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RESUMÉ DE LA THÈSE

Les situations potentiellement dangereuses, telle que la rencontre avec un prédateur, ont conduit les mammifères à adopter un panel de réponses défensives, essentielles à la survie, qui ont été conservées au cours de l'évolution. Chez les humains, il existe diverses réactions de défense avec un haut niveau de complexité et de variabilité en fonction des individus et des situations. Au laboratoire, les études utilisant des modèles animaux se concentrent sur un panel réduit de ces réponses afin d'observer l'apprentissage de la peur et son expression. Quand la peur devient inadaptée, les individus peuvent développer divers troubles anxieux, connus pour être l'affection psychiatrique la plus répandue. Par conséquent, il est important pour les neurosciences modernes de mieux comprendre les circuits et mécanismes à l'origine de l'expression de la peur.

De nombreuses recherches ont permis d'identifier les acteurs clefs de ces processus de peur : l'amygdale (AMG), le cortex préfrontal médian (mPFC) et la matière grise périaqueducale (PAG). Classiquement, on considère que le stockage de la mémoire de la peur et son expression dépend des neurones excitateurs alors que les interneurones (IN) sont supposés être seulement impliqués dans la modulation de l'activité de décharge des neurones excitateurs au niveau des circuits locaux. Parmi ces cellules inhibitrices, une sous-catégorie de neurones inhibiteurs a retenu tout particulièrement notre attention étant donné qu'ils peuvent connecter des régions cérébrales distantes : il s'agit des neurones inhibiteurs de projection.

Au laboratoire, nous avons découvert une projection inhibitrice impliquant des neurones à la somatostatine (SST) du mPFC vers à la fois l'AMG et le PAG. Dans ce contexte, le présent travail a trois objectifs principaux. Premièrement, caractériser fonctionnellement à la fois les neurones SST locaux et de projection dans le mPFC ainsi que leurs terminaisons nerveuses.

Deuxièmement, décrire l'anatomie des voies de projections inhibitrices mPFC-AMG et mPFC-PAG. Dernièrement, identifier le rôle fonctionnel de ces neurones SST de projection dans les comportements de peur en manipulant leur activité. Pour remplir ces objectifs, nous avons utilisé une combinaison de traçages anatomiques, d'enregistrements in vitro, et d'approches optogénétiques chez des animaux soumis à des tâches associatives aversives.

Nos résultats suggèrent que ces projections SST inhibitrices contactent le PAG ventrolatéral, le PAG latéral, le PAG dorsolatéral caudal et l'AMG basolatérale. La manipulation sélective de la voie mPFC-PAG suggère que ces neurones sont actifs dans des conditions physiologiques de peur indicielle ou contextuelle et qu'ils exercent une action désinhibitrice envers les neurones excitateurs de sortie du PAG contrôlant l'expression du freezing. Parallèlement, la manipulation ciblée de la voie mPFC-AMG suggère que ces neurones sont également actifs dans des conditions physiologiques de peur indicielle et qu'ils inhibent les neurones excitateurs de la BLA, en charge des voies descendantes contrôlant l'expression du freezing.

Ces neurones SST inhibiteurs de projections semblent être stratégiquement situés dans deux aires essentielles au circuit de la peur et pourraient être particulièrement appropriés pour réguler la sélection de neurones actifs et la fenêtre temporelle des signaux de sortie générés.

Les résultats présentés ici suggèrent un rôle complémentaire de ces projections longues inhibitrices aux projections excitatrices déjà décrites provenant du mPFC, dirigées vers le PAG et l'AMG qui contrôlent l'expression de la peur. Ces nouvelles données apportent une compréhension fonctionnelle plus complète des mécanismes possibles sous-tendant les comportements de peur pathologique, associés aux divers désordres anxieux chez les humains. 

INTRODUCTION

Life threatening situations, such as the presence of a predator, have led animals to express a subset of defensive behaviours essential to survival which have been conserved throughout the evolution. While innate fear is essential against danger, natural selection has also promoted fear learning in animals' neural systems, allowing them not to encode all threats signals and be able to adapt strategically when encountering a novel predator or in any other fearful situation [START_REF] Fanselow | Acquisition of contextual Pavlovian fear conditioning is blocked by application of an NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric acid to the basolateral amygdala[END_REF]. In humans, anxiety, fear, and panic can be described and related to various defensive reactions with a high level of complexity and variability, according to the individuals and the situations (Fig. 1). Conversely, animal studies focus on a selective set of defensive behaviours in order to study fear learning and expression [START_REF] Panksepp | Affective consciousness: Core emotional feelings in animals and humans[END_REF].

These responses can be classified as species-specific defense reactions which imminence depends on the spatial and temporal distance to a potential predator [START_REF] Bolles | Species-specific defense reactions and avoidance learning[END_REF]Fanselow, 1989). Defensive behaviour responses can be classified according to four threat proximity categories: no direct threat (imminent anxiety), pre-encounter threat (anticipatory anxiety), post-encounter threat (encounter anxiety) and circa-strike defensive responses (cognitive fear, reactive fear, panic). Pre-encounter behaviours are characterized by strategies such as meal and nest reorganization: they rely on the prefrontal cortex (PFC) activation. Postencounter defensive responses such as freezing behaviour are displayed if the predator makes or is about to make contact. Freezing is notably driven by a network involving the medial prefrontal cortex (mPFC), the amygdala (AMG), and the periaqueductal grey matter (PAG). When close to contact with a predator, panic behaviours can be observed such as biting, jumping, fight and flight and are mediated by the dorsolateral PAG (dlPAG) (adapted from Mobbs et al., 2015).

Fear has been identified as one of the 6 main major human emotions in early work by Ekman and colleagues [START_REF] Ekman | Pan-cultural elements in facial display of emotion[END_REF]. However, defining fear is still at the center of a vigorous debate which questions the experimental investigation of this emotion, opposing two of the most influential contemporary scientists, Joseph LeDoux and Michael Fanselow.

According to LeDoux, fear is a conscious experience of one's harm. It is supported by cortical circuits, leading to the activation of subcortical circuits that control behavioural and physiological responses. In this definition, the threat detection and the experience of fear are not mediated by the same circuits as for the defensive responding, although they might be interacting together. The experience of fear itself is modulated by one's personal schema and past experiences, therefore while danger is universal, fear is not. In contrast, according to Fanselow, fear is a neural-behavioural system that evolved in animals and allowed them to adapt to different threats. Threats are signaled by different external cues, consequently activating overlapping circuits that trigger a common set of adapted behaviours. The perception of the threat determines both the magnitude of the response and the choice of the selected behavioural response (Fig. 1). Therefore, feelings have a biological meaning and are integrated into an effective system of defensive patterns adapted to an upcoming threat [START_REF] Mobbs | Viewpoints: approaches to defining and investigating fear[END_REF].

However, when fear becomes maladaptive, individuals can develop fear and anxiety disorders, which include post-traumatic stress disorder (PTSD), panic disorder and several types of phobias [START_REF] Graham | The study of fear extinction: implications for anxiety disorders[END_REF]. Anxiety disorders are the most common psychiatric condition and their prevalence in the population during a lifetime is 28,8 %, women being affected twice as much as men [START_REF] Kessler | Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the national comorbidity survey replication[END_REF]. PTSD represents the most frequent anxiety disorder and can develop following the exposure to a single or repeated event, characterized by a psychological or physical extreme violent component. This condition is also associated to strong economic consequences in terms of treatment costs and loss of productivity [START_REF] Fenster | Brain circuit dysfunction in post-traumatic stress disorder: from mouse to man[END_REF]. Typical patients exhibit symptoms including intrusive re-experience, avoidance, negative cognition, and mood. Although, these symptoms can be quite heterogenous according to the timing of the traumatizing event and the type of exposure, they are classically segregated in two classes. First, the main type of PTSD is associated to hyperarousal, active coping strategies and the hyperactivation of two specific brain structures involved in emotions regulation and defensive responses respectively: the AMG and the dlPAG [START_REF] Rauch | Exaggerated amygdala responses to masked facial stimuli in posttraumatic stress disorder: a functional MRI study[END_REF][START_REF] Harricharan | fMRI functional connectivity of the periaqueductal gray in PTSD and its dissociative subtype[END_REF] (Fig. 2). Conversely, reduction in the size and activity of the ventromedial portion of the PFC, another brain area regulating emotions, is also one of the most prominent features of this disorder [START_REF] Etkin | Functional neuroimaging of anxiety: a meta-analysis of motional processing in PTSD, social anxiety disorder, and specific phobia[END_REF][START_REF] Rauch | Selectively reduced regional cortical volumes in post-traumatic stress disorder[END_REF]. A second class of PTSD symptoms exists and is associated to dissociation (PTSD+DS), a phenomenon of detachment from physical or emotional experiences. PTSD+DS implies a lower AMG activation, an increased ventrolateral part of the PAG (vlPAG) connectivity, and hypoarousal that can cause inadequate passive coping strategies [START_REF] Harricharan | fMRI functional connectivity of the periaqueductal gray in PTSD and its dissociative subtype[END_REF][START_REF] Nicholson | Dynamic causal modeling in PTSD and its dissociative within fear and emotion regulation circuitry[END_REF]. Furthermore, PTSD+DS also implies an increased regulatory activity of the mPFC, leading to an overmodulation of downstream brain structures, associated to emotional detachment and passive coping strategies [START_REF] Nicholson | Dynamic causal modeling in PTSD and its dissociative within fear and emotion regulation circuitry[END_REF].

Despite an extensive literature, PTSD remains hard to treat with up to 50 % of patients being non-responsive to cognitive behavioural therapies, which might be explained by the differences within the populations affected, high drop-out rates and a wide variety of comorbidities associated [START_REF] Schottenbauer | Nonresponse and dropout rates in outcome studies on PTSD: review and methodological considerations[END_REF]. Pharmacological solutions such as antidepressant drugs (serotonin re-uptake inhibitors) are challenged by numerous side effects and dysregulation of other neurochemical pathways [START_REF] Zhang | Post-traumatic stress disorder : an evaluation of existing pharmacotherapies and new strategies[END_REF]. It is largely accepted that the development and the maintenance of symptoms in PSTD involves associative Recent work identified several brain regions that have been implicated in either human imaging studies of PTSD (mid-sagittal sections) or in rodent models of related behaviors (horizontal section). Each quadrant illustrates brain regions that have been linked to human symptoms of PTSD in the labelled cluster: intrusions, avoidance, altered cognition and mood, altered arousal and reactivity. Conversely, specific behaviors are studied in rodents corresponding to defined symptoms clusters: fear extinction (intrusions), active and passive avoidance (avoidance), spatial memory, emotional valence and anhedonia (altered cognition and mood), aggression and arousal (altered reactivity and arousal) (abbreviations: BLA : basolateral amygdala, BNST : bed nucleus of the stria terminalis, CeA : central amygdala, CPu : caudate and putamen, dACC : dorsal anterior cingulate cortex, DG : dentate gyrus, IL : infralimbic cortex, LA : lateral amygdala, MeA : medial amygdala, NAcc : nucleus accumbens, OFC : orbital frontal cortex, PL : prelimbic cortex, rACC : rostral cingulate cortex, vmPFC : ventromedial prefrontal cortex, VTA : ventral tegmental area, adapted from [START_REF] Fenster | Brain circuit dysfunction in post-traumatic stress disorder: from mouse to man[END_REF].

processes causing stimuli to be associated with the traumatic event, consequently eliciting fear responses. Although numerous studies focused on brain structures involved in fear behaviour, mechanisms mediating the regulation of fear expression remain to be further investigated.

In the laboratory, one of the most used models to study learned fear expression is the Pavlovian conditioning paradigm. In the auditory fear conditioning, the animal learns to associate a sound (the conditioned stimulus or CS + ) with a coincident noxious stimulus (the unconditioned stimulus or US, -usually a mild electric footshock) while a second sound (the CS -) is not associated with any outcome and serves as a control tone. On the contrary, if no specific cues are presented during the conditioning session, the animal learns to associate the context to the footshocks through a process called contextual fear conditioning. Following fear conditioning, the presentation of the CS + alone or the context alone can elicit some typical fear reactions in mice, also named conditioned responses [START_REF] Davis | The role of the amygdala in fear and anxiety[END_REF]. One of these conditioned responses is called freezing (FZ) and refers to an immobility reaction widely used as a behavioural variable to quantify fear memory [START_REF] Blanchard | Defensive reactions in the albino rat[END_REF]. This type of behaviour, and therefore the related associative learning memory, can be long-lasting [START_REF] Gale | Role of the basolateral amygdala in the storage of fear memory across the adult lifetime of rats[END_REF]. However, repeated presentations of the CS + alone will appear as less and less predictive of the US. A new association emerges in which the CS is not predictive of the US, competing with the fear memory without erasing it: this process is called fear extinction [START_REF] Myers | Mechanisms of fear extinction[END_REF]. This new learning is particularly relevant, despite being context-dependent, because at the core of diverse therapies treating patients with anxiety disorders [START_REF] Dejean | Neuronal circuits for fear expression and recovery: recent advances and potential therapeutic strategies[END_REF]. Extinction is not comparable to forgetting as it is not permanent and is cue specific.

Indeed, CS + -evoked fear can reappear spontaneously over time (spontaneous recovery) [START_REF] Quirk | Memory for extinction of conditioned fear is long-lasting and persists following spontaneous recovery[END_REF], or if the animal is put in a different context than the one where the fear extinction was acquired (renewal) [START_REF] Bouton | Contextual control of the extinction of conditioned fear: tests for the associative value of the context[END_REF] and also if the US is presented again to animals (reinstatement) [START_REF] Bouton | Role of conditioned contextual stimuli in reinstatement of extinguished fear[END_REF]. After identifying the different behavioural steps of fear acquisition, expression and extinction, the main challenge in neuroscience nowadays is to correlate them with specifically activated neural circuits.

As reviewed in the literature, decades of research have identified the circuits controlling fear acquisition, expression and extinction that appear to be extremely similar in humans and rodents [START_REF] Maren | Neuronal signalling of fear memory[END_REF][START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF][START_REF] Herry | Encoding of fear learning and memory in distributed neuronal circuits[END_REF][START_REF] Dejean | Neuronal circuits for fear expression and recovery: recent advances and potential therapeutic strategies[END_REF][START_REF] Tovote | Neuronal circuits for fear and anxiety[END_REF][START_REF] Fenster | Brain circuit dysfunction in post-traumatic stress disorder: from mouse to man[END_REF]. The AMG, the PFC and the PAG are among the areas identified as the main contributors to these processes. In the past decades, lesional studies and inactivation studies have confirmed the critical roles of the structures mentioned earlier in acquisition, expression, and extinction of fear. Since several years, the development of challenging tools such as chemogenetics, optogenetics coupled or not to in vivo single unit recordings as well as photometry technics allowed the investigation, at the cellular level but also at the population level, of the contribution of specific neuronal pathways in the encoding of fear behaviour. Classically, it is considered that fear memory storage and expression are the purview of excitatory neurons that represent 70-80 % of neocortical neurons.

Conversely, interneurons (IN) are supposed to be involved in the modulation of excitatory neurons firing activity in local circuits [START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF]. However, an increasing number of studies suggests that IN make critical contributions to fear learning, memory and expression [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF][START_REF] Xia | Parvalbumin-positive interneurons mediate neocortical-hippocampal interactions that are necessary for memory consolidation[END_REF][START_REF] Lucas | GABAergic interneurons: the orchestra or the conductor in fear learning and memory?[END_REF].

The role of inhibition in cortical circuits is essential, from curbing excitation to inhibiting other inhibitory cells and then releasing a circuit from inhibition. Timing of excitation and inhibition sequences are relevant for cortical processing and sensory stimulus encoding, thus shaping the activity pattern of specific neuronal populations. Disinhibitory mecanisms are particularly associated to fear learning and expression in the mPFC, the AMG or the PAG, thus most often enhancing projection neuron responses to sensory stimuli [START_REF] Letzkus | Disinhibition, a circuit mechanism for associative learning and memory[END_REF][START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. Among the Gamma-Aminobutyric Acid glutamate receptor 1αimmunopositive cells (GABA) cells, a specific subclass requires particular attention as they are different from their short-range counterparts: the long-range inhibitory neurons [START_REF] Tremblay | GABAergic interneurons in the neocortex: from cellular properties to circuits[END_REF]. They represent 0.5 to 10 % of all GABAergic cells in the neocortex, possess the same functional characteristics but have the ability to connect distant brain areas. Long-range inhibitory neurons can be key players for various networks, competing directly with the ongoing activity of excitatory projections between separate brain areas [START_REF] Tamamaki | Long-range GABAergic connections distributed throughout the neocortex and their possible function[END_REF][START_REF] Caputi | The long and the short of GABAergic neurons[END_REF].

In the fear circuit, the literature focused mainly on the projections, the activity, and the behavioural consequences of excitatory neurons activity. However, during the last decade, various studies reported that long-range inhibitory neurons also play a predominant role in mediating fear responses [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF][START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF][START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF][START_REF] Chou | Inhibitory gain modulation of defense behaviors by zona incerta[END_REF]. It has been shown that CeL SST inhibitory long-range projection neurons target vlPAG local IN that in turn regulate the activity of glutamatergic vlPAG output cells. These output cells are activating downstream motor pathways triggering freezing behaviour. This CeLdependent disinhibition is a powerful mechanism that favors freezing behaviour rather than flight [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF][START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF][START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. On another hand, the zona incerta (ZI) inhibitory long-range projection neurons target glutamatergic cells in the PAG, thus downregulating both passive and active defensive responses such as flight and freezing.

However, in this study, the location of these specific glutamatergic cells in the PAG is not specified. This ZI-dependent inhibition is supposed to reduce defensive behaviours, probably when the environment becomes safer [START_REF] Chou | Inhibitory gain modulation of defense behaviors by zona incerta[END_REF]. Therefore, long-range inhibitory neurons directed towards brain's final output structures like the PAG can exert a fast and powerful control on the adopted defensive responses. The microcircuits involved in different types of inhibition may have a particular relevance to the behavioural outputs demonstrated.

This finely tuned firing activity is all the more important during threatful situations in which individuals are required to exhibit the best defensive responses during very short time periods separating life or death situations (Fig. 1).

In the laboratory, using anatomical tracing, we discovered a specific somatostatinpositive (SST) long-range inhibitory projection connecting the mPFC to both the AMG and the PAG. As this projection was never described previously in the literature, we wanted to functionally characterize these cells, study the morphology of their axon terminals and finally expose the potential behavioural consequences of their activity manipulation during fear behaviour. First, I will describe in the subsequent sections the anatomy, projections, and functions in the fear circuit for the following brain structures: mPFC, the AMG and the PAG.

Indeed, it appears essential to describe their roles beforehand to better understand the impact of such long-range inhibitory neurons in the control of the consequent defensive responses.

I. Amygdala in conditioned fear behaviour

The AMG is an almond-shaped brain region located in the temporal lobe. It was first identified in the 19 th century by Karl Friedrich Burdach (1819-1822) who named it due to its characteristic shape. An early lesion study reported alterations in emotional reactivity after completing bilateral lesions of the temporal lobes in monkeys (Brown and Schäfer, 1888).

Thereafter, the first evidence for the involvement of the AMG in managing the emotions was given by Klüver and Bucy in the 1930s who performed a bilateral ablation of the AMG in primates. Subsequent work in monkeys described that lesions of the AMG decreased fear conditioning related responses [START_REF] Weiskrantz | Behavioral changes associated with ablation of the amygdaloid complex in monkeys[END_REF], while in rats it suppressed defensive behaviours elicited to both conditioned and innate fear [START_REF] Blanchard | Innate and Conditioned reactions the threat in rats with amygdaloid lesions[END_REF].

In parallel, bilateral AMG damage observed in Urban-Wiethe patients prevented them from conditioned fear acquisition and expression [START_REF] Bechara | Double dissociation of conditioning and declarative knowledge to the amygdala and hippocampus in humans[END_REF]. Moreover, it is known that electrical stimulation of the AMG triggers a complex pattern of behavioural and autonomic responses that can be referred to fear states such as: heart rate and blood pressure alterations, respiration alteration, freezing… [START_REF] Davis | The role of the amygdala in fear and anxiety[END_REF].

The AMG is then classically considered as a hub of emotional processing but is also involved in other functions such as: memory, attention, reward, positive and negative valence encoding, sexual dimorphism, sex-related activities [START_REF] Londero | Functional activities of the amygdala: an overview[END_REF][START_REF] Janak | From circuits to behavior in the amygdala[END_REF]. In this thesis we will specifically focus on the AMG well-known function in fear [START_REF] Ledoux | The lateral amygdaloid nucleus : sensory interface of the amygdala in fear conditioning[END_REF]. We invite the reader to the following review for a more global understanding of amygdala function [START_REF] Janak | From circuits to behavior in the amygdala[END_REF].

A. Anatomy of the amygdala a. Neuronal elements

In rodents, this almond-shaped structure is composed of several interconnected nuclei located in the medial temporal lobe (Fig. 3). It is classically divided in three main sections: the basolateral group, the cortical-like group and the centromedial group. The basolateral group of nuclei is composed of three main nuclei that have been extensively studied: the lateral amygdala (LA), the basal nucleus (BA), and the accessory basal nucleus (AB). Moreover, together the LA and the BA form the basolateral amygdala (BLA). The LA is located in the dorsal portion of the AMG, above the BA, and is bordered laterally by the external capsule. Concerning the AB, it is located ventrally to the BA and is also adjacent to the amygdalohippocampal area.

Regarding another AMG section, the cortical-like group, its composition is comparable to the cortex one as it is formed by a majority of excitatory glutamatergic neurons and a minority of inhibitory interneurons and exhibits a layered organization. This second group of nuclei is composed of the nucleus of the lateral olfactory tract, the bed nucleus of the accessory olfactory tract, the anterior and the posterior cortical nucleus and the periamygdaloid cortex. This structure is able to receive sensory information and make associations according to their emotional or behavioural valence [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF]. At last, the CeA is an AMG section located dorsomedially in the rostral part of the AMG and is surrounded by the BLA laterally, the globus pallidus dorsally and medially by the stria terminalis (s.t.). The CeA is composed of several substructures: the capsular subdivision (CeC), lateral subdivision (CeL), the medial subdivision (CeM) and the amygdaloid part of the BNST. The CeA is characterized by its predominantly GABA receptor neuronal composition and its important output projections, similarly to the striatum (McDonalds, 2003).

Secondary to the AMG composition, a separate set of nuclei should be considered: the anterior amygdala area, the amygdalo-hippocampal area, and the intercalated cells (ITCs). ITCs is a group of GABAergic cells organized in clusters within the fiber bundles between the BLA, the CeA, providing inhibition to both of these structures (Milhouse, 1986). ITCs are organized in discontinuous cell clusters rather than in a compact nucleus and subdivided in two parts: the lateral intermediate capsule (lITC) and the medial intermediate capsule (mITC).

Moreover, given that the AMG innervates both the BNST and the substantia inominata that have similar efferent connections and descending projections, these two regions are considered as the "extended amygdala" [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF]. The following figure provides extensive classification of the amygdala anatomical subsets. periamygdaloid cortex, Pir : piriform cortex, adapted from [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF].

Concerning the cellular composition of the BLA, 80 % of neurons belong to the pyramidal-like spiny glutamatergic type, while the rest of the cells is composed of sparsely spiny GABAergic neurons similar to chandelier cells (ChCs) and neurogliaform cells.

BLA glutamatergic neurons tend to be larger in the BA, with a soma diameter of ~15-20 μm, compared to the ones in LA closer to 10-15 μm. They are characterized by their multiple principal dendrites emanating from the soma, with no particular orientation.

They are predominantly regular spiking neurons exhibiting a variety of spike frequency adaptation even if some bursting principal cells can be observed. The second main group of cells in the BLA is comparable to nonspiny stellate cells of the cortex because: they have aspiny dendrites, no apical dendrite and their principal neurotransmitter is GABA. However, they form a heterogeneous population as they can be subdivided anatomically, or also according to their physiological profiles, or their specific firing activity. We invite the reader to the following reviews for a more global understanding of the different classes of BLA cells [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF][START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF].

Contrarily to the BLA, the CeA is predominantly composed of GABAergic neurons.

Indeed, the CeM contains neurons characterized by large somata, dendrites branching sparingly and exhibiting a low to a moderate density of dendritic spines. In contrast most of CeL GABAergic neurons exhibit smaller somata, multiple primary dendrites branching profusely with a high density of spines, similarly to the medium spiny neurons found in the striatum. In addition, the CeL contains in proportion less local-circuits cells such as the striatum.

GABAergic neurons composing the CeA exhibit a various range of neuropeptides in both CeL and CeM. Neurons expressing enkephalin (ENK), corticotropin releasing factor (CRF), dynorphin (Dyn), calbindin (CB) and more rarely SST are located in the CeL [START_REF] Marchat | Coexpression of prodynorphin and corticotrophinrealeasing hormone in the rat central amygdala: evidence of two distinct endogenus opioid systems in the lateral division[END_REF][START_REF] Poulin | Enkephalin co-expression with classic neurotransmitters in the amygdaloid complex of the rat[END_REF]. SST neurons are primarily distributed in the CeM (Bupresh et al., 2011). As for principal neurons from both CeL and CeM, they can be subdivided between themselves according to several physiological features: regular spiking, low-threshold bursting, and late-firing [START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF].

b. Internal connectivity of the amygdala

In terms of intranuclear connectivity, BLA cells contact densely other BLA neurons by a high number of en passant synapses [START_REF] Smith | Intra-amygdaloid projections of the lateral nucleus in the cat: PHA-L anterograde labeling combined with post-embedding GABA and glutamate immunocytochemistry[END_REF]. Moreover, principal cells contact targets with an apparent heterogeneity: interneurons locally and other principal cells only when distantly placed [START_REF] Samson | A spatially structured network of inhibitory and excitatory connections directs impulse traffic within the lateral amygdala[END_REF]. Each rostrocaudal level of the LA projects to the other divisions, however, the information flow between these divisions is unidirectional as the ventrolateral and the medial divisions do not project back to the dorsolateral division (Pitkänen et al., 1997). Thus, BLA projections are dorsoventrally directed, from LA to the basolateral nuclei (BL) and the BA [START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF]. Unlike the LA, the BA subdivision densely project towards the other ones, apart from the parvicellular division in which the lateral and medial portions remain unconnected (Pitkänen et al., 1997). LA, BL, and the BMA project to the CeL while the BA targets the CeM. Importantly, BLA glutamatergic fibers targeting the CeA also contact the ITCs : LA neurons send efferent fibers to the dorsal cluster of ITCs while BA cells project to the ventral clusters of these cells. Ultimately, BLA principal neurons influence CeA neurons either with direct glutamatergic projections or via the excitation provided to ITCs that in turn inhibit CeA neurons, a process called feed-forward inhibition [START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF].

