological and genetic analysis[END_REF] or into the CA3 region (50 or 10 nmol) (Redrobe et al., 2000;[START_REF] Sandin | Nociceptin/orphanin FQ modulates spatial learning via ORL-1 receptors in the dorsal hippocampus of the rat[END_REF]. This same antagonist was shown not to affect aversive memory when administered i.c.v. ( 10nmol) [START_REF] Liu | Nocistatin and its derivatives antagonize the impairment of short-term acquisition induced by nociceptin[END_REF][START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF]. However, this same memory was enhanced with the i.p. injection of 1 mg/kg of NalBzoH [START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF]. In the two studies specifically aiming at evaluating the effect of the antagonists, Roozendaal and colleagues showed that NPhe1 injected into the basolateral amygdala (10 pmol) after the training could improve retention latency in the PA test [START_REF] Roozendaal | Orphanin FQ/nociceptin interacts with the basolateral amygdala noradrenergic system in memory consolidation[END_REF] and Ouagazzal and colleagues observed an increase alternation in the Y-maze with an i.p. injection of 3 mg/kg of the J-113397 antagonist before the test [START_REF] Ouagazzal | Nociceptin/orphanin-FQ modulation of learning and memory[END_REF].

These last studies suggest that blocking the N/OFQ-NOP system could improve performance under certain circumstances. However, the fact that most studies aimed at controlling other actions observed with N/OFQ or agonists induce a number of limitations. In these studies, only one dose was tested, as well as only one time of administration mostly before learning. Furthermore, the procedures used to control the effect of the antagonist are the same as the ones that allowed the manifestation of the amnesic effect of N/OFQ or NOP agonists and give a little possibility of improving memory performances due to ceiling effects.

ii. Possible mechanisms in the hippocampus

As seen in Part 2.II.a.iii, the N/OFQ/NOP system is highly expressed in the hippocampus. More precisely, the N/OFQ peptide is abundant in the interneurons of the DG, CA1, CA2, and CA3 subregions [START_REF] Ikeda | Distribution of prepro-nociceptin/orphanin FQ mRNA and its receptor mRNA in developing and adult mouse central nervous systems[END_REF]. The NOP receptor is mostly expressed in the principal cells of these regions, the granular and pyramidal cells [START_REF] Neal | Opioid receptor-like (ORL1) receptor distribution in the rat central nervous system: Comparison of ORL1 receptor mRNA expression with (125)I-[()Tyr]-orphanin FQ binding[END_REF]. As the hippocampus is a key structure in memory processes (see introduction part 1.II.b.i), the modulation of cognitive performances by the N/OFQ-NOP system could be at least in part due to the activity of this inhibitory system in this structure.

Synaptic plasticity

At the level of pyramidal cells, it was shown that N/OFQ inhibits N-, L-, and P/Q-type voltage-gated calcium channels [START_REF] Knoflach | Modulation of voltage-gated calcium channels by orphanin FQ in freshly dissociated hippocampal neurons[END_REF] while activating GIRK-type potassium channels (Ideka et al., 1997) of CA3 pyramidal cells and increasing potassic currents of CA1 pyramidal cells in rat hippocampus [START_REF] Madamba | Nociceptin augments K(+) currents in hippocampal CA1 neurons by both ORL-1 and opiate receptor mechanisms[END_REF].

Concerning the synapses formed at the level of the CA3 region, it was shown in rat brain slices that N/OFQ decreased the evoked excitatory postsynaptic currents (EPSCs) generated by stimulation of mossy fibers and associational/commissural fibers [START_REF] Tallent | Nociceptin reduces epileptiform events in CA3 hippocampus via presynaptic and postsynaptic mechanisms[END_REF]. A greater number of studies investigated the impact of N/OFQ on the functioning of the Shaffer collaterals/ CA1 synapse. These investigations revealed that exogenous N/OFQ has a negative impact on synaptic transmission at this level [START_REF] Yu | Orphanin FQ inhibits synaptic transmission and long-term potentiation in rat hippocampus[END_REF], and that it potentiates the feed-forward inhibition in rats (Gutierrez et al., 2001). In the same way, in mice, N/OFQ decreases the EPSCs and it is suggested that this decrease is due in part to the hyperpolarization of pyramidal cells via GIRK channels activation (Bongsebandhu-phubhakdi and [START_REF] Bongsebandhu-Phubhakdi | The neuropeptide nociceptin is a synaptically released endogenous inhibitor of hippocampal long-term 265 potentiation[END_REF][START_REF] Higgins | A combined pharmacological and genetic approach to investigate the role of orphanin FQ in learning and memory[END_REF]. Furthermore, exogenous N/OFQ inhibited the induction of NMDA-dependent long-term potentiation by theta burst-type highfrequency stimulations [START_REF] Higgins | A combined pharmacological and genetic approach to investigate the role of orphanin FQ in learning and memory[END_REF][START_REF] Yu | Orphanin FQ inhibits synaptic transmission and long-term potentiation in rat hippocampus[END_REF]. Based on the studies conducted by Mamiya and colleagues in 2003 and Goeldner and colleagues in 2008, we can suggest that the inhibitory effect observed on LTP could be due to the inhibition of kinases such as CamKII [START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF] and ERK [START_REF] Goeldner | Nociceptin receptor impairs recognition memory via interaction with NMDA receptor-dependent mitogen-activated protein kinase/extracellular signalregulated kinase signaling in the hippocampus[END_REF].

Few studies have evaluated the impact of the endogenous N/OFQ-NOP system on synaptic plasticity. Two of them investigated LTP at the level of the Schaffer collaterals in constitutive NOP receptor knock-out mice (NOP -/-). In the first one, the LTP which was induced by 100 Hz high-frequency tetanic stimulations was favored in NOP -/-mice (Manabe et al., 1998). In the second study, the genotype did not affect the LTP that was induced by lower frequencies (20 and 50 Hz) [START_REF] Taverna | Defective place cell activity in nociceptin receptor knockout mice with elevated NMDA receptor-dependent longterm potentiation[END_REF]. Finally, one investigation employed the pharmacological blockade of the NOP receptor with the antagonist UFP-101 and showed a favored LTP induced by 100 Hz high-frequency tetanic stimulations at the Schaffer collaterals with the antagonist (Bongsebandhuphubhakdi and [START_REF] Bongsebandhu-Phubhakdi | The neuropeptide nociceptin is a synaptically released endogenous inhibitor of hippocampal long-term 265 potentiation[END_REF].

Together these results suggest that the N/OFQ-NOP system has an inhibitory impact on synaptic activity and plasticity in principal cells of the hippocampus. The N/OFQ-NOP system could act as well indirectly on the hippocampus via the modulation of other neurotransmitters.

Modulation of cholinergic mediators

Firstly, it was shown on rat hippocampal slices that N/OFQ decreases the efflux of

[3H]choline after slices were electrically stimulated [START_REF] Cavallini | Nociceptin inhibition of acetylcholine efflux from different brain areas[END_REF]. In in-vivo studies, the injection of N/OFQ i.c.v. in rats decreases the release of acetylcholine in the hippocampus [START_REF] Hiramatsu | Nociceptin/orphanin FQ reverses mecamylamine-induced learning and memory impairment as well as decrease in hippocampal acetylcholine release in the rat[END_REF] while in NOP KO mice the basal level of acetylcholine in the same structure is increased (Uezo et al., 2005). In this last study, the increased basal level of acetylcholine was associated with higher power theta rhythm during rapid eye movement (REM) sleep.

However, it is to note that at the behavioral level, the amnesic effect of N/OFQ in the object recognition test does not imply a functional interaction with the cholinergic receptors as the co-administration of Ro64-6198 with either a cholinergic nicotinic receptor antagonist (mecamylamine) or with a muscarinic receptor antagonist (scopolamine) was without any synergistic effect on recognition memory (Reiss et al.

2012).

A final way for the N/OFQ-NOP system to affect learning and memory in the hippocampus is the modulation of structural plasticity.

Modulation of structural plasticity

First, two in-vitro studies conducted in primary embryonic hippocampal neurons showed opposite effects. In one, 1µM N/OFQ increased the dendritic length as well as the number of branching points [START_REF] Ring | Transcriptional profiling of brain-derived-neurotrophic factor-induced neuronal plasticity: A novel role for nociceptin in hippocampal neurite outgrowth[END_REF], while in the other study, 3µM

N/OFQ decreased the length of primary dendrites and the number of branching points (Alder et al., 2013). More significantly in-vivo, the number of primary dendrites and the density of dendritic spines of DG granule cells were found to be increased in ppN/OFQ KO mice (Alder et al., 2013). Regarding adult neurogenesis, chronic treatment with the antagonist UFP-101 had no effect on the density of immature DCX positive neurons in naïve mice but increased this number in a model of chronic mild stress (Vitale et al., 2017).

In conclusion, N/OFQ negatively affects neuronal excitability as well as synaptic plasticity in the hippocampus. It is also able to modulate neuronal structural plasticity but the small number of studies does not allow drawing a general conclusion on the direction of this modulation.

The physiological response to stress, the deregulation of this stress response in the context of chronic stress, its mediators, and deleterious impacts have been extensively studied (Introduction Part 1.I). The deleterious effects of chronic stress on memory and on hippocampus plasticity in particular have been exhaustively described (Introduction Part 1.II). However, the mechanisms by which chronic stress induces these alterations still remain to be fully understood. The inhibitory Nociceptin/Orphanin FQ -Nociceptin Opioid Peptide system discovered in 1994 and 1995 appeared to be a good candidate to mediate some effects of stress as it is sensitive to it. Indeed, the N/OFQ-NOP system is highly modulated by a multitude of stressful events (Introduction part 2.II.b). This system broadly expressed in the nervous system is highly present in the hippocampus (Introduction part 2.I.c), a key structure in memory processes. Furthermore, numerous studies have shown that its activation has amnesic effects (Introduction part 2.III.a). Considering these facts, we propose that the N/OFQ-NOP system is a mediator of the deleterious effects of chronic stress on memory and on hippocampus plasticity.

Consequently, the principal objective of this work is to test the involvement of the endogenous N/OFQ-NOP system in the deleterious impact of chronic stress on learning and memory and on structural plasticity at the level of the hippocampus. With that aim, this work was divided into four parts:

- ). Yet, our main hypothesis stipulates the role of the endogenous N/OFQ-NOP system in memory deficits due to chronic stress. Hence, it appeared important to decipher the role of the endogenous N/OFQ-NOP system in memory in physiological conditions before studying it in pathological ones.

Thus, the purpose of the first part was to confirm the relevance of our main hypothesis by elucidating the role of the endogenous N/OFQ-NOP system in memory in physiological conditions. To that aim, we employed a pharmacological approach and described the impact of NOP antagonists on different types of memory.

Part 2: Characterization of the role of the endogenous N/OFQ-NOP system in memory deficits due to chronic stress

In the second part, we aimed at testing the involvement of the activity of the endogenous N/OFQ-NOP system in the deleterious impact of chronic stress on memory. This work comprised two aspects. The first one was the establishment of models of chronic stress based on corticosterone administration in our laboratory and the characterization of their impacts on different types of memory. The second aspect consisted in the evaluation of the involvement of the endogenous N/OFQ-NOP system in these effects of chronic stress on memory. To that purpose, we worked with two models based on corticosterone administration and used a pharmacological approach to block the N/OFQ-NOP system in these models and assessed the animals' memory performances in different tests.

Part 3: Characterization of the role of the hippocampal N/OFQ-NOP system in memory deficits and hippocampus cells alterations due to chronic stress

The objective of this third part was to investigate the mechanisms by which the N/OFQ-NOP system modulates memory performances under chronic stress conditions.

Considering the prominent role of the hippocampus in memory processes (Introduction Part 1.II.b.i) and the fact that the N/OFQ-NOP system is highly expressed in this structure (Introduction Part 2.I.c) we addressed our attention firstly in that region.

Hence, we focused on the hippocampal N/OFQ-NOP system to see how it is regulated in our stress model in this brain region and whether this local system was sufficient to induce memory deficits in chronic stress conditions. To this end, we used a genetic approach allowing us to generate a deletion of the NOP receptor restricted to the hippocampus of adult mice.

Part 4: Characterization of the role of the endogenous N/OFQ-NOP system in hippocampal adult neurogenesis and its alterations due to chronic stress

Finally, we aimed at examining the role of the N/OFQ-NOP system in the alteration of one type of hippocampus plasticity due to chronic stress that could underlie in part the memory deficits studied in parts 2 and 3. Knowing that adult-born neurons are particularly sensitive to stress (Introduction Part 1.II.b.ii) and play a predominant role in learning and memory, we decided to focus on one aspect of plasticity which is adult neurogenesis. We analyzed in particular the adult-born immature neurons to describe the impact of chronic stress and evaluate the involvement of the N/OFQ-NOP system in this population known to be important for both spatial memory and stress coping.

To this end, we used viral vectors for neuron labeling and a pharmacological approach to block the N/OFQ-NOP system in the two models of chronic stress established in 

b. Mice strains

Adult male C57BL6/J mice were purchased from Janvier Laboratories (Le Genest St.

Isle, France) and allowed to acclimatize to the animal facility for at least one week before the beginning of the experiments. Heterozygous mice with floxed NOP gene on a C57BL6 background (referred to as Nop/flox) were obtained from University of Washington, Seattle, WA, USA (Prof Michael Bruchas; Parker et al., 2019a).

Homozygous Nop/flox mice were generated from the heterozygous breeding pairs in our animal facility. The genotype was confirmed by genotyping using a green fluorescent protein (GFP) and two NOP receptor gene (Oprl1) primers (reverse and forward) detailed in the table 6. A WT allele resulted in a band of 176bp and the mutant in a band of 241bp. 

c. Accommodation

Animals were housed at the animal facility with a 12h dark/light cycle (lights on at 8.00 am) in a temperature-controlled room (21°C) and had an ad libitum access to water and food. All the behavioral experiments were carried out in the morning (from 8:00 am to 2:00 pm). 

II. Animal models

b. Learned-helplessness model

For LH protocol, the apparatus used consists of two compartments (47 x 18 x 25 cm) in plexiglass separated by a guillotine door (12 x 25 cm). The floor is a stainless-steel grid (0. All the viral vector used are described in table 8 and had a titer from 2 to 5. 10 12 vg/ml.

Retrovirus allowing the expression of a GFP fused with PSD95 protein were a generous gift form Dr Maria Llorens-Martin from the Centro de Biología Molecular "Severo Ochoa" (CBMSO, Madrid, Spain). When received, viral vectors were kept at -80°C until use.

ii. Surgery

The whole procedure is done under a safety cabinet. First of all, the Hamilton syringe 5 µl (Hamilton company, 76-3301) is filled-in with the virus mix at a speed of 2µl per minute. The animal is anesthetized with isoflurane (Virbac) (4%) before being placed on the stereotaxic apparatus and kept under isoflurane (2%) with a mask during the whole procedure. Once the mouse is well placed and with the head steady in a good position, 0.1ml of laocaine (MSD Santé Animale) is injected subcutaneously above the skull. A gel (ocrygel, TVM lab) is place on the eyes to prevent them from desiccation.

When laocaine (MSD) is active (around three minutes), an incision of about 1cm is made on the skin of the head in a rostro-caudal direction. The incision is cleaned-up with 0.9% NaCl and a solution of 3% H2O2 is applied on the skull in order to reveal the skull sutures. The reaction is stopped with another wash of NaCl. The zero is programmed on the machine when the needle (Hamilton company, 7803-07) of the syringe is precisely positioned on the Bregma. Small holes (about 1mm of diameter)

are then made with a drilling machine on top of both hemispheres at the following coordinates: -1.8 mm rostrocaudal and +/-1.7 mm lateral for the DG-CA3 region; -2 mm rostrocaudal and +/-1.6 mm lateral for the DG region. The needle is then slowly driven through the brain at -2.2 mm depth for the DG-CA3 region and -2.5 for the DG.

Then, 1µL of the viral solution is injected via the syringe at a rate of 0.1µL per minute with the stereotaxic instrument (Stoelting). Once both sides are injected, two to three stitches are made on the skin to close the incision (Ethicon, Z1024H). The mouse is then injected with Metacam (0.1ml, i.p.)(Boerhinger-Ingelheim) to prevent pain and let in a cage under red light to awake.

After surgeries, mice are closely monitored to ensure their good recovery.

IV. Behavioral testing a. Memory

i. Object location and recognition memory

For all these tests, the same apparatus was used. It consisted of a square arena (40cm large x 40cm long x 20cm high) in plexiglass placed in a white plank and equipped with a pattern of alternating black and white stripes. A camera was fixed to the ceiling above the arena and connected to a computer equipped with Ethovision (Noldus Tech, Nederlands). This apparatus was placed in a room that allows sound attenuation and equipped with a Light-Emitting Diode that provides 25 lux in the arena. All the devices that are used are cleaned with 70% ethanol before and at the end of each experiment.

Mice were placed in the room at least 45 minutes before the beginning of the experiment to get familiar with the environment.

Mice can first get familiar with the arena with the habituation phases consisting in letting the animal explore the arena for ten minutes. During these habituation phases, the animal is tracked with the Ethovision software and the time spent in the center, the mean velocity and the total distance are analyzed. 

Object location

Object recognition

The object recognition task requires intact abilities to encode and remember distinct features of previously unknown objects. As for the object location task, it starts with the habituation phase during which mice explore the arena for ten minutes. The day after, during the learning phase, two identical objects (pair A or B) are placed in the ii. Working memory and short-term spatial memory For a detailed explanation of procedures see [START_REF] Kraeuter | The Y-Maze for Assessment of Spatial Working and Reference Memory in Mice[END_REF]. For all these tests, the same apparatus was used. The arena consisted of a Y-maze in grey plexiglass with three identical arms (6cm wide, 35cm long) converging in a common center. The arena was placed on a table and a camera connected to a computer was fixed above the arena. Light in the room was controlled and fixed at around 25 lux. Mice were placed in the room at least 45 minutes before the beginning of the experiments to habituate to the room. The arena was cleaned with 70% ethanol before the beginning of each experiment.

Working memory -Spontaneous alternation

The spontaneous alternation in the Y-maze (Y-maze SA) requires to remember which two arms the mice have just explored when choosing the one it is going to explore next. This ability requires an intact spatial working memory. Comparing the spontaneous alternation of different groups gives then an evaluation of the performances for this type of memory. Arms are assigned with a letter from A to C.

Mice are individually placed at the end of the A-arm in a way that they face the center (Figure 21A). They are then left free to explore the arena for six minutes. The sequence of entries in the arms is noted and the percentage of correct alternations is then calculated. Every sequence of three letters is classified as non-alternation if a letter comes two times and as alternation if the sequence is constituted of three different arms. Results are expressed as percentage of alternations.

Short-term spatial memory

To The Morris water maze allows the evaluation of spatial learning and memory and cognitive flexibility. The procedure takes advantage of the natural aversion of mice to water. Mice can swim but once in the water, they will instinctively look for a way to escape. In the MWM, mice are individually placed in a pool with a platform hidden beneath the surface of the water. To escape, mice have to reach the platform that they cannot see thanks to visual cues and mental mapping of the surrounding. In the first part of the procedure, called a spatial part, mice learn to reach the platform and their spatial memory is then tested, this part allows for evaluation of spatial learning and memory. In a second part called the reversal, mice undergo the same procedure but the platform is placed in a new location, this part allows for assessment of cognitive flexibility through the ability of mice to change an already learned location (Figure 22).

The apparatus consists of a pool (140 cm diameters) filled with 21°C water. Four visual cues are placed around the pool. The water is colored white to make it opaque. The platform is fixed in the maze at different places and 1cm above or below the water surface depending on the phase of the protocol. The pool is virtually split into four quadrants (North, South, East, West) and the platform is delimited with the Ethovision software. At every step, mice are placed individually in the pool and never spend more than 1min in the water. Once a mouse reaches the platform, it is taken off the pool.

At first, mice are placed in the water with the platform visible at 1cm above the surface of the water. This phase, called familiarization allows mice to familiarize themselves with the pool, the platform, and the procedure. Each mouse is placed twice in the pool at two different starting points.

The second phase is the learning phase which lasts four days. The platform is dissimulated beneath the surface of the water in the North quadrant. Every day, mice are placed four times in the pool at four different starting locations (varying each day).

After the learning phase, probe tests aiming at evaluating spatial memory are done.

For these tests, mice are placed in the pool without a platform for one minute. A first test is done 24 hours after the last day of the learning phase (Probe 24) and a second one is done 72 hours after the last day of the learning phase (Probe 72).

The reversal part begins the day after Probe 72 with a new learning phase during three days. The procedure for the learning phase stays the same but this time the platform is located in the South quadrant.

A probe test is performed 24 hours after the last day of the learning phase (Figure 22).

During all phases, mice are tracked with the Ethovision software. Swim speed, trajectories, distance travelled, time to reach the platform, annuli crossings, and time spent in each quadrant are recorded.

The interpretation of employed strategies is determined manually thanks to the mouse trajectory and the behaviour observed.

b. Anxiety i. Open field

The open field (OF) procedure is based on the natural aversion of mice for bright open space. Indeed, mice are at ease in dark and narrow spaces as they are thigmotaxic animals. This task consists in placing the animal in a round (40cm diameter, 31cm high, Dark) empty arena under light and letting it explore for ten minutes. This arena is virtually (Ethovision) separated into two distinct zones: the periphery around the walls and the center representing 60% of the floor (Figure 23A). The live tracking system measures the total amount of time spent by each mouse in the two zones. As the center is wider and brighter than the periphery, the more the mouse is anxious, the less time it will spend in the center zone. The percentage of time spent in the center is then an approximation of the level of anxiety of mice.

ii. Elevated plus maze

The c. Depressive-like behaviors i. Self-care Self-neglect is a pseudo-depressive symptom seen in mice. This comes from a decrease in self-caring behaviour and leads to poor coat state.

Coat-state assessment

One way to control self-care is to observe the coat-state and give it a general score.

Seven parts of the body are separately observed and noted from 0 to 3. 0 means clean, smooth, and glossy fur, and 3 indicates really dirty, tousled, and little sticky fur with possible scabs. The total score is the sum of the scores for the seven body parts:

the head, the neck, the tail, the hind paws, the forepaws, the back, and the abdomen.

Splash test

Another way to estimate neglect is to evaluate the time mice spend grooming after their coat has been in contact with a sticky solution. The dorsal coat of mice is squirted with a 10% sucrose solution chosen for its viscosity and thus inducing grooming. The time spent grooming is recorded manually for each mouse during 6 minutes.

ii. Despair

One symptom of depression is resignation: "a sad feeling of accepting something that you do not like because you cannot easily change it" (Cambridge dictionary). In mice, two similar tests allow estimating the resignation by measuring the time spent by a mouse not trying to escape an unpleasant situation. The duration of both tests (6 min) is chosen in a way that it is long enough to visualize despair in mice with pseudodepression but not to create fatigue or induce physiological or psychological damages.

Forced swimming test

Although they can swim, mice do not like being in the water. Thus, placing a mouse in water creates for it an unpleasant situation from which it is naturally going to try to escape. Based on that, the forced swimming test consists in placing mice in a jar filled up with water (Figure 24A). The time mouse spend immobile, which corresponds to the mouse floating and not moving any limb is manually recorded with the Ethoc software.

Tail suspension test

Mice naturally do not like being hung by the tail. Thus, hanging a mouse by the tail creates an unpleasant situation from which it is going to try to escape. The tail suspension test consists in hanging the mouse by the tail and manually recording the immobility time, here with the help of the Ethoc software (Figure 24B). 

b. mRNA distribution analysis

The in-situ hybridizations were done with the RNASCOPE multiplex fluorescent V2 kit (ACDbio) following the manufacturer's instructions. The procedures were performed by our collaborators under the supervision of Dr. Frédéric Chauveau, "Institut de recherche biomedicale des Armées", IRBA, France.

c. Cells populations and protein distribution analysis 

The density of Ki67-positive cells

Cell counting is performed manually over the whole DG (11 coronal sections per mouse) using the Mercator software (Explora Nova, La Rochelle, France) at x40 magnification with a Leica DM6000 B fluorescence microscope (Leica, Nanterre, France). The Paxinos and Watson atlas is used to locate each section relative to the Bregma and -2.5 mm is considered to be the limit between the dorsal and ventral parts of the DG. For Ki67 immunoreactive cells (Ki67 + ) density, the length of the subgranular zone is measured with the Mercator line tool using the fast-red counterstaining. 

The density of cFos-positive cells

The density of N/OFQ puncta

The acquisition of images is performed with a confocal scanning microscope (Leica SP8 DM6000, Leica, Nanterre, France) using the LAS-X software (Leica, Nanterre, ii. Imaging and analysis

The acquisition of images is performed with a confocal scanning microscope (Leica SP8 DM6000, Leica, Nanterre, France) using the LAS-X software (Leica, Nanterre, France). An average of 6 images per mouse are taken to perform the analysis of the density of spines and of the dendritic arborization. They were taken in the dorsal hippocampus with a resonant mode (8 kHz), a resolution of 1024 x 1024, a pinhole of 1 airy unit, an automatically optimize z-step, and a 552 laser at 2%. The gain and offset of the detector were adjusted for each image to obtain the best quality.

For spines imaging, images are acquired at x64 magnification with a zoom of 6, and a signal averaging of four is applied in lines and frames. Images are taken in the medium molecular layer or in the outer molecular layer of the upper blade of the dorsal dentate gyrus.

For whole-cell imaging, the magnification used is x40 and no zoom is applied. A signal averaging of four is applied in lines and frames. These images included the cell body of the neuron and a relatively complete and visible dendritic arborization.

Analysis of cells and spines

After their acquisition, the files were submitted to a deconvolution protocol using the algorithm Good's MLE and the "theorical" PSF mode via Huygens Professional software.

The images are analyzed in 3 dimensions with Imaris XT software (Bitplane AG, Oxford instruments). Dendritic segments and whole cells are analyzed via the Imaris Filament module. For spines analysis, the total filament is traced and spines are analyzed with the "detect spines" option. Spines are classified into different types of spine groups with the dedicated Matlab extension. The parameters set to classify spines are adjusted for each experiment to allow better detection depending on the quality of images. With regard to whole cell dendritic arborization, each neuron is traced from the starting point (cell body), to the extremity of every dendritic segment.

Following these steps the whole dendritic tree of interest is obtained from which we can extract the total dendritic length. Then, its complexity is subsequently determined via Sholl analysis based on the quantification of the number of intersections between dendrites and the circumference of spheres with a radius increment of 10 μm starting from the soma.

VI. Molecular analysis

Plasma corticosterone assay

Blood was collected at the extremity of the tail in EDTA-containing tubes (Microcuvette CB300 EDTA K2, Sarstedt). Samples were centrifuged at 13500 rpm at 4 °C for 15 min, the plasma was collected and stored at - 80 °C.

The plasmatic corticosterone levels are measured with the Detect X Corticosterone enzyme immunoassay kit (Arbor Assays) following the manufacturer's protocol. The sensitivity of the assay is 20.9 pg/ml and the limit of detection is 17.5 pg/ml. Samples and standards are assayed in triplicates and the amount of corticosterone is expressed as ng/ml.

VII. Statistical analysis

Graphics were generated and statistical analysis was performed with GraphPad Prism The alpha risk was set at 0.05. For statistical details see supplementary tables 1 and 2.

Part 1 -Characterization of the role of the endogenous N/OFQ-NOP system in memory

As our main hypothesis is that the endogenous nociceptin system is involved in the deleterious impact of stress on memory, we needed to first know if this system had a role in memory in physiological states. Our hypothesis was built around the fact that exogenous nociceptin has a negative impact on different types of memory, like spatial memory [START_REF] Sandin | Nociceptin/orphanin FQ modulates spatial learning via ORL-1 receptors in the dorsal hippocampus of the rat[END_REF][START_REF] Kuzmin | The nociceptin system and hippocampal cognition in mice: A pharmacological and genetic analysis[END_REF], contextual memory [START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF][START_REF] Fornari | Effects of nociceptin/orphanin FQ in the acquisition of contextual and tone fear conditioning in rats[END_REF], or recognition memory [START_REF] Goeldner | Nociceptin receptor impairs recognition memory via interaction with NMDA receptor-dependent mitogen-activated protein kinase/extracellular signalregulated kinase signaling in the hippocampus[END_REF]. Although this is a robust clue for the influence of this system on memory, the only studies in the literature that could confirm the role of the endogenous system in this cognitive function come from constitutive knock-out which makes the results difficult to interpret when considering that the KO animals develop without a part of the system (see Introduction part 2.III.b.i). Thus, we first aimed at assessing the role of the endogenous N/OFQ-NOP system in memory.

We looked at the involvement of the N/OFQ-NOP system in long-term recognition, location, and spatial memory, cognitive flexibility, and working and short-term spatial memory.

To study the involvement of the endogenous N/OFQ-NOP system, we blocked it systemically and acutely with i.p. injections of NOP antagonists. The main antagonist used was SB-612,111 at a dose of 10 mg/kg since its efficacy was demonstrated invivo [START_REF] Rizzi | Pharmacological Characterization of the Nociceptin/Orphanin FQ Receptor Antagonist SB-612111[END_REF]. Some of the results were confirmed with another antagonist named compound 24 (C24; Fischetti et al., 2016).

A single injection of antagonist (i.p.; 10mg/kg) was administered to mice 15 or 30 minutes before behavioral testing depending on the duration of the test.

I. Involvement of the endogenous N/OFQ-NOP system in memory a. Role of the endogenous N/OFQ-NOP system in long-term recognition and location memories Thus, blocking the N/OFQ-NOP system in naive mice induces recognition and location long-term memory deficits. Consequently, the endogenous N/OFQ-NOP system is required for these memory processes.

b. Role of the endogenous N/OFQ-NOP system in spatial memory and cognitive flexibility

To study the importance of the N/OFQ-NOP system in spatial memory and cognitive flexibility, we used the Morris water maze and blocked the NOP receptor with the SB-612,111 antagonist every day of learning 15 minutes before the first trial (Fig 26A and27A). In conclusion, these results indicate that in our test conditions, the endogenous N/OFQ-NOP system modulated only cognitive flexibility.

II. Modulation of general behavior during behavioral testing by the blockade of the N/OFQ-NOP system

In order to confirm an effect on long-term memory processes, we needed to control the impact of the blockade of the N/OFQ-NOP system on the general behavior of mice such as their locomotion, exploration, ability to gather environmental information, and anxiety.

From that perspective, we looked at the behavior of mice during the OR and OL test, we tested their ability to obtain information via short-term memory tests and their anxiety through anxiety tests.

a. Locomotion and exploratory behavior in the OR and OL tests

To see whether the antagonist injections had an impact on the behavior of mice during the OR and OL tests we measured their locomotor activity and total exploration time during the learning phase.

In In order to evaluate further the eventual impact of the blockade of the system on mice behavior, we performed other behavioral tests aiming at evaluating the impact of the SB injections on the animals' capacity to explore an environment correctly, get information from it, and the animal anxiety that can modulate its general behavior.

b. The ability to perform good-quality environmental exploration in short memory tests

One way to evaluate the ability of mice to explore their environment efficiently and get information from it is to test their performances in short-term memory tests where the antagonist is present and active during the whole duration of the test. We thus did two Y-mazes, one to evaluate working memory with spontaneous alternation and one that evaluates short-term spatial memory with the preference for the previously closed arm.

Figure 29 -Impact of the blockade of the endogenous N/OFQ-NOP system on short-term memory tests. A

The SB-612,111 injection had no impact on the number of entries in the arms during the spontaneous alternation test (n=10 mice/groups; Unpaired t-test). B The antagonist injections induced an increase in the percentage of alternation between the arms in the spontaneous alternation test (n=10 mice/group; *p<0.05; Unpaired t-test). C

The blockade of the N/OFQ-NOP system had no impact on the percentage of entries in the new arm during the closed-arm test (n=10 mice/group; ### p<0.001; one-sample t-test compared to 33%). Data are expressed as mean ±SD.

