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Déterminer comment la plasticité de l'excitabilité intrinsèque d'ensembles d'engrammes neuronaux définis dans le cortex cingulaire antérieur influe sur la précision de la mémoire à distance

Résumé

Les souvenirs associatifs sont progressivement stockés et stabilisés dans les circuits néocorticaux au cours de la consolidation de la mémoire au niveau des systèmes. On suppose que le cortex cingulaire antérieur (CCA) joue un rôle essentiel dans la formation de la mémorisation des peurs contextuelles lointaines mais pas récentes. Outre la plasticité synaptique, la plasticité intrinsèque contribue également de manière cruciale à l'apprentissage et à la mémoire, en particulier dans l'aspect dynamique de la mémoire comme l'allocation et la consolidation. Un changement de plasticité de l'excitabilité intrinsèque des ensembles d'engrammes à la suite d'une expérience d'apprentissage constitue un mécanisme permissif intéressant pour la formation d'une trace mnésique.

Cependant, on sait peu de choses sur la plasticité de l'excitabilité intrinsèque induite par l'apprentissage dans le néocortex et sa pertinence fonctionnelle pour la mémoire de peur contextuelle à distance.

Cette thèse a étudié le changement d'excitabilité intrinsèque des ensembles d'engrammes putatifs du CAC induit par le conditionnement de peur contextuelle et comment la modification chimiogénétique de l'excitabilité dans ces neurones pendant la phase de consolidation de la mémoire pourrait influencer la précision de la mémoire à distance.

Tout d'abord, nous avons utilisé un système de marquage dépendant de c-fos, des souris TetTag et de la doxycycline, combiné à des outils codés viralement permettant l'identification et la visualisation des neurones ACC engagés explicitement dans la phase d'encodage du conditionnement de peur contextuel. L'organisation de ces neurones engrammés dans les différentes couches de l'ACC a également été comparée. Ensuite, en utilisant des enregistrements ex vivo de cellules entières de neurones engrammes putatifs de tranches de cerveau aiguës de l'ACC, nous avons caractérisé les propriétés intrinsèques de ces neurones après un conditionnement de peur contextuel. Enfin, nous avons utilisé une approche chimiogénétique, basée sur le DREADD (designer receptor exclusively activated by designer drugs) excitateur ou inhibiteur exprimé dans des ensembles d'engrammes de l'ACC pour évaluer le rôle fonctionnel de la plasticité d'excitabilité intrinsèque dans différentes phases de formation et de précision de la mémoire. En outre, nous avons conçu des expériences d'interférence de mémoire pour examiner l'effet de la suppression des ensembles d'engrammes du CAC dans la précision de la mémoire à distance avec DREADD.

L'ensemble de notre étude suggère un rôle essentiel de la plasticité de l'excitabilité intrinsèque dans les ensembles d'engrammes présumés du CAC pendant la phase précoce de la consolidation de la mémoire de peur contextuelle pour la formation et la précision de la mémoire à distance.
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Figure 1.1 Schema for Fos promoter as a marker of neuronal activity. Figure 1.12 Synaptic and intrinsic properties to determine AP initiations. Memory is what we acquire after an experience, store in the brain, and what later becomes an internal representation of that experience that can be restructured and recalled. Memories are central to our daily life and essential for shaping our personalities. Throughout history, researchers made numerous efforts to understand how memory forms and is stored in the brain. In 1904, Richard Semon, an evolutionary zoologist, coined the term "engram" to describe memory representations for the first time. He described an engram as an off-line, lasting physical change of some aspect of the brain state and a physical medium to store memory information [START_REF] Schacter | Richard Semon's theory of memory[END_REF]. Another great scientist who made a leaping contribution to the engram-related research is Donald O. Hebb, a neuropsychologist. In his theory, augmented synaptic strength and neuronal connectivity are critical for memory formation (Hebb, n.d. Wiley, 1949;[START_REF] Shatz | The Developing Brain[END_REF]. Hebb hypothesized the engram assembly was formed between interconnected cells that were simultaneously active during an experience. The connections between these cells are strengthened if adequate activity within the cell assembly induces synaptic growth and metabolic changes. Hebb's theory is famous for the phrase "neurons that fire together, wire together."