Regarding the CeA circuitry, retrograde tracings studies revealed that CeC neurons project towards the CeM, the CeL contacts both the CeC and the CeM while the CeM only targets the CeC (Pitkänen et al., 1997;[START_REF] Jolkkonen | Intrisic connections of the rat amygdaloid complex: projections originating in the central nucleus[END_REF]. Interestingly, CeL neurons expressing oxytocin receptors (OR+), also expressing protein-kinase C-δ (PKC δ), mostly contact CeM cells projecting to the PAG, whereas CeL neurons non-expressing oxytocin receptors (OR-) neurons coexpressing SST connect CeM cells that project to the dorsal vagal complex (DVC) (Hausenback et al., 2010;[START_REF] Viviani | Oxytocin selectivity gated fear responses through outputs from the central amygdala[END_REF][START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF]. Regarding the lITC, it provides feed-forward inhibition to BLA neurons while mITC conveys feed-forward inhibition to the CeA or contacts neurons in the same ITCs cluster [START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF].

Therefore, ITCs are considered as a major regulatory site in the intra-AMG circuitry as they constitute the interface between the main input section (the BLA) and the output section (the CeA) [START_REF] Royer | An inhibitory interface gates impulse traffic between the input and output stations of the amygdala[END_REF].

c. Afferent connectivity to the amygdala

The AMG, especially the LA, receives numerous sensory inputs regarding context, sounds perceived or nociception [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF]. Pathways transferring sensory-related information to the AMG are either subcortical (pre-thalamic), via the dorsal thalamus (mostly the posterior thalamic nuclei) or via the cerebral cortex (mostly the associative areas).

LA remains the main recipient of sensory afferent connections, but thalamic and pre-thalamic inputs also target both the CeA and the BA. Indeed, CeA collects nociceptive information passing through the spinal cord, the trigeminal sensory nuclei and at last the pontine parabrachial nucleus before reaching the AMG [START_REF] Neugebauer | Amygdala pain mecanisms[END_REF]. CS-related signals emanate either directly from the dorsal thalamus or indirectly from the cerebral cortex, that receives itself dorsal thalamus inputs, and then are transferred to the BLA and the CeA [START_REF] Mcdonalds | Cortical pathways to the mammalian amygdala[END_REF][START_REF] Linke | Differential projection of the posterior paralaminar thalamic nuclei to the amygdaloid complex in the rat[END_REF]. Contextual cues are transmitted via the ventral part of the hippocampus (vHPC) axons contacting the BA specifically.

d. Efferent connectivity from the amygdala

The AMG sends numerous outputs to downstream pathways mediating behavioural, hormonal and autonomic fear responses [START_REF] Davis | The role of the amygdala in fear and anxiety[END_REF]LeDoux, 2000). Glutamatergic projections of the BLA contact the following areas: the hypothalamus (Hyp), the mPFC, the striatum, the hippocampus (HPC), the perirhinal area, and the BNST (Pitkäanen et al., 2000;[START_REF] Petrovich | Organization of projections from the basomedial nucleus of the amygdala: a PHAL study in the rat[END_REF]. The Hyp is an essential brain region that can influence the coordination of ingestive, reproductive and defensive behaviours whereas the BNST is connected to the vagal system. LA sends also glutamatergic axons towards the NAcc and the thalamus. Furthermore, BLA regulates the excitability of the entire anterior part of the brain through its projections to acetylcholinergic and noradrenergic cells groups [START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF].

CeA efferent projections exert an inhibitory control over the brainstem, including the PAG, the parabrachial nuclei (PB), the BNST, the solitary nucleus (Sol), the DVC, the nucleus of the solitary tract (NTS), the Hyp, the midbrain, the pons, and the medulla [START_REF] Pitkänen | The distribution of GABAergic cells, fibers, and terminals in the monkey amygdaloid complex: an immunohistochemical and in situ hybridization study[END_REF][START_REF] Saha | A GABAergic projection from the central nucleus of the amygdala to the nucleus of the solitary tract: a combined anterograde tracing and electron microscopic immunohistochemical study[END_REF]. These downstream projections regulate among others: potentiated startle, vocalizations, analgesia, release of stress hormones, changes in blood pressure, heart rate and vagal system functions [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF][START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF]. CeA projections also target vlPAG local inhibitory cells, thus forming a disinhibitory circuit [START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. All the efferent projections from AMG nuclei and more, play a determinant role in coordinating the different steps of autonomic and non-autonomic fear responses.

B. Functional role of the amygdala in fear behaviour

a. Role of the amygdala in the acquisition of conditioned fear behaviour

Numerous studies demonstrated the involvement of the AMG, more precisely the BLA, in the formation and storage of the CS-US associations related to Pavlovian fear conditioning (Fig. 4). The pharmacological infusion in the BLA of N-methyl-D-aspartate (NMDA) receptors antagonist D,L-2-amino-5-phosphonovaleric acid (APV) during the conditioning session reduced cued fear acquisition [START_REF] Fanselow | Acquisition of contextual Pavlovian fear conditioning is blocked by application of an NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric acid to the basolateral amygdala[END_REF], such as BLA lesions prior the session [START_REF] Maren | Retrograde abolition of conditioned fear after excitotoxic lesions in the basolateral amygdala of rats: absence of a temporal gradient[END_REF]. Moreover, BLA lesions also disrupted contextual fear acquisition [START_REF] Cousens | Both pre-and posttraining excitotoxic lesions of the basolateral amygdala abolish the expression of olfactory and contextual fear conditioning[END_REF]. Later it has been described that BLA neurons activity was modified during auditory fear conditioning as a result of the CS-US association learning [START_REF] Quirk | Fear conditioning short-latency auditory responses of lateral amygdala neurons: parallel recordings in the freely behaving rat[END_REF]. Experimentally, BLA neurons adapt their firing frequency by discriminating the CS + compared to the CS - (Pare and Collins, 2000;[START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF]. However, in order to better understand plasticity processes triggered by fear conditioning, it is essential to first describe how the sensory information is provided to the AMG.

During auditory fear conditioning, CS-related information transferred from the thalamus or the auditory cortex reaches the LA [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF]. Indeed, lesions of this structure impair fear to an auditory cue [START_REF] Goosens | Contextual and auditory fear conditioning are mediated by the lateral, basal, and central amygdaloid nuclei in rats[END_REF]. The ventral auditory cortex-LA pathway is particularly important to convey information about more complex stimuli [START_REF] Letzkus | A disinhibitory microcircuit for associative fear learning in the auditory cortex[END_REF].

In contrast, contextual information contained in the Cornu Ammonis 1 (CA1) and the subiculum, composing the vHPC, are transferred via axonal projections toward the B and AB nuclei in the case of contextual fear conditioning [START_REF] Canteras | Projections of the ventral subiculum to the amygdala, septum, and hypothalamus: a PHAL anterograde tract-tracing study in the rat[END_REF][START_REF] Kim | Encoding of contextual fear memory in hippocampal-amygdala circuit[END_REF]. It has been observed that lesions to these areas disrupt contextual fear learning [START_REF] Majidishad | Disruption of fear conditioning to contextual stimuli but not to a tone by lesions of the accessory basal nucleus of the amygdala[END_REF].

Concomitantly, nociceptive inputs are transmitted to the LA from either thalamic or cortical afferent connections, these stimuli can be processed by LA cells yet auditoryresponsive cells [START_REF] Romanski | Somatosensory and auditory convergence in the lateral nucleus of the amygdala[END_REF][START_REF] Shi | Pain pathways involved in fear conditioning measured with fear-potentiated startle: lesion studies[END_REF][START_REF] Rosenkrantz | Dopamine-mediated modulation of odour-evoked amygdala potentials during pavlovian conditioning[END_REF].

In parallel, the AB receives US-related signals from the posterior thalamus (PO) supposed to affect contextual representation transmitted from the hippocampus [START_REF] Canteras | Projections of the ventral subiculum to the amygdala, septum, and hypothalamus: a PHAL anterograde tract-tracing study in the rat[END_REF]. Nociceptive signals are also sent directly to the CeA through neuronal projections originating in the PB and the spinal cord [START_REF] Bernard | The spino(trigemino)pontoamygdaloid pathway: electrophysiological evidence for an involvement in pain processes[END_REF][START_REF] Burnstein | Retrograde labeling of neurons in the spinal cord that project to the amygdala or the orbital cortex in the rat[END_REF]. Pharmacological inactivations or lesions studies suggested that CeA could be involved in fear acquisition, although the circuits involved remain unclear [START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF].

Conversely, LA neuronal responses to US are negatively modulated by expectation as the shock-responsive cells significantly reduce their firing activity over the course of a conditioning session. Moreover, PAG pharmacological inactivation attenuates the shock-responsive LA neurons activity but also fear responses and unconditioned reflexes to US. Therefore, PAG signals to LA neurons predict US expectation and can inhibit US-evoked responses [START_REF] Johansen | Neural substrate for expectation-modulated fear learning in the amygdala and periaqueductal gray[END_REF].

Auditory fear conditioning also induces plasticity mechanisms as it potentiates CSevoked field potentials of LA neurons that receive already other sensory inputs including visual and somatosensory information [START_REF] Quirk | Fear conditioning short-latency auditory responses of lateral amygdala neurons: parallel recordings in the freely behaving rat[END_REF]. Indeed, when the CS and the US are paired, long-term potentiation (LTP) induction has been observed in pathways conveying CS-related information in the LA [START_REF] Rogan | Fear conditioning induces associative long-term potentiation in the amygdala[END_REF]. Discovered several decades ago, LTP represents specific neuronal plasticity changes triggered in synapses receiving strong concomitant inputs also referred as tetanus [START_REF] Bliss | Long-lasting potentiation of synaptic transmission in the dentate area of the anaesthetized rabbit following stimulation of the performant path[END_REF]. When the LTP is induced in vitro via the stimulation of auditory cortex projections, a Ca 2+ influx is observed in the post-synaptic LA cells, often triggering the activation of both the α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) and NMDA receptors. Moreover, these physiological changes are associated to an increase of neurotransmitters release and other long-lasting modifications such as neuronal spine enlargement [START_REF] Miserendino | Blocking of acquisition but not expression of conditioned fear-potentiated startle by NMDA antagonists in the amygdala[END_REF][START_REF] Huang | Postsynaptic induction and PKA-dependant expression of LTP in the lateral amygdala[END_REF][START_REF] Rodrigues | Intra-amygdala blockade of the NR2B subunit of the NMDA receptor disrupts the acquisition but not the expression of fear conditioning[END_REF][START_REF] Nicoll | A brief history of long-term potentiation[END_REF].

In parallel, learning-related plasticity affects GABAergic neural circuits that act as key regulatory actors over pyramidal neuron (PN) signaling, during the auditory conditioning.

Thus, US-activated vasoactive intestinal protein (VIP) positive cells in the BLA gate information flow to PN through SST and parvalbumin (PV) INs, supporting CS-related plasticity [START_REF] Krabbe | Adaptative disinhibitory gating by VIP interneurons permits associative learning[END_REF]. In contrast, CS-activated PV INs are mostly excited through inputs originating from both the auditory cortex and the auditory thalamus. Then, they inhibit PNs but also the dendrites-targeting SST INs. The consequent feed-forward inhibition through SST INs reduces learning and decreases auditory responses in BLA PNs [START_REF] Wolff | Amygdala interneuron subtypes control fear learning through disinhibition[END_REF].

Finally, the association between the CS occurrence and the defensive behavioural response is processed by the BLA PNs, which in turn project to both the CeL and the CeM [START_REF] Muramoto | Rat amygdaloid neuron response during auditory discrimination[END_REF][START_REF] Namburi | A circuit mechanism for differentiating positive and negative associations[END_REF]. Received CS-information evokes different responses in CeL INs, some acquiring an excitatory response (CeLON), some others being inhibited (CeLOFF). Interestingly, CeLOFF neurons are inhibited by the CeLON, they are also characterized by the expression of protein-kinase C-δ (PKC δ) [START_REF] Ciocchi | Encoding of conditioned fear in central amygdala inhibitory circuits[END_REF][START_REF] Haubensak | Genetic dissection of an amygdala microcircuit that gates conditioned fear[END_REF][START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF]. Both CeL INs populations project towards CeM, exerting a tonic inhibition that can be modulated by both CS + and CS -periods after fear conditioning.

The plasticity of this tonic activity could adjust the signal-to-noise ratio of these auditory cues by increasing the discrimination of CS + over the CS -, preventing fear generalization.

During fear conditioning, CeLOFF neurons are no longer inhibiting CeM GABAergic cells, thus promoting these CeM inhibitory outputs towards the PAG. The projections arising from the CeM are supposed to elicit a disinhibition in the PAG, indirectly activating PAG excitatory outputs and ultimately triggering defensive responses [START_REF] Ciocchi | Encoding of conditioned fear in central amygdala inhibitory circuits[END_REF][START_REF] Duvarci | Central amygdala activity during fear conditioning[END_REF][START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. Moreover, the CeM coordinates also fear associated autonomic changes or cortisol release via its projections to the lateral hypothalamus (lHyp) or the paraventricular nucleus of the Hyp respectively [START_REF] Alheid | Amygdala and extended amygdala[END_REF]. Parallelly during the conditioning session, glutamatergic inputs from the BLA and the paraventricular nucleus of the thalamus received by the SST INs in the CeA are potentiated. This phenomenon appears to be crucial as the suppression of this potentiation using chemical-genetics tools impairs fear memory. Once activated, SST INs project directly to the PAG, supposedly creating a disinhibitory circuit, thus enabling fear expression by the consequent activation of PAG excitatory outputs [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF]Penzo et al., 2015;[START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF].

Recently formed fear memories undergo a period of post-training consolidation during which the neural activity is potentiated. The subsequent cellular mechanisms determine the short-term or long-term retention of these memories [START_REF] Rodrigues | Molecular mechanisms underlying emotional learning and memory in the lateral amygdala[END_REF][START_REF] Johansen | Molecular mechanisms of fear learning and memory[END_REF]. Previous work using post-training AMG stimulation revealed the essential role of this structure in consolidation processes [START_REF] Jl | Modulation of memory by electrical stimulation of the brain[END_REF]. The LA is required for the formation and maintenance of short-term to long-term auditory fear memories.

The consolidation process implies LTP-like synaptic plasticity changes such as: glutamate release, both NMDA and AMPA receptors activation, activation of downstream kinases, activation of gene transcription factors, protein synthesis, and ultimately persistent structural plasticity. In addition, local GABAergic neurons strongly modulate the LTP processes and remain essential to the fear memory consolidation [START_REF] Rodrigues | Molecular mechanisms underlying emotional learning and memory in the lateral amygdala[END_REF][START_REF] Johansen | Molecular mechanisms of fear learning and memory[END_REF]. 

b. Role of the amygdala in the expression of conditioned fear behaviour

Inactivation of the BLA using muscimol, a GABAA receptor agonist, revealed that the activity of this AMG subset is necessary for fear expression [START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF]. Indeed, in vivo recordings helped to identify one population of neurons in the BA active during fear expression, named "fear cells". Their firing activity is locked on CS tones periods, during postfear conditioning sessions. Moreover, these "fear cells" project towards the PL and are supposed to affect the function and plasticity of targeted mPFC circuits [START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF]. In contrast, some cells in the BLA, possibly the same as cited above, contact ITCs and provide a feed-forward inhibition to CeM, thereby modulating fear responses [START_REF] Royer | An inhibitory interface gates impulse traffic between the input and output stations of the amygdala[END_REF].

Furthermore, inputs from the mPFC activate ITCs, reinforcing the inhibition previously described towards CeM [START_REF] Amir | Physiological identification and infralimbic responsiveness of rat intercalated amygdala neurons[END_REF]. One subpopulation of CeL neurons acts as an inhibitory control of CeM projections neurons, while other subpopulations bypass CeM by projecting directly to brainstem effector structures [START_REF] Sun | Evidence for a GABAergic interface between cortical afferents and brainstem projection neurons in the rat central extended amygdala[END_REF][START_REF] Cassell | The intrinsic organization of the central extended amygdala[END_REF].

Consequently, inhibiting CeM activity dampens fear responses while sustained CeM activity and outputs lead to strong fear behaviours expression [START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF] (Fig. 5).

Conversely to the role of "fear cells", another BA cell population was identified and named "extinction cells", as they were active throughout the extinction process and projected to the IL. The balance of activity between these two cell populations and their affiliated efferent pathways determines the expression of fear and the initiation of the extinction learning [START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF]. 

c. Role of the amygdala in conditioned fear extinction

Fear extinction is characterized by a progressive decrease of fear responses when cues or the context, previously associated to the US, are presented alone to the animal. This process is non-permanent and cue specific [START_REF] Myers | Mechanisms of fear extinction[END_REF][START_REF] Herry | Neuronal circuits of fear extinction[END_REF]. It is thought that extinction could inhibit fear circuits and then affect the outputs of CeM towards downstream structures controlling fear motor and autonomic responses (Fig. 6).

Previous studies have linked BLA activity to the acquisition of fear extinction [START_REF] Herry | resistance to extinction is associated with impaired immediate early gene induction in medial prefrontal cortex and amygdala[END_REF][START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF], yet these data only provided correlational approaches. One potential mechanism explaining how BLA activity could lead to extinction learning resides in BA "fear neurons" activity as they receive less HPC inputs during extinction training. Alternatively, another BA neuronal population named the "extinction neurons", may increase its firing activity while receiving strong inputs from extinction-activated mPFC areas [START_REF] Knight | Amygdala and hippocampal activity during acquisition and extinction of human fear conditioning[END_REF][START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF]. Indeed, during extinction learning, extracellular electrophysiological recordings revealed a strong activation of the IL in the mPFC and consequently increased levels of excitation in glutamatergic projections towards BLA [START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF]. Moreover, IL glutamatergic projections to ITCs are massive and also necessary for extinction processes [START_REF] Li | Impact of infralimbic inputs on intercalated amygdala neuron: a biophysical modeling study[END_REF]. Conversely, another study identified a BA neuronal population that specifically fires to extinguished CS and projects to both IL and CeA [START_REF] Senn | Long-range connectivity defines behavioral specificity of amygdala neurons[END_REF].

Another hypothesis related to fear extinction mechanisms that receive some support comes from the idea that ITCs may provide inhibition to CeM output neurons and thereby decrease freezing responses. For instance, Amano and his colleagues observed that during extinction, ITCs receive enhanced inputs from BLA, potentiating GABAergic projections from ITCs to CeM. Therefore, CeM projections neurons are inhibited, which decreases output signals sent to effector structures mediating fear responses [START_REF] Amano | Synaptic correlates of fear extinction in the amygdala[END_REF]. Parallelly, it is thought that the LA-ITC excitatory projections firing activity decreases during the extinction process too. As a result, the GABAergic ITCs are no longer activated and do not downregulate the activity of the CeL inhibitory neurons. In contrast, these GABAergic neurons in the CeL activately inhibit the ones in the CeM. Consequently, the activity of CeM projections neurons is suppressed resulting in a blockade of fear responses via targeted downstream structures [START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF].

In contrast, a significant portion of LA neurons potentiated during conditioning do not seem to adapt their firing activity throughout the extinction process. These neurons could be involved in the maintenance of fear-related memories [START_REF] Repa | Two different lateral amygdala cell populations contribute to the initiation and storage of memory[END_REF][START_REF] An | Long-term correlates of reversible fear learning in the lateral amygdala[END_REF].

The permanence of such a neuronal fear memory trace without behavioural fear expression suggests that extinction learning mechanisms might rely on strong inhibitory processes potentially mediated by INs activity. Indeed, some studies confirmed that throughout the extinction process, pre and postsynaptic elements are upregulated in order to enhance GABAergic neurotransmission and INs control over PNs in the BLA. These processes could be dependent of the strengthened inputs from mPFC to BLA [START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF]. several outputs, such as the ones coming from the mPFC, drive mITC inhibitory activity, consequently reducing CeM outputs and then suppressing fear responses (adapted from [START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF].

II. The medial prefrontal cortex in fear behaviour

The PFC forms one-third of the neocortex in humans and constitutes the association cortex of the frontal lobe [START_REF] Fuster | The prefrontal cortex-an update:time is of the essence[END_REF]. The term "prefrontal" was employed for the first time by Ferrier and Yeo in 1884 (Ferrier and Yeo, 1884). Early lesion studies, such as the famous case of a patient named Phineas Cage, demonstrated the involvement of this structure in emotions regulation and attention (Ferrier, 1876;[START_REF] Harlow | Recovery from the passage of an iron bar through the head[END_REF][START_REF] Bianchi | The functions of the frontal lobes[END_REF]. Conversely, rodent studies using lesions suggested the implication of the mPFC in fear acquisition, expression, or extinction processes [START_REF] Morgan | Extinction of emotional learning : contribution of medial prefrontal cortex[END_REF][START_REF] Quirk | The role of ventromedial prefrontal cortex in the recovery of extinguished fear[END_REF][START_REF] Bissière | The rostral anterior cingulate cortex modulates the efficiency of amygdala-dependent fear learning[END_REF]. Interestingly, neuroimaging studies have identified the PFC as one of the brain regions that most probably contribute to behavioural abnormalities in PTSD [START_REF] Akiki | A network-based neurobiological model of PTSD: evidence from structural and functional neuroimaging studies[END_REF]. Indeed, the reduction in the size and activity of the ventromedial portion is one of the most prominent features of this disorder [START_REF] Rauch | Selectively reduced regional cortical volumes in post-traumatic stress disorder[END_REF][START_REF] Etkin | Functional neuroimaging of anxiety: a meta-analysis of motional processing in PTSD, social anxiety disorder, and specific phobia[END_REF]. In contrast, in PTSD+DS, an increased regulatory activity of the mPFC can be observed, leading to an overmodulation of downstream brain structures, associated to emotional detachment and passive coping strategies [START_REF] Nicholson | Dynamic causal modeling in PTSD and its dissociative within fear and emotion regulation circuitry[END_REF].

The mPFC is now considered critical for cognitive processes such as attention, inhibitory control, habit formation, working memory, long-term memory while its cognitive impairments may lead to psychiatric disorders such as depression, schizophrenia or addiction.

In the case of this thesis, we will focus on the mPFC well-known function in fear [START_REF] Giustino | The role of the medial prefrontal cortex in the conditioning and extinction of fear[END_REF]. Considering the potential implications of these findings, numerous rodent studies focused on the understanding of the anatomy and the role of the mPFC in mediating fear behaviour.

A. Anatomy of the medial prefrontal cortex a. Neuronal elements

The PFC forms the major portion of the anterior hemisphere and is dorsal to the corpus callosum. The first topographical description of the frontal lobe is attributed to Brodmann (1868Brodmann ( -1918) ) when considering the so-called "frontal" and "precentral" regions in the primate cortex. In primates, the presence of a distinct granular layer IV is a prominent characteristic of the frontal region [START_REF] Brodmann | Vergleichende Lokalisation der Großhirnrinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues[END_REF]. The agranular cingulate cortex in primates is often compared to the rodent prefrontal cortex that possess an agranular cytoarchitecture (Fig. 7) [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF]. During decades, the prefrontal cortex was also be defined as the part of the cerebral cortex that receives projections from the mediodorsal nucleus of the thalamus, in primates as well as nonprimates mammals [START_REF] Rose | The orbitofrontal cortex and its connections with the mediodorsal nucleus in rabbit sheep and cat[END_REF]. However, it is now established that the mediodorsal nucleus of the thalamus targets other cortical fields in cats, rats, mice and rhesus monkeys [START_REF] Maren | The contextual brain: implication for fear conditioning, extinction and psychopathology[END_REF][START_REF] Guldin | Prefrontal cortex of the mouse defined as cortical projection area of the thalamic mediodorsal nucleus[END_REF][START_REF] Uylings | Do rats have a prefrontal cortex?[END_REF]. In primates, Bodmann's cytoarchitectonic numbers are still widely used to define the prefrontal cortex. Thus, in humans the prefrontal cortex corresponds to areas BA8 to 14 and BA44 to 47. Rodent prefrontal areas terminologies such as those used by Van de Werd or

Paxinos and Franklin often differ on the boundaries of orbital, infralimbic and prelimbic cortex.

The lack of consensus surrounding the anatomy of the prefrontal cortex and the vast variation of connectivity and functions across species constitute major challenges to establish precisely comparable prefrontal regions [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF]. We will now focus onto the rodent mPFC. Classically, it is divided into four distinct sections that are the following, from the dorsal to the most ventral region: the medial precentral cortex (PrCm), the anterior cingulate cortex (AC), the PL and the infralimbic cortex (IL).

Functionally, two subdivisions can be delineated, the PrCM and the AC on one part, regulating various motor behaviours whereas the PL and IL on another part, reguating cognitive, mnemonic and emotional processes [START_REF] Heidbreder | The medial prefrontal cortex in the rat: evidence for a dorso-ventral distinction based upon functional and anatomical characteristics[END_REF]. The AC is not a uniform structure and can be compared to the Brodman areas 24a and 24b, displaying different thicknesses, cellular densities and compositions [START_REF] Vogt | Cytoarchitecture of mouse and rat cingulate cortex with human homologies[END_REF]. Regarding the IL and the PL in rodents, they can be compared respectively to the areas 25 and 32 in the human anterior cingulate cortex. The IL section can be differentiated from the PL by its particularly wider layer II [START_REF] Van De Werd | Cyto architectonic and chemoarchitectonic characterization of the prefrontal cortical areas in the mouse[END_REF].

The mPFC is structured in a paralleled laminar organization allowing the distinction of five layers, based on specific cytoarchitectonic criterions. Numbers for these layers are attributed from the most superficial layer (close to the midline) to the deepest layer (far from the midline). The layer I is the molecular layer, a thin layer located at the surface. It is characterized by a low number of neurons, axons ranged parallel to the surface with dendrites coming from deeper layers. Projections from all cortical inputs towards layer I appear essential for the integration processes throughout the neocortex. The following layers II and III represent respectively the external granular layer and the external pyramidal layer. Moreover, layer II neurons exhibit rather small physiological or morphological differences and seem to form a homogeneous class of neurons. In layer III, slender tufted neurons can be retrieved such as broad tufted neurons, adapting, with regular spiking activities.

The layer IV, or the so-called internal granular layer does not exist in the rodent PFC.