For these tests that are shorter than the long-term memory tests, we injected the SB 30 minutes before the test. In the Y-maze SA test, the SB injections had no impact on the total number of entries in the different arms meaning that the exploratory behavior One-sample t-test; p(Veh) =0.0005, p(SB) <0.0001). These two tests indicate that, unlike long-term recognition and location memory, the N/OFQ-NOP system seems not to be required for efficient short-term spatial memory.

c. Modulation of anxiety during behavioral testing

In the literature, although results are controversial, it is believed that exogenous nociceptin modulates anxiety. Thus, we could not exclude the possibility that the results obtained with memory tests could be derived from anxiety modulation during the tests. Therefore, we evaluated the impact of the injections of SB on anxiety in two The principal results from this part are summarized in Figure 31. Knowing the amnesic effect of NOP agonists, we could have expected antagonists to show promnesic properties. On the contrary, in this study, we show that the endogenous N/OFQ-NOP system is required for long-term location and recognition memory. The poor performances observed in the OR test following the SB-612,111 injection could be due to a modulation of the locomotor and exploratory behavior during the acquisition caused by the antagonist. However, the fact that this antagonist no longer influences these behaviors during the test phase, that the second antagonist, C24, does not modulate these same parameters, and that the SB-612,111 did not modulate these parameters in the OL test where the conditions are identical, together with the absence of correlation between the exploration time of mice during the learning phase and their performances in the following test, lead us to believe that the decreased activity seen with this antagonist in the OR test is not specific and not stable over experiments and thus does not explain the results obtained in memory performance tests. Furthermore, the blockade of the N/OFQ-NOP system during both Y-maze tests had either no impact or a beneficial one on the mice's performances in these mazes. These results indicate that the blockade of the N/OFQ-NOP system does not modulate the mice's general behavior and their capacity to integrate information during memory acquisition.

Concerning anxiety modulation by the N/OFQ-NOP system, it was shown that i.c.v. administration of N/OFQ (0.1-3 nmol) has anxiolytic effects in rodents [START_REF] Jenck | Orphanin FQ acts as an anxiolytic to attenuate behavioral responses to stress[END_REF]. Consequently, it could easily be proposed that blocking the N/OFQ-NOP system would induce anxiogenic effects. In that case, this modulation of anxiety would be a confounding effect on the interpretation of the results obtained on memory performances. However, we show here that the injection of SB-612,111 in our condition does not modulate anxiety which is in accordance with the majority of studies evaluating the effect of NOP antagonists on anxiety (for a review see Gavioli et al., 2019). Hence, the modulation of memory performances by the endogenous N/OFQ-NOP system demonstrated in this study can be attributed to the direct effects of this system on memory encoding or consolidation.

In the literature, few studies looked at the effect of NOP antagonist injection on memory. Indeed, most of the results found in the literature were not studies that aimed at characterizing the impact of NOP antagonists on memory but rather to control that the effects observed with agonists were NOP receptor specific. For the OR test, the only comparable study shows no effect of the antagonist [START_REF] Goeldner | Nociceptin receptor impairs recognition memory via interaction with NMDA receptor-dependent mitogen-activated protein kinase/extracellular signalregulated kinase signaling in the hippocampus[END_REF].

However, in that study, another antagonist named UFP-101 is used and injected intraHPC at a dose of 5nmol. One could suggest that this absence of effect could be due to the localization of the injection as the hippocampus is not necessary for the recognition memory [START_REF] Mayes | Relative sparing of item recognition memory in a patient with adult-onset damage limited to the hippocampus[END_REF]. Nevertheless, our results can be interpreted in parallel with studies showing the biphasic effect of NOP agonists depending on the dose. Indeed, our results suggest that for long-term recognition and location memory, the release of endogenous N/OFQ is actually beneficial for memory, which suggests that low doses are required while excess is detrimental. In that sense, it has been shown in the passive avoidance paradigm in mice that whereas 1 or 10 nmol i.c.v. is detrimental to memory, 0.01 nmole actually shows a facilitating effect [START_REF] Adem | Nociceptin and the NOP receptor in aversive learning in mice[END_REF].

At the level of the hippocampus, the N/OFQ peptide inhibits the lateral perforant pathgranule cell synapse and the induction of long-term potentiation [START_REF] Yu | Orphanin FQ/nociceptin inhibits synaptic transmission and long-term potentiation in rat dentate gyrus through postsynaptic mechanisms[END_REF] but as well the depotentiation and NMDA-dependent long-term depression [START_REF] Wei | Orphanin FQ suppresses NMDA receptordependent long-term depression and depotentiation in hippocampal dentate gyrus[END_REF]. This means that the activity of the N/OFQ-NOP system is a modulator of the synaptic strength, which could be necessary for the precise encoding and correct consolidation of information during long-term memory processes.

Concerning spatial learning and memory in the MWM, we were not able to see any effects of the pharmacological blockade of the N/OFQ-NOP system. These results are in line with literature where the injection of the [Nphe1]N/OFQ(1-13)-NH2 antagonist (i.c.v.; 10nmol) in mice did not modulate the acquisition in the MWM [START_REF] Kuzmin | The nociceptin system and hippocampal cognition in mice: A pharmacological and genetic analysis[END_REF] and ppN/OFQ precursor KO (ppN/OFQ(-/-)) mice showed wild-type like performances (Koster et al., 1999). However, if we take into account the fact that both OL and MWM tests depend on animal spatial memory, we could have expected similar results in the MWM to those found in the OL test where the endogenous N/OFQ system is necessary. One difference between those tests that could explain these results is the difficulty of the test. In the MWM mice are trained 4 times per day for four days with a motivation to learn as they do not like being in the water, whereas there is only one acquisition of 10 minutes in the OL test where there is no motivational factor.

Consequently, the repeated learning in the condition of the MWM could be strong enough to no longer lay on the endogenous N/OFQ system. Additionally, the level of stress that the animal underwent in the pool of the MWM is higher than the one induced by the OL test. This difference in the stress level could modulate the N/OFQ-NOP system in a way that is no longer beneficial for spatial memory. Finally, the location memory assessed in the object location test is similar to but not the same as the spatial memory evaluated in the Morris water maze. The location memory is the "Where" component of the episodic-like memory, which relies on the ability to remember a context, the physical characteristics of its components (as with the OR test), and their relative position from each other (evaluated with the OL test). The spatial memory evaluated in the Morris water maze requires the construction of a spatial map for mice to navigate in the environment being blind to their target. This difference in mental representations needed can as well explain the different consequences of NOP receptor blockade in the MWM and OL tests.

In the MWM reversal learning and working memory in the Y-maze, we obtained opposite results than the one observed for long-term recognition and location memory:

blocking the N/OFQ-NOP system had a facilitatory effect. Preliminary results on spatial working memory in the Y-maze with the J-113397 NOP antagonist at a dose of 3 and 10 mg/mg i.p. showed a similar effect [START_REF] Ouagazzal | Nociceptin/orphanin-FQ modulation of learning and memory[END_REF]. Considering that cognitive flexibility [START_REF] Bissonette | Neural structures underlying set-shifting: Roles of medial prefrontal cortex and anterior cingulate cortex[END_REF] and working memory [START_REF] Luebke | Effects of normal aging on prefrontal area 46 in the rhesus monkey[END_REF] rely on prefrontal structures, one could hypothesize that the opposite consequences of NOP receptor blockade observed on long-term location and recognition memory and reversal learning and working memory could be attributed to the difference in the brain regions involved in these processes.

In conclusion, we show that the activity of the endogenous N/OFQ-NOP system plays a role in learning and memory processes. It is required for long-term episodic-like memory encoding and/or consolidation whereas it limits other cognitive processes such as working memory or cognitive flexibility. These results encouraged us to keep exploring the hypothesis of the involvement of the N/OFQ-NOP system in the deleterious effects of stress on memory.

Part 2 -Characterization of the role of the endogenous N/OFQ-NOP system in memory deficits due to stress 149

In the first part of this work, we saw that the endogenous N/OFQ-NOP system is involved in different memory processes. This knowledge reinforces our hypothesis that it could be an actor in the deleterious impact of stress on memory. In this second part, we decided to test this hypothesis by blocking acutely the N/OFQ-NOP system with systemic injections of NOP antagonists before the learning phase of memory tests in mice models of chronic stress.

As previously, the main antagonist used was the SB-612-111 and for some results, the specificity of the observed effects was confirmed with the C24. Antagonists were injected 15 minutes or 30 minutes before behavioral testing depending on the duration of the test. memory deficits in a short-duration chronic stress model a. Role of the endogenous N/OFQ-NOP system in memory deficits due to stress

To evaluate the involvement of the N/OFQ-NOP system in memory deficits due to stress we tried to block this system in a short-duration model of chronic stress. Mice were first treated for 14 days with daily subcutaneous injections of corticosterone (20mg/kg). After this treatment was over, behavioral tests were performed with the antagonist administered with a single i.p. injection (10mg/kg) during each test.

i. Long-term location memory

In the OL test, the CORT_Veh and Veh_SB groups did not show a significantly higher than 50% (level of chance) preference for the displaced object indicating a deficit in this test (Fig 32A ; One-sample t-test, p (Veh_SB vs 50%) = 0.5437, p (CORT_Veh vs 50%) = 0.1257). These results confirm the requirement of the N/OFQ-NOP system for this test in naive mice and also suggest a deleterious impact of chronic stress for this type of memory. The corticosterone-treated group that received the injection of SB (CORT_SB), as the Veh_Veh group, shows a percentage of preference significantly higher than 50% for the displaced object (Fig 32A ; One-sample t-test, p (Veh_Veh vs 50%) = 0.0093, p (CORT_SB vs 50%) = 0.039). This last result indicates that blocking acutely the N/OFQ-NOP system in the chronic stress model during long-term location memory acquisition is sufficient to restore control-like performances in this test.

Nevertheless, it is to note that there is an important variability in the CORT_Veh group and that although the memory deficit is suggested by a non-higher than 50%

preference, there is no significant difference with the Veh_Veh group nor the Overall, the rescue of memory deficit by the blockade of the NOP receptor is clear but the memory deficit is slight, leading to an obstacle for interpretation.

ii. Spatial memory and cognitive flexibility

We thus decided to try another test for spatial memory where we could find clearer alterations due to stress. We performed a Morris Water Maze to compare our short- We looked at six different strategies mice use to navigate (Figure 35). The first three strategies are seen in mice before learning occurred, and will be called "poor-learning strategies". They either do thigmotaxis or random search as they cannot know where the escape platform is or, in the case of reversal learning they stick to the previous location of the platform. After learning, we see three other behaviors that reflect the accuracy of the mice in the maze, which will be called "good-learning strategies". The first one is the scanning that appears in mice that learned the presence of the platform and its approximate location and look for it in a zone close to the actual location. The directed search is when a mouse knows the direction it needs to follow and goes ahead by looking a bit around. The direct swimming is representative of accurate memory as the mouse goes directly from the starting point to the platform.

duration
When looking at the proportion of Veh mice adopting the different strategies among the days of spatial and reversal learning (Figure 36A) we can see that the proportion of good-learning strategies increases with learning days while that of the poor-learning strategies decreases. There is a rebound of poor-learning strategies during the first day of reversal, due to the new location of the platform, followed by a decrease in these behaviors similar to what was seen during spatial learning. On the other hand, in CORT mice, the schema is not as precise (Figure 36B). There is a slight increase in the proportion of good-learning behaviors on the second day of spatial learning but On the opposite, the directed search increases in Veh mice every learning day (Figure 36D). The same profile is seen in CORT mice but both increases (during spatial and reversal learning) are less important than in Veh mice and never reach the same level (Figure 36D). However, no statistical differences are observed.

Although we could see interesting perturbation of the behavior of mice under chronic CORT treatment, no effect of CORT on memory was clearly demonstrated, and we thus chose not to test the effect of the NOP antagonist in this test.

b. Modulation of the general behavior of stressed mice during behavioral testing by the blockade of the N/OFQ-NOP system

As the N/OFQ-NOP system can modulate other systems that could be confounding factors for the interpretation of the results obtained on memory, it is important to see whether the blockade of the N/OFQ-NOP system modulates the general behavior of animals during tests, particularly for animals that are models of chronic stress. We thus explored this possibility by looking at the general behavior of mice such as the locomotor activity, the exploration, and their ability to get information from their environment in short-term memory tests. ii. The ability to perform efficient environmental exploration in a short-term memory test 

c. Discussion

With that model, we could see a minor memory deficit only in the OL test. This deficit was corrected by the acute blockade of the N/OFQ-NOP system with the injection of SB-612,111 (10mg/kg) 15 minutes before the acquisition. This result was encouraging to continue exploring our hypothesis concerning the role of N/OFQ-NOP system in memory deficits due to chronic stress. Although, the memory deficits observed in this test were slight due to an important variability within the treated mice, we could see an interesting positive effect of the blockade of the N/OFQ-NOP system whereas we confirmed that blockade is deleterious in naive mice.

Furthermore, there were no other memory deficits observed in the other type of memory tested apart from a difference in search strategies in the Morris water maze.

There is no study in the literature evaluating the object location/spatial memory of mice with this same model of stress. One study using 14 days of subcutaneous injections in mice but at a dose of 5mg/kg/day found no difference in context memory in the fear conditioning paradigm [START_REF] Inagaki | Aberrant Amygdaladependent Fear Memory in Corticosterone-treated Mice[END_REF]. In two studies in rats, the authors administered CORT subcutaneously for 21 days at doses of 26.8mg/kg/day or 40 mg/kg/day. In the first study, there was no impact of corticosterone in the Y-maze CA and in the Barnes maze [START_REF] Coburn-Litvak | Chronic administration of corticosterone impairs spatial reference memory before spatial working memory in rats[END_REF] while in the latter, there was a deficit in spatial memory evaluated in the Morris water maze for rats injected with corticosterone (Lee et al., 2015). In that respect, subcutaneous models are multiple and can vary in the duration of administration and the dose and there is no model of subcutaneous chronic CORT generally admitted to study location or spatial memory deficits. In the model we tested, although there is a deficit in the OL test, this deficit is not a strong effect and could vary among experiments.

Thus, we decided to test another model of chronic stress that is better characterized in the literature including for memory deficits.

II. Characterization of the role of the endogenous N/OFQ-NOP system in memory deficits in a long-duration chronic stress model

As a consequence of the results obtained with the previous model of stress, we decided to test our hypothesis in a longer model of chronic stress where memory deficits could be more pronounced.

For that, we first developed in the laboratory a model of stress based on chronic corticosterone administration that would be sufficient to reach clear memory deficits without inducing putative confounding depressive-like behavior as not necessary for this study. We established a new model by shortening the duration of treatment of a model already used in our lab and described by David and colleagues in 2009and Darcet and colleagues in 2014[START_REF] David | Neurogenesisdependent and -independent effects of fluoxetine in an animal model of anxiety/depression[END_REF][START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF]. This model consists in the corticosterone administration via drinking water. An important difference from the short-duration chronic stress model is that corticosterone is administered in drinking water. Therefore, the duration is not limited by the traumatic effect of repeated i.p. injections, and thus the treatment could be maintained until the end of the behavioral assessment. In this model, corticosterone was administered in the drinking water (5 mg/kg/day) during the whole experiment duration and behavioral assessments were conducted after five weeks of treatment and lasted two weeks (Figure 39). a. Role of the endogenous N/OFQ-NOP system in memory deficits due to chronic stress i. Long-term recognition and location memory

We first studied the role of the endogenous N/OFQ-NOP system in deficits in longterm recognition and location memory due to stress. We injected the SB-612,111 or C24 antagonist 15 minutes before the learning phase (Figure 40A) in mice subjected to the CORT treatment. In both tests, CORT-treated mice showed memory deficits as their percentage of preference for the replaced and displaced objects are significantly lower than the Veh_Veh group (Fig Altogether these results show that an acute blockade of the N/OFQ-NOP system before acquisition in these memory tests allows restoring control-like memory performances in mice chronically exposed to corticosterone. Thus, it seems that the endogenous N/OFQ-NOP contributes to the deleterious effect of chronic stress on long-term recognition and location memory. 
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ii. Long-term recognition memory consolidation

We then wanted to see whether the blockade of the N/OFQ-NOP system could rescue memory consolidation. For that, we blocked the system with an SB-612,111 injection just after the learning phase of an OR memory test in stressed mice (Figure 41A). In this test, as expected CORT_Veh mice show memory deficits as previously shown.

For the effect of the SB-612,111 injection, similar results to those obtained in the same test with the injections done before the learning phase were obtained. blocking the N/OFQ-NOP system during memory consolidation allows the rescue of this memory in chronically stressed mice. Thus, the N/OFQ-NOP system is an actor in the deleterious impact of stress on long-term recognition memory consolidation.

iii. Spatial memory and cognitive flexibility

We then studied the performances of mice in spatial learning and cognitive flexibility in the MWM. The system was blocked with an injection of the SB-612,111 antagonist every day of learning 15 minutes before placing the mice in the maze (Fig 42A and43A).

During the spatial learning part of the MWM, neither the CORT treatment nor the antagonist injection had an impact on the parameters evaluated in this test. There was no difference between groups in the learning phase on the latency to reach the For the reversal part, the CORT treatment and the antagonist injection had no impact on learning and memory. There was a tendency for the corticosterone-treated group to take a longer time to reach the platform during the learning (Figure 43B). The learning curve of the CORT_SB group stands between the Veh_Veh and CORT_Veh groups learning curves. However, there is high variability and there is no statistical difference. During the second day of learning specifically, the corticosterone treatedgroup takes longer time to reach the platform than the Veh_Veh group (One-way 168 ANOVA, F=3.429, p=0.0471; followed by Tukey's comparison test; p(CORT_Veh vs Veh_Veh)=0.0369), and the CORT_SB group do not differ with the two other groups.

However, there was no difference between the groups during the whole duration of Altogether these results suggest that the memory deficits observed during the test phase are not due to a modulation of the locomotor and exploratory behavior of mice during the learning phase by the CORT treatment. They as well suggest that the rescue of memory performances with the antagonist injections seen in the OR and OL tests are not due to a modulation of these behaviors by the blockade of the system.

ii. The ability to perform efficient environmental exploration in a working memory test

We performed a Y-maze SA test with the SB-612,111 injected 30 minutes before the test to evaluate the potential impact of corticosterone and the blockade of the N/OFQ-NOP system on the ability of mice to process environmental information. Here we see Thus, in our hands, following 5 weeks of exposure, the corticosterone mice do not show higher anxiety and the SB-612,111 injection does not modulate their anxiety level.

Altogether these results confirm that the results obtained in memory tests cannot be attributed to a discrepancy in the anxiety level of mice. ii. Depressive-like behaviors

We looked in our model at different parameters reflecting depressive-like behaviors and the effect of the blockade of the N/OFQ-NOP system on these parameters. We iii. Regulation of the HPA axis

To estimate the reactivity of the HPA axis to acute stress, we explored two levels: the adrenal glands via the plasma CORT concentration as a proxy of the release of corticosterone and the hypothalamic level through the activity of paraventricular nucleus neurons following acute stress.

In the first experiment, we collected mice blood at three time points. The first one was done directly after mice were habituated to the room and was aimed at measuring the basal level of plasma corticosterone; it corresponds to the T0. The second collection was done 15 minutes after a stress induction (T15) which consisted in the i.p. injection of the vehicle solution or the antagonist (this stress simulates the one induced by the injection before behavioral testing) and was used to measure the HPA response to stress. Finally, the last time point was 90 minutes after the stress induction (T90) and allowed us to evaluate the HPA axis feedback loop (Figure 48A).

The basal level of corticosterone is higher in the two groups of mice treated with This is due to the ingestion of corticosterone via the drinking water before the experiment. More interestingly, when looking at the evolution of corticosterone level relative to the basal measure, we see as expected, that in Vehicle mice the CORT concentration increases 15 minutes after stress and returns to baseline 90 minutes later (Figure 48C). For both corticosterone-treated groups, there is no increase in the level of plasmatic corticosterone following the stress, inducing a statistical difference in the relative levels of plasma CORT between the Veh_Veh group and the two CORT We then looked at the activity of cells in the PVN under behavioral test conditions. For that, we treated mice with corticosterone or vehicle for five weeks, exposed them to a forced-swim stress for 6 minutes, and sacrificed the mice 1 hour and a half after. We then quantified cfos positive (cfos +) cells in the PVN in order to see whether chronic Overall, these data indicate that the stress axis is altered in the CORT mice but that blocking the N/OFQ-NOP system does not modify this blunted HPA response to stress. 

d. Discussion

In this model of chronic stress, we could demonstrate clear memory deficits in the OL and OR tests after 5 weeks of treatment, but not in the MWM. It is therefore well suited to study the mechanisms underlying the negative impact of chronic stress on episodiclike hippocampus dependent memory. We could thus demonstrate with that model that the N/OFQ-NOP system is an actor in the memory impairment caused by chronic corticosterone.

In this adapted model, we found a dysregulation of the HPA axis with high corticosterone levels and a blunted stress response. This is in agreement with other studies showing high basal CORT levels [START_REF] Young | Negative Feedback Regulation following Administration of Chronic Exogenous Corticosterone[END_REF] and an absence of response to acute stress [START_REF] Johnson | Effect of different doses of corticosterone on depression-like behavior and HPA axis responses to a novel stressor[END_REF] after chronic CORT administration.

However, this model did not display symptoms of anxiety or depression probably due to the fact that we shortened the CORT treatment duration compared to the one usually used in our lab in experiments aiming at studying these symptoms [START_REF] Coutens | Stratégies non pharmacologiques et réponse aux antidépresseurs dans un modèle murin de dépression: Effets comportementaux et mécanismes neurobiologiques[END_REF]. Additionally, although the stress response is altered in this model, the blockade of the N/OFQ-NOP system did not modulate the activity of the HPA axis in stressed mice. Consequently, the memory deficits found in behavioral testing cannot be due to a modulation of stress, anxiety, or depressive-like symptoms. Furthermore, we attested that the effect is specific to NOP receptor activation as it was observed with two unrelated NOP receptor antagonist. Finally, the rescue of memory with the NOP blockade after the learning phase indicates that the N/OFQ-NOP system acts on mechanisms necessary for the stabilization of the memory trace. We can therefore propose a direct role of the N/OFQ-NOP system in memory deficits due to stress.

III. Discussion

In this second part of the study, we showed that the N/OFQ-NOP system plays a major role in memory deficits due to chronic stress. More precisely, endogenous N/OFQ is involved in the long-term location and recognition memory deficits engendered by chronic corticosterone administration since the acute blockade of its receptor restores performances. Its deleterious impact on memory in the context of stress is not the indirect result of a modulation of the stress response, anxiety, or depressive-like behaviors but a direct consequence of altered memory consolidation.

If we take into account studies in mice showing that stress induces an upregulation of the N/OFQ-NOP system after stress (see Introduction Part 2.II.b), when putting these results in perspective with those obtained in naive mice, we can suggest an inverted U-shaped curve to describe the effect of the endogenous N/OFQ-NOP system on long-term memory (Figure 49). This is in line with pharmacological studies showing that while medium to high doses of N/OFQ or NOP agonists impair memory, low doses have facilitator effects (Moulédous, 2018). This bi-phasic effect of N/OFQ depending on the dose reflects what is already known for other stress mediators such as CRH and corticosterone. As seen in the introduction, injection of low doses of CRH enhances memory in the hippocampus [START_REF] Wang | Corticotrophinreleasing factor produces a long-lasting enhancement of synaptic efficacy in the hippocampus[END_REF] while excess is actually detrimental [START_REF] Chen | Rapid loss of dendritic spines after stress involves derangement of spine dynamics by corticotropin-releasing hormone[END_REF]. Similarly, the MRs activation by GCs in the hippocampus is a prerequisite for the information flow while an excess of GCs activating the GRs can cause a suppression of synaptic plasticity and prevent new inputs to be encoded (Kim and Diamond, 2002;[START_REF] Oomen | Brief treatment with the glucocorticoid receptor antagonist mifepristone normalizes the reduction in neurogenesis after chronic stress[END_REF].

Figure 49 -Theoretical hypothesis on the effect of different level of activity of the endogenous N/OFQ-NOP

system on memory performances. The endogenous N/OFQ-NOP system is beneficial and required for memory at a certain precise level of activity and becomes deleterious when under-and over-activated. Consequently, in naive mice, the administration of a NOP antagonist (SB) reduces the level of activity of the system to a lower than optimal level, and memory performances are impaired. In CORT mice, chronic stress probably induces increased activity of the N/OFQ-NOP system which elicits memory deficits that are corrected with the use of a NOP antagonist which decreases the N/OFQ-NOP system activity to its optimal level.

In order to test this model, we wanted to assess whether the N/OFQ-NOP system was up-regulated in our model of chronic stress, whether it was able to modulate the activity of the hippocampus, and if the hippocampal N/OFQ-NOP system by itself was involved in the memory deficits observed after CORT exposure. We thus studied the hippocampal endogenous N/OFQ-NOP system and its impact on this structure in our long-duration chronic stress model.

Part 3 -Role of the hippocampal N/OFQ-NOP system in memory deficits and hippocampus cellular alterations due to stress I. The N/OFQ-NOP system in the hippocampus in the longduration chronic stress model

In this section, we aimed at describing the N/OFQ-NOP system specifically in the hippocampus, and the impact of the model of chronic corticosterone administration in the drinking water on this system. We analyzed two major parameters:

-The expression of the N/OFQ-NOP system in the hippocampus and the modulation of this expression in the model of chronic stress -The impact of the activity of the endogenous N/OFQ-NOP system on the functioning of this structure in naive and stressed mice a. Modulation of the hippocampal N/OFQ-NOP system expression by chronic corticosterone administration

In the first experiment, we analyzed the impact of chronic corticosterone administration on the level of N/OFQ peptide in the hippocampus and the perirhinal cortex. These regions were chosen for their importance in memory processes that were evaluated in this study. Mice were treated with either a vehicle or corticosterone solution (5 mg/kg/day) in their drinking water for 4 weeks. The level of N/OFQ peptide was then assessed using immunochemistry. Images were taken at the level of the dentate gyrus, the CA3 and CA1 regions of the hippocampus, and the perirhinal cortex (Figure 50). The NOP receptor protein could not be analyzed because of the lack of a valid antibody. The labeling was found to be punctiform, with no possibility of identifying cell bodies.

The global signal was therefore thresholded in order to quantify the number of particles and the surface occupied. The number of particles was higher in the DG (Fig These results show that the corticosterone treatment induced an increased level of N/OFQ peptide in the DG and CA3 regions of the hippocampus.

To get more information about the expression of the system, we decided to perform in-situ hybridization experiments to evaluate the impact of our model of chronic stress on N/OFQ precursor and NOP mRNAs. We worked with Emma Lardant and Frédéric Chauveau from the "Institut de Recherche Biomédicale des Armées" (IRBA, Brétigny sur Orge, France) using the RNAscope technology.

First of all, when looking at the expression profile of ppN/OFQ mRNAs and NOP mRNAs in naive mice, we observe a distribution of mRNAs comparable with what is described in the literature. We confirm a prevailing expression in the interneurons of the hippocampus for the N/OFQ precursor (Figure 52) while the majority of NOP mRNAs are found in the principal cells of the DG, CA1, CA2 and CA3 subregions (Figure 53). NOP mRNAs are as well found in interneurons in particular in the hilus of the dentate gyrus, but the nature of these interneurons has not yet been determined. We then evaluated the impact of chronic corticosterone treatment on the expression of N/OFQ and NOP. We assessed the level of ppN/OFQ and NOP mRNAs in mice treated either with vehicle or corticosterone (5 mg/kg/day) for six weeks. This delay was chosen to reflect the state of the system when mice are tested in behavioral paradigms as, usually, in the long-duration chronic stress model, behavioral testing is carried out during the sixth and seventh weeks. Altogether, these results indicate that our long-duration chronic stress model increases the neuronal activity in the DG and CA3 subregion of the hippocampus following exposure to new objects, and that under our experimental conditions, the blocking of the N/OFQ-NOP system during the acquisition phase of memory decreases this activity in CA3. Considering these results, we then decided to assess the involvement of the activity of the endogenous N/OFQ-NOP system specifically in the hippocampus, in particular in the negative effects of stress on memory and cellular plasticity. As the previous result indicated that the activity of two regions in particular, the dentate gyrus and the CA3, was modulated by stress and the pharmacological blockade of the N/OFQ-NOP system, the coordinates for intra-HPC injections were chosen to target preferentially the DG and the CA3 subregion with the viruses. Representative images of virus-targeted cells are presented in figure 58.

After mice were injected with either mix of viruses, they were placed under either vehicle or corticosterone (5 mg/kg/day) in the drinking water (long-duration chronic stress model) for the rest of the experiment. The behavioral testing consisting of one OR followed by one OL test began after 5 weeks of treatment. At the end of the experiment, the mCherry-labeled cells were analyzed. For the procedure see figure 59. First of all, we aimed at controlling the knock-out of the receptor in NOP/flox mice after the injection of the Cre virus. We used two approaches: in-situ hybridization of NOP mRNAs with our collaborators from the "Institut de Recherche Biomedicale des

Armées" and immunohistolabeling of YFP since in Nop/flox mice, the receptor is fused with YFP. In both cases, mice were injected with a virus allowing the expression of the Cre enzyme in the principal cells, and mice were sacrificed 5 weeks after, to fit with the timing of the behavioral experiment. With the in-situ hybridization, we could observe a strong decrease in NOP receptor mRNA signal in the regions injected with the virus AAV5-hSyn-eGFP-Cre compared with the non-injected hemisphere of the same mice. This decrease in the CA3 is represented in Fig 60A . For the second approach, we induced the deletion with an AAV5-hSyn-mCherry-Cre virus to study the down-regulation of the NOP-YFP signal. We observed again a strong decrease in the YFP signal in the regions injected with the virus as illustrated in Fig 60B. This revealed that during the test, whereas mice from the Veh_GFP, the Veh_Cre, and the CORT_Cre groups showed a significant preference for the novel object, mice that received the corticosterone treatment and the GFP virus did not prefer the novel object (Fig 62A We then analyzed the density of the dendritic spines of granule cells in the mML (Figure 64A). Two-way ANOVA revealed an interaction between the treatment and the virus factors, reflecting the fact that the local genetic deletion of the NOP receptor tends to decrease the density of spines in vehicle-treated mice, and increase it in corticosterone-treated mice. However, post hoc analysis revealed no significant 

III. Discussion

In the first set of experiments, we were able to analyze the N/OFQ-NOP system expression and the impact of chronic stress and NOP antagonist treatment on the hippocampus. First, in-situ hybridization allowed us to confirm the distribution of the N/OFQ precursor and NOP mRNA described in the literature in this structure [START_REF] Ikeda | Distribution of prepro-nociceptin/orphanin FQ mRNA and its receptor mRNA in developing and adult mouse central nervous systems[END_REF][START_REF] Mollereau | Tissue distribution of the opioid receptor-like (ORL1) receptor[END_REF]. The ppN/OFQ mRNAs were found in the interneurons of the whole hippocampus while the NOP receptor mRNAs were principally distributed in principal cells with some mRNAs found in interneurons at the level of the dentate gyrus and CA3 region. According to RNAseq data (Transcriptomics Explorer: Allen Brain Atlas: Cell Types) the type of interneurons that express the highest level of NOP receptors are somatostatin-expressing interneurons but we cannot confirm the nature of the interneurons in our experiment. It would be interesting to couple the in-situ hybridization with immunohistochemistry labeling of different interneuron markers.

We show that our model of chronic stress induced an increase in N/OFQ peptide expression in the DG and CA3 region of the hippocampus, and an increase in the ppN/OFQ mRNA expression in the DG, the CA3, and the CA1 region of the hippocampus. The fact that in the CA1 region we found an increase in the N/OFQ precursor mRNA expression but not in the N/OFQ peptide may indicate that our analysis of the N/OFQ peptide by immunohistochemistry is not precise enough to reveal an increase in CA1 or that there is a regulatory effect on translation that compensate the increased transcription of the precursor. The NOP receptor protein could not be analyzed due to a lack of specific and sensitive antibodies but the analysis of NOP mRNAs revealed a tendency for the NOP receptor mRNAs to be increased with chronic stress. However, there was no significant difference with the vehicle group. Thus, the NOP receptor expression seems not to change which means, at least, that there is no compensatory down-regulation of the receptor engendered by the increase of N/OFQ mRNA and peptide.

