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Following a pavlovian fear conditioning (FC) task, mice learn to associate a sound with an electric shock. Concurrent with this learning we observed a subset of neurons in the dorso-medial prefrontal cortex (dmPFC) that show synchronous activation on the ascending phase of 4Hz oscillations during fear expression, we named them "assembly neurons" (AN). We hypothesize that this synchronous activation is the cortical representation of the consolidated associative memory. The ventral part of the hippocampus (vHPC) appears as a likely candidate to orchestrate this memory consolidation. Systems consolidation theory posits that memory formation starts in the hippocampus before being transferred to cortical regions for long term retention. The ventral region is specifically implicated in emotional memory and a monosynaptic connection exists between its CA1 field and the PFC. The CA1-field of the vHPC is also the source of high frequency sleep oscillations called Sharp-wave-ripples. These events could act as the supporting mechanism for consolidation, synchronously activating neurons in downstream regions and strengthening their synaptic weights.To test this hypothesis we used in vivo extracellular electrophysiological recordings of single-units and large-field potentials in the PFC and vHPC during sleep and awake behavior. We found that PFC neurons participating in the memory trace display increasing and specific co-activity around sharp-wave ripples (SWRs) throughout post-conditioning sleep, thus highlighting the role of Sharp wave ripples in the consolidation of fear memory. To investigate the causal role of ripples on fear memory consolidation we used optogenetics to inhibit the pathway from vHPC to PFC during ripples using a closed-loop system. We designed and tested the efficiency of a closed-loop system using measures of performances until we obtained results satisfying our conditions of stimulation. Inhibiting the vHPC-dmPFC pathway during post-conditioning sleep induced a decrease of freezing behavior compared to control animals, indicating the role of this pathway and SWRs in fear memory consolidation.

Titre : Rôle des circuits hippocampo-préfrontaux dans la consolidation de la mémoire de peur

Résumé :

Durant une tâche de conditionnement auditif pavlovien, les souris apprennent à associer un son avec un choc électrique. A la suite de cet apprentissage nous avons observé une population de neurones dans le cortex préfrontal qui synchronisent leur activité sur la phase ascendante d'oscillations 4Hz pendant l'expression de la peur, population que nous avons nommée "neurones des assemblées" (NA). Nous supposons que cette activation synchrone est la représentation corticale de la mémoire associative consolidée. La partie ventrale de l'Hippocampe (HPCv) apparaît comme une région candidate à l'orchestration de cette consolidation. En effet, la théorie de consolidation systémique indique que les représentations mnésiques seraient initialement stockées dans l'hippocampe avant de migrer vers le cortex préfrontal (CPF) pour être retenues à long terme. La partie ventrale de l'Hippocampe est spécifiquement impliquée dans le traitement de la mémoire émotionnelle et il existe une connection monosynaptique avérée entre la région CA1 de l'HPCv et le CPF. Il est aussi possible d'observer dans le CA1 des oscillations à haute fréquence du potentiel de champ, appelés ondes et ondulations aiguës ou ripples. Ces événements pourraient être impliqués dans la consolidation de la mémoire de peur de par leur capacité à activer de manière synchrone des populations de neurones cibles, renforçant ainsi leurs poids synaptiques. Pour tester cette hypothèse nous avons réalisé des enregistrements électrophysiologiques in-vivo de l'activité extracellulaire des cellules et des potentiels de champs et dans le CPF et l'HPCv durant les tâches comportementales et le sommeil des animaux. Nous avons observé que les neurones du CPF participant à trace mnésique sont co-activés de manière spécifique autour des ripples durant le sommeil suivant l'apprentissage, indiquant que les ripples jouent un rôle dans la consolidation de la mémoire de peur. Pour étudier le rôle causal des ripples sur la consolidation, nous avons réalisé une manipulation optogénétique afin d'inhiber la voie HPCv-CPF durant les ripples à l'aide d'un système en boucle fermée. Nous avons développé et mesuré l'efficacité de ce système à l'aide de plusieurs index de performance jusqu'à l'obtention de paramètres adéquats pour la stimulation optogénétique. L'inhibition de la voie HPCv-CPF durant le sommeil suivant l'apprentissage induit une réduction de l'expression comportementale de la peur, indiquant l'implication de cette voie ainsi que des ripples dans la consolidation de la mémoire de peur. 

Mots clés :

Fear

Fear is defined in the DSM-5 (Diagnostic and statistical manual of mental disorders, 2013) as an emotional response to a real or perceived imminent threat. It is associated physiologically with surges of autonomic arousal (heart rate and blood pressure changes), consistent with the readiness for fight,flight or freeze behavior, as well as more generally the emergence of thoughts about immediate dangers and adequate response strategies.

Fear and anxiety are both functionally adaptive processes that allow us to avoid or prevent potentially harmful situations. In contrast to the imminence of fear, anxiety is an emotional state that refers to the anticipation of a future threat, being physiologically associated with muscle tension, cardiovascular changes and increased vigilance in preparation for that future danger (DSM5, 189). Whether fear and anxiety are two different components of a subject's global survival strategy is a debated issue. Some authors believe they are involved together on a continuum, preferentially involving either of the states depending on the distance from the threat. The distance can either be temporal (a stressful deadline) or spatial (a predator coming closer in a naturalistic setting). On the spectrum, anxiety would be felt as a reaction to a distant threat, while fear would be the reaction to the proximal threat [START_REF] Perusini | Neurobehavioral perspectives on the distinction between fear and anxiety[END_REF]. An alternative hypothesis posits that fear and anxiety are indistinguishable but that the distinction concerns two different systems/concepts. One is dedicated to the conscious experience of emotions and feeling (of fear or anxiety) while the other, largely non-conscious, supports behavioral and physiological responses [START_REF] Ledoux | Using Neuroscience to Help Understand Fear and Anxiety : A Two-System Framework[END_REF].

Innate fear

Fear can be elicited in multiple ways. In a naturalistic setting, a subject will display reactions of fear to a predator they have never encountered before. For instance a mouse will escape upon the presence of the bird in the sky in the same way cats are afraid of snakes and humans have an aversion to arachnoids. In some instances, the presence of a single threat can have the same effects. Humans will avoid dark environments, the smell of fox urine is aversive to mice. These examples have in common that all these entities elicit fear behavior without the need for prior learning of the danger of the menace. First exposure is sufficient to induce fear. This concept is referred to as innate fear and is thought to have an evolutionary origin in reaction against common threats faced by a species. The postulated mechanism behind innate fear construction posits that at some point in the species evolution, certain individuals would show acute sensitivity and fear reactivity to cues associated with an actual threat (visual, auditory, olfactory…) [START_REF] Rosen | The smell of fear : Innate threat of 2,5-dihydro-2,4,5-trimethylthiazoline, a single molecule component of a predator odor[END_REF]. Enhanced fear reactivity would lead to enhanced survival and thus transmission of genes. After generations these traits end up being shared by a whole species and the mere sight of a spider, even harmless, is enough to elicit fear even though there is no actual danger.

Learned fear

Another mechanism that can lead to fear and fear expression relies on the association of a harmful stimulus , called the unconditioned stimulus (US), with a neutral stimulus (NS). The US can be of multiple nature (electric shocks, heat, pain, contention, natural predators…) and the same is true for the NS (sound, visual pattern, odor are among the most common).

The NS is not necessarily aversive per se nor does it induce fear by itself the way the US does. Presentation of the NS in close spatio-temporal proximity to the US can induce the associative learning that the NS is predictive of the US. The Neutral stimulus then loses its non aversive properties, is now referred to as conditioned stimulus (CS) and induces fear expression when presented alone. Learned fear expression relies on the recall of an associative memory of the danger by the conditioned stimulus, the difference with innate fear being that the memory is formed during the lifetime of the individual (J.-H. [START_REF] Wang | Searching basic units in memory traces : Associative memory cells[END_REF].

The concept of associative memory encompasses several processes culminating in the formation of a durable memory trace. During the initial rule-learning of a task, for instance during initial presentation of NS with the US, a phenomenon of acquisition is at play, allowing the formation of a short term memory. Nonetheless this memory form is labile and requires to be strengthened in order to endure [START_REF] Chaaya | An update on contextual fear memory mechanisms : Transition between Amygdala and Hippocampus[END_REF] During the hours following the acquisition, a mechanism of consolidation allows for the long term retention of the associative memory (e.g. [START_REF] Klinzing | Mechanisms of systems memory consolidation during sleep[END_REF] Consolidated associative memories can also undergo a phenomenon of extinction (Quirk et al., 2010) After repeated presentations of the CS without US reinforcement, the animal progressively learns that the CS is not predictive of harm anymore, and a new "safety" memory is formed that does not induce fear upon recall. Many studies claim that the initial fear memory is not replaced by the new one but merely "blocked", as shown by many paradigms of reinstatement or spontaneous recall [START_REF] Myers | Behavioral and neural analysis of extinction[END_REF] It is widely accepted that failure of the mechanisms of associative fear lead to maladaptive fear and fear responses. In that sense fears that are acquired during the life of an individual are likely to be at the origin of fear and anxiety disorders . As a result the field of fear research is preferentially focused on studying associative fear over innate fear. This focus in science presents more therapeutic interest and its use in animal models has more translational relevance.

Fear and anxiety disorders

In humans, fear and anxiety disorders are often considered together under the umbrella of anxiety disorders (DSM) because of the major overlap between the symptoms. Pathological anxiety is conceptualized as an exaggerated fear state in which hyperexcitability of fear circuits is expressed as hypervigilance and increased behavioral responsiveness to fearful stimuli. In practice, an anxious, distant, stimuli could be perceived as an imminent threat, eliciting an autonomous reaction similar to that of a fearful encounter [START_REF] Dunsmoor | Fear Generalization and Anxiety : Behavioral and Neural Mechanisms[END_REF]. From a clinical and health care perspective, anxiety disorders are among the most frequent and costly conditions of all mental disorders [START_REF] Bandelow | Epidemiology of anxiety disorders in the 21st century[END_REF]. Thus, it is important to understand the mechanisms associated with the development of such afflictions. The DSM initiative aims to further this understanding by cataloging and categorizing the broad range of human mental disorders, including anxiety and fear pathologies. This manual went through multiple iterations trying to better reflect the reality of the field as knowledge grew. Following the latest edition, DSM-V, a subset of anxious disorders previously categorized as anxious disorders, got their own category: Trauma-and

Stressor-Related Disorders.

Most commonly referred to as post-traumatic stress disorder (PTSD), this anxiety-like disorder is a mental affliction that can emerge after being subjected to intense psychological and/or physical stress [START_REF] Schrader | A Review of PTSD and Current Treatment Strategies[END_REF]. The identity of the stressor can be multiple (trauma, sexual assault, disaster or accident, natural disaster etc.) but when the disorder was first described in the DSM-III in 1980, it was mostly following a push from Vietnam War veterans to have their war traumas recognized as legitimate impairment [START_REF] Bienvenu | The advent of fear conditioning as an animal model of post-traumatic stress disorder : Learning from the past to shape the future of PTSD research[END_REF]. The symptoms of PTSD have been refined with time and in the current edition of the DSM-V it is described as the appearance of intrusive memories of the traumatic event, with or without traumatic reminder [START_REF] Yehuda | Post-traumatic stress disorder[END_REF], inducing subsequent avoidance behavior.

The disorder also gives rise to alterations in mood and cognition, as well as hyperarousal (rage, impulsivity). Permanence of the symptoms is also a key factor in the diagnosis.

PTSD had a 6% lifetime prevalence in the population at the time of DSM-IV and thus represents a major health challenge. The current treatments for PTSD mostly rely on either psychotherapy (trauma reexposure or desensitization) or treatments with antidepressants.

However, both options result in modest improvements at best and in a total lack of response in the worst cases that is more than 20% of individuals under antidepressants and more than 40% of those following psychotherapy approaches [START_REF] Bisson | Psychological therapies for chronic post-traumatic stress disorder (PTSD) in adults[END_REF][START_REF] Bradley | A multidimensional meta-analysis of psychotherapy for PTSD[END_REF]; J. [START_REF] Davidson | Treatment of posttraumatic stress disorder with venlafaxine extended release : A 6-month randomized controlled trial[END_REF][START_REF] Stein | Pharmacotherapy for post traumatic stress disorder (PTSD)[END_REF]. The current state of PTSD treatments is a potent motivator to explore new ways to treat the disorder more efficiently in humans.

B. Modeling Fear

Fear readouts

In neuroscience, fear is often used to explain the defensive response as a result of perceived harm or danger (i.e. threat). Defensive responses to perceived danger, or threat, can result in fear, but it is not known if the emotional component associated with fear is shared across species [START_REF] Ledoux | Evolution of human emotion : A view through fear[END_REF]. Therefore in non-human animals, the descriptions and measures of fear use defensive responses as proxies for the emotion of fear and in this thesis, we will likewise use the defensive responses as a read out of the emotion itself. It is thought that there are three main types of fear expressions observable in nature and studied in the field of fear neuroscience: flight, freezing and fighting (J. A. [START_REF] Gray | The psychology of fear and stress[END_REF]. Each of these reactions plays a role as a mechanism of defense against a threat. In the laboratory context, we measure these responses to assess fear level. Which reaction the animal will adopt is dependent on the proximity with the threat and the options available to the subject. A distant threat will induce a reaction of escape,provided there is an escape route available, and the animal will try to increase the distance with the threat to avoid an encounter. If the threat is closer spatially the animal will freeze. The goal of this mechanism is to achieve relative immobility by reducing all bodily movements except respiratory, and thus hide one's presence to the threat. When the threat is inescapable and imminent the animal will fight, as a last resort.

Animal models

A model is a simplified representation of real life conditions that is used to further our understanding of a broader concept under scrutiny. Therefore, models by essence can never encompass all the complexity of nature and the goal is finding models that can best approximate reality. Usually this is done by restricting the model to implementing only a few elements of the whole concept through a narrower, more focused lens. This approach allows us to confidently reason about the importance of the selected elements, by avoiding polluting the model with confounding, uncontrolled variables, potentially leading to inaccurate conclusions. On the other hand, by purposefully omitting some parts of the real concept in the model, we cannot reproduce the entirety of the phenomenon, and in the case where all of the pieces are needed for the whole to function, it is impossible to generalize the conclusions of the model to explain the larger concept.

It is then only by putting together observations drawn from multiple models that we can draw a clearer picture of the processes at play in the natural phenomenon.

In the case of fear and related responses, there are many processes involved in the generation of the emotional state: identity of the stressor, creation and retention of fear and possible dysregulations, among others. Some models interested in the stressor's identity rely on associative paradigms. The most popular and widely used being fear conditioning (FC), among which two variants are dominant: auditory fear conditioning and contextual fear conditioning. Auditory FC relies on pairing a sound with an innately painful stimulus (usually an mild electric shock) while contextual FC consists in the delivery of the painful stimulus in an environment made up of multiple cues (mostly visual). In both cases the subject associates the sound/the context with the danger of the painful stimulus and the former becomes a stressor in itself. The usage of a conditioned stimulus in associative paradigms allows for fine control of the parameters of the task. This controlled environment makes it possible to model and study the formation, consolidation, recall and extinction of associative fear memory.

Modeling PTSD

Besides fear models, models of fear disorders in animals appear as a convenient tool to understand and treat these psychopathologies. Nonetheless is a challenging endeavor considering [START_REF] Watabe | Synaptic potentiation in the nociceptive amygdala following fear learning in mice[END_REF] the wide range of overlapping symptoms observed in multiple anxiety and fear disorders in humans and (2) the fact that mental dimensions are inaccessible in other animals. Current variety and changes in nomenclature observed as a result of a better understanding of those disorders also makes it difficult to develop durable models [START_REF] Kendell | Diagnostic and Statistical Manual of Mental Disorders, 3rd ed., revised (DSM-III-R)[END_REF]. Nonetheless there have been many efforts to develop models of pathological fear and anxiety. Considering the high prevalence of PTSD in the population, and its considerable presence in the public and scientific debate, modeling this condition is a matter of public health. Since the initial nosographic description of PTSD, there have been multiple attempts to model this condition and multiple conceptual evolutions. PTSD is defined by a wide range of symptoms, making it difficult to properly model all the facets of the disorder. In particular, the challenge in modeling PTSD is that the disorder is composed of both associative and non-associative components. Non associative factors encompass sensitization responses that can manifest with increased autonomic and hormonal reactions, resulting in heightened anxiety, arousal, numbing and rage. The associative aspect on the other hand is related to the consolidation of a traumatic experience with surrounding cues and the subsequent distressing recall of that memory (Diagnostic and statistical manual of mental disorders,

2013).

The first animal model of PTSD relied on the sensitization paradigm by modeling the disease with predator stress [START_REF] Adamec | Lasting effects on rodent anxiety of a single exposure to a cat[END_REF], inescapable shocks , immobilization paradigms. These paradigms induced long lasting increased anxiety and hyperreactivity [START_REF] Charney | Psychobiologic mechanisms of posttraumatic stress disorder[END_REF][START_REF] Kosten | Biological mechanisms in posttraumatic stress disorder. Relevance for substance abuse[END_REF][START_REF] Van Der Kolk | Inescapable shock, neurotransmitters, and addiction to trauma : Toward a psychobiology of post traumatic stress[END_REF][START_REF] Van Der Kolk | The drug treatment of post-traumatic stress disorder[END_REF]. It is also argued that shock-based paradigms could indirectly model associative aspects of the PTSD by way of repeated presentations [START_REF] Kosten | Biological mechanisms in posttraumatic stress disorder. Relevance for substance abuse[END_REF].

Fear conditioning was first used as a model in a 2003 paper [START_REF] Balogh | Inbred mouse strain differences in the establishment of long-term fear memory[END_REF] even though it had been theorized as a potential model for PTSD in as early as 1982 [START_REF] Kolb | The Conditioned Emotional Response : A Sub-Class of the Chronic and Delayed Post-Traumatic Stress Disorder[END_REF]. Today FC is the leading animal model for PTSD with more than 100 articles being published on the topic during the last 5 years [START_REF] Bienvenu | The advent of fear conditioning as an animal model of post-traumatic stress disorder : Learning from the past to shape the future of PTSD research[END_REF]. FC appears particularly suited to model the associative aspect of the disorder. In auditory fear conditioning, a sound cue is being paired with a foot shock. After the associative memory is consolidated, the animals display freezing to the cue and between cue presentations (spontaneous freezing) [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. This paradigm thus seems to mirror some critical components of PTSD, being the presence of an identified traumatic event and the recall of the traumatic memory both to cue and spontaneously [START_REF] Keane | Social support in Vietnam veterans with posttraumatic stress disorder : A comparative analysis[END_REF][START_REF] Pitman | Post-traumatic stress disorder, hormones, and memory[END_REF]. Fear conditioning has also been used to explain some sensitization aspects of the disorder, as conditioned animals show excessive rage and arousal as well as non-associative fear generalization, symptomatic of hypersensitivity.

Although fear conditioning presents some similarities with the symptoms of PTSD in humans, there are limitations to its validity as a model. As a pathophysiological model, FC is not specific to PTSD, as it is also used to model other anxiety-related disorders, including specific phobia and obsessive-compulsive disorder [START_REF] Berardi | An updated animal model capturing both the cognitive and emotional features of post-traumatic stress disorder (PTSD)[END_REF][START_REF] Dougherty | Neuroscientifically Informed Formulation and Treatment Planning for Patients With Obsessive-Compulsive Disorder : A Review[END_REF]. Moreover, some authors have also argued that FC models lacked explanatory power in general arousal and long-term manifestations [START_REF] Keane | Social support in Vietnam veterans with posttraumatic stress disorder : A comparative analysis[END_REF][START_REF] Kolb | A neuropsychological hypothesis explaining posttraumatic stress disorders[END_REF].

Fear, anxiety and related disorders share many common features, it is therefore likely that they also share common biological underpinnings. In the following section, we describe the brain regions neuromodulatory systems and behavioral output circuits involved in fear. As most anxiety disorders contain a component of excessive fear, understanding fear circuits is relevant to developing treatment for pathological anxiety.

C. Circuits of fear

Neuroimaging studies in humans

In humans, fear conditioning is studied by associating a CS, usually a tone or a visual cue, with an aversive US like a mild finger shock. This aversive learning is evaluated by measuring skin conductance responses (SCRs), and has been shown to depend on the amygdala, a key region in the processing of fear behavior [START_REF] Kessler | Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the National Comorbidity Survey Replication[END_REF][START_REF] Maher | The extinction of the CER following frontal ablation[END_REF][START_REF] Streb | Frontal lobotomy and the elimination of conditioned anxiety in the rat[END_REF][START_REF] Waterhouse | Effects of prefrontal lobotomy on conditioned fear and food responses in monkeys[END_REF]. Functional neuroimaging during and after fear conditioning has been instrumental in finding out which brain structures and networks were involved in physiological or pathological fear responses. Studies have highlighted the amygdala, hippocampus and prefrontal cortex as being the three main structures involved in conditioned fear expression, in both physiological and pathological conditions.

In studies conducted using functional neuroimaging , Blood Oxygen Level Dependent (BOLD) signal, which detects brain oxygenation underlying neuronal activity, has revealed amygdala activation during fear conditioning [START_REF] Milad | Electrical stimulation of medial prefrontal cortex reduces conditioned fear in a temporally specific manner[END_REF], in particular during expression of conditioned fear [START_REF] Büchel | Classical fear conditioning in functional neuroimaging[END_REF][START_REF] Labar | Human amygdala activation during conditioned fear acquisition and extinction : A mixed-trial fMRI study[END_REF][START_REF] Linnman | Unconditioned responses and functional fear networks in human classical conditioning[END_REF]Milad et al., 2007;Phelps E.A et al., 2004;[START_REF] Sehlmeyer | Human fear conditioning and extinction in neuroimaging : A systematic review[END_REF]). This regional activation was still observed multiple days after extinction of a conditioned threat memory but was absent when extinction was induced during fear memory reconsolidation [START_REF] Herry | Prefrontal cortex long-term potentiation, but not long-term depression, is associated with the maintenance of extinction of learned fear in mice[END_REF]. To note, findings described above have not been consistently reproduced [START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF], possibly because of the diversity of fear conditioning paradigms used in neuroimaging studies.

A subset of functional imaging studies also observed an activation of the hippocampus (HPC)

during fear behavior [START_REF] Burgos-Robles | Consolidation of fear extinction requires NMDA receptor-dependent bursting in the ventromedial prefrontal cortex[END_REF], 2009;[START_REF] Cho | Synaptic encoding of fear extinction in mPFC-amygdala circuits[END_REF][START_REF] Do-Monte | A temporal shift in the circuits mediating retrieval of fear memory[END_REF][START_REF] Penzo | The paraventricular thalamus controls a central amygdala fear circuit[END_REF]. Considering the role of this region in the processing of contextual information [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF][START_REF] Dupret | The reorganization and reactivation of hippocampal maps predict spatial memory performance[END_REF][START_REF] Ego-Stengel | Disruption of ripple-associated hippocampal activity during rest impairs spatial learning in the rat[END_REF], these results suggest that the HPC is involved in the encoding of contextual features linked with conditioned fear expression. Lastly, multiple studies reported that the prefrontal cortex (PFC) played a role during fear acquisition, expression and extinction of conditioned fear behavior.

More specifically, in the ventro-medial PFC (vmPFC) (equivalent to rodent infralimbic cortex (IL) [START_REF] Huxter | Independent rate and temporal coding in hippocampal pyramidal cells[END_REF][START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF] decreases in BOLD activity were observed during fear acquisition/expression and extinction coincided with increases in BOLD signal [START_REF] Burgos-Robles | Sustained conditioned responses in prelimbic prefrontal neurons are correlated with fear expression and extinction failure[END_REF][START_REF] Huxter | Theta phase-specific codes for two-dimensional position, trajectory and heading in the hippocampus[END_REF][START_REF] Penzo | The paraventricular thalamus controls a central amygdala fear circuit[END_REF][START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF]. Increases in BOLD signal were also observed in the dorsal anterior cingulate region (dACC) (equivalent of the rodent prelimbic cortex (PL) [START_REF] Likhtik | Prefrontal entrainment of amygdala activity signals safety in learned fear and innate anxiety[END_REF][START_REF] Senn | Long-range connectivity defines behavioral specificity of amygdala neurons[END_REF] during fear acquisition and expression [START_REF] Penzo | The paraventricular thalamus controls a central amygdala fear circuit[END_REF][START_REF] Quirk | Fear conditioning enhances short-latency auditory responses of lateral amygdala neurons : Parallel recordings in the freely behaving rat[END_REF][START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF]. Taken together, these results indicate opposite roles of vmPFC and dACC in processing fear-related behavior in humans.

In addition to Hippocampus, amygdala and frontal cortices, the periaqueductal gray (PAG) was found to be involved in the human fear circuit. Originally aimed at treating pain, the electrical stimulation of the PAG was found to induce fear and even terror [START_REF] Amano | Endorphins and pain relief. Further observations on electrical stimulation of the lateral part of the periaqueductal gray matter during rostral mesencephalic reticulotomy for pain relief[END_REF][START_REF] Nashold | Effects of stimulating or destroying the deep cerebellar regions in man[END_REF]. Recently, functional magnetic resonance imaging revealed that the human PAG was activated in virtual reality when subjects got close to a predator [START_REF] Mobbs | When fear is near : Threat imminence elicits prefrontal-periaqueductal gray shifts in humans[END_REF]. These results indicate that the PAG is more than just an output for cortical computations and likely also influences the cognitive processes in cortical sites.

Connectivity analyses, using correlations of BOLD signals between brain regions, have revealed a functional coupling between the dACC, vmPFC, amygdala and HPC during expression of fear [START_REF] Burgos-Robles | Sustained conditioned responses in prelimbic prefrontal neurons are correlated with fear expression and extinction failure[END_REF][START_REF] Penzo | The paraventricular thalamus controls a central amygdala fear circuit[END_REF] and between vmPFC, HPC and amygdala during fear extinction [START_REF] Stujenske | Fear and safety engage competing patterns of theta-gamma coupling in the basolateral amygdala[END_REF]. These studies did not mention the directionality of the connectivity, but rather indicated the necessity of joint activity in these structures for fear expression and inhibition. Furthermore, anticipatory anxiety was shown to increase amygdala to dorsomedial PFC (dmPFC) and dACC coupling. In contrast, during periods of safety, activity in the amygdala was positively coupled with vmPFC (Schiller et al., 2010). Moreover, in anxiety, connectivity between both dorsal and ventral PFC with the amygdala is present even during resting states [START_REF] Bouton | Context, ambiguity, and unlearning : Sources of relapse after behavioral extinction[END_REF]. In addition, the dorsolateral PFC (dlPFC) connectivity to vmPFC and amygdala was found to be correlated with trait anxiety, but only for threats of predictable nature [START_REF] Kroes | An electroconvulsive therapy procedure impairs reconsolidation of episodic memories in humans[END_REF].