Then the layer V, or internal pyramidal layer, is mainly composed of sparse and large PNs radially orientated while the layer VI includes various neuronal types which complexify their classification. Layer V contains three neuron subtypes: the broad tufted regular spiking neurons, the slender tufted adapting neurons with sparse basal dendrites and finally the slender tufted adapting neurons with numerous basal dendrites. Nevertheless, it is important to emphasize that almost 40% of these PNs have ascending apical dendrites that end in layer I. A more extensive classification exists according to the downstream projections of mPFC PNs. One of the purposes of these cortical layer organization is to serve microcircuits, act as interconnecting loops or even large-scale networks with the involvement or remote brain areas. Indeed, layers II-III support cortico-cortical connections, the layer I receives thalamic inputs, while layers V and VI are characterized by their thalamic and subthalamic outputs [START_REF] Nieuwenhuys | The neocortex. An Overwiew of its evolutionary development, structural organization and synaptology[END_REF][START_REF] Van Aerde | Morpological and physiological characterization of pyramidal neurons subtypes in rat medial prefrontal cortex[END_REF][START_REF] Opris | What is the evidence for inter-laminar integration in a prefrontal cortical minicolumn?[END_REF].

The cytoarchitecture of the mPFC is distributed in two categories, PNs representing 80 % to 90 % of neurons while the rest is composed of INs. The common consensus on PNs indicates that they are glutamatergic, they have a pyramidal-shaped cell body, an apical dendritic tree opposed to the basal dendritic tree, and that they are found in layers II-VI and project towards more distant structures. Subtypes can be identified according to their placement in the different layers and within layers themselves. The first major type is composed of the intratelencephalic neurons which are found in layers II-VI and project axons towards the neocortex, the striatum, the AMG, among others. They are the only class of PNs that projects to the contralateral side of the brain with axons passing through the corpus callosum or the anterior commissure. The second type is the pyramidal tract neurons: they are characterized by their large size and are commonly located in the layer V. Their projections include structures such as the ipsilateral cortex, the brainstem, the spinal cord, the midbrain, the striatum and the thalamus. Finally, the last class of PNs is the corticothalamic neurons that can be found in the layer VI and project predominantly to the ipsilateral thalamus (Harris and Sheperd, 2015).

Regarding the INs, the common view stipulates that they are GABAergic, short-axon cells, that do not leave the neocortex, and can be considered as aspiny non-pyramidal cells. The horse tail cells or bitufted cells whereas CCK cells are either horse tail cells or bitufted cells [START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF][START_REF] Defelipe | New insights into the classification and nomenclature of cortical GABAergic interneurons[END_REF][START_REF] Giustino | The role of the medial prefrontal cortex in the conditioning and extinction of fear[END_REF]. The proportion of PV cells in the dorsomedial PFC has been proposed as a mean to differentiate the PL from the AC and IL sections in rodents. Indeed, it appears that in the PL the meshwork of PV-positive fibers and somata is much weaker particularly in the deep layers (Mátyáy et al., 2014).

b. Afferent connectivity to the medial prefrontal cortex

The AC receives strong inputs from the thalamus, and to a lesser extent from the nonlimbic cortex (medial agranular cortex, posterior parietal cortex, medial orbital cortex…), the limbic cortex (mostly from the PL and contralateral AC, moderately from the CA1 or the ventral hippocampal formation), the basal forebrain (claustrum, substantia inominata…), the AMG (mostly from the BLA), the Hyp, the midbrain (mostly from the ventral tegmental area, but from the PAG also…), the pons and the medulla (mostly from the dorsal raphe nucleus). The PL is contacted heavily by inputs from the limbic cortex (mostly from the AC, the IL and the CA1, less by the contralateral PL) and the thalamus. However, the PL receives also moderate inputs from the non-limbic cortex (mostly from the frontal polar cortex), the basal forebrain, the AMG (mostly from the BLA), the Hyp, the midbrain (mostly from the ventral tegmental area, but from the PAG also…), the pons and the medulla (mostly from the dorsal raphe).

Interestingly in the PL, cells contacted by AMG projections are located in the deep cortical layers, contrarily to what is observed in AC and IL [START_REF] Hoover | Anatomical analysis of afferent projections to the medial prefrontal cortex in the rat[END_REF][START_REF] Mátyás | The fear circuit of the mouse forebrain: connections between the mediodorsal thalamus, frontal cortices and basolateral amygdala[END_REF].

Finally, the IL receives numerous inputs preferentially from the limbic cortex (mostly from the CA1 and the contralateral IL, less from the PL and the AC), the thalamus, and the AMG. On a smaller scale, the IL receives also inputs from the non-limbic cortex, the basal forebrain, the Hyp, the midbrain (moderately from the ventral tegmental area and lightly from the PAG), the pons and the medulla [START_REF] Buchanan | Efferent connections of the medial prefrontal cortex in the rabbit[END_REF]). It appears that the ventral mPFC receives significantly less cortical inputs that the dorsal mPFC. Afferent projections from cortical and subcortical brain areas contact both superficial and deep layers of the mPFC.

In brief, studies report that both PL and IL receive similar inputs, suggesting that they integrate multiple information in order to select the most appropriate behavioural response [START_REF] Hoover | Anatomical analysis of afferent projections to the medial prefrontal cortex in the rat[END_REF][START_REF] Giustino | The role of the medial prefrontal cortex in the conditioning and extinction of fear[END_REF].

c. Efferent connectivity from the medial prefrontal cortex

Outputs of the mPFC were revealed by anterograde labelling tracings and suggesting that their projections target these regions: other cortical areas, the forebrain, the diencephalic areas, and the brainstem [START_REF] Sesack | Topographical organization of the efferent projections of the medial prefrontal cortex in the rat: an anterograde tract-tracing study with Phaseolus vulgars leucoagglutinin[END_REF]. Interestingly, all mPFC areas project to the thalamic nucleus reuniens glutamatergic cells which project themselves towards the CA1.

Another indirect mPFC-HPC pathway exists, relaying in the entorhinal cortex which in turn extensively projects to both the CA1 and the subiculum [START_REF] Jin | Prefrontal-hippocampal interactions in memory and emotion[END_REF]. Fibers descending from AC project towards both PL and IL intensely, but also to the internal capsule, the caudate and putamen (CPu), the corpus callosum, the claustrum, the agranular insular cortex, the ventral striatum. AC fibers contact mostly the BLA, but labelling can be observed in the basomedial portion too. AC projects also towards the mammillary nuclei, the reticular nucleus and the parafascicular nucleus. Both dorsal and ventral PAG are extensively contacted by AC efferent fibers. Furthermore, some labelling can be identified in the median raphe nucleus, the reticular formation, the ventral tegmental area (VTA), the locus coeruleus (LC) and the lateral pontine nuclei. Few distinctions between the efferent connections of each Brodmann areas that compose the AC must be clarified. For example, the area 24 only contacts the BLA while areas 25 and 32 project towards the whole AMG, particularly to the CeA [START_REF] Mcdonalds | Projections of the medial and lateral prefrontal cortices to the amygdala: a Phaseolus vulgaris leucoagglutinin study in the rat[END_REF]. Moreover, areas 25 and 32 projections are directed to the vlPAG while the area 24 contacts the dlPAG [START_REF] Floyd | Orbitomedial prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray in the rat[END_REF].

Efferent fibers from the PL project densely to the mPFC too, dorsally on the AC, ventrally to the IL, and also to the contralateral PL. Strong labelling is observed in the CPu, the claustrum, the agranular insular cortex, the lateral Hyp and the mammillary bodies. PL projects also to the AMG, more precisely to the BLA and the basomedial portion, just like the AC [START_REF] Buchanan | Efferent connections of the medial prefrontal cortex in the rabbit[END_REF]. Glutamatergic projections to the BLA originate from the layers II, V and VI from the PL section [START_REF] Gabbott | Prefrontal cortex in the rat: projections to subcortical autonomic, motor and limbic centers[END_REF]. However, more recent studies suggested that only neurons from the superficial layers of the mPFC project towards the BLA [START_REF] Little | Synaptic mechanisms underlying strong reciprocal connectivity between the medial prefrontal cortex and basolateral amygdala[END_REF]. In contrast, PN placed in the deep layers of the PL contact the PAG [START_REF] Floyd | Orbitomedial prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray in the rat[END_REF]. The PAG is labelled bilaterally by fibers coming from PL: the rostral PL innervates preferentially the vlPAG while the more caudal portion of the PL innervates the dlPAG. In more caudal regions of the brains, PL fibers are reported in the reticular formation, the VTA, the pons and also in the brainstem with labelling in the NTS, the dorsal motor nucleus of the vagus, and in the nucleus ambiguous.

At last, IL projections are reported in AC, PL as well as contralateral labelling in the IL.

After crossing the internal capsule, fibers contact the most ventral part of the CPu, the NAcc and the lateral border of the septal nuclei. Axonal varicosities are observed in the substantia innominata and in the pyriform area too. IL projections were also described in the paraventricular nucleus, the midline nuclei, the retrosplenial area, the postsubiculum cortex, but very few were observed in the superior colliculus. Some labellings are reported in the AMG, mostly in the CeA, less in the BLA [START_REF] Buchanan | Efferent connections of the medial prefrontal cortex in the rabbit[END_REF]. IL glutamatergic projections towards the AMG originate in the layers II, V and VI [START_REF] Gabbott | Prefrontal cortex in the rat: projections to subcortical autonomic, motor and limbic centers[END_REF]. However, more recent studies suggest that only neurons from the superficial layers of the mPFC project towards the BLA [START_REF] Little | Synaptic mechanisms underlying strong reciprocal connectivity between the medial prefrontal cortex and basolateral amygdala[END_REF][START_REF] Ferreira | Highly differentiated cellular and circuit properties of infralimbic pyramidal neurons projecting to the periaqueductal gray and amygdala[END_REF]. In contrast, PN placed in the deep layers of the IL contact the PAG [START_REF] Ferreira | Highly differentiated cellular and circuit properties of infralimbic pyramidal neurons projecting to the periaqueductal gray and amygdala[END_REF][START_REF] Floyd | Orbitomedial prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray in the rat[END_REF]. Projections from the rostral part of IL innervate the vlPAG whereas projections starting in the caudal portion of IL contact the dlPAG. Fibers can be seen in the median raphe nucleus and in the VTA, while others are noticed in the pontine nuclei, the parabrachial nuclei, the NTS, less in the dorsal motor nucleus of vagus and in the nucleus ambigus [START_REF] Buchanan | Efferent connections of the medial prefrontal cortex in the rabbit[END_REF].

B. Functional role of the medial prefrontal cortex in fear behaviour

a. Role of the medial prefrontal cortex in the acquisition of conditioned fear behaviour Lesions studies from past decades started to suggest the role of the mPFC in fear acquisition. In that respect, an early study reported the increase of c-Fos expression in the AC following auditory cue fear conditioning [START_REF] Smith | Induction of c-Fos mRNA in rat brain by conditioned and unconditioned stressors[END_REF]. Furthermore, pre-conditioning lesions of the rostral AC have resulted in lower freezing levels, post-conditioning compared to controls, suggesting a possible dysregulation of either fear acquisition or fear expression.

Reversely, the indirect activation of rostral AC via the blockade of GABAA receptors before fear conditioning led to a higher and faster fear acquisition [START_REF] Bissière | The rostral anterior cingulate cortex modulates the efficiency of amygdala-dependent fear learning[END_REF]. On another note, electrical microstimulation of dorsal AC did not result in any defect in fear expression or fear extinction [START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF]. AC is not the only area activated in fear learning as in vivo recordings report that most of the PL neurons are excited immediately after US during fear conditioning, although this effect was not mirrored in IL [START_REF] Fitzgerald | Noradrenergic blockade stabilizes prefrontal activity and enables fear extinction under stress[END_REF].

Conversely, in vitro recordings suggest that the intrinsic excitability of IL neurons is decreased due to fear conditioning [START_REF] Santini | Fear conditoning and extinction differentially modify the intrinsic excitability of infralimbic neurons[END_REF].

Consolidation of cued fear memories starts at the end of the conditioning session and is particularly associated to sleep episodes. During this time, the neural activities of various brain regions are coordinated, in firing activity amplitudes, frequencies and phases. Indeed, BLA-mPFC theta coherence (3-12 Hz) was observed during paradoxical sleep periods after fear conditioning [START_REF] Popa | Coherent amygdalocortical theta promotes fear memory consolidation during paradoxical sleep[END_REF]. Memory consolidation in the mPFC is more precisely supported by the neuronal activity of both AC and PL [START_REF] Einarsson | Involvement of the anterior cingulate cortex in formation, consolidation, and reconsolidation of recent and remote contextual fear memory[END_REF][START_REF] Stern | Activity in prelimbic cortex subserves fear memory reconsolidation over time[END_REF]. This process is reflected in the activity pattern of PL neurons that become selective for the acquired association. Indeed, changes in the firing rate or baseline rates of activated neurons are observed depending on the memory associations, rather than alterations in the number of differentiating neurons [START_REF] Takehara-Nishiuchi | Spontaneous changes of neocortical code for associative memory during consolidation[END_REF]. It has been demonstrated that decreased excitatory-inhibitory (E/I) balance does not affect fear learning as increased E/I balance does. Therefore, inhibitory neuronal activity may be an important factor of memory formation [START_REF] Yizhar | Neocortical excitation/inhibition balance in information processing and social dysfunction[END_REF][START_REF] Lucas | GABAergic interneurons: the orchestra or the conductor in fear learning and memory?[END_REF]. Furthermore, the optogenetic inhibition of AC disrupts remote but not recent fear memory recall, suggesting that long-term fear memories storage depends on the AC [START_REF] Goshen | Dynamics of retrieval strategies for remote memories[END_REF].

b. Role of the medial prefrontal cortex in the expression of conditioned fear behaviour

Various studies demonstrated the involvement of the mPFC, more specifically the PL, in conditioned fear expression. Pharmacological inactivation of PL before fear conditioning does not affect fear responses, therefore the acquisition process is unaltered. However, when the inactivation is performed before fear retrieval, it affects the expression of learned fear to both a tone and a context [START_REF] Corcoran | Activity in prelimbic cortex is necessary for the fear expression of learned, but not innate, fears[END_REF][START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF].

Alternatively, PL electrical stimulations during retrieval increase conditioned freezing and impair extinction, supporting previous theories [START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF]. Evidence obtained using immediate early genes confirm the involvement of PL in fear expression [START_REF] Stern | Activity in prelimbic cortex subserves fear memory reconsolidation over time[END_REF].

During fear expression, the activity of selected PL neuronal populations is modulated according to the incoming CS information. In vivo recordings reported that PL neurons specifically increase their firing activity during CS tone duration in both conditioning and early extinction trials compared to the habituation. These tone-elicited responses in PL neurons were highly correlated with the time course of freezing periods, indicative of high-fear states and not low-fear states such as late extinction trials. These results confirm that PL neurons activity is associated to fear expression [START_REF] Burgos-Robles | Sustained conditioned responses in prelimbic prefrontal neurons are correlated with fear expression and extinction failure[END_REF][START_REF] Chang | Single-unit activity in the medial prefrontal cortex during immediate and delayed extinction of fear in rats[END_REF]. Additionally, in vivo recordings support the evidence that neurons in the mPFC adapt their firing pattern after CS-US pairings by adopting distinctive activities related to the context, the CS, or the US.

The differential activity patterns of excitatory and inhibitory mPFC neurons could also play a role in fear expression. Indeed, it is known that INs and PNs show complementary activity patterns: INs tend to increase their firing rate from the baseline after CS onset while PNs decrease their own. Thereby, specific changes in the E/I balance could contribute to fear expression [START_REF] Baeg | Fast spiking and regular spiking neural correlates of fear conditioning in the medial prefrontal cortex of the rat[END_REF]. Thus, SST INs recruit a dedicated brain network via this supposedly PNs-disinhibiton, consequently participating to the modulation of freezing expression. SST neurons activity was correlated to an increase of activity in the following brain structures: the BLA, the vlPAG, the paraventricular thalamus, the dorsomedial hypothalamus and the lateral habenula. SST INs plasticity therefore appears to be necessary for memory acquisition and sufficient to induce fear responses indexed as freezing [START_REF] Cummings | Prefrontal somatostatin interneurons encore fear memory[END_REF].

The activity of mPFC neurons is also modulated through slow oscillations that orchestrate the firing activity of the dedicated networks. In the PL, PV INs mediate coordinated theta-phase (8-12 Hz) resetting and sharpened synchronization of PNs activity during CS + presentations, which occurrence is associated to fear expression [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]. In addition to this mechanism, the formation of functional assemblies of mPFC PNs at specific phases of 4 Hz oscillations is causally related to freezing [START_REF] Dejean | Prefrontal neuronal assemblies temporally control behaviour[END_REF]. Moreover, during fear discrimination, theta rhythm synchronization occurs between the mPFC and the BLA, improving the selectivity of fear responses while also enabling safety signaling coding [START_REF] Likhtik | Prefrontal entrainement of amygdala activity signal safety in learned fear and innate anxiety[END_REF]. Another study describes that theta coupling in the LA-CA1-IL synaptic network increases specifically during fear retrieval [START_REF] Lesting | Patterns of coupled theta activity in amygdala-hippocampal-prefrontal cortical circuits during fear extinction[END_REF]. 

c. Role of the medial prefrontal cortex in conditioned fear extinction

Early work using lesions of the AC-PL-IL before fear conditioning suggested that the mPFC plays a role in fear extinction. Although lesioned animals did not show any sign of diminished fear acquisition, they took longer to reach extinction freezing levels compared to controls [START_REF] Morgan | Extinction of emotional learning : contribution of medial prefrontal cortex[END_REF]. Another study suggested the involvement of both IL and PL, as an increase of immediate early genes induction was observed following a complete extinction of conditioned fear [START_REF] Herry | resistance to extinction is associated with impaired immediate early gene induction in medial prefrontal cortex and amygdala[END_REF]. Interestingly, PL pharmacological inactivation with muscimol before fear retrieval revealed that this structure is not necessary for fear extinction memory, while when the same experiment was performed on IL the inverse was strongly suggested [START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF]. Nonetheless, in a contradicting study, the pharmacological inactivation of the IL using muscimol before the extinction training resulted in an enhancement of extinction and decreased freezing levels [START_REF] Akiraz | Enhancement of conditioned fear extinction by infusion of the GABA(A) agonist muscimol into the rat prefrontal cortex and amygdala[END_REF].

Over the years, the implication of IL in fear extinction was confirmed by several studies using a wide array of techniques. Electrical microstimulation of the IL during retrieval or prior, when paired with US, decreases conditioned freezing [START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF][START_REF] Milad | Electrical stimulation of medial prefrontal cortex reduces conditioned fear in a temporally specific manner[END_REF]. Similar results were obtained when performing high-frequency stimulation of the IL, prior to fear conditioning session [START_REF] Maroun | Enhanced extinction of aversive memories by high-frequency stimulation of the rat infralimbic cortex[END_REF]. On the contrary, low-frequency stimulation of the IL retards and finally impairs conditioned fear extinction [START_REF] Shehadi | Different effects of low frequency stimulation to infralimbic prefrontal cortex on extinction of aversive memories[END_REF]. Indeed, during the fear extinction process IL neuronal firing rate increases, contrary to PL neuronal activity [START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF][START_REF] Santini | Fear conditoning and extinction differentially modify the intrinsic excitability of infralimbic neurons[END_REF][START_REF] Knapska | Reciprocal patterns of c-Fos expression in the medial prefrontal cortex and amygdala after extinction and renewal of conditioning fear[END_REF]. Single-unit recordings in the IL confirmed that neurons activity was locked on CS tones after the first day post-conditioning [START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF]. The consequent bursting firing pattern of IL neurons is associated to long-lasting NMDA-dependent changes that are necessary for fear extinction learning and consolidation [START_REF] Burgos-Robles | Consolidation of fear extinction requires NMDA receptor-dependent bursting in the ventromedial prefrontal cortex[END_REF].

IL sustained activity during the extinction process is particularly important as neurons in this structure project to downstream areas, therefore dampening the following fear responses.

Indeed, during extinction mPFC excitatory efferent fibers contact a dedicated BA PN population, separate from the one activated during fear conditioning [START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF].

The activation of the IL-BA pathway potentiates BLA-ITC synapses which results in an increased ITCs inhibition onto the CEm fear output neurons [START_REF] Amano | Synaptic correlates of fear extinction in the amygdala[END_REF][START_REF] Strobel | Prefrontal and auditory input to intercalated neurons of the amygdala[END_REF]. However, other results suggest that IL might project directly onto ITCs, thereby increasing the amount of inhibition they generate over CeA neurons (Berreta et al., 2005).

The synaptic efficacy of the IL-BLA pathway decreased throughout extinction learning while the inhibitory activity of IL projections directed to the ITC was retained. Both mechanisms acted as a powerful brake onto CeA fear output neurons [START_REF] Cho | Synaptic encoding of fear extinction in mPFCamygdala circuits[END_REF]. However, this view has been challenged with a reported ventromedial PFC (vmPFC)-basomedial AMG (BMA) pathway that could suppress fear related-freezing but also anxiety-induced responses [START_REF] Adhikari | Basomedial amygdala mediates top-down control of anxiety and fear[END_REF]. It is therefore important to notice that BMA projects to several areas implicated in anxiolysis regulation such as the CeA, the vmPFC and the BNST anterodorsal nucleus [START_REF] Petrovich | Organization of projections from the basomedial nucleus of the amygdala: a PHAL study in the rat[END_REF]. These multiple pathways between the mPFC and the AMG contribute ultimately to the extinction-associated suppression of conditioned fear responses.

III. The periaqueductal grey matter in fear behaviour

The PAG represents a portion of the ventricular gray matter, surrounding the mesencephalic aqueduct, extending from the level of the posterior commissure rostrally to the caudal inferior colliculi [START_REF] Faull | The midbrain periaqueductal gray as an integrative and interoceptive neural structure for breathing[END_REF]. In an early study describing different midbrain lesions performed in patients suffering from chronic pain, the PAG stimulation is reported to evoke feelings of fear [START_REF] Nashold | Sensations evoked by stimulation in the midbrain of man[END_REF]. Conversely, lesions performed in the PAG of rodents impacted freezing behaviour, therefore suggesting a role of this structure in fear expression [START_REF] Liebman | Mesencephalic central gray lesions and fearmotivated behavior in rats[END_REF]. Subsequent work in rodents using excitatory amino-acids microinjections or injections of GABA receptors inverse agonist, elicited characteristic defensive behaviour reactions such as freezing and jumping [START_REF] Bandler | Identification of midbrain neurones mediating defensive behaviour in the rat by microinjections of excitatory amino acids[END_REF][START_REF] Depoortere | Differential pharmacological reactivity induced by stimulation of periaqueductal gray or mesencephalic locomotor region[END_REF].

Classically the PAG is associated to the control of pain, cardiovascular and respiratory functions, temperature regulation, micturition, vocalization, sexual behaviour and defensive reactions. It is the main output center that integrates threat-related stimuli coming from upstream brain structures and participates to the coordination of sensory, autonomic, somatic and motors systems in order to elaborate the adapted behavioural responses [START_REF] Brandão | Role of the dorsal periaqueductal gray in posttraumatic stress disorder: mediation by dopamine and neurokinin[END_REF]. Considering the potential implications of these findings, numerous rodent studies focused on the understanding of the anatomy and the role of the PAG in mediating fear behaviour.

A. Anatomy of the periaqueductal grey matter a. Neuronal elements

The PAG is a large structure located in the brainstem. It surrounds the aqueduct and represents 10% of the brainstem volume in both rodents and humans. As the caudal pole of the limbic system, it has long been considered as a "black box" leading numerous studies to bypass its intrinsic circuitry and rather focus on its projecting cells. It is organized into longitudinal columns with specific functions associated and with notably increased cell density around the aqueduct. Classically the four longitudinal columns are the dorsomedial PAG (dmPAG), the dlPAG, the lateral PAG (lPAG) and the vlPAG (Fig. 10). According to a consensus, a fifth column also known as the ventromedial PAG, is not considered in the anatomy of this brain region. Indeed, it is occupied by the dorsal raphe and the supraoculomotor areas that are functionally different from other PAG columns [START_REF] Carrive | The periaqueductal gray and defensive behavior functional representations and neuronal organization[END_REF]. The vlPAG activity has been associated with opioid analgesia, following fear conditioning while dlPAG supports non-opioid analgesia [START_REF] Fanselow | The midbrain periaqueductal gray as a coordinator of action in response to fear and anxiety[END_REF]. The PAG is composed of five morphologically segregated cell types: the fusiform neurons with one or several dendrites, the multipolar neurons with a very large dendritic arborization, the stellate cells, the pyramidal cells with very diffuse dendritic arborization and the ependymal cells at the border of the aqueduct [START_REF] Beitz | The midbrain periaqueductal gray in the rat. II. A Golgi analysis[END_REF]. However, no clear correlation between the morphology and the neurotransmitter type can be established as PAG neurons can release a variety of neurotransmitters such as acetylcholine, histamine, GABA, glutamate, serotonin and dopamine as well as neuropeptides like enkephalin, substance P and neurotensin [START_REF] Schmitt | A neuropharmacological study of the periventricular neural substrate involved in flight[END_REF].

GABAergic neurons play a prominent role in the PAG, in the local circuitry and also by exerting an inhibitory control over numerous projection neurons implicated in a variety of functions. A gradient in GABA concentration have been detected along the dorsoventral axis of the PAG, with the strongest concentration described in the caudal portion. Interestingly, GABA levels in the PAG are increased after a noxious stimulus. Although some studies suggest that some GABAergic neurons in the PAG can project over distance, it seems more likely that most of these inhibitory terminals contact local INs, thereby promoting disinhibitory phenomenon [START_REF] Reichling | GABAergic neuronal circuitry in the periaqueductal gray matter[END_REF].

b. Afferent connectivity to the periaqueductal grey matter

Afferent connections directed to the PAG are not homogenous and suggest regional specifications (Fig. 11). The dlPAG is distinct from the other PAG subdivisions and is thought to be a sort of sensory area, receiving afferent connections from various portions of the brain, and sending outputs to other PAG columns [START_REF] Holstege | Descending pathways from the Periaqueductal Gray and adjacent areas[END_REF]. It receives projections from the superior colliculus, and a small group of cells dorsal to the genu of the facial nerve in the upper medulla, but also from other PAG areas. Indeed, the superior colliculus receives projections from the cuneiform nucleus, which neurons are activated to predatory odors [START_REF] Vianna | Anatomical connections of the periaqueductal gray: specific neural substrates for different kings of fear[END_REF]. Moreover, the dlPAG receives signals from the nucleus praepositus hypoglossi and the periparabigeminal nucleus in the lower brainstem. [START_REF] Dampney | Emotion and the cardiovascular system: postulated role of inputs from the medial prefrontal cortex to the dorsolateral periaqueductal gray[END_REF].