Interestingly, we were able to observe modifications in the hippocampus cellular activity due to chronic stress and NOP receptor blockade under our experimental 202 behavioral testing conditions. In our model, chronic corticosterone treatment increased the size of the cellular ensemble recruited during memory acquisition in the DG and CA3 region of the hippocampus. This suggests a dysregulation of the excitation/ inhibition balance which could lead to a less precise engram establishment [START_REF] Stefanelli | Hippocampal Somatostatin Interneurons Control the Size of Neuronal Memory Ensembles[END_REF][START_REF] Prévot | Altered GABA-mediated information processing and cognitive dysfunctions in depression and other brain disorders[END_REF][START_REF] Topolnik | The role of inhibitory circuits in hippocampal memory processing[END_REF] and could explain in part memory deficits due to stress. In the CA3 region of the hippocampus, the N/OFQ-NOP system blockade by the antagonist induced a decrease in the number of cells activated during the acquisition. This means that similarly to chronic corticosterone treatment, the endogenous N/OFQ-NOP system activity promotes the activation of principal cells. This cellular activation by the N/OFQ-NOP system operates in both physiological and chronic stress conditions. Interestingly, NOP antagonist treatment in Corticosterone-treated mice restored a density of activated neurons similar to the density in control mice. This suggests that there is an optimal size of the recruited neuronal ensemble in CA3 for efficient memory formation.

According to this hypothesis, a decrease (induced by NOP antagonist in naive mice)

or an increase (induced by chronic corticosterone) in the size of the neuronal ensemble would lead to memory impairment.

Altogether, our results indicate that the N/OFQ-NOP hippocampal system is affected by chronic stress, and that the hippocampus activity is affected by both chronic stress and the activity of the endogenous N/OFQ-NOP system. These results encouraged us to test whether the mechanisms by which the endogenous N/OFQ-NOP system modulates memory involved the local hippocampal release of N/OFQ. Considering the fact that the N/OFQ peptide is increased in particular in the DG and CA3 region of the hippocampus and that those are also the areas where neuronal activity is affected by chronic stress, we targeted specifically these two regions.

We thus aimed at inducing a deletion of the NOP receptor gene in the DG and CA3 region of the hippocampus. A local deletion of the NOP receptor using Nop/flox mice was done before in only one study where the NOP receptor gene was deleted in dopaminergic neurons of the VTA (Parker et al., 2017). In this study, the Cre injection induced a 75% reduction in the number of dopaminergic neurons expressing the receptor in the VTA. We were able to validate the deletion of the NOP receptor in the CA3 and DG regions of the hippocampus with in-situ hybridization and immunohistochemistry of the NOP-YFP receptor.

The study of the consequences of the local KO of the NOP receptor revealed that the endogenous hippocampal N/OFQ-NOP system is not involved in the modulation of recognition memory in naive mice but plays a role in the modulation of this memory in the context of chronic stress. This suggests that the mechanisms by which endogenous N/OFQ modulates recognition memory and its sites of action are not exactly the same in physiological conditions and in the context of chronic stress. Some mechanisms must be shared but it is only after chronic stress that the local blockade of the hippocampal N/OFQ-NOP system could be beneficial. As the main region involved in recognition memory is the perirhinal cortex [START_REF] Chao | Neuronal circuitry for recognition memory of object and place in rodent models[END_REF] we can suggest that the N/OFQ-NOP system acts in this region to modulate this type of memory in naive mice. However, the hippocampus is not always mandatory but is still involved in recognition memory [START_REF] Chao | Neuronal circuitry for recognition memory of object and place in rodent models[END_REF]. Thus, in the case of chronic stress, the HPC alteration must be strong enough to affect this type of memory. In any case, our results suggest that the activity of the N/OFQ-NOP system in the hippocampus participates in the alteration of recognition memory by chronic stress.

Concerning location memory, it is altered by the local deletion of the NOP receptor in physiological conditions but rescued by this same deletion in chronic stress conditions.

The local KO completely mimics the effect observed with the pharmacological systemic blockade. Thus, at least a part of the mechanisms by which N/OFQ modulates memory involves the local hippocampal endogenous N/OFQ-NOP system.

It is important to note that the virus injection had an impact on the locomotor activity of mice and that the corticosterone treatment altered the exploratory behavior.

However, locomotor activity changes are not related to memory performances.

Similarly, changes in exploratory behavior do not explain memory deficits since NOP KO restores memory in corticosterone-treated mice without increasing significantly their exploration of the objects. Thus, the modulation of the general behavior of mice by the CORT treatment and the virus injections do not explain the results obtained in memory tests. However, it can explain the difficulty we had to obtain the necessary 204 number of mice in each group after exclusion with our pre-defined criteria (e.g at least 10 seconds of total object exploration). For this reason, experiments are still ongoing to increase sample size and statistical power.

We also aimed at evaluating the role of the hippocampal N/OFQ-NOP system in the structural alterations due to stress. We thus analyzed the density of the dendritic spines of DG granule cells. We revealed an opposite effect of the hippocampal N/OFQ-NOP system in vehicle and corticosterone mice. This suggests that a way the local N/OFQ-NOP system affects memory could be the modulation of dendritic structure and thus synaptic connections and neuronal networks. The work is still in progress as not all samples have been analyzed yet. It would be interesting to study other parameters of cell morphology such as dendritic arborization or spine classification, as well as pyramidal cells in the CA3 region. The dilution of the mCherry virus we used did not allow this since on one side the density of fluorescent cells was too important in the DG to allow the reconstruction of entire neurons, and on the other side fluorescent labeling of CA3 neurons was too low, and heterogeneous.

Part 4 -Characterization of the role of the endogenous N/OFQ-NOP system in hippocampal adult neurogenesis I. The involvement of the endogenous N/OFQ-NOP system in physiological hippocampal adult neurogenesis

To begin with, we investigated the importance of the N/OFQ-NOP system in adult neurogenesis by comparing neurogenesis parameters between WT and NOP -/-mice.

This mouse strain has a constitutive knock-out of the NOP receptor gene made on a CD1 background. This study was conducted with our collaborators from the University of Ferrara, Italy. Our contribution was the cutting, labeling and analysis of brains.

WT and NOP -/-mice were injected with BrdU and then sacrificed 1 day, 14 days, or 28 days after the injections. Brains were collected and cut. Several immunohistochemistry experiments were performed on brain slices and respective markers were analyzed. 

d. Discussion

In this part, we first saw that the constitutive knock-out of the NOP receptor had no impact on the proliferation, survival, and density of immature neurons. This is in accordance with the work of Vitale and colleagues showing that the chronic administration of the NOP antagonist UFP-101 has no effect on the density of DCXpositive cells in physiological conditions (Vitale et al., 2017). This suggests that the N/OFQ-NOP system does not affect these parameters.

Interestingly, we observed an increased proportion of BrdU-positive cells expressing DCX at two weeks of age. At this stage, all newborn neurons are supposed to express DCX so it cannot indicate that more neurons in the WT group are already mature and stopped expressing DCX. Knowing that the proliferation and survival are equivalent, this difference could be explained by a difference in the number of proliferating cells taking the way to become neurons. This hypothesis was refuted by our analysis demonstrating that there is no difference in the proportion of BrdU cells that became neurons at 28 days. Another explanation would be that the immature neurons of KO mice express DCX in a greater quantity which made us detect more of them during the analysis compared to WT. This could suggest that the level of DCX expression is less important in immature neurons of WT mice already at two weeks of age and may lead to a faster interruption of DCX expression in these neurons than in KO mice's immature neurons which could lead to a late maturation. This could be explored by the analysis of the proportion of BrdU cells still expressing DCX at 28 days. This would be in accordance with our results showing a late maturation of new neurons with a decreased migration of BrdU-marked cells and a decreased number of DCX-positive cells with secondary dendrites in KO mice. These results are in agreement with the study of Alder and colleagues in which the ppN/OFQ KO induces an abnormal arborization of granule cells and where N/OFQ addition inhibits dendritic morphogenesis of embryonic hippocampal cell culture (Alder et al., 2013).

Furthermore, a common element between previous studies and ours is that in physiological conditions the N/OFQ-NOP system seems to affect preferentially the growth and maturation of adult newborn neurons rather than the proliferation or survival of these neurons. However, it is difficult to draw a general picture of the effect of the endogenous N/OFQ-NOP system on neurogenesis as there is a really small number of studies in the literature and the use of constitutive knock-out does not exclude compensatory or developmental effects.

The pharmacological blockade of the NOP receptor could thus provide new elements helping to decipher the impact of the endogenous N/OFQ-NOP system in neurogenesis. Furthermore, whereas the chronic blockade of the NOP receptor had no impact on the number of DCX-expressing cells in physiological conditions, it increased it in chronic stress conditions (Vitale et al., 2017), thus the analysis of the impact of the endogenous N/OFQ-NOP system under stress conditions could bring additional information.

II. The implication of the modulation of adult neurogenesis in the positive effect of NOP receptor blockade on stress resilience

In this part, we aimed at studying the role of the endogenous N/OFQ-NOP system in adult neurogenesis modulation in link with the recently discovered ability of NOP receptor antagonists to prevent the development of a helpless phenotype (Holanda et al., 2019(Holanda et al., , 2020)). The objective here was to look for a correlation between the regulation of neurogenesis and behavioral modulation by the N/OFQ-NOP system. It was recently demonstrated that NOP blockade enhanced stress resilience. Since adult neurogenesis is known to play an important role in the regulation of the physiological stress response (Snyder et al., 2011), we studied the putative link between the modulation of stress resilience and the possible modulation of neurogenesis. This work was done with our collaborators under the supervision of Chiara Ruzza from the University of Ferrara, Italy.

Introduction

Nociceptin/orphanin FQ (N/OFQ) is a heptadecapeptide discovered in the middle of 90 ′ using the reverse pharmacology approach. This peptide is the endogenous ligand of an inhibitory G protein coupled receptor named N/OFQ peptide receptor (NOP) (Meunier et al., 1995;Reinscheid et al., 1995). Clinical and preclinical findings suggest that the blockade of the NOP signaling induces antidepressant-like effects [START_REF] Gavioli | Nociceptin/orphanin FQ Receptor Antagonists as Innovative Antidepressant Drugs[END_REF]Gavioli et al., 2019;Post et al., 2016b). Previous studies performed in our laboratories using the learned helplessness (LH) model of depression demonstrated that the NOP antagonists UFP-101 and SB-612111 revert the acquired helpless behavior, which is considered a depressive-like behavior. Thus, NOP antagonists evoke effects similar to those elicited by the classical antidepressants nortriptyline and fluoxetine (Holanda et al., 2016). Additionally, the genetic blockade of the NOP receptor and the treatment with the NOP Abbreviations: BrdU, 5-Bromo-2´-Deoxyuridine; DCX, Doublecortin; DG, Dentate girus; FST, forced swimming test; HPA, Hypothalamic-pituitary-adrenal; LA, locomotor activity; LH, learned helplessness; N/OFQ, Nociceptin/orphanin FQ; NOP, Nociceptin/orphanin FQ receptor; TW, Tail withdrawal.

antagonist SB-612111 during inescapable stress exposure prevented the acquisition of helplessness, an effect not shared by classical antidepressants (Holanda et al., 2019(Holanda et al., , 2020)).

Little is known about the mechanisms by which NOP receptor antagonists promote stress resilience. The hippocampus, exerting a negative feedback control on the hypothalamic-pituitary-adrenal (HPA) axis (Jacobson and Sapolsky, 1991), is an important region for the regulation of the stress response. Adult neurogenesis in the dentate gyrus (DG) of the hippocampus is modulated by stress (Schoenfeld and Gould, 2012) and plays a role in stress resilience [START_REF] Anacker | Hippocampal neurogenesis confers stress resilience by inhibiting the ventral dentate gyrus[END_REF]Snyder et al., 2011). Additionally, a link between the behavioral effects of classical antidepressants and their ability to increase adult hippocampal neurogenesis is now largely recognized [START_REF] Malberg | Adult neurogenesis and antidepressant treatment: the surprise finding by ron duman and the field 20 Years later[END_REF]. Both N/OFQ and the NOP receptor are expressed in the hippocampus (Houtani et al., 2000;Manabe et al., 1998;Neal et al., 1999;[START_REF] Ozawa | Knock-in mice with NOP-eGFP receptors identify receptor cellular and regional localization[END_REF], N/OFQ levels are increased in the hippocampus after acute stress exposure (Nativio et al., 2012), and the bilateral infusions of a selective NOP antagonist into the dorsal hippocampus produced antidepressant-like effects in the mouse forced swim and tail suspension tests [START_REF] Goeldner | Endogenous nociceptin/ orphanin-FQ in the dorsal hippocampus facilitates despair-related behavior[END_REF]. Thus, the hypothesis that NOP antagonists produce their protective effects from stress by modulating adult neurogenesis in the hippocampus is worthy of exploration.

BTRX-246040 (aka LY2940094) is a potent NOP selective antagonist [START_REF] Statnick | A novel nociceptin receptor antagonist LY2940094 inhibits excessive feeding behavior in rodents: a possible mechanism for the treatment of binge eating disorder[END_REF][START_REF] Toledo | Discovery of a novel series of orally active nociceptin/orphanin FQ (NOP) receptor antagonists based on a dihydrospiro(piperidine-4,7 ′ -thieno[2,3-C ]pyran) scaffold[END_REF]. In preclinical studies in rodents, BTRX-246040 produced robust antidepressant effects (Post et al., 2016b;Witkin et al., 2016), and displayed potential therapeutic utility in treating alcohol addiction [START_REF] Rorick-Kehn | A novel, orally bioavailable nociceptin receptor antagonist, LY2940094, reduces ethanol self-administration and ethanol seeking in animal models[END_REF] and disorders of appetitive behavior [START_REF] Statnick | A novel nociceptin receptor antagonist LY2940094 inhibits excessive feeding behavior in rodents: a possible mechanism for the treatment of binge eating disorder[END_REF]. BTRX-246040 is the first and unique NOP antagonist having entered clinical trials. In small proof of concept clinical studies BTRX-246040 was safe and well tolerated and showed efficacy in depressed (Post et al., 2016b) and alcohol dependent (Post et al., 2016a) patients. The in vitro pharmacological activity of BTRX-246040 has been recently characterized in detail and compared to those of the standard NOP antagonist SB-612111. BTRX-246040 is a pure and selective antagonist at human recombinant and murine native NOP receptors displaying 3-10 fold higher potency than the standard antagonist SB-612111 (Ferrari et al., 2020).

The aim of the present study was the in vivo evaluation of BTRX-246040 in mice, in the forced swimming test and in the LH model, in curative and preventive protocols. Additionally, the putative association between hippocampal adult neurogenesis, stress resilience and BTRX-246040 preventive action was examined in mice exposed to the LH paradigm.

Material and methods

Animals

All experimental procedures adopted in this study were as humane as possible, complied with the European Communities Council directives (2010/63/E) and Italian regulations (D.Lgs, 26/2014). Protocols were approved by the Animal Welfare Body of the University of Ferrara and by the Italian Ministry of Health (License N • 302/2017). In vivo studies have been reported according to the ARRIVE guidelines [START_REF] Kilkenny | Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research[END_REF]. Male CD-1 mice 12 weeks old were used in this study. Only male mice have been used because, under the present experimental conditions, female mice did not develop the learned helplessness phenotype (male mice: average number of failures during the test session = 18.33 ± 4.94, n = 6; 67% of mice developed LH; female mice: average number of failures during the test session = 10.33 ± 1.99, n = 6; 0% of mice developed LH, unpublished data). Mice were bred and housed in a specific pathogen free animal facility of the University of Ferrara (LARP), in 425 × 266 × 155 mm polycarbonate cages (Tecniplast, VA, Italy), 3-4 mice/cage, under standard conditions (22 • C, 55% humidity, 12 h light-dark cycle, lights on 7.00 a.m.) with food (4RF, Mucedola, MI, Italy) and water ad libitum. A mouse red house (Tecniplast, VA, Italy) and nesting materials were present in each cage. The experiments were performed in the mornings between 8:30 and 13:00 h.

Drugs

BTRX-246040 was kindly provided by BlackThorn Therapeutics. mg/ml BTRX-246040 solution, corresponding to the 30 mg/kg dose, was solubilized in 1% DMSO in saline solution containing 30% of cyclodextrin. Subsequent dilutions were performed in saline. Vehicle was saline solution with 1% DMSO and 30% of cyclodextrin.

Forced swimming test (FST)

This assay was performed as described previously by Gavioli et al. (2003). Mice were placed individually in glass cylinders (height 18 cm; diameter 17 cm) containing 12 cm of water at 24 ± 1 • C, for two swim sessions: an initial 15 min training session on day 1, and 24 h later (day 2), a 5 min test session. Results were relative to the 5 min test session. The immobility time (i.e. the time spent floating in the water without struggling) was recorded by an experienced observer. BTRX-246040 (3-30 mg/kg, i.p., doses selected based on previous studies (Post et al., 2016b;Witkin et al., 2016)) was administered 60 min before the test session.

Learned helplessness model (LH)

In the LH model BTRX-246040 (30 mg/kg, i.p., 60 min pretreatment, dose selected based on FST results) has been tested both for its ability to reverse the acquired LH phenotype (protocol 1, described by (Holanda et al., 2016), and for its ability to prevent the acquisition of the LH phenotype (protocol 2, described by (Holanda et al., 2019). Animals were individually placed in a Plexiglas box with a stainless steel grid floor (0.3 × 1 cm) attached to an electric shock generator (Ugo Basile, Gemonio, VA, Italy). The apparatus is divided in two compartments (47 × 18 × 25 cm) by a guillotine door (12 × 25 cm). A protocol with consecutive induction sessions was chosen, based on a previous pilot study, with the aim to induce the helpless phenotype in approximately 50% of the animals. During the stress induction sessions, mice were subjected to 180 cycles of unpredictable (0.5 mA, 1-10 s automatically randomized shock duration, 1-20 s automatically randomized interval) and inescapable (guillotine door closed) electric footshocks during consecutive days (induction sessions).

Protocol 1 (curative protocol) -Twenty-four hours after the last induction session mice were exposed to the screening session. During the screening session mice were exposed to 30 escapable electric footshocks (0.5 mA) with a cut off duration of 20 s. A mouse is defined as 'helpless' when it fails escaping for 20 or more times. Only helpless mice were moved, 24 h after the screening session, to the test session. In the test session mice were exposed to 30 escapable electric footshocks and the number of escapes was evaluated. The assessment of movement between chamber sides was recorded automatically by the instrument. 60 min before the test session mice were injected with BTRX-246040 (30 mg/ kg, i.p.) or vehicle.

Protocol 2 (preventive protocol) -24 h after the last induction session (unpredictable and inescapable electric footshocks) mice were exposed to the screening session. During the screening session the guillotine door that divides the two compartments is open and the mouse can terminate the electric shock moving through the door to the other side of the apparatus (escapable electric footshocks). During the screening session mice were exposed to 30 escapable electric footshocks (0.5 mA) with a cut off duration of 20 s. A mouse is defined 'helpless' when it fails escaping for 20 or more times. The administration of BTRX-246040 (30 mg/kg, i.p.) or vehicle was performed 60 min before each induction session, and mouse behavior was assessed, 24 h later, in the screening session. The % of mice developing helplessness during the screening session was reported.
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Escapable electric footshock task

These series of experiments were performed in order to evaluate drug effects on mouse behavior under an aversive operant conditioning task (i.e., escapable electric footshock). In this protocol mice are always subjected to escapable electric footshock, with the guillotine door of the apparatus open during all the experimental sessions. During the first two sessions (induction sessions), mice learn that they can terminate the footshock by changing the side of the box. Thus, this protocol can be used to assess the effect of drugs on the cognitive performance. The experiment lasts 4 or 3 days (i.e. protocol 1: 2 induction sessions, 1 screening session, and 1 test session; protocol 2: 2 induction sessions and 1 test session). The number of cycles, footshock intensities and duration of each experimental session was the same as in the inescapable electric footshock protocol. To mimic LH protocol 1, mice were treated with BTRX-246040 (30 mg/kg, i.p.) or vehicle 60 min before the test session. To mimic LH protocol 2, on days 1 and 2, 60 min prior to the induction sessions, mice were treated with BTRX-246040 (30 mg/kg, i.p.) or vehicle. The number of escapes from the electrified chamber was automatically recorded.

Tail withdrawal assay (TW)

The animals were placed in a holder and the distal half of the tail was immersed in water at 52 • C. Withdrawal latency time was measured by an experienced observer blind to drug treatment. A cut off time of 10 s was chosen to avoid tissue damage. Tail withdrawal time was determined 60 min after i.p. injection of BTRX-246040 30 mg/kg.

Locomotor activity test (LA)

This experimental series investigated the effects of BTRX-246040 on spontaneous locomotion. Mice were positioned in a square plastic cage (40 × 40 cm), one mouse per cage. Four mice were monitored in parallel by a video camera. The distance moved (in meters) was recorded during 30 min. Mice were treated with BTRX-246040 30 mg/kg or vehicle 60 min before the test. Locomotor activity was measured immediately after the tail withdrawal assay. The ANY-maze video tracking system (Ugo Basile, Gemonio, VA, Italy, application version 4.52c Beta) was used for automatically registering the locomotor activity.

In vivo BrdU labelling and tissue collection

To monitor adult neurogenesis in the DG of the hippocampus three research tools were used: Ki-67 as a marker of proliferation in the initial phase of adult neurogenesis (neural stem cells and progenitors) [START_REF] Scholzen | The Ki-67 Protein: from the Known and the Unknown[END_REF], BrdU injected 4 weeks before brain extraction to mark 4-week-old neurons, and DCX to label early immature neurons [START_REF] Rao | Efficacy of doublecortin as a marker to analyse the absolute number and dendritic growth of newly generated neurons in the adult dentate gyrus[END_REF]. 28 days before the LH protocol 2 procedure, mice were injected i.p. with BrdU (100 mg/kg, solubilized in saline solution, Merck), 3 times over a period of 12 h. Immediately after LH experiment mice were anesthetized with isoflurane, perfused with phosphate buffer followed by 4% paraformaldehyde in phosphate buffer. Naïve mice were processed the same way, 30 days after BrdU injection but without stress exposure. The brains were removed and post-fixed in 4% paraformaldehyde in phosphate buffer overnight and kept at 4 • C. 24 h after perfusion brain samples were placed in a 30% sucrose solution containing 0.1% sodium azide. Brain sections (30 μm)

were collected using a Leica SM2010R cryomicrotome (Leica biosystems, Nanterre, France) equipped with a freezing stage following a rostro-caudal axis over the whole hippocampus.

DCX/BrdU immunochemistry

One section every 12 was used for doublecortine (DCX) and BrdU colabelling. Free floating sections were washed three times for 15 min in PBS +0.25% Triton-X100 (PBST), then incubated for 15 min with 10% methanol and 10% H 2 0 2 in PBST and washed again 3 times for 10 min in PBST. They were incubated in HCl 2N for 1 h and then in borate buffer for 5 + 15 min. They were washed again before being blocked in 10% normal goat serum for 1 h and then incubated with a rat anti-BrdU (1:400; ab6326, Abcam, Amsterdam, Netherlands) and a rabbit anti-DCX antibody (1:500;326003, Synaptic System, Goettingen, Germany) in PBST overnight at room temperature. Sections were rinsed 3 times for 10 min in PBST, then incubated for 2 h with donkey anti-rat (Alexa 488; 1:500; A21208, Invitrogen, Eugen, Oregon, USA) and goat anti-rabbit antibody (Alexa 555; 1:500; A27039, Invitrogen, Bengaluru, India) in PBST before being washed three times for 10 min in PBST. Cell nuclei were stained with Hoechst (1:10000) during the first wash. Sections were mounted in Mowiol solution and coverslipped.

Ki67 immunochemistry

One section every 12 was used for Ki67 immunochemistry. After three rinses of 15 min with PBST, sections were incubated with 10% MeOH and 10% H 2 O 2 in PBST. Sections were rinsed again and then incubated for 1 h with 5% normal goat serum (NGS), 1% Bovine Serum Albumin (BSA), 0,5% Tween-20 and 0,25% sodium azide in PBST. They were then incubated overnight at room temperature with a rabbit anti-Ki67 antibody (1:500; M3062, Eurobio, Les Ulis, France) in PBST + 0,25% azide. The next day, after three rinses of 10 min with PBST, sections were incubated for 2 h at room temperature with a biotinconjugated goat anti-rabbit antibody (1:500; BA1000, Vector Laboratories, Burlingame, California, USA) in PBST. After two 10 min rinses, sections were incubated with a horseradish peroxidase Avidin Biotin Conjugation solution (ABC kit, 1:200; PK-6100, Vector Laboratories, Burlingame, California, USA) during 1 h. Sections were finally stained in 3,3 ′ -diaminobenzidine substrate kit (DAB kit, SK-4100, Vector Laboratories, Burlingame, California, USA) and the reaction stopped with PBST and 0,25% azide. Sections were rinsed three times in PBST and mounted on gelatin-coated slides. Counter-staining was done with Nuclear fast red followed by dehydration in ethanol, clearing in toluene and coverslipping in Eukit medium.

Quantification of BrdU+, DCX+, BrdU/DCX+ and Ki67+ cells

Cell counting was performed manually over the whole DG using the Mercator software (Explora Nova, La Rochelle, France) at x40 magnification with a Leica DM6000 B fluorescence microscope (Leica, Nanterre, France). The Paxinos and Watson atlas was used to locate each section relative to the Bregma and -2.5 mm was considered to be the limit between the dorsal and ventral parts of the DG. To calculate the density of DCX and BrdU-immunoreactive cells (DCX+ and BrdU+), the total surface of the dentate gyrus granular layer was measured using Hoechst labelling with the Mercator region tool. The double immuno-labeling for DCX and BrdU was determined by colocalization of BrdU labelling of nuclei and DCX labelling of somas in the z-axis. For Ki67immunoreactive cells (Ki67+) density, the length of the sub-granular zone was measured with the Mercator line tool using the fast-red counter-staining.

Data analysis

For this study the sample sizes were calculated a priori performing the power analysis with the G*Power software 3.1.9.4 (α 0.05, β 80%, effect size of 0.75). Data are expressed as mean ± S.E.M. of n animals. After testing data normal distribution using the Kolmogorov-Smirnov test, data were analyzed using one-way or two-way ANOVA followed by Dunnet's or Tukey's post-hoc test, Student's t-test or Mann-Whitney test, as specified. In the LH paradigm, protocol 2, data are presented as percentage of helpless mice, and they were analyzed using chi-square test. To test statistical correlation Pearson correlation analysis was F. D'Oliveira da Silva et al. applied. Differences were considered statistically significant when p < 0.05.

Results

Behavioral effects of BTRX-246040

In the FST mice treated with vehicle spent ~200 s immobile during the 5 min test session. BTRX-246040 given i.p. 60 min before the test reduced in a dose dependent manner the immobility time of mice, being active at 10 and 30 mg/kg (one-way ANOVA followed by Dunnet's post hoc test, F(3,20) = 17.20; p < 0.0001, Fig. 1). Based on this result, the 30 mg/kg dose has been chosen for subsequent LH experiments.

In LH experiments BTRX-246040 has been evaluated for its ability to treat mice that already developed helpless behavior (protocol 1, Fig. 2A) and for its ability to prevent the development of helpless behavior when administered before the induction sessions (protocol 2, Fig. 2B). 30 mice started the LH experiment, protocol 1. Among these, 13 (44%) developed helplessness and were treated with vehicle or BTRX-246040. Under these experimental conditions BTRX-246040 was effective in reverting the helpless behavior of mice by significantly increasing the number of escapes on the test session (Student t-test, t = 7.08, df = 11, p < 0.0001). On the other hand, when tested in the LH protocol 2, BTRX-246040 significantly prevented the development of helpless behavior reducing the percentage of helpless mice during the screening session. Specifically, 31 mice entered the LH test, protocol 2, among these 16 were treated with vehicle and 15 with BTRX-246040 30 mg/kg. In the vehicle group 10 mice (62.5%) became helpless after the 2 induction sessions. Differently, in the BTRX-246040 group only 3 mice (20%) became helpless (Chi-square test, chi-square = 5.74, df = 1, p = 0.016). Thus, BTRX-246040 was effective in preventing the development of helpless behavior of mice by significantly increasing the number of escapes on the screening session (Mann Whitney test, U = 60.50, df = 11, p = 0.017).

Finally, experiments were performed in order to assess BTRX-246040 effects on cognitive performance, nociception and locomotion, since these putative actions may bias the interpretation of LH results. As shown in Fig. 3A andB, in the escapable electric footshock task, both protocol 1 and 2, no differences were detected between mice treated with vehicle and BTRX-246040 30 mg/kg. Additionally, BTRX-246040 did not alter mouse nociception and locomotion (Fig. 3C andD).

Effects of LH induction and BTRX-246040 treatment on adult neurogenesis in the dentate gyrus of the hippocampus

Mice subjected to the protocol 2 were injected with BrdU 4 weeks before LH induction. In parallel, a group of mice was injected with BrdU and euthanized 4 weeks later without exposure to any stressful stimulus. Parameters reflecting various steps of the adult neurogenesis process in unstressed (naïve) animals and in mice subjected to the LH procedure with or without previous treatment with BTRX-246040 were analyzed.

The proliferation of neural stem cells and neuronal progenitors was assessed using the proliferation marker Ki67 [START_REF] Scholzen | The Ki-67 Protein: from the Known and the Unknown[END_REF] (Fig. 4A). No difference was detected in the density of Ki67 positive cells along the subgranular zone of the DG between naïve and stressed mice, regardless of treatment and LH development (Fig. 4B andC). Similar results were obtained focusing on the survival of 4-week-old cells previously labeled with BrdU (Fig. 5A-C). The maturation of 4-week-old neurons was also assessed by quantifying the percentage of BrdU positive cells co-expressing the immature neuron marker DCX [START_REF] Rao | Efficacy of doublecortin as a marker to analyse the absolute number and dendritic growth of newly generated neurons in the adult dentate gyrus[END_REF]) (Fig. 5D-F). Again, the stress procedure, the LH development and BTRX-246040 treatment did not affect this parameter.

Finally, we quantified the density of immature neurons in the granular layer of the DG in naïve and stressed mice (Fig. 6A-C). Stress exposure induced a significant increase in the density of DCX positive cells in both vehicle and BTRX-246040 treated animals (one-way ANOVA followed by Tukey's post hoc test, F (2, 33) = 6.043, p = 0.0058; Fig. 6D). This phenomenon was observed in both the dorsal and the ventral parts of the DG (dorsal, one-way ANOVA followed by Tukey's post hoc test, F (2, 33) = 4.539, p = 0.0181; Fig. 6E; ventral, one-way ANOVA followed by Tukey's post hoc test, F (2, 33) = 5.283, p = 0.0102; Fig. 6F). In a parallel experiment, BTRX-246040 did not affect the density of Ki67, BrdU, and DCX positive cells in naïve mice (Fig. 6G for DCX, data not shown for Ki67 and BrdU).

In mice exposed to stress and treated with vehicle, the density of DCX positive cells was significantly higher in LH than in no LH mice (two-way ANOVA followed by Tukey's post hoc test, treatment factor: F (1, 26) = 2.034, p = 0.1657, LH factor: F (1, 26) = 5.045, p = 0.0334, interaction: F (1, 26) = 5.361, p = 0.0287; Fig. 7A). When the dorsal and ventral parts of the DG were analyzed separately, a similar result was found in the ventral (two-way ANOVA followed by Tukey's post hoc test, treatment factor: F (1, 26) = 2.019, p = 0.1672, LH factor: F (1, 26) = 7.452, p = 0.0112, interaction: F (1, 26) = 6.836, p = 0.0147; Fig. 7B) but not in the dorsal region (Fig. 7C). In order to better characterize the relationship between LH behavior and the density of immature neurons, the correlation between the density of DCX positive cells and the number of escape failures during the LH model was analyzed. When the whole DG was considered, a significant positive correlation was found for the vehicle group (Pearson's correlation coefficient r = 0.6864, p = 0.0047, Fig. 7D) but not for the BTRX-246040 group. When the dorsal and ventral DG where separately analyzed, a correlation was detected in the ventral DG only for vehicle mice (Pearson's correlation coefficient r = 0.7282, p = 0.0021, Fig. 7E) but not in the dorsal DG (Fig. 7F). 