Materials and Methods

However, it was not until recent decades that researchers gained robust evidence to identify engram cells in the brain with advanced technology. As far as we know, an engram ensemble is not equivalent to memory but rather provides the physical conditions for memory to emerge. To define engram cells, at least three criteria need to be fulfilled: 1) cells have to be activated by a learning experience,

2) enduring physical or chemical modifications are triggered in these cells by the learning experience, 3) they can be reactivated by subsequent presentation of the original stimuli, resulting in memory recall. The term "engram cell ensemble" refers to the cluster of engram cells localized within a brain region and storing a particular memory [START_REF] Josselyn | Memory engrams: Recalling the past and imagining the future[END_REF].

Engram cells can be identified through the expression of immediate early genes activity-dependent fluorescence marker [START_REF] Reijmers | Localization of a Stable Neural Correlate of Associative Memory[END_REF][START_REF] Tayler | Reactivation of Neural Ensembles during the Retrieval of Recent and Remote Memory[END_REF]. By using different tagging methods, engram cells were reported across multiple brain regions, including the dorsal hippocampus [START_REF] Ramirez | Creating a False Memory in the Hippocampus[END_REF]Deng et al., 2013;[START_REF] Denny | Hippocampal Memory Traces Are Differentially Modulated by Experience, Time, and Adult Neurogenesis[END_REF][START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF][START_REF] Khalaf | Reactivation of Recall-Induced Neurons in the Infralimbic Cortex and the Basolateral Amygdala After Remote Fear Memory Attenuation[END_REF], amygdala [START_REF] Reijmers | Localization of a Stable Neural Correlate of Associative Memory[END_REF][START_REF] Zelikowsky | Neuronal Ensembles in Amygdala, Hippocampus, and Prefrontal Cortex Track Differential Components of Contextual Fear[END_REF][START_REF] Nonaka | Synaptic Plasticity Associated with a Memory Engram in the Basolateral Amygdala[END_REF], and prefrontal cortex [START_REF] Ramirez | Creating a False Memory in the Hippocampus[END_REF][START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF][START_REF] Matos | Memory strength gates the involvement of a CREB-dependent cortical fear engram in remote memory[END_REF] in a variety of different memory tasks, like contextual fear conditioning, auditory fear conditioning, and novel object exploration tests.

Subsequently, it was shown that neurons that were activated during learning were indispensable for memory recall through loss-of-function [START_REF] Sheena | Selective erasure of a fear memory[END_REF][START_REF] Tanaka | Cortical Representations Are Reinstated by the Hippocampus during Memory Retrieval[END_REF][START_REF] Lacagnina | Distinct hippocampal engrams control extinction and relapse of fear memory[END_REF] or gain-of-function studies [START_REF] Boyden | Millisecondtimescale, genetically targeted optical control of neural activity[END_REF][START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF][START_REF] Cowansage | Direct Reactivation of a Coherent Neocortical Memory of Context[END_REF], as well as mimicry experiments [START_REF] Garner | Generation of a Synthetic Memory Trace[END_REF][START_REF] Ohkawa | Artificial Association of Pre-stored Information to Generate a Qualitatively New Memory[END_REF]. For example, [START_REF] Han | Neuronal Competition and Selection During Memory Formation[END_REF] showed that specifically ablating a subset of lateral amygdala (LA) excitatory neurons that were preferentially recruited into engram ensembles by overexpressing the transcription factor CREB could disrupt memory retrieval. Further, with the aid of optogenetics tools, manipulation of engram ensembles became possible in rodents. [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF] successfully induced memory retrieval in the absence of external cues by artificially reactivating a particular group of hippocampal dentate gyrus neurons that had been active during fear learning. Taken together, these studies have provided convincing evidence that engram cell ensembles are the substrate that stores specific memories.