Regarding human psychiatric conditions, it has been shown that increased dmPFC activation, measured via resting metabolic activity, represents a familial risk factor in the development of PTSD [START_REF] Koek | Deep brain stimulation of the basolateral amygdala for treatment-refractory combat post-traumatic stress disorder (PTSD) : Study protocol for a pilot randomized controlled trial with blinded, staggered onset of stimulation[END_REF]. Interestingly, functional imaging analyses in PTSD patients highlighted decreased activity in the vmPFC and increased activity in the amygdala [START_REF] Boggio | Noninvasive brain stimulation with high-frequency and low-intensity repetitive transcranial magnetic stimulation treatment for posttraumatic stress disorder[END_REF][START_REF] Isserles | Effectiveness of deep transcranial magnetic stimulation combined with a brief exposure procedure in post-traumatic stress disorder-A pilot study[END_REF][START_REF] Kim | Transcranial magnetic stimulation in the treatment of psychiatric disorders[END_REF][START_REF] Margoob | Efficacy of ECT in chronic, severe, antidepressant-and CBT-refractory PTSD : An open, prospective study[END_REF][START_REF] Saunders | Working memory training with tDCS improves behavioral and neurophysiological symptoms in pilot group with post-traumatic stress disorder (PTSD) and with poor working memory[END_REF] during recollection of traumatic events (for a thorough review see [START_REF] Watts | A sham controlled study of repetitive transcranial magnetic stimulation for posttraumatic stress disorder[END_REF]). In line with these results, increased dACC and amygdala activation was seen in PTSD patients during extinction in a safe context, whereas in healthy subjects heightened amygdala and prefrontal activation were observed in a dangerous context. This suggests that there is an inappropriate modulation of brain activity relative to contextual information in PTSD patients (Milad, Quirk, et al., 2007). Functional neuroimaging showed Increased amygdala activation [START_REF] Peters | Extinction circuits for fear and addiction overlap in prefrontal cortex[END_REF] and lower vmPFC activation [START_REF] Dougherty | Prospective long-term follow-up of 44 patients who received cingulotomy for treatment-refractory obsessive-compulsive disorder[END_REF] in PTSD patients during presentations of frightening faces, while this activity pattern was not observed in control subjects. Taken together these results implicate dysfunctional vmPFC-amygdala interactions as being at the core of anxiety disorders, such as PTSD [START_REF] Bush | Cognitive and emotional influences in anterior cingulate cortex[END_REF][START_REF] Critchley | Human cingulate cortex and autonomic control : Converging neuroimaging and clinical evidence[END_REF][START_REF] Critchley | Dissecting axes of autonomic control in humans : Insights from neuroimaging[END_REF][START_REF] Harmer | Transcranial magnetic stimulation of medial-frontal cortex impairs the processing of angry facial expressions[END_REF][START_REF] Stujenske | Fear and safety engage competing patterns of theta-gamma coupling in the basolateral amygdala[END_REF].

Persistent conditioned fear in PTSD patients was also suggested to be related to a lack of vmPFC and hippocampus activation and to an hyperactivation of amygdala and dACC (« Magnetic Stimulation in Clinical Neurophysiology. 2nd ed. », 2006).

Studies in humans have brought to light a network of brain regions regulating different modalities of the fearful experience through complex interactions of activation/inactivation.

Among those regions the mPFC appears of particular interest for multiple reasons. Although it has consistently been involved in multiple fear related processes by neuroimaging techniques, its precise functions in fear are still relatively obscure when compared to the well documented amygdala. It would be worth investigating this region with more scrutiny, considering its superficial position would allow for non-invasive stimulation, possibly opening the door to viable treatments against pathologies of fear.

Lesions and inactivation studies in rodents

Circuitry of fear is well conserved in mammals and a network of brain regions, analogous to that of humans, has been described as being involved in fear processing in monkeys and rodents: amygdala, hippocampus, periaqueductal gray and prefrontal cortex (Figure 1). It is worth noting that even though these regions have been implicated at different degrees in fear memory expression, acquisition and retrieval via lesion studies, their role has not been extensively described in the context of consolidation. In order to shed more light on this phenomenon, we will conclude each of these three regions sections with some insight on their implication in consolidation from a lesional/inactivation point of view. 

Amygdala

The amygdala is a structure composed of several nuclei that is located in the medial temporal lobe. Among its nuclei, the main three are the basal (BA) and lateral amygdala (LA), that together are known as the basolateral amygdala (BLA), and the central amygdala (CEA), that has a striatal origin and is composed of the medial (CEM) and lateral (CEL) nuclei [START_REF] Ledoux | Emotion circuits in the brain[END_REF]. The BLA is well known to take part in fear conditioning, specifically processing the CS-US associations that result in the fear-related memory. In fact, it has been shown that a lesion in the BLA produced before fear conditioning causes an impairment in the formation of the conditioned fear memory, whereas if the lesion is performed after the fear conditioning process, it is the fear expression that is damaged [START_REF] Büchel | Brain systems mediating aversive conditioning : An event-related fMRI study[END_REF][START_REF] Maren | Neurobiology of Pavlovian fear conditioning[END_REF][START_REF] Pape | Plastic synaptic networks of the amygdala for the acquisition, expression, and extinction of conditioned fear[END_REF]. In addition, since the CEA is the main output structure from BLA activation, lesions of this structure also resulted in a blockade of fear expression [START_REF] Büchel | Brain systems mediating aversive conditioning : An event-related fMRI study[END_REF][START_REF] Büchel | Classical fear conditioning in functional neuroimaging[END_REF][START_REF] Plichta | Amygdala habituation : A reliable fMRI phenotype[END_REF]. Specific lesions in the LA and BA had opposite results, as well as the time point of the lesion. For instance, post-training lesions of the BA blocked conditioned fear expression, but when the lesions were performed before the training this result was not found [START_REF] Büchel | Brain systems mediating aversive conditioning : An event-related fMRI study[END_REF][START_REF] Linnman | Unconditioned responses and functional fear networks in human classical conditioning[END_REF]Milad, Quirk, et al., 2007;[START_REF] Pape | Plastic synaptic networks of the amygdala for the acquisition, expression, and extinction of conditioned fear[END_REF]. When the lesions were restricted to the LA, the impairment was found in the formation of conditioned fear memories [START_REF] Büchel | Brain systems mediating aversive conditioning : An event-related fMRI study[END_REF][START_REF] Phelps | Extinction learning in humans : Role of the amygdala and vmPFC[END_REF]. Other methods, such as acute pharmacological inactivation with the gamma aminobutyric acid (GABAA) receptor agonists muscimol or bupivacaine have also brought interesting insights to the matter. BLA inactivation prevented learning only if performed before fear conditioning but not if the inactivation happened post-training [START_REF] Agren | Disruption of reconsolidation erases a fear memory trace in the human amygdala[END_REF][START_REF] Sehlmeyer | Human fear conditioning and extinction in neuroimaging : A systematic review[END_REF]. Inhibiting specifically the BA after extinction learning prevented context-dependent fear renewal [START_REF] Knight | Functional MRI of human Pavlovian fear conditioning : Patterns of activation as a function of learning[END_REF], and specific post-training inactivation of CEA or CEM blocked conditioned fear expression [START_REF] Agren | Disruption of reconsolidation erases a fear memory trace in the human amygdala[END_REF][START_REF] Boll | Separate amygdala subregions signal surprise and predictiveness during associative fear learning in humans[END_REF]. BLA has also been shown to be recruited in contextual fear conditioning tasks [START_REF] Anagnostaras | Hippocampus and contextual fear conditioning : Recent controversies and advances[END_REF][START_REF] Kalisch | Levels of appraisal : A medial prefrontal role in high-level appraisal of emotional material[END_REF][START_REF] Klucken | Contingency learning in human fear conditioning involves the ventral striatum[END_REF][START_REF] Knight | Neural substrates of explicit and implicit fear memory[END_REF][START_REF] Labar | Human amygdala activation during conditioned fear acquisition and extinction : A mixed-trial fMRI study[END_REF]Milad, Quirk, et al., 2007;[START_REF] Milad | Recall of fear extinction in humans activates the ventromedial prefrontal cortex and hippocampus in concert[END_REF].

Some studies have emerged implicating the amygdala in fear memory consolidation.

Temporal inactivation study using Tetrodotoxin has shown that the BLA is important for proper consolidation of both contextual and auditory fear, up to two days after learning of the task [START_REF] Sacchetti | Auditory thalamus, dorsal hippocampus, basolateral amygdala, and perirhinal cortex role in the consolidation of conditioned freezing to context and to acoustic conditioned stimulus in the rat[END_REF]. In contrast another study highlighted that muscimol injections in the BLA post learning didn't affect memory consolidation of auditory fear [START_REF] Wilensky | Functional inactivation of the amygdala before but not after auditory fear conditioning prevents memory formation[END_REF].

Hippocampus

The hippocampus (HPC) is involved in contextual (H. [START_REF] Kim | Inverse amygdala and medial prefrontal cortex responses to surprised faces[END_REF][START_REF] Maren | Fear of the unexpected : Hippocampus mediates novelty-induced return of extinguished fear in rats[END_REF][START_REF] Rudy | Context representations, context functions, and the parahippocampal-hippocampal system[END_REF] and auditory [START_REF] Schiller | Overlapping neural systems mediating extinction, reversal and regulation of fear[END_REF] fear conditioning. Functional and anatomical differences have been shown between the dorsal (dHPC) and ventral (vHPC) hippocampus (Fanselow & Dong, 2010;[START_REF] Swanson | An autoradiographic study of the organization of the efferent connections of the hippocampal formation in the rat[END_REF]. Post-training lesions of the dHPC block the expression of contextual fear memories [START_REF] Chiba | Efferent projections of infralimbic and prelimbic areas of the medial prefrontal cortex in the Japanese monkey, Macaca fuscata[END_REF][START_REF] Milad | Fear extinction as a model for translational neuroscience : Ten years of progress[END_REF][START_REF] Shin | Regional cerebral blood flow in the amygdala and medial prefrontal cortex during traumatic imagery in male and female Vietnam veterans with PTSD[END_REF]Shin et al., , 2009)). In the case of vHPC, lesions or inactivation yielded contrasting results, since post-training lesions reduced fear expression whereas inactivation had no effect [START_REF] Schiller | Overlapping neural systems mediating extinction, reversal and regulation of fear[END_REF]. Besides, more specific, restricted lesions to the ventral CA1 and CA3 blocked fear expression [START_REF] Bremner | Alterations in brain structure and function associated with post-traumatic stress disorder[END_REF]. Recently, specific functions of distinct hippocampal regions in context dependent fear renewal have been identified. After the extinction of auditory fear conditioning, lesions in the dHPC prevented context-dependent fear renewal [START_REF] Bremner | Neural correlates of exposure to traumatic pictures and sound in Vietnam combat veterans with and without posttraumatic stress disorder : A positron emission tomography study[END_REF]. In addition, pre-training lesions of dorsal CA1 and CA3 have also shown to prevent context dependent fear renewal. Post-training lesions of CA1 have produced the same results [START_REF] Lanius | Neural correlates of traumatic memories in posttraumatic stress disorder : A functional MRI investigation[END_REF].

In Pavlovian fear conditioning, complete or ventral hippocampal lesions produce robust deficits in freezing to auditory stimuli [START_REF] Maren | Neurotoxic or electrolytic lesions of the ventral subiculum produce deficits in the acquisition and expression of Pavlovian fear conditioning in rats[END_REF][START_REF] Richmond | Dissociating context and space within the hippocampus : Effects of complete, dorsal, and ventral excitotoxic hippocampal lesions on conditioned freezing and spatial learning[END_REF], whereas dorsal hippocampal lesions typically spare auditory fear conditioning [START_REF] Anagnostaras | Temporally graded retrograde amnesia of contextual fear after hippocampal damage in rats : Within-subjects examination[END_REF]; J.

J. [START_REF] Kim | Modality-specific retrograde amnesia of fear[END_REF][START_REF] Phillips | Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning[END_REF], even at different time points [START_REF] Sacchetti | Auditory thalamus, dorsal hippocampus, basolateral amygdala, and perirhinal cortex role in the consolidation of conditioned freezing to context and to acoustic conditioned stimulus in the rat[END_REF]. These studies have led to consider that the ventral hippocampus has a greater role in fear conditioning than the dorsal part. DHPC would be necessary for consolidation of tasks in which it is necessary for acquisition such as contextual fear and trace fear conditioning [START_REF] Quinn | Inverse temporal contributions of the dorsal hippocampus and medial prefrontal cortex to the expression of long-term fear memories[END_REF] but when it is not essential for learning, inactivation shows little effects [START_REF] Nadel | Memory consolidation, retrograde amnesia and the hippocampal complex[END_REF].

Excitotoxic lesions of the vHPC made one day following auditory trace fear conditioning induced a deficit in freezing to the tone, implicating the region in fear memory consolidation [START_REF] Beeman | Hippocampus and medial prefrontal cortex contributions to trace and contextual fear memory expression over time[END_REF]. Another study allowed some insight into the effects of inactivation during acquisition phase. Infusions of muscimol into the vHPC, and not the dHPC, of rats induced impairment in acquisition of conditional freezing to an auditory stimulus [START_REF] Maren | Hippocampus and Pavlovian fear conditioning in rats : Muscimol infusions into the ventral, but not dorsal, hippocampus impair the acquisition of conditional freezing to an auditory conditional stimulus[END_REF]. Interestingly, the possible role of the ventral part of the hippocampus in memory consolidation of cued-auditory fear memory has not been elucidated yet.

Periaqueductal gray

The PAG is located in the midbrain. It is composed of several nuclei, the dorsomedial, dorsolateral, lateral and ventrolateral part that are anatomically organized in longitudinal columns [START_REF] Bandler | Columnar organization in the midbrain periaqueductal gray and the integration of emotional expression[END_REF]. The dorsolateral and ventrolateral parts of the PAG drive defensive behaviors, as well as associated fear responses such as nociceptive transmission, autonomic changes and vocalization [START_REF] Bandler | Columnar organization in the midbrain periaqueductal gray : Modules for emotional expression[END_REF]. Note the dorsolateral part is primarily engaged in predatory aggression while the ventrolateral part is related to painful stimuli [START_REF] Gross | The many paths to fear[END_REF]. Anatomical and optogenetic dissection of PAG circuits have revealed that both PFC [START_REF] Floyd | Orbitomedial prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray in the rat[END_REF] and central amygdala [START_REF] Rizvi | Connections between the central nucleus of the amygdala and the midbrain periaqueductal gray : Topography and reciprocity[END_REF] connect the PAG and drive its activity in the frame of fear behavior [START_REF] Rozeske | Prefrontal-Periaqueductal Gray-Projecting Neurons Mediate Context Fear Discrimination[END_REF][START_REF] Tovote | Midbrain circuits for defensive behaviour[END_REF]. Overall, the PAG is an important node in the fear circuit as it integrates inputs from the two principal structures of learned fear and relays them towards peripheral effectors.

Medial prefrontal cortex

The function of mPFC modulating fear behavior has been a topic of discussion for many years and extensive experimental data shows the involvement of mPFC in learned fear.

Post-conditioning frontal lobotomy was proved to block conditioned fear responses in rats and monkeys (e.g. [START_REF] Liberzon | Brain activation in PTSD in response to trauma-related stimuli[END_REF][START_REF] Lindauer | Cerebral blood flow changes during script-driven imagery in police officers with posttraumatic stress disorder[END_REF][START_REF] Pissiota | Neurofunctional correlates of posttraumatic stress disorder : A PET symptom provocation study[END_REF]. More recent experiments use lesions and inactivation to elucidate the role of mPFC in cued fear conditioning in rodents. Both pre-and post-training lesions of the dorsal mPFC, including anterior cingulate cortex (ACC) and dorsal PL increased fear conditioning [START_REF] Shin | A positron emission tomographic study of symptom provocation in PTSD[END_REF][START_REF] Shin | Regional cerebral blood flow during script-driven imagery in childhood sexual abuse-related PTSD : A PET investigation[END_REF] and prevented fear extinction [START_REF] Shin | A positron emission tomographic study of symptom provocation in PTSD[END_REF]. Furthermore, electrolytic or pharmacological damage of the ventral mPFC (including ventral PL and IL) performed pre-training had no effect on fear conditioning but effectively prevented fear extinction after conditioning [START_REF] Garfinkel | Impaired contextual modulation of memories in PTSD : An fMRI and psychophysiological study of extinction retention and fear renewal[END_REF][START_REF] Rauch | Exaggerated amygdala response to masked facial stimuli in posttraumatic stress disorder : A functional MRI study[END_REF][START_REF] Shin | A functional magnetic resonance imaging study of amygdala and medial prefrontal cortex responses to overtly presented fearful faces in posttraumatic stress disorder[END_REF]. Regarding post-conditioning lesions of the ventral mPFC (including ventral PL and IL), the existing results are not consistent. There are studies that show a blockade of fear expression or extinction [START_REF] Hughes | Functional neuroimaging studies of post-traumatic stress disorder[END_REF][START_REF] Shin | A functional magnetic resonance imaging study of amygdala and medial prefrontal cortex responses to overtly presented fearful faces in posttraumatic stress disorder[END_REF], whereas others show no effect [START_REF] Jovanovic | Neural mechanisms of impaired fear inhibition in posttraumatic stress disorder[END_REF]. More recent findings report that pre-training lesions of the ventral mPFC prevented consolidation but not formation of fear extinction memories (M. J. [START_REF] Kim | The structural and functional connectivity of the amygdala : From normal emotion to pathological anxiety[END_REF][START_REF] Milad | Neurobiological basis of failure to recall extinction memory in posttraumatic stress disorder[END_REF]. Despite all this evidence pointing to the different roles that the distinct mPFC subregions play in fear behavior, there are other studies that found no effect of mPFC lesions on fear conditioning or fear extinction [START_REF] Courtin | Medial prefrontal cortex neuronal circuits in fear behavior[END_REF][START_REF] Ehrlich | Amygdala inhibitory circuits and the control of fear memory[END_REF][START_REF] Quirk | The role of ventromedial prefrontal cortex in the recovery of extinguished fear[END_REF]Sierra-Mercado et al., 2011a;[START_REF] Sotres-Bayon | Prefrontal control of fear : More than just extinction[END_REF].

Moreover, pharmacological inactivation, that has a local, reversible effect, has also provided inconsistent results, since inactivation of the ventral PL and IL has shown to diminish between session extinction, block discrimination of a non-conditioned tone increase, decrease, and not affect fear expression [START_REF] Di Scala | Evidence of Pavlovian conditioned fear following electrical stimulation of the periaqueductal gray in the rat[END_REF]Vianna, Graeff, Brandão, et al., 2001;Vianna, Graeff, Landeira-Fernandez, et al., 2001;Vianna, Landeira-Fernandez, et al., 2001). All the inconsistencies found regarding prefrontal lesions and inactivation may be due to several factors, such as the time at which the lesion is performed in relation to fear acquisition, the precise subregion targeted, the training or species and sex differences [START_REF] Ciocchi | Encoding of conditioned fear in central amygdala inhibitory circuits[END_REF][START_REF] Johansen | Neural substrates for expectation-modulated fear learning in the amygdala and periaqueductal gray[END_REF]. Restricted inactivation of ACC or PL, rather pre-training or post-training, yielded more consistent results. For instance, pre-training inactivation of the ACC prevented fear acquisition [START_REF] Hopkins | Amygdaloid projections to the mesencephalon, pons and medulla oblongata in the cat[END_REF][START_REF] Penzo | Fear conditioning potentiates synaptic transmission onto long-range projection neurons in the lateral subdivision of central amygdala[END_REF][START_REF] Rauch | Neurocircuitry models of posttraumatic stress disorder and extinction : Human neuroimaging research--past, present, and future[END_REF]. Besides, restricted inactivation of the PL, pre-or post-training, persistently diminished fear expression causing no alteration in extinction learning [START_REF] Duvarci | Central amygdala activity during fear conditioning[END_REF][START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF][START_REF] Sehlmeyer | Human fear conditioning and extinction in neuroimaging : A systematic review[END_REF]. However, when the inactivation was restricted to the IL, no effect was found on fear expression but fear extinction was impaired [START_REF] Duvarci | Amygdala microcircuits controlling learned fear[END_REF][START_REF] Haubensak | Genetic dissection of an amygdala microcircuit that gates conditioned fear[END_REF], even though one study showed increased extinction [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF]. Remarkably, activating IL post-training with the GABAA receptor antagonist picrotoxin facilitated between session fear extinction, which implies a role of IL in fear extinction consolidation [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF][START_REF] Viviani | Oxytocin selectively gates fear responses through distinct outputs from the central amygdala[END_REF]. Lastly, pre-training activation targeted specifically to the ACC, using the GLuR agonist tACPD or the GABAA receptor antagonist bicuculline increased fear behavior [START_REF] Hopkins | Amygdaloid projections to the mesencephalon, pons and medulla oblongata in the cat[END_REF][START_REF] Rauch | Neurocircuitry models of posttraumatic stress disorder and extinction : Human neuroimaging research--past, present, and future[END_REF], which is in line with previous lesion studies [START_REF] Shin | A positron emission tomographic study of symptom provocation in PTSD[END_REF][START_REF] Shin | Regional cerebral blood flow during script-driven imagery in childhood sexual abuse-related PTSD : A PET investigation[END_REF].

These findings suggest that the ACC is involved in the acquisition of fear behavior. In short, studies performing lesions or inactivating overlapping regions of mPFC have shown inconsistent results, while specific manipulations of ACC, PL and IL provided coherent and specific effects. The data imply, first, that ACC function is key in the formation of fear memory. Secondly, that PL mediates fear expression and finally, that IL is engaged in the consolidation of fear extinction memories.

The PFC also plays a role in fear memory consolidation. Temporary inactivations of the PFC using tetrodotoxin at different delays post-acquisition (0.25h, 24h, 96h) showed no effects on consolidation of contextual fear and auditory-cued fear conditioning, while inactivation of the frontal cortex was followed by retention impairment when performed immediately after acquisition [START_REF] Sacchetti | Role of the neocortex in consolidation of fear conditioning memories in rats[END_REF]. In contrast, the role of the PFC in acquisition of cued-auditory memory has been well established [START_REF] Bissière | The Rostral Anterior Cingulate Cortex Modulates the Efficiency of Amygdala-Dependent Fear Learning[END_REF].

Overall, lesional studies have highlighted the implication of the PFC, Amygdala and HPC in fear circuitry. We will now describe the insights gathered from studies focused on local activity and microcircuits at play during fear processing in these three regions. Combining approaches of immunohistochemistry, chemogenetics,extracellular recordings in order to gain more insight into the precise dynamics of local activity in fear. Because we found too few studies regarding functional activity of our circuits in fear consolidation, we thought it unnecessary to separate the process like we did in the case of lesional studies. Instead, we will mention all fear-related functional mechanisms described per region, mentioning consolidation when applicable. This limitation highlights once again the need for further research into fear memory consolidation. We will also focus our narrative by excluding extinction processes from now-on, as this mechanism is outside the scope of this project.

We will also restrict ourselves to detailing functional circuits in the three main nodes of the tripartite fear circuits: prefrontal cortex, amygdala and hippocampus; PAG having more of a role as a downstream effector than an involvement in memory processes of interest for our work.

Functional circuits

Prefrontal Cortex

Before diving into cataloging the variety of functional roles attributed to PFC local activity in fear, we will describe the anatomical scaffolding supporting these microcircuits.

Anatomy of Prefrontal Cortex

In rodents, the mPFC can be separated in four distinct areas which, from dorsal to ventral, are the frontal cortex area 2 (Fr2) [START_REF] Heidbreder | The medial prefrontal cortex in the rat : Evidence for a dorso-ventral distinction based upon functional and anatomical characteristics[END_REF][START_REF] Uylings | Do rats have a prefrontal cortex?[END_REF], the ACC, the PL and the IL [START_REF] Guldin | Prefrontal cortex of the mouse defined as cortical projection area of the thalamic mediodorsal nucleus[END_REF][START_REF] Krettek | The cortical projections of the mediodorsal nucleus and adjacent thalamic nuclei in the rat[END_REF][START_REF] Leonard | The prefrontal cortex of the rat. I. Cortical projection of the mediodorsal nucleus. II. Efferent connections[END_REF][START_REF] Ongür | The organization of networks within the orbital and medial prefrontal cortex of rats, monkeys and humans[END_REF][START_REF] Ray | The organization of the thalamocortical connections of the mediodorsal thalamic nucleus in the rat, related to the ventral forebrain-prefrontal cortex topography[END_REF][START_REF] Van Eden | Cytoarchitectonic development of the prefrontal cortex in the rat[END_REF]. The neocortex has a laminar organization with six layers numbered from the most superficial to the deepest [START_REF] Douglas | Neuronal circuits of the neocortex[END_REF][START_REF] Nieuwenhuys | Comparative neuroanatomy : Place, principles, practice and programme[END_REF]. The layer 1 (molecular layer) situated directly below to the pial surface is characterized by a low density of cell bodies and a high density dendritic and axon terminals. Just below is layer 2 (external granular layer), characterized by densely concentrated neurons with small sized cell bodies followed by the layer 3 (external pyramidal layer), which is sparsely concentrated with vertically oriented pyramidal neurons (PNs). Most cortices do not present a clear anatomical separation between layers 2 and 3; accordingly, these layers are often designated collectively as layer 2/3. Underneath them is layer 4 (internal granular layer), characterized by a high concentration of small sized cell Importantly, PNs and INs from a specific layer can interact across layers. These inter-laminar connections allow the formation of functional entities of interconnected neurons [START_REF] Adesnik | Lateral competition for cortical space by layer-specific horizontal circuits[END_REF][START_REF] Hubel | Receptive fields, binocular interaction and functional architecture in the cat's visual cortex[END_REF][START_REF] Mountcastle | Response properties of neurons of cat's somatic sensory cortex to peripheral stimuli[END_REF].

The different regions of the mPFC are agranular cortex, lacking layer 4, [START_REF] Uylings | Do rats have a prefrontal cortex?[END_REF] and present distinct organization on their cellular lamination. The Fr2 also called medial precentral cortex [START_REF] Van Eden | Cytoarchitectonic development of the prefrontal cortex in the rat[END_REF] or medial agranular cortex [START_REF] Donoghue | The motor cortex of the rat : Cytoarchitecture and microstimulation mapping[END_REF] and the ACC, divided in dorsal and ventral parts [START_REF] Uylings | Do rats have a prefrontal cortex?[END_REF], are characterized by a well-defined laminar organization with two distinguishable pyramidal layers 2 and 5 and a large layer 6b. The PL is characterized by a weak disorganization of layer 5 and a layer 6 divided in two sub-layers 6a and 6b. The IL is characterized by homogeneity of its organization with no anatomically noticeable frontiers between the different layers.

The incorporation of the Fr2 and ACC to the mPFC is debated, but their reciprocal connections with the medio-dorsal thalamus (MD) lead to the consensual view that both Fr2

and ACC belong to the mPFC.

Prefrontal circuits in fear acquisition, consolidation and expression

To understand the anatomical and functional organization of the cortex, it is important to have a detailed knowledge of the characteristics and the specificity of the different PNs and INs that constitute cortical circuits.

Pyramidal neurons

Pyramidal excitatory neurons, also named principal or projection neurons represent the vast majority of cortical neurons (70-80%). They used glutamate as a neurotransmitter and are located in all six cortical layers, except layer 1 [START_REF] Defelipe | The pyramidal neuron of the cerebral cortex : Morphological and chemical characteristics of the synaptic inputs[END_REF]. PNs are spiny neurons and their dendritic arbors typically display two different subregions containing short basal dendrites emerging from the base of the soma and apical dendrites arising from the top of the soma and running perpendicularly to the pia matter, terminating in a dendritic tuft in layer 1 [START_REF] Defelipe | The pyramidal neuron of the cerebral cortex : Morphological and chemical characteristics of the synaptic inputs[END_REF][START_REF] Spruston | Pyramidal neurons : Dendritic structure and synaptic integration[END_REF]. Their axon terminals or axon collaterals form asymmetrical synapses, corresponding to Gray's type I (E. G. [START_REF] Gray | Axo-somatic and axo-dendritic synapses of the cerebral cortex : An electron microscope study[END_REF].