The dorsal part of the raphe nucleus sends axons that terminate densely in the dlPAG, lPAG and vlPAG. These projections are supposedly serotoninergic, triggering both evoked excitatory and inhibitory responses in the targeted PAG columns. However, it is uncertain if contacted neurons are GABAergic or not. The role of these inputs could be associated to the presence of a conditioned fear stimuli [START_REF] Beitz | The organization of afferent projections to the midbrain periaqueductal gray of the rat[END_REF]. The anterior hypothalamic nucleus (AHN), the dorsomedial hypothalamic nucleus, and the peduncular part of the lateral Hyp densely project to all PAG columns while the ventromedial hypothalamic nucleus, the posterior hypothalamic nucleus, and the premammillary nucleus preferentially project towards both the dlPAG and the lPAG, onto glutamatergic cells [START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. Both pathways pass through the rostral nucleus reuniens before reaching the PAG (Semenko and Lumb, 1992;[START_REF] Canteras | The medial hypothalamic defensive system: hodological organization and functional implications[END_REF]. Furthermore, inputs arising from the spinal cord contact all PAG columns except the dlPAG or the dmPAG. Thus, both the lPAG and the vlPAG receive major inputs from visceral and somatic systems, that are necessary to convey US-related information and more globally nociceptive information [START_REF] Keay | Spinal afferents to functionally distinct periaqueductal gray columns in the rat: an anterograde and retrograde tracing study[END_REF][START_REF] Dampney | Emotion and the cardiovascular system: postulated role of inputs from the medial prefrontal cortex to the dorsolateral periaqueductal gray[END_REF].

Inputs from AMG targeting the PAG preferentially come from the CeA, more particularly the medial division. Neurons contacted by these projections are distributed in the dmPAG, lPAG and vlPAG, throughout the rostral one-half to two-thirds of the PAG (Rivzi et al., 1991). CeL SST inhibitory projections are thought to contact GABAergic neurons which in turn target glutamatergic vlPAG neurons thereby driving downstream pathways involved in freezing behaviour [START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF][START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. However, a significant percent of BLA neurons project down to the vlPAG. Some of these AMG projections neurons have bifurcating axons that contact both the PFC and the PAG. It is though that this specificity might increase various information integration, increasing the selection of the adapted response [START_REF] Sun | Amygdala GABA neurons project to vlPAG and mPFC[END_REF].

Various cortical projections are topographically distributed into the PAG columns. The vlPAG receives inputs from various cortical areas: the primary motor areas, the medial insular agranular, the ventrolateral insular agranular, the ventral insular agranular, the dorsolateral orbital insular agranular, the dorsal insular agranular, the posterior insular agranular, the rostraventral PL, and the rostroventral IL. Moreover, the dlPAG is innervated by the following areas: the primary auditory cortex, the secondary visual cortex, the perirhinal cortex, the anterior cingulate cortice, the agranular lateral retrosplenial cortex, the dorsocaudal PL, the dorsocaudal IL, the AC, the primary auditory cortex, and the secondary visual cortex [START_REF] Vianna | Anatomical connections of the periaqueductal gray: specific neural substrates for different kings of fear[END_REF]. The predominant mPFC projections toward the dlPAG come from the AC and the caudal PL layer V glutamatergic neurons and are in comparison much stronger than any of the mPFC inputs directed to other PAG columns [START_REF] Dampney | Emotion and the cardiovascular system: postulated role of inputs from the medial prefrontal cortex to the dorsolateral periaqueductal gray[END_REF]. The cells targeted in the dlPAG are predominantly cells containing the vesicular glutamate transporter 2 (Vglut2) [START_REF] Floyd | Orbitomedial prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray in the rat[END_REF]. 

c. Efferent connectivity from the periaqueductal grey matter

As for inputs, efferent connections from the PAG are not homogenous and suggest regional specifications (Fig. 12). Early retrograde studies identified PAG projections towards the caudal brainstem and the spinal cord originating in the caudal and rostral portions of the dmPAG, lPAG and vlPAG. Interestingly, between 5 to 25 % of vlPAG descending fibers in the rostral ventrolateral medulla are GABAergic and are supposed to contribute to sympathoinhibition [START_REF] Bowman | Brain sources of inhibitory input to the rat rostral ventrolateral medulla[END_REF]. Axonal terminals are located mainly ipsilaterally in the ventral part of the caudal pontine and medullary medial tegmentum and in the nucleus raphe magnus. En passant fibers have been noticed in the LC, the nucleus subcoeruleus and the paralemniscal cell group, and are supposed to play a role in nociception.

The dlPAG sends mainly excitatory outputs towards the spinally-projecting neurons in the nucleus paragigantocellularis lateralis of the ventrolateral medulla. These spinallyprojecting neurons contact the ventral horn, the dorsal horn but also the intermediate cell column resulting in an increase of the sympathetic outflow and a sustained analgesia [START_REF] Holstege | Descending pathways from the Periaqueductal Gray and adjacent areas[END_REF]. Contrarily to the vlPAG, nociception mediated by dlPAG is thought to rely on a nonopioid neurotransmission system [START_REF] Lovick | Interactions between descending pathways from the dorsal and ventrolateral periaqueductal gray matter in the rat[END_REF]. Additionally, it has been described that dlPAG might project towards the parabrachial/Kölliker-Fuse complex and the cuneiform nucleus [START_REF] Dampney | Emotion and the cardiovascular system: postulated role of inputs from the medial prefrontal cortex to the dorsolateral periaqueductal gray[END_REF]. Neurons in the caudal lPAG send fibers through the ipsilateral ventral funiculus of the cervical cord. PAG projections towards the spinal cord are essential for locomotion [START_REF] Holstege | Descending pathways from the Periaqueductal Gray and adjacent areas[END_REF].

As for autonomic and non-autonomic responses associated to defensive behaviours, such as cardiovascular reactions and vocalizations, PAG projections towards descending structures are essential too. Indeed, neurons of both lPAG and dlPAG caudal parts send excitatory projections to the subtretrofacial nucleus, resulting in a blood pressure increase.

These same neurons also innervate the rostral part of the subretrofacial nucleus. The consequent somatomotor, cardiovascular and respiratory modulations take part in the blood flow increase and oxygen supply to activate skeletal muscles and elaborate adequate defensive behaviours.

In contrast, projections originating from the caudal vlPAG are directed towards the caudal subretrofacial nucleus. The activation of this pathway results in a blood pressure decrease. The following somatomotor, cardiovascular and respiratory modulations are critical for the expression of passive behavioural responses [START_REF] Carrive | Viscerotopic control of regional vascular beds by discrete groups of neurons within the midbrain periaqueductal gray[END_REF]. Concerning vocalizations, it has been demonstrated in a wide range of species that stimulation of the caudal PAG, can elicit them. Cells of the lPAG and to a lesser extent the dmPAG, project towards the nucleus retroambiguus in the caudal medulla. In turn, the nucleus retroambiguus contacts the somatic motoneurons innervating the pharynx, soft palate intercostal, abdominal muscles and probably the larynx, producing collectively the vocalizations [START_REF] Holstege | Descending pathways from the Periaqueductal Gray and adjacent areas[END_REF].

PAG projections towards the Hyp were discovered after observing increased c-Fos responses in the AHN, the dorsomedial part of the ventromedial hypothalamic nucleus and the dorsal pre-mammillary nucleus (PMd) following the microinjection of an anxiolytic in the dlPAG (de [START_REF] Oliveira | Behavioral and c-Fos expression changes induced by nitric oxide donors microinjected into the dorsal periaqueductal grey[END_REF]. Since then, is it has been described that rostral dlPAG strongly projects to AHN and the dorsomedial hypothalamus (DMH), that are both related to defensive responses. Moreover, the vlPAG targets DMH while dlPAG axons contact moderately the AHN and the DMH. These dlPAG projections influence autonomic and respiratory activity (Sememenko and Lumb, 1992;[START_REF] Dampney | Emotion and the cardiovascular system: postulated role of inputs from the medial prefrontal cortex to the dorsolateral periaqueductal gray[END_REF]. Moreover, the dlPAG sends outputs to the cuneiform nucleus, a region which activation participates to the processing of defensive responses as freezing or escape [START_REF] Vianna | Anatomical connections of the periaqueductal gray: specific neural substrates for different kings of fear[END_REF]. As for the few neurons projecting toward the CeM, they are mainly distributed in the vlPAG [START_REF] Rizvi | Connections between the central nucleus of the amygdala and the midbrain periaqueductal gray: topography and reciprocity[END_REF].

Furthermore, a study from Krout and Lewy describes extensively caudal dlPAG projections towards the central lateral nucleus of the thalamus. In comparison, the caudal lPAG, and to a greater extent the caudal vlPAG, project heavily to most of the thalamus nuclei.

Interestingly, the rostral dmPAG densely innervates the ZI, a ventral thalamic structure known to project back to the PAG and modulate fear-related defensive behaviours [START_REF] Krout | Periaqueductal gray matter projections to midline and intralaminar thalamic nuclei of the rat[END_REF][START_REF] Chou | Inhibitory gain modulation of defense behaviors by zona incerta[END_REF]. 

B. Functional role of the periaqueductal grey matter in fear behaviour

Early studies using electrolytical or pharmacological lesions revealed the role of the PAG in innate and learned fear behaviour [START_REF] Ledoux | Different projections of the central amygdaloid nucleus mediate autonomic and behavioral correlates of conditioned fear[END_REF]. Given its connectivity with upstream structures processing fear and its projections towards downstream regions involved in several behaviours, PAG is a good candidate for the selection of the adequate fear response.

The different types of responses are classified into either active or passive strategies, depending on the imminence of the threat (Fanselow, 1989). Passive coping strategies are elicited in order to reduce the likelihood of contact with the threat, or as some might say, when the threat is inescapable. The vlPAG activity is particularly associated to the initiation of passive responses such as quiescence, hyporeactivity, hypotension, bradycardia and opioid mediated analgesia. In these cases, freezing, defined as the complete absence of body movements except those necessary for respiration, is a widely adopted strategy. It is the most common type of defensive behaviour to an imminent, unavoidable fear stimulus and a characteristic reaction allowing recovery processes following injuries while appearing dead. This defensive behaviour has a strong adaptative value: freezing makes preys less visible and this non-movement could be a potent inhibitor of aggression in predators [START_REF] Keay | Parallel circuits mediating distinct emotional coping reactions to different types of stress[END_REF][START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF].

Conversely, when the danger becomes imminent but also escapable, active defensive strategies are adopted. Therefore, the activity of the rostral part of both the dlPAG and the lPAG evoke active responses such as fight, hypertension, tachycardia, extracranial vasodilatation, hindlimb and renal vasoconstriction, and non-opioid mediated analgesia. In contrast, the activities of the caudal part of both the dlPAG and the lPAG rather trigger active responses such as flight, hypertension, tachycardia, hindlimb vasodilatation, extracranial and renal vasoconstriction and non-opioid mediated analgesia with the same aim to survive [START_REF] Keay | Parallel circuits mediating distinct emotional coping reactions to different types of stress[END_REF][START_REF] Perusini | Neurobehavioral perspectives on the distinction between fear and anxiety[END_REF]. PAG regions are specialized according to the outputs sent to downstream motor and autonomic structures, leading to either of these fear responses.

a. Role of the periaqueductal grey matter in the acquisition of conditioned fear behaviour

It is though that the processing of several sensory inputs in upstream structures precedes fear responses-related coding in the PAG. The AMG and the septo-hippocampal system are key structures supposed to initiate risk-assessment, as they receive sensory stimuli from various brain regions that will be associated, or not, to previous threatful memories. Interestingly, the blockade of CeM activity with lidocaine injection consequently decreases c-Fos expression in the vlPAG evoked in fear conditioned animals, compared to controls [START_REF] Carrive | Lidocaine blockade of amygdala output in fear-conditioned rats reduces Fos expression in the ventrolateral periaqueductal gray[END_REF]. The outputs sent from the CeM to the PAG lead to the selection of the subsequent appropriate defensive behaviours [START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF]. Conversely, there are evidence that the spinal cord and the dorsal horn densely innervate the PAG, acting as a relay structure and subsequently sending in turn US information to LA neurons [START_REF] Yeh | Dysregulation of aversive signaling pathways: a novel circuit endophenotype for pain and anxiety disorders[END_REF]. Interestingly, the dlPAG appears to be the main subset organizing the activation of the whole PAG's responses.

An early observation of c-Fos in the PAG reported that re-exposure to a context previously associated to a footshock triggered a strong increase of neuronal activity [START_REF] Beck | Conditioned fear-induced changes in behavior and in the expression of the immediate early-gene c-Fos: with and without diazepam pretreatment[END_REF]. Several studies initiated by Fanselow and his colleagues demonstrated that when performed prior fear conditioning, lesions in dmPAG, dlPAG, lPAG, and vlPAG induced quite different results during the acquisition session. Indeed, lesions in the dlPAG suppressed the activity burst characteristic of the shock experience, without affecting conditional freezing levels. Conditioned responses were unaffected on the following day, during the retrieval session. It suggests that dlPAG is essential for circa-strike defense behaviours, such as jumping or vocalizations, when encountering a very imminent threat (Fanselow, 1989). Furthermore, studies using excitatory amino acid microinjections described that the activation of both the caudal dlPAG and lPAG evoked flight, while the activation of rostral dlPAG-lPAG rather triggered fight [START_REF] Keay | Parallel circuits mediating distinct emotional coping reactions to different types of stress[END_REF]. Interestingly, during the retrieval session freezing levels in vlPAG lesioned animals were strongly decreased. Indeed, when a danger is present in the environment, inputs from the AMG are received in the vlPAG, activating post-encounter defenses like freezing [START_REF] Fanselow | The midbrain periaqueductal gray as a coordinator of action in response to fear and anxiety[END_REF].

During the conditioning session, it is thought glutamatergic output neurons in the dlPAG are most likely activated and promote flight response to the CS-US association. These glutamatergic output neurons in the dlPAG receive incoming excitatory inputs from excitatory amino acids neurons called "On-cells", while they may no longer be inhibited by GABAergic "Off-cells" [START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF]. It has been described that these flight promoting cells are CaMKIIα + neurons. The firing activity of these flight cells is positively correlated with maximum flight velocity [START_REF] Deng | Periaqueductal gray neuronal activities underlie different aspects of defensive behaviors[END_REF]. Concomitantly, most likely glutamatergic, dlPAG flight-promoting neurons selectively activate vlPAG GABAergic neurons, that will inhibit in turn the freezing-selective neurons [START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. Moreover, defensive responses initiated by the AMG-dlPAG axis induce cardiovascular changes as heart rate increase, blood pressure increase, hyperventilation, jumping, and running. All these autonomous and nonautonomous reactions are supposed to converge to a possible escape evoked by a close threat [START_REF] Keay | Parallel circuits mediating distinct emotional coping reactions to different types of stress[END_REF].

Some data suggest that in addition of being an output structure, the PAG may participate in relaying US signals to the LA. Indeed, the pharmacological inactivation of the PAG led to a reduction of the shock-responsive neurons in the LA. Furthermore, US cell responses in the PAG are negatively modulated by expectation, with in turn might inhibit nociception at the level of the spinal and trigeminal dorsal horn. Thus, these results suggest an unprecedented role of the PAG in fear learning [START_REF] Johansen | Neural substrate for expectation-modulated fear learning in the amygdala and periaqueductal gray[END_REF]. Conversely, the CeA sends feedback projections to vlPAG neurons, mostly glutamatergic and projecting to the rostral ventromedial medulla, modulating pain. This pathway adaptively regulates the strength of fear learning and other related responses and indirectly regulates the prediction error coding in LA neurons [START_REF] Ozawa | A feedback neural circuit for calibrating aversive memory strength[END_REF]. [START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF].

Furthermore, CeL SST cells inputs to both lPAG and vlPAG are thought to mediate the expression of more passive defensive behaviours, as fear conditioning strengthens the synaptic transmission of these projections [START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF] (Fig. 10). It has been observed that the optogenetic activation of this pathway strongly increases freezing levels [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF].

Additionally, PNs projections from both AC and PL target vlPAG and lPAG during contextual fear discrimination, controlling freezing expression [START_REF] Rozeske | Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination[END_REF]. In vivo recordings in the vlPAG have permitted to identify several segregated cell populations according to their freezing or CS responsiveness [START_REF] Ozawa | A feedback neural circuit for calibrating aversive memory strength[END_REF]. Furthermore, it has been shown that one specific cell population was characterized by a discharge pattern locked on the CS onset while another one had a ramping firing activity reflecting threat probability and fear output [START_REF] Wright | Ventrolateral periaqueductal gray neurons prioritize threat probability over fear output[END_REF]. 

c. Role of the periaqueductal grey matter in conditioned fear extinction

The firing pattern activity for vlPAG cells and dlPAG cells are comparable at an early fear extinction stage but differentiate in late extinction. In dlPAG, cells progressively reduce their firing activity along the fear extinction process, while vlPAG neurons continue to respond robustly [START_REF] Keay | Parallel circuits mediating distinct emotional coping reactions to different types of stress[END_REF][START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF]. Moreover, according to several studies µ-opioid receptors (MOR) exert some control on the fear circuit during the extinction learning.

Indeed, microinjection of a non-selective opioid receptor antagonist naloxone in the vlPAG impairs the extinction of fear conditioning, as indexed by freezing. In contrast, naxolone microinjections in the dlPAG did not reproduce these results [START_REF] Mcnally | Opioid receptors in the midbrain periaqueductal regulate extinction of Pavlovian fear conditioning[END_REF]. Moreover, when naxolone was injected in the vlPAG of mice conditioned to the association of a stimulus A and the US, increased fear expression was observed in response to the stimulus B that had never been associated to US. These results suggest that vlPAG MOR may mediate fear expression during the extinction process by regulating prediction error. During the extinction training, US is absent thus a MOR mediated feedback inhibitory signal could be sent to the LA, decreasing the strength of US inputs to the AMG, initiating fear extinction processes (McNally et al., 2006).

Interestingly, a substantial proportion of dlPAG and vlPAG cells display increased firing patterns during the extinction process. Furthermore, a subset of vlPAG cells which firing rate was increased during early extinction continue to respond robustly in late extinction. This is consistent with the general view that describes the fear extinction as a form of contextdependent alternative learning, temporarily suppressing fear responses rather than the complete erasure of the conditioned memories and responses [START_REF] Bouton | Role of conditioned contextual stimuli in reinstatement of extinguished fear[END_REF][START_REF] Bouton | Contextual control of the extinction of conditioned fear: tests for the associative value of the context[END_REF][START_REF] Quirk | Memory for extinction of conditioned fear is long-lasting and persists following spontaneous recovery[END_REF]. Therefore, the PAG could also be concerned with maintaining a fear memory trace [START_REF] Watson | Neural correlates of fear in the periaqueductal gray[END_REF].

IV. Long-range inhibitory neurons and fear behaviour

Long-range inhibitory neurons belong to the inhibitory group of cells which represent 10-20% of all the neurons in the adult brain and provide the main source of inhibition.

Classically inhibitory cells were thought to project only onto local circuits while so called longrange inhibitory neurons were characteristics assigned to the medium spiny neurons in the striatum or to the Purkinje cells in the cerebellum. As the number of long-range interneurons described in the literature increases, it has been proposed that there could be a distinction between long-range versus short-range GABAergic cells, also called interneurons [START_REF] Tremblay | GABAergic interneurons in the neocortex: from cellular properties to circuits[END_REF].

Long-range inhibitory neurons connect different brain areas, associated with different autonomic or non-autonomic functions in most of the cases [START_REF] Tamamaki | Long-range GABAergic connections distributed throughout the neocortex and their possible function[END_REF][START_REF] Caputi | The long and the short of GABAergic neurons[END_REF]. However, until recently, this role was conventionally attributed to projecting excitatory neurons. It is thought that in the cortex, long-range inhibitory cells characteristics are comparable to cortical interneurons whereas long-range inhibitory cells connecting cortical areas to sub-cortical areas differ from interneurons classical functions.

Regarding the fear circuit, most of the studies focused on the activity and the projections of the excitatory neurons and their implications in defensive responses, which were described in the precedent sections. However, the well described CeA-PAG pathway demonstrates that longrange inhibitory neurons can also provide a direct control over decisive circuits mediating fear behaviour in the midbrain [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF][START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF]. In the last two decades, numerous evidence suggested that long-range inhibitory neurons play a significant contribution to several aspects of the fear circuit and the consequent behavioural responses.

A. Anatomy and physiology

a. Definition

Some speculate that between 1 and 10 % of cortical GABAergic neurons can be categorized as long-range neurons [START_REF] Tamamaki | Long-range GABAergic connections distributed throughout the neocortex and their possible function[END_REF][START_REF] Bertero | A non-canonical cortico-amygdala loop[END_REF].

Studies reveal that most of these cells are expressing one of the following markers: SST, PV or VIP [START_REF] Bertero | A non-canonical cortico-amygdala loop[END_REF]. However, other evidence suggests that cortical projections that reach regions beyond 1.5 mm were specifically SST, NPY or neuronal NO synthetase (nNOS)

positive. The nNOS inhibitory neurons can be separated in two subpopulations: the one that are CB positive and characterized by a low nicotinamide adenine dinucleotide phosphatase (NADPH) -diaphorase activity while the others are only known for their intense NADPHdiaphorase activity. Long-range GABAergic projections are thought to be distributed mainly in the ipsilateral neocortical areas [START_REF] Tamamaki | Long-range GABAergic connections distributed throughout the neocortex and their possible function[END_REF]. The diversity of GABAergic long-range projections may result from the need to coordinate multiple brain areas and their distributed neural circuits. The inhibitory neurons involved in lateral inhibition or interlaminar connectivity are not considered in the long-range category [START_REF] Caputi | The long and the short of GABAergic neurons[END_REF].

Inhibition is essential in a neuronal circuit because it regulates neuronal outputs of the targeted cells as much as excitation does. All GABAergic neurons affect targeted cells activity by changing membrane potential through a local IPSP, depending on the distance, cell's cable properties and local conductance variations. Consequently, the inhibition is the most effective in the synapse area. However, a type of extra-synaptic inhibition challenges this statement and is involved in a wide range of functions and is associated to disturbances, leading to diseases development [START_REF] Brickley | Extrasynaptic GABA(A) receptors: their function in the CNS and implications for disease[END_REF]. For example, extrasynaptic GABA receptors placed in the dendrites of PKCδ + neurons in the CeA can efficiently control neuronal excitability with some GABA spillover. It is thought that this mechanism is involved in fear and anxiety related behaviours [START_REF] Botta | Regulating anxiety with extrasynaptic inhibition[END_REF]. This type of inhibition could be common to both short and longrange inhibitory neurons and a potent mechanism competing with strong excitatory projections.

Compared to short-range inhibitory neurons, the long-range ones benefit from having both local and distant control of neuronal networks. It has been reported that the long-range inhibitory neurons of the CA1 that contact the medial septum (MS) also have local targets in the HPC. In vitro recordings and labellings performed in juvenile rats revealed that these local targets are predominantly GABAergic HPC cells [START_REF] Gulyás | Interneurons are the local targets of hippocampal inhibitory cells which project to the medial septum[END_REF]. In contrast, when labellings were performed in adult rats, the local axons of these CA1-MS inhibitory neurons were targeting primarily pyramidal cell dendrites and spines [START_REF] Jinno | Cellular architecture of the mouse hippocampus: a quantitative aspect of chemically defined GABAergic neurons with stereology[END_REF][START_REF] Takács | Types and synaptic connections of hippocampal inhibitory neurons reciprocally connected with the medial septum[END_REF]. The differences in the animals' age in the cited studies and the methods used might also explain the discrepancy of the results regarding the post-synaptic neuronal types. However, it remains particularly interesting that these long-range inhibitory neurons could contact locally pyramidal cells in the HPC while they project towards both PV and SST INs in the MS [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]. It might suggest that the specificity of the targeted cells can strongly differ according to the contacted area. Moreover, the complexity of the long-range inhibitory neurons is also characterized by their ability to project to two different distant areas. In the HPC, some inhibitory neurons named double-projection cells project to both the MS and the subiculum, which is an evidence of the spatiotemporal requirements of long-range coordination [START_REF] Jinno | Cellular architecture of the mouse hippocampus: a quantitative aspect of chemically defined GABAergic neurons with stereology[END_REF]. Similarly, the long-range inhibitory SST neurons projecting from the nucleus incertus (NI) to the CA1 also send collaterals to the MS excitatory glutamatergic and cholinergic neurons [START_REF] Szőnyi | Brainstem Nucleus Incertus controls contextual memory formation[END_REF].

b. Role of inhibition in cortical circuits

Inhibition generated in cortical circuits is somehow proportional to local or incoming excitation. Experiments selectively decreasing either inhibition or excitation shift cortical activity to a hyper-excitable (epileptiform) or a silent (comatose) state, respectively. Thus, changes in the excitation-inhibition balance go along with compensatory mechanisms, preserving the excitability of cortical networks. As a result, differences in this ratio between neurons shape their activity pattern and define a population of cortical neurons in space and time.

A cortical circuit relying exclusively on excitatory connections would be limited by the high divergence of inputs and weak synapses of excitatory afferent connections, thus narrowing the range and combinations of consequent activated cells. On the contrary, cell populations can be functionally isolated easily with a network involving inhibitory cells, as inhibition regulates the selection of the neurons number, the temporal window, and the direction of the signal.

Consequently, the same network is able to generate several output patterns at different time with excitatory cells activity controlled in space and time by inhibitory neurons. Therefore, long-range inhibitory neurons could exert these specific roles in remote areas. The opposed roles of PN and inhibitory neurons maintain the stability of global neuronal circuits over the whole brain while still allowing local excitability in short time windows, in order to trigger signal transmission and network plasticity.

Furthermore, when the excitatory and inhibitory inputs are scaled, gain modulation can be affected. Gain modulation refers to the property describing how neurons integrate incoming signals. Ultimately, increasing input strength tends to complicate any given excitation to reach spike threshold because of the concomitant inhibition signals. As the number of excitatory afferent inputs changes, synaptic inhibition acts on neurons recruitment in given populations.