Discussion

The present study demonstrates that the clinically viable NOP antagonist BTRX-246040 behaves as an antidepressant drug in mice exposed to the FST and to the LH paradigm. More interestingly, when given before stress exposure, BTRX-246040 prevents the development of LH behavior, suggesting that NOP antagonists, differently from classical antidepressant drugs, can be useful to reduce stress vulnerability. We given 60 min before the test in the locomotor activity assay. Data are the mean ± sem of 8 mice/group. tested whether the mechanism by which NOP antagonists produce their protective effects is the modulation of adult neurogenesis in the DG of the hippocampus. We demonstrated that the stress exposure induces, 24 h later, an increase of the number of immature neurons and that this increase is directly related to the intensity of the LH behavior. However, despite its protective behavioral effects, BTRX-246040 treatment did not affect the number of immature neurons in mice exposed to stress. This result suggests that, at least under the present experimental conditions, the mechanisms by which NOP antagonists reduce stress vulnerability are not related to adult neurogenesis in the hippocampus. BTRX-246040 is a selective and potent NOP antagonist (Ferrari et al., 2020;[START_REF] Statnick | A novel nociceptin receptor antagonist LY2940094 inhibits excessive feeding behavior in rodents: a possible mechanism for the treatment of binge eating disorder[END_REF] under development for the treatment of depression, eating disorders and alcohol abuse [START_REF] Browne | Targeting opioid dysregulation in depression for the development of novel therapeutics[END_REF][START_REF] Witkin | Therapeutic approaches for NOP receptor antagonists in neurobehavioral disorders: clinical studies in major depressive disorder and alcohol use disorder with BTRX-246040 (LY2940094)[END_REF]. In a small clinical proof of concept study performed in patients with major depressive disorders (MDD) BTRX-246040 (40 mg, p.o.) was well tolerated and decreased depression symptoms after 8 weeks (Post et al., 2016b). Similar results were recently reported by Dawson and colleagues [START_REF] Dawson | Accuracy in recognising happy facial expressions is associated with antidepressant response to a NOP receptor antagonist but not placebo treatment[END_REF]. Thus, BTRX-246040, being the first NOP antagonist useful for clinical studies, represents a research tool of paramount importance to translate pre-clinical results in findings useful to the clinical practice.

In mice subjected to the FST, BTRX-246040 produced antidepressant-like effects, being active from the dose of 10 mg/kg. This result replicates findings obtained in previous studies, using the same assay in both rats and mice (Post et al., 2016b;Witkin et al., 2016). The antidepressant like effects of BTRX-246040 where then confirmed in the LH model of depression, where it reversed the LH acquired behavior after one single administration. This effect of BTRX-246040 is similar to those reported for the classical NOP antagonists UFP-101 and SB-612111 (Holanda et al., 2016) and corroborates the widely recognized hypothesis that the blockage of the NOP receptor produces antidepressant effects in rodents subjected to different models of depression [START_REF] Gavioli | Nociceptin/orphanin FQ Receptor Antagonists as Innovative Antidepressant Drugs[END_REF]Gavioli et al., 2019;[START_REF] Witkin | The biology of Nociceptin/Orphanin FQ (N/ OFQ) related to obesity, stress, anxiety, mood, and drug dependence[END_REF]. Of note, only one acute administration of BTRX-246040 was able to produce antidepressant effects in the LH model. This time course of the effect is similar to that of the tricyclic antidepressant nortriptyline (Holanda et al., 2016) and of the rapid-acting antidepressant ketamine (Holanda et al., 2018). On the contrary, it differs from the effect of the selective serotonin reuptake inhibitor fluoxetine, that requires 4 consecutive days of administration to elicit antidepressant effects in the LH model (Holanda et al., 2016). As far as the potency of the NOP antagonist is concerned, BTRX-246040 displayed antidepressant-like effects from the dose of 10 mg/kg and was then used at the dose of 30 mg/kg in the LH experiments. Of note, the standard NOP antagonist SB-612111 is active as antidepressant from the dose of 3 mg/kg (Holanda et al., 2016), thus being 3 fold more potent than BTRX-246040. The in vivo rank order of potency SB-612111 > BTRX-246040 is different from that reported when the two NOP antagonists were systematically compared in vitro in different assays where BTRX-246040 displayed similar or even higher potency than SB-612111 (Ferrari et al., 2020). This discrepancy between the in vitro and in vivo potency of SB-612111 and BTRX-246040 can probably be ascribed to the different pharmacokinetic features of the 2 molecules. Importantly, LH results can be biased when compounds able to alter mice cognitive performance, nociception or locomotion are tested. The effects of BTRX-246040 in this study can be interpreted as genuine antidepressant and stress-protective effects. In fact, BTRX-246040 did not change the ability of mice to learn how to stop the stress when exposed to an escapable electric footshock, and did not alter their pain transmission and locomotor activity.

What is new in the present research is the ability of BTRX-246040 to prevent the development of the LH phenotype when administered before stress exposure. Similar results were already obtained with the NOP antagonist SB-612111 and with the genetic blockage of the NOP receptor in NOP knockout (NOP(-/-) mice (Holanda et al., 2019(Holanda et al., , 2020)). As recently reviewed [START_REF] Gavioli | Nociceptin/orphanin FQ receptor system blockade as an innovative strategy for increasing resilience to stress[END_REF][START_REF] Ubaldi | Role of nociceptin/orphanin FQ-NOP receptor system in the regulation of stress-related disorders[END_REF], a growing body of evidence suggests that the activation of the N/OFQ -NOP system during stress exposure contributes to the development of depressive-like behaviors (Der-Avakian et al., 2017;Holanda et al., 2019). Under this view, the blockage of the NOP receptor can be proposed as an innovative strategy to increase stress resilience and to prevent depression episodes and stress-triggered diseases in vulnerable subjects. This study, performed with a clinically viable well tolerated NOP ligand, corroborates this hypothesis and paves the way for clinical proof of concept studies not only in major depressive disorders patients, but also in patients vulnerable to stress-triggered diseases. Importantly, the present study has been performed only with male mice and only few studies investigated if sex-related differences exist regarding N/OFQ -NOP system modulation of stress response. Interestingly, stress exposure seems to modulate serum N/OFQ and hippocampus NOP levels differently in male and female rats [START_REF] Randesi | Sex differences after chronic stress in the expression of opioid-, stress-and neuroplasticity-related genes in the rat hippocampus[END_REF][START_REF] Zhang | Sex differences in nociceptin/ orphanin FQ peptide receptor-mediated pain and anxiety symptoms in a preclinical model of post-traumatic stress disorder[END_REF]. Additionally, male, but not female, NOP(-/-) rats were shown to be protected from the deleterious effects of stress exposure in a post-traumatic stress disorder model [START_REF] Zhang | Sex differences in nociceptin/ orphanin FQ peptide receptor-mediated pain and anxiety symptoms in a preclinical model of post-traumatic stress disorder[END_REF]. Thus, further studies, using different stress models, will be extremely valuable in the future to better elucidate if sex may influence the protective effects of NOP antagonists.

Finally, an effort has been done to characterize the LH model focusing on hippocampal neurogenesis, and to test whether the protective effect of BTRX-246040 is related to its ability to modulate adult neurogenesis in the DG of the hippocampus. Our hypothesis was based on the following findings: i) Chronic as well as acute stress are reported to inhibit adult hippocampal neurogenesis (Llorens-Martín and Trejo, 2011; [START_REF] Malberg | Cell proliferation in adult Hippocampus is decreased by inescapable stress: reversal by fluoxetine treatment[END_REF]Schoenfeld and Gould, 2012). ii) Adult neurogenesis is a key element for the effectiveness of both classical (chronic administration) and rapid acting antidepressants [START_REF] Autry | NMDA Receptor Blockade at Rest Triggers Rapid Behavioural Antidepressant Responses 475[END_REF][START_REF] Li | mTOR-dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists[END_REF][START_REF] Ly | Psychedelics promote structural and functional neural plasticity[END_REF][START_REF] Malberg | Increasing hippocampal neurogenesis: a novel mechanism for antidepressant drugs[END_REF][START_REF] Malberg | Chronic antidepressant treatment increases neurogenesis in adult rat hippocampus[END_REF][START_REF] Malberg | Cell proliferation in adult Hippocampus is decreased by inescapable stress: reversal by fluoxetine treatment[END_REF][START_REF] Santarelli | 109077 11 hippocampal neurogenesis for the behavioral effects of antidepressants[END_REF][START_REF] Surget | Antidepressants recruit new neurons to improve stress response regulation[END_REF][START_REF] Yamada | Potential link between antidepressant-like effects of ketamine and promotion of adult neurogenesis in the ventral hippocampus of mice[END_REF]. iii) N/OFQ and the NOP receptor are expressed in the hippocampus (Houtani et al., 2000;Manabe et al., 1998;Neal et al., 1999;[START_REF] Ozawa | Knock-in mice with NOP-eGFP receptors identify receptor cellular and regional localization[END_REF], and N/OFQ is released in the hippocampus after acute restraint stress (Nativio et al., 2012) and facilitates despair [START_REF] Goeldner | Endogenous nociceptin/ orphanin-FQ in the dorsal hippocampus facilitates despair-related behavior[END_REF]. iv) In primary cultures of hippocampal neurons N/OFQ inhibits dendritic growth and counteracts BDNF positive effects on dendritic growth (Alder et al., 2013). v) Chronic administration of the NOP antagonist UFP-101 in stressed rats increases the number of immature neurons in the dorsal DG of the hippocampus (Vitale et al., 2017).

To monitor adult neurogenesis in the DG of the hippocampus three research tools were used: Ki-67 as a marker of proliferation in the initial phase of adult neurogenesis (neural stem cells and progenitors) [START_REF] Scholzen | The Ki-67 Protein: from the Known and the Unknown[END_REF], BrdU injected 4 weeks before brain extraction to mark 4-week-old neurons, and DCX to label early immature neurons [START_REF] Rao | Efficacy of doublecortin as a marker to analyse the absolute number and dendritic growth of newly generated neurons in the adult dentate gyrus[END_REF].

Under the present experimental conditions, stress exposure had no effect on the proliferation of neural stem cells and progenitors, measured 24 h later. This result agrees with several reports showing no effect of acute stress on this cell population (Dagyte et al., 2009;[START_REF] Llorens-Martín | Mifepristone prevents stress-induced apoptosis in newborn neurons and increases AMPA receptor expression in the dentate gyrus of C57/BL6 mice[END_REF][START_REF] Thomas | Acute psychosocial stress reduces cell survival in adult hippocampal neurogenesis without altering proliferation[END_REF] We then analyzed the survival and maturation of 4-week-old neurons. The choice to focus on this particular population was based on two reasons. First, this time point corresponds to a critical period of enhanced excitability, synaptic plasticity and sensitivity to environmental changes [START_REF] Bergami | A critical Period for Experience-Dependent Remodeling of Adult-Born Neuron Connectivity[END_REF]. Second, the maturation of 4-week-old neurons has been shown to be inhibited by acute stress [START_REF] Llorens-Martín | Mifepristone prevents stress-induced apoptosis in newborn neurons and increases AMPA receptor expression in the dentate gyrus of C57/BL6 mice[END_REF]. In the present study, stress exposure did not decrease the number of 4-week-old BrdU-labeled cells and did not increase the percentage of 4-week-old neurons still expressing the immaturity marker DCX. This discrepancy with Llorens-Martin and Trejo data might be due to the different stressful stimulus used (electric footshock vs forced swim) and/or to sex related reasons (male vs female mice). Interestingly, under the present experimental conditions, the acute exposure to an unescapable and unpredictable stress leads to an increase of DCX + immature neurons. The higher number of DCX + cells following LH stress could result from two mechanisms. First, new neurons could take a longer time to mature. However, such a slow-down of the maturation process is unlikely since the percentage of 4-week-old neurons still expressing DCX is not changed. Second, an acceleration of the differentiation of neuronal progenitors into neuroblasts could be involved because it is during this transition that cells start to express DCX. We can therefore hypothesize that under our experimental conditions, i.e. three days of strong acute stress, a higher proportion of neuronal precursors start to differentiate into neurons. Of note, such rapid changes in differentiation process are possible and already reported in the literature in response to different stimuli (i.e. 1 day of mifepristone administration, 3 days of treatment with the thyroid hormone T3, 4 days of audiogenic seizures, and 2 days of wheel running [START_REF] Gremmelspacher | Neurogenic processes are induced by very short periods of voluntary wheel-running in male mice[END_REF][START_REF] Hu | A single-day treatment with mifepristone is sufficient to normalize chronic glucocorticoid induced suppression of hippocampal cell proliferation[END_REF][START_REF] Kapoor | Thyroid hormone accelerates the differentiation of adult hippocampal progenitors[END_REF][START_REF] Kulikov | Audiogenic kindling stimulates aberrant neurogenesis, synaptopodin expression, and mossy fiber sprouting in the hippocampus of rats genetically prone to audiogenic seizures[END_REF]. Further studies are needed to understand the cellular mechanism involved in this rapid neurogenesis alteration and its biological significance. The density of DCX + cells positively correlates with the helpless behavior in the vehicle treated group. This correlation was specific for the ventral part of the hippocampus. This is in line with previous studies demonstrating the involvement of new neurons from the ventral DG in stress resilience [START_REF] Anacker | Hippocampal neurogenesis confers stress resilience by inhibiting the ventral dentate gyrus[END_REF][START_REF] Levone | Role of adult hippocampal neurogenesis in stress resilience[END_REF]. To the best of our knowledge, this is the first evidence of a positive correlation between the density of immature neurons and the helpless behavior. Previous LH studies performed in rats focused on later time points, from one week to 10 days after inescapable stress, and showed an overall reduction in proliferation irrespective of the helpless status [START_REF] Ho | Adult neurogenesis is reduced in the dorsal hippocampus of rats displaying learned helplessness behavior[END_REF][START_REF] Malberg | Cell proliferation in adult Hippocampus is decreased by inescapable stress: reversal by fluoxetine treatment[END_REF][START_REF] Vollmayr | Reduced cell proliferation in the dentate gyrus is not correlated with the development of learned helplessness[END_REF]. In addition, Ho and Wang found a reduction in the survival of cells that had been labeled with BrdU one day before stress, specifically in helpless rats [START_REF] Ho | Adult neurogenesis is reduced in the dorsal hippocampus of rats displaying learned helplessness behavior[END_REF]. Altogether, these results suggest that helplessness is associated with a biphasic effect on adult neurogenesis: a transient increase in neuronal differentiation followed by a protracted loss of newborn neurons. Clearly this hypothesis needs to be challenged by further studies that should systematically compare different stressful stimuli and their effects at different time points after stress exposure.

Finally, we observed that BTRX-246040 treatment for 2 consecutive days did not modify the density of immature neurons in naive animals and did not inhibit stress-induced changes in immature neuron density. The mechanism by which NOP antagonists prevent the acquisition of helplessness is therefore independent of hippocampal adult neurogenesis, at least under the present experimental conditions. Of note, these results apparently disagree with the study performed by Vitale and colleagues that reported that chronic administration of the NOP antagonist UFP-101 increases the number of DCX + cells in the DG of rats hippocampus (Vitale et al., 2017). This discrepancy can be probably explained considering the different model used (rat chronic mild stress) and the chronic administration of the NOP antagonist in the Vitale et al. study. The ability of BTRX-246040 to increase the hippocampal neurogenesis after chronic administration cannot be excluded on the bases of the present research. Alternative hypotheses should be investigated regarding the mechanism by which BTRX-246040 exerts its effects in the LH model. For example, adult neurogenesis not only occurs in the DG of the hippocampus, but also in other areas, like the subventricular zone [START_REF] Jurkowski | Beyond the Hippocampus and the SVZ: adult neurogenesis throughout the brain[END_REF]. The functional significance of neurogenesis in areas different from the hippocampus has been poorly investigated, particularly in relation to stress and antidepressant drugs. The effects exerted by inescapable stress exposure and NOP antagonists on the neurogenesis in the subventricular zone is probably worthy of being investigated. More interestingly, several studies suggest that the activation of the N/OFQ -NOP system during stress exposure stimulates the activation of the HPA axis. Beside the hippocampus, the paraventricular nucleus of the hypothalamus may represent the brain area where this N/OFQ effect takes place [START_REF] Gavioli | Nociceptin/orphanin FQ receptor system blockade as an innovative strategy for increasing resilience to stress[END_REF][START_REF] Ubaldi | Role of nociceptin/orphanin FQ-NOP receptor system in the regulation of stress-related disorders[END_REF]. Thus, further studies aimed to untangle the mechanisms of action of NOP antagonists in the LH model should probably address this brain area, the HPA axis, and stress-derived steroid hormones.

Conclusions

In conclusion, the present study demonstrated that the NOP receptor antagonist BTRX-246040 produces antidepressant-like effect in the FST and in the LH model of depression. Additionally, BTRX-246040 was able to prevent the development of the LH phenotype in mice subjected to the unescapable stress procedure. This effect of the NOP antagonist is not related to adult neurogenesis in the DG of the hippocampus. This research, demonstrating with a clinically viable NOP antagonist that the NOP blockage reduces stress susceptibility, paves the way for clinical proof of concept studies in patients vulnerable to stress triggered diseases.

In this work, we were not able to reveal a direct effect of the antagonist BTRX-246040 on the following neurogenesis parameters: proliferation, survival, maturation, and density of immature neurons. We thus could not highlight a link between the preventive effect of NOP antagonists on depressive-like behavior and modulation of neurogenesis. However, we could reveal a previously undescribed correlation between the density of immature neurons and the development of a depressive-like phenotype and demonstrate that this correlation is lost after the blockade of the N/OFQ-NOP system. The chronic blockade of the N/OFQ-NOP system could have allowed us to reveal neurogenesis modulation by the NOP antagonist. Furthermore, in light of our NOP KO study (Previous section) and the results of Alder and collaborators described in the general introduction (Alder et al., 2013), we can propose that the N/OFQ-NOP system acts principally on the structural development of new neurons and thus a morphological analysis of neuronal arborization and synaptic connectivity could have revealed an effect of N/OFQ on neurogenesis in the learned helplessness context.

In the following part, we decided to explore the impact of the N/OFQ-NOP system on adult neurogenesis in the context of chronic stress with a longer NOP blockade, focusing principally on the effect of stress and N/OFQ-NOP system on the morphological development of immature neurons.

III. The involvement of the endogenous N/OFQ-NOP system in the effect of chronic stress on the hippocampal adult neurogenesis Another aspect of maturation that could be affected is the spinogenesis, and thus the spines. Thus, we looked at the density of dendritic spines. In the outer molecular layer (oML) of the DG, both CORT groups have a decreased density of spines (Fig 72A;

One-Way ANOVA; followed by Tukey's multiple comparison test, p (Veh_Veh vs CORT_Veh) =0.0037, p (Veh_Veh vs CORT_SB) =0.0182, p (CORT_Veh vs CORT_SB) =0.7193). This means that the chronic treatment with corticosterone has a deleterious impact on spines but that this effect is not modified with the blockade of the NOP receptor. In the medium molecular layer (mML), in contrast, the chronic CORT treatment induces a deficit in spine density but this deficit is no longer present when mice received as well the NOP antagonist (Fig 72B ,C; One-Way ANOVA;

followed by Tukey's multiple comparison test, p (Veh_Veh vs CORT_Veh) =0.0005, p (Veh_Veh vs CORT_SB) =0.6167, p (CORT_Veh vs CORT_SB) =0.0093). Thus, in the mML, blocking the N/OFQ-NOP system prevents the deleterious impact of chronic CORT treatment on spinogenesis. We wanted to better characterize this effect and we looked at the density of the different types of spines. We calculated the density of stubby, mushroom, and long thin spines and determined that it is the mushroom type We then studied the morphology of four-week old cells by assessing the total dendritic length and with a Sholl analysis.

In the first experiment, the total dendritic length was decreased following the 

c. Discussion

In this part, we first assessed the role of the endogenous N/OFQ-NOP system activity in the impact of our short-duration chronic stress model. In this model, the corticosterone treatment tends to increase the proportion of four-week-old cells still expressing DCX but no significant effects were observed probably due to the high variability. Similarly, the total dendritic length and the complexity of the dendritic arborization were not affected by our model of chronic stress. However, the density of spines of newborn neurons was decreased in the mML of corticosterone-treated mice.

These results indicate that chronic stress affects the maturation of dendritic spines and thus the establishment of the synaptic connections of newborn neurons. The mushroom type of spine which is the mature form which enables stable functional synaptic connection was particularly affected by stress. Furthermore, the thin type of spine tends to be similarly affected. This means that chronic stress either damages already-established functional connections or impairs the creation of new spines or their maturation. In either case, the chronic blockade of the N/OFQ-NOP system with a NOP antagonist was able to protect these spines from the deleterious impact of chronic stress. Thus, the activity of the N/OFQ-NOP system appeared to be an actor in the deleterious impact of chronic stress on adult-born neurons' connectivity.

The long-duration chronic stress model had a stronger impact on neurogenesis as it induced a decrease in the total number of immature neurons and impaired the total dendritic length and the complexity of the dendritic arborization of four-week-old neurons. The involvement of the endogenous N/OFQ-NOP system in these deleterious effects is not clear. Indeed, the impact of the long-duration chronic stress model and of the endogenous N/OFQ-NOP system activity on neurogenesis was evaluated in two distinct experiments. In experiment 2 testing the effect of the blockade of the NOP receptor in corticosterone-treated mice, the corticosterone-treated mice that received the vehicle injections had a similar number of immature cells, a similar dendritic length, and a similar complexity of the dendritic arborization as vehicletreated mice from experiment 1. Thus, it is possible that in the new conditions of experiment 2, the long-duration chronic stress model did not affect the density of immature neurons, the total dendritic length, and the complexity of the dendritic arborization. In other words, we cannot conclude on experiment 2 because we do not know whether the lack of difference between the Cort_Veh and the Cort_SB groups is due to a lack of effect of corticosterone on dendritic arborization or a protective effect of the NOP antagonist. Therefore, we need to repeat this study including the 4 treatment groups (+/-corticosterone, +/-SB-612,111) in the same experiment and increasing the number of mice in each group.

In the analysis of spines, however, the density of spines of the corticosterone-treated groups was similar in both experiments. In these conditions, the chronic blockade of the N/OFQ-NOP system prevented the deleterious impact of chronic stress on spine density. Thus, in this long-duration chronic stress model, we confirm the effect observed in the short-duration chronic stress model which indicates that the endogenous N/OFQ-NOP system activity is an actor in the deleterious impact of chronic stress on adult-born neurons' connectivity.

As mentioned above, we now plan to perform an experiment to compare the impact of the blockade of the N/OFQ-NOP system in vehicle and corticosterone-treated mice to fully elucidate the involvement of this system in stress-induced deficits in dendritic development. We may use a genetic deletion of the receptor instead of chronic NOP antagonist injections to target the hippocampal NOP receptors and test whether this modulation of neurogenesis can be attributed to a direct action of the local N/OFQ-NOP system.

In this work, we studied the way the endogenous N/OFQ-NOP system modulates memory in physiological and chronic stress conditions. We as well examined the effects of the N/OFQ-NOP system on the structural plasticity of hippocampus neurons.

We finally initiated a work aiming at deciphering the mechanisms by which N/OFQ modulates memory thanks to local NOP KO. In this section, I will discuss first the modulation of memory by the N/OFQ-NOP system, then I will talk about the different mechanisms that could be involved in these modulations, and finally, I will describe future directions and implications of this work.

The modulation of memory process by the endogenous N/OFQ-NOP system

During this work, we deciphered the involvement of the endogenous system in learning and memory thanks to pharmacological blockade during different types of memory tests. We revealed that the N/OFQ-NOP system activity promotes long-term episodiclike memory at the expense of working spatial memory and cognitive flexibility. What we do not know yet is whether this opposite regulation is driven by the difference in memory type (spatial reference vs episodic) or the difference in storage duration (working memory vs long-term memory). It would be interesting to explore more the modulation of the different types of memory, for example, we could evaluate the role of the endogenous system in short-term episodic-like memory in the OL and OR tests.

It would be relevant as well to target only memory consolidation by blocking the system after the end of the acquisition phase to see whether the endogenous N/OFQ-NOP system affects specifically the consolidation of memory.

In either case, the question we can ask is how is it biologically relevant to promote a cognitive function over another one?

How could the modulation of memory by the endogenous N/OFQ-NOP system be ecologically interpreted?

Since memory allows organisms to make informed decisions, it appears to be important for organisms and species survival by providing the information required for the organisms to make good choices in terms of food to consume, partner to choose, situations to avoid, etc. The challenge for adaptation comes from the fact that memory capacities are not limitless. In that sense, it is proposed for example that memory consolidation itself is an adaptive process [START_REF] Cowan | Memory consolidation as an adaptive process[END_REF]. Indeed, knowing the limited capacity of memory, it is adaptive to prioritize the storage of relevant information over mundane one [START_REF] Hardt | Decay happens: The role of active forgetting in memory[END_REF][START_REF] Richards | The Persistence and Transience of Memory[END_REF]. In that sense memory was proposed to increase the chances of survival by increasing the likelihood to recover from a beneficial situation and avoiding dangerous ones for example (Shohamy and Hadcock, 2010). In the same way, it could be proposed that at every time point, an unconscious but necessary choice has to be done in order to use the cognitive abilities more appropriately for example from cognitive flexibility to context encoding and long-term consolidation.

One example of an organism where mechanisms allow direct interaction between different types of memory is the drosophila. Thanks to developed genetic tools, the use of mutants allowed researchers to demonstrate that anesthesia-resistant memory (ARM) plays the role of a gate for controlling the formation of long-term memory (LTM).

In drosophila, this control is quite direct with populations of neurons necessary for one type of memory control and other neuronal populations necessary for another type of memory [START_REF] Isabel | Exclusive Consolidated Memory Phases in Drosophila[END_REF]. This choice between LTM and other memory types is dependent, among others, on the physiological state, for example, hunger [START_REF] Hirano | Hunger and memory; CRTC coordinates longterm memory with the physiological state, hunger[END_REF]. This example shows that, in drosophila, the brain has to choose a cognitive function over another one. This indicates that this choice is of adaptive importance and may be conserved in other species.

In mice, there is no clear evidence of such an absolute separation between neuronal populations specialized in one type of memory or cognitive function over another.

However, the necessity of a balance between the different cognitive functions should exist. In this sense, there must be mediators that play a regulatory role in different systems and cell populations with the aim to participate in the adjustment of this balance. Considering the way the endogenous N/OFQ-NOP system regulates memory, it could be one of these mediators. Since the regulation of memory and the choice between one type or another must be adapted to the situation, some mediators must react to events either internal or external as sensors of environmental modifications. We can thus wonder to what degree the N/OFQ-NOP system is modulated by environmental changes.

The N/OFQ-NOP system: a sensor?

As seen in the introduction, and in the results of this work, the N/OFQ-NOP system responds to stressful events since, in the majority of cases, it is upregulated by stress.

But stress is not the only event that modulates the N/OFQ-NOP system.

Many studies revealed that pain modulates the N/OFQ-NOP system. Like stress, in the majority of cases, the N/OFQ-NOP system is upregulated by pain. Studies using peripheral inflammation models showed that pain induces an increased expression of ppN/OFQ mRNA [START_REF] Andoh | Nociceptin gene expression in rat dorsal root ganglia induced by peripheral inflammation[END_REF][START_REF] Itoh | Induction by carrageenan inflammation of prepronociceptin mRNA in VR1immunoreactive neurons in rat dorsal root ganglia[END_REF] as well as N/OFQ and NOP peptide measured by RIA [START_REF] Chen | Nociceptin and its receptor in rat dorsal root ganglion neurons in neuropathic and inflammatory pain models: Implications on pain processing[END_REF] in the dorsal root ganglia. In the same models, pain enhanced the ppN/OFQ and NOP mRNA expression in the dorsal horn [START_REF] Fu | Changes in expression of nociceptin/orphanin FQ and its receptor in spinal dorsal horn during electroacupuncture treatment for peripheral inflammatory pain in rats[END_REF] and the [ 3 H]Nociceptin binding in the spinal segment L4 [START_REF] Jia | Nociceptin/orphanin FQ binding increases in superficial laminae of the rat spinal cord during persistent peripheral inflammation[END_REF]. Models of neuropathic pain revealed that the N/OFQ peptide levels measured by RIA are increased by pain in the whole brain [START_REF] Joseph | Levels of neuropeptides nocistatin, nociceptin/orphanin FQ and their precursor protein in a rat neuropathic pain model[END_REF][START_REF] Liu | Elevated prepronociceptin, nociceptin/orphanin FQ and nocistatin concentrations in rat chronic constriction nerve injury and diabetic neuropathic pain models[END_REF], the spinal cord [START_REF] Liu | Elevated prepronociceptin, nociceptin/orphanin FQ and nocistatin concentrations in rat chronic constriction nerve injury and diabetic neuropathic pain models[END_REF], the cerebrospinal fluid [START_REF] Cornefjord | Cerebrospinal fluid biomarkers in experimental spinal nerve root injury[END_REF] as well as in the AMY and the PAG [START_REF] Sun | Changes in brain content of nociceptin/orphanin FQ and endomorphin 2 in a rat model of neuropathic pain[END_REF]. A study in mice demonstrated that both ppN/OFQ and NOP receptor mRNA levels are modulated by neuropathic pain in many brain regions. Concerning the NOP receptor, its expression is increased after pain in the raphe magnus, the dorsal raphe nucleus, the ventral PAG [START_REF] Ma | Expression of ORL1 mRNA in some brain nuclei in neuropathic pain rats[END_REF], and the L5-L6 dorsal root ganglia [START_REF] Briscini | Up-regulation of ORL-1 receptors in spinal tissue of allodynic rats after sciatic nerve injury[END_REF]. The NOP receptor protein measured by immunochemistry in NOP-eGFP knock-in mice was however decreased after pain in spinal laminae I and II and L4 dorsal root ganglion [START_REF] Ozawa | Analysis of the distribution of spinal NOP receptors in a chronic pain model using NOP-eGFP knock-in mice[END_REF]. These data indicate that the N/OFQ-NOP system responds to external or internal events causing a challenge to the organisms. In accordance, it was shown that ppN/OFQ is increased in the hypothalamus and the AMY after an immunological challenge provoked by Staphylococcal enterotoxin A [START_REF] Kawashima | Immunological challenge modulates brain orphanin FQ/nociceptin and nociceptive behavior[END_REF]. Similarly, the ppN/OFQ mRNA level is increased in the vicinity of a stab wound injury to the rat cerebral cortex [START_REF] Witta | Traumatic brain injury induces nociceptin/orphanin FQ expression in neurons of the rat cerebral cortex[END_REF]. Finally, multiple studies using neurotoxins revealed that brain lesions induce changes in the N/OFQ-NOP system expression [START_REF] Norton | Nociceptin/orphanin FQ and opioid receptor-like receptor mRNA expression in dopamine systems[END_REF][START_REF] Di Benedetto | Alterations of N/OFQ and NOP receptor gene expression in the substantia nigra and caudate putamen of MPP+ and 6-OHDA lesioned rats[END_REF][START_REF] Gouty | MPTP treatment increases expression of pre-pro-nociceptin/orphanin FQ mRNA in a subset of substantia nigra reticulata neurons[END_REF] and activity [START_REF] Le Maître | Opioid receptor-like 1 (NOP) receptors in the rat dorsal raphe nucleus: Evidence for localization on serotoninergic neurons and functional adaptation after 5,7dihydroxytryptamine lesion[END_REF].