They receive synaptic inputs targeting distinct dendritic, somatic and axonal sub-cellular compartments with a regional distribution that depends on the nature of the input. In particular, excitatory synaptic inputs preferentially contact dendritic spines [START_REF] Defelipe | The pyramidal neuron of the cerebral cortex : Morphological and chemical characteristics of the synaptic inputs[END_REF][START_REF] Nieuwenhuys | Comparative neuroanatomy : Place, principles, practice and programme[END_REF][START_REF] Spruston | Pyramidal neurons : Dendritic structure and synaptic integration[END_REF], whereas local inhibitory inputs emanating from specific subpopulations of INs target different PN sub-cellular compartment.

The synaptic target of the PNs seems to be dependent on their cell body layer position. In general, PNs located in superficial layers (supragranular layers: layers 1 to 3) project to cortical areas, those in deep layers (infragranular layers: layers 5 to 6) have long range projections and form the corticothalamic or cortico-subcortical pathway [START_REF] Bannister | Inter-and intra-laminar connections of pyramidal cells in the neocortex[END_REF][START_REF] Nieuwenhuys | Comparative neuroanatomy : Place, principles, practice and programme[END_REF]. PNs receive intra-and extra-cortical excitatory inputs that globally reach the cortex via supragranular layers.

Interneurons

The cortex also contains GABAergic INs that are located in all cortical layers and represent about 20-30% of cortical neurons [START_REF] Defelipe | The pyramidal neuron of the cerebral cortex : Morphological and chemical characteristics of the synaptic inputs[END_REF]. INs, also called nonpyramidal, aspiny, inhibitory, or local neurons are mainly aspiny neurons and release GABA. Apart from some exceptions, IN projections do not leave the cortex and are restricted to a local environment [START_REF] Gonchar | GABA-immunopositive neurons in rat neocortex with contralateral projections to S-I[END_REF][START_REF] Letinic | Origin of GABAergic neurons in the human neocortex[END_REF]. It is worth mentioning that certain, arguably rare, inhibitory neurons are not interneurons as they project outside their local environment. From a functional point of view, they provide long range inhibition, a functional alternative to long range projective PN that provide solely excitation. Their axon terminals form symmetrical synapses, corresponding to Gray's type II (E. G. [START_REF] Gray | Axo-somatic and axo-dendritic synapses of the cerebral cortex : An electron microscope study[END_REF].

Some INs are electrically coupled through Gap junctions forming a direct link between the cytoplasm of neighboring INs [START_REF] Druga | Neocortical inhibitory system[END_REF]. Cortical inhibitory INs are highly diverse and are of many types. Interneuronal cell types can be identified on the basis of anatomical, neurochemical and electrophysiological criteria [START_REF] Defelipe | New insights into the classification and nomenclature of cortical GABAergic interneurons[END_REF][START_REF] Gupta | Organizing principles for a diversity of GABAergic interneurons and synapses in the neocortex[END_REF][START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF] 

Functional studies

Using techniques of detection of immediate early genes involved in learning ,such as c-fos protein, has allowed us to unravel the functional role of the PFC in fear memory formation and expression, via insight into the temporal and spatial activity pattern of neurons. Rats re-exposed to a CS previously paired with a footshock induced an increase of c-fos expression in the ACC [START_REF] Smith | Induction of c-fos mRNA in rat brain by conditioned and unconditioned stressors[END_REF]. Complementary studies have shown that both PL and IL also exhibit an increase in c-fos expression after fear conditioning [START_REF] Herry | Resistance to extinction is associated with impaired immediate early gene induction in medial prefrontal cortex and amygdala[END_REF][START_REF] Morrow | The role of mesoprefrontal dopamine neurons in the acquisition and expression of conditioned fear in the rat[END_REF]. Blocking c-fos production in PL and IL before a fear conditioning session significantly reduced fear expression during test [START_REF] Morrow | An antisense oligonucleotide reverses the footshock-induced expression of fos in the rat medial prefrontal cortex and the subsequent expression of conditioned fear-induced immobility[END_REF] suggesting the involvement of c-fos, and thus cellular activity, in these regions for consolidation or expression of fear behavior. A patch-clamp study realized on mPFC slices of previously conditioned animals revealed that fear conditioning is associated with a decrease of the IL neuron intrinsic excitability and bursting activity [START_REF] Santini | Fear conditioning and extinction differentially modify the intrinsic excitability of infralimbic neurons[END_REF], possibly to allow for proper expression of conditioned memory. This effect was specific to IL.

Studies using recording or manipulation of PFC unit activity during fear conditioning also revealed involvement of the region in acquisition and expression of fear memory. It has been demonstrated that sustained spike firing in the PL during aversive CSs correlated with fear expression [START_REF] Burgos-Robles | Sustained conditioned responses in prelimbic prefrontal neurons are correlated with fear expression and extinction failure[END_REF]Sierra-Mercado et al., 2011b). Complementary study has shown that electrical stimulation of the PL enhanced fear expression during a recall session, and this effect was long lasting [START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF].

PL neurons have been shown to be especially responsive to fear behavior (freezing). In a study by [START_REF] Burgos-Robles | Sustained conditioned responses in prelimbic prefrontal neurons are correlated with fear expression and extinction failure[END_REF], 15% of PL neurons recorded acquired CS+ -evoked responses with fear conditioning and 25% displayed sustained conditioned tone-evoked responses during freezing.

In the PFC, populations of neurons have been found to be involved in the neuronal coding of fearful behavior. Courtin et al [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF] described a subpopulation of parvalbumin (PV) interneurons that dramatically decreases their firing during CS+ presentations. This decreased activity induced in turn an increased firing and synchronization of downstream pyramidal neurons, leading to fear expression in the animal.

Optogenetic inhibition of PV activity during CS+ presentation led to further reduction of fear expression while activation led to decreased freezing, causally implicating this population in fear behavior. Another mechanism implicated in fear expression has been unveiled by Dejean and colleagues [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. The authors describe a population of pyramidal neurons in the PFC that are synchronously activated on the ascending phase of 4 Hz oscillations during freezing inside and outside of CS+ presentations. By optogenetically activating PVs interneurons, the authors could artificially decrease the firing of targeted PNs.

Reducing firing of PN during the ascending phase of 4Hz led to decreased freezing while decreasing activity during the descending phase increased freezing, reinforcing the physiological effects observed during fear expression. Interestingly this effect was apparent inside or outside of CS presentations.

Finally, we will point out a study by Jercog and colleagues who showed that initiation of avoidance behavior in dmPFC neurons is guided by transient activity of dmPFC population activity. Activity of these cells can reliably predict successful avoidance of a threat, indicating role of the PFC circuits in the selection of defensive mechanisms [START_REF] Jercog | Dynamical prefrontal population coding during defensive behaviours[END_REF]. These results involve the PFC as a major locus of activity during fear expression and highlight the diverse and sometimes opposed contribution of its subparts in fear processing.

Hippocampus

Anatomy of the Hippocampus

The hippocampus is a relatively large, cashew-shaped structure lying just beneath the neocortex. The hippocampus proper consists of three major subfields: CA1,CA2 and CA3.

The subfields are organized in a laminar manner spanning from the innermost stratum oriens, to the densely cell-packed stratum pyramidale, and the stratum radiatum. The other regions that together comprise the hippocampal formation consist of the dentate gyrus, the subicular complex, and the entorhinal cortex. Based on its extrinsic connectivity, the hippocampal formation receives a vast amount of highly processed multimodal sensory information that is funneled into the hippocampal formation mainly by the entorhinal cortex [START_REF] Knierim | The hippocampus[END_REF].

Across all subfields of the hippocampus, the cell bodies of glutamatergic pyramidal neurons are the predominant cell type. They are organized in a three-to five-cell-deep laminar arrangement in stratum pyramidale and have orthogonal dendrites that span from the deep stratum oriens to the superficial layers of the stratum lacunosum moleculare. Their axons are found in the stratum oriens. This organization permits pyramidal neurons to receive afferent input from a variety of both intrinsic and extrinsic sources across well-defined dendritic domains. Pyramidal neurons from CA3-CA2 are notably larger and less densely packed than in CA1. In Dentate gyrus, PN are granule cells, smaller and displaying a rounder shape (T. [START_REF] Bliss | The hippocampus book[END_REF]. In contrast, GABAergic inhibitory interneurons account for ~10-15% of the total neuronal cell population. These neurons have their cell bodies scattered throughout all major subfields, and the positioning of their somatodendritic arbors allows them to integrate from a more restricted intrinsic and extrinsic afferent input repertoire than their pyramidal cell counterparts. There are five types of non pyramidal cells that have been described in the hippocampus, the most commonly studied being the axo-axonic chandelier cells of the PV interneurons, with their soma residing in stratum oriens [START_REF] Pelkey | Hippocampal GABAergic Inhibitory Interneurons[END_REF].

Sensory information entering the hippocampus follows a pathway towards CA1 that has been well described in literature.

Trisynaptic circuit

As originally described, the main circuit of CA1 pyramidal cell/basket cell excitation is fairly simple. The main sources of input to the CA1 comes from afferent axons arriving from medial septal, commissural and subicular and/or entorhinal neurons. The entorhinal cortex provides the majority of cortical input, with its projections via the perforant path to the dentate gyrus (DG). The granule cells from DG projects to the CA3 region via the mossy fiber pathway. CA3 then projects to the apical dendrites of CA1 cells via the Schaffer Collateral pathway. Finally, CA1 projects back to the entorhinal cortex via the subiculum, completing the loop, which is referred to as the trisynaptic pathway [START_REF] Knierim | The hippocampus[END_REF].

Recent considerations in corticohippocampal circuitry have evidenced a more complex interplay of regions within the hippocampus than previously described. There are direct connections from EC to CA3 and CA1, bypassing the DG. CA3 axons, in addition to their projections to CA1, send collaterals that make synapses onto other CA3 neurons. Moreover, the CA2 region has been implicated in the circuitry, receiving direct inputs from the EC and sending prominent inputs to CA1 that overlap with those coming from CA3. CA2 also receives weak inputs from DG and CA3. In the CA1 region, the interplay between GABAergic and pyramidal neurons activation resulting from trisynaptic pathway activity induces large irregular movements in electroencephalography (EEG), sharp-wave ripples, that play a role in memory consolidation (see Oscillations and synchronizations).

Hippocampal circuits in fear acquisition, consolidation and expression

Multiple studies have involved plasticity mechanisms in the hippocampus as being important for consolidation of fear memory. Injection of agonists of N-methyl-D-aspartate (NMDA) receptors post-training of an avoidance task increased memory while agonists of GABA receptors resulted in memory impairments, indicating a potential role of NMDA-gated Local Field Potential (LFP, see Oscillations and synchronizations) at play in memory formation in the hippocampus [START_REF] Izquierdo | Neurotransmitter receptors involved in post-training memory processing by the amygdala, medial septum, and hippocampus of the rat[END_REF]. These findings have since been confirmed (T. V. [START_REF] Bliss | A synaptic model of memory : Long-term potentiation in the hippocampus[END_REF][START_REF] Izquierdo | Post-Training Memory Processing in Amygdala, Septum and Hippocampus : Role of Benzodiazepine/GABAA Receptors, and their Interaction with other Neurotransmitter Systems[END_REF] and expanded as our understanding of the mechanisms grew. This plasticity also involves β-adrenergic receptors (β-ADrs) and the DG as a locus of plasticity in fear learning(X. [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF]. More precisely the long term potentiation (LTP) mechanism at play after trial-avoidance involves the KA/CREB and MAPK/Elk-1 as well as ERK molecular pathways to orchestrate memory consolidation [START_REF] Cammarota | Learning-associated activation of nuclear MAPK, CREB and Elk-1, along with Fos production, in the rat hippocampus after a one-trial avoidance learning : Abolition by NMDA receptor blockade[END_REF][START_REF] Giovannini | The integrated role of ACh, ERK and mTOR in the mechanisms of hippocampal inhibitory avoidance memory[END_REF]. It has also been shown that consolidation of contextual fear memory requires two waves of ERK1/2 activation in hippocampal CA1, while consolidation of cue conditioning is only associated with the early phase of activation [START_REF] Trifilieff | Biphasic ERK1/2 activation in both the hippocampus and amygdala may reveal a system consolidation of contextual fear memory[END_REF]. Reduction of histamine availability in CA1 improves learning and memory of contextual fear (L. [START_REF] Liu | Improved learning and memory of contextual fear conditioning and hippocampal CA1 long-term potentiation in histidine decarboxylase knock-out mice[END_REF], and dopamine and D1/D5 receptors are involved in regulation of fear learning [START_REF] Edelmann | Dopamine regulates intrinsic excitability thereby gating successful induction of spike timing-dependent plasticity in CA1 of the hippocampus[END_REF][START_REF] Huang | D1/D5 receptor agonists induce a protein synthesis-dependent late potentiation in the CA1 region of the hippocampus[END_REF].

An elegant study using cell type-specific imaging and inactivation in hippocampal CA1 n behaving mice shed some light into the fine neuronal dynamics at play in learning of auditory fear conditioning . The authors found that aversive stimuli activated CA1 dendrite-targeting interneurons, leading to inhibition of pyramidal cell distal dendrites receiving aversive sensory excitation from the entorhinal cortex. Inactivating these interneurons during aversive stimuli prevented fear learning [START_REF] Lovett-Barron | Dendritic inhibition in the hippocampus supports fear learning[END_REF].

Electrophysiological analysis allowed some rare insight into the role of the vHPC in fear memory. Cells in the vHPC CA1 that are activated by both anxiogenic contexts and goal-directed behavior are preferentially re-activated during sharp-wave ripples, a mechanism important for memory [START_REF] Girardeau | Hippocampal ripples and memory consolidation[END_REF] highlighting the role of vCA1 in memory consolidation of fearful context [START_REF] Ciocchi | Brain computation. Selective information routing by ventral hippocampal CA1 projection neurons[END_REF].Functional optogenetic inhibition of dorsal CA1 pyramidal neurons blocked the acquisition of contextual fear conditioning, but not auditory tone-cued fear conditioning [START_REF] Goshen | Dynamics of retrieval strategies for remote memories[END_REF].

Altogether these results indicate that the Hippocampus is involved in learning of fear memory via activity in its local circuits consisting of interplay between excitatory and inhibitory neurons of the CA1, and highlighted the predominant role of its ventral part in fear processing.

Amygdala

Amygdalar circuits in fear acquisition, consolidation and expression

There is an extensive literature describing the primordial role of the amygdala, most particularly the BLA, in the formation and storage of CS-US associations in Pavlovian fear conditioning. Fear acquisition is thought to rely on activity-dependent associative plasticity.

Early studies demonstrated that auditory fear conditioning induced short-term plasticity in LA neurons during occurrences of CS [START_REF] Rogan | Fear conditioning induces associative long-term potentiation in the amygdala[END_REF][START_REF] Quirk | Fear conditioning enhances short-latency auditory responses of lateral amygdala neurons : Parallel recordings in the freely behaving rat[END_REF][START_REF] Quirk | Fear conditioning enhances different temporal components of tone-evoked spike trains in auditory cortex and lateral amygdala[END_REF], manifesting in enhanced spike firing of LA neurons. In addition, it was found that BLA neurons exhibited discriminative spike plasticity, responding specifically to the CS+ (CS paired with the US) and not with an unpaired control tone [START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF][START_REF] Paré | Neuronal correlates of fear in the lateral amygdala : Multiple extracellular recordings in conscious cats[END_REF]. Changes in CS-evoked activity in the BLA thus appear to be mediated by neuronal plasticity. Many studies highlight the role of the LA as a site in which early changes in activity mediated by NMDA receptors are required for acquisition of conditioned fear [START_REF] Gewirtz | Normal conditioned inhibition and extinction of freezing and fear-potentiated startle following electrolytic lesions of medical prefrontal cortex in rats[END_REF][START_REF] Goosens | Contextual and auditory fear conditioning are mediated by the lateral, basal, and central amygdaloid nuclei in rats[END_REF][START_REF] Miserendino | Blocking of acquisition but not expression of conditioned fear-potentiated startle by NMDA antagonists in the amygdala[END_REF][START_REF] Paré | Neuronal correlates of fear in the lateral amygdala : Multiple extracellular recordings in conscious cats[END_REF][START_REF] Quirk | Fear conditioning enhances short-latency auditory responses of lateral amygdala neurons : Parallel recordings in the freely behaving rat[END_REF][START_REF] Quirk | Fear conditioning enhances different temporal components of tone-evoked spike trains in auditory cortex and 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]. Subsequent studies confirmed and refined the importance of sensory afferents to the LA neurons in allowing long-term potentiation relying on NMDA receptors recruitment to synapses [START_REF] Ledoux | Emotion circuits in the brain[END_REF][START_REF] Maren | Neuronal signalling of fear memory[END_REF]. Blockade of LTP in the LA induces impairments and deficits in acquisition of conditioned fear, revealing the importance of this mechanism for proper fear learning [START_REF] Mckernan | Fear conditioning induces a lasting potentiation of synaptic currents in vitro[END_REF][START_REF] Rogan | Fear conditioning induces associative long-term potentiation in the amygdala[END_REF][START_REF] Rogan | LTP is accompanied by commensurate enhancement of auditory-evoked responses in a fear conditioning circuit[END_REF][START_REF] Rumpel | Postsynaptic receptor trafficking underlying a form of associative learning[END_REF][START_REF] Tsvetkov | Fear conditioning occludes LTP-induced presynaptic enhancement of synaptic transmission in the cortical pathway to the lateral amygdala[END_REF].

Consistent with previous lesion studies, optogenetic inhibition of BLA pyramidal neurons blocks acquisition of both contextual and cued fear conditioning [START_REF] Goshen | Dynamics of retrieval strategies for remote memories[END_REF].

Basomedial amygdala (BMA) neurons have been shown to differentiate safe and aversive environments, and BMA activation decreases fear-related freezing and high-anxiety states [START_REF] Adhikari | Basomedial amygdala mediates top-down control of anxiety and fear[END_REF]. A study on oscillatory mechanisms revealed that during fear experience the coupling between theta (4-12Hz) and fast gamma (70-120Hz) rhythms was enhanced within the BLA [START_REF] Stujenske | Fear and safety engage competing patterns of theta-gamma coupling in the basolateral amygdala[END_REF]. The CEA region of the amygdala has also been implicated in the formation of conditioned fear memories. Fear conditioning induced synaptic potentiation of BA neurons projecting to CEL [START_REF] Watabe | Synaptic potentiation in the nociceptive amygdala following fear learning in mice[END_REF] and also induced plasticity at excitatory synapses onto inhibitory somatostatin neurons in the CEL [START_REF] Li | Experience-dependent modification of a central amygdala fear circuit[END_REF]. Furthermore, mirroring results obtained in the BLA, CEA neurons also display differential activity response to CS+ and unconditioned tone in auditory FC [START_REF] Pascoe | Electrophysiological characteristics of amygdaloid central nucleus neurons during Pavlovian fear conditioning in the rabbit[END_REF]. This data demonstrates the complementary role of CEA neuronal activity and synaptic plasticity in fear learning. Altogether these studies emphasize the primordial role of the Basolateral and Lateral part of the amygdala in the acquisition of fear memory, appearing as the site of the CS-US integration during fear conditioning.

Functional connectivity within the fear circuit

Up until now we have seen lesional and functional evidence of the involvement of the PFC, the HPC and the amygdala in fear processing. But associative fear is a complex process which requires integration of multiple aspects and sensory modalities into a coherent representation. It requires that regions communicate information with each other in order to integrate all aspects relevant to adaptive fear behavior, ultimately leading to the proper fear behavior. In this section we review interactions described in the literature between the regions of the tripartite fear circuitry. Some of these interactions have been shown to rely on oscillatory coupling between distal sites, so we propose a primer on oscillations and synchronizations to recontextualize the data presented further down. surrounding neurons. The relatively slow timescale of these events allow for a consecutive summation of individual electric currents into a measurable value [START_REF] Elul | The Genesis of the Eeg[END_REF]. Action potentials resulting from units over-threshold depolarization were until recently thought to contribute very little to the LFP. Indeed, even though they generate the strongest membranous current, their short duration (<2 ms) and the rarity of synchronous firing prevents noticeable accumulation of current to be captured in the LFP. However in some case, following precise synchronous firing of cells in a densely enough packed manner, can action potentials (and following afterhyperpolarization) induce changes in power in the LFP such as in the case of hippocampal sharp-wave-ripples [START_REF] Ylinen | Sharp wave-associated high-frequency oscillation (200 Hz) in the intact hippocampus : Network and intracellular mechanisms[END_REF].

Oscillations and synchronizations.

Other components participating to the LFP are calcium spikes and voltage-dependent currents [START_REF] Buzsáki | The origin of extracellular fields and currents-EEG, ECoG, LFP and spikes[END_REF] rhythms are named with greek alphabet letters depending on the order they were first described and are associated with a range of frequencies corresponding with their oscillatory cycle. While frequency ranges and nomenclature varies from one field to another, specific brain rhythms are strikingly present across different mammals [START_REF] Buzsáki | Scaling brain size, keeping timing : Evolutionary preservation of brain rhythms[END_REF].

This evolutionary conservation suggests a very important role of oscillatory processes.

Indeed, the latter have been closely linked with multiple brain functions. For example hippocampal theta oscillations (8-12Hz in rodents) have been associated with exploratory behavior and contextual encoding while PFC oscillations have been linked with attentional processes [START_REF] Benchenane | Oscillations in the prefrontal cortex : A gateway to memory and attention[END_REF] and fear expression [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF]. Oscillations have been shown to play an important role in memory acquisition, retrieval and consolidation [START_REF] Düzel | Brain oscillations and memory[END_REF][START_REF] Herweg | Theta Oscillations in Human Memory[END_REF]. This role in memory processes could be explained by several mechanisms facilitated by the intrinsic properties of oscillations (phase, frequency, long-reaching propagation). Mechanistically, brain oscillations are thought to mediate information transfer through a mechanism of temporal coding [START_REF] Buzsáki | Temporal structure in spatially organized neuronal ensembles : A role for interneuronal networks[END_REF][START_REF] Macleod | Who reads temporal information contained across synchronized and oscillatory spike trains?[END_REF][START_REF] Nicolelis | Sensorimotor encoding by synchronous neural ensemble activity at multiple levels of the somatosensory system[END_REF]. In temporal coding, information is transferred through the precise timing of firing. In the frame of fear, dmPFC oscillations have also been shown to organize individual firing into meaningful collective activity, one example being the PFC cells firing during ascending phase of 4Hz oscillations during freezing, possibly indicating memory retrieval [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. As a consequence oscillations can coordinate remote areas into a synchronized network of task-relevant brain regions and are therefore a key feature for distributed brain function. For instance 4Hz oscillations synchronize the PFC and amygdala for fear expression [START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF].

Finally, one function of interest for us is memory consolidation. Oscillations could play a role in memory consolidation by binding cells through coincident pre and post-synaptic activation and simultaneous convergence of multiple inputs [START_REF] Buzsáki | Neuronal oscillations in cortical networks[END_REF][START_REF] Fell | The role of phase synchronization in memory processes[END_REF][START_REF] Markram | Regulation of synaptic efficacy by coincidence of postsynaptic APs and EPSPs[END_REF], increasing synaptic weight between members.

Hippocampal Sharp-Wave Ripple Sharp-wave ripples are an oscillatory complex composed of a Sharp-wave component and a ripples component (Figure 2), observable mostly during Slow-wave sleep (SWS) and awake immobility [START_REF] Buzsáki | Hippocampal sharp wave-ripple : A cognitive biomarker for episodic memory and planning[END_REF]. They arise when the excitatory recurrent system of the CA3 region of the hippocampus connects to the distal dendrites of neurons in the CA1 stratum radiatum. This induces a large amplitude negative polarity deflection, lasting between 40 and 100ms, called the Sharp-wave. The propagating electrical currents then travels through the dendrites to reach the cells bodies in the pyramidale layer where highly synchronous firing of both excitatory and inhibitory neurons can induce a high frequency (100-200Hz) seesaw-like oscillatory pattern, the "ripples" [START_REF] Buzsáki | Hippocampal sharp waves : Their origin and significance[END_REF][START_REF] Kanamori | A spindle-like wave in the cat hippocampus : A novel vigilance level-dependent electrical activity[END_REF][START_REF] Suzuki | Spontaneous EEG spikes in the normal hippocampus. I. Behavioral correlates, laminar profiles and bilateral synchrony[END_REF]) (Figure2). In the stratum oriens where axons of CA1 are located, the polarity of the sharp-wave is reversed positively on the LFP and the shape of the Sharp-wave ripples (SWR) complex is thus dependent on the position of the recording electrode relative to the CA1 strata. SWRs have been observed in the hippocampus of every species investigated so far and have been implicated in memory consolidation of spatial tasks. mPFC cells involved in a spatial memory task are re-activated by SWRs during subsequent SWS. Their firing on SWRs recapitulates on a compressed time-scale the firing pattern observed during the previous task [START_REF] Peyrache | Replay of rule-learning related neural patterns in the prefrontal cortex during sleep[END_REF]. This 'replay' is thought to be involved in the system's consolidation process, a mechanism whereby the events recently experienced by the animal are replayed to the neocortex for long term storage [START_REF] Girardeau | Hippocampal ripples and memory consolidation[END_REF].

Another study supporting the role of SWRs and HPC-Cortex communication in memory consolidation comes from Maingret and colleagues, that showed that increasing synchronization between SWRs and sleep-spindles of the PFC increased memory in an object recognition task [START_REF] Maingret | Hippocampo-cortical coupling mediates memory consolidation during sleep[END_REF]. The role of SWRs in fear memory consolidation is yet to be uncovered.

Oscillations and physiopathology

Proper oscillatory function is paramount to healthy brain functions and is often altered in neuro psychopathologies. Alzeihmer's disease is characterized by an abnormal increase in power of slow-oscillations and decrease in fast oscillatory activity [START_REF] Jafari | Neural oscillations and brain stimulation in Alzheimer's disease[END_REF].

LFP recordings in patients suffering from Parkinson's disease show abnormally synchronized activity in the 8-30 Hz beta band at multiple levels of the basal ganglia-cortical loop. This excessive synchronization correlates with motor deficit. Suppression of symptoms by dopaminergic or neurostimulation therapies correlates with a normalization of basal ganglia oscillatory patterns [START_REF] Hammond | Pathological synchronization in Parkinson's disease : Networks, models and treatments[END_REF].

Absence seizures are sudden and brief loss of consciousness, occurring primarily in children, and sharing comorbidities with deficits of attention, cognition memory and alterations of mood. During seizures, LFP signal in thalamocortical circuits shows spike-wave discharges at 2.5-4Hz correlated with bursts of action potentials in hyperexcitable populations of glutamatergic and GABAergic cells [START_REF] Crunelli | Clinical and experimental insight into pathophysiology, comorbidity and therapy of absence seizures[END_REF].