Inhibition is also involved in tuning specific features in each context by stimulusselective firing. In the cortex, stimulus selectivity may emerge from a temporal shift in the timing of excitation, compared to inhibition. Additionally, inhibition modulates and participates to the generation of the rhythmic and synchronous oscillation of the membrane potential of neuronal populations, which are essential to cortical activity. These fast oscillations are thought to play a role in information transmission as well as in memory formation, allowing distant areas to cooperate [START_REF] Isaacson | How inhibition shapes cortical activity[END_REF].

c. Types of inhibition

In all inhibitory neurons, three main archetype inhibitory circuit motifs coexist: the feedforward inhibition, the feedback inhibition, and the disinhibition (Fig. 14). However, these characteristics are modulated by each inhibitory cell connection probability, synaptic strength and network state leading to a range of different roles. Feed-forward inhibition is a process in which a given source of excitation contacts both excitatory and inhibitory cells. Parallelly, the targeted inhibitory cells contact these excitatory cells. This class of circuit regulates local integration by tracking the activity of incoming outputs. Feed-forward inhibition occurrence does not depend on the local network activity in most of the times. Importantly, this phenomenon is generalized in the central nervous system.

PV neurons are the most common subtype of cells involved in this mechanism. They connect specifically the perisomatic portions of targeted cells, possess a characteristic high-speed signal and a temporal fidelity which provides a potent high pass filter. PV neurons appear to be adequate feed-forward circuits components, imposing coincidence detection onto post-synaptic neurons [START_REF] Caputi | The long and the short of GABAergic neurons[END_REF]). One of the common characteristics of neurons involved in feedforward circuits is that they need to receive a lot of inputs. No example of feed-forward inhibition has been described in the literature regarding the fear related long-range inhibitory neurons [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]). However, an example of this mechanism has been reported in the excitatory projections from the vHPC to the IL. Indeed, vHPC excitatory neuron terminals reaching the IL contact both local inhibitory neurons and pyramidal cells. These IL inhibitory neurons are either fast-spiking or slow-spiking, PV or SST cells are predominantly located in L2/3 while the pyramidal cells are characterized by their BLA projections and are also placed in the L2/3 layers. These BLA-projecting pyramidal cells receive inhibitory inputs mostly from the local PV cells that are activated via the HPC excitatory projections. This study suggests that the vHPC projections generate a feed-forward inhibition of IL BLA-projecting neurons by recruiting PV neurons, thus triggering a renewal of extinguished fear [START_REF] Marek | Hippocampus-driven feedforward inhibition of the prefrontal cortex mediates relapse of extinguished fear[END_REF].

Feedback inhibition is the case where the source of excitation contacts inhibitory neurons that in turn contact it back, but also project to excitatory neurons external to the circuit.

The feedback action helps to reduce or prevent further activation of the excitatory cells. This mechanism is widely present as most inhibitory neurons receive multiple excitatory inputs from surroundings cells that they need to filter and prioritize. It is also reinforced by the fact that inhibitory neurons generally have a dense local connectivity, while excitatory neurons often display sparse activity. The feedback inhibition exhibits specific recruitment patterns and provides different functional features, as the feed-forward inhibition. Moreover, it regulates the excitatory-inhibitory balance of local PN populations, shaping spatial and temporal features of their activity pattern in a distinctive feature. While the feed-forward inhibition acts on incoming inputs, feedback inhibition in contrast modulates the generated outputs [START_REF] Caputi | The long and the short of GABAergic neurons[END_REF]. No example of feed-forward inhibition has been described in the literature regarding the fear related long-range inhibitory neurons [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]). Nevertheless, an example of this mechanism has been reported in the circuit involving the medial paracapsular ITCs and the BLA. Indeed, it is established that a subset of medial paracapsular ITCs inhibit PNs in both the LA and the BA. Conversely, some of these BLA neurons project back to the ITCs. This feedback inhibition circuit is essential in AMG fear memory processes [START_REF] Asede | Sensory inputs to intercalated cells provide fear-learning modulated inhibition to the basolateral amygdala[END_REF].

Disinhibition consists of inhibitory neurons inhibiting other inhibitory neurons, leading to a powerful activation of downstream output pathways. Importantly, the disinhibition is efficient when the second type of inhibitory neurons is constitutively active. As observing an increase in firing rate of excitatory neurons or the decrease of inhibitory cells can also be a kind of excitatory drive, disinhibition is restricted to a given situation where GABAergic neurons are more strongly inhibited than excitatory cells. This distinction is particularly challenging because inhibitory neurons are highly connected to many types of cells [START_REF] Caputi | The long and the short of GABAergic neurons[END_REF].

Disinhibition is a mechanism particularly associated to fear learning and memory [START_REF] Letzkus | Disinhibition, a circuit mechanism for associative learning and memory[END_REF]. Some studies suggest that some inhibitory neurons subclasses could tend to produce disinhibition more often than inhibiting principal cell. The three main classes of inhibitory neurons in the neocortex are the PV, the SST, and the VIP cells representing 40 %, 30 % and 12 % of all the total population, respectively [START_REF] Tremblay | GABAergic interneurons in the neocortex: from cellular properties to circuits[END_REF]. It is reported that in the neocortex, PV neurons preferentially innervate other PV neurons as well as principal cells. In contrast, SST cells exhibit a dense connectivity to other inhibitory neurons subclasses but not SST cells while VIP cells mostly inhibit SST cells. It is classically considered that VIP cells play a major role in disinhibiting principal cells, however, an increasing number of studies suggest that SST neurons could be essential in this mechanism. Indeed, with their dendritictargeting inhibition, their facilitating dynamics and their broad range of synaptic plasticity changes, SST cells appear more and more as an essential component of disinhibititory circuits [START_REF] Artinian | Dissinhibition in learning and memory circuits: new vistas for somatostatin interneurons and long-term synaptic plasticity[END_REF]. Surprisingly, many GABAergic long-range neurons preferentially, target other GABAergic cells providing signal disinhibition. Moreover, the activation of bidirectional long-range GABAergic neurons in two separate brain areas often results in coordinated oscillatory activity that is a prevalent mechanism in fear memory encoding [START_REF] Caputi | The long and the short of GABAergic neurons[END_REF]. The most well-known example of a long-range inhibitory neuronal connection involved in a fear-related disinhibitory circuit is the CeL-vlPAG pathway.

Indeed, CeL SST GABAergic neurons project towards the vlPAG and this pathway is particularly potentiated after fear conditioning [START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF]. It is reported that LA inputs trigger CeL SST cells activity, and that this potentiation is necessary for the consequent fear memory formation and expression, indexed as freezing [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF]. CeA inhibitory outputs target local inhibitory neurons in the vlPAG that in turn no longer inhibit vlPAG glutamatergic output cells. The consequent disinhibition drives freezing responses by recruiting downstream pathways in the magnocellular nucleus of the medulla [START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF].

B. Review of the long-range GABAergic neurons and their implications in fear behaviour

a. Septum long-range projections

Septal long-range neurons contact the HPC. These long-range projections are either PV or cholinergic cells located predominantly in the lateral septum and to a lesser extent in the MSdiagonal band of Broca. The cholinergic inputs are directed towards all types of hippocampal cells while the septal GABAergic neurons project preferentially onto inhibitory neurons that are known to inhibit PNs in the HPC [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]. This rhythmic disinhibition initiates theta oscillations in the HPC [START_REF] Freund | GABAergic septohippocampal neurons contain parvalbumin[END_REF][START_REF] Tóth | Disinhibition of rat hippocampal pyramidal cells by GABAergic afferents from the septum[END_REF]. Interestingly, during cued fear retrieval hippocampal theta oscillations appeared to be significantly synchronized with LA rhythms, probably promoting contextual modulation of fear [START_REF] Seidenbecher | Amygdalar and hippocampal theta rhythm synchronization during fear memory retrieval[END_REF]. A similar mechanism is observed in the LA-CA1-IL synaptic network and is increased specifically during fear retrieval [START_REF] Lesting | Patterns of coupled theta activity in amygdala-hippocampal-prefrontal cortical circuits during fear extinction[END_REF]. However, the role of these septum-HPC inhibitory long-range neurons remains to be determined.

It has been reported that some medial entorhinal cortex (MEC) inhibitory long-range projections neurons contact the HPC. These PV positive fibers originate from the layers I and II in the MEC while their axon terminals are detected in the stratum lacunosummoleculare/radiatum of the HPC and the stratum moleculare of the dentate gyrus. Targeted cells were GABAergic and composed of different subtypes, considering the various firing patterns recorded. These targeted cells were specifically located in the dorsal and intermediate areas of the HPC. Optogenetic stimulation of these fibers induces theta oscillations in both structures, suggesting that these inhibitory projections might precisely modulate neuronal activity [START_REF] Melzer | Longrange-projecting GABAergic neurons modulate inhibition in hippocampus and entorhinal cortex[END_REF]. Theta rhythm in the HPC has been associated to synaptic plasticity facilitation and induction of conditioned fear expression [START_REF] Seidenbecher | Amygdalar and hippocampal theta rhythm synchronization during fear memory retrieval[END_REF]. However, the role of these MEC-HPC inhibitory long-range neurons remains to be determined.

c. Hippocampus long-range projections

The HPC innervates back the MS with GABAergic projections. The HPC-MS neurons are distributed in a layer specific manner: in the stratum oriens layer of the CA1, in all CA3 layers and in the hilar area of the dentate gyrus. Several neuronal populations project towards the MS, including horizontal basket cells and pyramidal-like cells in the CA1, horizontal basket cells and stellate cells in the CA3, and stellate cells in the dentate gyrus. Most of these projection cells in the HPC express SST and are either sparsely spiny cells driven predominantly by excitatory inputs of local pyramidal cells, or densely spiny cells that receive major excitatory inputs from granule cells. Targeted cells in the MS were PV cells and to a lesser extent, cholinergic cells. Moreover, it has been reported that these long-range inhibitory neurons also connect local targets in the HPC. One study revealed that these local targets are predominantly GABAergic HPC cells while another one suggested that they were primarily pyramidal cells [START_REF] Gulyás | Interneurons are the local targets of hippocampal inhibitory cells which project to the medial septum[END_REF][START_REF] Jinno | Cellular architecture of the mouse hippocampus: a quantitative aspect of chemically defined GABAergic neurons with stereology[END_REF][START_REF] Takács | Types and synaptic connections of hippocampal inhibitory neurons reciprocally connected with the medial septum[END_REF]. Interestingly, the hippocampal long-range neurons are innervated by the MS-HPC axons described previously [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]. This reciprocal loop is supposed to take part in the theta oscillations generation that may be liked to other structures theta oscillations, also involved in fear [START_REF] Seidenbecher | Amygdalar and hippocampal theta rhythm synchronization during fear memory retrieval[END_REF][START_REF] Lesting | Patterns of coupled theta activity in amygdala-hippocampal-prefrontal cortical circuits during fear extinction[END_REF]. Future research could focus on the role of HPC-MS long-range inhibitory neurons activity during theta oscillations generation and any possible effects on fear circuits.

Furthermore, the HPC sends SST long-range projections to the MEC. These neurons are SST positive and originate from the stratum oriens and the stratum radiatum of the CA1, but also from the hilus of the dentate gyrus. Targeted cells in the medial enthorinal cortex are GABAergic neurons that are predominantly classified as inhibitory neurons or to a lesser extent as stellate cells and are located at the transition zone between layer I and II. The firing pattern of the targeted inhibitory neurons was not uniform, indicating that they were composed of various subtypes. This population of SST long-range projections neurons is different from the one previously described in the HPC-MS SST pathway. Optogenetic stimulation of these fibers induces theta oscillations in both structures suggesting that these inhibitory projections might precisely modulate neuronal activity [START_REF] Melzer | Longrange-projecting GABAergic neurons modulate inhibition in hippocampus and entorhinal cortex[END_REF]. Interestingly, a specific population of cells in the MEC encodes the representation of a novel context and send excitatory efferent fibers to CA3 neurons in the hippocampus. These inputs facilitate fear acquisition and retrieval of fear conditioning memory [START_REF] Kitamura | Entorhinal ocean cells encode specific contexts and drive context-specific fear memory[END_REF]. Future research could focus on the role of HPC-MEC long-range inhibitory neurons in fear memory acquisition and retrieval.

Moreover, GABAergic long-range neurons mainly located in the CA1, and to a lesser extent in the CA3 or the dentate hilus, were reportedly projecting towards the subiculum. In the CA1, half of these cells were SST positive while the rest were CB positive, PV positive, or were positive for muscarinic acetylcholine receptor type 2, mGuR1α or enkephalin. HPC neurons projecting to the subiculum were also sending outputs to the MS. The post-synaptic targets were predominantly PNs, even if some terminals contacting inhibitory neurons were reported.

Interestingly, some recorded long-range inhibitory neurons in the CA1 were projecting to both the subiculum and the medial septum [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]. Given the role of the HPC in contextual fear encoding, and the recent evidence of the subiculum in contextual fear consolidation, it would be interesting for future research to focus on the role of this pathway in fear processes [START_REF] Tovote | Neuronal circuits for fear and anxiety[END_REF][START_REF] Melo | The dorsal subiculum is required for contextual fear conditioning consolidation in rats[END_REF].

Additionally, few CA1 GABAergic neurons are projecting to the retrosplenial cortex.

These long-range projections cells are located mainly at the border between stratum radiatum and lacunosum-moleculare of the CA1, and less in the stratum oriens or radiatum. The molecular characteristics of these GABAergic HPC-retrospenial cortex long-range neurons are still unknown, but they were positive for the detection of muscarinic acetylcholine receptor type 2 [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF][START_REF] Sousa | Optogenetic reactivation of memory ensembles in the retrosplenial cortex induces systems consolidation[END_REF]. They exert a fast inhibition mediated by GABAA receptors on the apical tuft of PN, in the layer V of the retrosplenial cortex. Interestingly, these inputs are directed towards the same cells contacted by the anterior thalamic nucleus excitatory afferent fibers. During the encoding of contextual fear memory, both pathways are engaged and serve opposing roles. The long-range inhibitory CA1-retrosplenial cortex fibers are involved in the suppression of contextual fear expression [START_REF] Yamawaki | Long-range inhibitory intersections of a retrosplenial thalamocortical circuit by apical tuft-targeting CA1 neurons[END_REF].

d. Amygdala long-range projections

Inhibitory long-range projections starting in the CeL and contacting the vlPAG, or the paraventricular thalamus, have been discovered. A fraction of these cells project to both structures. These long-range neurons are in majority SST positive and only a fraction of them were PKC-δ + positive. In vitro electrophysiological recordings determined that the excitatory synapses onto these long-range neurons are potentiated after fear conditioning and retrieval sessions [START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF]. Previous results demonstrated that LA inputs trigger CeL SST cells activity, and that this potentiation is necessary for the consequent fear memory formation and expression, indexed as freezing [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF]. CeA inhibitory outputs target local inhibitory neurons in the vlPAG, that in turn no longer inhibit vlPAG glutamatergic output cells.

The consequent disinhibition drives freezing responses by recruiting downstream pathways in the magnocellular nucleus of the medulla [START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. The strong behavioural effects obtained with the optogenetic modulation of the CeL-vlPAG pathway suggests that the vlPAG glutamatergic cells are constitutively inhibited by the local vlPAG inhibitory neurons targeted by the long-range CeL SST neurons. Therefore, these local vlPAG inhibitory neurons are probably fast spiking cells, inhibiting them consequently generates rapid and strong downstream circuits modulations.

e. Medial prefrontal cortex long-range projections

One study described GABAergic long-range projections originating in the mPFC layers II and III and contacting subcortical structures such as the dorsal striatum, the NAcc, the claustrum and the BLA. It appeared that these projecting neurons were heterogenous, some were VIP, and others fast-spiking PV cells. Optogenetic stimulation of the PFC-NAcc pathway affected motivated valence and elicited acute avoidance in a real-time place preference test, but did not affect locomotion, anxiety, or social exploration. As the behavioural paradigm excluded any contextual associations, authors suggested that these long-range inhibitory projections may act rapidly to convey aversive signals in parallel or related to conditioning, despite being relatively small in number. It is not excluded that in this case, stimulating the NAcc could have elicited back propagating action potentials to different structures [START_REF] Lee | A class of GABAergic neurons in the prefrontal cortex sends long-range projections to the nucleus accumbens and elicits acute avoidance behavior[END_REF].

In addition, a predominantly non-GABAergic cortico-striatal loop has been reported.

Several cortical areas including the AC contain PV long-range neurons targeting the caudal part of the dorsal striatum. The observed axons contacted the striatum ipsilaterally. Interestingly, these identified long-range PV cells do not correspond to the classically fast-spiking cells. This pathway should be further studied as the authors mention that these neurons are composed of pyramidal cells, PV-positive GABAergic cells, and PV-negative GABAergic cells. Dorsal striatum cells targeted are medium spiny neurons or GABAergic neurons that are able to delay or synchronize the action potential of medium spiny neurons [START_REF] Jinno | Parvalbumin is expressed in glutamatergic and GABAergic corticostriatal pathway in mice[END_REF]. Several studies confirmed the role of AC in fear acquisition, consolidation, and even contextual fear discrimination [START_REF] Bissière | The rostral anterior cingulate cortex modulates the efficiency of amygdala-dependent fear learning[END_REF][START_REF] Einarsson | Involvement of the anterior cingulate cortex in formation, consolidation, and reconsolidation of recent and remote contextual fear memory[END_REF][START_REF] Stern | Activity in prelimbic cortex subserves fear memory reconsolidation over time[END_REF][START_REF] Rozeske | Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination[END_REF]. Moreover, medium spiny neurons with the dopamine D1 receptor may play a role in contextual fear memory acquisition [START_REF] Ikegami | Striatal dopamine D1 receptor is essential for contextual fear conditioning[END_REF]. However, the involvement of this CG-striatum pathway in any fear processes remains to be established.

f. Auditory cortex long-range projections

Recently, SST long-range projections originating in the auditory cortex, and directed towards the LA, have been reported. Retrogradely labelled neurons were identified throughout the entire auditory cortex, including the dorsal, primary, and ventral areas while their somata were located in layers V and VI of the auditory cortex. A large proportion of LA PNs receive inputs from these GABAergic projections, affecting spike generation and timing [START_REF] Bertero | A non-canonical cortico-amygdala loop[END_REF]. Interestingly, a feedback pathway from LA to the auditory cortex exists and is involved in fear memory learning. Either the chemogenetic inactivation of this pathway postconditioning, or the optogenetic inactivation during the retrieval session, could decrease freezing levels [START_REF] Yang | Selective synaptic remodeling of amygdalocortical connections associated with fear memory[END_REF]. Further studies should focus on the role of these auditory cortex-LA SST long-range neurons in fear memory storage and expression.

g. Other long-range projections

Long-range GABAergic neurons projecting from the VTA to the NAcc have been described. The targeted cells in the NAcc are cholinergic accumbal inhibitory neurons. The activation of VTA long-range inhibitory projections is sufficient to suppress the tonic activity of these NAcc inhibitory neurons and is mediated by GABAA receptors mechanisms. During auditory fear conditioning acquisition, the optogenetic activation of these projections at the beginning of the CS + period consequently increased cue discrimination on the retrieval session and avoided fear generalization to the CS. The VTA-NAcc inhibitory long-range projections are involved in fear discrimination [START_REF] Brown | Ventral tegmental area GABA porjections pause accumbal cholinergic interneurons to enhance associative learning[END_REF].

Long-range inhibitory projections starting in the ZI and targeting the PAG, and several other areas in the midbrain, the hindbrain and the thalamus have been described. Regarding the projecting cells targeting the PAG, they were predominantly located in the rostral section of the ZI, few of them were PV positive. Retrograde labelling identified that a portion of these rostral long-range fibers project to excitatory cells both in the dlPAG and the vlPAG. ZI inhibitory inputs to the PAG are involved in the modulation of defensive behaviours based on conditioned fear experience. These long-range projections may be part of an extensive regulatory circuit,

given the mPFC signals received by the ZI [START_REF] Chou | Inhibitory gain modulation of defense behaviors by zona incerta[END_REF].

Interestingly, long-range inhibitory projections starting in the ZI and contacting several cortical structures, including the mPFC, were identified much earlier. These projections are GABAergic, tyrosine hydroxylase positive, and surprisingly some of them are dopaminergic.

These ZI inhibitory long-range neurons have not been linked to any fear responses but they could potentially be used as feedback to the mPFC areas encoding fear memory and coordinating defensive behaviours [START_REF] Lin | A major direct GABAergic pathway from zona incerta to neocortex[END_REF].

One study identified the long-range GABAergic projections starting in the NI and terminating in the HPC, promoting network activity, and ultimately memory formation. It seems that these neurons express relaxin-3 and rely on GABAA receptor neurotransmission.

They mainly target SST oriens-lacunosum moleculare inhibitory neurons that are also modulated by afferent MS glutamatergic or cholinergic inputs. The role of these SST orienslacunosum moleculare inhibitory neurons is to selectively inhibit distal dendrites of CA1 pyramidal cells regulating neuronal signal specificity and fear related memory engrams.

Optogenetic stimulation of NI GABAergic projections to the HPC during the US presentations prevented the acquisition of contextual fear memory. NI GABAergic neurons precisely balance the selection of PNs encoding fear formation, via their inhibition of SST oriens-lacunosum moleculare inhibitory neurons in the CA1. Furthermore, GABAergic neurons in the NI also send collaterals to the MS excitatory glutamatergic and cholinergic neurons. [START_REF] Szőnyi | Brainstem Nucleus Incertus controls contextual memory formation[END_REF].

Table 1 : List of described long-range inhibitory neurons and their involvement, documented or not, in fear processes. Each projection is described according to the localization of the cell soma, the position of axonal projections, and the molecular markers characterizing it. The assumed or studied role of these projections in fear processes are also detailed as well as the corresponding articles. 

MATERIAL AND METHODS

I. Animals

II. Surgeries

Mice of 8 to 10 weeks were anesthetized with isofluorane (induction 3 %, maintenance 1,5 %) in O2. Body temperature was maintained at 37°C with a temperature controller system (FHC). Mice were secured in a stereotaxic frame (Kopf). For mPFC viral injections, mice were bilaterally aimed at the following coordinates: 1.9 mm anterior to bregma; 0.37 mm lateral to the midline and 1.4, 1.8, 1.4 mm ventral to the brain surface (100 µL of virus at each site). For vlPAG viral injections, mice were bilaterally aimed at the following coordinates: 4.35 mm posterior to bregma; 0.55 mm lateral to the midline and 2.2 mm ventral to the brain surface (100 µL of virus at each site). For the targeted labeling of mPFC SST-expressing inhibitory neurons, conditional AAV encoding ArchT (AAV/CAG-Flex-ArchT-GFP, serotype 9, Vector were anesthetized with a mixture of ketamine/xylazine (100 mg/kg and 10 mg/kg respectively)

and cardiac-perfused with 10 mL ice-cold, oxygenated (95% O2, 5% CO2) cutting solution (NMDG) containing (in mM): 93 NMDG, 93 HCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 25 glucose 10 MgSO4, 0.5 CaCl2, 5 Sodium Ascorbate, 3 Sodium Pyruvate, 2 Thiourea and 12 mM N-Acetyl-L-cysteine (pH 7.3-7.4, with osmolarity of 300-310 mOsm). Brains were rapidly removed and placed in ice-cold and oxygenated NMDG cutting solution (described above).

The brain was mounted against an agar block and sliced with a vibratome (VT1200S, Leica Microsystems, USA) at 4ºC, then transferred to an incubation chamber held at 32 ºC and containing the same NMDG cutting solution. After this 12 min incubation period, slices were maintained for 60 min at room temperature in an interface chamber containing artificial cerebrospinal fluid (ACSF) equilibrated with 95% O2/5% CO2 until recording. The ACSF solution contained (in mM): 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25

Glucose, 2 MgSO4, 2 CaCl2, % Sodium Ascorbate, 3 Sodium Pyruvate, 2 Thiourea and 12 mM N-Acetyl-L-cysteine (pH 7.3-7.4, with osmolarity of 300-310 mOsm).

B. Patch clamp recordings

Whole-cell recordings of layer II, III and V neurons in the PL and IL were performed on coronal slices (from bregma: -1.6 mm to -2.2 mm) at 30-32ºC in a superfusing chamber.

Whole-cell recordings of lPAG/vlPAG neurons were performed on coronal slices (bregma: - 

IV. Behavioural paradigm and protocol

Mice were habituated to be handled by the experimenter during one week before the beginning of the behavioural protocol in order to reduce the stress caused by the experimenter's manipulations.

A. Discriminative cued fear conditioning coupled to an optogenetic stimulation

The stimulation (ST), habituation (HB), fear conditioning (FC) and renewal (RN) sessions occurred in a box named context A. It consists in a square transparent Plexiglas box (25 cm for the sides, 80 cm for the height) with a shock grid floor made of stainless-steel rods placed inside a sound attenuating and temperature regulated cubicle. Walls of the cubicle are made of wood and covered with a sound attenuating white foam. The interior of the cubicle was cleaned with a 70% ethanol solution before and after each session. Post-fear conditioning sessions (PF1, 2 and 3) and the retrieval session (RT) were performed in a different box named context B (Fig. 16). It consists in a transparent Plexiglas cylinder (25 cm for the diameter, 40 cm for the height) with a grey plastic floor placed inside a sound attenuating and temperature regulated cubicle. Walls of the cubicle were made of wood and covered with a sound attenuating black foam. The interior of the cubicle was cleaned with a 1% acetic acid solution before and after each session. In order to score freezing behaviour independently of the experimenter, an automated infrared beam detection system located on the bottom of the experimental chambers was used (Coulborn Instruments). As the detection of our dependent variable (freezing) was independent of the experimenter, we did not use a blinding process or behaviour scoring.

Freezing episodes were observed when the animal did not exhibit any movement during at least 2 s. Mice running order was an alternation between mice injected with one virus type and mice from the other virus group type.