Numerous human studies support the idea that the N/OFQ-NOP system responds to a variety of challenges. Indeed, it was shown to be modulated in various pathological conditions: angina [START_REF] Fontana | Plasma nociceptin/orphanin FQ levels rise after spontaneous episodes of angina, but not during induced myocardial ischemia[END_REF], arthroplasty [START_REF] Verbeek | Nociceptin is present in synovial fluid of patients undergoing total knee arthroplasty[END_REF], fibromyalgia [START_REF] Anderberg | Plasma levels on nociceptin in female fibromyalgia syndrome patients[END_REF]Baraniuk et al., 2004) and pain disorders [START_REF] Ko | Quantitative analysis of nociceptin in blood of patients with acute and chronic pain[END_REF]Baraniuk et al., 2004;[START_REF] Raffaeli | Nociceptin levels in the cerebrospinal fluid of chronic pain patients with or without intrathecal administration of morphine[END_REF], irritable bowel syndrome [START_REF] Li | Expression of the nociceptin/orphanin FQ receptor in the intestinal mucosa of IBS patients[END_REF], migraine and headache [START_REF] Spadaro | Low utility of plasma Nociceptin/orphanin FQ in the diagnosis of hepatocellular carcinoma[END_REF][START_REF] Munksgaard | Circulating nociceptin and CGRP in medication-overuse headache[END_REF], different cancers [START_REF] Horvath | Rising plasma nociceptin level during development of HCC: A case report[END_REF][START_REF] Szalay | Increased nociceptin/orphanin FQ plasma levels in hepatocellular carcinoma[END_REF][START_REF] Spadaro | Low utility of plasma Nociceptin/orphanin FQ in the diagnosis of hepatocellular carcinoma[END_REF][START_REF] Stamer | Expression of the nociceptin precursor and nociceptin receptor is modulated in cancer and septic patients[END_REF][START_REF] Wang | Nociceptin Receptor Is Overexpressed in Non-small Cell Lung Cancer and Predicts Poor Prognosis[END_REF] and sepsis [START_REF] Williams | Nociceptin and urotensin-II concentrations in critically ill patients with sepsis[END_REF][START_REF] Stamer | Expression of the nociceptin precursor and nociceptin receptor is modulated in cancer and septic patients[END_REF][START_REF] Thompson | The Nociceptin/Orphanin FQ system is modulated in patients admitted to ICU with sepsis and after cardiopulmonary bypass[END_REF], cardiovascular diseases [START_REF] Krepuska | Plasma nociceptin/orphanin FQ levels are lower in patients with chronic ischemic cardiovascular diseases-A pilot study[END_REF][START_REF] Csobay-Novák | Decreased plasma nociceptin/orphanin FQ levels after acute coronary syndromes[END_REF], Parkinson's disease [START_REF] Marti | Brain interstitial nociceptin/orphanin FQ levels are elevated in Parkinson's disease[END_REF], Alzheimer's disease [START_REF] Xu | Elevated methylation of OPRM1 and OPRL1 genes in Alzheimer's disease[END_REF], Wilson disease [START_REF] Hantos | Elevated plasma nociceptin level in patients with Wilson disease[END_REF], pachyonychia congenita [START_REF] Pan | Nociceptin/orphanin FQ opioid peptide-receptor expression in pachyonychia congenita[END_REF], depression [START_REF] Gu | Changes and significance of orphanin and serotonin in patients with postpartum depression[END_REF][START_REF] Lutz | Decreased expression of nociceptin/orphanin FQ in the dorsal anterior cingulate cortex of suicides[END_REF], posttraumatic stress disorders (Narendran et al., 2019) as well as in various disorders linked to addiction: smoking [START_REF] Kasai | Nociceptin/orphanin FQ receptor gene variation is associated with smoking status in Japanese[END_REF], cocaine- (Narendran et al., 2019b) and alcohol-use disorders [START_REF] Kuzmin | Expression of pronociceptin and its receptor is downregulated in the brain of human alcoholics[END_REF][START_REF] Narendran | Nociceptin Receptors in Alcohol Use Disorders: A Positron Emission Tomography Study Using [11C]NOP-1A[END_REF][START_REF] Ruggeri | Methylation of OPRL1 mediates the effect of psychosocial stress on binge drinking in adolescents[END_REF].

The N/OFQ-NOP system seems to respond as well to natural internal variations such as sex hormones. In female rats, it was shown that the N/OFQ peptide level varies with the estrous cycle in the caudate putamen [START_REF] Roman | Variations in opioid peptide levels during the estrous cycle in Sprague-Dawley rats[END_REF]. Additionally, it was shown that estrogen alone or followed by progesterone administration induces an increased expression of ppN/OFQ mRNA in the caudal part of the posterodorsal medial amygdala, the medial part of the medial preoptic nucleus [START_REF] Sinchak | Site-specific estrogen and progestin regulation of orphanin FQ/nociceptin and nociceptin opioid receptor mRNA expression in the female rat limbic hypothalamic system[END_REF], and in the arcuate nucleus of the hypothalamus neurons [START_REF] Sanathara | Estradiol upregulates progesterone receptor and orphanin FQ colocalization in arcuate nucleus neurons and opioid receptor-like receptor-1 expression in proopiomelanocortin neurons that project to the medial preoptic nucleus in the female rat[END_REF], as well as an increased expression of NOP receptor mRNA in the anteroventral periventricular nucleus, the median preoptic nucleus, the ventromedial nucleus of the hypothalamus [START_REF] Sinchak | Site-specific estrogen and progestin regulation of orphanin FQ/nociceptin and nociceptin opioid receptor mRNA expression in the female rat limbic hypothalamic system[END_REF], and in neurons in the arcuate nucleus of the hypothalamus (ARH) that project to the medial preoptic nucleus [START_REF] Sanathara | Estradiol upregulates progesterone receptor and orphanin FQ colocalization in arcuate nucleus neurons and opioid receptor-like receptor-1 expression in proopiomelanocortin neurons that project to the medial preoptic nucleus in the female rat[END_REF]. It also increases NOP [ 35 S]GTPgS binding in the mediobasal hypothalamus and the medial preoptic area [START_REF] Quesada | Estrogen and progesterone modulate [35S]GTPgammaS binding to nociceptin receptors[END_REF].

The N/OFQ-NOP system can as well be modulated by diet as food deprivation induced a decrease in NOP mRNA in the paraventricular and lateral hypothalamic nuclei, in the central nucleus of the amygdala [START_REF] Rodi | Pro-nociceptin/orphanin FQ and NOP receptor mRNA levels in the forebrain of food deprived rats[END_REF][START_REF] Pucci | Epigenetic regulation of nociceptin/orphanin FQ and corticotropin-releasing factor system genes in frustration stress-induced binge-like palatable food consumption[END_REF], in the dorsal raphe nucleus [START_REF] Przydzial | Nutritional state influences Nociceptin/Orphanin FQ peptide receptor expression in the dorsal raphe nucleus[END_REF] and in ppN/OFQ mRNA in the central amygdala [START_REF] Rodi | Pro-nociceptin/orphanin FQ and NOP receptor mRNA levels in the forebrain of food deprived rats[END_REF] and the hypothalamus [START_REF] Pucci | Epigenetic regulation of nociceptin/orphanin FQ and corticotropin-releasing factor system genes in frustration stress-induced binge-like palatable food consumption[END_REF].

Even though there is no study examining the modulation of the expression of the N/OFQ-NOP system in response to reward, multiple data demonstrated an important role of N/OFQ-NOP system activity in reward and the study conducted by Parker and colleagues revealed the activation of a unique subpopulation of paranigral ventral tegmental area neurons enriched in prepronociceptin when mice stop seeking natural rewards (Parker et al., 2019b). This last result sugests that the system responds to the particular event of a rewarding situation.

Considering the way the N/OFQ-NOP system is able to react to a number of environmental changes, we can propose that it acts as an "environmental sensor" and thus suppose that it could be modulated, in a larger manner, by significant events. In this way, novelty itself could be a trigger for N/OFQ-NOP system modulation. In regard to our experiments, we can suppose that the behavioral test procedure itself induces the activation of the N/OFQ-NOP system which would be, without significant event, in dormancy. For mice, being handled, isolated from cage-mates, placed in a new context, or in front of new objects with colors, textures, odors, and shapes never seen before, must be a situation of novelty, may be seen as mild acute stress and may be a significant event sufficient to induce the activation of the N/OFQ-NOP system. It would be interesting to quantify in-vivo N/OFQ release in animals facing different situations such as a social encounter, a rewarding event, any novelty etc.

Unfortunately, we are not yet technically able to quantify N/OFQ release in real time.

means there is a shift happening between the beneficial impact of the activity of the N/OFQ-NOP system in physiological conditions and its deleterious impact in chronic stress conditions.

How does the N/OFQ-NOP system switch between beneficial and detrimental?

This shift can be explained by several hypotheses:

-The N/OFQ-NOP system is too often recruited which conducts in its dysregulation and consequent disruption of the modulation it normally operates.

-The N/OFQ-NOP system is not changed but the cell populations/ systems it acts on are affected either by the repeated action of N/OFQ or by other chronic stress effects and thus the activity of the N/OFQ-NOP system leads to different outcomes.

For the first possibility, if the system is dysregulated in a way that it is overactivated and thus there is a too high quantity of N/OFQ released then it would agree with pharmacological studies showing that small concentrations of N/OFQ are beneficial whereas higher ones are detrimental for memory. This hypothesis is as well in accordance with our results showing an increased expression of the ppN/OFQ in the brain after chronic stress. Furthermore, in the regions analyzed, the possibility that the N/OFQ-NOP system would be regulated when over-recruited, for example with a compensatory down-regulation of the NOP receptor, was excluded as NOP expression was unchanged. It would be interesting to analyze the N/OFQ-NOP system (in terms of expression, binding and NOP activation) before and after acute stress and the same stress administered chronically to better characterize how the system is regulated. Anyhow, this first hypothesis does not exclude the second one as we know that many systems that involve other mediators are altered by chronic stress. It is thus possible that, after chronic stress, the effect of N/OFQ is not the same as in physiological conditions, even if acting on the same targets, because these targets have been modified by stress. Electrophysiological experiments comparing the effect 

What is the role of the N/OFQ-NOP system on the deleterious effect of chronic stress on other types of memory?

To address the question of the involvement of the N/OFQ-NOP system on the deleterious effect of chronic stress on memory, we decided to establish a new model in our laboratory. The model of corticosterone administration in drinking water based on the model described by David and colleagues [START_REF] David | Neurogenesisdependent and -independent effects of fluoxetine in an animal model of anxiety/depression[END_REF] was already used in the laboratory but for experiments aimed at studying the depressive-like phenotype.

This model consists in corticosterone administration for 10 weeks before behavioral testing. As we were interested in only the memory deficits, we did not need to induce a depressive-like phenotype so, for ethical reasons and to avoid depressive symptoms that could affect memory performance and be confounding factors, we decided to reduce at the maximum the duration of the treatment. We first tried 4 weeks of corticosterone but did not observe significant memory deficits and thus tried 5 weeks.

With our model of 5 weeks of administration before behavioral tests, we obtained the advantage to induce memory deficits without other phenotypes of anxiety or depression which allowed us to exclude confounding effects. However, the memory deficits were limited, and apart from a tendency in the Morris water maze for a deficit in spatial memory, the only memory type that was affected was long-term episodiclike memory. It is to note that in another study, the administration of the same concentration of corticosterone in drinking water for 5 weeks was sufficient to induce memory alterations in spatial memory and fear conditioning as well as anxiety [START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF]. This discrepancy could be explained by the difference in the environment of mice. As seen in the introduction, many other models based on corticosterone administration as well as other models of chronic stress induce deficits in working spatial memory [START_REF] Andreasen | Nicotine reverses anhedonic-like response and cognitive impairment in the rat chronic mild stress model of depression: Comparison with sertraline[END_REF][START_REF] Yu | Cognitive and neural correlates of depression-like behaviour in socially defeated mice: An animal model of depression with cognitive dysfunction[END_REF][START_REF] Trofimiuk | Ciproxifan differentially modifies cognitive impairment evoked by chronic stress and chronic corticosterone administration in rats[END_REF], and short- [START_REF] Conrad | Chronic stress impairs rat spatial memory on the Y maze, and this effect is blocked by tianeptine pretreatment[END_REF][START_REF] Orsetti | Modification of spatial recognition memory and object discrimination after chronic administration of haloperidol, amitriptyline, sodium valproate or olanzapine in normal and anhedonic rats[END_REF][START_REF] Hill | Sex-specific disruptions in spatial memory and anhedonia in a 'two hit' rat model correspond with alterations in hippocampal brain-derived neurotrophic factor expression and signaling[END_REF] and long-term spatial memory [START_REF] Sandi | Rapid reversal of stress induced loss of synapses in CA3 of rat hippocampus following water maze training[END_REF][START_REF] Bisaz | Causal evidence for the involvement of the neural cell adhesion molecule, NCAM, in chronic stress-induced cognitive impairments[END_REF][START_REF] Patki | Depression, anxiety-like behavior and memory impairment are associated with increased oxidative stress and inflammation in a rat model of social stress[END_REF][START_REF] Trofimiuk | Ciproxifan differentially modifies cognitive impairment evoked by chronic stress and chronic corticosterone administration in rats[END_REF]. We thus know that chronic stress does not impair only long-term episodic-like memory but considering our results, it appears that in the condition of chronic stress, the first impairments concern memory and not emotions and that the first type of memory to suffers from stress is the episodic-like memory. It would be interesting to evaluate the capacities of mice in different memory tests at different time points of the same model of chronic stress to evaluate the kinetics of the apparition of different impairments.

Considering the fact that eventually chronic stress is deleterious for episodic-like [START_REF] Li | Chronic mild stress impairs cognition in mice: From brain homeostasis to behavior[END_REF][START_REF] Haridas | Melatonin ameliorates chronic mild stress induced behavioral dysfunctions in mice[END_REF][START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF][START_REF] Jin | The effects of social defeat on behavior and dopaminergic markers in mice[END_REF] and spatial memory (working, short-term, and long-term reference memory), it is possible that the N/OFQ-NOP system is involved in the effect of chronic stress on all these memory types.

However, our investigation conducted in physiological conditions revealed that the N/OFQ-NOP system modulates working memory, episodic-like memory, and cognitive flexibility but not spatial reference short-and long-term memory in the MWM. We can thus suppose that the N/OFQ-NOP system could participate in the impairment of working memory and episodic-like memory but not of spatial reference memory after chronic stress. It would be interesting from this perspective to evaluate the impact of the blockade of the N/OFQ-NOP system in other models of chronic stress in which memory deficits a more widespread.

In any case, it is important to consider the fact that it is not because we demonstrated that the N/OFQ-NOP system activity is necessary for chronic stress to induce impairment of episodic-like memory that it is the main actor of these deficits. An interesting question to address would thus be: is the repeated N/OFQ-NOP system activation sufficient to induce memory impairments or are there independent effects of corticosterone involved? In that line, it would be important to test whether the phenotypes observed in our chronic stress model could be reproduced by chronic N/OFQ administration.

The mechanisms by which the endogenous N/OFQ-NOP system modulates memory

We know that the endogenous N/OFQ-NOP system modulates memory, but we do not know how. There are numerous possibilities, from the most indirect to the most direct one:

-The N/OFQ-NOP system could modulate other emotional or cognitive processes which indirectly modulate memory -The N/OFQ-NOP system could regulate the activity of other neurotransmitters that would, in turn, modulate the hippocampus activity and thus memory -The N/OFQ-NOP system could directly affect the hippocampus circuits

What could be the mechanisms by which the N/OFQ-NOP system would modulate memory through the modulation of another process?

The N/OFQ-NOP system is a diffuse system that is present broadly in the brain and as well in the periphery. Thus, it is a regulator that acts on a large number of functions.

Consequently, its modulatory effect on memory can be, at least in part, a secondary outcome of the modulation of other processes. We can take the example of two functions: reward and anxiety.

and consolidation, favoring the pathways involved in encoding (For a review see [START_REF] Haam | Cholinergic modulation of the hippocampal region and memory function[END_REF]. Consequently, the recruitment of the N/OFQ-NOP system by relevant events could pull the balance toward consolidation in part by decreasing the acetylcholine release in the hippocampus. Furthermore, among the different ways by which acetylcholine modulates the hippocampus neuronal activity, one is the direct activation of hilar astrocytes by projections from septum acetylcholine neurons which leads to the inhibition of dentate granule cells via the activation of inhibitory interneurons by the astrocytes [START_REF] Pabst | Astrocyte Intermediaries of Septal Cholinergic Modulation in the Hippocampus[END_REF]. The septum cholinergic neurons project also to the CA3 region where they activate inhibitory interneurons leading to the decreased firing of pyramidal cells [START_REF] Dannenberg | Synergy of Direct and Indirect Cholinergic Septo-Hippocampal Pathways Coordinates Firing in Hippocampal Networks[END_REF].

The N/OFQ can act directly on cholinergic neurons in the septum as it was shown that the NOP receptor is present in these neurons (Uezo et al., 2005). The activation of the NOP receptor located on acetylcholine neurons from the septum could thus inhibit these neurons and remove, in part, the granular and pyramidal cells inhibition leading to a greater number of granular and pyramidal cells activated. During this work, we showed that, in the CA3 region of the hippocampus, the systemic NOP blockade induced a decrease in the number of activated cells during learning in both physiological and chronic stress conditions. The modulation of the septal acetylcholine system by N/OFQ would give results in accordance with what we observed (Figure 79). It could be interesting to couple the administration of systemic NOP antagonists with a local blockade of acetylcholine receptors to evaluate a potential interplay between the two systems. Dopamine is currently proposed to be a signal that triggers memory consolidation.

Generally, this hypothesis is explored in the context of novelty or reward (Shohamy and Hadocock, 2010). However, we know that dopamine is also triggered by stress [START_REF] Maier | Stressor controllability and learned helplessness: The roles of the dorsal raphe nucleus, serotonin, and corticotropinreleasing factor[END_REF][START_REF] Linthorst | Stress and the brain: Solving the puzzle using microdialysis[END_REF]. Thus, dopamine could be important to trigger the consolidation of a more extended type of relevant events.

Interestingly, the N/OFQ-NOP system has the ability to modulate the dopaminergic system. Indeed, the i.c.v. injection of high dose of N/OFQ suppresses dopamine release in the nucleus accumbens of rats [START_REF] Murphy | Orphanin FQ/nociceptin modulation of mesolimbic dopamine transmission determined by microdialysis[END_REF]. We do not know to which extent the endogenous N/OFQ-NOP system under physiological conditions can modulate dopamine efflux. It would be interesting to evaluate the impact of the administration of NOP antagonists in the VTA on the release of dopamine in the hippocampus.

These theories imply the action of the N/OFQ-NOP system in brain regions and systems that modulate hippocampus activity and memory. The N/OFQ-NOP system is present in the hippocampus and could thus act as well directly on local circuits.

What could be the mechanisms by which the hippocampal N/OFQ-NOP system modulates memory?

The local hippocampal N/OFQ-NOP system can act directly on the cell populations to modulate memory. This hypothesis was validated by the local NOP deletion in the hippocampus. Thus, we know that the modulation of memory by the N/OFQ-NOP system relies at least in part on the direct effect of the local N/OFQ-NOP system.

However, we do not know exactly how.

As seen in the introduction, the N/OFQ can act on synaptic transmission and plasticity as some studies report modulation of EPSCs and LTP in the hippocampus by the N/OFQ-NOP system [START_REF] Tallent | Nociceptin reduces epileptiform events in CA3 hippocampus via presynaptic and postsynaptic mechanisms[END_REF][START_REF] Mamiya | Neuronal mechanism of nociceptin-induced modulation of learning and memory: Involvement of N-methyl-D-aspartate receptors[END_REF][START_REF] Goeldner | Nociceptin receptor impairs recognition memory via interaction with NMDA receptor-dependent mitogen-activated protein kinase/extracellular signalregulated kinase signaling in the hippocampus[END_REF][START_REF] Taverna | Defective place cell activity in nociceptin receptor knockout mice with elevated NMDA receptor-dependent longterm potentiation[END_REF]. As the NOP receptor is expressed in some interneurons, particularly somatostatin-expressing interneurons, a direct effect of hippocampal N/OFQ could be the inhibition of these interneurons leading to an increased activity of principal cells. This hypothesis would explain the observed decrease of cfos labeled cells in the CA3 regions following antagonist administration (Figure 79). However, NOP receptor are also present in principal cells so further studies are needed before we can fully describe the net effect of N/OFQ on DG-CA3 microcircuits.

In the literature there is no information concerning effects of the N/OFQ-NOP system on long-term structural plasticity. Although preliminary, our data suggest an impact of the endogenous local N/OFQ on the density of adult granule cell dendritic spines since the hippocampal NOP KO has different influence on these excitatory connections under physiological and chronic stress conditions.

Concerning structural plasticity, the N/OFQ-NOP system can also act on adult neurogenesis. This idea is supported by our data demonstrating a protective effect of the NOP antagonist on newborn cell alterations due to chronic stress. However we do not know whether direct mechanisms involving the hippocampal N/OFQ-NOP system are involved. It would thus be interesting to study the effect of local NOP KO on the chronic stress-induced neurogenesis deficits. To that aim, we could use AAV and retroviruses to delete the NOP receptor in all principal cells of the DG or in adult-born neurons respectively.

Glutamate signaling is of major importance for the good development and integration of adult-born neurons (For a review see [START_REF] Ge | Synaptic integration and plasticity of new neurons in the adult hippocampus[END_REF]. There is a critical period in glutamate signaling for the integration of newborn neurons. The deletion of the NR1 subunit of the NMDA receptor in proliferating cells induces a decrease in their survival exclusively between 2 and 3 weeks after they are born [START_REF] Tashiro | NMDAreceptor-mediated, cell-specific integration of new neurons in adult dentate gyrus[END_REF]. As the N/OFQ-NOP receptor is an inhibitory system, it could inhibit glutamatergic cells like granule cells or mossy cells which express the NOP receptor. This would lead to a deficit in glutamatergic signaling for developping cells. This lack of glutamatergic inputs could perturb maturation and spinogenesis. This hypothesis could explain in part the involvement of the N/OFQ-NOP system in the deleterious impact of chronic stress on newborn neurons spines.

Another necessary input for adult-born neuron development and integration is GABAergic signaling (For a review see [START_REF] Ge | Synaptic integration and plasticity of new neurons in the adult hippocampus[END_REF]. The effect of GABA signaling on membrane polarity of adult-born neurons depends on their intracellular Cl - concentration. In the early developmental stages, new neurons express a high level of NKCC1 channels which are Cl -importers. Thus, the neurons are rich in Cl -and the GABA signaling induces their depolarization. During maturation, new neurons expressed less NKCC1 and more NKCC2, a Cl -exporter. Consequently, around 2 to 3 weeks after birth, new neurons contain less Cl -and GABA signaling induces hyperpolarization. It was shown that a deletion of NKCC1 abolishes the depolarizing action of GABA which consequently alter the dendritic growth and the formation of GABAergic and glutamatergic inputs of depolarization-deprived neurons [START_REF] Cancedda | Excitatory GABA action is essential for morphological maturation of cortical neurons in vivo[END_REF][START_REF] Wang | GABA regulates excitatory synapse formation in the neocortex via NMDA receptor activation[END_REF]. The N/OFQ-NOP system could affect the GABAergic inputs in two different ways:

-The NOP receptor is expressed in some interneurons in the DG. At this level, the activation of the NOP receptor could inhibit GABA release and consequently inhibit the initial depolarization of newborn neurons necessary for their growth.

-The NOP receptor is expressed by adult granule cells that operate lateral inhibition via the activation of GABAergic cells. If N/OFQ acts at this level, then it would inhibit glutamatergic neurons and thus decrease the recruitment of GABAergic neurons and the depolarization of newborn neurons conducting to an alteration of their growth.

Finally, the NOP receptor is as well expressed by newborn neurons. If the N/OFQ signaling becomes stronger with stress, then its hyperpolarizing effect could compete with the initial GABAergic and later Glutamatergic depolarization and induce alteration of neuronal growth and spinogenesis. NOP receptor present in the dendrites of newborn neurons could also directly interfere with dendrite and spine growth via RhoAdependent regulation of the cytoskeleton (Alder et al., 2013).

In our experiment, we observed that the effect of the N/OFQ-NOP system during chronic stress concerned the morphology of new neurons, and consequently, their connectivity and integration to the local circuit. Thus, these theories would be in accordance with the results we found. It would be interesting to locate the deletion of the NOP receptor only in adult newborn neurons, glutamatergic neurons or GABAergic neurons to verify these hypotheses.

Future directions and implications

In this work, we demonstrated the beneficial effect of the blockade of the N/OFQ-NOP system on memory performances in models of chronic stress based on chronic corticosterone administration. This type of model mimics the physiological response to stress as if a stressor was applied every day for a long period of time. Thus, in these models, mice organisms are pushed to a pathological state that resembles the one of stressed animals without undergoing any actual event. Although these models are comparable with other chronic stress models in the phenotypes they generate, no model shows the same outcomes. The nature of an applied stressful event, either physical or psychosocial, has an impact on the untailed phenotype. Additionally, as seen in the introduction, the time of life when stress is applied is of importance, particularly when considering the consequences on cognition. Thus, to generalize our conclusions, it would be of interest to verify our hypothesis in other models of chronic stress such as the UCMS, the chronic restraint stress, or social defeat models.

Furthermore, females do not react to stress as males do. Notably, the cognitive alterations due to stress are different between these two genders. However, although the cognitive alterations are different, they are still present and it would be important to test our hypothesis in female mice.

These perspectives are all the more important if one would investigate the NOP receptor as a pharmacological target for the elaboration of treatments for memory impairments in pathologies linked to stress.

The first pathology linked to stress that can be considered is depression. Indeed, the model of chronic stress we established was designed based on similar models that aimed at modeling depression. Our model did not induce any depressive-like phenotype but the same model in another laboratory can induce anxiety in mice [START_REF] Darcet | Learning and memory impairments in a neuroendocrine mouse model of anxiety/depression[END_REF] and the same model with prolonged duration induces depressivelike behavior in our [START_REF] Coutens | Stratégies non pharmacologiques et réponse aux antidépresseurs dans un modèle murin de dépression: Effets comportementaux et mécanismes neurobiologiques[END_REF]) and other laboratories [START_REF] David | Neurogenesisdependent and -independent effects of fluoxetine in an animal model of anxiety/depression[END_REF]. We thus know that in our experiments, if we had prolonged the corticosterone treatment for a few weeks, we would have engendered depressive-like phenotypes. Considering this fact, it is rational to suppose that the mechanisms by which chronic stress induced memory deficit in our model are at least in part common with the ones that induced memory alteration in the same but prolonged model. Furthermore, in a more general view, most of the models of chronic stress cited in the introduction are designed to model depression and in addition to memory alteration, the animals present depressive-like behavior.

Overall, the studies on the effects of classical antidepressants on memory in depressed patients are incomplete. Apart from Vortioxetine which has pro-cognitive effects [START_REF] Bennabi | Vortioxetine for Cognitive Enhancement in Major Depression: From Animal Models to Clinical Research[END_REF], antidepressants are not always completely efficient on cognitive symptoms. Fluoxetine improves memory performance in some studies [START_REF] Keegan | A comparison of fluoxetine and amitriptyline in the treatment of major depression[END_REF][START_REF] Cassano | Paroxetine and fluoxetine effects on mood and cognitive functions in depressed nondemented elderly patients[END_REF][START_REF] Levkovitz | The SSRIs drug Fluoxetine, but not the noradrenergic tricyclic drug Desipramine, improves memory performance during acute major depression[END_REF] with some patients but is inefficient [START_REF] Fudge | A comparison of the effect of fluoxetine and trazodone on the cognitive functioning of depressed outpatients[END_REF][START_REF] Gorenstein | Cognitive performance in depressed patients after chronic use of antidepressants[END_REF] or only partially efficient [START_REF] Gallassi | Memory impairment in patients with late-onset major depression: The effect of antidepressant therapy[END_REF] in others. The antidepressants Desipramine [START_REF] Levkovitz | The SSRIs drug Fluoxetine, but not the noradrenergic tricyclic drug Desipramine, improves memory performance during acute major depression[END_REF], Amitriptyline [START_REF] Keegan | A comparison of fluoxetine and amitriptyline in the treatment of major depression[END_REF], Reboxetine [START_REF] Gallassi | Memory impairment in patients with late-onset major depression: The effect of antidepressant therapy[END_REF], Imipramine and Clomipramine [START_REF] Gorenstein | Cognitive performance in depressed patients after chronic use of antidepressants[END_REF] and Trazodone [START_REF] Fudge | A comparison of the effect of fluoxetine and trazodone on the cognitive functioning of depressed outpatients[END_REF] are partially or completely inefficient when tested in depressed patients.

As described in the introduction, NOP antagonists have antidepressant properties, can be used in humans as they were already tested in clinical studies without toxicity, and as we have demonstrated in this work could be efficient to rescue memory. NOP antagonists are thus good candidates in the development of new strategies in the treatment of depression and should be tested in future clinical trials. Importantly, we have also shown that NOP antagonists are detrimental to episodic-like memory under physiological conditions. It will therefore be important to evaluate the dysregulation of the N/OFQ system in depressed patients to identify those for which NOP antagonists could be beneficial. This can be achieved by positron emission tomography (PET) imaging of NOP receptor occupancy or measurement of N/OFQ CSF or plasma concentration.

Another pathology linked to stress in which the N/OFQ-NOP system may be involved is Post-Traumatic Stress Disorder (PTSD). This disorder is developed by approximately 10 to 20 percent of the population exposed to a traumatic event.

Nowadays, there is no efficient treatment for this pathology, thus, the only therapeutic strategy relies on psychotherapy associated with antidepressants which fail to induce full recovery. Interestingly, it was shown that the NOP receptor expression is increased in the amygdala in a rodent model of PTSD [START_REF] Andero | Amygdala-dependent fear is regulated by Oprl1 in mice and humans with PTSD[END_REF]. Furthermore, the chronic administration of NOP antagonists in weeks following the trauma reversed some symptoms in a rodent model of PTSD [START_REF] Zhang | Nociceptin/orphanin FQ peptide receptor antagonist JTC-801 reverses pain and anxiety symptoms in a rat model of post-traumatic stress disorder[END_REF]. More interestingly, we have demonstrated in this work with the collaboration of Dr. Chiara Ruzza (University of Ferrara, Italia) that the blockade of the N/OFQ-NOP system could prevent the deleterious consequences of traumatic stress. Accordingly, another study showed that an injection of a NOP antagonist prevented the development of an anxious phenotype in the predator-exposure traumatic stress model [START_REF] Genovese | Mitigation of adverse behavioral impact from predator exposure by the nociceptin/orphanin FQ peptide antagonist J-113397 in rats[END_REF]. Considering the absence of treatment, it would be valuable to find strategies to prevent the appearance of the pathology in populations at risk or to prevent its development early after the trauma. The ability of NOP receptors to prevent the development of symptoms following traumatic stress exposure is a unique property not shared by conventional antidepressants. From that perspective, NOP receptor antagonists could make the difference by being possibly able to block the development of PTSD. Furthermore, PTSD is as well characterized by cognitive alterations (for a review see [START_REF] Quinones | Dysregulation of inflammation, neurobiology, and cognitive function in PTSD: An integrative review[END_REF]. As seen earlier, the classical antidepressants that are used to compensate for the lack of curative treatment for this pathology do not show consistent pro-cognitive effects. Considering that NOP antagonists are efficient to correct some memory deficits due to chronic stress, it would be of interest to evaluate to which extent these antagonists could also prevent or reverse cognitive deficits due to this traumatic stress-related pathology. 

  ... III. DISCUSSION ............................................................................................................................. PART 3 -ROLE OF THE HIPPOCAMPAL N/OFQ-NOP SYSTEM IN MEMORY DEFICITS AND HIPPOCAMPUS CELLULAR ALTERATIONS DUE TO STRESS .................................................................................................. I. THE N/OFQ-NOP SYSTEM IN THE HIPPOCAMPUS IN THE LONG-DURATION CHRONIC STRESS MODEL .... a. Modulation of the hippocampal N/OFQ-NOP system expression by chronic corticosterone administration .

  .. II. ROLE OF THE HIPPOCAMPAL ENDOGENOUS N/OFQ-NOP SYSTEM IN MEMORY AND CELLULAR PLASTICITY ALTERATIONS PROVOKED BY THE LONG-DURATION CHRONIC STRESS MODEL .............................................. III. DISCUSSION ............................................................................................................................. PART 4 -CHARACTERIZATION OF THE ROLE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN HIPPOCAMPAL ADULT NEUROGENESIS ........................................................................................................................ I. THE INVOLVEMENT OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN PHYSIOLOGICAL HIPPOCAMPAL ADULT NEUROGENESIS .................................................................................................................................. a. Involvement of the endogenous N/OFQ-NOP system in proliferation and survival of adult newborn neurons .......................................................................................................... b. Involvement of the endogenous N/OFQ-NOP system in the maturation of adult newborn neurons .................................................................................................................... c. Involvement of the endogenous N/OFQ-NOP system in the fate of adult new-born cells 210 d. Discussion .

  .. II. THE IMPLICATION OF THE MODULATION OF ADULT NEUROGENESIS IN THE POSITIVE EFFECT OF NOP RECEPTOR BLOCKADE ON STRESS RESILIENCE .......................................................................................... III. THE INVOLVEMENT OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN THE EFFECT OF CHRONIC STRESS ON THE HIPPOCAMPAL ADULT NEUROGENESIS ................................................................................................... a. Involvement of the endogenous N/OFQ-NOP system on adult neurogenesis impairments in a short-duration chronic stress model ........................................................