Oscillations have also been implicated in anxiety disorders, it has been shown that Alpha oscillations are reduced in patients suffering from PTSD [START_REF] Eidelman-Rothman | Alpha oscillations and their impairment in affective and post-traumatic stress disorders[END_REF] and Theta oscillations play a role in stress-induced mental disorders [START_REF] Okonogi | Theta-Range Oscillations in Stress-Induced Mental Disorders as an Oscillotherapeutic Target[END_REF].

Coordination and synchronization of the fear circuitry

Prefrontal cortex-Amygdala

There is a described anatomical projection from mPFC to the amygdala [START_REF] Howland | The rodent medial prefrontal cortex and associated circuits in orchestrating adaptive behavior under variable demands[END_REF].

A study using c-fos labeling revealed that retrieval of fear memory was associated with BLA receiving inputs from the PL [START_REF] Knapska | Functional anatomy of neural circuits regulating fear and extinction[END_REF]. Additionally it was shown that BLA inactivation decreased the activity of projection cells in PL, as well as reducing PL conditioned tone responses [START_REF] Sotres-Bayon | Gating of fear in prelimbic cortex by hippocampal and amygdala inputs[END_REF]. More recently, Courtin and colleagues observed a PV-driven disinhibitory mechanism in the PFC that increased the excitability of PL and ACC PNs projecting to BLA during fear behavior. In contrast to PL, it is thought that IL projections to the amygdala inhibit fear behavior. Electrical stimulation of the IL inhibits the output activity of the CEM, which is necessary to drive fear expression [START_REF] Cassell | Topography of projections from the medial prefrontal cortex to the amygdala in the rat[END_REF][START_REF] Quirk | Stimulation of medial prefrontal cortex decreases the responsiveness of central amygdala output neurons[END_REF][START_REF] Veening | The organization of projections from the central nucleus of the amygdala to brainstem sites involved in central autonomic regulation : A combined retrograde transport-immunohistochemical study[END_REF], supporting a model of inhibitory circuits from the IL to CEM. Additionally, it has been shown that mPFC-BMA projection plays a role in fear processing, its activation suppressing fear-related freezing and anxious behavior [START_REF] Adhikari | Basomedial amygdala mediates top-down control of anxiety and fear[END_REF].

Oscillatory studies have revealed more of the joint role of PFC and amygdala in regulation of fear learning and expression. Conditioned animals who properly distinguish between CS and a neutral tone display synchrony between the mPFC and BLA in the theta frequency range (4-12 Hz). This synchrony is absent in non-learners and generalizers.

Safety is associated with BLA firing becoming more entrained to theta input from the mPFC.

suggesting an interaction of the two regions in a safety-signaling mechanism [START_REF] Likhtik | Prefrontal entrainment of amygdala activity signals safety in learned fear and innate anxiety[END_REF]. Following fear conditioning, coherent theta oscillations between the mPFC and BLA during paradoxical sleep are positively correlated with fear memory consolidation [START_REF] Popa | Coherent amygdalocortical theta promotes fear memory consolidation during paradoxical sleep[END_REF]. The BLA is leading this coordinated activity, in accordance with the potentiation observed in the BLA-mPFC pathway [START_REF] Popa | Coherent amygdalocortical theta promotes fear memory consolidation during paradoxical sleep[END_REF][START_REF] Vouimba | Learning-induced changes in mPFC-BLA connections after fear conditioning, extinction, and reinstatement of fear[END_REF]. Another oscillatory interaction between PFC and BLA in fear has been described by Karalis and colleagues. The authors describe the emergence of 4Hz oscillations during fear conditioning and retrieval of contextual fear memory within prefrontal-amygdala circuits (Figure 3a,b).

These internally generated oscillations predict freezing onset and offset while also synchronizing activity between the two regions. Interestingly the PFC 4Hz precedes BLA 4Hz, highlighting the directionality of the communication. Evoked 4Hz oscillations in the dmPFC, via PV manipulation, induced freezing behavior in the animals [START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF].

Additionally, strong coupling of BLA gamma oscillations to mPFC theta has been observed during fear behavior [START_REF] Stujenske | Fear and safety engage competing patterns of theta-gamma coupling in the basolateral amygdala[END_REF].

To synthesize these results, a synchrony in Theta oscillations led by the BLA has been observed during memory consolidation as well as a synchrony in 4Hz oscillations driven by the PFC during fear expression. Most connectivity studies reinforce the upstream role of the PFC during fear expression, as it has been shown that the region contacts cells in the amygdala via PL, IL and ACC efferents. Interestingly, activity from the PL and the IL to the amygdala can respectively promote or reduce fear behavior.

Hippocampus-Amygdala

Anatomically speaking, vHPC and BLA share reciprocal excitatory connections [START_REF] Mcdonald | Functional neuroanatomy of amygdalohippocampal interconnections and their role in learning and memory[END_REF]. In a molecular study of IA (inhibitory avoidance) involving BLA and HPC CA1, it has been demonstrated that NMDAr blockers in CA1 do not alter the learning-induced neurochemical changes in BLA, and that β-ADr blockade in BLA does not hinder those in CA1. Indicating a role of both regions in consolidation, not via direct interaction but rather in parallel, suggesting differential involvement of either in the retention of the task [START_REF] Cammarota | Parallel memory processing by the CA1 region of the dorsal hippocampus and the basolateral amygdala[END_REF]. A study has identified a similar pattern of ERK1/2 activity pathway cascade in both CA1 and LA/BLA during unpaired conditioning (CS not predictive of US) and CA1/LA in paired conditioning. Phosphorylation of ERK1/2 in the hippocampus also correlates with that in amygdala after unpaired procedure, reflecting the interplay between hippocampus and amygdala during consolidation of fear memory [START_REF] Trifilieff | Biphasic ERK1/2 activation in both the hippocampus and amygdala may reveal a system consolidation of contextual fear memory[END_REF].

Neurons in the BA that are activated by CS presentation after a fear conditioning paradigm receive afferents inputs from the hippocampus, as demonstrated by orthodromic activation of afferents in anesthetized mice [START_REF] Herry | Switching on and off fear by distinct neuronal circuits[END_REF]. Moreover, c-fos analysis following retrieval of fear memory demonstrated that cells in the LA are targeted by inputs from the vHPC [START_REF] Knapska | Functional anatomy of neural circuits regulating fear and extinction[END_REF]. These studies hint at the regulatory role of the hippocampus over BA in fear memory.

Some papers investigated the functional role of the reverse pathway from amygdala to hippocampus. c-fos showed activation of LA/BLA to entorhinal cortex (the main entry point of hippocampus) during fear conditioning in rats [START_REF] Majak | Activation of the amygdalo-entorhinal pathway in fear-conditioning in rat[END_REF] while disruption of the same pathway disrupt acquisition of contextual FC [START_REF] Sparta | Inhibition of projections from the basolateral amygdala to the entorhinal cortex disrupts the acquisition of contextual fear[END_REF]. Rhythmic synchronization at theta frequencies is increased between the LA and the CA1 after fear conditioning in rats and becomes significant during presentation of the CS and expression of freezing behavior [START_REF] Seidenbecher | Amygdalar and hippocampal theta rhythm synchronization during fear memory retrieval[END_REF]. This oscillatory synchronization underlies neuronal communication during memory retrieval. Coordinated reactivation of neuronal ensembles in hippocampus and amygdala has been reported during sleep, indicating a common role in memory consolidation [START_REF] Girardeau | Reactivations of emotional memory in the hippocampus-amygdala system during sleep[END_REF]. To note , most of the studies presented here rely on connectivity between amygdala and ventral part of the hippocampus, due to the fact that the dorsal hippocampus (dorsal subiculum/CA1) has no direct projections to the amygdala. dHPC can still activate the amygdala indirectly via a relay in the entorhinal and perirhinal cortex [START_REF] Room | Connections of the parahippocampal cortex. I. Cortical afferents[END_REF].

To summarize these results, the HPC and BLA are active in parallel during fear consolidation.

There is a bidirectional excitatory connectivity vHPC-BLA during fear expression and BLA-Entorhinal during acquisition. Both regions synchronize to theta rhythm after fear conditioning and during expression of fear behavior.

Prefrontal Cortex-Hippocampus

Cortex to Hippocampus interactions have been studied extensively in the encoding and consolidation of spatial navigation tasks but little is known concerning the role of the pathway in the context of associative fear memory learning and consolidation.

Hippocampal glutamatergic inputs from the ventral CA1 and the subiculum terminate in deep mPFC cellular layers of the prelimbic area [START_REF] Jay | Selectivity of the hippocampal projection to the prelimbic area of the prefrontal cortex in the rat[END_REF] and mPFC inputs from the vHPC have been shown to make excitatory synapses mostly with dendritic spines of PNs in layer 2 (D. B. [START_REF] Carr | Hippocampal afferents to the rat prefrontal cortex : Synaptic targets and relation to dopamine terminals[END_REF]. Functionally, vHPC inactivation decreases activity of interneurons in PL and increases PL conditioned tone responses [START_REF] Sotres-Bayon | Gating of fear in prelimbic cortex by hippocampal and amygdala inputs[END_REF].

Additionally, potentiation at vHPC-PFC synapses has been observed following acquisition of a FC task [START_REF] Doyère | Long-term potentiation of hippocampal afferents and efferents to prefrontal cortex : Implications for associative learning[END_REF]. Theta-frequency activity in mPFC and vHPC, but not dorsal hippocampus, is highly correlated in basal conditions, and this correlation increases when animals are placed in anxiogenic environments. The increase in mPFC theta power predicts avoidance of aversive locations, and that power is increased in anxious models of mice.

suggesting a role for theta frequency synchronization between vHPC and mPFC in fear behavior [START_REF] Adhikari | Synchronized activity between the ventral hippocampus and the medial prefrontal cortex during anxiety[END_REF].

All together, although the pathway from HPC to dmPFC is paramount for spatial memory it has not been proven to be functionally involved in fear memory consolidation. Rather, hints from inactivation studies and oscillatory coupling indicate that the direct projection from vHPC to PFC could be implicated in the consolidation of fear memory, although this remains to be proven.

D.

Population coding of fear: a consolidated memory trace?

Several studies have shown that fear expression relies on the synchronous activation of neuronal ensembles dmPFC [START_REF] Courtin | Prefrontal parvalbumin interneurons shape neuronal activity to drive fear expression[END_REF][START_REF] Jercog | Dynamical prefrontal population coding during defensive behaviours[END_REF][START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF]. In particular a recent work in our lab has identified neuronal assemblies that support fear expression whether it is triggered by threatening cues or spontaneously occurring (Dejean et al., 2016). These assembly neurons (AN) are a subset of pyramidal cells in the PFC that are synchronously activated on the ascending phase of 4Hz oscillations during fear behavior following cued-auditory fear conditioning (Figure 3). This temporal and populational coding properties implies the prior induction of a functional binding between AN so that they can selectively be reactivated synchronously. This phenomenon is consistent with the formation of a neuronal representation of a memory, which reactivation would support the recall of associative fear memory, whether it is cued or spontaneous. Based on this, our main working hypothesis posits that AN in dmPFC could represent a neuronal basis for the engram of the CS-US associative memory . 

AN engrams of fear memory

Hebbian theory posits that "cells that fire together wire together" [START_REF] Shatz | The developing brain[END_REF][START_REF] Morris | The Organization of Behavior[END_REF] . The pattern of activity of these so-called "engram" cells is thought to be the result of enduring physical and/or chemical changes elicited by learning and underlying newly formed memory associations [START_REF] Tonegawa | Memory Engram Cells Have Come of Age[END_REF]. These changes are thought to involve potentiation of synapses between engram cells, mediated by LTP mechanisms. AN coordinated activity during the test would seems to adhere to engram theory [START_REF] Hawkins | A cellular mechanism of classical conditioning in Aplysia : Activity-dependent amplification of presynaptic facilitation[END_REF][START_REF] Kandel | Cellular neurophysiological approaches in the study of learning[END_REF][START_REF] Levy | Synapses as associative memory elements in the hippocampal formation[END_REF][START_REF] Mcnaughton | Synaptic enhancement in fascia dentata : Cooperativity among coactive afferents[END_REF] and the characterization of this population a full day after fear conditioning indicates that this engram could be the consolidated trace of the fear memory in dmPFC.

Memory consolidation during sleep

Standard Model of Consolidation (SMC) indicates that initial memory representations are formed in the hippocampus before migrating to the neocortex for long term retention [START_REF] Squire | Retrograde amnesia and memory consolidation : A neurobiological perspective[END_REF]. Long term memory in rodents is said to be already functional after 6 hours [START_REF] Rudy | Ontogeny of contextual fear conditioning in rats : Implications for consolidation, infantile amnesia, and hippocampal system function[END_REF] and measures of AN activity aligns with this timescale.

Understanding how this memory is formed requires identifying the biological processes supporting the consolidation. It is known that sleep is important for memory consolidation and within it, Slow-wave sleep is of particular interest [START_REF] Born | System consolidation of memory during sleep[END_REF][START_REF] Rasch | About sleep's role in memory[END_REF][START_REF] Watson | Sleep, Memory & Brain Rhythms[END_REF]. During SWS, sharp-wave ripples, high frequency oscillatory events from the hippocampal CA1 have been implicated in memory consolidation supporting Systems Consolidation Theory [START_REF] Tang | Sharp-wave ripples as a signature of hippocampal-prefrontal reactivation for memory during sleep and waking states[END_REF]. Sharp-wave ripples have been shown to reactivate mPFC neurons involved during rule-learning in a navigation task [START_REF] Peyrache | Replay of rule-learning related neural patterns in the prefrontal cortex during sleep[END_REF]. Moreover, artificially increasing the synchronization between sharp-wave ripples and sleep-spindles in the PFC induces an increase of memory performance in a novel environment task. Although the role of SWRs has been demonstrated in spatial memory [START_REF] Tang | Sharp-wave ripples as a signature of hippocampal-prefrontal reactivation for memory during sleep and waking states[END_REF], their role in the consolidation of fear memory such as the CS-US association is still unknown. We hypothesize that, following associative fear conditioning, SWR could be responsible for the consolidation of the assembly neurons into a long term memory trace in the PFC (Figure 4). E.

Problematic and objectives

Knowing that formation of fear memory is reliant on vHPC and that vHPC projects directly to the dmPFC, we set out to find out what were the mechanisms at stake in the vHPC to dmPFC pathway regarding consolidation while at the same time assessing its role and/or necessity in the consolidation of the CS/US associative fear memory.

To try and answer these questions, we followed three approaches: Analyzing the physiological activity of AN around ripples throughout sleep, trying to identify markers of specific reactivation. Then, developing a tool fast and accurate enough to target ripples in real-time to intervene in neural transmission from vHPC to PFC during consolidation. Finally, we interrogated causal involvement of the pathway by inhibiting the vHPC synapses contacting the dmPFC during consolidation.

II. Experimental work

A. Physiology

Introduction

In modeling fear expression (exhibited by freezing behavior in mice), the host lab has shown that Pavlovian auditory fear conditioning leads to not only increased externally-induced fear expression, but also spontaneously-occurring fear expression [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. During episodes of freezing, cells in the PFC are synchronized to internally generated 4 Hz oscillations [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. While the roles of these assemblies in fear expression has been explored it is unclear how they form after learning and how and when the bonds between participating neurons are consolidated.

Classically two memory phases are classically described as critical: memory acquisition and consolidation. During the acquisition phase associative fear memory is formed through the pairing of a neutral stimulus (such as a sound) and an aversive unconditioned stimulus (US, such as an electric shock) so that the neutral stimulus becomes a conditioned stimulus (CS).

Within 3-6 hours following acquisition of the CS-US association the memory trace is in a labile form and the reactivation of this trace is thought to be at the core of the memory consolidation process [START_REF] Dudai | The Consolidation and Transformation of Memory[END_REF]. In fact, memory consolidation takes place preferentially during sleep where memories are thought to be reactivated, redistributed, and integrated into existing representations [START_REF] Diekelmann | The memory function of sleep[END_REF]. Indeed, efficient consolidation of fear memories is dependent on sleep, particularly in the first 6 hours following the learning task [START_REF] Kumar | Sleep deprivation impairs consolidation of cued fear memory in rats[END_REF]. This process relies on the synaptic consolidation between neurons encoding a particular memory representation under the form of a neuronal assembly [START_REF] Diekelmann | The memory function of sleep[END_REF].

The literature points at the ventral Hippocampus vHPC-dmPFC network as a common circuit for both dmPFC assembly formation and consolidation. Hippocampal-cortical interactions are fundamental to the processes of learning and memory [START_REF] Eichenbaum | Memory : Organization and Control[END_REF].

Synchronization between the hippocampus and the prefrontal cortex has been shown to correlate with the formation of behaviorally relevant neuronal assemblies which encode contextual memory [START_REF] Benchenane | Coherent theta oscillations and reorganization of spike timing in the hippocampalprefrontal network upon learning[END_REF]. Relative to emotional memory the vHPC like the dmPFC, is necessary for fear learning and expression [START_REF] Maren | Hippocampus and Pavlovian fear conditioning in rats : Muscimol infusions into the ventral, but not dorsal, hippocampus impair the acquisition of conditional freezing to an auditory conditional stimulus[END_REF]. Moreover, the vHPC CA1 region sends direct projections to the dmPFC [START_REF] Cenquizca | Spatial organization of direct hippocampal field CA1 axonal projections to the rest of the cerebral cortex[END_REF].

Hippocampal SWRs are oscillatory events that are highly involved in the coordination of hippocampal-cortical activity [START_REF] Buzsáki | Hippocampal sharp wave-ripple : A cognitive biomarker for episodic memory and planning[END_REF]. SWRs replay previously stored information in a temporally compressed, sequentially preserved format particularly during periods of awake immobility and SWS. This replay process is a fundamental mechanism for the consolidation and reactivation of memories while awake but most especially during slow wave sleep [START_REF] Csicsvari | Place-selective firing contributes to the reverse-order reactivation of CA1 pyramidal cells during sharp waves in open-field exploration[END_REF]. Additionally, it was demonstrated that SWRs synchronize neuronal ensembles in the prefrontal cortex during SWS after an attention dependent learning task,

showing that SWRs reactivate behaviorally relevant cortical assemblies during memory consolidation [START_REF] Peyrache | Replay of rule-learning related neural patterns in the prefrontal cortex during sleep[END_REF]. Indeed, a causal role for SWRs in the transfer of task relevant information from the hippocampus to the medial prefrontal cortex has been established [START_REF] Maingret | Hippocampo-cortical coupling mediates memory consolidation during sleep[END_REF] 

Surgeries

Mice were anesthetized with isoflurane (induction 5%, maintenance 1.5%) in oxygen. Body temperature was maintained at 38°C with a temperature controller system placed under the animals. Mice were secured in a stereotaxic frame implanted with a multi-wire electrode array in both the right dorsomedial prefrontal cortex (dmPFC) (1.98 mm anterior to bregma; 0.4mm lateral to the midline; and -1,4 mm ventral to the cortical surface) and in the vHPC The wires were attached to 2 connectors with 28 wires directed to the PFC and 4 wires going into the vHPC. In some cases 32 wires were implanted into the PFC and connected to 2 connectors and 16 wires implanted in the vHPC connected to one connector. Local signal referencing was done using wires implanted in the cerebellum and to prevent noise, connectors were grounded using metallic screws located on the surface of the skull. All implants were secured using Super-Bond cement (Sun Medical). After surgery mice were allowed to recover for 7 days and were habituated to human touch by handling them for a week. Analgesia was applied before, and up to three days after surgery (Metacam and Lidocaine).

Electrophysiological and behavioral recording

Electrodes were connected to two heastages (BlackRock Microsystems). Each headstage contained infrared LEDs that allowed tracking of the animal movement using the Neuromotive software and OptiTrack camera (Blackrock Microsystems). Each headstage was connected to a DigitalHub (BlackRock Microsystems) that passed the signal through an optic fiber to reduce noise. Optic fiber signal connected to a Cerebus amplifier (BlackRock Microsystems) which allowed recording in the same electrode of both spiking activity and LFP at 30kHz and 1kHz respectively. Spike activity was bandpass filtered from 250Hz to 8kHz and referenced digitally using a channel devoid of spiking activity. A second automatized system was used to control the parameters of the behavioral paradigm (Imetronic).

This system ruled the timing of the experiment and the delivery of the different stimuli to 

Sorting

Single-unit spike sorting was performed with the Off-Line Sorter software (Plexon) for all behavioral sessions. Principal component (PC) scores were calculated for unsorted waveforms and plotted in three-dimensional space defined by principal components and/or timing and voltage features of the waveforms; clusters containing similar valid waveforms were defined manually. A group of waveforms were considered to be generated from a single neuron if the waveforms formed a discrete, isolated, cluster in the multi-dimensional space and did not contain waveforms having a refractory period less than 1ms, as assessed using inter-spike interval analysis. Because we cannot ensure identity of the neurons, spikes clustered in this manner are referred to as belonging to a unit.

To prevent analysis of the same unit recorded on different channels, we computed cross-correlation histograms. If the spike trains of two units shared at least 20% of similarity with each other, only the unit presenting the best separation from noise was selected. Our analysis consisted in tracking the activity pattern of units throughout time, so we needed to make sure we recorded the same units over multiple sessions of behavior and homecage sleep. For this purpose we calculated a Pearson correlation coefficient over the mean waveform of each unit for each recording session. Only units with a Pearson coefficient above 95% when compared to the test day were retained for further analysis (Figure 6b-c).

Because the description of neuronal assemblies consisted of pyramidal neurons, only this population of cell types were considered in our analysis. To separate putative inhibitory interneurons from putative excitatory PNs we used an unsupervised K-means clustering algorithm with 2 centroid. In brief, the Euclidian distance was calculated between all unit pairs using features of half-spike width (measured from trough to peak), firing rate and area under the late positive deflection of the spike as features to represent each unit in space.

Units were considered as being part of a group if their euclidean distance was closer to one centroid than to the other. Cross-correlation analysis was then performed to evaluate the excitatory or inhibitory nature of each neuron on other simultaneously recorder units (Figure 6a). 

Analysis

AN / ON characterization

Characterization of AN and ON population occurred during the post-conditioning test (Figure 7) . We calculated single-unit rate histograms with a sliding window of 150ms and 100ms overlap. We were interested in identifying which neurons were coactivated rather than how much they were coactivated. We therefore focused on the sole presence or absence of activity for a neuron inside each time bin independently of its actual firing rate. To this end, the rate histograms were binarized in such a way that any bin value strictly above zero was given a value of 1, otherwise 0. Binarized histograms for n simultaneously recorded PNs were then concatenated and we calculated the n× n coactivation matrix of the PN population for each time bin. To investigate the emergence of coactivation patterns during the recording session, principal component analysis was performed on the coactivation matrix. We considered only the score on the first principal component (PC1) that explains the greatest part of the coactivation matrix variance. To extract coactivation matrix patterns related to fear expression, we analyzed the distribution of PC1 scores as a function of animal freezing behavior. The probability of a certain PC1 score predicting freezing was analyzed using a bootstrap method as follows. PC1 score of each correlation matrix was compared to PC1 score of correlation matrices calculated after shuffling of the freezing intervals on the signal 50 times. Actual and surrogate(randomized) freezing probabilities as a function of PC1 score were then compared to retrieve the threshold above which PC1 score predicted freezing behavior above chance level. This threshold was then used to isolate coactivation matrix patterns predicting freezing behavior. Finally, we took the activity matrices with the pc score which predict freezing and went back to look at which single neurons were coactive inside these matrices, with patterns predictive of freezing behavior. Since the apparent participation to coactivity of a neuron could be due to its random probability of spiking (for example, neurons that increase firing during freezing would be more likely to co-fire), we additionally compared the coactivity of a unit with coactivity obtained after shuffling 50 times the spike train interspike intervals. This was done for all units participating in freezing predictive matrices and these matrices were normalized by dividing them by the average randomized coactivation matrix. Each neuron was then given an assembly participation index (AP index) defined as the ratio between its average and surrogate firing rates for coactivation matrix freezing patterns. Each neuron displaying an AP index significantly above the chance level (chance: AP index= 1) defined by the confidence interval of surrogate data was considered as an AN (AP index > 1). Units with an AP index inferior or equal to chance level were classified as ON. 

4Hz phase locking

To evaluate 4Hz phase locking of individual neurons, we calculated the instantaneous phase of the 3-6Hz filtered LFPs using the Hilbert transform. For a given neuron, each spike was assigned its corresponding LFP 4Hz phase value from the LFP signal recorded on the same wire. Phase locking was calculated using Rayleigh's test for circular uniformity and statistical significance was assessed using Rayleigh's test P values. For significantly phased-locked PNs, we quantified the preferred phase . Only neurons displaying at least 50 spikes were considered for this analysis.

Corrected firing

To evaluate the average pairwise co-firing between pairs of PN as a function of 4 Hz phase, spike trains were binned according to LFP 4-Hz phase (36°bin size), and for each bin the pairwise co-firing was calculated as the ratio of co-occurring spikes to the total amount of spikes in the bin for the two units. This provides a direct measure of the co-occurrence of spikes as a function of phase. To ensure the pairwise co-firing of neurons was not artificially enhanced by the temporal relation between pairs of neurons or the cycle-to-cycle relation between neurons (phase relation), we computed a shuffled co-firing and phase-shift predictor as follows. For the shuffled co-firing analysis, for each pair of PNs, inter-spike intervals were shuffled 50 times and the mean co-firing for each phase bin value recalculated. We then averaged over all AN or ON neuron pairs. This analysis keeps the original firing rate of the shuffled spike train but destroys the temporal relationship between the two spike trains. Since AN and ON display different firing rates, this correction allows the comparison of co-firing between both populations. For the shift predictor analysis, for each phase bin of 36°and each pair of neurons, 4 Hz cycles were given an index from 1 to x, x corresponding to the total amount of 4 Hz cycles in the recording. Indices were then shuffled 50 times for the reference neuron and the mean randomized co-firing was calculated. This analysis removed the cycle-to-cycle relation between the two spike trains while preserving the firing modulations. We then calculated the corrected pairwise co-firing by subtracting both the shuffled co-firing and the shift predictor to the raw co-firing and subsequently evaluated the unique contribution of phase to the co-firing of PN.

Freezing analysis

X and Y positions of the infrared light on top of the animal headstages were captured from the OptiTrack Camera and converted to digital values by Neuromotive software for each stage of the behavior paradigm. We used these positions to infer animal movement with high precision. Freezing behavior was calculated using a custom-made matlab script. By converting position data to a speed vector we could determine freezing intervals. We considered freezing as moments of immobility (defined by manual thresholding to account for small fluctuations in position data) that lasted for more than 2 seconds. An occurring freezing event ended when speed values rose above threshold.

Offline Sharp-wave ripple detection

To detect the SWR, vHPC LFPs were analyzed in Matlab. A channel containing records of adequate ripples presence over noise was manually selected for analysis. Then LFP was bandpass filtered in the ripple frequency range (100-200 Hz) with a Infinite impulse response filter of order 4 and zero phase shift. Then we integrated the filtered signal by calculating the root mean square to retrieve the time-resolved amplitude in this 100-200Hz band.

Finally to isolate ripples, we thresholded the time-resolved power with a statistically computed confidence limit (mean ripple power + 1.96 SD, =0.05, bilateral test) such that any event crossing that threshold was retained as a SWR (with event peak amplitude serving as the SWR time marker). Ripple duration was calculated by retrieving the beginning and end time points of each event. To that end, we extracted the time points where the integrated trace passed below its 20th percentile before and after ripple peak, respectively returning the beginning and the end of the ripple.