On day 1, mice were submitted to a ST session in the context A in which they were stimulated 4 times with a laser during 30 s, via implanted optic fibers placed above the region of interest. Two hours later, mice were placed again in the context A for a HB session to both CS. During this session, mice were exposed to the CS -(white noise diffused during 30 s consisting of 50 ms pips at 0.9 Hz, repeated 27 times at 80 dB sound pressure level) and to the CS + (white noise diffused during 30 s consisting of 50 ms pips at 7.5kHz, repeated 27 times at 80 dB sound pressure level). The following day animals were submitted to auditory fear conditioning in the context A, in which they received in an intermingled fashion 5 CS + coupled to US (mild electric footshock, 0.65 ms, 1 ms, happening at the end of the CS + ) pairings along with 5 CS -alone exposure. On day 3, animals were placed in the context B for a first post-fear conditioning session. During this 15 min long session, mice were exposed to 4 CS -, 2 CS + not paired with light and then 4 CS + paired with light stimulation. The purpose of the first 2 lightoff CS + was to test learning accuracy: fear conditioning was considered successful when the animal exhibited ≥65% of freezing average during the 2 first CS + presentations. In the case of the cue fear conditioning using ChR2 and GFP mice, fear conditioning was considered successful when the animal exhibited ≥50% of freezing average during the 2 first CS + presentations, based on a less restrictive protocol previously used in the lab. This post-fear conditioning session was repeated on day 4 and 5. On day 10, animals were put back in the context B for the retrieval session consisting of 4CS -, 4CS + then 4CS + paired with light stimulation. Two hours later, animals were then put back in the context A for the renewal session consisting of 4CS -, 4CS + then 4CS + paired with light stimulation. submitted to a HB session where they received 5 presentations of the CS -and the CS + tones. The following day mice were submitted to the fear conditioning session during which one of the tones (the CS + ) was paired with a mild footshock while the second tone was not (CS -). Fear expression was assessed 24 h later and the next two days too in the context B, during which mice received 4 CS -presentations, 2 CS + presentations and 4 CS + coupled to light stimulation (blue or green laser). Remote fear memories where tested when mice were put back in the context B for a RT session, and later in the context A for a RN session. In both contexts, they were exposed to 4 CS - presentations, 4 CS + presentations and 4 CS + coupled to light stimulation (blue or green laser).

B. Discriminative contextual fear conditioning coupled to an optogenetic stimulation

Contextual fear conditioning took place in the same contexts A and B as described above (Fig. 17). On day 1, mice were subjected for a ST session in the context A in which they were stimulated 4 times with a laser during 30 s, via implanted optic fibers placed above the region of interest. Two hours later, mice were placed again in the context A for a HB session. The following day animals were submitted to contextual fear conditioning in the context A. On day 3, animals were placed back in the context A for a first post-fear conditioning session. Mice were exposed to 4 light stimulation periods in the middle of the session.

Fear conditioning was considered successful when the animal exhibited ≥65% of freezing average during the first 7 min of the session of 18 min. This test session was repeated on day 4 and 5. 

C. Place-preference test coupled to an optogenetic stimulation

All sessions occurred in a two-part rectangle box made of transparent Plexiglas (2 parts of 25 cm for the sides, 80 cm for the height) divided by a 5 cm transparent Plexiglas wall, placed on the bottom. The floor of the two-part box is composed of a shock grid made of stainlesssteel rods placed inside a sound attenuating and temperature regulated cubicle. Walls of the cubicle are made of wood and covered with a sound attenuating black foam. The interior of the cubicle was cleaned with a 70 % ethanol solution before and after each session. In order to score time spent in each compartment independently of the experimenter, an automated infrared beam detection system located on the bottom of the experimental chambers was used (Coulborn Instruments). As the detection of our dependent variable (time) was independent of the experimenter, we did not use a blinding process or group allocation or behaviour scoring.

Change of compartment was observed when the body of the animal was detected crossing the 5 cm wall in the middle of the two-part box. Mice running order was an alternation between mice injected with one virus type and mice from the other virus group type.

On day 1, mice were submitted to a pre-stimulation session in the two-part box during 15 min. Mice starting compartments were alternated between each animal change. Time spent in each compartment was measured and the side where the animal spent most of the time on day 1 was reported to be the preferred side. On day 2, mice were put back in the box and were stimulated with a laser, via implanted optic fibers placed above the region of interest, each time they entered in their preferred side, until they left it. On day 3, mice were placed in the two-part box during 15 min without any stimulation (Fig. 18). V.

Optogenetic manipulations

For the optogenetic experiments we used SST-Cre mice to express archaerhodopsin (ArchT), channelrhodopsin (ChR2) or a green fluorescent protein (GFP) in mPFC-PAG or mPFC-AMG SST neurons through conditional viral transfer. In order to target specifically the axon terminations of one or the other pathway, animals were implanted with optic fibers either above the PAG or above the AMG. The light (approximately 8-10 mW per fiber) was bilaterally conducted from the laser (OptoDuet 475/593 nm, Ikecool) to the mouse via two fiber-optic patch cords (diameter 200 µm, Doric Lenses) connected to a rotary joint (1x2 fiber-optic rotary joint, Doric Lenses) that allowed mice to freely move in the behavioural apparatus. Mice infected with ArchT and their corresponding GFP controls were stimulated continuously with green light during 30 s (8-10 mW, 526 nm), a duration equivalent to the CS period used in both the auditory fear conditioning and the contextual fear conditioning. Regarding the ArchT and GFP mice used in the place preference test, the duration of their stimulation on day 2 was equal to the time spent in the given preferred compartment (8-10 mW, 526 nm). Mice infected with ChR2 and their corresponding GFP controls were stimulated with blue light pulses during 30 s (8-10 mW, 473 nm, 10 Hz, 5 ms flash), a duration equivalent to the CS period used in both the auditory fear conditioning and the contextual fear conditioning. Regarding the ChR2 and GFP mice used in the place preference test, the duration of their stimulation on day 2 was equal to the time spent in the given preferred compartment (8-10 mW, 526 nm). After behavioural experiments, mice were perfused, and histological analyses were performed.

VI. Statistical analysis

In vitro slice recordings were analyzed by comparing the effect of one factor in a group of data, using Student t-test. However, when data were not following a normal distribution, we applied the Mann Whitney rank-based statistical test. For all test, statistical difference was concluded when p<0.05.

Behavioural results were analyzed according to the group selection based on the virus expression, and the different conditions in each test (baseline, CS -, CS + , light stimulation on or off) impacting the data distribution. Periods of freezing and numbers of freezing periods for each animal group were compared and analyzed using Student t-test. Freezing levels in each session with all the different conditions were compared and analyzed between each group using a two-way ANOVA test. Furthermore, a Holm-Sidak test was applied as comparisons were multiple, pairwise, and versus a control group. Time spent in the place-preference apparatus in each session with all the different conditions were compared and analyzed between each group using a three-way ANOVA test.

RESULTS

Our understanding of the role of long-range inhibitory projections has considerably grown over the past decades and it is relatively clear that pathways such as CA1-retrosplenial cortex or ZI-PAG are actively recruited during the expression of freezing behaviour [START_REF] Chou | Inhibitory gain modulation of defense behaviors by zona incerta[END_REF][START_REF] Yamawaki | Long-range inhibitory intersections of a retrosplenial thalamocortical circuit by apical tuft-targeting CA1 neurons[END_REF]. However, it remains unknown how local changes in the mPFC activity could be transmitted to the AMG or the PAG via long-range inhibitory neurons, and then affect fear expression. Indeed, the classical model remains the mPFC-BLA pathway composed of PL excitatory projections contacting BLA excitatory neurons (for review see [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]. Several anatomical tracings studies already demonstrated the existence of long-range inhibitory neurons emanating from the mPFC contacting the NAcc, the BLA or the striatum [START_REF] Jinno | Parvalbumin is expressed in glutamatergic and GABAergic corticostriatal pathway in mice[END_REF][START_REF] Lee | A class of GABAergic neurons in the prefrontal cortex sends long-range projections to the nucleus accumbens and elicits acute avoidance behavior[END_REF]. These mPFC long-range inhibitory projections are particularly interesting as they could directly regulate the activity in targeted regions to efficiently control fear expression.

In the lab we previously identified a subpopulation of mPFC SST neurons projecting to the PAG and the AMG. In the present study, we used a combination of viral injections, in vitro recordings, as well as several behavioural protocols to describe the anatomy and the functions of these projections. To our knowledge, these results identify for the first time the existence of long-range SST inhibitory neurons in the mPFC that contact both the PAG and the AMG, and their functional involvement in fear expression. The experimental results are divided in 5 sections. The first section is devoted to the preliminary results that initiated the study of this pathway. The second section concerns the investigation of whether local and long-range SST neurons are GABAergic. The third section is dedicated to the anatomical characterization of the SST long-range projections. The fourth section describes the different manipulations of the SST long-range projections during fear behaviour. The last part of the results section addresses the cellular targets of these SST long-range neurons in the PAG.

I. Preliminary results

In a collaboration with the group of Dr. Josef Penninger, Vienna, Austria we labelled these neurons by injecting a Cre-dependent virus expressing GFP bilaterally in the mPFC, thus demonstrating the existence of long-range neurons projections targeting the PAG (Fig. 19). As mentioned previously, the PAG participates to fear related behaviours among other autonomic and non-autonomic responses [START_REF] Brandão | Role of the dorsal periaqueductal gray in posttraumatic stress disorder: mediation by dopamine and neurokinin[END_REF]. The axons of these SST long-range inhibitory neurons can be observed throughout a large part of the brain, thus suggesting that some other areas, besides the PAG, could also be targeted. Indeed, another SST long-range inhibitory projection has been reported to target more than one distant brain area [START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF]. SST inhibitory neurons in the neocortex differ in their firing properties and electrophysiology : they can be regular spiking, low-threshold spiking, bursting or fast spiking cells [START_REF] Yavorska | Somatostatin-expressing inhibitory interneurons in cortical circuits[END_REF]. It has been reported that SST INs in the mPFC mediate PNs disinhibition via their inhibitory action on PV INs, thus inducing social fear expression (Xu et al., 2019). Furthermore, SST INs activity in the mPFC has also been related to some PNs disinhibition via PV INs, consequently driving cued fear expression, indexed as freezing responses [START_REF] Cummings | Prefrontal somatostatin interneurons encore fear memory[END_REF]. As the SST inhibitory neurons are known to be an heterogenous cell population, we hypothesized the existence of both local and long-range neurons, and possibly segregated firing activity profiles during fear expression.

In vivo recordings were performed in behaving mice that underwent a classical cue fear conditioning protocol. SST-Cre animals were injected with a Cre-dependent virus expressing ChR2 in the mPFC while the optic fibers were implanted over the mPFC (Fig. 20.a, b). This strategy did not allow us to disentangle the short-range from the long-range SST neurons, so we rather focused on different activity profiles during fear behaviour. SST were phototagged using optogenetics allowing their identification among all the other recorded cells (Fig. 20.c).

Animals were subjected to a cue fear conditioning session in a context A and their fear responses, indexed as freezing, were measured on the following day in a context B (Fig. 20.d).

The activity of identified SST INs was correlated to CS + presentations or to freezing behaviour.

The vast majority of identified SST neurons were tone-responsive and displayed either increased or decreased tone-evoked responses (Fig. 

II.

Local and long-range SST projections neurons are inhibitory

A. Local SST neurons in the mPFC are inhibitory

The first objective of my thesis was to verify if SST neurons were inhibitory in the mPFC, as several studies indicated that SST expression occurs in neuronal populations releasing GABA, but also glutamate, in brain structures such as the basal ganglia of the rostral ventrolateral medulla [START_REF] Stornetta | A group of glutamatergic interneurons expressing high levels of both neurokinin-1 receptors and somatostatin identifies the region of the pre-Bötzinger complex[END_REF][START_REF] Wallace | Genetically distinct parallel pathways in the entopeduncular nucleus for limbic and sensorimotor output of the basal ganglia[END_REF].

SST-Cre adult mice were injected with an AAV/Ef1a-DIO-hChR2(H134R)-eYFP virus in the AC, PL and IL of the mPFC. In a collaboration with the group of Dr. Yann Humeau, recordings were performed in the mPFC in order to verify the GABAergic nature of SST neurons after 3-4 weeks of viral expression. In these conditions, SST neurons in the mPFC expressed ChR2 tagged with GFP and could be activated with 470 nm light flashs up to 10 Hz.

In unlabeled mPFC cells, nearby the GFP-tagged cells, responses to short light flashs were recorded at either 0 mV or -70 mV to examine evoked-inhibitory post-synaptic currents (eIPSC)

and evoked-excitatory post-synaptic currents (eEPSC) respectively (Fig. 21.a). This separation was based on intracellular medium composition, positioning reversal potentials of AMPAR and GABAR mediated responses approximatively at 0 and -65 mV respectively [START_REF] Houbaert | Target-specific vulnerability of excitatory synapses leads to deficits in associative memory in a model of intellectual disorder[END_REF]. At 0 mV, most of the recorded cells were exhibiting outward currents following light application (Fig. 21.b) that could be blocked by addition of picrotoxine (PTX), a specific GABAA receptor blocker antagonist (Fig. 21.c). Our results suggest that SST neurons in the mPFC provide local inhibition, and that they use GABAbut not glutamateas a neurotransmitter. 

B. Long-range SST neuronal projections in the PAG are inhibitory

In a second step, we evaluated whether long-range SST neuronal projections in the PAG were also inhibitory. In a collaboration with the group of Dr. Yann Humeau, electrophysiological recordings of vlPAG and lPAG neurons were performed while stimulating SST fibers emanating from the mPFC.

For this experiment, SST-Cre mice were injected with the same viral construct used previously which contained ChR2, allowing the optogenetic activation of SST neurons firing activity. This time, we focused the light stimulations on the projections directed to both the lPAG and the vlPAG (Fig. 22). Responses to light stimulations were recorded in vlPAG and lPAG cells, using various voltage clamp conditions (Fig. 22.a). Then, using these evoked currents, we examined the synaptic conductances by established an I-V curve which suggested that recorded currents were most probably mediated by GABA receptors. Indeed, the reversal potential seemed to be specific for Cl -ions equilibrium potential and GABA receptors are composed of Cl -ion channels (Fig. 

B. Long-range SST neurons project to the BLA

As mentioned before, many inhibitory long-range neurons do not restrict their projections to only one remote brain area [START_REF] Lee | A class of GABAergic neurons in the prefrontal cortex sends long-range projections to the nucleus accumbens and elicits acute avoidance behavior[END_REF][START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto longrange projection neuron in the lateral subdivision of central amygdala[END_REF]Szõny et al., 2019). Therefore, we wanted to verify if the SST long-range inhibitory neurons projecting from the mPFC to the PAG were also reaching another key structure in fear-related behaviour: the AMG. Indeed, excitatory mPFC-BLA projections have been described to play a role in fear behaviour but it remains unknown if any mPFC long-range inhibitory neurons contact the AMG as well [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF].

Using the strategy described earlier, we observed that the long-range SST neurons terminals also contact the AMG. We injected bilaterally the same virus (AAV9-CAG-floxed- corresponding to synaptophysin-GFP labelling. f. Synaptophysin-GFP punctas were quantified in stacks composed of several imaged sections. g. The quantification of the density of synaptophysin-GFP dots was calculated according to these stacks, for the BLA and also more precisely for the LA, classified in either anterior AMG (from AP: -0.58 mm to -1.82 mm included), medial AMG (from AP: -1.82 to -2.92 mm to AP: -2.30 mm included) or posterior AMG (from AP: -2.30 mm to AP: -2.92 mm).

C. Long-range SST neurons position in the mPFC remains unknown

One of the objectives of this thesis was to identify the position of these SST long-range inhibitory neurons somata in the mPFC. It has previously been reported that some SST longrange inhibitory neurons somata were observed in the cortical layer VI [START_REF] Yavorska | Somatostatin-expressing inhibitory interneurons in cortical circuits[END_REF].

To address this question, we injected bilaterally the Cre-dependent retrograde virus We should consider using SST-Cre mice and injecting them bilaterally with a Cre-dependent virus expressing a given fluorescent tag in the mPFC, while injecting retro beads with separate colors in the AMG and the PAG. Thus, SST long-range inhibitory neurons would be double labelled in the mPFC according to their projections to the PAG or the AMG. IV. Long-range SST neurons activity is critical for conditioned fear expression

A. Long-range SST neurons activity is critical for cued fear expression

Classically, it is considered that the control of freezing behaviour following auditory fear conditioning is highly dependent on mPFC-AMG-PAG fear circuits. However, direct or indirect manipulation of PFC inputs to these downstream structures during cued fear behaviour was often associated with partial effects on freezing, suggesting that additional pathways could be involved in cued fear expression [START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF][START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]. Previous results in the laboratory suggest that the mPFC contact both the PAG and the AMG, which are structures involved in freezing behaviour [START_REF] Tovote | Neuronal circuits for fear and anxiety[END_REF]. However, the functional role played by this long-range SST neurons during cue fear expression remains unknown.

To address this question, we submitted mice to auditory fear conditioning, a robust learning paradigm during which mice learned to associate a neutral cue (the conditioned stimulus CS + ) with a coincident aversive footshock (the unconditioned stimulus US), while 

B. Long-range SST neurons activity is critical for contextual fear expression

Classically, it is considered that the control of freezing behaviour following contextual fear conditioning is highly dependent on mPFC-AMG-HPC-PAG neuronal fear circuits [START_REF] Maren | The contextual brain: implication for fear conditioning, extinction and psychopathology[END_REF]. Recently, excitatory PNs projections from the mPFC to the vlPAG have been

shown to be involved in contextual fear discrimination, consequently driving contextual fear expression. However, the manipulation of PFC inputs to the PAG were limited to PNs and the involvement of additional inhibitory PFC-PAG pathways in contextual fear expression remains to be established [START_REF] Rozeske | Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination[END_REF].

To address this question, we submitted mice to contextual fear conditioning, a robust learning paradigm during which mice learned to associate a specific visual and olfactory context Regarding the results obtained earlier, one could argue that the decrease in freezing obtained while inhibiting the long-range SST projections in the PAG could be due to a motor effect of the light per se.

To control for this possibility, we submitted mice to a place preference protocol, a paradigm during which mice could move freely in a two compartments box while the time spent V.

Long range inhibitory neurons project to GABAergic cells in the PAG

The PAG circuitry suggests that two pathways are competing to promote either active defensive responses such as flight, or passive defensive responses such as freezing [START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF][START_REF] Tovote | Midbrain circuits for defensive behavior[END_REF]. According to our previous results, SST fiber terminals are predominantly directed towards both the lPAG and the vlPAG and are involved in freezing behaviour. Therefore, in a last step we wanted to identify the precise cellular targets of these projections in the lPAG and the vlPAG.

Our in vitro recordings in both the lPAG and the vlPAG described in the first results section above provided some information on the synaptic connectivity of mPFC SST longrange neurons (Fig. 22). We were able to record light-evoked responses in lPAG and vlPAG cells in 25% of the animals used for this experiment, this indicating that part of the variability could be due to in the locus of the viral injection (Fig. Neither the Tau of the capacitance response, nor the localization of the responsive cells along the rostro-caudal axis, suggested a major bias that could be observed in the SST projections towards a specific cell type or PAG region. 

DISCUSSION

Identifying the neural elements and their roles in neuronal activity during fear expression represents one of the most uphill challenges in neuroscience research. Long-range inhibitory neurons should be further studied in order to unravel the mechanisms allowing the control of distant brain areas and the consequent modulations of fear behaviour. By combining in vitro recordings, viral tracings and optogenetic manipulations in behaving mice submitted to cued fear conditioning, contextual fear conditioning and place preference, we addressed these questions and identified novel long-range inhibitory SST neuronal projections that project from the mPFC to the AMG and the PAG. To our knowledge this is the first experimental demonstration that such long-range inhibitory neurons exist between these brain structures.

First, we verified that these neurons are GABAergic locally in the mPFC and in their distant projections in the PAG. Secondly, we discovered that these neurons project majoritary to the vlPAG, the lPAG, the caudal dlPAG and the BLA, although it is possible that these neurons project anecdoctically to other structures. Finally, using optogenetics combined with behavioural procedures we determined that both mPFC-AMG and mPFC-PAG projections are mediating fear expression, and that they seem to play complementary roles. Nevertheless, the work performed during the time course of this doctoral thesis also raises important unanswered questions we will discuss below.

During the time frame of this doctoral thesis, we first demonstrated the existence of GABAergic currents produced by inhibitory SST neurons in the mPFC that were received by neighboring cells in the local circuitry. However, the viral strategy used in this case did not allow us to disentangle among the SST cells, the ones contacting local mPFC neurons, from the ones projecting to both local circuits and to distant areas such as the PAG. One possible experiment could be to reproduce the in vivo recordings detailed in the preliminary results part and complete them with antidromic stimulations in the PAG and in the AMG. Thus, the SST phototagged cells could be segregated into supposedly local SST cells, AMG projecting SST cells and PAG projecting SST cells. This could inform us on the different firing activities for each SST neuron subpopulation and correlate that with some of their projections. Furthermore, we demonstrated that the projections of these neurons to the PAG are monosynaptic and inhibitory. Although our results strongly suggest that these long-range SST neurons are GABAergic, we did not formally demonstrate that the projections targeting the AMG are inhibitory too. Because some interneurons can co-release GABA and glutamate, it will be important in the future to precise the type of neurotransmitters produced by the long-range SST projections in the AMG. For instance, SST neurons in the striatum co-release GABA and glutamate, thus exerting a transient excitation followed by a prolonged inhibition of action potential firing [START_REF] Cattaneo | Somatostatin-expressing interneurons co-release GABA and glutamate onto different postsynaptic targets in the striatum[END_REF].

Additionally, it would be interesting to unravel the connections of long-range SST neurons in the mPFC with local INs and with PNs. Given the already various described roles of mPFC SST INs, PV INs in cue fear or contextual fear, describing their possible interactions with the long-range SST neurons seems to be relevant [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF][START_REF] Rozeske | Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination[END_REF][START_REF] Xu | A disinhibitory microcircuit mediates conditioned social fear in the prefrontal cortex[END_REF][START_REF] Cummings | Prefrontal somatostatin interneurons encore fear memory[END_REF]. Moreover, some PNs projections target BLA or vlPAG cells, thus if SST long-range neurons target these areas too, it would be particularly relevant to verify how these neurons can interact locally in the mPFC, thus coordinating their projecting downstream outputs during fear expression. The anatomical identification of these neurons, the functional characterization of their projections and the manipulation of their activity during the fear behaviour do not allow us to determine their precise firing pattern in physiological conditions. Further in vitro and in vivo recordings will be necessary to explore this aspect of the local mPFC circuits in which SST long-range inhibitory cells may be involved.

One possible additional experiment could be to inject a Cre-dependant virus expressing ChR2 with a GFP tag in the mPFC of SST-Cre mice, while also injecting read retrobeads in the PAG. Thus, in the mPFC PAG projecting cells would be labelled in red, SST neurons would be labelled in green, and SST neurons that project towards the PAG would be labelled in both red and green. After eliciting the firing activity of the Chr2-containing SST cells, paired recordings could be performed to study their connectivity towards other SST cells or non-SST cells, In this project we also demonstrated that the long-range SST neurons contact and make synapses with specific parts of the AMG and the PAG. Indeed, our results suggest that they target preferentially the BLA, the vlPAG, the lPAG and the caudal dlPAG, already known for their major involvement in the generation of defensive responses. It is still unclear if the mPFC SST neurons that project to the AMG are the same as the ones projecting to the PAG or if they are two separate SST subclasses. In the case there would be at least two populations of SST long-range inhibitory neurons projecting to either PAG or the AMG, it would be interesting to study their precise soma localization in the mPFC. Indeed, if they are placed in the same cortical layer, they could contribute to the same circuit, otherwise they would probably treat the information in parallel. Moreover, depending on their placement in the mPFC layers, SST longrange inhibitory neurons could also be connected to projecting AMG or PAG excitatory cells.

Regarding mPFC PNs, it is already established that the ones placed in the more superficial cortical layers contact the BLA while those contacting the PAG are located in the deep cortical layers [START_REF] Little | Synaptic mechanisms underlying strong reciprocal connectivity between the medial prefrontal cortex and basolateral amygdala[END_REF][START_REF] Ferreira | Highly differentiated cellular and circuit properties of infralimbic pyramidal neurons projecting to the periaqueductal gray and amygdala[END_REF][START_REF] Floyd | Orbitomedial prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray in the rat[END_REF]. It would be interesting to verify if the placement of PAG or AMG projecting SST long-range neurons follows the same topographic distribution as projecting PNs. If this particular case is verified, both SST long-range neurons populations would act as separate levers, inhibiting PNs projecting to subcortical structures, thus finely modulating freezing episodes length and occurrence. Furthermore, it would be interesting to complement these experiments by a deeper analysis of these long-range SST neurons projections directed to other AMG nuclei and other brain structures (NAcc, Hyp, HPC, cerebellum…). Indeed, some GABAergic SST cells in the mPFC are reported to project towards the lateral preoptic and lateral hypothalamus and are supposed to be implicated in nesting and sleep [START_REF] Tossell | Sleep deprivation triggers somatostatin neurons in prefrontal cortex to initiate nesting and sleep via the preoptic and lateral hypothalamus[END_REF].

The type of cells targeted by the PFC-AMG and PFC-PAG projections remains unknown. Given the low connection rate (<10%) obtained performing these recordings in the PAG, and the not so appropriate use of GAD-Cre mice to study the SST long-range neurons, it seems that the in vitro approach in this case is limited. It would seem more appropriate to use a viral strategy complemented with some immunohistochemical labellings. Indeed, SST-Cre mice could be injected in the mPFC with a Cre-dependent virus expressing a synaptophysin tagged with GFP. Therefore, the long-range SST inhibitory fibers contacting the BLA or the PAG would be expressing synaptophysin around local targeted cells. A follow up immunohistochemical experiment could be performed in order to quantify Vglut or glutamic acid decarboxylase (GAD) positive cells nearby the synaptophysin puncta. This approach, despite not being a functional evidence of SST long-range neurons inhibiting glutamatergic or GABAergic cells in distant areas, could provide us some more information about the involved circuits. Moreover, our in vitro recordings in the PAG led us to the hypothesis that cells contacted by SST long-range fibers are regrouped in hotspots, which might explain the heterogeneity of the success rate per animals. This assumption needs to be verified with further investigations.

We injected Cre-dependent retrograde viruses with a GFP tag in the PAG of SST-Cre mice in order to label the soma of these neurons, without success. Future attempts performed to identify the location of these long-range SST somata should consider the moderate transfection rate of viral strategies, possible virus leaking and the already small number of neurons in this cell population as limiting experimental factors. The most appropriate strategy would be then to use SST-Cre mice and inject bilaterally a Cre-dependent virus expressing a given fluorescent tag in the mPFC, while injecting retro beads with separate colors in the AMG and the PAG. Thus, SST long-range inhibitory neurons would be double labelled in the mPFC according to their projections to the PAG or the AMG.