Immediately early genes (IEGs) and c-Fos protein

Learning evokes rapid chemical and physical changes in neurons. Using promoter and enhancer elements, which control the expression of neuronal immediate early genes (IEG), allows one to specifically label neurons that were activated during the learning phase. The upregulation of expression of IEGs like c-Fos, Arc, Egr-1, Fosb, and Npas4 proteins has been used as a surrogate for neuronal activity in most neuronal systems and brain regions. The mechanisms of the activity-dependent labeling approach have been investigated during the past decades [START_REF] Smeyne | Fos-IacZ transgenic mice: Mapping sites of gene induction in the central nervous system[END_REF][START_REF] Barth | Visualizing circuits and systems using transgenic reporters of neural activity[END_REF][START_REF] Okuno | Regulation and function of immediate-early genes in the brain: Beyond neuronal activity markers[END_REF]. Some of the mechanisms leading to the labeling are learning-related plasticity. During learning, the neuronal activity causes an influx of Ca 2+ through NMDA receptors (NMDAR) and voltagegated Ca 2+ channels when a neuron receives large amounts of synaptic inputs. This calcium influx, in turn, triggers intracellular calcium-dependent kinase cascades Abbreviations: voltage-sensitive calcium channels (VSCC), extracellular signalregulated kinase (ERK), mitogen-activated protein kinase (MAPK), ribosomal S6 kinase (RSK), ELK1-serum response factor (SRF), cyclic AMP (cAMP)-responsive element-binding protein (CREB). Adapted from [START_REF] Cruz | New technologies for examining the role of neuronal ensembles in drug addiction and fear[END_REF] and transcription factors, and the induction of targeted genes is rapidly triggered.

In combination with different reporter proteins that can be expressed to label neurons, IEGs promoters have been widely used to explore neuronal activation associated with specific behavioral tasks [START_REF] Kawashima | A new era for functional labeling of neurons: activity-dependent promoters have come of age[END_REF].

Two of the main immediate early genes, c-fos, and arc are mainly up-regulated in excitatory pyramidal neurons but can also be expressed in GABAergic inhibitory interneurons like parvalbumin-positive, calbindin-positive, and vasoactiveintestinal polypeptide-positive neurons [START_REF] Staiger | Excitatory and inhibitory neurons express c-Fos in barrel-related columns after exploration of a novel environment[END_REF][START_REF] Vazdarjanova | Spatial exploration induces ARC, a plasticity-related immediate-early gene, only in calcium/calmodulin-dependent protein kinase II-positive principal excitatory and inhibitory neurons of the rat forebrain[END_REF]. The relative activation of different neuron types depends on the brain region, the cortical layers, and experimental conditions. However, it seems unlikely that there is an IEG expressed exclusively in a particular cell type. Promoters for c-fos and arc/arg3.1 (mRNA encoded by arc is named arg3.1) have been widely used to label neurons that underwent plasticity modifications. Expression of the arcassociated protein can be used as a marker for neuronal plasticity based on its rapid appearance and degradation and the critical involvement of Arc protein in Longterm synaptic plasticity [START_REF] Bramham | The Immediate Early Gene Arc/Arg3.1: Regulation, Mechanisms, and Function[END_REF]. The promoter of c-fos has been successfully used to investigate the formation of memory engram in the dentate gyrus [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF] and implant a false memory with an optogenetic approach in mice [START_REF] Ramirez | Creating a False Memory in the Hippocampus[END_REF].

Unlike Arc protein, which undergoes rapid transportation to dendrites and local synaptic translation [START_REF] Bramham | The Immediate Early Gene Arc/Arg3.1: Regulation, Mechanisms, and Function[END_REF], c-Fos protein is localized to the soma of neurons. The expression of the c-Fos protein is not permanent but rapid and transient. It has been found that the level of c-fos messenger RNA reached a maximum at 60 minutes after seizure activity and declined to basal levels after 180 minutes. The c-Fos protein was observed in the nuclei of neurons in the dentate gyrus, pyriform and cingulate cortices at 90 minutes and later throughout the cortex, hippocampus, and limbic system [START_REF] Morgan | Mapping patterns of c-fos expression in the central nervous system after seizure[END_REF]. The peak level of c-Fos expression may be diverse in different brain regions.