Sleep sessions subdivisions

Because we hypothesized that subsequent excitatory inputs from vHPC would progressively consolidate vHPC-dmPFC synapses, we investigated the effect of the summation of consecutive ripples rather than simply looking at elapsed time (1st hour vs 2nd hour).

For that purpose we separated the sleep session into Sx-1 and Sx-2 , where x represents the sleep session under scrutiny.

In these analysis, the first half of the ripples (<50th percentile of events) recorded throughout the whole session were included in the Sx-1 while the second part (>50th percentile of events) was used for analysis on Sx-2.

Sleep state segregation

To identify sleep and wake epochs and further isolate SWS from rapid eye movement (REM)

sleep, we performed a joint analysis of animal behavior and hippocampal-prefrontal LFP frequency content and synchronization (Figure 8). To this end we concatenated animal motion, dmPFC and vHPC LFP time resolved spectral analyses as well as dmPFC-vHip time resolved coherence, hence returning the motion-spectral content during sleep sessions (1 second time resolution). Motion-spectral content was then assessed by principal component analysis to isolate specific profiles of sleep and wakefulness, with sleep further broken down into subcategories of SWS and REM. To assess the impact of conditioning on sleep architecture we quantified total sleep time over two hours and SWS/REM relative weight within sleep epochs. To assess the impact of conditioning on sleep frequency content we calculated power spectral densities between 0 and 20 Hz for hippocampal and cortical LFP and that during both REM and SWS episodes. To assess the impact of conditioning on vHPC-dmPFC synchronization we calculated the coherence (method from [START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF] between simultaneous hippocampal and cortical LFP recordings for REM and SWS episodes. 

CS response of neurons

To make sure that ON neurons were devoid of any fear related properties that we could know of and to precise AN role in fear memory we analyzed neuronal responses to CS during the FC and Test. Moment to moment variations of dmPFC neuronal activity around CS presentations were assessed by a peri-stimulus time histogram (PSTH, Neuroexplorer) with an analysis window spanning -500ms to 500ms before and after each pip presentation (time bin: 20ms). Each PSTH were quantified using a Z-score normalization, thresholding of the basal cross-correlogram mean, and standard deviation calculation using the -500s to 0s portion of the PSTH. Only those neurons whose PSTH peak/trough lay outside the -1.65 to 1.65 standard deviations (alpha = 0.05, unilateral test) were retained as significantly modulated. Finally to assess CS-/CS+ discrimination, the neuronal activity for CS-was subtracted from CS+, with any positive value representing a neuron's relative increase in activity following the CS+.

Sharp Wave Ripple Response characterization

Peri-Ripple Time Histogram (PRTH)

We assessed the variations of neuronal activity in the dmPFC around SWR by PRTH (Neuroexplorer) with an analysis window from 500 ms before and after each SWR (time bin: 20 ms). We first normalized PRTH using a bootstrap method. We computed 50 PRTH with a random shuffle of the SWR occurrence. Then, we calculated a mean and a standard deviation of these PRTH. Finally, we subtracted the mean shuffled-PRTH from the raw PRTH and divided the difference by shuffled PRTH standard deviation to normalize firing rate measure across neurons. With this normalization we were able to control for both the random variability in neuronal firing rate and the specificity of changes in the vicinity of SWR events. Thus, we were able to distinguish an increase of firing rate specifically around SWR from, for instance, a global increase of firing rate (not SWR related). We calculated a mean of all the normalized PRTH for each population (AN and ON) and each sleep session and sub-sessions (S1, S2 and S3).

Proportion of ripple activated neurons in dmPFC

Neuronal activity was normalized according to the method mentioned in the previous paragraph. Each bin of a neuron's PRTH was tested for significance (firing above or below the 95% confidence interval of the shuffled data). AN and ON proportion of activation were compared according to a two-step method. We first computed the binwise proportion of significantly excited/inhibited neurons for AN and ON functional groups and retrieved the instantaneous activation/inhibition for each population. The second step consisted in the cumulative sum of consecutive bins in order to capture the total activation of each population around ripple occurrence.

Joint Peri-Ripple Time Histogram (JPRTH)

JPRTH quantifies the probability of two neurons to fire simultaneously around the time of occurrence of a SWR, also referred to as co-activity. To calculate JPRTH we used a window of -500 ms before to 500 ms after the SWR event (time bin: 50 ms). We normalized JPRTH using the bootstrap-based normalization method used for PRTH: after calculating a raw JPRTH for a pair of neurons under consideration, we shuffled the SWRs detection 50 times and each time calculated a new JPRTH for pairs of neurons. Averaging the results gave us a JPRTH of random coactivity around SWR. We subtracted the mean of the random JPRTH to the raw JPRTH and divided by the standard deviation of the random JPRTH. By doing so, the residual, normalized co-firing is a faithful reflection of SWR-related changes in dmPFC neuron synchronization. JPRTH were calculated for both AN and ON and for all sleep sessions.

Stats

Two-sided parametric statistical tests were used in case data met normality and homoscedasticity. In case one or both of these two conditions were not fulfilled, or the sample size was small (5 or 6), non-parametric methods were used to test our hypotheses.

In case of multiple comparisons, adjustments were systematically done with the Bonferroni method. On graphics, error bars are mean +/-SEM unless otherwise stated.

Figures Figures and graphics were generated with Sigmaplot, MathWorks Matlab and Adobe

Illustrator.

Results

Characterization of populational properties

In six animals, we were able to confirm correct implantation sites in both dmPFC and the vHPC (Figure 9a). These animals presented high levels of freezing during CS+ presentations and low levels during CS-, indicating that they had acquired differential auditory fear conditioning (Figure 9b). As a consequence, those animals were qualified to enter the study.

Consistent with previous studies [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF] freezing coincided with the emergence of 4Hz oscillations in dmPFC LFP (3-6Hz, Figure 9c) that reflected into neuronal dynamics (Figure 9d). Analysis of population coactivity patterns revealed the presence of neuronal ensembles activated during freezing under the drive of the 4Hz rhythm (Figure 9e). Further analysis confirmed that AN neurons (characterized by AP indices>1) were preferentially activated in the ascending phase of 4Hz oscillations during freezing (Figure 9f) hence replicating the observations done previously in the lab [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. After sub-selecting the neurons putatively recorded throughout the paradigm (see methods, Figure 6), we identified 25 AN and 36 ON (Figure 9g, Table 1). The following sections describe and compare the response of both populations to vHPC ripples. 

Comparison firing activity between Fear conditioning and Test

In order to understand how these AN acquire the functional coding properties observed during Test we investigated these neurons' activity the day before during fear conditioning and encompassing sleep sessions. Only those single units that were tracked from day 1 (FC, sleep sessions) to day 2 (Test), were considered for analysis and day1 versus day2 comparison (see Figure 6). Looking at firing rate activity around CS presentations during fear conditioning (Perievent histogram analysis , Figure 10a) showed a significant activation of AN over ON during the 300ms following CS presentations (Figure 10b AN and CS+ neurons) serves as a way to control that the preferential phase locking of AN to 4Hz wasn't the resultant of a desynchronization of ON, but rather an effect specific to this population. Analysis of co-firing activity during 4Hz oscillation shows that neither of the two populations of neurons are preferentially synchronized during FC (Figure 10g) but that AN become significantly more co-activated during the Test (Figure 10h), particularly on the ascending phase (Figure 10i). Taken together, these results suggest that AN population is specifically recruited during consolidation occurring between FC and Test. 

Evolution of population activity around ripples during sleep

To investigate the mechanisms at play in the consolidation of assembly neurons , we set out to look at the activity of AN and ON around SWR occurrence during slow wave sleep. We compared both populations with a longitudinal approach: starting in S1 (before FC) then during post-conditioning sleep (S2) and finally overnight (S3). . We calculated PRTHs To assess potential change in neuronal response to ripples. d (Figure 11a). Average neuronal firing rate was higher at the peak of ripples for AN and ON (Figure 11b) but didn't differ between populations during pre and post-conditioning sleep sessions (Figure 11c). We then assessed the amount of cells that were significantly activated and inhibited around ripples.

We calculated the cumulative sum of these percentages to evaluate the global recruitment of populations around SWR ripple occurrence. In s1 before the learning task, the two populations didn't show any difference (Figure 11d) but during S2 a larger part of the population of AN was recruited than for ON in the 500ms following the peak of the ripples (Figure 11e). In the late consolidation period S3, AN were still more recruited than ONS following ripple peak (Figure 11f). Inhibition around ripples was low and not significantly different between populations in any of the three sleep sessions (Figure 11 d,e,f bottom). To assess the fine dynamics of these changes we reproduced this analysis on sub-sessions of sleep. Coherent with our results obtained for S1 in the full session analysis, we saw no difference in percentage of recruitment between the two populations during the first and second part of S1 (Figure 12a). More interestingly, we saw that during S2-1 a significantly higher proportional activation of AN was observed compared to ON and that difference became even more apparent during S2-2, indicating that the specificity of AN activation around ripples is increasing throughout the 2h of the post-conditioning sleep session (Figure 12b). During the sub-sessions of S3 the specificity of AN activation over ON around ripples was maintained (Figure 12c). Looking at the curves of cumulative sum for AN (Figure 12d)

indicates that this population is being more and more selectively activated by ripples as sleep goes by , as seen by increasingly warmer colors on the spectrogram on the right, and comparing populational recruitment between pre conditioning S1-1 and post-conditioning sessions indicates this increase is significative (Figure 12d). Looking at curves of cumulative activity for ON reveals, apart from an increase in S1-2, a general decrease of the percentage of neurons activated around ripples (Figure 12e). Finally we compared AN and ON dynamics by analyzing their relative activation levels. Subtracting the cumulative sum of activation of ON to that of AN (Figure 12f), reveals that both populations diverge as early as S2- 

Evolution of population co-activity around ripples during sleep

We then looked at the coactivity of pairs of neurons around SWRs during sleep using Joint Peri Ripples Time Histograms analysis. This analysis constructs coactivity maps where joint activity of two neurons around a stimulus can be observed. Raw coactivity maps (Figure 13a)

were normalized by subtracting random coactivity maps obtained from shuffling ripples events (Figure 13b) to obtain normalized coactivation maps (Figure 13c). To reduce the dimensionality of these maps we restricted the analysis to the diagonal of the JPRTH which recapitulates the activity of a neuron within 50ms of another (zero-lag synchronization, diagonal on Figure 13c, Figure 13d). JPRTH analysis revealed a general increase in coactivity around SWRs from S1 to S3 for both AN and ON (Figure 13e,13f). More specifically, we discriminated two periods of enhanced synchrony for AN and ON. The first one falls onto the peak of the ripple (Peak Sync) and the second occurs between 100 and 200ms later (Late Sync). This observation is consistent with our findings regarding neuronal activation (previous section) with excitation of AN and ON at the peak and the subsequent prolonged activity, in particular for AN. During preconditioning S1, coactivity of ON is significantly higher than that of AN at Peak Sync but this difference is not seen during subsequent post-conditioning sleep sessions S2 and S3 (Figure 13g). AN neurons display a gradual increase of coactivity throughout sleep sessions in the Late Sync period and are significantly more coactivated than ON in that timescale during S3 (Figure 13h). This result highlights a time period of specific AN involvement by ripples during post-conditioning sleep. As previously we analyzed sleep sub-session, to look at the finer dynamics of coactivity changes for AN and ON. For the Peak Sync period, analysis revealed that the preferential coactivity of ON around ripples in S1 is mostly due to an initial ripple-triggered coactivation during early S1-1 that quickly subsides during S1-2 (Figure 13i). Interestingly, subsleep analysis during Late Sync period revealed that the switch to the preferential coactivation of AN over ON by ripples, seen in S3, occurs initially in the late portion of S2, after a reversal of initially favored ON coactivation in S2-1. This preferential coactivation of AN pairs over ON around ripples then keeps significantly increasing during subsequent late consolidation sleep phases of S3-1 and S3-2 (Figure 13j). 

Discussion

We observed that during the earliest stages of sleep following a fear conditioning task, in Fear neuronal assemblies as a neuronal representation of fear memory.

A previous study in the host lab evidenced the presence of assembly neurons in the dmPFC that are tightly synchronized on LFP 4Hz oscillations during freezing behavior. This discovery raised the question of how and when this type of coding of conditioned fear emerges. With the present study we reproduced previous observations of the lab and also observed that this type of populational coding was absent during freezing occuring during conditioning.

Indeed , no phase locking nor phase specific synchronization could be observed during FC freezing. Therefore AN neurons acquire their functional properties between FC and Test. This narrows down the "when" to the time interval between the end of the fear conditioning session and the beginning of the fear memory retrieval Test session. In addition, this shows that these assemblies do not code for freezing per se but encode information which is necessary to trigger freezing as a response to an experience made the day before. Our result thus indicates that this population is a neuronal substrate of the associative memory trace.

The consolidation of this engram appears to be driven by SWR that would, via the vHPC-dmPFC pathway, allow potentiation of the participating neurons into a functional assembly during sleep.

The selection of assembly neurons.

During FC, AN are showing an increase of firing rate around CS+, indicating that these neurons respond to relevant aspects of the fear encoding. This raises the possibility that their initial activation makes them more likely to be recruited later on during sleep and end up participating in a functional assembly. This is in line with a theory of consolidation posits that neurons easily entrained initially are preferentially recruited for subsequent memory consolidation [START_REF] Josselyn | Memory Allocation : Mechanisms and Function[END_REF].

Post-conditioning changes in vHPC to dmPFC pathway

In line with the literature [START_REF] Opalka | Hippocampal Ripple Coordinates Retrosplenial Inhibitory Neurons during Slow-Wave Sleep[END_REF][START_REF] Wang | Coordinated Interaction between Hippocampal Sharp-Wave Ripples and Anterior Cingulate Unit Activity[END_REF], ripple detection in vHPC coincided with neuronal activation of many neurons in dmPFC. On average AN and ON did not differ in the magnitude of their firing, whether it was before or after conditioning. However after conditioning, the proportion of AN neurons activated by ripples progressively exceeded that of ON, in particular in the few hundred milliseconds following the ripple. This phenomenon started discreetly in S2-1 before maximizing in S2-2 and further on. According to our hypothesis, ripple inputs to dmPFC should increase synaptic weight at vHPC-PFC synapses (figure 4). In line with this, the strengthened recruitment of AN population after conditioning could be seen as a reflection of the enhancement of the synapses in this circuit. This is supported by previous work showing that associative learning of auditory fear conditioning induces LTP in the hippocampus to prefrontal cortex circuit [START_REF] Doyère | Long-term potentiation of hippocampal afferents and efferents to prefrontal cortex : Implications for associative learning[END_REF].

Interestingly, the increase of AN response was concurrent to a decrease in ON reponse. It is possible that a subset of neurons, including ON, could have been involved in some form of memory trace before conditioning. As PFC encodes the animal context [START_REF] Place | Bidirectional prefrontal-hippocampal interactions support context-guided memory[END_REF] it is likely that several elements present during habituation (context, cues) are represented in dmPFC during S1. With fear conditioning the paradigm changes the value of many elements of the animal context. This seems to trigger a reorganization on dmPFC population profile of activity leading to a new profile for which AN responses end up prevailing over that of ON. A recent study [START_REF] Norimoto | Hippocampal ripples down-regulate synapses[END_REF] proposed a mechanism that ripple can induce depotentiation at selected synapses. It has been theorized that this mechanism could help create space for new connections between neurons and the allocation of new neuronal representations. In our case, this mechanism would allow the progressive disengagement of now less-relevant ON in favor of fear coding AN. More generally, this is also in line with an ecological view of physiology, in which evolution has shaped biological systems to optimize their function with the minimum amount of resources. Such a view posits for instance that elements that are less relevant in the subject's specific context are pruned out and excluded from the memory trace and a fortiori its consolidation. In addition, the net change of AN/ON recruitment leads to an increase in contrast between both population activities. Such

Increase in signal to noise ratio is another energy-efficient way to optimize neural efficiency without requesting additional resources.

Altogether our data suggest that fear memory consolidation results from the combination of 1/ the selection of a subset of neurons during the associative process, followed by 2/ the strengthening of vHPC synapses onto those neurons as well as the weakening of other synapses and 3/ a subsequent intracortical mechanism resulting in the increase of synaptic weights between selected neurons. The resultant is the formation of a fear coding neuronal assembly that would later be reactivated in the presence of a threatening cue.

Cortical mechanisms of post-ripple synchronization.

The changes in activity and coactivity specific to AN are happening during the Late Sync period, that is several tenth of milliseconds after ripple occurrence. During ripples the firing hippocampal CA1 projection neurons is mostly constrained to the time interval of the ripple (about 50ms around peak occurrence) and often followed by an hyperpolarisation [START_REF] Buzsáki | Hippocampal sharp wave-ripple : A cognitive biomarker for episodic memory and planning[END_REF]. Therefore it is unlikely that any strong activation arising from vHPC directly coincides with the late dmPFC events we observe. Instead the increased coactivity appears to be an indirect consequence of hippocampal inputs that relies on local, secondary computations.

This hypothesis has been developed by several authors and relies on the recruitment of slow oscillations in the PFC in response to ripples occurrence. Those oscillations would entrain PFC neurons and make them more excitable at a specific time point, making it easier for CA1 entries to the dmPFC to activate them. Synchronization between SWRs and spindles (nested on cortical Slow waves) has already been observed during slow-wave sleep [START_REF] Siapas | Coordinated Interactions between Hippocampal Ripples and Cortical Spindles during Slow-Wave Sleep[END_REF] and SWRs-delta waves synchrony has been causally implicated in memory consolidation [START_REF] Maingret | Hippocampo-cortical coupling mediates memory consolidation during sleep[END_REF][START_REF] Todorova | Isolated cortical computations during delta waves support memory consolidation[END_REF].

The time-course of consolidation

In the frame of fear memory, our study provides insight into the neuronal mechanisms at stake during the early phase thatand underpin the formation and consolidation of neuronal assemblies coding for fear. Our observations confirm previous studies showing that early phases of sleep are particularly important for memory consolidation [START_REF] Diekelmann | The memory function of sleep[END_REF]. More specifically, the preferential co-activation of AN over ON that happens during the second part of post-conditioning sleep (S2.2) suggests a timeline during which activation of memory relevant ensembles occurs within two hours of post-conditioning sleep. It is generally accepted that within 6 hours memory is considered long term in rodents [START_REF] Rudy | Ontogeny of contextual fear conditioning in rats : Implications for consolidation, infantile amnesia, and hippocampal system function[END_REF]. However, although 6 hours might allow enough time for retention at the timescale of a couple days, sustaining memory traces for longer time periods (e.g. weeks)

could require a more extended consolidation of the same memory traces. In line with this idea, our data show that consolidation correlates in AN keep evolving and reinforcing overnight. It has also been shown that 1 day after learning, cortical neuronal ensembles are functionally immature and that it can take up to 2 weeks for them to become the mature cortical engrams responsible for memory recall [START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF]. In addition, neuronal representations in the neocortex reorganize and relocate when longer time scales are at stake [START_REF] Maviel | Sites of Neocortical Reorganization Critical for Remote Spatial Memory[END_REF]. To assess whether the memory trace in dmPFC is fully consolidated from S3 onwards then it would be interesting to assess if the same neuronal patterns are reactivated when memory recall is required either recently (overnight) or remotely (e.g. after 30 days).

Role of awake ripples in fear memory consolidation

Memory consolidation is a phenomenon that has been widely associated with sleep.

Nonetheless recent considerations point to the importance of awake processes in memory consolidation (M. F. [START_REF] Carr | Hippocampal replay in the awake state : A potential substrate for memory consolidation and retrieval[END_REF]. Awake ripples in the hippocampus have been shown

to replay patterns of activity relevant to the learning of a task. This phenomenon was initially thought to be related to encoding and retrieval but could be apparented to learning processes that would implicate awakeness in memory consolidation [START_REF] Jadhav | Awake hippocampal sharp-wave ripples support spatial memory[END_REF].Interestingly awake replays associated with ripple are present during fear memory retrieval [START_REF] Wu | Hippocampal awake replay in fear memory retrieval[END_REF]. Investigating the role of awake SWRs in fear memory consolidation could be a complementary and future way to explore other aspects of the formation of assemblies in the dmPFC.

Perspectives: causal proof of hippocampal-prefrontal mechanisms.

A way to causally interrogate the role of LTP at prefrontal synapses would be to use compounds blocking LTP in the prefrontal cortex. Using NMDA receptor antagonists (the vHPC-dmPFC pathway utilizes glutamate and/or aspartate as a transmitter [START_REF] Jay | Excitatory Amino Acid Pathway from the Hippocampus to the Prefrontal Cortex. Contribution of AMPA Receptors in Hippocampo-prefrontal Cortex Transmission[END_REF], or inhibitor of protein synthesis like anisomycin that has been shown to be necessary for late phase synaptic plasticity and consolidation, and prevents consolidation if injected right after fear conditioning [START_REF] Ryan | Memory. Engram cells retain memory under retrograde amnesia[END_REF] could implicate mechanisms of LTP in the consolidation of the associative fear memory.

Besides this pharmacological approach, optogenetic offers interesting possibilities for the causal interrogation of the consolidation mechanisms at stake here. The advantages are threefold. First, tailored viral vectors allow the specific targeting of the vHPC to dmPFC pathway. Second, the precise timing of optogenetic stimulation offers the possibility to constrain neuronal manipulation to specific time windows, at the millisecond scale. Third, by means of a brain-computer interface, it is possible to analyze ongoing cerebral activity and to condition optogenetic stimulation to the detection of specific neural motifs. The following section presents our work for the development of a brain machine interface able to perform an online detection of vHPC ripple and simultaneously deliver light pulses to instantaneously manipulate vHPC inputs onto dmPFC.

B.

Development of the closed-loop system

Introduction

Necessity to develop a tool

To interrogate the causal role of ripples in memory consolidation we chose to use an optogenetics approach and inhibit the synapses from the vHPC connecting to the dmPFC during ripples events. With this approach we set out to interrogate both the pathway and the mechanism at stake in fear memory consolidation. The challenge of using such a method is that it requires the processing of LFP signal in real-time, scanning for ripples in order to further trigger optogenetic inhibition. Real-time detection is a challenging endeavor that requires the development of a tool up to that specific function. In our case multiple locks needed to be overcome in order to reach that goal. The first one stems from one of the intrinsic properties of ripples: their length. The ripples last generally from 50ms to 100ms, being one of the shortest oscillatory events in the rodent's brain. We needed a system that would be able to detect the events fast enough so that our inhibition would fall within the ripple time period. Latency was not the only concern as we also needed to be precise enough as to discriminate between actual ripples events and noisy/irrelevant artifacts occasionally present in the oscillatory traces of the animals.

Due to the sporadic nature of their occurrence, ripples are impossible to accurately predict in real-time, requiring the development of an automated, closed-loop approach. One of the defining properties of a closed-loop system is that its end point connects back to its starting point. In our case starting and end points are the animal being recorded and stimulated respectively. Another property of a closed-loop system is its ability to work as a stand alone component without the need to refer to outside commands. Such a self-sufficient system accomplishes its task without exterior intervention. In our case that would mean that once deployed, the system could both detect ripples and provide stimuli pulses without any experimenter inputs for the whole duration of its life-cycle. After having laid out the main concerns we started to work on building a tool that could satisfy our constraints and yield accurate results.

Measurements of performance of closed-loop system

Precision, recall and F-1 are metrics commonly used in the field of machine learning to derive conclusions about the accuracy of a system. In the case of our close-loop system they can be used to measure the accuracy of our SWR detection. These indices include uncommon terms in their calculation, that we will define before moving forward. To measure our software accuracy, we need to compare it to a measurement that acts as the reference truth. In our case the reference for how our algorithm performs is the offline ripple detection algorithm that we used in the physiology part of the manuscript to detect events (more information in methods). We will refer to this detection as our "ground-truth".

In this context, a false positive is defined as an event that has been detected as a ripple by our online algorithm but not by the ground truth. A false negative is a ripple detected by the ground truth that was missed by the close-loop system. A true positive is a ripple detected by both the close-loop system and the ground truth. For completeness, even though this measure will not be used, a true negative is the absence of a ripple, confirmed by both detections. With these terms defined, we can see how the accuracy metrics implement them to derive useful information about the state of the detection.

Precision is defined as follows:

Precision= True Positives /(True Positives + False Positives)

Precision is a measure of how targeted to an event the system is. The more precision is high the more our model minimizes the number of false positives, and reversely. In the context of our model a low precision would amount to stimulating outside of ripples, potentially inducing unwanted repercussions. High precision would mean that each detection was indeed on a ripple.

Recall is defined as followed:

Recall = True Positives /(True Positives + False Negatives)
Recall is a measure of how much of the total information we successfully detected. A low recall would mean our detection missed ripple events while a high recall value would indicate that most of the ripples defined in the ground truth were targeted.

A note of importance, each of these metrics in isolation doesn't guarantee the efficiency of a closed-loop system. A high precision doesn't necessarily equate to a good detection. Indeed, if our system detects three ripples, out of a thousand, and all of them are considered ripples by the ground truth, we will get a high precision value. This is why we need the recall index to tell us how many ripples we missed. In the same way, recall alone is not sufficient : targeting all ripples defined by the ground truth would yield a high recall value but would hide the fact that we potentially detected many more events than ground truth considered, an information that the precision metric would have revealed.

The f-1 score recapitulates both of these metrics in its calculation:

f-1= 2*((Precision*Recall)/(Precision+Recall))
The f-1 metrics is a way to get a look at how efficient a detection is with a single value.

In the case of a closed-loop detection of ripples, the concept of Latency is also paramount.

Detecting the ripples in time is crucial to our stimulation affecting the vHPC-dmPFC at the proper timescale. We will thus use this readout as a key component in the design of our closed-loop system.

Components of a classical close-loop system

In order to characterize our closed-loop system we need to clarify the critical difference between hardware and software. The hardware refers to the material components that are supporting the system. On the other hand, the software is the code implementation of our algorithm. Its function is to analyze the signal to determine if a ripple is present and to signal downstream hardware in order to trigger a stimulation. Both of these facets have to be taken into consideration when building a closed-loop system as each may affect latency and accuracy of the detection.

Hardware

Many close-loop systems described in neuroscience literature rely on similar hardware and software implementation. Regarding hardware, in most cases the data processing is done on a fixed computer that receives data from the amplifier either through USB connection or

Ethernet. Researchers working with Open Ephys amplifiers rely on this method. Some amplifiers are carrying an embedded operating system which allows the detection logic to reside on the amplifier itself, reducing the need for an extra transmission of data. The Cerebus system developed by Blackrock NeuroTech is capable of such a feat. Besides market solutions, the difficulties around data transmission optimization has led some researchers to develop homemade INTAN control boards that allow for the detection logic (filtering and thresholding) to be done integrally with hardware via microchips.

Impact of hardware on systems' performance

The hardware implementations presented here each come with increasing speed gains provided by the diminution of data movement through the system. The caveat is that increase of speed goes in par with increasing complexity of development and decreased flexibility and ease of change. The closer to the hardware the logic resides, the faster the analysis. At the same time it becomes harder to adapt the system for individual variability (inherent to living organisms) as well as develop for non-initiated experimenters. Each method thus has its specific tradeoffs that experimenters need to weigh when deciding on a

given hardware implementation for their close-loop system.