We then performed manipulation of the activity of these long-range inhibitory projections using optogenetics in behaving mice that underwent cued fear conditioning.

The inhibition of the long-range neuron terminals in the PAG during days following fear conditioning does not affect fear memory but rather decreases fear expression indexed with freezing behaviour. However, on the second day post-fear conditioning, some might argue that on the first CS + block, ArchT mice tend to freeze less than GFP mice which could suggest that the effect of the light stimulation the day before might create some speed-up extinction. This selective manipulation of the mPFC-PAG long-range SST projections definitely suggests that these neurons are active in physiological conditions. Conversely, the activation of long-range SST terminals in the PAG during the days following fear conditioning does not affect fear memory nor fear expression, but rather freezing periods structure. It is possible that the absence of an increase for the time spent freezing for ChR2 mice compared to GFP could be attributed to a ceiling effect of freezing levels. Another possibility would be that the ChR2-induced activation of these long-range projections does not elicit an increase of freezing levels because Furthermore, we performed an ArchT-mediated inhibition of the activity of these longrange neuronal projections directed towards the PAG, in behaving mice that underwent a contextual fear conditioning protocol. The inhibition of the long-range neuronal terminals in the PAG during days following fear conditioning did not affect fear memory but rather decreased the fear expression indexed as freezing. This selective manipulation of the mPFC-PAG long-range SST projections suggested that these neurons are active in physiological conditions. The mPFC is classically associated to the neuronal circuit of context-dependent regulation of fear memory [START_REF] Maren | The contextual brain: implication for fear conditioning, extinction and psychopathology[END_REF]. Indeed, the activity of mPFC neurons is modulated by the contextual information transmitted by the vHPC afferent fibers [START_REF] Siapas | Prefrontal phase locking to hippocampa theta oscillations[END_REF][START_REF] Hoover | Anatomical analysis of afferent projections to the medial prefrontal cortex in the rat[END_REF][START_REF] Hyman | Contextual encoding by ensembles of medial prefrontal cortex neurons[END_REF]. Inputs from vHPC neurons target excitatory and inhibitory cells in both superficial and deep layers in IL, but only PL deep layers.

Interestingly, some of these neurons in IL are projecting towards BLA, contralateral PFC or other intratelencephalic areas while those placed in PL only project to contralateral PFC or other intratelencephalic areas [START_REF] Liu | Ventral hippocampal inputs preferentially drive corticocortical neurons in the infralimbic prefrontal cortex[END_REF]. It would be interesting to determine the localization of the long-range SST inhibitory neurons within the mPFC and verifify if they receive vHPC inputs too. Given the results obtained with both cued and contextual fear expression while inhibiting the activity of the SST projections in the PAG, we can hypothesize that the activity of these long-range SST inhibitory neurons is related to the threat evaluation of mPFC circuits to various converging inputs, from context to auditory cues. Moreover, it has been described that some PNs in the mPFC project towards both the lPAG and the vlPAG and their activity is necessary for fear discrimination [START_REF] Rozeske | Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination[END_REF]. Thus, mPFC long-range SST inhibitory neurons projecting to the PAG could balance these incoming excitatory inputs but the precise synaptic targets in the lPAG and the vlPAG remain to be identified.

Because we observed a strong labelling of mPFC SST fibers in the BLA, we performed an ArchT-mediated inhibition of the activity of these long-range neuronal projections directed towards the AMG, in behaving mice that underwent a cued fear conditioning protocol. The inhibition of the long-range neuronal terminals in the AMG during days following fear conditioning did not affect fear memory but rather increased the fear expression indexed as freezing. It would be interesting to look at the long-term effect of this stimulation and verify if the variation of freezing levels is caused by an increased plasticity in the BLA and if the increased fear expression can turn into a fear generalization with time. These results would suggest that the long-range SST neurons projecting to the AMG are exerting an inhibitory control over the BLA neurons in physiological conditions, indirectly controlling freezing expression via the BLA-CeA-PAG circuit. In parallel, mPFC PNs are known to target BLA neurons, thereby modulating fear expression during high fear states [START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF][START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]. It would then be interesting to determine what are the precise postsynaptic targets of the mPFC-BLA PNs and long-range SST projections and how they could integrate these functionally opposite inputs.

In addition to the fear conditioning protocols, we submitted the mice to a place preference protocol in order to manipulate the activity of the long-range SST neuronal projections towards the PAG or the AMG. Neither the inhibition of the PAG terminals, nor the activation of the PAG terminals, not even the inactivation of the AMG terminals elicited a locomotor effect. Therefore, these results suggest that the role of these neurons is associated specifically to fear expression. As already mentioned, fear responses are diverse and adapted to contexts. More generally, behavioural reactions adopted when animals face a danger are distributed according to a gradient depending on the proximity to the threat [START_REF] Mobbs | Space, time, and fear: survival computations along defensive circuits[END_REF].

Thus, measuring freezing using a Pavlovian fear conditioning protocol is only one way to assess passive fear expression. It appears then essential to investigate the role of these long-range SST inhibitory neurons in various protocols measuring active fear responses such as avoidance, innate fear responses and even anxiety behaviours.

Our in vitro results combined with the optogenetic manipulation suggest that the SST long-range neurons project to GABAergic cells in the PAG thus mediating a disinhibitory circuit that contributes to fear expression. In parallel, the SST projections targeting the BLA might be inhibiting excitatory neurons, mediating the BLA-CeA-PAG pathway, thus dampening fear expression. It would be particularly interesting that one inhibitory long-range projection could target two cellular types, in two separate areas, one supposed to be excitatory while the other is inhibitory. This was already described with an example of long-range inhibitory neurons that could contact locally pyramidal cells in the HPC while they were projecting towards both PV INs and SST INs in the MS [START_REF] Jinno | Structural organizations of long-range GABAergic projection system of the hippocampus[END_REF]. The discrepancy of SST long-range neurons cellular targets and the low rate of connectivity observed in the in vitro experiments could suggest a type of top-down control focused on some strategic targets in the PAG. Indeed, despite their limited number, incoming inhibitory SST signals, if they are directed to fast-spiking highly connected local PAG neurons, can create a major disinhibitory circuit and a widespread activation of glutamatergic output cells. As SST neurons are dendritestargeting, it is supposed that they would regulate the integration of incoming excitatory inputs on these cells in the AMG and the PAG so called "hotspots" [START_REF] Tremblay | GABAergic interneurons in the neocortex: from cellular properties to circuits[END_REF]. It is supposed that the role of these SST long-range inhibitory neurons in these two circuits is to define a selective population of activated neurons in space and time. Therefore, the opposed roles of incoming excitatory and inhibitory projections in the PAG and the AMG probably enhance the specificity of the signal transmission, which seems to be a critical point for a process such as the action selection of defensive responses in a threatful situation.

Moreover, the behavioural results obtained via the ArchT-dependent inhibition of the PAG projections suggest that these neurons are active during both the cued fear expression and the contextual fear expression. It would be then interesting to investigate the specificity of the activity of these neurons towards the type of defensive response generated rather than the fear state or contextual elements presented. Indeed, as the projections of the SST long-range neurons towards the PAG are distributed predominantly in the vlPAG, the lPAG and the caudal dlPAG, they could play a role either in the freezing or the flight pathway. Indeed, the caudal dlPAG is particularly associated to flight, whereas the vlPAG and the lPAG are mediating freezing [START_REF] Keay | Parallel circuits mediating distinct emotional coping reactions to different types of stress[END_REF][START_REF] Brandão | Different patterns of freezing behavior organized in the periaqueductal gra of rats: association with different types of anxiety[END_REF][START_REF] Perusini | Neurobehavioral perspectives on the distinction between fear and anxiety[END_REF]. As our results demonstrate that the inactivation of SST long-range inhibitory projections decreases both cued and contextual fear related freezing, it would be interesting to verify if these projections inhibit dlPAG flight promoting excitatory neurons, while disinhibiting vlPAG and lPAG glutamatergic output neurons. The distinction between activating the freezing pathway over the flight-related circuitry versus promoting the freezing pathway without affecting the flight-related circuitry needs to be clarified. Moreover, the apparatus used for both cued and contextfual fear protocols is not appropriate to observe flight, forcing consequently mice to elicit a single defensive strategy known as freezing. Therefore, using a longer or wider box for future experiments could help differentiating the various behavioral outcomes.

Furthermore, our results suggest that the mPFC long-range SST inhibitory neurons project to the BLA, supposedly contacting excitatory cells that may receive mPFC excitatory inputs as well [START_REF] Sierra-Mercado | Dissocianle roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF][START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]. It would be interesting to investigate the involvement of the SST long-range neurons in the generation and conservation of slow oscillations occurring between the mPFC and the BLA. These oscillations have been previously associated to fear expression and discrimination as well as safety signaling coding [START_REF] Lesting | Patterns of coupled theta activity in amygdala-hippocampal-prefrontal cortical circuits during fear extinction[END_REF][START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF][START_REF] Likhtik | Prefrontal entrainement of amygdala activity signal safety in learned fear and innate anxiety[END_REF][START_REF] Dejean | Prefrontal neuronal assemblies temporally control behaviour[END_REF]. Interestingly, various other long-range inhibitory neurons have already demonstrated an important role in such mechanisms [START_REF] Caputi | The long and the short of GABAergic neurons[END_REF].

It is important to emphasize the controversy regarding the homozygous SST-Cre mouse line used in this project. This mouse model is widely used as SST cells are effectively non-PV, non-VIP and fast spiking [START_REF] Pfeffer | Inhibition of inhibition in visual cortex: the logic of connections between molecularly distinct interneurons[END_REF][START_REF] Xu | Neocortical somatostatin-expressing GABAergic interneurons disinhibit the thalamorecipient layer 4[END_REF]. However, a study reported that the SST expression in the cerebral cortex is selectively impaired in these transgenic mice, while no major changes affect the SST receptors expression in the brain. In contrast, heterozygous SST-Cre mice exhibited higher levels of this neuropeptide that could be compared to those measured in wild type mice. Interestingly, plasma corticosterone levels for both heterozygous SST-Cre mice and homozygous SST-Cre mice were higher than for wild type mice. Both wild type and homozygous SST-Cre mice exhibited comparable behaviours in various test evaluating anxiety (elevated-plus maze, openfield, forced-swim test) [START_REF] Viollet | Somatostatin-IRES-Cre Mice : between knockout and wild-type ?[END_REF].

Other studies evaluated fear responses to both auditory and contextual fear conditioning, but results are contracdictory [START_REF] Albrecht | Circadian modulation of anxiety: a role for somatostatin in the amygdala[END_REF][START_REF] Kluge | Role of the somatostatine system in contextual fear memory and hippocampal synaptic plasticity[END_REF]. SST is a neurotransmitter involved in the inhibition of both the excitatory and the GABAergic synaptic transmission. Its effects are slower and longer lasting compared to classical neurotransmitters, as there are no selective reuptake mechanisms. Moreover, alterations in SST levels are associated with many pathological conditions such as epilepsy, major depressive disorder, schizophrenia or bipolar disorder [START_REF] Liguz-Lecznar | Somatostatin and somatostatin-containing neurons in shaping neuronal activity and plasticity[END_REF]). Thus, it remains important to verify our results by reproducing the experiments in heterozygous SST-Cre mice.

Moreover, we used the light-activated protein ArchT to inhibit the firing activity of SST of long-range inhibitory neurons projections in behaving animals despite its contested efficacy.

Indeed, paradoxical effects of ArchT have been reported in presynaptic terminals, as recordings in hippocampal neurons expressing eArchT3.0 led to a gradual three-fold rise in the rate of EPSCs. Interestingly, this observed effect was not action potential-dependant. It was demonstrated that in cultured neurons, light-induced activation of ArchT led to an increase in intracellular pH, which could be attenuated by L-lactate addition in the recording medium.

Thus, intracellular alkalization triggers calcium influx in neurons expressing ArchT, contributing to its effects on synaptic function [START_REF] Mahn | Biophysical constraints of optogenetic inhibition at presynaptic terminals[END_REF]. However, contradicting results stipulate that even if ArchT activation in hippocampal neurons induces changes in pH, this widely used proton promp enables robust, selective and reversible optogenetic silencing of stimulated axons firing activity [START_REF] El-Gaby | Archaerhodopsin selectively and reversibly silences synaptic transmission through altered pH[END_REF]). It appears necessary to perform in vitro recordings of ArchT-expressing mPFC SST long-range neurons to interprete properly our behavioral results and validate our hypothesis.

Finally, our behavioral results are entirely based on male animals and this sex bias should not discourage the use of female animals in further investigations regarding the mPFC long-range SST neurons. In the majority of studies in neuroscience, and more generally in biological disciplines, female animals are less used due to the impact of cyclical reproductive hormones in behavior [START_REF] Zucker | Males still dominate animal studies[END_REF]. However, as already mentioned, anxiety disorders prevalence in the population during a lifetime is 28,8 %, women being affected twice as much as men (Kessler et al., 2015). Therefore, it appears important to include more protocols based on female mice considering the potential implications of these findings.

Here we propose a hypothetical simplified fear circuit regrouping the already described excitatory and inhibitory projections with the SST long-range inhibitory neurons projecting from the mPFC to the AMG and the PAG as described in this thesis. In the future it would be interesting to better understand the activity dynamics, the signal and the behavioural output specificity of these neurons involved in fear expression considering the potential therapeutical implications of these findings. As previously mentioned, anxiety disorders, including PTSD, are associated to maladaptative fear-related associative processes causing stimuli to be associated with the traumatic event, consequently eliciting fear responses. Nowadays, most of the therapies focus on fear extinction, despite being a contex-dependant process which can be challenged by spontaneous recovery and renewal [START_REF] Bouton | Contextual control of the extinction of conditioned fear: tests for the associative value of the context[END_REF][START_REF] Quirk | Memory for extinction of conditioned fear is long-lasting and persists following spontaneous recovery[END_REF][START_REF] Dejean | Neuronal circuits for fear expression and recovery: recent advances and potential therapeutic strategies[END_REF]. Maybe future alternative therapies could rather focus on the expression of this maladaptative fear itself as most of the symptoms of anxiety disorders are exhibited in multiple contexts with varying threat levels. Our results suggest that mPFC long-range SST projections are involved in both cued and contextual fear expression, at least for passives responses such as freezing. It suggests that these neurons activity might be more specific to the behavioral outcome rather than the contextual elements. Therefore, a mechanistic understanding of these neurons and the circuits in which they are involved will provide new insights into the neural processes underlying psychiatric conditions associated with maladaptive coping behaviours under threatful conditions. 
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 1 Figure 1 : Defensive behaviour expression is influenced by spatial and temporal distance to the predator.
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 2 Figure 2 : Schematic representation of the expanded neurocircuitry of PTSD in both humans and rodents.

Figure 3 :

 3 Figure 3 : Diagram and schematic representation of the various anatomical subdivisions of the rat's AMG.The three main AMG nuclei groups described in the text are represented in coronal sections from rostral (A) to

Figure 4 :

 4 Figure 4 : Schematic representation of AMG's circuits mediating fear expression. After fear acquisition, consolidation and the following changes in synaptic plasticity mechanisms, a long-term decrease in feed-forward and feedback circuitry can be observed in the BLA. Consequently, output activity of fear-inducing projections is strongly increased. Moreover, CeM output neurons are directly activated by sensory afferent fiber terminals and therefore drive the downstream structures mediating autonomic and non-autonomic fear responses. Parallelly, CeL neurons usually supposed to inhibit CeM output neurons are inhibited via several pathways including GABAergic projections from ITCs (adapted from Ehrlich et al., 2009).

Figure 5 :

 5 Figure 5 : Simplified neuronal circuit involving the BLA and the CeA in mediating conditioned fear expression. After fear acquisition, consolidation and the following changes in synaptic plasticity mechanisms, a long-term decrease in feed-forward and feedback circuitry can be observed in the BLA. Consequently, output activity of fear-inducing projections is strongly increased. Moreover, CeA output neurons are directly activated by sensory afferent fiber terminals and therefore drive the downstream structures mediating autonomic and nonautonomic fear responses.

Figure 6 :

 6 Figure 6 : Schematic representation of AMG's circuits mediating fear extinction processes. During extinction learning, it is thought that contextual signals induce plasticity mechanisms leading to an increase of fear-inhibiting projection neurons in the BLA. During the consolidation phase of extinction, GABAergic neurotransmission is enhanced within the BLA, which will lead to the suppression of the fear-inducing neurons activity. The following increased BLA-mITC transmission results in inhibition of CeA outputs. During the retrieval of extinction memory,
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 7 Figure 7 : Cortical types and functional divisions in the human and mouse prefrontal cortex. a, b. Schematic illustration of the four cortical types in a tilted frontal-side view of the human prefrontal cortex, including the anteriror cingulate cortex (ACC). c,d. Schematic illustration of common functional divisions of the prefrontal cortex including the ACC. The delineation of functional areas differs between studies, thus BA46, 9 9/46 and parts of BA8 are included in the dorsolateral prefrontal cortex in this illustration. e. Schematic illustration of the subdivisions of the agranular cortex in a tilted frontal-side view of the mouse brain. f. Schematic illustration of the subdivisions of the agranular cortex, except the secondary motor areas (MO), in a tilted frontal-side view of the mouse brain. g. Schematic illustration of the subdivisions of the agranular cortex, except the MO and the orbital areas (ORB), in a tilted frontal-side view of the mouse brain. Dashed black line indicates sagittal midline. Human architectonics were taken from both the Brainnetome Atlas and the Scalable Brain Atlas (abbreviations: ACA: anterior cingulate cortex, AI: agranular insular area, dmPFC: dorsomedial prefrontal cortex, ILA: infralimbic cortex: OFC: orbital frontal cortex, PL: prelimbic cortex, vmPFC: ventromedial prefrontal cortex, vlPFC: ventrolateral prefrontal cortex, adapted from Carlén et al., 2017).

  axons of these cells remain usually nearby or send collaterals in both the horizontal and the vertical plane. In terms of anatomy, INs can be classified according to the disposition of their axonal arborization across layers, inside columns, and the location of the cell soma and dendrites. INs are more frequently classified according to their morphology that corresponds to one of these main eight groups: chandelier cells, arcade cells, Cajal-Retzus cell, large basket cell, neuroglialform cell, common basket cell and horse-tail cell or Martinotti cell (DeFelipe et al., 2013) (Fig. 8). Martinotti cells are characterized by their axonal projection to the layer I where they make extensive arborizations. All Martinotti cells are SST-positive but all the SST are not Martinotti cells[START_REF] Yavorska | Somatostatin-expressing inhibitory interneurons in cortical circuits[END_REF].

Figure 8 :

 8 Figure 8 : Schematic representations of the different morphologies of mPFC's INs. Chandeliers cells' axonal clusters are formed with a high bouton density and are characterized by their short vertical rows of boutons, chandelier-shaped like. They are located in layers II-VI. Arcade cells present multipolar or bitufted dendrites with axons that give rise to axonal arcades, vertical arborizations and moderately long descending collaterals. The somata of arcade cells are in layers II-VI. Cajal-Retzius cells are characterized by their long dendrites with ascending branchlets to the pia and are mainly located in the layer I. Basket cells are easily identified with their axons placed both in vertical and horizontal planes in a basket-like appearance, they represent half of the inhibitory neurons. They can be subdivided in three subtypes: the large, small and nest basket cells. The large basket cells

  Specific mPFC IN populations participate to the tuning of PNs firing activity and signal selectivity to specific cues. Indeed, PV-expressing cells are known to reduce their firing activity at CS + onset, consequently promoting mPFC PNs spiking activity synchronization during fear expression. Therefore, the consequent PNs disinhibition drives the responses of downstream effector structures such as the AMG[START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]) (Fig.9). Another study identified that the firing activity of a second mPFC IN subtype increased following auditory fear learning and could be involved in fear expression. Indeed, it has been observed that SST INs inhibition over PV INs in the mPFC is stronger after fear conditioning and that SST INs activity is particularly correlated to CS + -related freezing periods in post-conditioning sessions. In parallel, PV INs preferentially target PNs somata in the mPFC and constitutively suppress their activity.

Figure 9 :

 9 Figure 9 : Simplified neuronal circuits involving the mPFC and mediating conditioned fear expression. The genesis of conditioned fear responses includes projections from the mPFC to the BLA, mostly coming from the PL. The BLA PNs in turn project to CeA GABAergic cells that project to the PAG. Both neurons in the CeL and CeM project to the PAG. Neurons represented in orange indicate excitatory projections while neurons represented in blue indicate inhibitory ones. Gray dotted lines indicate brain areas or subareas.

Figure 10 :

 10 Figure 10 : Schematic representation of PAG columns. From left to right, the extent of the dmPAG, dlPAG, lPAG and vlPAG are represented in several PAG planes. These are: the rostral PAG, the rostral intermediate PAG, the caudal intermediate PAG and the caudal PAG (abbreviations : EW : Edinger Westphal nucleus, Dk : nucleus of Darkschewitsch, DR : dorsal raphe nucleus, III : oculomotor nucleus, adapted from Bandler et al., 1991).

Figure

  Figure 11 : Schematic representation of some of the orthogradely labeled afferent terminations in various PAG columns. Fibers are represented by dashes and dots represent somata (abbreviations : ND : nucleus of Darkschewitsch, RL: rostral linear raphe nucleus, adapted from Vianna and Brandão, 2003).

Figure 12 :

 12 Figure 12 : Schematic representation of some of the labeled PAG neurons that project onto other structures. Dots and triangles represent somata (adapted from[START_REF] Vianna | Anatomical connections of the periaqueductal gray: specific neural substrates for different kings of fear[END_REF].

  b. Role of the periaqueductal grey matter in the expression of conditioned fear behaviourDuring the retrieval session and following extinction sessions, animals tend to exhibit strong freezing behaviour. Therefore, it is most likely that dlPAG output neurons promoting flight responses are inhibited while vlPAG output neurons projecting to the medulla drive freezing responses. Serotoninergic mechanisms enable the inhibition of dlPAG flight selective neurons. Indeed, the injection of 5-hydroxytryptamine 1 A (5-HT1A) receptors agonists induces a reduction of the On-cells firing activity that usually activate the excitatory dlPAG output neurons mediating the flight response. In parallel, the activation of the GABAergic Off-cells via 5-hydroxytryptamine 2 (5-HT2) receptors mechanisms results in the inhibition of the dlPAG excitatory neuronal outputs involved in the flight response

Figure 13 :

 13 Figure 13 : Simplified neuronal circuits involving the PAG and mediating fear expression. The genesis of conditioned fear responses includes projections from the mPFC to the BLA, mostly coming from the PL. The BLA PNs in turn project to CeA GABAergic cells that project to the PAG. Both neurons in the CeL and CeM project to the PAG inhibitory neurons. The consequent disinhibition of vlPAG excitatory output neurons triggers downstream pathways involved in freezing expression. In parallel, excitatory neurons in the dlPAG associated to the flight responses are inhibited by some local INs. These INs are activated via mechanisms involving the 5-HT2 receptors. Moreover, some excitatory neurons in the dlPAG are inhibited via their 5-HT 1A receptors and consequently no longer activate the dlPAG excitatory neurons specialized in flight response. Therefore, vlPAG INs are no more activated by the dlPAG excitatory neurons, reinforcing the inhibitory action of the incoming CeA inhibitory signals. Gray dotted lines indicate brain areas or subareas.

Figure 14 :

 14 Figure 14 : Classical circuits involving inhibitory neurons. In feed-forward inhibition (top part), an external source of excitation contacts both principal cells (PC) and INs. These INs project to the PC contacted by the same excitatory source. In contrast, feedback inhibition occurs when INs are excited by local PCs that contact them specifically. INs projects to these PCs but also PCs that did not participate to this recurrent pathway. Finally, the dishinhibition mechanism consists in INs targeting other INs, preventing them from inhibiting other PCs (adapted from Tremblay et al., 2016).

  Male homozygous SST-Cre mice (2 months old, Neurocentre Magendie animal breeding), female homozygous SST-Cre mice (2 months old, Neurocentre Magendie animal breeding), and female GAD-Cre mice (2 months old, Neurocentre Magendie animal breeding) were individually housed for at least 7 days prior to all experiments, under a 12 h light/dark cycle, and provided with food and water ad libitum. Male were used for the behavioural experiments, not to have any effect of the menstrual cycle on the observed behaviours and to be consistent with the literature mainly oriented towards male animal models. Females were used for the anatomical tracings and the in vitro recordings. Experiments were performed during the light phase. All procedures were performed in accordance with standard ethical guidelines (European Communities Directive 86/60-EEC) and were approved by the committee on Animal and Care of Institut National de la Santé et de la Recherche Médicale and the French Ministry of Food and Agriculture (authorization A3312001).

2. 4

 4 mm to -4.2 mm) at 30-32ºC in a superfusing chamber. Patch electrodes (3-5MΩ) were pulled from borosilicate glass tubing and filled with a low-chloride intracellular solution containing the following (in mM): 140 K Cs-methylsulfonate, 5 QX314 Cl, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, and 0.3 Na-GTP (pH adjusted to 7.25 with CsOH, 300 mOsm).This solution was specifically chosen to record GABAergic responses in PNs only in VC mode, at both -70 mV (to record excitatory transmission) and at 0 mV (to record inhibitory transmission). Local and long-range SST IPSCs were elicited with a 1-50 ms light stimulation, 10 Hz frequency, delivered by an ultrahigh power 470 nm LED (Primatix Ltd, Israel). Data were recorded with a Multiclamp700B (Molecular Devices, USA), filtered at 2 kHz and digitized at 10 kHz. Data were acquired with pClamp 10.2 (Molecular Devices).

Figure 16 :

 16 Figure 16 : Discriminative auditory fear behaviour protocol used. Mice were submitted to a ST session in the context A during which the impact of the light stimulation on locomotory activity was assessed. Then mice were

Figure 17 :

 17 Figure 17 : Discriminative contextual fear behaviour protocol used. Mice were submitted to a ST session in the context A during which the impact of the light stimulation on locomotory activity was assessed. The following day mice were submitted to the fear conditioning session during which the context A was paired to a mild footshock repeated 5 times. Fear expression was assessed 24 h later and the next two days too when mice were put back in the context A. During this session mice received light stimulation (blue or green laser).

Figure 18 :

 18 Figure 18 : Place preference protocol used. Mice were first submitted to a pre-stimulation session in the twopart box during 15 min. The following day, mice were put back in the box and were stimulated with a blue or a green laser, each time they entered in their preferred side, until they left it. On the last day, mice were placed back in the context without any light stimulation.