FIGURE 1 -

 1 FIGURE 1 -PORTRAITS OF FOUR SCIENTISTS WHO PLAYED AN IMPORTANT ROLE IN THE DESCRIPTION OF STRESS. ........ FIGURE 2 -THE ANALOGY BETWEEN CLASSIC MECHANICS STRESS AND PHYSIOLOGICAL STRESS WITH « STRESS AND STRAIN CURVES ». ............................................................................................................................ FIGURE 3 -THE TWO PATHWAYS OF THE INITIAL PHYSIOLOGICAL RESPONSE TO STRESS.. ........................................ FIGURE 4 -HPA AXIS. .............................................................................................................................. FIGURE 5 -SCHEMATIC SUMMARY OF THE PRINCIPAL EFFECTS OF CHRONIC STRESS ON ADULT MALE RODENTS. ....... FIGURE 6 -DRAWING OF THE HIPPOCAMPAL FORMATION BY SANTIAGO RAMON Y CAJAL, 1911. ..................... FIGURE 7 -SCHEMATIC DRAWING OF THE HIPPOCAMPUS AND ITS TRI-SYNAPTIC LOOP. ...................................... FIGURE 8 -SHEMATIC DRAWING OF THE TYPE AND LOCALIZATION OF INTERNEURONS IN THE DENTATE GYRUS. ........ FIGURE 9 -SCHEMATIC DRAWING OF A MICROCIRCUIT IN THE DENTATE GYRUS OF THE HIPPOCAMPUS. ................. FIGURE 10 -SCHEMATIC DRAWING OF A MICROCIRCUIT IN THE CA1 AND CA3 REGIONS OF THE HIPPOCAMPUS. FIGURE 11 -SCHEMATIC REPRESENTATION OF THE LOCATION OF NSC AND MIGRATION OF ADULT NEWBORN NEURONS IN THE RODENT BRAIN. . ...................................................................................................... FIGURE 12 -SCHEMATIC REPRESENTATION OF THE NEUROGENESIS IN THE SGZ OF THE DG. ................................ FIGURE 13 -N/OFQ AND DYNORPHIN A PEPTIDES SEQUENCE ...................................................................... FIGURE 14 -SUMMARY OF NOP RECEPTOR SIGNALING. ................................................................................ FIGURE 15 -EXPRESSION PATTERN OF THE NOP RECEPTOR PROTEIN AND MRNA IN THE LIMBIC SYSTEM. .............. FIGURE 16 -DARKFIELD IMAGE OF NOP RECEPTOR MRNA EXPRESSION OBTAINED AFTER IN-SITU HYBRIDIZATION. . FIGURE 17 -DISTRIBUTION OF PREPRON/OFQ MRNA OBTAINED BY IN-SITU HYBRIDIZATION. ............................. FIGURE 18 -SCHEMATIC REPRESENTATION DESCRIBING THE INTERRELATIONSHIP BETWEEN THE ANATOMICAL SITE(S) UNDERLYING THE ACTIONS OF N/OFQ ON PAIN. ................................................................................. FIGURE 19 -HABITUATION AND OBJECT LOCATION PROTOCOL. .................................................................... FIGURE 20 -OBJECT RECOGNITION PROTOCOL ......................................................................................... FIGURE 21 -APPARATUS AND PROCEDURE FOR WORKING MEMORY AND SHORT-TERM MEMORY IN THE Y-MAZE. . FIGURE 22 -TEMPORAL CONDUCT OF THE MORRIS WATER MAZE PROCEDURE. ............................................... FIGURE 23 -ANXIETY TESTS APPARATUS. .................................................................................................... FIGURE 24 -APPARATUS FOR RESIGNATION TESTS. ...................................................................................... FIGURE 25 -ROLE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN LONG-TERM RECOGNITION AND LOCATION MEMORY. ..................................................................................................................................... FIGURE 26 -ROLE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN SPATIAL LEARNING AND MEMORY. .............. FIGURE 27 -ROLE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN COGNITIVE FLEXIBILITY. .............................. FIGURE 28 -EFFECT OF THE ANTAGONIST INJECTIONS ON BEHAVIOR IN THE OR AND OL TEST. .......................... FIGURE 29 -IMPACT OF THE BLOCKADE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM ON SHORT-TERM MEMORY TESTS. ........................................................................................................................................... FIGURE 30 -EFFECT OF THE BLOCKADE OF THE N/OFQ-NOP SYSTEM ON ANXIETY. ........................................ FIGURE 31 -SCHEMATIC SUMMARY OF THE PRINCIPAL EFFECTS OBSERVED. ..................................................... FIGURE 32 -INVOLVEMENT OF THE N/OFQ-NOP SYSTEM IN LONG-TERM LOCATION MEMORY IN THE STRESS MODEL. ................................................................................................................................................... FIGURE 33 -IMPACT OF CHRONIC CORT TREATMENT ON SPATIAL LEARNING AND MEMORY. ............................ FIGURE 34 -IMPACT OF CHRONIC CORT TREATMENT ON REVERSAL LEARNING AND MEMORY. ......................... FIGURE 35 -SCHEMATIC REPRESENTATION OF THE DIFFERENT BEHAVIORAL STRATEGIES OBSERVED IN THE MWM ... FIGURE 36 -EFFECT OF CHRONIC CORTICOSTERONE TREATMENT ON THE BEHAVIOR OF MICE DURING THE MWM PROCEDURE. ................................................................................................................................. FIGURE 37 -EFFECT OF CHRONIC CORTICOSTERONE TREATMENT AND N/OFQ-NOP BLOCKADE ON LOCOMOTION DURING BEHAVIORAL TESTING. ......................................................................................................... FIGURE 38 -IMPACT OF THE BLOCKADE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM ON SHORT-TERM MEMORY TESTS. ........................................................................................................................................... FIGURE 39 -SCHEMATIC DRAWING OF THE TIME-COURSE OF THE EXPERIMENTAL PROCEDURE USED. ................... FIGURE 40 -ROLE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN LONG-TERM RECOGNITION AND LOCATION MEMORY DEFICITS DUE TO CHRONIC STRESS. ......................................................................................

FIGURE 41 -

 41 FIGURE 41 -ROLE OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN LONG-TERM RECOGNITION MEMORY CONSOLIDATION DEFICITS DUE TO CHRONIC STRESS. ........................................................................... FIGURE 42 -EFFECT OF THE CHRONIC CORT TREATMENT AND THE ENDOGENOUS N/OFQ-NOP SYSTEM ON SPATIAL LEARNING AND MEMORY. ............................................................................................................... FIGURE 43 -EFFECT OF THE CHRONIC CORT TREATMENT AND ENDOGENOUS N/OFQ-NOP SYSTEM ON REVERSAL LEARNING AND MEMORY. ............................................................................................................... FIGURE 44 -EFFECT OF THE ANTAGONISTS INJECTIONS ON BEHAVIOR IN THE OR AND OL TEST. ......................... FIGURE 45 -EFFECT OF CHRONIC STRESS AND N/OFQ-NOP SYSTEM BLOCKADE ON WORKING MEMORY. ......... FIGURE 46 -EFFECT OF CHRONIC CORT TREATMENT AND N/OFQ-NOP SYSTEM BLOCKADE ON MICE ANXIETY. FIGURE 47 -EFFECT OF CHRONIC CORT TREATMENT AND N/OFQ-NOP SYSTEM BLOCKADE ON MICE DEPRESSIVE-LIKE BEHAVIORS. ............................................................................................................................ FIGURE 48 -EFFECT OF CHRONIC CORT TREATMENT AND THE N/OFQ-NOP SYSTEM BLOCKADE ON THE PHYSIOLOGICAL RESPONSE TO STRESS.. ............................................................................................. FIGURE 49 -THEORETICAL HYPOTHESIS ON THE EFFECT OF DIFFERENT LEVEL OF ACTIVITY OF THE ENDOGENOUS N/OFQ-NOP SYSTEM ON MEMORY PERFORMANCES. ....................................................................... FIGURE 50 -BRAIN CORONAL IMAGE SHOWING THE LOCATION WHERE PICTURES WERE TAKEN FOR THE N/OFQ PEPTIDE ANALYSIS. ......................................................................................................................... FIGURE 51 -MODULATION OF N/OFQ PEPTIDE LEVEL BY CHRONIC STRESS. ................................................... FIGURE 52 -IMAGE OF IN-SITU HYBRIDIZATION OF N/OFQ PRECURSOR MRNAS IN THE HIPPOCAMPUS ............. FIGURE 53 -IMAGE OF IN-SITU HYBRIDIZATION OF NOP MRNAS IN THE HIPPOCAMPUS .................................. FIGURE 54 -MODULATION OF N/OFQ PRECURSOR MRNAS LEVEL BY CHRONIC STRESS. ................................. FIGURE 55 -MODULATION OF NOP MRNA LEVEL BY CHRONIC STRESS. ........................................................ FIGURE 56 -SCHEMATIC DRAWING OF THE EXPERIMENTAL PROCEDURE. .........................................................FIGURE 57 -MODULATION OF HIPPOCAMPUS CELLULAR ACTIVITY DURING LEARNING BY CHRONIC STRESS AND N/OFQ SYSTEM. ........................................................................................................................... FIGURE 58 -REPRESENTATIVE IMAGES AT X5 MAGNIFICATION OF FLUORESCENT PROTEIN EXPRESSION OBTAINED WITH THE INJECTION OF THE VIRUSES. ........................................................................................................ FIGURE 59 -SCHEMATIC DRAWING OF THE EXPERIMENTAL PROCEDURE USED IN THIS STUDY. .............................. FIGURE 60 -REPRESENTATIVE IMAGES FOR THE VALIDATION OF THE RECEPTOR KNOCK-OUT. ............................. FIGURE 61 -EFFECT OF TREATMENT AND VIRUSES ON LOCOMOTION AND ANXIETY OF MICE. ............................. FIGURE 62 -INVOLVEMENT OF THE ENDOGENOUS HIPPOCAMPAL N/OFQ-NOP SYSTEM IN OBJECT RECOGNITION AND LOCATION MEMORY PERFORMANCES. ....................................................................................... FIGURE 63 -EFFECTS OF TREATMENT AND NOP RECEPTOR LOCAL DELETION IN THE EXPLORATORY BEHAVIOR OF MICE DURING THE OR AND OL TESTS. ....................................................................................................... FIGURE 64 -ROLE OF THE ENDOGENOUS HIPPOCAMPAL N/OFQ-NOP SYSTEM IN THE MODULATION OF THE DENSITY OF GRANULE CELL DENDRITIC SPINES. ................................................................................................ FIGURE 65 -SCHEMATIC DRAWING OF THE EXPERIMENTAL PROTOCOL APPLIED IN THIS PART OF THE STUDY. ......... FIGURE 66 -INVOLVEMENT OF ENDOGENOUS N/OFQ-NOP SYSTEM IN THE PROLIFERATION AND SURVIVAL OF NEW NEURONS. .................................................................................................................................... FIGURE 67 -EFFECT OF NOP RECEPTOR CONSTITUTIVE DELETION ON MATURATION OF ADULT NEWBORN NEURONS. ................................................................................................................................................... FIGURE 68 -EFFECT OF NOP RECEPTOR CONSTITUTIVE DELETION ON FATE OF ADULT NEWBORN CELLS. ................ FIGURE 69 -SCHEMATIC DRAWING OF THE PROCEDURE FOR NEUROGENESIS ANALYSIS. ................................... FIGURE 70 -EFFECT OF CORT TREATMENT AND NOP RECEPTOR BLOCKADE ON PROLIFERATION AND SURVIVAL OF NEW-BORN NEURONS. .................................................................................................................... FIGURE 71 -EFFECT OF CHRONIC CORT TREATMENT AND N/OFQ-NOP BLOCKADE ON THE MORPHOLOGY OF ADULT-BORN NEURONS. .................................................................................................................. FIGURE 72 -INVOLVEMENT OF THE ENDOGENOUS N/OFQ-NOP SYSTEM IN THE ALTERATION OF SPINE STRUCTURAL PLASTICITY DUE TO CHRONIC STRESS. ................................................................................................ FIGURE 73 -SCHEMATIC DRAWING OF THE PROCEDURE USED FOR THE ANALYSIS OF ADULT NEUROGENESIS. ........ FIGURE 74 -IMPACT OF CORTICOSTERONE TREATMENT AND N/OFQ-NOP CHRONIC BLOCKADE ON THE DENSITY OF IMMATURE CELLS. ........................................................................................................................... FIGURE 75 -IMPACT OF CORTICOSTERONE TREATMENT AND N/OFQ-NOP CHRONIC BLOCKADE ON THE MORPHOLOGY OF FOUR-WEEK-OLD NEURONS. ..................................................................................

  -G-protein-coupled receptor GR -Glucocorticoid receptor HICAP -Hilar commissural/associational path HIL -Hilar interneurons HIPP -Hilar-perforant-path-associated interneurons HPA -Hypothalamo-pituitary-adrenal HPC -Hippocampus IUPHAR -International Union of Basic and Clinical Pharmacology JNK -c-Jun N-terminal kinase KO -Knock-out LH -Learned Helplessness LPS -Lipopolysaccharide LTP -Long-term potentiation MAPK -Mitogen-activated protein kinase MOPP -Molecular layer perforant path mPFC -Medial prefrontal cortex

Figure 1 -

 1 Figure 1 -Portraits of four scientists who played an important role in the description of stress. From left to right: Robert Hooke (1635 -1703), Claude Bernard (1813 -1878), Walter BradfordCannon (1871 -1945), and Hans Seley (1907[START_REF] Van Hoesen | The parahippocampal gy-rus: new observations regarding its cortical connec-tions in the monkey[END_REF].
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 2 Figure 2 -The analogy between classic mechanics stress and physiological stress with « stress and strain curves ».A A typical stress-strain curve for polymer film undergoing tensile strain testing, from Lim and Hoag, 2013. B A stress-strain curve adapted to physiological stress, fromLee et al., 2015. 
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 3 Figure 3 -The two pathways of the initial physiological response to stress. From Lee et al., 2015.
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 5 Figure 5 -Schematic summary of the principal effects of chronic stress on adult male rodents. The top left part displays the effects of chronic stress applied in adulthood, the top right part displays the effect of chronic stress applied during the prenatal period and the bottom part displays the effects of chronic stress applied during early life. Red arrows indicate a deleterious effect, green arrows indicate a facilitator effect, full gray arrow indicate an absence of effect, and dashed gray arrows indicates that data are absent or do not allow to conclude on one major effect.

  Recognition (OR): Mice are exposed to specific objects in an arena over a number of training trials. During a test trial, one familiar object is replaced with a novel object. The amount of time spent exploring the novel object is recorded and is increased if the animal detects the change, and thus recognizes only the familiar object. Object Location (OL): Mice are exposed to specific objects in an arena over a number of training trials. During a test trial, one object is displaced to a new location. The amount of time spent exploring the displaced object is recorded and is increased if the animal detects the change.
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 6 Figure 6 -Drawing of the hippocampal formation by Santiago Ramon y Cajal, 1911. EC : Enthorinal Cortex ; DG : Dentate Gyrus ; Sub : Subicular complex.
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 7 Figure 7 -Schematic drawing of the hippocampus and its tri-synaptic loop. The DG receives inputs from the entorhinal cortex via the perforant path, and the granule cells project onto the CA3 pyramidal cells through the mossy fibers. CA3 pyramidal cells' axons make synapses with CA1 pyramidal cells forming the Shaffer's collaterals. Adapted from Kowalski, 2010.

Figure 8 -Figure 9 -

 89 Figure 8 -Shematic drawing of the type and localization of interneurons in the dentate gyrus. SOM: SST. from Booker and Vida, 2018
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 10 Figure 10 -Schematic drawing of a microcircuit in the CA1 and CA3 regions of the hippocampus. 1: PV+ fast-spiking basket cell. 2: CCK+ regular-spiking basket cell. 3: Axo-axonic (chandelier) cell. 4: Ivy cell. 5: O-LM cell. 6: Neurogliaform cell. 7: Schaffer collateral-associated cell. From Kullmann, 2011.
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 11 Figure 11 -Schematic representation of the location of NSC and migration of adult newborn neurons in the rodent brain.The main neurogenic niches in the adult mammalian brain are the subventricular zone (SVZ) close to the lateral ventricles (LV), and the subgranular zone (SGZ) in the dentate gyrus (DG) of the hippocampus. These neurogenic niches contain neural stem cells (NSCs) with the capacity to divide and generate new neurons. Newborn neurons from SGZ migrate short distances to be integrated into the circuits of the DG, whereas SVZ newborn neurons migrate long distances, through the rostral migratory stream (RMS), towards the olfactory bulb (OB). From Ribeiro and Xapelli 2021.
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 12 Figure 12 -Schematic representation of the neurogenesis in the SGZ of the DG. Cell types and the main markers expressed during the process of adult neurogenesis in the dentate gyrus of the hippocampus. Schematic representation of adult hippocampal neurogenesis in five developmental stages: (1) activation of quiescent radial glia-like cell in the subgranular zone (SGZ) and proliferation of non-radial precursor and intermediate progenitors; (2) fate specification with the generation of neuronal precursors/type 2b cells; (3) short-distance radial migration of neuroblasts/ type 3 cells to the granule cell layer; (4) axons and dendrite development of immature neurons and (5) adult-born dentate granule cell synaptic integration. The expressed cell stage-specific markers are also represented during adult hippocampal neurogenesis. GFAP, glial fibrillary acidic protein; DCX, doublecortin; PSA-NCAM, polysialylated neural cell adhesion molecule; NeuN, neuronal nuclei. From Ribeiro and Xapelli 2021.

  cells whose activity is determined by the spatial localization of the animal. Place cells have place fields which is the space where they are activated. Pattern separation: discrimination of similar memories by the reduction of the representational similarity among overlapping experiences Pattern completion: allows the reactivation of a complete event representation from partial cues.
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 14 Figure 14 -Summary of NOP receptor signaling. The activation of the NOP receptor by the N/OFQ ligand induces the dissociation of Ga and Gbg subunits which then inhibit the adenylyl cyclase (A.C). It also activates phospholipase C (PLC), opens potassium channels, and inhibits voltage-gated calcium channels. This signaling induces the neurons hyperpolarization.
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 16 Figure 16 -Darkfield image of NOP receptor mRNA expression obtained after in-situ hybridization.The receptor transcripts are found in the granule cells of the dentate gyrus and in the pyramydal cells of the Ammon's horn. From[START_REF] Neal | Opioid receptor-like (ORL1) receptor distribution in the rat central nervous system: Comparison of ORL1 receptor mRNA expression with (125)I-[()Tyr]-orphanin FQ binding[END_REF] 
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 17 Figure 17 -Distribution of preproN/OFQ mRNA obtained by in-situ hybridization. Transcripts are found in the hilus and the stratum oriens, radiatum, lacunosum-moleculare, and moleculare. From Ikeda et al., 1998.
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 18 Figure 18 -Schematic representation describing the interrelationship between the anatomical site(s)underlying the actions of N/OFQ on pain. Nociceptin/orphanin FQ peptide (N/OFQ) produces supraspinal hyperalgesia/anti-opioid actions by inhibiting both « ON » and « OFF » cells in the rostral ventromedial medulla (RVM). « ON » cells inhibit « OFF » cells, and are inhibited by morphine. « OFF » cells project back to the spinal dorsal horn and reduce ascending nociceptive information. When classical opioids like morphine inhibit the « ON » cell this disinhibits the « OFF » cell, leading to an antinociceptive or analgesic effect. By contrast, N/OFQ (exogenously added or endogenously produced) inhibits both the « ON » and « OFF » cells with direct inhibition of the « OFF » cell producing an increase in nociceptive signal. At the spinal level, N/OFQ produces classical opioid analgesia by inhibiting nociceptive afferent inflow. Inhibition of nociceptive afferent inflow can occur in the periphery in tissues such as skin and bladder, and possibly via an interaction with the neuroimmune axis. PBMC, peripheral blood mononuclear cells. From[START_REF] Lambert | The nociceptin/orphanin FQ receptor: A target with broad therapeutic potential[END_REF] 

(

  already described in Part II.a) are able to reverse anxiety and depressive-like behavior induced by traumatic or chronic stress. In Swiss mice, a single injection of NOP antagonist (UFP-101 i.c.v. 3, 10 nmol or SB-612,111 1, 10 mg/kg i.p.) after the inescapable electric foot shock stress-induction decreased the latency to escape and increased the number of escapes during the test. It also increased the time spent and the number of entries in the open arms in the EPM

Part 1 :

 1 Characterization of the role of the endogenous N/OFQ-NOP system in memory -Part 2: Characterization of the role of the endogenous N/OFQ-NOP system in memory deficits due to chronic stress -Part 3: Characterization of the role of the hippocampal N/OFQ-NOP system in memory deficits and hippocampus cells alterations due to chronic stress -Part 4: Characterization of the role of the endogenous N/OFQ-NOP system in hippocampal adult neurogenesis and its alterations due to chronic stress Part 1: Characterization of the role of the endogenous N/OFQ-NOP system in memory As seen in the introduction, whereas the negative impact of exogenous N/OFQ on memory has been extensively described, little work has been done on the way the endogenous N/OFQ-NOP system could or could not impact memory (Introduction Part 2.III.b.i

  The animal protocol was approved by the local Ethics Committee and the French Ministry of Education and Research (APAFIS#27219-2020091610141233). All experiments conformed to the European guidelines for the care of laboratory animals (European Union Directive 2010/63/EU).

  a. Corticosterone administration models i. 14 days of daily subcutaneous corticosterone administrationThe advantage of this model is the short time needed to induce a chronic stress-like phenotype. This short period allows the chronic blockade of the N/OFQ system with pharmacological tools. This model consists of daily single subcutaneous injections of corticosterone (20 mg/kg; 0.1 ml/10g; C2505, Sigma-Aldrich) diluted in 10% dimethylsulfoxide (DMSO) (276855, Sigma-Aldrich). The vehicle (Veh) for this treatment is 10% DMSO in a solution of 0.9% NaCl (1112-A, Euromedex).ii. Corticosterone administration via drinking water for 35 daysThis model allows to simulate stress for a longer period of time without causing eventual damage due to multiple injections. In this model, each mouse receives approximately (depending on the volume drunk) 0.21 mg of corticosterone per day (5-10 mg/kg). Corticosterone (C2505, Sigma-Aldrich) is diluted in a volume of 20% bcyclodextrine (C4767, Sigma-Aldrich) and solubilized by 10 minutes of sonication before being added to the drinking water for a final concentration of 35mg/L of corticosterone and 22.5 ml/L of b-cyclodextrine. The vehicle for this corticosterone solution is 22.5 ml/L of b-cyclodextrine in drinking water. These treatments are renewed twice a week to avoid the precipitation of corticosterone. In our protocols, behavioral testing and cellular analysis were done at least after 5 weeks of treatment which was administered during the whole time of the experiments.
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 19 Figure 19 -Habituation and object location protocol.

  arena and mice are allowed to explore for ten minutes. The time spent exploring the two objects is recorded with the Ethoc software and corresponds to the mouse head being turned toward the object at a distance of one centimetre or less. Twenty-four hours after, one of the two objects is replaced by a new one that mice have never seen before (A or B depending on the acquisition phase) and mice are allowed to explore both objects for ten minutes. The objects exploration time is recorded as previously and the results are expressed by the percentage of time spent exploring the novel object. As mice are neophile, good recognition memory performances would be revealed by a percentage of time exploring the new object above fifty percent. Only mice that explored the objects for at least 10 seconds during the acquisition and the test phase were included in the analysis.
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 20 Figure 20 -Object Recognition protocol

  test short-term spatial memory, an alternative called the closed arm Y-maze (CA Y-maze) is used. This test relies on the fact that mice are neophile animals, which means that they are going to explore more a new place than a familiar one. This requires mice to remember the place they have already visited, which brings the memory concept. It is spatial memory because the three places mice are going to explore are the three arms of the maze that are identical. Thus, to find orientation in the maze and recognize the arms, mice need to use patterns that are placed in the environment outside the maze. The experiment is performed as follows: mice are individually placed in the maze at the extremity of one arm, and let to explore two of the three arms as the third one is closed by a door for five minutes. After an interval of ninety seconds in a waiting cage, mice are placed again in the maze, but this time withthe three arms open and can explore for two minutes (Figure21B). The time spent in the three arms is recorded and the results are expressed as the percentage of time in the novel arm. If mice remember well the initial configuration, the percentage of time spent in the novel arm is going to be greater than the level of chance (33%).
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 21 Figure 21 -Apparatus and procedure for working memory and short-term memory in the Y-maze. A. Procedure for the Y-maze spontaneous alternation (SA) and B. Procedure for the Y-maze closed-arm (CA).

  elevated plus maze task relies on the same natural behavior of mice as the open field. The maze holds four arms (10 cm width, 66 cm length) of two kinds, two arms comprise 17 cm tall walls and are called "closed arms", the two others conversely do not comprise walls and are so-called "open arms" (Figure23B). This plus-shaped maze is mounted on a 50 cm leg. Mice are placed in the middle of the maze and then let to explore freely for six minutes while the time spent in the different types of arms is manually recorded (Ethoc). The more time a mouse spends exploring open arms, the less anxious it is.
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 23 Figure 23 -Anxiety tests apparatus. A. Apparatus for the openfield test, B. Apparatus for the Elevated Plus-Maze test.
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 24 Figure 24 -Apparatus for resignation tests. A. Apparatus for the Forced-Swim Test, B. Apparatus for the Tail Suspension Test.

  co-labellingFree-floating sections are washed three times for fifteen minutes in Phosphate Buffer Saline (PBS) + 0.25% Triton-X100 (3051.4, CarlRoth) (PBST), and incubated for fifteen minutes with 10% MeOH and 10% H202 in PBST and washed again three times for ten minutes in PBST. They are incubated in HCl 2N for one hour and then in a borate buffer two times for five and fifteen minutes. They are washed again before being blocked in 10% normal goat serum (NGS) for one hour and then incubated with a rat anti-BrdU (1:400; ab6326, Abcam) and a rabbit anti-DCX antibody(1:500; 326003, Synaptic System) in PBST overnight at room temperature. Sections are rinsed three times for ten minutes in PBST, incubated for two hours with a donkey antirat antibody coupled with an Alexa 488 (1:500; A21208, Invitrogen) and a goat antirabbit antibody coupled with an Alexa 555 (1:500; A27039, Invitrogen) in PBST before being washed three times for ten minutes in PBST. Cell nuclei are stained with Hoechst (1:10000) during the first wash. Sections are mounted in Mowiol solution and coverslipped.Ki67 labelingFree-floating sections are rinsed three times for fifteen minutes with PBST, and incubated with 10% MeOH and 10% H2O2 in PBST. Sections are rinsed again and then incubated for one hour with 5% NGS, 1% bovine serum albumin (BSA) (8076.1, CarlRoth), 0.5% Tween-20, and 0.25% sodium azide in PBST. They are then incubated overnight at room temperature with a rabbit anti-Ki67 antibody (1:500; M3062, Eurobio, Les Ulis, France) in PBST + 0.25% azide. The next day, after three rinses of ten minutes with PBST, sections are incubated for two hours at room temperature with a biotin-conjugated goat anti-rabbit antibody (1:500; BA1000, Vector Laboratories) in PBST. After two rinses of ten minutes, sections are incubated with a horseradish peroxidase Avidin Biotin Conjugation solution (ABC kit, 1:200; PK-6100, Vector Laboratories) for one hour. Sections are finally stained in a 3,3'diaminobenzidine substrate kit (DAB kit, SK-4100, Vector Laboratories) and the reaction is stopped with PBST and 0.25% sodium azide. Sections are rinsed three times in PBST and mounted on gelatin-coated slides. Counter-staining is done with Nuclear fast red followed by dehydration in ethanol, clearing in toluene, and coverslipping in Eukit medium.Cfos labelingFree-floating sections are washed two times in PBST for thirty minutes. They are then incubated with 10% of H2O2 and 10% methanol in PBST for fifteen minutes and washed again two times during ten minutes in PBST. Non-specific sites are blocked by incubating the sections in a blocking solution of 10% normal donkey serum (NDS) and 1% bovine serum albumin (8076.1, CarlRoth) in PBST for one hour. Sections are then incubated at room temperature overnight with a rabbit anti-cfos antibody (1:1000; ab190289, Abcam) in the blocking solution. The next day, sections are rinsed two times for twenty minutes in PBST, and then incubated with a donkey anti-rabbit antibody coupled with an Alexa 555 (1:250; A-31572, ThermoFisher) in the blocking solution for ninety minutes. Sections are washed three times for ten minutes in PBST and cell nuclei are stained with Hoechst (1:10000) during the second wash. Sections are mounted in Mowiol solution and coverslipped. N/OFQ labeling Free-floating sections are rinsed three times for ten minutes in PBST and incubated for twenty minutes in 10% H2O2 and 10% MeOH in PBST. They are washed again three times for ten minutes in PBST and blocked with 5% normal donkey serum in PBST for one hour. Sections are then incubated overnight at room temperature with a rabbit anti-nociceptin antibody (1:500; ab100880, Abcam) and 5% normal donkey serum in PBST. After three rinses of ten minutes in PBST, sections are incubated for two hours with a donkey anti-rabbit antibody (1:500; A-31572, ThermoFisher) in PBST. Finally, sections are rinsed three times for ten minutes in PBST, and nuclei are stained with Hoechst (1:10000) during the first rinse. They are mounted in Mowiol solution and coverslipped.ii. Imaging and analysisThe density of BrdU-positive cells and DCX-positive cellsEvery mice hippocampal sections are observed under a Leica DM6000 B fluorescence microscope (Leica, Nanterre, France) and analyzed using the Mercator software (Explora Nova, La Rochelle, France). The Paxinos and Watson atlas is used to locate each section relative to the Bregma and -2.5 mm is considered to be the limit between the dorsal and ventral parts of the DG. The density of BrdU+ and DCX+ cells is calculated by quantifying the number of marked neurons normalized to the surface of the corresponding granular cell layer. The surface, both in the right and left DG, is traced manually at x10 magnification thanks to the Hoechst fluorescence (visualized in blue). Then, the number of BrdU+ and DCX+ cells are counted manually at x40 magnification thanks to the Alexa 488 fluorescence (visualized in green) and Alexa 555 fluorescence (visualized in yellow) respectively. The double immuno-labeling for DCX and BrdU is determined by colocalization of BrdU labeling of nuclei and DCX labeling of somas in the z-axis.

Between 4

 4 and 6 images per mouse of the PVN, DG, CA3, and CA1 are taken using the Mercator software (Explora Nova, La Rochelle, France) at x20 magnification with a Leica DM6000 B fluorescence microscope (Leica, Nanterre, France). Images are then analyzed with the ImageJ software (ImageJ, MD, USA). Regions of interest are traced with the blue signal of the Hoechst and then transposed to the image presenting the cFos signal in yellow. A fixed threshold, determined for each region is applied. The number of positive cells is automatically counted via the "analyze particles" function with defined and fixed parameters for each region.

France). 3

 3 to 4 z-stack images (147x147µm, z-tep 0.3 µm,3µm thick) are taken in the CA3, CA1, and DG of the hippocampus and in the perirhinal cortex at x63 magnification. Images are then analyzed with ImageJ creating a z-projection image with max intensity. Automatic thresholding (Triangle algorithm) is applied and the 123 particles (size: 0.1-1 µm 2 and circularity: 0.2-1) are automatically counted with the "analyze particles" tool. d. Cells morphology analysis i. Immunohistochemistry In the protocol of cellular morphology analysis, immunochemistry is used to amplify the signal provided by the GFP or mCherry protein depending on the experiment. GFP labeling Free-floating sections are first washed three times in PBS for fifteen minutes before being placed in a solution of 10% of normal donkey serum (NDS) in PBS for one hour. Then slices are incubated with a goat anti-GFP antibody (1:500; 600-101-215, Rockland Immunochemicals) with 10% NDS in PBST at room temperature overnight. Slices are washed again three times for fifteen minutes. All the following steps are done in the dark. Slices are incubated for two hours in donkey anti-goat antibodies coupled with an Alexa 555 (1:500; A-21432, Invitrogen) with 10% NDS in PBST. They are washed for fifteen minutes in PBS before being placed in PBST with Hoechst (1:10000) for fifteen minutes and washed again two times during fifteen minutes in PBS. Sections are finally mounted in Mowiol solution and coverslipped. mCherry labeling Free-floating sections are washed three times for ten minutes in PBST and then incubated for one hour in 5% of NDS in PBST. They are then placed in a solution of a rabbit anti-RFP antibody cross-reacting with mCherry (1:500; 600-401-379, Rockland Immunochemicals) with 5% NDS in PBST overnight. Sections are washed three times during ten minutes in PBST and then protected from light for the rest of the procedure. Slices are incubated with a donkey anti-rabbit antibody coupled with an Alexa 555 124 (1:500; A-31572, Invitrogen) in PBST for two hours. Slices are washed in PBST for ten minutes, then incubated with Hoechst (1:10000) in PBST for ten minutes and washed again in PBST for ten minutes. Sections are mounted in Mowiol and coverslipped.