Software

The software carrying the detection algorithm is often bound by the available hardware. In the case of experiments using the Open Ephys amplifiers, the experimenters have to use the software interface of Open Ephys to implement their detection algorithm. The open source nature of Open Ephys made it so users have collaborated over the years to bring fully functional and ready-to-use closed-loop plugins to the platform. Written in C++ and executable through the Open Ephys GUI available on home computers, these plugins allow algorithms to process data with good computational speed at the cost of some data transfer overhead. Blackrock systems allow for creation of C scripts to act as software interfaces, compiled and run directly on the hardware for minimal latency.

Typical software architecture

Close-loop algorithms based on event detection in large field potential usually follow similar processes when operating on raw data. The architecture of the software consists of linear pipelines that either modify the input data or perform checks on its properties. The first step is usually filtering the data in the frequency range of interest for the experimenters. Each point of the signal is integrated so as to only retrieve the power envelope of the signal in the filtered range. The envelope is then compared to a baseline that is calculated on a period wide enough to accurately represent the basal activity in the LFP signal. When the envelope of the signal reaches a threshold that is significantly above baseline noise for a minimum duration, the system detects the presence of an event of interest and triggers an output that will be processed by any downstream hardware relevant to the experiment. See Figure 14a for graphical representation of these concepts.

Impact of software on system's performance

The choice of programming language can impact the computational speed. In most applications this difference is negligible but in the case of a ripple detection system where milliseconds are crucial, the choice of language matters. Languages like C and C++ are strongly typed, compiled ahead of time and stored on the disk of the hardware as machine-code. This makes their execution the fastest. MATLAB is an order of magnitude slower because it is interpreted language meaning the code is executed at run-time and stored on RAM instead of the disk. Finally python is the slowest of the three because it is interpreted like MATLAB and is also dynamically typed, meaning the type of variables is determined at runtime, necessitating extra steps before executing instructions. One of the drawbacks of using a language closer to machine instructions, like C, is that computational speed is usually anticorrelated with ease of development. Compiled and strongly typed languages are less flexible than dynamic ones and that has consequences on ease of use and development time.

Algorithm variability points

On the software side of the algorithm, with a classical power thresholding method for detection like the one described earlier, many decisions can impact performance of the detection. The filter type (Finite impulse response, Infinite impulse response) and its order;

The range of the frequency to filter; the thresholding method (threshold over mean/std of baseline); the minimum value to consider threshold crossing (usually factors or 2,3,4 over the baseline); the minimum time necessary over threshold and many more… A substantial part of our work for this section of the manuscript has been dedicated to test and adjust some of these factors in order to refine our closed-loop system (see Figure 14b for the detail of the parameters tested). We used precision, recall f-1 and latency as guiding tools for this purpose.The work presented in this part is our result in trying to optimize this algorithm implementation and detail the different approaches we underwent to refine its efficiency, ending up with the tool we used in Section III of the project.

Incremental approach towards implementation of the system

We first combined the classical building-blocks of traditional close-loop algorithms to develop a working algorithm that specifically responded to ripples (Figure 14a). Our first approach consisted in developing our system using the MATLAB software. Being widely used for data exploration and analysis in the host laboratory made it the obvious choice as it would mean less time understanding the inner workings of the language and more time developing the actual implementation of the algorithm. Sadly this implementation turned out to be too slow for ripples-locked stimulations, with detection latencies falling largely outside of ripples occurrence.

We concluded that this was mostly due to a combination of two factors. First, the need for communication from the amplifier to the computer was slowing down data transmission to the algorithm. Second, MATLAB being a high-level interpreted language, the requested operations on the signal take additional decoding before being processed by the computer.

To reduce communication delay we chose to directly run the algorithm on the amplifier instead of a computer, thus completely bypassing the need to transmit data to a secondary hardware location. To optimize operation speed, we converted our MATLAB code to the C language which allows for better computational speed thanks to its execution being closer to machine instructions.

We developed an initial algorithm of detection based on [START_REF] Roux | Sharp wave ripples during learning stabilize the hippocampal spatial map[END_REF](described in Online algorithm in Methods). Our goal was then to confirm and possibly refine the efficiency of that algorithm. For that purpose we used a combination of online and MATLAB tests to assess the impact of different parameters in accuracy measures of precision, recall, f-1 and latencies (Figure 14b).

Material

Starting at the animal level, our real-time closed-loop system consisted of two headstages (CerePlex µ, Blackrock Neurotech) that connected via nichrome wires (Kranthal) to a 128 channel DigitalHub (Blackrock Neurotech). The DigitalHub was used to digitize the electrophysiological input signal that was transmitted via optic fiber to a Cerebus amplifier system (Blackrock Neurotech). The algorithm used for ripple detection was written in C using NotePad++ and uploaded on the core of the amplifier using the Extension Loader software (Blackrock NeuroTech). Algorithm architecture is described below. Ripple detection triggered a single TTL pulse on one of the outputs of the Cerebus system. This pulse was transmitted via TTL cable to a Master9 that generated a single pulse (100ms, 5V, square shape) and introduced a refractory stimulation period of 100ms. Note that for the proper optogenetic experiment, the electric pulse was transmitted via TTL cable to a Laser LED (Prizmatix) intended to provide light stimulation to the animal (595nm, 5mW, 100ms, continuous).

independently using the Root-Mean Square method. To induce a positive detection, the root mean square (RMS) of the small buffer needed to be 3.5 times above the RMS of the long Buffer. The size of the small buffer (8ms) was used as a way to implement a minimum time threshold of significant power over the baseline. When conditions are met the algorithm sends an output TTL pulse confirming ripple detection and the detection loop continues until the script execution is stopped. 

Results

Influence of sampling rate on detection

The sampling rate of our system determines how many data points are generated by the amplifier for each second of signal requested. This parameter is important because generation of a large number of points may introduce latency by complexifying storage and calculations in the algorithm. Because rate of points deliverance is a parameter inherently dependent on hardware, we tested this parameter on the online system, by measuring the influence of increasing sampling rate on algorithm performance. Our tests show that the best combination of f-1 and latency were obtained for a sampling rate of 500Hz, while higher sampling rate mainly introduced latency as expected (Figure 15a). We thus retained this parameter for further testing. These results are consistent in the sense that low sampling rate allows for less points to be moved in memory and involved in calculations. A sampling rate of 500Hz is also above Nyquist frequency for ripple detection. The Nyquist frequency is half of the sampling rate and is the lowest frequency that one can detect reliably in a signal without introducing some distortion (aliasing). Half of 500Hz being 250Hz we could reliably detect ripples in the range 100-200Hz without any loss of signal. We tried lowering the sampling rate even more to potentially reduce latency even further but hardware limitations made it impossible to lower it without going under Nyquist frequency. for parameters tested). To make sure that changes induced offline could be reliably applied online and give similar results , we compared the efficiency of the matlab implementation with the efficiency of the online algorithm on the same signal. Results indicate a Precision of 0.78, a recall of 0.86, accumulated in a f-1 of 0.82. Latency between offline and online detection was 1.3 ms (SEM= 1.02*10e-04). This indicates that our offline algorithm is similar enough that knowledge gathered from offline testing can be applied to improve online implementation. We then compared usage of a moving baseline versus a fixed baseline (see Figure 14a). Results indicate that usage of a moving baseline for either time threshold tested (6-8-10ms) induced a better combination of f-1 and latency values than when using a fixed baseline (Figure 15b). Consequently we used exclusively a moving baseline from this point on in our subsequent tests. We then tested two different methods that can be used to derive information about the state of the baseline. Either using the standard deviation of all points present in the baseline or the root-mean-square of the points of the baseline. This

value is used as a threshold to cross in order to induce detection of an above-baseline event.

These tests indicated that usage of the RMS method yielded the best f-1 results while SD method induced the least amount of latency (Figure 15c). We decided to choose the Mean thresholding method because f-1 results were a radical improvement over current parameters. We also considered the increased latency induced to be within acceptable margins for our closed-loop system to impact the Late Sync period of preferential reactivation of AN during post-conditioning sleep (see Figure 13e).

Refining the algorithm: influence of time and amplitude on detection accuracy

We then tested by how many times ( in the multiplicative sense) the small buffer power would need to be above baseline RMS in order to induce detection. From these tests we concluded that a multiplier value of 2 induced bad performance in latency and f-1 and was subsequently ruled-out. Multiplier factors of 3 induced better f-1 than 3.5 for time thresholds of 8ms and 10ms while still falling within acceptable latency ranges, less than 4ms after ripple peak (Figure 15d). Consequently, we chose to use a multiplier factor of 3 from this point on.

Discussion

Variability in ripples properties and its impact on detection performance

Our work demonstrated the efficiency of our closed-loop ripple detection algorithm and with rigorous testing ensured that the parameters used were the best suited to our particular case of ripple detection in the vHPC. This confirmation of parameter was needed since the original implementation of the algorithm derived from [START_REF] Roux | Sharp wave ripples during learning stabilize the hippocampal spatial map[END_REF] was used to silence ripples in the dorsal hippocampus, and ripples in this area have different properties (higher amplitude and duration) than ripples of the ventral hippocampus [START_REF] Kouvaros | Prominent differences in sharp waves, ripples and complex spike bursts between the dorsal and the ventral rat hippocampus[END_REF][START_REF] Sosa | Dorsal and Ventral Hippocampal Sharp-Wave Ripples Activate Distinct Nucleus Accumbens Networks[END_REF]. This leads to an important point worth considering when working with ripple detection: the inherent heterogeneity of the phenomenon components, not only throughout CA1, but also between animals and even between ripples recorded in the same site. Ripples have been described ranging in duration from 50 to 100 ms and we have observed that short ripples can negatively impact detection latency. As a consequence, detection in vHPC appears delayed compared to dHPC because ventral ripples are shorter. In the same way, the preferred oscillatory frequency at the ripples peak differs between animals and between ripples (usually considered to be between 100-200Hz) but also within each ripples as the peak of the ripples oscillates at higher frequencies than the tail ends.

In accordance we ran some preliminary tests (results not shown) and found that by decreasing the lower frequency of the ripple band range we could decrease latency of detection. But because we ran the risk of detecting non-ripples events and latency was already deemed satisfactory enough we didn't pursue research in that direction. We can also mention that some ripples have been shown to organize into complexes consisting of multiple short interval consecutive sharp-wave ripples (T. J. [START_REF] Davidson | Hippocampal replay of extended experience[END_REF]. These complexes are thought to carry relevant coding information [START_REF] Yamamoto | Direct Medial Entorhinal Cortex Input to Hippocampal CA1 Is Crucial for Extended Quiet Awake Replay[END_REF] but could be prone to induce false negatives in the online detection because our refractory period of 100ms after successful detection could prevent detection of consecutive ripple events. Nonetheless, from our observations 1/ these events are rather rare, and 2/ ripples in complexes rarely occur within 100ms of one another, hence preventing an overlap between the stimulations and subsequent events in the complex.

Dealing with detection artifacts

Another challenge with ripple detection is the fact that frequency band is similar to certain mechanical artifacts (e.g. chewing) reflecting in the LFP trace and thus detection is subject to false positive matching apparent ripples signature. In our case we circumvented this issue by launching detection during sleep epochs when these artifacts are obviously rare. However the issue would need to be to be formally resolved if one focuses on the role of awake sharp-wave ripples, as they have been shown to be specifically implicated in memory consolidation (M. F. [START_REF] Carr | Hippocampal replay in the awake state : A potential substrate for memory consolidation and retrieval[END_REF]. In that case, including another non-vHPC channel in the detection to remove noise artifacts present on both channels might become necessary for accurate detection. This concept of multichannel detection acts as an additional security to confirm or infirm ripples occurrence. One of the ways to implement it is by Referencing method , that consists in subtracting to a SWRs channel in the vHPC another vHPC channel that doesn't display SWRs in the LFP, thus removing all common artifacts except for the SWRs [START_REF] Kovács | Optogenetically Blocking Sharp Wave Ripple Events in Sleep Does Not Interfere with the Formation of Stable Spatial Representation in the CA1 Area of the Hippocampus[END_REF]. A second method works by confirmation. In this case ripples need to be detected on multiple channels in the vHPC before detection can be confirmed [START_REF] Sousa | An open-source, ready-to-use and validated ripple detector plugin for the Open Ephys GUI[END_REF]. The caveat of this method is that it requires silicon probes and/or precise targeting of multiple HPC layers in order to have access to multiple vHPC channels for confirmation. A third method of multichannel detection is the Blockade method. In this implementation the stimulation is blocked if a channel outside of vHPC (cortical for instance) detects events above threshold in the ripple range, meaning that high frequency noisy artifacts are polluting the broad LFP signal. In our case we experimented with referencing the signal with another non-ripple CA1 channel but in most cases it didn't induce significant improvement of the detection versus using a single channel that displayed clear ripples activity.

Selection of parameters is motivated by experimental approach

When choosing parameters for our closed-loop system, every decision we made, apart from very obvious parameters early on, was a trade-off between some aspect of performance. At multiple points we had to decide which parameters were the most important in the context of the optogenetic manipulation for our experiment, and oftentimes this resulted in favoring precision at the cost of lower recall and higher latency. As the refinement became more minute, these tradeoffs decisions became more prevalent as we honed the system to our particular needs. This decision to favor Precision over Recall was motivated by the desire to have a precise effect on ripples occurrence, in order to be able to implicate these specific oscillations in memory consolidation. Stimulations outside of ripples could involve the recruitment of other processes and mechanisms and potentially lead to misinterpretation and erroneous conclusions about ripples' role in memory consolidation. Also, since our measure of memory consolidation is a percentage of freezing to CS+ during the Test, we are not interested in binary measures of complete or total absence of freezing that do not make sense in this context. Since we expect the response to the stimulation to be graded rather than absolute, being ripple-specific prevailed on detecting all ripples as in our hands, the latter always coincided we increased false positive and therefore less specificity. Hence, selectively suppressing ripples seemed more important than the complete coverage to allow us to measure and specifically implicate the vHPC-dmPFC pathway in memory consolidation.

Differences between online and offline algorithm

By design , our offline tests operate on a fixed signal that is being fed point by point to the algorithm. During computations, the signal stops being fed to the algorithm until points are requested again. In a real system, electrophysiological data doesn't stop and new data points may be lost during processing of previous ones. This can have potential effects on recall and precision. In our case the online implementation is fast enough that the difference in accuracy measurement was minimal. Interestingly the difference in latency between the online algorithm and the offline implementation was 1.3ms and since both implementations are nearly identical, we considered that this delay represents the latency induced by the transmission of signal in the hardware components of our system (Headstages to amplifier, amplifier to TTL output etc.). Since the algorithmic latency was around 3ms after ripple peak in offline tests, we conclude that most of the latency induced in a closed-loop system is due to algorithmic implementation, echoing results previously obtained [START_REF] Dutta | Analysis of an open source, closed-loop, realtime system for hippocampal sharp-wave ripple disruption[END_REF].

Differences between online and offline signal

The use of offline testing approaches allowed us to bypass the need for real-time playing of the signal. We could then approach conditions closer to actual final implementation of the closed-loop system, meaning long duration stimulations in the vHPC. The signal we used for testing was a recording of vHPC during 2h40 of sleep. Properties of such a signal can explain the lower results in f-1 and latency during offline testing, with noisier signal in the vHPC as opposed to dHPC where ripples of high amplitude result in lower signal to noise ratio.

Moreover, manual confirmation of each ripple event on the online signal by a trained experimenter (made possible by its short length) possibly made the ground truth more reliable than the pure algorithmic detection that was used for the offline signal. In addition, the signal used for offline testing contained periods of alternating REM and SWS that present different electrophysiological signatures in the LFP, possibly inducing some errors in the detection, particularly when applying a fixed baseline.

Impact of baseline type on detection

One of the advantages of using a moving baseline is its ability to adapt to local fluctuations in LFP signal, constantly updating to represent more accurately the current state of the animal's vHPC oscillatory state. During REM sleep the signal to noise ratio in the LFP decreases, rendering segregation between noise and ripple more difficult, potentially explaining the poor performance of the fixed baseline. The moving baseline presents a caveat of its own. Indeed when ripples are densely repeating, for instance in the case of multi-ripples complexes the probability that one is present in the baseline epoch increases.

In that case ripples become part of and increases the detection threshold calculation rendering the moving baseline less reliable For that reason moving baseline length is a critical parameter as choosing a relatively long period like 2s or 3s, dampens the effect of the potential presence of a ripple in the baseline, increasing performance of the detection.

Alternative approaches for real-time closed-loop ripple detection

To broaden the scope of this discussion we would like to mention that algorithms based on threshold crossing like the one we used in our system are not the only ones available for ripple detection. Recent advancements in machine learning have allowed new algorithms based on pattern recognition to emerge. These algorithms are trained to recognize the signature traces of ripples and then used online to detect occurrences of similar signatures, bypassing the need for calculations of power ratios. These algorithms are still relatively new but have been used successfully to detect ripples with similar performance to threshold crossing algorithms [START_REF] Navas-Olive | Deep learning based feature extraction for prediction and interpretation of sharp-wave ripples[END_REF]. The fast advancing field of machine learning will probably lead to better performance in the near future and might see them becoming state of the art technology for real time ripple detection.

C.

Optogenetics

Introduction

The observation in Section I that AN were specifically coactivated by ripples during post-conditioning sleep gave credit to our hypothesis that this mechanism is important for the consolidation of those neurons into the functional assemblies observed during fear expression in the Test. Although informative, these observations are still only correlative and could either be the result of causal processes or coincidental activity. To clarify this crucial point and try to causally implicate the vHPC-dmPFC and the SWRs in the consolidation of associative fear memory we would need to interfere with these mechanisms. For that purpose we implemented an optogenetic experiment consisting in the bilaterally silencing of the pathway from vHPC to dmPFC during the precise timing of ripples occurrence. More precisely we combined the closed-loop system we designed and proof-tested in Section II and the findings described in Section I. We hypothesize that the targeted inhibition of vHPC inputs during ripples would counteract the consolidation of the associative fear memory in the PFC and produce an alteration of freezing behavior during memory recall on Test day.

ssAAV-retro12-mCAMKIIɑeArchT3.0-2a-EGFP-WPRE-hGHp(A) at two depths along the anteroventral part of the dmPFC (-1.4, -1.3). Injections were realized with homemade glass pipettes (tip diameter 10-20μm) connected to an injection system (Picospritzer). In the case of control animals (5 animals), the injection procedure was identical but we used a viral construct made of a Green fluorescent protein (GFP) reporter to control proper infection of tissues. Two weeks after viral injection animals were implanted ipsilaterally with electrode bundles of 32 and 16 channels in PFC and hippocampus respectively. The PFC wires array (0.150 kOhms impedance) was bundled into tetrodes for more accurate unit detection and the 16 wires of the hippocampus were attached on the side of an optic fiber (diameter:

200μm; numerical aperture: 0.37; flat tip; Doric Lenses) and protruded out with an angle for better ripple detection. The whole construct was implanted on the ipsilateral hippocampus at coordinates described before. On the contralateral hippocampus, an optic fiber of similar properties was implanted at the same coordinates in order to bilaterally inhibit vHPC inputs to dmPFC.

Recording and stimulation setup

In order to inhibit the vHPC-dmPFC pathway during S2, animals had their bilaterally implanted vHPC optic fibers both connected to a laser LED delivering 5Mw square shaped pulses of continuous light at 595 nm (yellow light) when triggered by the close-loop algorithm. Timestamps of the laser pulses were recorded simultaneously with the electrophysiological data.

Behavior

The behavior paradigm was similar to the one used or the physiology part with some exceptions. There were no S1 or S3 sessions performed on these animals since observing consolidation was out of the scope of this manipulation. Because we wanted to optimize our disruption of the vHPC-dmPFC pathway during ripples signaling, the S2 sessions lasted 3 hours during which ripple-triggered real-time inhibition was applied .

Analysis

Learning curves were calculated during Fear conditioning following a method similar to the one described for method simulator to freezing detection in the Section I. Freezing behavior was calculated using a custom-made matlab script. By converting position data to a speed vector we could determine freezing intervals. We considered freezing as moments of immobility (defined by manual thresholding to account for small fluctuations in position data) that lasted for more than 2 seconds. An occurring freezing event ended when speed values rose above threshold. We calculated the percentage of freezing events present during each of the 5 CS+ presentations during FC to build the learning curves of the animals.

Stats

Two-sided parametric statistical tests were used in case data met normality and homoscedasticity. In case one or both of these two conditions were not fulfilled, or the sample size was small (5 or 6), non-parametric methods were used to test our hypotheses.

On one occasion equal variance criteria was not met and no non parametric alternative was available to our knowledge (2 way ANOVA for the comparison of Archaeorhodpsin (ArchT)

and GFP groups). These results are thus only provided for information. In case of multiple comparisons, adjustments were systematically done with the Bonferroni method. On graphics, error bars are mean +/-SEM unless otherwise stated.

Results

Our closed-loop Optogenetics design consisted of a retrograde viral injection in the dmPFC that infected pyramidal cell bodies in the vHPC, allowing them to express Archaeorhodpsin (ArchT). Using the closed-loop system developed in the second part of the manuscript we were able to send a light pulse to directly inhibit the cell bodies projecting to the PFC during Sharp-wave ripples occurrences (Figure 16a). After inspection of implantation sites in both dmPFC and vHPC as well as confirmation of viral expression in the CA1 we were able to retain 5 animals which fulfilled all criterions required for further analysis (Figure 16b). These animals were then confronted to auditory fear conditioning and animals from both ArchT and GFP control groups displayed physiological learning curves, showing progressively increased freezing during consecutive CS+ presentations in FC (Figure 16c), indicating that both groups show similar initial encoding of the task.

During the memory retrieval Test the next day, GFP controls animals displayed significantly increased freezing to the conditioned CS+ compared to CS-while ArchT animals showed significantly less freezing to the CS+ (Figure 16d).This results suggests that disrupting the pathway from vHPC to PFC during ripples post-conditioning affects memory consolidation of the CS/US association, as measured by reduced fear expression in the animals. 

Discussion

This preliminary loss of function experiment suggests that inhibiting the pathway from dmPFC to vHPC during sleep SWRs induces a decrease in fear memory expression during retrieval of the memory. This shows a causal link between ripple-triggerred activation dmPFC and proper memory consolidation.

Consolidation

This experiment brings light to the critical importance of early consolidation in long term memory formation. It is possible to imagine that consolidation would have merely been delayed after optogenetic inhibition of dmPFC-vHPC pathway, and that CS/US association would have still been consolidated into a stable memory after some additional time. This experiment shows two potential outcomes: early inhibition of vHPC entries to dmPFC would have induced a delay in memory consolidation so potent that that its effects would still not be observable 24 h after the learning task or, more probably, that proper long term memory formation relies on early mechanisms of consolidation and late consolidation would be dependant on these early mechanisms. One limitation of our study is that we infer memory consolidation from the behavioral readout of freezing. In this way it could be argued that our inhibition impacts the freezing output and not the memory itself. We might hinder the capacity of the animals to freeze and not the formation of the memory itself. To answer these questions with only behavioral data we currently have available is difficult because it is

Optogenetic manipulation specificity

To target the pathway from vHPC to dmPFC we chose a retrograde injection inside dmPFC to infect the cell bodies in the vHPC. This option was chosen rather than injecting directly in the vHPC for multiple reasons: anterograde injection in the vHPC would not have been specific

to the pathway as CA1 cell bodies make connections to many brain regions. Our retrograde injection in the PFC also has the advantage of being more practical in terms of targeting the superficial and rather large dmPFC instead of the thin dorso-ventral layers of vHPC CA1. It could be argued that cells projecting to the PFC in the CA1 would also project to other regions that would be affected by CA1 cell bodies inhibition. On this matter it has been shown that only 5% of the cell bodies in the CA1 projecting to the PFC make connections in other parts of the brain [START_REF] Ciocchi | Brain computation. Selective information routing by ventral hippocampal CA1 projection neurons[END_REF] and so although we cannot refute that inhibiting these projections might have an impact on memory consolidation non attributable to the vHPC-dmPFC, the chances are minimal .

Effect of optogenetic stimulation on vHPC physiology

One could wonder if the inhibition of a subset of pyramidal cells in the CA1 during ripples might have induced a change in vHPC functional properties, explaining the defects of consolidation observed in ArchT animals. The first concern is that we would have induced changes at CA1 inputs. This is improbable since our stimulation doesn't change the properties of synapses arising from CA3 and responsible for ripple generation in CA1, but rather only prevents those neurons from spiking . The second concern would be that suppression of spiking would change local CA1 activity and induce synaptic changes. This is unlikely because collaterals are very rare between CA1 pyramidal projection neurons and this region is mostly non-autoassociative [START_REF] Amaral | The three-dimensional organization of the hippocampal formation : A review of anatomical data[END_REF].

Methodological considerations: optogenetic interrogation.

Our viral approach is effective at inducing a deficit of memory recall during the Test, and we controlled for the effect of opsins with GFP animals. Controlling the impact of the opsin was a necessary prerequisite before investigating the possible role of more intricate modalities in memory consolidation. It would be valuable now to control that the precise temporal stimulation on ripple occurrence is necessary to disrupt memory consolidation. Two types of controls are usually used in the field to test the temporal requirement of a stimulation: the scrambled and the delayed stimulation. Scrambled stimulation consists in stochastically shuffling an existing detection of events, to retain a physiological rate of stimulation, but to shuffle the inter-event delays. This method doesn't require online processing with an algorithm as actual ripple occurrence is not necessary. Another method is the delayed control which consists in properly detecting ripples online but introducing a delay before stimulating, ensuring that the stimulation happens outside of ripples occurrence. There doesn't seem to be a clear consensus on the length of the delay to apply [START_REF] Aleman-Zapata | Disrupting ripples : Methods, results, and caveats in closed-loop approaches in rodents[END_REF].

Both methods share a common caveat in that stimulation pulses could coincide with an actual ripple event, either by chance with the scrambled version or by hitting the subsequent event of a multi-ripple complex in the delayed version. While some researchers have argued that no stimulation is a better control than random stimulation [START_REF] Roux | Sharp wave ripples during learning stabilize the hippocampal spatial map[END_REF], we propose that scrambled or delayed versions could be enhanced with a detection algorithm used to prevent stimulation when ripples are present.

Complementary methods to causally interrogate the pathway Optogenetic interrogation of vHPC-dmPFC in fear memory consolidation provides interesting insight in processes occurring at the scale of the network. As discussed previously, pharmacological manipulations represent an alternative yet complementary option to explore consolidation underpinnings at the cellular and sub-cellular level. With approaches interfering with NMDA receptor activity or mobility or inhibitors of protein synthesis we could more specifically investigate the role of these two mechanisms of synaptic potentiation that we think are implicated in the AN consolidation, and the possible dependency of one potentiation (dmPFC-dmPFC) regarding the other (vHPC-dmPFC).

Perspectives

Our sole readout for optogenetic manipulation efficacy was behavior. A way to confirm that inhibition of dmPFC-vHPC induces disturbances of memory processes would be using electrophysiological data gathered from animals having followed the protocol. 