Figure 19 :

 19 Figure 19 : Preliminary results identifying mPFC long-range inhibitory SST projecting neurons. Top left corner: SST-Cre mice were injected in the prefrontal cortex with a Cre-dependent AAV expressing GFP (in pink here). A. This resulted in the labelling of SST fibers travelling down up to the PAG. B & C. Fibers were localized in the PAG, suggesting that SST long-range projections might connect cells in specific PAG sections.

  20.e). Interestingly, identified SST neurons exhibited a preferential activation to CS + compared to CS -(Fig. 20.f). Correlational analysis between the mean Z-scores firing activities of identified SST neurons values during freezing behaviour and CS + presentations revealed two main classes of SST cells. On one hand we observed identified SST cells that were activated during freezing behaviour and inhibited during CS + presentations. On another hand we observed identified SST cells inhibited during freezing behaviour and activated during CS + presentations (Fig. 20.g). Our results confirmed the functional heterogeneity of mPFC SST neurons, especially for two subpopulations exhibiting opposite changes in firing activity during CS + evoked responses and freezing expression.

Figure 20 :

 20 Figure 20 : Optogenetic identification of mPFC SST INs. a. Schematic illustration of the strategy used to optogenetically identify dmPFC SST INs. b. Representative picture illustrating ChR2 infection in the dmPFC of SST-Cre mice. c. Representative perievent raster of an identified dmPFC SST IN showing a sharp and sustained

Figure 21 :

 21 Figure 21 : SST neurons in the mPFC are GABAergic. a. Patch-clamp recordings of unlabeled mPFC neurons were performed in conditions allowing a separation between excitatory (AMPA receptors activated at -70 mV) and inhibitory (GABAA receptors activated at 0 mV) currents. The light flash of 470 nm delivered at 10 Hz activates the ChR2 expressing fibers of SST neurons in the mPFC contacting unlabeled mPFC neurons. b. Almost all recorded currents were corresponding to GABA A receptor-mediated currents. c. In all tested cells, light-evoked currents were abolished by the GABAA receptor antagonist PTX.

  22.b). Furthermore, we wanted to verify if local INs could possibly be recruited by excitatory projections, so we tested the consequences of cyanquixaline (CNQX) application, a specific AMPA/kainate receptor antagonist. No significant effects were observed following the CNQX addition. In about 10% of the recorded cells, we observed that the addition of PTX abolished outward currents at 0 mV, confirming that light evoked responses are eIPSC. These results suggest that responses recorded to light stimulations in both lPAG and vlPAG cells were GABAergic currents generated by direct projections from mPFC SST cells (Fig.22.c,d,e).

Figure 22 :

 22 Figure 22 : Long-range SST neurons from the mPFC mediate GABAergic synapses onto vlPAG and lPAG neurons. a & b. Patch-clamp recordings of vlPAG and lPAG neurons were performed at various membrane potentials to determine the reversal potential of the response, which was a GABAergic receptor-mediated current. c, d & e. Pharmacological confirmation was obtained by combining blockade of AMPA receptors by CNQX followed by the application of the GABAA receptor blocker PTX.

Figure 23 :

 23 Figure 23 : Labelling of long-range SST neurons fiber terminals contacting the PAG. a. The injection of the AAV9-CAG-floxed-SynGFP was performed in the CG, PL and IL sections of the mPFC (n = 7). b. The virus diffused in the AC, PL, and IL sections of the mPFC throughout the rostro-caudal axis. c. Representative image of the viral injection visible in green (AP: 1.54 mm). d. Different sections of the PAG were imaged, in all the columns, at various planes of the rostro-caudal axis. e. Example of one section in the lPAG with green dots corresponding to synaptophysin-GFP labelling. f. Synaptophysin-GFP puncta were quantified in stacks composed of several imaged sections. g. The quantification of the density of synaptophysin-GFP puncta was calculated according to these stacks, for each PAG columns classified in either anterior PAG (from AP: -3,40 mm to AP: -4.36 mm included), medial PAG (from AP: -4,36 mm to AP: -4.84 mm included) or posterior PAG (from AP: -4.84 mm to AP: -5.02 mm).

  SynGFP) in the mPFC of SST-Cre mice, allowing the expression of synaptophysin-GFP (Fig 24.a, b, c). After 5 weeks of viral expression, slices were imaged in order to quantify the distribution of synaptophysin-GFP puncta in the rostro-caudal axis and in each PAG column (Fig 24.d, e). As described previously, images of the selected areas were regrouped in stacks (264,46 µm x 264,46 µm x 36 µm) and synaptophysin-GFP puncta density was calculated accordingly (Fig 24.f). This analysis revealed that long-range SST neurons project throughout the whole rostro-caudal axis and also target the BLA (Fig 24.g).

Figure 24 :

 24 Figure 24 : Labelling of long-range SST neurons fiber terminals contacting the BLA. a. The injection of the AAV9-CAG-floxed-SynGFP was performed in the CG, PL and IL sections of the mPFC (n = 7). b. The virus diffused in the AC, PL, and IL sections of the mPFC throughout the rostro-caudal axis. c. Representative image of the viral injection visible in green (AP: 1.54 mm). d. Different sections of the AMG were imaged, in all the columns, at various planes of the rostro-caudal axis. e. Example of one section in the BLA with green puncta

(

  pAAV-EF1-double floxed hChR2 (H134R)-EYFP-WRP-HGHpA) in the vlPAG of SST-Cre mice in order to label mPFC-PAG SST projecting cells (Fig. 25.a, b). After 5 weeks of viral expression, we localized very few cells in the mPFC of the transfected mice and classified them according to their distribution within the mPFC rostro-caudal axis and their location in mPFC subregions (AC, PL or IL) (Fig. 25.c). We performed an immunohistochemical labelling of Vglut2 in the slices containing the GFP labelled neurons in the mPFC to confirm that the viral transfection was specific to SST inhibitory neurons as Vglut2 is considered to be a classical and specific marker of canonical glutamatergic neurons in the mPFC. Unfortunately, we observed that GFP neurons were also positive to the Vglut2 labelling suggesting that the virus expression was aspecific, potentially reflecting a viral leak onto non-SST cells (Fig. 25.d). Several other retrograde viral stragegies failed to identify the SST long-range inhibitory neurons in the mPFC.

Figure 25 :

 25 Figure 25 : Example of one attempt of retrograde identification of the SST long-range inhibitory neurons. a. SST-Cre mice were injected in the vlPAG bilaterally with the retrograde virus pAAV-EF1-double floxed hChR2 (H134R)-EYFP-WRP-HGHpA (mice n = 13; neurons n = 102). b. Representative image of the viral injection visible in green (AP: -4.84 mm). c. Quantification of the retrogradely labelled cells in the mPFC sections along the rostro-caudal axis. d. (Left to Right) Retrogradely labelled cells within the mPFC (green), positive to the Vglut2 staining (red) and merged images.

  another cue remained neutral (CS -) in a context A. Animals were bilaterally injected in the mPFC with either an AAV/CAG-Flex-ArchT-GFP or an AAV/CAG-Flex-GFP for control group individuals and implanted bilaterally over the PAG beforehand (Fig.26.a, b).The light stimulation in the context A did not promote freezing per se in ArchT mice compared to GFP, suggesting that it does not affect locomotor behaviour. Regarding results obtained during the habituation session performed on the same day in the context A, ArchT mice tended to freeze less than GFP during the entire session and more particularly during the CS + presentation. These could have been due to nonspecific stress effects, especially as the mice did not exhibit any significant freezing differences to the CS -or the CS + first block sound presentation during the post-fear conditioning day 1. After the fear conditioning session, reexposure to CS + during the post-fear conditioning day 1 in the context B elicited strong freezing responses, contrarily to the control CS -periods. This difference in freezing levels in both animal groups is indicative of a successful fear learning and a clear discrimination between the two CS.Importantly, when the light stimulation was coupled to the CS + presentation, ArchT mice froze significantly less than GFP mice (Fig.26.c). During these periods of CS + -light coupling the number of freezing periods of ArchT mice did not seem to be affected compared to the GFP. However, the freezing period length was significantly decreased for ArchT mice compared to GFP (Fig.26.d). On the second post-fear conditioning session still in the context B, mice freezing levels of both groups recovered during the CS + presentation, suggesting that the fear memory was not altered by the light stimulation on the previous day. This time, when the light stimulation was coupled to the CS + presentation, ArchT mice froze significantly less than GFP mice. However, this effect was less pronounced than the previous day and no differences in the number of freezing periods nor in the freezing period length were observed (Fig.26.c, d). Together these data revealed that ArchT-mediated inhibition of long-range SST neurons terminals in the PAG selectively impairs fear expression without altering fear memory acquisition.

Figure 26 :

 26 Figure 26 : Optogenetic inhibition of long-range SST neurons terminals in the PAG decreases cued fear expression. a. Strategy used to inhibit mPFC SST long-range neurons terminals in the PAG. A Cre-dependent virus was injected bilaterally in the mPFC containing either a GFP or a ArchT-GFP while optic fibers were implanted over the PAG to specifically illuminate long-range SST neurons terminals. b. Classic cue fear conditioning protocol with optogenetic green light stimulation on the control session and the two post-fear conditioning days (optogenetic stimulation parameters: 30 s, 8-10 mW, 526 nm). c. Percentages of freezing for GFP (n = 14) or ArchT (n = 10) mice before and after the fear conditioning session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: habituation CS + group x time *P = 0.049; post-fear conditioning day 1 time ***P <0.001, group x time x stim **P = 0.008, group x time x stim **P = 0.008). d. Top panel, time spent freezing during the CS + -light stimulation periods expressed in seconds. For box plots, the middle, bottom and top lines correspond to the median, bottom and top quartile, respectively, while the top whisker corresponds to the maximum value and the bottom whisker is the minimum value of the data distribution (paired t-test, post fear conditioning day 1 t = 3,470, P = 0.005). Bottom panel, number of freezing episodes during the CS + -light stimulation periods.

Figure 27 :

 27 Figure 27 : Optogenetic activation of long-range SST neurons terminals in the PAG slightly affects cued fear expression. a. Strategy used to activate mPFC SST long-range neurons terminals in the PAG. A Credependent virus was injected bilaterally in the mPFC containing either a GFP or a ChR2-YFP while optic fibers were implanted over the PAG to specifically illuminate long-range SST neurons terminals. b. Classic cue fear conditioning protocol with optogenetic blue light stimulation on the control session and the two post-fear conditioning days (optogenetic stimulation parameters: 30 s, 8-10 mW, 473 nm, 10 Hz, 5ms flashes). c. Percentages of freezing for GFP (n = 19) or ArchT (n = 5) mice before and after the fear conditioning session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: post-fear conditioning day 1 time ***P <0.001). d. Top panel, time spent freezing during the CS + -light stimulation periods expressed in seconds. For box plots, the middle, bottom and top lines correspond to the median,

Figure 28 :

 28 Figure 28 : Optogenetic inactivation of long-range SST neurons terminals in the AMG increases cued fear expression. a. Strategy used to inhibit mPFC SST long-range terminals in the AMG. A Cre-dependent virus was injected bilaterally in the mPFC containing either a GFP or a ArchT-GFP while optic fibers were implanted over the AMG to specifically illuminate long-range SST neurons terminals. b. Classic cue fear conditioning protocol with optogenetic green light stimulation on the control session and the two post-fear conditioning days (optogenetic stimulation parameters: 30 s, 8-10 mW, 526 nm). c. Percentages of freezing for GFP (n = 8) or ArchT (n = 9) mice before and after the fear conditioning session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: post-fear conditioning day 1 time ***P <0.001, group x time x stim **P = 0.003). d. Top panel, time spent freezing during the CS + -light stimulation periods expressed in seconds. For box plots, the middle, bottom and top lines correspond to the median, bottom and top quartile, respectively, while the top whisker corresponds to the maximum value and the bottom whisker is the minimum value of the data distribution. Bottom panel, number of freezing episodes during the CS + -light stimulation periods.

A

  with an aversive footshock (the unconditioned stimulus US). Animals were bilaterally injected in the mPFC with either an AAV/CAG-Flex-ArchT-GFP or an AAV/CAG-Flex-GFP for control group individuals and implanted bilaterally over the PAG beforehand (Fig.29.a, b).The light stimulation in the context A did not promote freezing per se in ArchT mice compared to GFP, suggesting that it does not affect locomotor behaviour. After fear conditioning, reexposure to the context A elicited strong freezing responses from the beginning of the session, indicating that the fear learning was effective.When the light stimulation was performed during the post-fear conditioning day 1 session, no effect on freezing levels were observed, nevertheless, later ArchT mice froze significantly less than GFP following this time period (Fig.29.c). During the light stimulation period, the number of freezing periods of ArchT mice did not seem to be different compared to the GFP. Nevertheless, ArchT mice exhibited a tendency of shorter freezing periods compared to GFP mice (Fig.29.d). On the second post-fear conditioning session in the context A, mice from both groups exhibited strong freezing levels at the beginning of the session, indicating that the light stimulation from the previous day did not affect the fear memory. When the light stimulation was performed, ArchT mice exhibited reduced freezing levels compared to GFP.Interestingly, this effect was even more pronounced towards the end of session when the light stimulation was over. On the second post-fear conditioning session, during the light stimulation period, the number of freezing periods of ArchT mice did not seem to be different compared to the GFP. However, ArchT mice exhibited once again a tendency of shorter freezing periods compared to GFP mice (Fig.29.c, d). Together these data revealed that ArchT-mediated inhibition of long-range SST neurons terminals in the PAG impairs fear expression without altering fear memory acquisition. Experiments aiming at activating optogenetically mPFC-PAG projecting SST cells during contextual fear behaviour are currently under investigations.

Figure 29 :

 29 Figure 29 : Optogenetic inactivation of long-range SST neurons terminals in the PAG increases contextual fear expression. a. Strategy used to inhibit mPFC SST long-range terminals in the PAG. A Cre-dependent virus was injected bilaterally in the mPFC containing either a GFP or a ArchT-GFP while optic fibers were implanted over the PAG to specifically illuminate long-range SST neurons terminals. b. Classic cue fear conditioning protocol with optogenetic green light stimulation on the control session and the two post-fear conditioning days (optogenetic stimulation parameters: 30 s, 8-10 mW, 526 nm). c. Percentages of freezing for GFP (n = 5) or ArchT (n = 8) mice before and after the fear conditioning session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: post-fear conditioning day 1 group x time x stim *P = 0.016, post-fear conditioning day 2 group x time x stim *P = 0.021, **P = 0.003). d. Top panel, time spent freezing during the CS + -light stimulation periods expressed in seconds. For box plots, the middle, bottom and top lines correspond to the median, bottom and top quartile, respectively. Bottom panel, number of freezing episodes during the CS + -light stimulation periods.

  in each side was measured. Animals were bilaterally injected in the mPFC with either an AAV/CAG-Flex-ArchT-GFP or an AAV/CAG-Flex-GFP for control group individuals and implanted bilaterally over the PAG beforehand (Fig.30.a). Mice were allowed to move freely on the first day of the protocol and the side in which they spent most of their time was identified preferred side (Fig.30.b). This preferred side on day 1 was consequently the side chosen for the light simulation the following day, in order to test the effect of the light-evoked inhibition of long-range SST terminals (Fig.30.c).We observed that mice from both groups spent comparable periods of time in their preferred side on day 1. On the following day, GFP and ArchT mice spent less time in this preferred side but the light stimulation did not alter the responses of one mice group compared to the other one. On the last day of the protocol, GFP and ArchT exhibited similar periods of time in the preferred compartment and no long-term effect of the light stimulation were observed. Interestingly, mice spent less and less time in the preferred side throughout the protocol, however this effect seemed to be independent of the light stimulation and was observed in both GFP and ArchT animals (Fig 30.d). Together these data suggest that the lightevoked inhibition of the long-range SST terminals in the PAG does not trigger place aversion or any consequent locomotor effect.

Figure 30 :

 30 Figure 30 : Optogenetic activation of long-range SST neurons terminals in the PAG does not affect place aversion. a. Strategy used to inhibit mPFC SST long-range terminals in the PAG. A Cre-dependent virus was injected bilaterally in the mPFC containing either a GFP or a ArchT-GFP while optic fibers were implanted over the PAG to specifically illuminate long-range SST neuron terminals. b. Time spent in the preferred zone shown for individual animals in each group for day 1. No differences between the ArchT and the GFP mice were observed (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: day 1 group x time P = 0.970). c. Place-preference protocol with optogenetic green light stimulation on the day 2 (optogenetic stimulation parameters: continuous stimulation for the duration of time spent in the preferred side, 8-10 mW, 526 nm). d. Time spent in the preferred side for GFP (n = 7) or ArchT (n = 7) mice before, during and after the stimulation session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: time spent in the preferred side **P = 0.006).

Figure 31 :

 31 Figure 31 : Optogenetic activation of long-range SST neurons terminals in the PAG does not affect place reward. a. Strategy used to activate mPFC SST long-range terminals in the PAG. A Cre-dependent virus was injected bilaterally in the mPFC containing either a GFP or a ChR2-YFP while optic fibers were implanted over the PAG to specifically illuminate long-range SST neuron terminals. b. Time spent in the preferred zone shown for individual animals in each group for day 1. No differences between the ChR2 and the GFP mice were observed (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: day 1 group x time P = 1.000). c. Place-preference protocol with optogenetic blue light stimulation on the day 2 (optogenetic stimulation parameters: stimulation with 5 ms flashes at 10 Hz for the duration of time spent in the preferred side, 8-10 mW, 473 nm). d. Time spent in the preferred side for GFP (n = 9) or ChR2 (n = 9) mice before, during and after the stimulation session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: time spent in the preferred side ***P <0.001).

Figure 32 :

 32 Figure 32 : Optogenetic inactivation of long-range SST neurons terminals in the AMG does not affect place reward. a. Strategy used to inhibit mPFC SST long-range terminals in the AMG. A Cre-dependent virus was injected bilaterally in the mPFC containing either a GFP or a ArchT-GFP while optic fibers were implanted over the AMG to specifically illuminate long-range SST neuron terminals. b. Time spent in the preferred zone shown for individual animals in each group for day 1. No differences between the ArchT and the GFP mice were observed (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: day 1 group x time P = 1.000). c. Place-preference protocol with optogenetic green light stimulation on the day 2 (optogenetic stimulation parameters: continuous stimulation for the duration of time spent in the preferred side, 8-10 mW, 526 nm). d. Time spent in the preferred side for GFP (n = 10) or ArchT (n = 8) mice before, during and after the stimulation session. Data are expressed as mean + SEM (two-way ANOVA repeated measures, Holm-Sidak multiple comparison post hoc test: time spent in the preferred side *P = 0.019).

  33.a). The connectivity rate was about 10% with 16/193 neurons that exhibited light evoked currents (Fig. 33. b). Interestingly, in the 5 animals in which responding cells were recorded, the rate of connectivity was about 40% (16/61 neurons), with a maximum of 78% in one animal (7/9 neurons). We tried to disentangle the cellular type of PAG cells targeted by these projections based on their electrophysiological passive properties (Fig. 33.d). Indeed, INs classically exhibit typical small size and consequent low Tau of the capacitance response compared to PNs that are bigger cells displaying higher Tau of the capacitance values. Similarly, we analyzed the localization of the responsive cells in the rostro-caudal axis to distinguish a potentially highly connected PAG section (Fig. 33.e).

Figure 33 :

 33 Figure 33 : Characteristics of recordings in the PAG. a. The proportion of animals in which responding cells were recorded (n = 5) was compared to the other animals used for this experiment (n = 20). b. The proportion of responding cells in which light-evoked currents were recorded (n = 16) was compared to other recorded neurons recorded (n = 177). c. The proportion of responding cells in which light-evoked currents were recorded (n = 16) was reported to the recorded neurons in the successful animals only (n = 45). d. The apparent size of the recorded cells in both the lPAG and the vlPAG was estimated via the Tau of the seal test response (blue stands for responsive cells while grey stands for the other non-responsive recorded cells). e. Recorded cells in both the lPAG and the vlPAG were recorded at various bregma positions (blue stands for responsive cells while grey stands for the other non-responsive recorded cells).

Figure 34 :

 34 Figure 34 : mPFC SST long-range neurons mainly project to GABAergic cells in the PAG. a. GAD-Cre mice were injected bilaterally in the mPFC with the virus AAV/Ef1a-DIO-hChR2(H134R)-eYFP, and also injected in the vlPAG and the lPAG with a pAAV-EF1a-DIO-mCherry (SST stands for SST inhibitory neurons, EX stands for excitatory neurons). b. Quantification of the recorded cells in the PAG along the rostro-caudal axis. c. Proportion of responding cells reported in various configurations. d. Example of a recorded GABAergic cell exhibiting lightevoked outward current at 0 mV. e. Magnification of light-evoked currents from the same representative recorded GABAergic cell as above.

  projecting onto the PAG or not, based on the expression of the different fluorescent tags. The cellular type of the different non-SST cells could be determined according to their individual firing activity, classifying them either among the INs or the PNs. The same type of recording could be reproduced after a fear conditioning protocol to verify if the connections previously observed are affected by any plasticty phenomenon.

  this neuronal population is already active during the behaviour. Moreover, the 10 Hz optogenetic ChR2 stimulation remains an artificial activation of neuronal activity, thus there can be a discrepancy between what is elicited from what can be observed in physiological conditions. This effect could be alleviated by reproducing the same protocol and testing a range of different light stimulation frequencies. Our results suggest the following circuit hypothesis: the mPFC long-range inhibitory SST neurons would contact PAG local INs, contacting themselves PAG excitatory output cells.

Figure 35 :

 35 Figure 35: Schematic representation of the neuronal circuits involved in the expression of conditioned fear behaviour.

  

  

  These two last nuclei send signals regarding the control of eye movement, disentangling visual signals generated by objects that have moved from visual signals caused by eye movement only. A very dense input directed to the dlPAG specifically arises from the dorsal premamillary nucleus in the Hyp and is believed to convey predator odors signals

Aim of the thesis

Although the introductive sections above indicate already the roles of the AMG, mPFC, PAG and their projections, there is still a lot to uncover regarding the long-range inhibitory projections connecting these brain regions between themselves. More particularly, how the mPFC projects to downstream structures such as the AMG and the PAG and how and how these pathways could contribute to fear processes. In the laboratory we identified SST long-range inhibitory neurons that project from the mPFC to the AMG and to the PAG. In this context, the present work has three objectives. First, functionally characterize both the local and long-range SST neurons, locally in the mPFC, and then the projecting SST terminals. Second, describe the anatomy of the mPFC-AMG and mPFC-PAG pathways. At last, identify the functional roles of these long-range SST neurons in fear related behaviours, by manipulating their activity. To achieve these goals, we used a combination of anatomical tracings, in vitro recordings, optogenetic approaches in behaving animals submitted to a discriminative fear conditioning paradigm. We will further discuss the role of such long-range inhibitory connections in the fear circuit, and their complementary roles to the previously described excitatory projections in the mPFC-AMG pathway and in the mPFC-PAG pathway (Fig. 15). Two weeks after the injection, mice that would undergo the behavioural protocols were implanted bilaterally with optic fibers (diameter, 200 µm: numerical aperture, 0.37 ; flat tip ; Doric lenses) at different coordinates depending on the area targeted. Mice that were implanted over the PAG were bilaterally aimed at the following coordinates: 4.35 mm posterior to bregma ; 1 mm lateral to the midline and 1.75 mm ventral to the brain surface with an angle of 10°.

Mice that were implanted over the AMG were bilaterally aimed at the following coordinates : 4.35 mm posterior to bregma; 1 mm lateral to the midline and 1.75 mm ventral to the brain surface. All implants were secured using Super-Bond cement (Sun Medical). Behavioural experiments were performed 4-5 weeks after injection.

III. In vitro slice recordings

A. Acute brain slice preparation

Standard procedures were used to prepare 300 to 330 µm-thick coronal slices following a protocol approved by the European and French guidelines on animal experimentation. Mice

VII. Anatomical analysis

After completing the experiments, mice were euthanized with a mix of EXAGON® and LIDOR® (0.75 mL EXAGON®, 1.5 mL Lidor, 7.75 mL H20) and perfused through the left ventricle with 4% w/v paraformaldehyde (PFA) in 0.1 MPBS. Brains were dissected out and post-fixed for 24 h at 4°C in the same solution. Brains were cut with sections of 50 µm-thick, mounted on glass microscope slides, and dried. Sections were mounted with a Vetashield with DAPI mounting medium (H-200, Vector Lab). Viral injections in mPFC and optic fibers placement over the PAG or the AMG were imaged using an epifluorescence system (Leica DM 5000) fitted with a 10x dry objective. Only infections accurately targeting the mPFC and implantations accurately targeting the PAG and the AMG were considered for behavioural and anatomical analysis.

Synaptophysin-GFP puncta were imaged in the PAG and the AMG using a confocal microscope (SP8, Leica DM6 CFS TCS SP8). In each targeted area, images were captured in the z axis with a x20 objective, on a total thickness of 36 µm and a 0.5 µm step size (image size: 264.46 µm x 264.46 µm ; pixel size: 257.68 nm x 257.68 nm). Images were refined with the ImageJ software. All the synaptophysin puncta located in the 36 µm thickness imaged area were merged on the same focal plane according to a z project technic, for further analysis.

Vglut2 was revealed in the retrograde labelled neurons of SST-Cre mice PFC via an immunofluorescence protocol. First, brain slices were rinsed twice during 10 min each with a PB 0.1 M solution, then once during 10 min with a PBT 0.3% on a shaker. The saturation step was performed in a solution containing PBT 0.3% + 20% NDS (Normal Donky Serum), during 1 h and a half, on a shaker. Slices were then exposed to primary antibodies (Guinea pig anti Vglut2, Milipore, AB2251-I, 1/1000 dilution) in a PBST 0.3%+10% NGS solution, for 2 nights at 4°C, on a shaker. Two days later, slices were rinsed three times during 10 min with a PB 0.1 M solution, on a shaker. Slices were then exposed to the secondary antibodies (Goat anti-guinea pig, A568, 1/500 dilution) in a PBST 0.3%+10%NGS solution, for 2 h in the dark at room temperature, on a shaker. Finally, slices were rinsed three times during 10 min each with a PB 0.1 M solution, in the dark and on a shaker. Slices were mounted on glass microscope slides, and dried. Sections were mounted with a Vetashield with DAPI mounting medium (H-200, Vector Lab) before being imaged using a confocal microscope (SP8, Leica DM6 CFS TCS SP8)