8. 0

 0 software (GraphPad Software, La Jolla, CA, USA). Data are presented as mean ±SD. Normality was verified with the Shapiro-Wilk normality test and the following statistical tests were chosen dependently. Comparisons between two groups were done by unpaired t-test or Mann-Whitney test. Comparisons between three or more groups were performed by 1-way ANOVA, or Kruskall-Wallis test. Comparisons between two factors were done with 2-way ANOVA or REML. Post-hoc analyses were performed only when the interaction between the two factors analyzed was significant, and appropriate posthoc tests were chosen depending on the test previously realized.

For

  the object recognition and location tests, mice were injected with SB-612,111 or C24 15 min before the acquisition phase (Fig 25A). In the OR test, the injections of both antagonists induced a difference in the percentage of preference for the novel object as it is significantly lower compared to the vehicle-injected group (Fig 25B; Kruskall-Wallis test, p = 0.0260; followed by Dunn's multiple comparisons test, p (Veh vs SB-612,111) =0.0087, p (Veh vs C24) =0.0111, p (SB-612,111 vs C24)>0.999). Furthermore, while vehicle-injected mice explore more the novel object, the exploration time do not differ between the two objects for mice injected with SB-612,111 and C24 (Fig 25C; Two-Way ANOVA, F (Interaction) =7.384, p=0.0018, F (Object) =12.65, p=0.0009, F (Treatment) =1.334, p=0.2744; followed by Sidak's multiple comparison test, p (Veh)<0.0001, p (SB-612,111) =0.9828, p (C24) =0.756).Finally, for mice injected with an antagonist, the percentage of preference for the novel object did not increase between the acquisition and test phase as for the vehicle group (Fig 25D; Two-Way ANOVA, F (Interaction) = 5.887, p= 0.0056, F (Phase) = 6.918, p= 0.0119, F (Treatment) = 3.983, p= 0.0261; followed by Sidak's multiple comparison test, p (Veh)<0.0001, p (SB-612,111) = 0.9905, p (C24) = 0.9936). Altogether, these results indicate a memory deficit in this test for mice injected with an antagonist.

Figure 25 -

 25 Figure 25 -Role of the endogenous N/OFQ-NOP system in long-term recognition and location memory. A Schematic drawing of the OR and OL protocols, antagonist or vehicle solution is injected i.p. (10 mg/kg) 15 min before the learning phase and mice's memory is tested the next day. B SB-612,111-and C24-injected mice presented less percentage preference for the novel object than Vehicle-injected mice in the OR test (n= 10-23 mice/group; **p<0.01 and *p<0.05; Kruskal-Wallis followed by Dunn's multiple comparisons test). C SB-612,111and C24-injected animals show no increase in the exploration time for the novel object in the OR test (n=10-23 mice/group; ***p<0.001; Two-way ANOVA followed by Sidak's multiple comparisons test). D Contrary to Vehicleinjected mice, the percentage of preference for the novel object did not increase during the test compared with the acquisition for SB-612,111-and C24-injected mice in the OR test (n= 10-23 mice/group; ***p<0.001; Two-Way ANOVA followed by Sidak's multiple comparisons test). E SB-612,111-and C24-injected mice presented less percentage preference for the novel object than Vehicle-injected mice in the OL test (n=8-21 mice/group; **p<0.01; One-way ANOVA followed by Tukey's multiple comparisons test). F SB-612,111-and C24-injected animals show no increase in the exploration time for the displaced object in the OL test (n= 8-21 mice/group; ***p<0.001; REML followed by Sidak's multiple comparisons test). G Contrary to Vehicle-injected mice, the percentage of preference for the displaced object did not increase during the test compaired with the acquisition for SB-612,111-and C24injected mice in the OL test (n= 8-21 mice/group; ***p<0.001; Two-Way ANOVA followed by Sidak's multiple comparisons test). Data are expressed as mean ±SD.

i.Figure 26 -

 26 Figure 26 -Role of the endogenous N/OFQ-NOP system in spatial learning and memory. A Schematic drawing of the MWM protocol, the antagonist is injected i.p. (10mg/kg) 15 minutes before each learning session. BThe learning curves of mice injected with the vehicle solution and mice injected with the antagonist are similar (n=10 mice/group; Two-Way ANOVA). C Mice from both group had similar latency to reach the platform during the probe test 24h (n=10 mice/group; Mann-Whitney test). D Mice from both groups did similar number of entries in the platform zone during the probe test 24h (n=10 mice/group; Mann-Whitney test). E Mice from both groups spent similar amount of time in the quadrants during the probe test 24h (n=10 mice/group; ***p<0.001 ; Two-Way ANOVA). F Mice from both group had similar latency to reach the platform during the probe test 72h (n=9-10 mice/group; Mann-Whitney test). G Mice from both groups did similar number of entries in the platform zone during the probe test 72h (n=10 mice/group; Unpaired t-test). H Mice from both groups spent similar amount of time in the quadrants during the probe test 72h (n=10 mice/group; ***p<0.001 ; Two-Way ANOVA). Data are expressed as mean ±SD.

Figure 27 -

 27 Figure 27 -Role of the endogenous N/OFQ-NOP system in cognitive flexibility. A Schematic drawing of the MWM protocol, the antagonist is injected i.p. (10mg/kg) 15 minutes before each learning session. B Mice that received the antagonist took less time to reach the platform during the learning phase (n=10 mice/group; *p<0.05; Two-Way ANOVA). C Mice of both group had similar latency to reach the platform during the probe test 24h (n=9 mice/group; Mann-Whitney test). D Mice of both groups did similar number of entries in the platform zone during the probe test 24h (n=10 mice/group; Unpaired t-test). E Mice of both groups spent similar amount of time in the quadrants during the probe test 24h (n=10 mice/group; ***p<0.001 ; Two-Way ANOVA). Data are expressed as mean ±SD.

  the object recognition test, the SB-612,111 injection during the acquisition induced a decrease in the total distance traveled by mice (Fig 28A; One-Way ANOVA, p= 0.0287; followed by Tukey's multiple comparisons test, p (Veh vs SB-612,111) = 0.026, p (SB-612,111 vs C24) = 0.087) and in their total exploration time (Fig 28B; One-Way ANOVA, p= 0.0005; followed by Tukey's multiple comparisons test, p (Veh vs SB-612,111) = 0.0003, p (SB-612,111 vs C24) = 0.1027). On the contrary, the C24 did not induce any modification of the distance (Fig 28A; One-Way ANOVA, p = 0.0287; followed by Tukey's multiple comparisons test, p (Veh vs C24) = 0.9633, p (SB-612,111 vs C24) = 0.087) nor the exploration (Fig 28B; One-Way ANOVA, p= 0.0005; followed by Tukey's multiple comparisons test, (Veh vs C24) = 0.1263). During the test, neither antagonist had an impact on the mice's total exploration time (Fig 28C; Kruskal-Wallis test, p= 0.2694). We looked for a correlation between the total exploration time during the learning phase of mice injected with the SB-612,111 antagonist and their memory performances during the test and did not find a significant correlation (Fig 28C; Linear regression, F (slope)= 0.4467, p= 0.5227). In the OL test, neither antagonist affected the locomotor activity (Fig 28D; One-Way ANOVA, P = 0.8005) nor the exploratory behavior (Fig 28E; One-Way ANOVA, p = 0.0673) during the acquisition. Similarly, during the test, neither antagonist modulated the mice's exploratory behavior (Fig 28G; One-Way ANOVA, p= 0.1425). Furthermore, there was no correlation between the time spent exploring during the learning phase and the performance during the test for SB-612,111-injected mice (Fig 28H; Linear regression, F (slope)= 0.0008409, p= 0.9776). Therefore, the decrease in activity observed following SB-612,111 administration is not reproducible and does not contribute to the memory deficit observed in the OR test.

Figure 28 -

 28 Figure 28 -Effect of the antagonist injections on behavior in the OR and OL test. A The injection of the SB-612,111 antagonist induced a decrease in the total distance traveled by mice during the acquisition in the OR test (n=10-23 mice/groups; *p<0.05; One-Way ANOVA followed by Tukey's multiple comparison test). B The injection of the SB-612,111 antagonist induced a decrease in the total exploration time of mice in the object recognition test (n=10-23 mice/group; ***p<0.001; One-Way ANOVA followed by Tukey's multiple comparisons test). C Neither antagonist modulated the total exploration time of mice during the test of the OR (n= 10-23 mice/group; Kruskal-Wallis test). D For the SB-612,111-injected mice, the percentage of preference for the novel object during the OR test was not correlated with the time they spent exploring during the acquisition (n=10 mice; Linear regression). E Both antagonist injections had no effect on the total distance traveled by mice during the acquisition of the OL test (n=10-22 mice/group; One-Way ANOVA). F Neither antagonist modulated the total exploration time of mice in the object location test during the acquisition (n= 10-22 mice/group; One-Way ANOVA). G Neither antagonist modulated the total exploration time of mice during the test of the OL (n= 10-22 mice/group; One-Way ANOVA). H For the SB-612,111-injected mice, the percentage of preference for the novel object during the test was not correlated with the time they spent exploring during the acquisition (n=10 mice; Linear regression). Data are expressed as mean ±SD.

  was not modulated by the blockade of the NOP receptor (Fig 29A; Unpaired t-test, p= 0.8236). This blockade however slightly increased the performances of mice that did more alternations between the three arms than the vehicle-injected group (Fig 29B; Unpaired t-test, p= 0.0119). In the short-term spatial memory test, the blockade of the N/OFQ-NOP system had no effect on performances (Fig 29C; Unpaired t-test, p= 0.7806), with both groups significantly preferring the previously closed-arm (Fig 29C;

  different tests. The antagonist was injected 30 minutes before the tests. The blockade of the N/OFQ-NOP system had no effect on anxiety in the OF test as mice spent a similar percentage of time than vehicle-injected mice in the center of the arena (Fig 30A; Unpaired t-test, p= 0.9809). Comparably, the SB-injected mice spent a similar percentage of time in the open arms compared to the vehicle-injected mice in the EPM (Fig 30B; Unpaired t-test, p= 0.504). Consequently, the memory deficits observed in the OR and OL tests following the antagonist injections cannot be attributed to a modulation of anxiety.

Figure 30 -

 30 Figure 30 -Effect of the blockade of the N/OFQ-NOP system on anxiety. ABlocking the N/OFQ-NOP system did not modify the behavior of mice in the OF (n=10 mice/group; Unpaired t-test). B Blocking the N/OFQ-NOP system did not modify the behavior of mice in the EPM (n=10 mice/group; Unpaired t-test). Data are expressed as mean ±SD.

Figure 31 -

 31 Figure 31 -Schematic summary of the principal effects observed. The pharmacological blockade of the N/OFQ-NOP system impairs long-term location and recognition memory, improves working memory and reversal learning performances and has no effect on spatial learning, short-term, and long-term memory.

Figure 32 -

 32 Figure 32 -Involvement of the N/OFQ-NOP system in long-term location memory in the stress model. A SB-612,111 rescues the memory deficit induced by corticosterone (n=10 mice/group; # p<0.05, ## p<0.01; Onesample t-test compared to 50%). B The preference for the displaced object tends to increase during the test session for Vehicle mice and CORT mice that received the antagonist (n=10 mice/group; Two-Way ANOVA). Data are expressed as mean ±SD.

  CORT_SB group (Fig 32A; One-Way ANOVA, p = 0.1604). Moreover, the difference between the percentage of preference during the acquisition and the test is not significant in any group (Fig 32B; Two-Way ANOVA, F (Interaction) = 0.5297, p= 0.6648, F (Phase) = 11.47, p= 0.0017, F (Treatment) = 1.315, p= 0.2846).

  model of stress with the vehicle group. The corticosterone treatment had no effect on the latency to reach the platform during learning (Fig 33A; Two-Way ANOVA, F (Interaction) = 0.6805, p= 0.5678, F (Trials) = 5.925, p= 0.0024, F (Treatment) = 0.1796, p= 0.6768). However, there is a significant interaction between time and treatment for the time spent in the target quadrant during the training days (Fig 33B; Two-Way ANOVA, F (Interaction) = 0.6805, p= 0.5678, F (Trials) = 5.925, p= 0.0024, F (Treatment) = 0.1796, p= 0.6768 followed by Sidak's multiple comparison test, p (Trial 1) >0.9999, p (Trial 2) = 0.8719, p (Trial 3) = 0.9803, p (Trial 4) = 0.1122). This last result suggests that learning might be slightly less efficient in the CORT group. However, corticosterone treatment had no effect on the latency to reach the platform zone during the probe test 24h later (Fig 33C; Mann-Whitney Test, p= 0.8098). It has no impact on the number of times mice entered the platform zone (Fig 33D; Unpaired t-test, p= 0.87) nor the amount of time they spent in the target and opposite quadrants (Fig 33E; Two-Way ANOVA, F (Interaction) = 0.04388, p= 0.8364, F (Quadrants) = 78.94, p<0.0001, F (Treatment) = 0.4221, p= 0.5241). Similar results were obtained in the probe test 72h later with the corticosterone treatment having no effect on the mice's latency to reach the platform zone (Fig 33F; Unpaired t-test, p= 0.6468), the number of times they entered the platform zone (Fig 33G; Mann-Whitney Test, p= 0.1618) and the amount of time they spent in the target and opposite quadrants (Fig 33H; Two-Way ANOVA, F (Interaction) = 0.3741, p= 0.5484, F (Quadrants) = 30.96, p<0.0001, F (Treatment) = 0.3998, p= 0.5352).

Figure 33 -

 33 Figure 33 -Impact of chronic CORT treatment on spatial learning and memory.A The two groups do not differ in the latency to reach the platform over the learning procedure (n=10 mice/group; Two-Way ANOVA). B The effect of days on the time spent in the target quadrants differs between groups (n=10 mice/group; *p<0.05, Two-Way ANOVA). C The treatment has no effect on the latency to reach the platform during the probe test 24 (n=10 mice/group; Mann-Whitney test). D Both groups do similar number of entries in the platform zone during the probe test 24 (n=10 mice/group; Unpaired t-test). E The proportion of time spent in the different quadrant is similar between the two groups during the probe test 24 (n=10 mice/group; ***p<0.001; Two-Way ANOVA). F Both groups have similar latency to reach the platform during the probe 72 test (n=10 mice/group; Unpaired t-test). G Both groups does similar number of entries in the platform zone suring the probe test 72 (n=10 mice/group; Mann-Whitney test). H The proportion of time spent in the different quadrant is similar between the two groups during the probe test 72 (n=10 mice/group; ***p<0.001; Two-Way ANOVA). Data are expressed as mean ±SD.

Figure 34 -Figure 35 -Figure 36 -

 343536 Figure 34 -Impact of chronic CORT treatment on reversal learning and memory. AThe corticosterone-treated group has higher latency to reach the platform than the Vehicle-treated group on the second day (n=10 mice/group; *p<0.05; Two-Way ANOVA followed by Sidak's multiple comparisons test). B The effect of days on the time spent in the target quadrant is similar between groups (n=10 mice/group; Two-Way ANOVA). C CORT mice show higher latency to reach the platform during the second day of learning (n=10 mice/group; *p<0.05; Unpaired t-test). D CORT mice have a higher distance traveled/theoretical min distance ratio than the vehicle group during the second learning day (n=10 mice/group; *p<0.05; Unpaired t-test). E The proportion of time spent in the different quadrants is similar between the two groups during the second learning day (n=10 mice/group; ***p<0.001; Two-Way ANOVA). F Both groups have similar latency to reach the platform during the probe test 24h (n=10 mice/group; Mann-Whitney test). G Both groups do a similar number of entries in the platform zone during the probe test 24h (n=10 mice/group; Mann-Whitney test). H The proportion of time spent in the different quadrants is similar between the two groups during the probe test 24h (n=10 mice/group; ***p<0.001; Two-Way ANOVA). Data are expressed as mean ±SD.

  it does not improve over the last 2 days of learning for which the distribution of strategies statistically depends on the treatment group (Fig 36A, B; Chi-square test, dl=4; c 2 = 10.9602, p<0.05). There is as well a rebound in poor-learning behaviors on the first day of reversal learning but contrary to the Veh group, this rebound is still visible on the second day for which the repartition of strategies statistically depends on the treatment group (Fig 36A, B; Chi-square test, dl=5; c 2 = 14.2332, p<0.05) and shows only a slight decrease on the last day of learning. Since the random search for the poor-learning strategies and the directed search for the good-learning strategies were the more represented strategies in each group we took a closer look at these two behaviors. For random search, we see that this behavior decreases constantly for Veh mice during the four days of spatial learning and the three days of reversal learning. The CORT group does not show the same profile. For spatial learning, there is a slight decrease in this behavior between the first two days and then a plateau. The proportion of mice adopting this behavior statistically depends on the treatment on the third (Fig 36C; Chi-square test, dl=1; c 2 = 5) and fourth day (Fig 36C; Chi-square test, dl=1; c 2 = 6.6461) of spatial learning. For reversal learning, there is first a trend to increase the random search in the second day with the proportion of mice adopting this behavior statistically depending on the treatment (Fig 36C; Chi-square test, dl=1; c 2 = 10.2083) and then a decrease but not reaching the level seen in Veh mice.

i.

  Navigation and exploratory behavior in the OL and MWM tests In order to evaluate the potential impact of CORT treatment or antagonist injection on the locomotion and exploratory behavior of mice, we looked at different parameters during the behavioral experiments. In the OL test, the CORT treatment and the SB injections did not modulate the locomotor activity of mice during the learning phase as all groups traveled the same distance in the arena (Fig 37A; One-Way ANOVA, p = 0.4515). The exploratory behavior was not affected either as the total exploration time during the acquisition did not differ between groups (Fig 37B; One-Way ANOVA, p = 0.2431). In the MWM, during the familiarization, both groups traveled the same distance (Fig 37C, Unpaired t-test, p = 0.9385) and at the same average speed (Fig 37D; Unpaired t-test, p = 0.8102). Altogether, these results indicate that neither the CORT treatment nor the blockade of the N/OFQ-NOP system modulates the general exploratory behavior of mice.

Figure 37 -

 37 Figure 37 -Effect of chronic corticosterone treatment and N/OFQ-NOP blockade on locomotion during behavioral testing.A None of the treatments modulates the locomotion of mice during the OL test (n=10 mice/group; One-Way ANOVA). B The exploratory behavior of mice does not differ between groups (n=10 mice/group; One-Way ANOVA). C The distance swam in the MWM is not modulated by CORT (n=10 mice/group; Unpaired t-test). D The average swim speed in the MWW is not modulated by CORT (n=10 mice/group; Unpaired t-test). Data are expressed as mean ±SD.

Figure 38 -

 38 Figure 38 -Impact of the blockade of the endogenous N/OFQ-NOP system on short-term memory tests. AThe SB-612,111 injection had no impact on the number of entries in the arms during the spontaneous alternation test (n=9-10 mice/group; One-Way ANOVA). B The percentage of alternation of mice do not differ between groups (n=9-10 mice/group; Kruskal-Wallis test). Data are expressed as mean ±SD.

Figure 39 -

 39 Figure 39 -Schematic drawing of the time-course of the experimental procedure used.

Figure 40 -

 40 Figure 40 -Role of the endogenous N/OFQ-NOP system in long-term recognition and location memory deficits due to chronic stress.A Schematic drawing of the OR and OL protocols, antagonist or vehicle solution is injected i.p. (10 mg/kg) 15 min before the learning phase and mice memory is tested the next day. B SB-612,111and C24-injected mice presented higher percentage of preference for the novel object than Veh-injected CORT mice in the OR test (n= 9-24 mice/group; ***p<0.001; Kruskal-Wallis followed by Dunn's multiple comparisons test). C CORT mice injected with SB-612,111 or C24 show an increase in the exploration time for the novel object in the OR test (n=9-24 mice/group; **p<0.01 and ***p<0.001; Two-way ANOVA followed by Sidak's multiple comparisons test). D Contrary to Vehicle-injected CORT mice, the percentage of preference for the novel object increased during the test compared with the acquisition for SB-612,111-and C24-injected CORT mice in the OR test (n= 9-24 mice/group; *p<0.05 and ***p<0.001; Two-Way ANOVA followed by Sidak's multiple comparisons test). E C24injected mice presented higher percentage of preference for the novel object than Veh-injected CORT mice in the OR test (n= 14-15 mice/group; *p<0.05 and ***p<0.001; Kruskal-Wallis followed by Dunn's multiple comparisons test). F CORT mice injected with C24 show an increase in the exploration time for the novel object in the OR test (n=14-15 mice/group; ***p<0.001; Two-way ANOVA followed by Sidak's multiple comparisons test). G Contrary to Vehicle-injected CORT mice, the percentage of preference for the novel object increased during the test compared with the acquisition for C24-injected CORT mice in the OR test (n= 14-15 mice/group; ***p<0.001; Two-Way ANOVA followed by Sidak's multiple comparisons test). Data are expressed as mean ±SD.

Figure 41 -

 41 Figure 41 -Role of the endogenous N/OFQ-NOP system in long-term recognition memory consolidation deficits due to chronic stress. A Schematic drawing of the OR protocol, antagonist, or vehicle solution is injected i.p. (10 mg/kg) right after the learning phase and the mice's memory is tested the next day. B SB-612,111 mice presented a higher percentage of preference for the novel object than Veh-injected CORT mice in the OR test (n= 14-15 mice/group; **p<0.01; Kruskal-Wallis followed by Dunn's multiple comparisons test). C CORT mice injected with SB-612,111 show an increase in the exploration time for the novel object in the OR test (n=14-15 mice/group; ***p<0.001; Two-way ANOVA followed by Sidak's multiple comparisons test). D Contrary to Vehicle-injected CORT mice, the percentage of preference for the novel object increased during the test compared with the acquisition for SB-612,111 -injected CORT mice in the OR test (n= 14-15 mice/group; **p<0.01 and ***p<0.001; Two-Way ANOVA followed by Sidak's multiple comparisons test). Data are expressed as mean ±SD.

  platform (Fig 42B; Two-Way ANOVA, F (Interaction) = 1.560, p= 0.1694, F (Trials) = 6.823, p= 0.0013, F (Treatment) = 0.5140, p= 0.6038) and the amount of time spent in the target quadrant (Fig 42C; Two-Way ANOVA, F (Interaction) = 0.9792, p= 0.4409, F (Trials) = 11.92, p<0.0001, F (Treatment) = 0.2285, p= 0.7965). There was no difference in the mice's latency to reach the platform during the probe test 24h (Fig 42D; Kruskal-Wallis Test, p= 0.5181) nor in the number of times they crossed the platform zone (Fig 42E; One-Way ANOVA, p= 0.9046) nor on the amount of time they spent in the target and opposite quadrants (Fig 42F; Two-Way ANOVA, F (Interaction) = 0.01129, p= 0.9888, F (Quadrants) = 70.89, p<0.0001, F (Treatment) = 0.4991, p= 0.4998). Similar results were obtained in the probe test 72h later with the corticosterone treatment and the N/OFQ-NOP system blockade having no effect on the mice latency to reach the platform (Fig 42G; Kruskal-Wallis test, p= 0.5138), the number of times they entered the platform zone (Fig 42H; One-Way ANOVA, P= 0.1689) and the amount of time they spent in the target and opposite quadrants (Fig 42I; Two-Way ANOVA, F (Interaction) = 0.3965, p=0.6765, F (Quadrants) = 123.7, p<0.0001, F (Treatment) = 0.2577, p= 0.7747). We thus looked at cognitive flexibility via the reversal part of the procedure.

Figure 42 -

 42 Figure 42 -Effect of the chronic CORT treatment and the endogenous N/OFQ-NOP system in spatial learning and memory.A Schematic drawing of the MWM protocol, the antagonist is injected i.p. (10mg/kg) 15 minutes before each learning session. B The learning curves of every group are similar (n=10 mice/group; Two-Way ANOVA). C The learning curves of the amount of time spent in the target quadrant of every group are similar (n=10 mice/group; Two-Way ANOVA). D Mice of every group had similar latency to reach the platform during the probe test 24h (n=10 mice/group; Kruskal-Wallis test). E Mice of every group did a similar number of entries in the platform zone during the probe test 24h (n=10 mice/group; One-Way ANOVA test). F Mice of every group spent a similar amount of time in the quadrants during the probe test 24h (n=10 mice/group; Two-Way ANOVA). G Mice of every group had similar latency to reach the platform during the probe test 72h (n=10 mice/group; Kruskal-Wallis test). H Mice of every group did a similar number of entries in the platform zone during the probe 72h (n=10 mice/group; One-Way ANOVA). I Mice of every group spent a similar amount of time in the quadrants during the probe test 72h (n=10 mice/group; Two-Way ANOVA). Data are expressed as mean ±SD.

  learning (Fig 43B; Two-Way ANOVA, F (Interaction) = 1.346, p= 0.2651, F (Trials) = 20.42, p<0.0001, F (Treatment) = 2.883, p= 0.0733) and during the probe test at 24h in the latency to reach the platform (Fig 43C; Kruskal-Wallis test, p= 0.111), the number of times they entered the platform zone (Fig 43D; One-Way ANOVA, p= 0.3732) and the amount of time they spent in the quadrants (Fig 43E; Two-Way ANOVA, F (Interaction) = 1.109, p=0.3444, F (Quadrants) = 55.63, p<0.0001, F (Treatment) = 0.1794, p= 0.8368).Altogether these results show that in our model of chronic stress, spatial memory and cognitive flexibility are not significantly altered. The blockade of the N/OFQ-NOP system seems not to modulate the learning capacities of mice in this test which confirms the result obtained in naive mice.

Figure 43 -

 43 Figure 43 -Effect of the chronic CORT treatment and endogenous N/OFQ-NOP system in reversal learning and memory. A Schematic drawing of the MWM protocol, the antagonist is injected i.p. (10mg/kg) 15 minutes before each learning session. B The learning curves of every group are similar (n=10 mice/group; Two-Way ANOVA). C Mice of every group had similar latency to reach the platform during the probe 24h (n=10 mice/group; Kruskal-Wallis test). D Mice of every group did a similar number of entries in the platform zone during the probe 24h (n=10 mice/group; One-Way ANOVA). E Mice of every group spent a similar amount of time in the quadrants during the probe 24h (n=10 mice/group; Two-Way ANOVA). Data are expressed as mean ±SD.

Figure 44 -

 44 Figure 44 -Effect of the antagonists injections on behavior in the OR and OL test. A CORT treatment alone induces a slight increase in the locomotion of mice during the OR test (n=10-23 mice/group; *p<0.05; One-Way ANOVA followed by Tukey's test). B Neither treatment modulates the exploration of mice during the OR test (n=9-24 mice/group; One-Way ANOVA). C Neither treatment modulates the locomotion of mice during the OL test (n=14-15 mice/groups; One-Way ANOVA). D Neither treatment modulates the exploration of mice during the OL test (n=14-15 mice/group; Kruskall-Wallis). Data are expressed as mean ±SD.

  that neither the CORT treatment nor the SB-612,111 injection had an impact on mice's number of entries in the arms (Fig 45A; One-Way ANOVA, p=0.5795) and on the spontaneous alternation (Fig 45B; One-Way ANOVA, p = 0.2048). Thus, the treatment and the blockade of the system do not modulate the ability of mice to acquire and use the information in a new environment.

Figure 45 -

 45 Figure 45 -Effect of chronic stress and N/OFQ-NOP system blockade on working memory. A Neither treatment modulates mice locomotion in the Y-maze (n=10 mice/group, One-Way ANOVA). B Neither treatment modulates mice working memory performances in the Y-maze (n=10 mice/group, One-Way ANOVA). Data are expressed as mean ±SD.

Figure 46 -

 46 Figure 46 -Effect of chronic CORT treatment and N/OFQ-NOP system blockade on mice anxiety. A The chronic CORT treatment does not modulate the anxiety of mice in the open field (n=30-59 mice/group; Mann-Whitney). B Neither CORT treatment nor N/OFQ-NOP system blockade modulates the anxiety of mice in the elevated plus maze (n=8-10 mice/group; One-Way ANOVA). Data are expressed as mean ±SD.

  performed two tests reflecting despair, the TST and FST. In both tests, neither the corticosterone treatment nor the blockade of the N/OFQ-NOP system had an impact on the immobility time (Fig 47A, B: One-Way ANOVA; p=0.3695; One-Way ANOVA; p=0.6275). Comparable results were obtained in the two tests reflecting self-neglect, the splash test and the scoring of the coat state (Fig 47C, D; One-Way ANOVA; p=0.5474; Kruskal-Wallis test; p=0.1187). These results indicate that in this model of chronic stress, mice show no depressive-like behaviors and that the other behavioral results found cannot be interpreted as a consequence of an anti-depressant property of the antagonist.

Figure 47 -

 47 Figure 47 -Effect of chronic CORT treatment and N/OFQ-NOP system blockade on mice depressive-like behaviors.A Neither CORT treatment nor N/OFQ-NOP system blockade had an impact on mice despair in the TST (n=9-10 mice/group; One-way ANOVA). B Neither CORT treatment nor N/OFQ-NOP system blockade had an impact on mice despair in the FST (n=8-10 mice/group; One-way ANOVA). C Neither CORT treatment nor N/OFQ-NOP system blockade had an impact on the grooming behavior of mice in the splash test (n=8-10 mice/group; One-way ANOVA). D Neither CORT treatment nor N/OFQ-NOP system blockade had an impact on the state of the mice coats (n=8-10 mice/group; Kruskal-Wallis). Data are expressed as mean ±SD.

  corticosterone compared with the vehicle-treated group (Fig 48B; Kruskal-Wallis test, p=0.0014; followed by Dunn's multiple comparison test, p (Veh_Veh vs CORT_Veh) =0.0086, p (Veh_Veh vs CORT_SB) =0.0025, p (CORT_Veh vs CORT_SB)<0.9999).

  groups (Fig 48C; REML, F (Interaction) =7.263, p=0.0002, F (Time) = 9.045, p=0.0016, F (Treatment) =7.390, p=0.0124; followed by Tukey's multiple comparison test for t=90, p (Veh_Veh vs CORT_Veh) =0.0424, p (Veh_Veh vs CORT_SB) =0.0479). In CORT mice, the HPA axis did not respond to the stressful stimulus and importantly, the SB-612,111 injection did not modify this altered response to stress as there is no difference between the two CORT-treated groups (Fig 48C; REML; followed by Tukey's multiple comparison test, p (CORT_Veh vs CORT_SB) =0.9831).

  CORT or acute SB-612,111 injections could modulate the reactivity of PVN neurons to stress. There is a hypoactivity of PVN cells in both corticosterone treated groups as the density of cfos+ cells was significantly lower in these groups compared to the vehicle group (Fig 48D, E; One-Way ANOVA; followed by Tukey's multiple comparison test, p (Veh_Veh vs CORT_Veh) =0.0235, p (Veh_Veh vs CORT_SB) =0.0016). More interestingly, the SB-612,111 injections did not affect the PVN cells' reactivity to the stress as there is no difference between the CORT_Veh group and the CORT_SB-612,111 group (Fig 48E; One-Way ANOVA; followed by Tukey's multiple comparison test, p (CORT_Veh vs CORT_SB) =0.3946). These results are consistent with the absence of modulation of the plasmatic corticosterone level by the antagonist seen in the previous experiment.