Memory trace and engrams

Even though AN share multiple properties traditionally associated with engrams (activation of its constitutive members in close spatiotemporal proximity and recruitment by oscillatory mechanisms), recent considerations on the nature of engrams could lead to reconsideration of assembly neuron functional implication. Indeed while assembly cells are a subset of cells located solely in PFC there is more and more evidence pointing to the fact the engrams would be distributed over multiple brain regions in a distributed network (e.g [START_REF] Brodt | Memory Engrams in the Neocortex[END_REF][START_REF] Oberto | Distributed cell assemblies spanning prefrontal cortex and striatum[END_REF]. If an engram of a given memory is not necessarily located in a single anatomical location, the AN in PFC could represent a part of the complete representation of the associative fear memory. In that case, inhibiting the PFC representation of this engram appears sufficient to induce deficit in memory retrieval but could explain why animals still display some extent of freezing to the CS+. In regard to those theories about distributed engrams and distributed consolidation, our research provides new insights into the mechanisms at play in the case of an associative fear memory. First, concerning engrams as distributed processes, in the case of auditory associative fear memory we observe that fear expression depends on the dmPFC, since the sole disruption of the cortical trace [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF] strongly counteracts memory retrieval. Inhibition of the pathway involved in AN consolidation also induces reduction of freezing. Residual freezing observed in both experiments doesn't negate the possibility that fear engrams could rely on other brain regions (mPFC fear memory engrams depend on afferents from both the amygdala and hippocampus [START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF], but the behavioral effect of manipulations in the dmPFC demonstrate that AN could be the most important part of the engram during retrieval of fear memory.

Memory consolidation

In addition, the concept of systems consolidation, or two-stage memory consolidation has been challenged in recent years. Most of the evidence pointing to the memories being first encoded in the hippocampus before moving to the PFC for long term retention stems from early studies that showed that hippocampal lesions induced loss of recent but not remote memories. However some researchers argue that those results stem from either incomplete hippocampal lesions or erroneous consideration of consolidated memory as being recent [START_REF] Sutherland | Alternative conceptions of memory consolidation and the role of the hippocampus at the systems level in rodents[END_REF]. The concept of migration of the memory has also been challenged when considering that hippocampal engrams might develop at the time of training while cortical representation may take longer, giving a false impression that the memory has migrated. This has led to the popularization of a new multiple storage site hypothesis for memory consolidation. According to the hypothesis, different memory representations would be independently established in multiple networks. Some would always depend on the hippocampus while others may be established and maintained independently. This hypothesis has received strong support from recent optogenetic studies [START_REF] Hardt | Systems consolidation revisited, but not revised : The promise and limits of optogenetics in the study of memory[END_REF]. Interestingly, engrams representing the same memory trace in multiple regions provide an ecological advantage for the subject, in that memory recall and/or storage would still be possible in case of defective initial storage site. For instance, it has been shown that, for contextual fear consolidation, the amygdala can display compensatory mechanisms in case of lesions of the hippocampus to allow fear memory consolidation [START_REF] Yu | Developing of Focal Ischemia in the Hippocampus or the Amygdala Reveals a Regional Compensation Rule for Fear Memory Acquisition[END_REF]. This compensatory mechanism speaks about the flexible nature of neuronal representation to achieve survivability.

The early engagement of AN in the dmPFC that we observed in S2 indicates that consolidation would induce recruitment of both the hippocampus and the PFC in the same time-frame. Moreover, CA1 neurons make collaterals that project back to deep layers of the entorhinal cortex, providing a route for re-entrant excitation of hippocampal CA1 and CA3 [START_REF] Jones | Entorhinal-hippocampal connections : A speculative view of their function[END_REF][START_REF] Witter | Functional organization of the extrinsic and intrinsic circuitry of the parahippocampal region[END_REF]. We can then speculate that the processes of potentiation of synapses in the prefrontal would also be directed back towards the hippocampus via the EC and that hippocampus would help in the refinement of the associative fear memory trace.

Empirical evidence reinforces that possibility, indicating that potentiation at hippocampal output occurs in close temporal proximity of a decrease of potentiation at its inputs [START_REF] Doyère | Long-term potentiation of hippocampal afferents and efferents to prefrontal cortex : Implications for associative learning[END_REF]. A corollary to this hypothesis of simultaneous consolidation would be that the hippocampus acquires information before S2, during Fear conditioning. Our optogenetic experiment tends to favor this hypothesis, indeed when propagation of information from the vHPC to the to dmPFC is blocked, consolidation is deficient. This would indicate a directionality in information transfer that would require initial encoding in the hippocampus.

Towards a finer understanding of fear memory physiology in dmPFC.

In regard to the recent considerations about engrams storage and consolidation, our observations place the dmPFC as the major actor for the storage of the fear engram and indicate a directionality from vHPC to dmPFC in the consolidation. Recent techniques could allow us to get additional insight into the identity of the cells of the assembly and go beyond electrophysiological analysis of extracellular activity. In particular the tools of CaMPARI and Cal-Light seem promising in that regard as they both synergize very well with a closed-loop approach [START_REF] Ebner | Optically Induced Calcium-Dependent Gene Activation and Labeling of Active Neurons Using CaMPARI and Cal-Light[END_REF]. CaMPARI is a compound associated with a viral construct which after infection induces expression in the cell bodies of a fluorescent tagging molecule in an inactivated form. To allow activation of the fluorescent molecule and permanent tagging of the cell, the compound requires both presence of light at a specific wavelength and presence of intracellular calcium, meaning activity in the cell, simultaneously. It is easy to see that using closed-loop to detect ripples during sleep we could send a light pulse to the PFC that would allow us to tag only the neurons active during ripples, meaning mainly neurons receiving inputs from those ripples. Histological analysis could then be used to assess physiological types of neurons based on morphological criterias or binding to specific antibodies in solution. The Cal-light method is similar to the CaMPARI but also allows the expression of a light gated ion channel only in the cells that have been simultaneously lit up during cellular activity. This approach allies both the advantages of the campari method but could also allow photo tagging of the cells after fear conditioning. Doing this we could track the electrophysiological activity of cells activated during ripples. This could be used to provide a confirmation of the robustness of our current statistical detection of AN.

An alternative consolidation hypothesis: 4Hz in encoding and retrieval

The 4Hz oscillations have been shown to be highly coherent with nasal respiration in rodents and are thought to be generated from respiration [START_REF] Bagur | Breathing-driven prefrontal oscillations regulate maintenance of conditioned-fear evoked freezing independently of initiation[END_REF][START_REF] Karalis | Breathing coordinates cortico-hippocampal dynamics in mice during offline states[END_REF][START_REF] Moberly | Olfactory inputs modulate respiration-related rhythmic activity in the prefrontal cortex and freezing behavior[END_REF]. The respiratory cycle could provide timing and synchronization necessary for reactivation of assemblies in the PFC. Indeed, in rodents, assembly reactivation strength is positively modulated by 4Hz amplitude [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. In addition, it has already been shown that human memory encoding and retrieval are modulated by the phase of respiration [START_REF] Arshamian | Respiration Modulates Olfactory Memory Consolidation in Humans[END_REF][START_REF] Kluger | Respiration aligns perception with neural excitability[END_REF][START_REF] Nakamura | Respiratory modulation of cognitive performance during the retrieval process[END_REF][START_REF] Zelano | Nasal Respiration Entrains Human Limbic Oscillations and Modulates Cognitive Function[END_REF]. 4Hz oscillations have been causally implicated as necessary for proper retrieval of fear memory and optogenetic inhibition in the ascending phase of 4Hz decreases freezing while inhibition on the descending phase decreases it [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF]. Moreover imposing artificial 4Hz oscillations in the PFC induces acute fear behavior and the induction of a fear memory which can be observed on the following days [START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF].

4Hz oscillations in consolidation 4Hz oscillations could be a major actor in memory consolidation. The oscillatory nature of respiratory cycles could entrain simultaneous populations and play a role in the consolidation of AN, by offering the time windows for Hebbian "binding" of the assemblies [START_REF] Nádasdy | Replay and time compression of recurring spike sequences in the hippocampus[END_REF]. It has also been shown that SWRs are entrained by respiratory related oscillations [START_REF] Karalis | Breathing coordinates cortico-hippocampal dynamics in mice during offline states[END_REF][START_REF] Liu | Hippocampal sharp-wave ripples in awake mice are entrained by respiration[END_REF], hinting at their indirect role in memory consolidation. The synchronizing effect of the slow oscillation also enables the formation of spindle-ripple events where ripples and accompanying reactivated hippocampal memory information become nested into the single troughs of spindles.

Spindle-ripple events thus enable reactivated memory-related hippocampal information to be fed back to neocortical networks in the excitable slow oscillation up-state where they can induce plastic synaptic changes underlying the formation of long-term memories (Mölle & the mPFC [START_REF] Karalis | Breathing coordinates cortico-hippocampal dynamics in mice during offline states[END_REF], with only about 20°of phase shift between SOs in the mPFC and in the amygdala [START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF], indicating that the descending phase measured in one of these structures corresponds broadly to the same phase in the others.

Nonetheless, the notion of distinct SO phases being utilized as different communication channels is speculative and warrants further investigation.

Conclusions: Therapeutic perspectives

The presence in the prefrontal cortex of a consolidated fear memory trace that can be manipulated presents a therapeutic interest in the frame of fear and anxiety disorders. As stated in the introduction, maladaptive fear memory processes have been hypothesized as a potential element of the pathophysiology of these disorders. In addition, the dorsomedial prefrontal cortex (anterior cingulate) is particularly interesting in the frame of neurostimulation based therapeutics, as it can be reached by non-invasive approaches such as electrical or magnetic stimulations [START_REF] Isserles | Effectiveness of deep transcranial magnetic stimulation combined with a brief exposure procedure in post-traumatic stress disorder-A pilot study[END_REF][START_REF] Saunders | Working memory training with tDCS improves behavioral and neurophysiological symptoms in pilot group with post-traumatic stress disorder (PTSD) and with poor working memory[END_REF]. Below we draw potential therapeutic strategies based on interference with fear memory consolidation and reconsolidation.

Disrupting consolidation

Our data provides a time and place for the stimulation to induce defects in consolidation but because preventing ripples inputs from the vHPC is an invasive procedure, therapeutic considerations in humans could rely on disrupting synchrony between PFC and HPC that arises during SWRs. While detection of SWRs is not feasible from scalp electrodes in humans, this hippocampal event happens to be correlated with detectable cortical events that are sleep spindles . It has been shown that slow delta and alpha waves follow SWRs occurrence and that their synchrony is both linked to memory encoding [START_REF] Todorova | Isolated cortical computations during delta waves support memory consolidation[END_REF] and positively correlated with memory performance in mice [START_REF] Maingret | Hippocampo-cortical coupling mediates memory consolidation during sleep[END_REF] and in human [START_REF] Ngo | Sleep spindles mediate hippocampal-neocortical coupling during long-duration ripples[END_REF]. Interestingly spindles are over-represented in the EEG of PTSD patients, possibly playing a role in maladaptive consolidation leading to intrusive recall of traumatic memories (van der [START_REF] Van Der Heijden | Sleep spindle dynamics suggest over-consolidation in post-traumatic stress disorder[END_REF]. Targeting these oscillations could then represent a feasible therapeutic approach to perturb consolidation of fear memory. While preventing the consolidation of fear memory seems like a promising approach it would require immediate action after the trauma which is not always possible or practical from a clinical standpoint. In that case therapeutic approaches could target late processes such as reconsolidation.

Disrupting reconsolidation

Reconsolidation occurs with the recall of a memory for instance after reexposure to or evocation of the traumatic event. In these conditions the memory enters a de novo state of flexibility that can lead either to reconsolidation or deconstruction. Several therapeutic approaches take advantage of this mechanism to create a new safety association and neutralize the original fear memory. Recall of associative fear memory in humans is associated with anterior mid-cingulate cortex theta activity and ventromedial prefrontal cortex gamma activity respectively [START_REF] Mueller | Prefrontal oscillations during recall of conditioned and extinguished fear in humans[END_REF] . This oscillatory activity is comparable to how recall of fear memory induces 4Hz oscillations in the dmPFC of rodents.

In addition, it has been shown that reconsolidation of safety memory can be enhanced by targeted memory reactivation, which consists in presenting sounds or scents that were linked to the memory at encoding, again during sleep (van der Heijden, van den [START_REF] Van Der Heijden | Sleep as a window to target traumatic memories[END_REF].

Studies have shown that it is possible to alter pathological memories after reexposure [START_REF] Mclean | Exposure therapy for PTSD in military populations : A systematic review and meta-analysis of randomized clinical trials[END_REF] and alleviate fear disorder symptoms. In addition prefrontal cortex stimulation shows some success in alleviating symptoms on its own [START_REF] Isserles | Effectiveness of deep transcranial magnetic stimulation combined with a brief exposure procedure in post-traumatic stress disorder-A pilot study[END_REF].

However, while these procedures raise some level of success, their effects are often short lived and present high non response rates [START_REF] Bienvenu | The advent of fear conditioning as an animal model of post-traumatic stress disorder : Learning from the past to shape the future of PTSD research[END_REF]. Perhaps combining approaches of memory recall/reconsolidation with a neurostimulation specifically targeting hippocampal-dmPFC preferred epochs of synchrony could show to be an effective measure for traumatic memory weakening and a durable treatment for PTSD symptoms and perhaps other anxiety disorders.
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 1 Figure 1: Fear circuit in human and rodent is well conserved. Left: brain regions implicated in fear in humans. Right: Analogous regions of fear in rodents. Red arrows: fear expression pathways and blue arrows: fear extinction pathway. Abbreviations: dorsal Anterior Cingulate Cortex (dACC); ventromedial Prefrontal Cortex (vmPFC); Prelimbic cortex (PL); Cingulate cortex (Cg); Infralimbic cortex (IL); Basolateral amygdala (BLA); Central amygdala (CE); ventrolateral Periaqueductal Gray (vlPAG). Reproduced from Dejean et al., 2015.

  brain results in cells generating electrical currents to transfer information. The field of electrophysiology is interested in capturing these electrical events to derive conclusions regarding the information being transmitted. There are several ways of deriving cell activity through electrical change. Patch-clamp is a well known method of intracellular electrophysiology which consists in introducing a recording electrode inside the cell itself.The electrode can sense fine changes in voltage caused by ions movements inside the cell when an action potential occurs. With extracellular electrophysiology, the recording electrode is outside the cell. This approach is less interested in precise targeting, but allows for less invasive methods of recording and observations in vigil animals, giving us insight into network interactions in vivo rather than single-cell dynamics. The location of the recording site depends on the method employed. EEG and electrocorticogram (ECoG) methods record electrical activity on superficial layers of the cortex, leaving brain matter intact. To investigate electrical events at deeper locations one can insert metal or glass electrodes into the brain to record deep micro EEG called local field potentials (LFP). The electrode then resides in the extracellular space, and records electrical changes resulting from ions movements in nearby cells. The voltage potential recorded when cells are firing appears as the inverse (negative) of the intracellular action potential shape. Neurons recorded in this way are called putative units by precaution, considering that the identity of the cell responsible for the voltage changes can never be totally confirmed. The LFP is the summation of many different sources of current converging on the electrode. The most important component of extracellular current is resulting from synaptic activity of

  . Characteristics of the LFP such as frequency (number of repeated electrical patterns per second, in Hertz) and amplitude (fluctuations in voltage, mV) are dependent on the proportional contribution of these multiple sources of current and the various properties of the surrounding brain tissue. Oscillations In the LFP it is possible to observe repeated patterns of voltage changes at fixed frequencies, called oscillations. Oscillations are the results of rhythmic activation and/or inhibition of large populations of neurons and are often linked with brain states and functions as well as behavior in humans and animals alike. The phase represents the fraction of the oscillatory cycle covered up relatively to the start of the cycle. Historically, the first oscillations described in humans, the alpha-waves (8-12Hz) were discovered in 1924 by Hans Berger, father of the electroencephalogram. Since then many studies have evidenced different rhythms in different brain areas and investigated their role in neurophysiology. Specific
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 2 Figure 2: Electrophysiological signature of Sharp-wave ripples Signature of ripples depends on the orientation of pyramidal cells within the different stratum of the Hippocampal CA1. Reproduced from Aleman-Zapata et al., 2021.
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 3 Figure 3: Assembly neuron properties as evidenced during retrieval of fear memory. A: Extract of Local Field Potential (LFP) activity from the dmPFC of an animal during fear expression (Freezing) in the Test context. During the recall of associative memory following a fear conditioning paradigm, freezing of the animals is associated with 4Hz oscillations in the LFP of the dmPFC. B: Spectrogram of dmPFC slow oscillatory activity (2-16Hz) around fear expression events (freezing, in black) for an animal. Spectrogram shows an increase in power of slow 3-5 Hz oscillations during freezing events, represented by warmer colors in the display. C: Example LFP trace of an animal during a freezing event, showing 4Hz oscillations in the dmPFC. Assembly neurons are firing preferentially during the ascending phase of those oscillations. D: Pairwise co-firing measures for AN and non-fear related neurons (Other neurons: ON) relative to 4Hz phase. AN display an increase of coactivity in the ascending phase of 4Hz compared to ON. See section I for methodology about calculation of corrected pairwise co-firing. Reproduced from Dejean et al., 2016.
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 4 Figure 4: Working hypothesis for the mechanisms at play in the consolidation of an associative fear memory. Schematic representation of the possible mechanisms of AN consolidation in the PFC. AN synchronous reactivation by Sharp-wave-ripples during sleep would strengthen synaptic weight between neurons to form a long term representation of the fear memory in the PFC.

  . Therefore SWRs have been shown to play a central role in the hippocampal-cortical mechanisms underlying the consolidation of memories. Thus far, the role of hippocampal SWRs has been predominantly described in the context of spatial memory and learning. However, the role of SWRs in the consolidation of fear memories in hippocampal-cortical networks has yet to be addressed. In light of the current state of the knowledge regarding SWRs, memory consolidation and fear memory encoding neuronal ensembles in the dmPFC, we propose the following hypotheses; that /1 fear expression related dmPFC neuronal populations will have increased activity around SWR occurrence during post-conditioning sleep, and that /2 co-activity within these population would increase around SWRs throughout post-conditioning.To assess this, we monitored and analyzed freezing behavior, single neuron activity in the dmPFC and LFP in both the vHPC and dmPFC during fear conditioning, post-conditioning sleep and the test of the conditioned fear memory the following day. To efficiently address our question of the role of SWRs in hippocampal-cortical fear memory consolidation mechanisms, we defined two main aims. Firstly, we assessed the activity of dmPFC neuronal assemblies during fear expression and characterized their responsiveness to 4Hz oscillations during freezing. Secondly, to shed light onto the finer cellular mechanisms of fear memory consolidation we evaluated the assembly neuron activity around ripple occurrence as well as their co-activity around ripples during SWS after conditioning. With this work we hope to shed some light on the role of vHPC-dmPFC complex and the mechanisms underlying the consolidation of dmPFC neuronal assemblies.Material and methodsAnimals17 Male C57BL6/J mice (3 months old, Janvier) were individually housed for at least 7 days before all experiments, under a 12-h light-dark cycle, and provided with food and water ad libitum. Enrichment consisting of paper strips was provided to the mice. All procedures were performed in accordance with standard ethical guidelines (European Communities Directive 86/60-EEC) and were approved by the committee on Animal Health and Care of Institut National de la Santé et de la Recherche Médicale and French Ministry of Agriculture and Forestry (agreement A3312001). Out of the 17 animals that entered the study, 6 were included in the analysis described in this section of the manuscript. Animals were rejected for one or more of the following reasons: health complications resulting from the heavy surgeries; electrodes implanted outside the vHPC (resulting in absence of ripples in LFP), individuals that did not properly learn the conditioning task; individuals in which we could couldn't record enough neurons in the dmPFC during the Test to properly characterize assembly neurons (minimum 20).
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 2 92 posterior to bregma, , 3.5mm lateral to the midline and 4.5mm ventral to the cortical surface). Coordinates were based on the Paxinos reference Atlas. The electrodes consisted of individually insulated nichrome wires (13μm diameter, impedance 50kΩ; Kanthal) contained in a 26-gauge stainless-steel guide cannula for the PFC and in a silicate tubing for the vHPC.

  the animal. External transistor-transistor logic (TTL) signals containing task-relevant information (e.g. synchronizing pulses, stimuli) were derived to the Cerebus digital input ports and recorded simultaneously with the electrophysiological and behavioral data.BehaviorFear conditioning and testing took place in two different contexts (contexts B and A respectively) and sleep recordings took place in the homecage of the animal. Tracking of the animal movement was done on all sessions. The conditioning and testing boxes were cleaned with 70% ethanol before and after each session. Experiments took place between 9 a.m and 7 p.m. On day 1, C57BL6/J mice were connected to the recording system and submitted to a habituation session in context A (circular arena with animal bedding on flat flooring), in which they received four presentations of the CS+ and the CS-(total CS duration 30s, consisting of 50-ms pips at 0.9Hz repeated 27 times, 2ms rise and fall; pip frequency 7.5kHz or white-noise, 80 dB sound pressure level). Animals were then removed from habituation context and placed in their home-cage for two hours and electrophysiological activity during this period is referred to as Sleep 1 (S1). After this period, animals were moved to context B(square arena with electric grid on flooring) for fear conditioning.Discriminative fear conditioning was performed by pairing the CS+ with a US (1-s foot-shock, 0.6mA, 5 CS+-US pairings; inter-trial intervals, 20-180s). The onset of the US coincided with the offset of the CS+. The CS-was presented after each CS+-US association but was never reinforced (five intertrial intervals,. Delay between CS-and CS+ presentation was pseudorandomized. After fear conditioning, animals were moved back to their home cage and recorded for two hours, a recording session we labeled Sleep 2 (S2).Mice were then unplugged from the recording system and brought back to the common animal facility. After 24h on day 2, conditioned mice were recorded in their home cage for two hours during a Sleep 3 (S3) session and then submitted to the test session. The test session occurred in the context A, containing the same bedding used during the habituation sessions. 4 CS-were played with varying pseudorandomized delays (20-180s) followed by 12 presentations of CS+ (20-180s delays between presentations). At each stage, relevant information such as auditory CS occurrence and animal movement was retrieved along with electrophysiological data for further analysis. To note, sleep sessions S2 and S3 were further divided in Sx-1 and Sx-2 for analysis purposes. See Figure5below for a global graphical representation of the behavior paradigm.

Figure 5 :

 5 Figure 5: Behavioral paradigm for the characterization of reactivation profiles by SWRs. AN and ON characterization is done on the Test session and analysis of reactivation is done retrospectively once identity of the cells is known. Post-conditioning sleep sessions S2 and S3 can be divided in first and second half (Sx-1,Sx-2) for the purpose of analysis.

Figure 6 :

 6 Figure 6: Units identity and waveforms stability analysis. A: Separation between pyramidal neurons (PN) and interneurons (IN) was done on the basis of three factors: Firing Rate, Area under the curve resulting from the late positive inflection of the spike and Spike half-width. B: Comparison the same waveform properties of Peak and Valley being conserved from sleep session S1 to the Test session. C: Correlational analysis of the same stable unit's waveform, using 50 points sampled along waveform length, for S2 (light blue) and S3 (dark blue). RS2, RS3= Pearson coefficients for Test vs. S2 and S3 respectively.

Figure 7 :

 7 Figure 7: Statistical method for Assembly neurons characterization. A: Correlation matrices were obtained for each animal from a binarized histogram of neuronal activity during Test. Principal component analysis (PCA) was applied to these correlation matrices to reduce dimensionalities and in this example positive Principal component (PC) scores are associated with correlation matrix patterns present during freezing activity (bottom). B: Distribution of PC scores for matrices associated or not with freezing behavior in one example animal. Note the diverging repartition indicating differential neuronal involvement during freezing and non freezing C: PC-score predictive of freezing activity (dark red) compared to chance levels (in black) for the same animal (Chance calculated by shuffling freezing events and calculating PC scores associated with these shuffled freezing events, repeating the process 1000x to obtain the averaged PC-scores for randomized freezing. In the example actual PC-score >1 are above chance level) D: Average coactivation matrix during freezing epochs for one animal, indicating participation of dmPFC PNs ordered by increasing strength of coactivation. The strength of the coactivation between neuron pairs is expressed by the AP index. AP index is obtained after normalization. Normalization of coactivity between pairs of neurons is done by dividing the raw coactivity correlation matrix by the coactivation matrix obtained after shuffling spike trains participant neurons (to remove influence of firing rate on spurious coactivity) E: Repartition of AP indexes obtained for each dmPFC PNs in the animal. ON are classified as having an AP index <1 and AN have an AP Index>1.

Figure 8 :

 8 Figure 8: Methodology for sleep states detection. A: Intervals of main different brain states as categorized by PCA. B: dmPFC LFP spectrogram showing slow oscillations during SWS, C: vHPC LFP spectrogram showing slow waves during SWS. D: Coherogram between the two spectrograms in B and C. This spectrogram emphasizes oscillations present in both regions at the same time. Note the coherence in Theta during REM and in Slow-waves during SWS. This Coherogram is used for PCA detection (along with the animal's motion, not shown) to determine sleep states intervals shown in A. E,F: Representative LFP traces in the dmPFC and vHPC during REM (E) and SWS (F) state.

Figure 9 :

 9 Figure 9: Characterization of AN and ON properties during the Test session. A: Confirmation of implantation of recording electrodes in the dmPFC and vHPC CA1 was confirmed in 6 animals included in the study. B: Animals properly learned the distinction between CS-and CS+, and display significantly more freezing to CS+ (n=6, Mean+SEM) (Mann-Whitney Rank Sum Test p<0,05) C: Freezing during the Test coincides with 3-6Hz oscillations in the dmPFC. Example from one animal. D: dmPFC neurons phase lock to 4Hz. Phase histogram an example dmPFC neuron representing the amount of spikes as a function of the 3-6Hz phase (Rayleigh test for non linearity, p=0.004). E:Example raster plot of dmPFC LFP and single unit at the end of a freezing episode for one animal. AN and ON populations of neurons recorded in the dmPFC showed differential activity patterns to freezing behavior in the animal. AN neurons (in red) were significantly co-activated during freezing events while ON (in grey) do not present a collective firing organization. F: Assembly participation index (AP index) as a function of neurons' preferred 4Hz phase for one animal. AN (AP index >1) were preferentially phase locked to the ascending phase of 4Hz oscillations (Red circle around the red dots). ON (AP index<1, grey dots) did not display phase specificity. G: We identified 25 AN and 36 ON that we could record reliably from day 1 to day 2 of the behavior paradigm (n=6).

Table 1 :

 1 Detail of recorded units. A: Total number of non-duplicates units recorded for each sleep session and during the Test for the six animals included in the study. B: Number of AN and ON tracked throughout the entirety of the behavioral paradigm in the same animals.

  , 10c) indicating a role of this population of neuron in the initial encoding of fear relevant information. As 4Hz phase-locking is a hallmark of assembly neurons, we analyzed the percentage of 4Hz phase-locked neurons between AN, ON and general population during fear conditioning and Test. As expected during the Test session AN showed a preferential and specific phase locking of AN to 4HHz oscillations (Figure 10d-f) compared to ON or the general population while no preferential phase locking was observed during FC. Comparing the phase locking of AN during the test to both ON and the global populations of cells recorded in the PFC (ON,

Figure 11 :

 11 Figure 11: Neuronal activity around SWRs for full sleep sessions, characterization of vHPC-dmPFC connectivity. A: Representative firing activity of unidentified neurons around SWRs in one animal, firing timestamps around ripples are used to calculate PRTH. B: Activity of AN (red) and ON (gray) around Sharp-wave ripples (n=6, Mean + SEM, normalization obtained by subtracting activity around shuffled ripples from raw activity and dividing by standard deviation of randomized activity, ripple peak = 0s). C: Mean firing rate of ON and AN during the blue period highlighted in B (-100ms to 0ms before ripple peak) for the three sleep sessions (Mean+SEM) Gradients of colors represent progression from early to late sleep sessions. D,E,F: Normalized percentage of significantly activated neurons for AN (red) and ON (grey) around SWRs foR S1 (D), S2 (E) and S3 (F) (n=6, bin size=20ms, time period from -1s to +1 around SWRs peak). Significance level for PRTH is assessed by a z-score thresholding. Normalization is done by subtracting random activity around ripples (obtained from shuffle of ripples events) from raw activity and dividing by standard deviation of the random activity. The overlaid curves correspond to the cumulative sum of significantly activated neurons for AN (red curve) and ON (black curve) from -1 to +1 second around SWRs. Comparison between cumulative distributions is performed with a two-sample kolmogorov-smirnov test. * p<0.05, ** p<0.01, *** p<0.001)

  1 and this difference is maintained throughout the remaining sleep sessions that we recorded. Taken together these results indicate that AN are more recruited than ON around ripples during post-conditioning sleep. AN and their recurrent excitation triggered by ripples may thus play a role in the consolidation of CS/US association during post-conditioning sleep.

Figure 12 :

 12 Figure 12: Neuronal activity around SWRs for sub-session of sleep, additional characterization of vHPC-dmPFC connectivity. A,B,C: Normalized percentage of significantly activated neurons for AN (red) and ON (grey) populations around SWRs during the early and late part of sleep 1 (A), 2 (B) and 3 (C) (n=6, bin size=20ms, first and second part determined as time periods containing half of the total amount of ripples recorded during corresponding full sleep session, time period from -1s to +1 around SWRs peak). Normalization is done by subtracting random activity around ripples (obtained from shuffle of ripples events) from activity and dividing by standard deviation of the random activity. The overlaid curves correspond to cumulative sum of significantly activated neurons for AN (red curve) and ON (black curve) from -1 to +1 second around SWRs. D: Left: Cumulative sum of percentage of activated AN for all sub-sessions of sleep. Notice cumulative sum during post-conditioning sleep is significantly above preconditioning values (n=6, two-sample kolmogorov-smirnov test.*p<0.05, **p<0.01, *** p<0.001) Right: Spectrogram representing the height of cumulative sum curves for AN. Warmer colors indicate a larger amount of AN being activated around ripples during post-conditioning sleep. E: Left: Cumulative sum of percentage of activated ON for all sub-sessions of sleep. Notice activation during preconditioning subsleep S1-2 and subsequent decrease of activation of ON throughout post-conditioning sleep (n=6, two-sample kolmogorov-smirnov test. *p<0.05, **p<0.01, * p<0.001) Right: Spectrogram representing the height of cumulative sum curves of ON for each sub-sessions of sleep. F: Recapitulative spectrogram of AN preferential activation around SWRs,obtained from subtracting the spectrogram of AN activation in D from the spectrogram of ON activation in E. Spectrogram indicates that AN are significantly more activated than ON around ripples during all sub-sessions of post-conditioning sleep (n=6, two-sample kolmogorov-smirnov test.*p<0.05,**p<0.01,* p<0.001).

  To control for a potential change in sleep architecture or ripples properties after fear conditioning that could explain the changes in AN neuronal activity during sleep we've analyzed brain states oscillatory activity and sleep architecture during pre-conditioning sleep S1 and post-conditioning S2. We saw no difference in the total amount of sleep or individual epochs nor in oscillatory components typically associated with the PFC and the vHPC during sleep. Similarly, SWRs rate of occurrence stayed consistent between sessions (Annex 1). These results confirm that changes observed in AN population aren't caused by modulation in sleep related processes. Altogether these results indicate a specific time-period post ripple peak during which AN neurons are significantly more coactivated than ON neurons following ripples, hinting at the role of this population in the consolidation of the CS/US associative fear memory and at ripples as the mechanism orchestrating this consolidation.

Figure 13 :

 13 Figure 13: Level of co-activation around SWRs, characterization of dmPFC-dmPFC connectivity. A: An example coactivation card for two neurons A and B around SWRs, obtained from one animal. The co-firing count measures the number of times both neurons fired in close temporal proximity at different time points around the ripples (bin size: 50ms, SWR peak at t=0, from -500ms to +500ms) B: Random co-activity card for the same example neurons obtained by calculating the average of the cards obtained after shuffling ripples events 50 times and calculation of JPRTH with these randomized ripples timestamps. Same color scale as A C: normalized co-activity card of example neurons obtained by subtracting the randomized activity card in B to the raw card in A and dividing by the standard deviation of the randomized cards. Note the white dotted line named "diagonal", representing the coactivity of a neuron within 50ms of the other one. D: Example representation of diagonal of the JPRTH extracted from JPRTH cards and presented on a cartesian axis. E,F: Mean co-activity of the AN and ON respectively, along the diagonal of the JPRTH, for all three sleep sessions under consideration (n=6). Blue area from -100ms to 0ms before ripple is Peak Sync period. Yellow area from 100ms to 200ms post ripple peak is Late Sync period (Dark Line=Mean,Shaded area=SEM). G,H: Mean of co-activity during the Peak Sync period (-100ms to 0ms) and Late Sync period (100 ms to 200ms) respectively, for AN and ON during all three sleep sessions (n=6, Mean+SEM). ON are significantly more coactivated than AN during S1 in Late Sync (Repeated measures 2-way ANOVA, AN: n=58, ON: n=138, population, F=0.544, p=0.461, Sleep session, F=8.689,

S2- 1 ,

 1 AN were more recruited than ON around SWRs, particularly during the post-ripple peak period. AN recruitment increased further during subsequent S2-2 before stabilizing during S3. Co-activity analysis indicated that AN were preferentially co-activated around ripples during the second part of post-conditioning sleep (S2-2) and displayed increased coactivity overnight (S3). These results highlight a sequential temporality in the activity changes possibly involved in the consolidation of the associative memory trace. Taken together these results suggest synaptic changes in the vHPC-dmPFC network during the time period of memory consolidation. Below we discuss how the increase of activity in AN could reflect the potentiation of vHPC-dmPFC synapses and how the increase in co-activity in AN population could relate to a secondary potentiation at AN-AN synapses in the dmPFC.

Figure 14 :

 14 Figure 14: Methodology of threshold-based closed-loop ripple detection algorithms and parameters inducing variations in detection performance.A: Classical approach to detecting ripples using a threshold based algorithm. Signal from the recording system is first filtered in the ripple band (100-200Hz) before the RMS of the Small buffer is compared to the power in the baseline (Mobile or Fixed). Information about power in the baseline can be obtained using Mean or STD method (Mean is RMS of the baseline, STD is standard deviation of the points in the baseline). When the Small buffer power reaches a determined amplitude threshold (the multiplicative factor) above baseline for a minimum duration (the time threshold), a ripple is detected. B: Different combinations of the parameters highlighted in blue in Figure14aare being tested in order to find optimal parameters for closed-loop optogenetic manipulation (TT: time threshold, MF: multiplicative factor). Represented in dark blue are the starting parameters of our algorithm and in light blue the parameters we tested in Figure15.

Figure 15 :

 15 Figure 15: Progressive refinement of algorithm performance by successive implementation of appropriate parametersIn A,B,C,D we aimed for high f-1 and low latency which corresponds to the figure space located in the lower right quadrant. A: Combined results of f-1 and latency for different selection of sampling rate on the online system with the online algorithm implementation (Latency are mean values and error bars are not visible if smaller than the size of the representative point on the graph). B: Impact of the baseline type, moving (also referred as Long Buffer), or fixed in performance. Increasing values of time threshold are indicated by darker contrast.(Latency are mean values and error bars are not visible if smaller than the size of the representative point on the graph).C: Impact of thresholding method, that is the method used to obtain reference value from the baseline. Mean method is the RMS of the baseline while SD is the classical standard deviation of the points composing the baseline.Increasing values of time threshold are indicated by darker contrast.(Latency are mean values and error bars are not visible if smaller than the size of the representative point on the graph).D: Impact of multiplicative factor value in performance. This value is the amplitude of the difference needed between the baseline and the small buffer for a SWR to be detected.Increasing values of time threshold are indicated by darker contrast. (Latency are mean values and error bars are not visible if smaller than the size of the representative point on the graph). E,F: Impact of time threshold and Long Buffer size on recall , precision and latency of a detection based on a sampling rate of 500Hz, a moving baseline with a mean thresholding method and a multiplicative value of 3.
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 16 Figure 16: Targeted optogenetics inhibition of the vHPC-dmPFC pathway during ripples induces a decrease in fear behavior during retrieval of memory. A: Closed-loop optogenetics design consisted in retrograde injection in the dmPFC, infecting cell bodies in the vHPC CA1, followed by Closed-loop inhibition of infected cells during SWRs for the first hours of post-conditioning sleep. B: Confirmed position of bilateral optic fibers over the CA1 and viral expression in pyramidal cells as well as recording electrodes localization in the dmPFC. 5 animals were retained in the study. C: Freezing levels during fear conditioning along consecutive CS-US pairings. Animals increase their freezing levels with subsequent pairings and the learning curves for ArchT and GFP animals do not differ (Mean+SEM) (n=3 and n=2; two way ANOVA.F1: opto F=0.189, p=0.7; F2: pairings, F=16.123, p<0.001. F1xF2=0.545, p=0.7). D: Freezing levels during fear memory retrieval. Values given are the average freezing levels for blocks of 4 CS presentations (Mean+SEM). GFP animals freeze more to CSthan CS+ while this difference is abolished for ArchT. ArchT animals freeze significantly less than GFP animals (n=3 and n=2; two way ANOVA. F1: opto F=33.01, p=0.01; F2: pairings, F=7.907, p=0.007; F1xF2=1.85, p=0.2, Bonferroni post-hoc. ArchTvs GFP within CS+1, *p<0.05).

  On the one hand, we could look at possible alteration of AN function during the Test possibly due to a failure of consolidation during sleep, such as a disturbance in AN synchronization during 4Hz ascending phase and/or decreased phase locking to 4Hz. On the other hand, during post-conditioning consolidation inhibition of CA1 to dmPFC pathway might prevent the Late Sync preferential coactivation of AN that is observed in late S2 and S3 . Preliminary data has been gathered on the tested animals in order to address these questions. Conclusion Our preliminary experiment showed that bilateral inhibition of the vHPC to dmPFC pathway during SWRs after fear conditioning induces a reduction of fear expression in animals during a Test the following day. Considering animals properly encoded the initial task modalities, the results are indicative of a disrupted long term memory consolidation. The vHPC-dmPFC pathway and ripple-associated mechanisms could thus be necessary for the consolidation of associative fear memory. III. Discussion Assemblies in dmPFC as a neuronal representation of fear memory Overall our results bring clear arguments to consider AN as a representation of a consolidated fear memory trace in the dmPFC. During the initial fear conditioning this population is selectively activated around CS, indicating an early involvement in fear encoding processes. During subsequent sleep AN are selectively reactivated by hippocampal inputs from the vCA1 during SWRs, a mechanism and time period both implicated in memory consolidation. Following this activation AN also display an increased co-activity around ripples during post-conditioning sleep. This increased co-activity of AN reflects the enhancement of AN-AN connectivity that likely subserves their synchronous firing during freezing events on Test day. We propose that the mechanisms of activation and co-activation of AN during sleep are underlying mechanisms of potentiation necessary for proper consolidation of AN into functional assemblies (Figure 17). In addition, our closed-loop experiment indicates that prevention of early potentiation mechanisms in the dmPFC could induce a deficit in fear memory recall during Test, reinforcing the idea that AN constitute a neuronal representation of fear memory in the dmPFC: a part of a fear engram.

Figure 17 :

 17 Figure 17: Proposed potentiation mechanisms for fear memory consolidationPossible cascade of potentiation mechanisms involving ANs of the dmPFC in fear memory, from initial encoding to retrieval of consolidated memory. After initial activation of task-relevant neurons during fear conditioning we would observe a consolidation of synapses from vHPC to dmPFC during the early phases of post-conditioning sleep. In subsequent post conditioning sleep we would observe a consolidation of dmPFC to dmPFC synapses resulting from the early sleep synaptic changes. Finally, during memory retrieval, 4Hz oscillations would reveal the consolidated fear assemblies. This cascade would work in tandem with a complementary mechanism (not represented on the figure) involving a possible depression of vHPC synapses connecting to unrelated neurons (ONs) and a subsequent reduction of synaptic weight between those neurons, increasing the relevant signal-to-noise ratio during consolidation.

Figure 10 Characterization of AN and ON firing activity during Fear conditioning and Test. A:

  Perievent histogram (bottom) with raster plot visualization of individual spikes (top) representing the firing rate of an example neuron around CS presentations (Firing rate measured from -0.5s to +0.5s around CS). B: Normalized firing rate around CS presentations for AN (red) and ON (black) (n=6,

	Mean+SEM) (Z-score done by subtracting activity in each bin by mean of baseline activity (-500ms to
	0ms before CS onset) and dividing by std of baseline, bins with values below -1.65 or above 1.65
	(alpha = 0.05, unilateral test) were considered significant. C: Mean Z-score for a period of 0-300 ms
	around CS presentations in B (n=6, Mean+SEM). Mann-Whitney Rank Sum Test T = 1240,000
	n(small)= 28 n(big)= 43 (P = 0,006) D: Rhythmic increases in spike counts for example AN in the
	ascending phase of 4Hz oscillations. Example neuron was significantly phase locked to 4Hz phase
	(Rayleigh test for circular uniformity, p<0.001) and reaching outside of the confidence interval
	around average random phase locking (blue area, computed by 1000x random spike train shuffling)
	E: Example ON neuron spike counts around 4Hz oscillations. Neuron shows no phase locking or
	4Hz-related modulation of activity (Rayleigh test for circular uniformity, p>0.05) Blue trace: average
	random phase locking (computed by 1000x random spike train shuffling). F: Histograms showing the
	number of phased locked neurons during FC and Test for populations of AN, ON and general
	population (AN,ON and CS+ responsive neurons). AN are selectively phase locked to 4Hz during the
	Test (n=6, AN FC vs AN Test Chi-square= 4,048 with 1 degrees of freedom (P = 0,044), Test AN vs ON
	Chi-square= 6,144 with 1 degrees of freedom (P = 0,013), AN FC vs All FC Chi-square= 4,095 with 1
	degrees of freedom (P = 0,043).

G: Corrected co-firing of AN (red) and ON (black) around 4Hz oscillations during Fear conditioning. No preferential co-firing of AN and ON was observed around 4Hz oscillations (n=6, Pairwise Multiple Comparison Procedures (Bonferroni t-test):ns for all comparisons) Calculation of corrected co-firing is described in methods H: Corrected co-firing of AN (red) and ON (black) around 4Hz oscillations during Test. AN were selectively co-firing on 4Hz oscillations (n=6, Pairwise Multiple Comparison Procedures (Bonferroni t-test):*: p<0.05; **: p<0.01, calculation of corrected co-firing is described in methods) I: Average co-firing of AN (red) and ON (black) on the ascending and descending phase of 4Hz oscillations. AN are significantly co-firing during the ascending phase of 4Hz during the Test (plain edges) compared to Fear conditioning (dashed edges) (n=6, Mean+SEM; Test vs. FC, diff of means= 0,0305,t = 4,828, p<0,001.)

  544, p=0.461, Sleep session, F=8.689, p<0.001, Population x Sleep, F=3.491, p=0.031, within S1, AN vs. ON, t=2.120,p=0.03) and AN significantly increase their coactivity throughout sleep sessions in Late Sync (Repeated measures 2-way ANOVA,AN: n=58, ON: n=138, population, F=0.330, p=0.566, Sleep, F=4.694, p=0.010, Population x Sleep, F=2.054, p=0.130, within AN: S1 vs. 

	S3,
	t = 2.871,p=0.004, S2 vs. S3, t=2.279,p=0.023) I,J: Mean of co-activity during Peak (-100ms to 0ms)
	and Late (100 ms to 200ms) Sync period respectively, for AN and ON during sleep session 1 and
	sub-sleep sessions S2-1,S2-2, S3-1 and S3-2. Sub-sessions of sleep have been defined as the time
	period containing half of the elapsed ripples of a full session of sleep (n=6, Mean+SEM). ON are more
	activated than AN only in S1 during the Peak Sync period (Repeated measures two-way ANOVA, AN:
	n=58, ON: n=138, Population, F = 0.426, p = 0.520, Sub-session, F = 5.416, p = 0.021, Population x
	Sub-session, F = 0.506, p = 0.478, Holmes-Sidak Post-hoc, within S1, AN vs. ON, t=2.120,p=0.03) and
	AN are more coactivated than ON during post-conditioning S2-2, S3-1 and S3-2 (Repeated measures
	two-way ANOVA, AN: n=58, ON: n=138, Population, F = 16.027, p < 0.001, Sub-session, F=5.694,
	p=0.007, Population x Sub-session, F = 4.072, p =0.046, Holmes-Sidak Post-hoc, AN vs. ON, S2-1,
	t=2.342, p=0.02; S2-2, t = 2.196, p = 0.029; S3-1, t = 2.419, p = 0.016; S3-2, t = 3.323, p = 0.001).

Remerciements

Cortical synchronization under vHPC ripple drive

The second tier of our working hypothesis posits that AN to AN synapses should see a potentiation along the process of fear memory consolidation. In accordance with this hypothesis, we observed an increase in specific AN coactivity both at ripple peak and during the second activation period following the peak (late sync). This significant preferential AN population co-activation coincided for the most part with the increase in ripple response discussed in the previous section. This suggests that the proposed potentiation of vHPC-dmPFC synapses leads to a potentiation of intracortical synapses and specifically between neurons engaged in the fear memory trace.

The fine dynamics analysis shows that, even though AN recruitment is increased as early as S2-1 , the preferential co-activity of AN over ON starts only later in S2-2. We propose two, non mutually exclusive explanations for this phenomenon. Firstly, the increased ripple-triggered coactivation coincides in S2-2 with the maximization of AN activation increase, possibly indicating that a strong level of specific activation is needed before an impact on coactivity can be observed. Secondly, if, according to our hypothesis, intracortical circuit potentiation is secondary to that of the hippocampo-cortical circuit, a delay is expected before the second process takes place and becomes detectable in spiking activity with extracellular means such as ours.

Online algorithm architecture.

Our algorithm follows a structure that borrows elements from the common pipelines highlighted in the introduction, with some key differences. First off we are not using a traditional fixed baseline as is commonly the case. Traditionally the baseline is calculated as the average power value of the LFP used for event detection during a period of rest of the animal. That rest period is described of varying duration (from 5mn to 20 mn) and is used as a reference point for the whole life-cycle of the system. In our case we used a method adapted from [START_REF] Roux | Sharp wave ripples during learning stabilize the hippocampal spatial map[END_REF], that consists of using a moving baseline that follows the signal to be analyzed in real time (Figure 14a, moving baseline). Two moving buffers following each other are filled continuously by real-time data from the headstage recording electrophysiological activity in a chosen electrode located in the vHPC of the animal. A long buffer (length 2s) is used as a moving reference for the local activity in the LFP while a small buffer (length 8ms) retrieves the most recent data. Detection of a ripple is made by comparing values between the big and the small buffer.

At the start of the algorithm data points are filling the small buffer. Everytime new values are requested older values in the small buffer are shifted backwards into the long buffer, allowing the buffers to slide along the signal. In this way the small buffer always contains the most recent data while the long buffer tracks the last seconds of LFP activity. Everytime new data is brought into the small buffer, the whole long buffer/small buffer complex is bandpass filtered in the ripple range. Ripple range is determined empirically for each animal by analyzing ripples properties. The filter used was an Finite Impulse Response filter or order 4 (design from MicroModeller). Power of the big and small buffer was then calculated

Online algorithm tests

In order to test the influence of different sampling rate in algorithm efficiency, the signal was tested online by connecting a fake mouse (Plexon) to the headstaged allowing us to play a 5 minutes recording of a LFP channel in the dHPC CA1 pyramidal layer, displaying clear ripple activity (138 ripples detected offline and confirmed manually) directly into the amplifier. A C script was modified according to each condition tested then compiled and uploaded to the amplifier. Timestamps of detections were recorded in real-time to calculate accuracy metrics. Because of the relatively long delay before being able to obtain and compare results, online tests consisted solely in measuring the impact of variable sampling rates. The difficulty came with modifying, uploading and running our algorithm on the hardware system and the inherent need to wait for the detection of ripples to occur in real-time before being able to analyze the results. This is what motivated the usage of a shorter signal of 5 minutes for sampling rate tests. In order to be more flexible and time-efficient in testing different combinations of parameters we switched from online testing to using a MATLAB implementation of the closed-loop algorithm.

Offline algorithm architecture

The offline algorithm used to test parameters was a direct MATLAB implementation of the C code used in the online algorithm. We replicated most of the flow of operations in the MATLAB language in order to be able to extrapolate results obtained from the tests to the online algorithm further on. This method allowed rapid prototyping by avoiding drawbacks of online testing. The differences with the online algorithm were as follows: instead of sending an output TTL pulse, the MATLAB script recorded every detection in an array in order to obtain timestamps of detections for further efficiency measurements. Since the algorithm ran on a temporally fixed LFP signal we avoided real-time signal being lost during the processing of previous data points and thus latencies values obtained from offline tests only reflect algorithmic latency.

Offline algorithm tests

For our offline tests we used the LFP signal recorded from the vHPC CA1 during 2h30mn of sleep and containing 4789 ripples events detected offline as the ground truth. For each parameter tested we either modified the values on the script or wrote new implementations when necessary (in the case of the fixed baseline). We then ran the detection on the whole duration of the LFP.

Efficiency measures

Latency, Precision, Recall and f-1 indexes were calculated using custom-made MATLAB script, requiring timestamps of detection and timestamps of ground-truth as parameters for analysis.

Stats

Accuracy measurements being values derived from calculated indices , comparison and choice were done on the basis of observation. Variability in detection latency is represented with SEM but in the case where SEM values were smaller than size of the graphical representation for a data point, they were omitted.

Up until this stage of parameters refining, we have always used a combination of three time threshold values in concert with the parameter behind tested, but now that we had honed-in on all other parameters, it was time to select a single time threshold that would be the most adequate for our ripple detection algorithm. From Figure 15d results, it appeared that a time threshold of 10ms would yield the best results in f-1 but the difference between 6,8 and 10ms was so fine that we thought necessary to investigate the individual participation of precision and recall in the f-1 score for the time thresholds under scrutiny.

We thus turned to a three dimensional analysis that could allow us to visualize scores of precision, recall and latency simultaneously. From this analysis we could determine that the time-threshold (TT) of 6ms was performing the worst out of all three TT in terms of precision and recall and was thus discarded. 8ms TT induced lower recall but higher precision while 10ms TT induced higher recall but lower precision (Figure 15e). Precise and specific targeting of ripples was a property of the system that appeared more important to us than completeness of ripples coverage, and for this reason we chose to use a time-threshold of 8ms. Finally we tested how variation in moving baseline duration (and thus number of points included) would affect detection performance. A 1s buffer performed the worst in recall and precision while, for the same latency, 2s and 3s buffer had respectively better precision and lower recall, and inversely for 3s buffer (Figure 15f) In line with our previous rationale for choosing precision over recall, we decided to use a 2s long moving baseline in our algorithm.

Material and methods

Unless mentioned otherwise, material and methods used were identical to the ones described in the Physiology part of the manuscript (section IB).

Loss of function strategy: inhibitory opsin

We used a loss of function strategy to interrogate the mechanisms at play in consolidation of associative memory. This approach relies on the inhibition of a mechanism to assess directly its necessary implication in the targeted function. In our case, the mechanism is vHPC inputs to dmPFC during ripples and the function is fear memory consolidation.. On the other side of the spectrum, gain of function experiments rely on increasing these inputs through synthetic excitation which tend to create non physiological activity on top of the actual physiological enhancement, and as such, makes the readout of the experiments difficult to interpret.

Surgeries

The surgeries occurred as previously mentioned except for some differences detailed hereafter. Two weeks before electrodes implantations, C57BL6 mice (9 animals) were bilaterally injected in the dmPFC at coordinates previously described with 150 nl of our only readout of memory retention. We could try looking at locomotory activity outside of freezing events during the test as a way to assess that the stimulation didn't perturb any locomotory processes. Another element of response is that the pathway we inhibit is disconnected from the typical freezing output region of Periaqueductal Gray, minimizing the possibility that our effect is due purely to freezing behavior motor control.

Associative memory

If we indeed induced a disturbance in memory, how can we be certain that the associative fear memory was the one impacted. It is possible to imagine that we hindered the capability of animals to distinguish between CS-and CS+, which could indicate why ArchT animals do not display freezing behavior during the test, possibly mistaking CS+ for CS-. Although we cannot rule out this possibility, we would expect an increase of CS-freezing in ArchT animals if that was the case. The absence of such effect indicates that the animals can still correctly disentangle between both sounds. It is possible that our inhibition instead altered the aversive nature of the CS+/US association and animals would have correctly learned the association but now consider the memory as being less threatening, which would be seen as diminished freezing. This hypothesis appears unlikely because this association relies on BLA integration of CS and US sensory cues and our targeted inhibition should not have impacted these mechanisms. [START_REF] Mölle | Slow oscillations orchestrating fast oscillations and memory consolidation[END_REF]. For assemblies already formed such as the ones we studied here, 4Hz orchestrated synchrony could therefore act as a reconsolidation process.

Synchronizing role of 4Hz for communication of state information It has been shown that respiration-coherent 4-Hz rhythms synchronize the mPFC and the amygdala during fear-related freezing in rodents [START_REF] Bagur | Breathing-driven prefrontal oscillations regulate maintenance of conditioned-fear evoked freezing independently of initiation[END_REF][START_REF] Karalis | 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear behavior[END_REF][START_REF] Karalis | Breathing coordinates cortico-hippocampal dynamics in mice during offline states[END_REF][START_REF] Moberly | Olfactory inputs modulate respiration-related rhythmic activity in the prefrontal cortex and freezing behavior[END_REF]. Based on these results, Dejean and colleagues proposed that mPFC assemblies active during the ascending phase might efficiently drive downstream receivers mediating the freezing response, potentially via the amygdala. The authors provide a model in which amygdala neurons might be able to read out a freezing command from prefrontal assembly activity during the ascending 4Hz phase. Importantly, this drive to the amygdala might emerge from background activity due to the enhanced efficacy of synaptic drive of synchronously active assembly neurons.

In the absence of fear expression, assemblies coupled to slow oscillations (SO) appear enriched in the descending phase of prefrontal SO phase. SOs might thus provide distinct time windows for transfer of information: assemblies nested in the ascending phase could be important for instructing freezing (by driving amygdala neurons) [START_REF] Dejean | Prefrontal neuronal assemblies temporally control fear behaviour[END_REF], while populations of cells nested in the descending phase could reflect a "default state" which might help the activation of downstream distributed assemblies (that might not specifically involve the amygdala.) Interestingly, the overall phase of SOs seems conserved across the olfactory bulb, the amygdala, the nucleus accumbens, and even across layers of V. Annex