Figure 48 -

 48 Figure 48 -Effect of chronic CORT treatment and the N/OFQ-NOP system blockade on the physiological response to stress.A Schematic drawing of the corticosterone dosage procedure, blood samples are taken at T0 and then 15 minutes after stress (i.p. injection) and 90 minutes after stress. B The plasmatic CORT level is higher in both CORT groups at T0 (n=7-8 mice/group; **p<0.01; Kruskal-Wallis followed by Dunn's test). C The plasmatic CORT level of CORT groups is not modulated after stress (n=7-8 mice/group; *p<0.05; REML followed by Tukey's test). D Representative images at x20 magnification of cfos+ cells in the PVN of mice from each group. E The density of cfos+ cells in the PVN following stress is lower in both CORT groups compared to the vehicle-exposed mice (n=6 mice/group; *p<0.05; One-way ANOVA followed by Tukey's test). Data are expressed as mean ±SD.

Figure 50 -

 50 Figure 50 -Brain coronal image showing the location where pictures were taken for the N/OFQ peptide analysis. Squares are at scale, representing images with a size of 147,76x147,76 µm. 1: dentate gyrus, 2: CA3, 3: CA1, 4: perirhinal cortex.

  51A, B; Unpaired t-test, p = 0.0203) and the CA3 (Fig 51A, C; Unpaired t-test, p = 0.0241) of corticosterone treated-mice compared to vehicle-treated mice. There was no difference in the number of particles in the CA1 region (Fig 51A, D; Unpaired t-test; p = 0.8681) nor in the perirhinal cortex (Fig 51A, E; Unpaired t-test, p = 0.6381). The total surface of the signal was higher in the DG (Fig 51A, F; Mann-Whitney test, p = 0.0079) and CA3 (Fig 51A, G; Unpaired t-test, p = 0.0149) region for corticosteronetreated mice compared to the vehicle group. The total surface did not change between groups in the CA1 region (Fig 51A, H; Unpaired t-test, p= 0.9228) and the perirhinal cortex (Fig 51A, I; Unpaired t-test, p = 0.4956).

Figure 51 -

 51 Figure 51 -Modulation of N/OFQ peptide level by chronic stress. A Representative images of N/OFQ peptide signal in the DG, CA3, CA1 regions of the hippocampus and in the perirhinal cortex (respectively from left to right) after vehicle (top) or corticosterone (bottom) treatment. B The number of particles is increased following the corticosterone treatment in the DG (n=5 mice/group; *p<0.05, Unpaired t-test). C The number of particles is increased following the corticosterone treatment in the CA3 (n=5 mice/group; *p<0.05, Unpaired t-test). D The corticosterone treatment had no impact on the number of particles in the CA1 (n=5 mice/group; Unpaired t-test). EThe corticosterone treatment had no impact on the number of particles in the perirhinal cortex (n=5 mice/group; Unpaired t-test). F The total surface of the signal is increased following the corticosterone treatment in the DG (n=5 mice/group; **p<0.01, Mann-Whitney test). G The total surface of the signal is increased following the corticosterone treatment in the CA3 (n=5 mice/group; *p<0.05, Unpaired t-test). H The corticosterone treatment had no impact on the total surface of the signal in the CA1 (n=5 mice/group; Unpaired t-test). I The corticosterone treatment had no impact on the total surface of the signal in the perirhinal cortex (n=5 mice/group; Unpaired t-test). Data are expressed as mean ±SD.

Figure 52 -

 52 Figure 52 -Image of in-situ hybridization of N/OFQ precursor mRNAs in the hippocampus

Figure 54 -

 54 Figure 54 -Modulation of N/OFQ precursor mRNAs level by chronic stress. A Representative images at x40 magnification of N/OFQ precursor mRNA signal in the DG, CA3, and CA1 (from the top to the bottom) after vehicle (left) and corticosterone (right) treatment. B The number of cells containing N/OFQ precursor mRNAs is increased in the DG of corticosterone-treated mice (n=7-8 mice/group; **p<0.01; Unpaired t-test). C The number of cells containing N/OFQ precursor mRNAs is increased in the CA3 of corticosterone-treated mice (n=7-8 mice/group; ***p<0.001; Unpaired t-test). D The number of cells containing N/OFQ precursor mRNAs is increased in the CA1 of corticosterone-treated mice (n=7-8 mice/group; *p<0.05; Unpaired t-test). Data are expressed as mean ±SD.

Figure 55 -

 55 Figure 55 -Modulation of NOP mRNA level by chronic stress. A Representative images of NOP mRNA signal at x40 magnification in the DG, CA3 and CA1 (from left to right). B The average intensity of the NOP mRNA signal is not different between the two groups in the DG (n=7-8 mice/group; Unpaired t-test). C The average intensity of the NOP mRNA signal is not different between the two groups in the CA3 (n=7-8 mice/group; Unpaired t-test). D The average intensity of the NOP mRNA signal is not different between the two groups in the CA1 (n=7-8 mice/group; Unpaired t-test). Data are expressed as mean ±SD.

Figure 57 -

 57 Figure 57 -Modulation of hippocampus cellular activity during learning by chronic stress and N/OFQ system. A Representative images of cfos labeled cells in the CA3 for the Veh_Veh group (top, left), the Veh_SB group (top, right), the CORT_Veh group (bottom, left), and the CORT_SB group (bottom, right) B The corticosterone treatment induced an increased density of cfos positive cells in the DG (n=6-7 mice/group; *p<0.05; Two-way ANOVA). In the CA3 region, the corticosterone treatment induced an increased density of cfos-positive cells, and the NOP antagonist administration induced a decreased number of cfos-labeled cells (n=6-7 mice/group; *p<0.05, #p<0.05; Two-way ANOVA). D Neither corticosterone treatment nor N/OFQ-NOP blockade had an impact on the density of cfos positive cells in the CA1 (n=6-7 mice/group; Two-way ANOVA). Data are expressed as mean ±SD.

  II. Role of the hippocampal endogenous N/OFQ-NOP system in memory and cellular plasticity alterations provoked by the long-duration chronic stress model To investigate the role of the N/OFQ-NOP system in the deleterious effects of stress on memory and cell plasticity, at the level of the hippocampus in particular, we used a genetic approach to block the endogenous N/OFQ-NOP system in the hippocampus only and in a chronic manner. We thus worked with transgenic mice for which the NOP receptor gene was fused with the YFP gene and interspersed between two loxP sequences (named NOP/flox mice). We used three different viruses: one to induce the deletion, the AAV5-hSyn-eGFP-Cre, one as a negative control for the effect of the former virus, the AAV5-hSyn-eGFP, and one to label the principal cells in order to study their morphology, the AAV5-CaMKIIa-mCherry. Mice were injected intra-HPC with either a mix of AAV5-hSyn-eGFP-Cre and diluted AAV5-CaMKIIa-mCherry (Group named "Cre") or a mix of AAV5-hSyn-eGFP and diluted AAV5-CaMKIIa-mCherry (Group named "GFP").

Figure 58 -

 58 Figure 58 -Representative images at x5 magnification of fluorescent protein expression obtained with the injection of the viruses. The upper picture shows the signal corresponding to the injection of the AAV5-hSyn-eGFP-Cre, the middle one shows the signal obtained with the injection of the AAV5-hSyn-eGFP and the lower picture shows the one observed with the injection of the AAV5-CaMKIIa-mCherry.

Figure 59 -

 59 Figure 59 -Schematic drawing of the experimental procedure used in this study. Mice are injected with a virus allowing the expression of either an eGFP-Cre or an eGFP protein and a virus allowing the expression of mCherry in principal cells. They are then placed under vehicle or corticosterone (5mg/kg/day) and tested for memory after five weeks of treatment. Cells expressing mCherry are then analyzed.

Figure 60 -

 60 Figure 60 -Representative images for the validation of the receptor knock-out. A Representative images at x40 magnification of the NOP mRNAs in red in a non-injected (sham) hippocampus (left image) and a hippocampus injected with the AAV5-hSyn-eGFP-Cre virus (right image) where the Cre-expressing cells are green. B Representative image at x5 magnification of NOP-YFP in yellow in a hippocampus injected with the AAV5-hSyn-mCherry-Cre virus with the Cre-expressing cells in red.

Figure 61 -

 61 Figure 61 -Effect of treatment and viruses on locomotion and anxiety of mice. A The GFP mice traveled a smaller distance than the Cre mice (n=12-19 mice/group; *p<0.05, Two-way ANOVA). B Neither the treatments nor the viruses had an impact on the percentage of time spent in the center of the open field (n=12-19 mice/group; Two-way ANOVA). Data are expressed as mean ±SD.

Figure 62 -

 62 Figure 62 -Involvement of the endogenous hippocampal N/OFQ-NOP system in object recognition and location memory performances. AThe local knock-out has no effect on the percentage of preference of vehicletreated mice but restores a significant preference for the novel object in corticosterone-treated mice (n=9-11 mice/group; #p<0.05, ##p<0.01, One-sample t-test). B Apart from the CORT_GFP group, every group spent more time exploring the novel object during the test (n=9-11 mice/group; **p<0.01, ***p<0.001, Two-way ANOVA followed by Sidak multiple comparisons test). C The difference of preference for the novel object between the acquisition and the test do not differ significantly between groups (n=9-11 mice/group; Two-way ANOVA). D Only mice from the Veh_GFP and the CORT_Cre groups show a significant preference for the displaced object during the OL test (n=5-12 mice/group; ##p<0.01, One-sample t-test; **p<0.01, Two-way ANOVA followed by Sidak's multiple comparisons test). E Mice from the CORT-Cre group significantly explored more the displaced object compared to the undisplaced object during the test (n=5-12 mice/group; ***p<0.001, Two-way ANOVA followed by Sidak multiple comparisons test). F The difference of preference for the novel object between the acquisition and the test do not differ significantly between groups (n=5-12 mice/group; Two-way ANOVA).

Figure 63 -

 63 Figure 63 -Effects of treatment and NOP receptor local deletion in the exploratory behavior of mice during the OR and OL tests. A Corticosteronetreated mice explored less than vehicle-treated mice during the OR acquisition (n=9-11; *p<0.05, Two-way ANOVA). B Corticosterone-treated mice explored less than vehicle-treated mice during the OL acquisition (n=5-12; *p<0.05, Twoway ANOVA). Data are expressed as mean ±SD.

Figure 64 -

 64 Figure 64 -Role of the endogenous hippocampal N/OFQ-NOP system in the modulation of the density of granule cell dendritic spines.A Representative image at x60 magnification and zoom 6 of a segment of dendrite analyzed. B Neither the treatment nor the genetic blockade has a significant impact on the density of spines (n=20-29 segment/group; Twoway ANOVA followed by Sidak's multiple comparisons test). Data are expressed as mean ±SD.

Figure 65 -

 65 Figure 65 -Schematic drawing of the experimental protocol applied in this part of the study.

Figure 66 -

 66 Figure 66 -Involvement of endogenous N/OFQ-NOP system in the proliferation and survival of new neurons. The density of BrdU+ cells over time does not differ between WT and KO mice in the total dentate gyrus (n= 8 mice/group; REML). B The density of BrdU+ cells over time does not differ between WT and KO mice in the dorsal part of the dentate gyrus (n= 8 mice/group; REML). C The density of BrdU+ cells over time does not differ between WT and KO mice in the ventral part of the dentate gyrus (n= 8 mice/group; REML). D The density of DCX+ positive cells at day 28 does not differ between WT and KO mice in the total dentate gyrus (n= 8 mice/group; Unpaired t-test). E The density of DCX+ cells at day 28 does not differ between WR and KO mice in the dorsal part of the dentate gyrus (n= 8 mice/group; Unpaired t-test). F The density of DCX+ cells at day 28 does not differ between the WT and KO mice in the ventral part of the dentate gyrus (n= 8 mice/group; Unpaired t-test). Data are expressed as mean ±SD.

Figure 67 -

 67 Figure 67 -Effect of NOP receptor constitutive deletion on maturation of adult newborn neurons. A The distance of BrdU+ cells from the SGZ is shorter in KO mice (n=8 mice/group; **p<0.01, Mann-Whitney test). B The proportion of two-weeks old DCX+ cells with secondary dendrites is smaller in KO mice (n=8 mice/group ; **p<0.01, Unpaired t-test). C The percentage of two-weeks old cells expressing DCX is higher in KO mice (n=8 mice/group; *p<0.05, Unpaired t-test). D Representative image at x40 magnification of BrdU and DCX labeled cells in the GL of the dentate gyrus. Data are expressed as mean ±SD.

Figure 68 -

 68 Figure 68 -Effect of NOP receptor constitutive deletion on fate of adult newborn cells. A Representative image of BrdU and NeuN labelling at x40 magnification. B WT and KO had similar proportion of BrdU+ cells expressing NeuN (n=8 mice/group; Unpaired t-test). C WT and KO mice had BrdU+ cells equally distributed between DG regions (n=8 mice/group; Two-way ANOVA). Data are expressed as mean ±SD.

Fig. 1 .

 1 Fig. 1. Forced swimming test. Dose-response curve to BTRX-246040 (i.p., 60 min pretreatment). Data are the mean ± sem of 6 mice/group. *p < 0.05 vs vehicle, according to one-way followed by Bonferroni's post hoc test.
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Fig. 2 .

 2 Fig. 2. Learned helplessness test. Panel A: effect of BTRX-246040 30 mg/kg given i.p. 60 min before the test session on the number of escapes. Data are the mean ± sem of 6 (vehicle) or 7 (BTRX-246040) mice/group. Panel B: effect of BTRX-246040 30 mg/kg given i.p. 60 min before the induction sessions on the % of mice developing helpless behavior. 16 mice were treated with vehicle and 15 mice were treated with BTRX-246040. *p < 0.05 vs vehicle, Student's t-test (panel A) or Mann Whitney test (panel B).

Fig. 3 .

 3 Fig. 3. Escapable electric footshock task, locomotor activity and tail withdrawal assay. Panel A: effects of BTRX-246040, 30 mg/kg i.p. given 60 min before the test session (protocol 1) in the escapable electric footshock task. Data are the mean ± sem of 8 mice/group. Panel B: effects of BTRX-246040, 30 mg/kg i.p. given 60 min before the two induction sessions (protocol 2) in the escapable electric footshock task. Data are the mean ± sem of 8 mice/group. Panel C: effects of BTRX-246040, 30 mg/kg i.p. given 60 min before the test in the tail withdrawal assay. Data are the mean ± sem of 8 mice/group. Panel D: effects of BTRX-246040, 30 mg/kg i.p. given 60 min before the test in the locomotor activity assay. Data are the mean ± sem of 8 mice/group.

Fig. 4 .Fig. 5 .

 45 Fig. 4. Effect of stress exposure and BTRX-246040 on stem cell proliferation. Panel A: representative image of Ki67+ cells (indicated by white arrows) in the dentate gyrus after immunolabelling and Fast Red counterstaining. GCL, granular cell layer. Panel B: effect of stress exposure and BTRX on Ki67+ cell density. Panel C: Ki67+ cell density in LH vs no LH animals. All results are presented as mean ± sem of 5-11 mice/group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6 .

 6 Fig. 6. Effect of stress exposure and BTRX-246040 on the density of immature neurons. Panel A: representative image of DCX + cells (in yellow) in the dentate gyrus after immunolabelling and Hoechst staining (in blue) in naive mice. Panel B: representative image of DCX + cells in vehicle mice exposed to stress procedure. Panel C: representative image of DCX + cells in BTRX-246040 treated mice exposed to stress procedure. Panel D: effect of stress exposure and BTRX-246040 on DCX + cell density in the whole dentate gyrus. Panel E: effect of stress exposure and BTRX-246040 on DCX + cell density in the dorsal dentate gyrus. Panel F: effect of stress exposure and BTRX-246040 on DCX + cell density in the ventral dentate gyrus. Panel G: effect of BTRX-246040 in naive mice on DCX + cell density in the whole dentate gyrus. All results are presented as mean ± sem of 5-15 mice/group. *, p < 0.05, **, p < 0.01 vs naïve, according to Tukey's post hoc test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7 .

 7 Fig. 7. Relationship between immature neuron density and the acquisition of helpless behavior. Panel A: DCX + cell density in LH vs no LH animals in the whole DG. Panel B: DCX + cell density in LH vs no LH animals in the ventral DG. Panel C: DCX + cell density in LH vs no LH animals in the dorsal DG. All results are presented as mean ± sem. **, p < 0.01 vs no LH according to Tukey's post hoc test. Panel D: linear regression analysis of the correlation between DCX + cell density in the total DG and the number of escape failures in vehicle and BTRX-246040 treated mice. Panel E: linear regression analysis of the correlation between DCX + cell density in the ventral DG and the number of escape failures in vehicle and BTRX-246040 treated mice. Panel F: linear regression analysis of the correlation between DCX + cell density in the dorsal DG and the number of escape failures in vehicle and BTRX-246040 treated mice.
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  a. Involvement of the endogenous N/OFQ-NOP system on adult neurogenesis impairments in a short-duration chronic stress model We first took advantage of the short-duration model of stress to explore a potential protective effect of the chronic blockade of the NOP receptor on the deleterious impact of chronic stress on adult neurogenesis. To that aim, we injected a retrovirus allowing the expression of the post-synaptic protein PSD-95 coupled with GFP protein specifically in the dividing cells, thus progenitors. Two weeks later, we started the corticosterone treatment with a daily subcutaneous injection of corticosterone (20mg/kg/day) for 14 days. These daily injections were coupled with an i.p. injection of either a vehicle solution (10% DMSO) or a SB-612,111 solution (10mg/kg/day). At the term of the treatment (4 weeks after the retrovirus injection) we sacrificed the mice (Fig 69). We then analyzed different parameters of neurogenesis focusing in the dorsal part of the hippocampus.

Figure 69 -

 69 Figure 69 -Schematic drawing of the procedure for neurogenesis analysis. A retrovirus allowing the expression of a PSD-95 coupled with GFP protein is injected in the DG. 14 days later mice receive daily CORT or Veh subcutaneous injections (20mg/kg/day) coupled with an i.p. injection of SB-612,111 (10mg/kg/day) or Veh for another 14 days. Mice are then sacrificed and their brain is collected.

Figure 70 -

 70 Figure 70 -Effect of CORT treatment and NOP receptor blockade on proliferation and survival of new-born neurons.A The number of GFP-labeled cells do not differ between groups (n=4 mice/group; Kruskal-Wallis test). B The number of DCX-expressing cells do not differ between groups (n=4 mice/group; One-way ANOVA). C The proportion of GFP-labeled cells expressing DCX do not differ between groups (n=4 mice/group; Kruskal-Wallis). Data are expressed as mean ±SD.

Figure 71 -

 71 Figure 71 -Effect of chronic CORT treatment and N/OFQ-NOP blockade on the morphology of adult-born neurons. A Neither CORT treatment nor N/OFQ-NOP blockade had an influence on the total dendritic length (n=12-20 neurons/group; One-way ANOVA). B Graphic representation of Sholl analysis. Data are expressed as mean ±SD.

  that is more affected by stress and protected by the antagonist (Fig 72D, E; Two-Way ANOVA, F (Interaction) = 2.641, p= 0.0375, F (Type) = 86.99, p <0.0001, F (Treatment) = 3.027, p= 0.0566 followed by Sidak's multiple comparison test, for mushroom spines, p (Veh_Veh vs CORT_Veh) = 0.0066, p (Veh_Veh vs CORT_SB) = 0.999, p (CORT_Veh vs CORT_SB) = 0.0303). Consequently, it seems that the deficit in spine density observed in the mML is mainly due to a deleterious effect of stress on mushroom spines that is prevented by the blockade of the N/OFQ-NOP system.

Figure 72 -

 72 Figure 72 -Involvement of the endogenous N/OFQ-NOP system in the alteration of spine structural plasticity due to chronic stress. A The chronic corticosterone treatment decreases the spine density in the oML independently of the N/OFQ-NOP system blockade (n=18-23 segment/group; *p<0.05, **p<0.01, One-way ANOVA followed by Tukey's multiple comparison test). B The chronic corticosterone treatment decreases the density of the spine in the mML and the blockade of the N/OFQ-NOP system prevents this effect in corticosterone-treated mice (n=20-21 segment/group; **p<0.01, ***p<0.001, One-way ANOVA followed by Tukey's multiple comparison test). C Representative images of analyzed dendrite segments for each group. D The global effect obtained in the mML is found in the mushroom type of spines specifically in the mML (n=20-21 segment/group; *p<0.05, **p<0.01, Two-way ANOVA followed by Sidak's multiple comparison test). E Image showing the different types of spines analyzed, the pink arrow shows a thin spine, the blue arrow shows a mushroom spine, and the green arrow shows a stubby spine.

Figure 73 -

 73 Figure 73 -Schematic drawing of the procedure used for the analysis of adult neurogenesis.

Figure 74 -

 74 Figure 74 -Impact of corticosterone treatment and N/OFQ-NOP chronic blockade on the density of immature cells. A Representative images of DCX immunolabelling at x10 magnification. B The density of DCX+ cells is lower in CORT mice (n=5 mice/group; **p<0.01, Unpaired t-test). C The density of DCX+ cell do not differ between the CORT_Veh and the CORT_SB groups (n=4-5 mice/group; Unpaired t-test). Data are expressed as mean ±SD.

  corticosterone treatment (Fig 75A, C; Mann-Whitney test, p=0.0042). The Sholl analysis revealed a decreased number of intersections following the corticosterone treatment as reflected by a smaller area under the curve (AUC; Fig 75D, E; Mann-Whitney test, p=0.0185). However, in the second experiment, there were no differences in the total dendritic length between the CORT_Veh and the CORT_SB group (Fig 75F; Unpaired t-test, p=0.8083) and in the areas under curve (Fig 75G, H; Unpaired t-test, p=0.7257).

Figure 75 -

 75 Figure 75 -Impact of corticosterone treatment and N/OFQ-NOP chronic blockade on the morphology of four-week-old neurons. A Representative images of a Veh and a CORT neuron at x40 magnification from the first experiment. B Representative images of a CORT_Veh and a CORT_SB neuron at x40 magnification from the second experiment. C The total dendritic length is decreased in CORT mice compared with the Veh group (n=14-25 neurons/group; **p<0.01, Mann-Whitney test). D Graphical representation of the Sholl analysis for the first experiment. E The areas under curves from the Sholl analysis are decreased in the CORT group compared with the Veh group (n= 15-25 neurons/group; *p<0.05, Mann-Whitney test). F The total dendritic length is similar between the two groups (n=18-20 neurons/group; Unpaired t-test). G Graphical representation of the Sholl analysis for the second experiment. H The areas under curves from the Sholl analysis are similar between the two groups (n=18-20 neurons/group; Unpaired t-test). Data are expressed as mean ±SD.

Figure 76 -

 76 Figure 76 -Impact of corticosterone treatment and N/OFQ-NOP chronic blockade on the density of dendritic spines. A The density of spines is decreased in the CORT group compared to the Veh group (n=22-23 dendrites/group; ***p<0.001, Unpaired t-test). B Representative images of segments of dendrite analyzed with X63 magnification and zoom 6. C The density of spines is increased in the CORT_SB group compared to the CORT_Veh group (n=19-20 dendrites/group; ***p<0.001, Mann-Whitney test). D Representative images of segments of dendrite analyzed with X63 magnification and zoom 6. Data are expressed as mean ±SD. Finally, we analyzed the density of dendritic spines in the mML. The first experiment showed a detrimental effect of the corticosterone treatment on the density of spines which was decreased compared to the Vehicle group (Fig 76A, B; Unpaired t-test, p<0.0001). The second experiment showed an increase in the density of spines in corticosterone-treated mice following chronic SB-612,111 injections (Fig 76C, D; Mann-Whitney test, p=0.0001).

Figure 78 -

 78 Figure 78 -Schematic drawing of the theory of the regulation of memory by the endogenous N/OFQ-NOPsystem in physiological and chronic stress conditions.

Figure 79 -

 79 Figure 79 -Schematic drawing of the hypothetical regulation of CA3 pyramidal cell activity by NOP receptor. PC: pyramidal cell, SST: somatostatin-expressing interneuron. PV: parvalbumin-expressing interneuron. ACh: acetylcholine.

  

  

  

  

  

  

  

  

IMPACT OF CORTICOSTERONE TREATMENT AND N/OFQ-NOP CHRONIC BLOCKADE ON THE DENSITY OF DENDRITIC SPINES
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77 -SCHEMATIC DRAWING OF THE THEORY OF ADAPTIVE REGULATION OF MEMORY BY THE ENDOGENOUS N/OFQ-NOP SYSTEM IN PHYSIOLOGICAL CONDITIONS
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Figure 15 -Expression pattern of the NOP receptor protein and mRNA in the limbic system. ABL

  

	Concerning nociception, NOP receptors are expressed in numerous pain-related brain
	regions including the periaqueductal gray, thalamic nuclei, somatosensory cortex,

, basolateral amygdaloid nucleus; AD, anterodorsal thalamus; ACE, central amygdaloid nucleus; ACO, cortical amygdaloid nucleus; AME, medial amygdaloid nucleus; ARC, arcuate nucleus; BST, bed nucleus, stria terminalis; C, cingulum; DG, dentate gyrus; HL, lateral habenula; HM, medial habenula; HPC, hippocampus; IP, interpeduncular nucleus; LHA, lateral hypothalamic area; LS, lateral septum; MM, medial mammillary nucleus; MS, medial septum; NDB, the nucleus of the diagonal band of Broca; PVN, paraventricular hypothalamus; SON, supraoptic nucleus; VMH, ventromedial hypothalamus. Note that in the central amygdaloid nucleus, only NOP immunolabelling is observed, and in the anterodorsal thalamus only NOP binding is detected. From

[START_REF] Mollereau | Tissue distribution of the opioid receptor-like (ORL1) receptor[END_REF] 

Table

  

Table

  

Table 6 -Primer used for genotyping
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	GFP-R2	CGGTGGTGCAGATGAACTTCAGGGTCAGCT
	OPRL1-F5	GAGATGCAGGTTTCTGATCGTGTGCGCAGC
	OPRL1-R9	TAGAGAGCAGTTGACCTGTGTGAGCTCCGTG

Table 7 -Pharmacological details of the NOP receptor antagonists used in this thesis.
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	Antagonist	Affinity (pKd)	Selectivity receptors vs opioid	Potency (pA2) References
	SB-612,111	9.18	>1500	8.5	Bigoni et al., 2000; Spagnolo et al., 2007
	C-24	9.62	794	8.44	Fischetti et al., 2009
	BTRX-246040	9.98	> 3000	9.77	Ferrari et al., 2020

Table 8 -Viral vectors and inserts used.
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Part 2 -The N/OFQ-NOP system

Results

We then examined the impact of the activity of the endogenous N/OFQ-NOP system on the hippocampus functioning under chronic stress conditions.

b. Modulation of the hippocampus cell activity by the endogenous N/OFQ-NOP system under chronic stress conditions

The objective of this experiment was to investigate the potential modulatory effect of the endogenous N/OFQ-NOP system on hippocampus activity under our behavioral experimental conditions. We thus applied the usual protocol for testing memory in our model of long-duration chronic stress but instead of testing mice behavior, we looked at their neuronal activity in the hippocampus during the acquisition phase. We thus treated mice with vehicle or corticosterone (5 mg/kg/day) for five weeks and started the common protocol for object recognition and location memory test and sacrificed the mice 90 minutes after the acquisition phase. The N/OFQ-NOP system was pharmacologically blocked with an i.p. injection of SB-612,111 (10 mg/kg) 15 minutes before the acquisition phase. The activity of neurons of the hippocampus was assessed via immunolabeling of the immediate early gene cfos (Figure 56). 
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Discussion

Microdialysis technique has not been successfully set-up yet and other techniques are lacking. The development of dLight receptors is a new technique that could allow this kind of experiment in the future [START_REF] Patriarchi | Ultrafast neuronal imaging of dopamine dynamics with designed genetically encoded sensors[END_REF].

In the case N/OFQ release is triggered by relevant events, our results could be explained in the following way: the N/OFQ-NOP system, which is in dormancy, is activated by the light stress engendered by behavioral testing which represents a significant event with relevant information and consequently acts as a modulator which promotes a shift toward the enhancement of long-term episodic-like memory (Figure 77). In a more general view, we can propose that the N/OFQ-NOP system responds to relevant events and thus participates in the modulation of cognitive functions in order to operate a shift toward the most adaptive cognitive strategy for the situation. This hypothesis is in line with the fact that acute stress is beneficial for memory formation which is adaptive since an event that causes a perturbation in the organism must be of enough importance to be remembered. However, we know that when stress is chronic, it becomes detrimental to cognitive processes and thus adaptation. We can thus wonder what role plays the N/OFQ-NOP system in this situation.

We demonstrated in this work that the activity of the N/OFQ-NOP system is an actor of the deleterious impact of stress on long-term recognition and location memory. This of NOP antagonists on different cell populations in the physiological and chronic stressed brain would help understanding the differences in the effect of the endogenous N/OFQ-NOP system at the micro-circuit level. Finally, some changes in the memory circuits under chronic stress could be due to the sustained modulation by the N/OFQ-NOP system itself.

This hypothesis is in accordance with our results obtained with the local KO of the NOP receptor showing that the KO in principal cells of the DG and CA3 region of the hippocampus could prevent the deleterious impact of chronic stress on memory.

However, we do not know with this approach whether this KO only reproduced the effects observed with the acute blockade with NOP antagonists or if it blocked the effects of the repeated stimulation of the N/OFQ-NOP system.

In any case, the outcome is that the N/OFQ-NOP system in the situation of chronic stress is deleterious for long-term episodic-like memory. If we consider all the results we obtained on the effect of the endogenous N/OFQ-NOP system on memory, we can propose that the N/OFQ-NOP system is triggered by mild acute stress/ novelty during behavioral experiments and promotes long-term episodic-like memory formation but when it is recruited in the context of chronic stress its modulation of memory results in its impairment. In a larger manner, we can suppose that under mild acute stress/novelty the recruitment of the N/OFQ-NOP system participates to modulate cognitive processes in order to promote the most adaptive cognitive strategy but its recruitment after chronic stress participates in the deleterious impact of stress on cognitive processes (Figure 78). However, in this work, we analyzed the involvement of the N/OFQ-NOP system in the deleterious impact of chronic stress only on longterm-episodic-like memory. This rises the following question: what is the involvement of the N/OFQ-NOP system in the effect of chronic stress on other types of memory and on other cognitive processes?

As seen in the introduction, the N/OFQ peptide tends to decrease animals' pursuit of drugs [START_REF] Kotlinska | Nociceptin inhibits acquisition of amphetamine-induced place preference and sensitization to stereotypy in rats[END_REF][START_REF] Kuzmin | Acquisition, expression, and reinstatement of ethanol-induced conditioned place preference in mice: Effects of opioid receptor-like 1 receptor agonists and naloxone[END_REF][START_REF] Sakoori | Central administration of nociceptin/orphanin FQ blocks the acquisition of conditioned place preference to morphine and cocaine, but not conditioned place aversion to naloxone in mice[END_REF]. The strength engaged to access the reward depends on the reward value and the motivation. The N/OFQ-NOP system could modulate the animals' motivation. In that case, the motivation of the animal to explore a new arena or object could be modulated and directly affect the capacity of the animal to acquire and retain information. This would consequently indirectly improve or alter (depending on the way motivation is modulated) memory performances in the behavioral tests.

The second example of a process that could modulate memory is anxiety. Indeed, the N/OFQ-NOP system has been shown to be able to modulate anxiety (Jenck et al.1997;Gavioli et al., 2017). Similarly to what was proposed with motivation, modulation of the animal anxiety state during the behavioral testing could induce behavioral changes that would change memory performance.

In this work, these possibilities were excluded as the antagonist never influenced the general behavior of mice (locomotion, anxiety, exploration etc) in our experimental conditions. This means that at least one other mechanism is involved but it does not mean that in a general manner this indirect effect does not exist.

The second possibility is the modulation by the N/OFQ-NOP system of other effectors that would act on the hippocampus to modulate memory.

What could be the mechanisms by which the N/OFQ-NOP system would modulate memory through the modulation of other effectors?

In the literature, there is evidence that the N/OFQ-NOP system regulates two neuromodulators: acetylcholine and dopamine.

Concerning acetylcholine, the endogenous N/OFQ-NOP system activation may lower the cholinergic efflux to the hippocampus as the injection of low doses of N/OFQ i.c.v.

in rats decreases the release of acetylcholine in the hippocampus [START_REF] Hiramatsu | Nociceptin/orphanin FQ reverses mecamylamine-induced learning and memory impairment as well as decrease in hippocampal acetylcholine release in the rat[END_REF]. Interestingly, modulation of cognitive function by acetylcholine is selective to hippocampus-dependent memory, and has differential effects on memory encoding