Engram distribution across the mouse's brain based on c-

Fos after contextual fear conditioning

The existing knowledge supports the idea that a certain memory is stored in functionally connected engram ensembles distributed in multiple brain regions. In the last decade, several researchers visualized and analyzed the networks of activated brain regions using c-Fos protein expression, which is induced by contextual fear conditioning and memory retrieval [START_REF] Wheeler | Identification of a Functional Connectome for Long-Term Fear Memory in Mice[END_REF][START_REF] Vetere | Chemogenetic Interrogation of a Brain-wide Fear Memory Network in Mice[END_REF][START_REF] Roy | Brainwide mapping of contextual fear memory engram ensembles supports the dispersed engram complex hypothesis[END_REF][START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF]. [START_REF] Wheeler | Identification of a Functional Connectome for Long-Term Fear Memory in Mice[END_REF] identified the co-activated brain regions following recall of Long-term fear memory in mice by mapping brain-wide expression of the activity-regulated gene c-fos. Eighty-four brain regions, including cortical, thalamic, hippocampal, cerebral nuclei, and midbrain, were included for quantification. They found that during the fear memory recall on the 36th day, c-Fos expression was increased in multiple brain regions compared to control mice exposed to the same context but without shock. These brain regions include the prelimbic and anterior cingulate cortex in the cortical region, central thalamic nucleus, and habenular nucleus in thalamic and some parts of hypothalamic cerebral nuclei and midbrain regions. Notably, inter-regional c-Fos correlations analysis demonstrated that c-Fos expression among cortical areas was more correlated at the remote time point (36 days after learning). The medial prefrontal cortex, particularly the anterior cingulate and prelimbic cortex, showed an increase in correlated activity with other brain regions in remote memory retrieval. Finally, they used network generation and graph theory analysis to identify the most highly connected hubs in this Long-term memory retrieval network.

Using computational and chemogenetics approaches, [START_REF] Vetere | Chemogenetic Interrogation of a Brain-wide Fear Memory Network in Mice[END_REF] provided evidence that certain hub regions within the co-activated networks play disproportionately influential roles in the consolidation of fear memory. First, they used an in silico disruption propagation model to mimic and predict those hubs However, as they pointed out, this study is not able to recognize "silent engram cells", which are formed in specific brain regions during encoding but are not activated by nature recall cues, although they can be reactivated by optogenetics.

Another study [START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF] used knock-in TRAP2 mice to investigate the activity-dependent labeled neurons in remote auditory fear memory retrieval. Compared with the non-shock control group animals, mice trained with auditory fear conditioning showed significant increases of labeled neurons in some brain regions immediately after learning, including parabrachial nucleus, periaqueductal grey, and subregions of the amygdala and hypothalamus. The prelimbic cortex (PL), a subcortex of the prefrontal cortex, plays a remarkable role in remote memory retrieval and endures dynamic changes during the first two weeks after learning.

Interestingly, another study from [START_REF] Silva | A cFos activation map of remote fear memory attenuation[END_REF] generated a brain activity map on remote fear memory attenuation in the mouse model, based on c-Fos immunohistochemistry and network connectivity analysis. Since extinction processes are tightly connected with memory retrieval, this work also provides significant evidence for the brain regions involved in the remote fear memory circuits. It was concluded that remote fear memory attenuation induced higher c-Fos expression in the prelimbic cortex, the basolateral amygdala, the nucleus reuniens of the thalamus, and the ventral part of CA1 and CA3. All these structures were equally recruited by remote fear memory recall but not by the recall of a neutral context exposure.

In conclusion, multiple brain regions are highly co-activated after fear conditioning, which supports the idea that memory stores as a network in the brain.

The functionally activated brain regions in the recent and remote memory recall are diverse. The neurons that made a significant contribution to the remote memory retrieval may endure dynamic changes after learning. Nevertheless, how these distributed brain regions connect and communicate with each other in harmony still stays mysterious.

TetTag labeling system

Taken advantage of the expression and rapid half-life of gene translation, in response to high-level action potential firing [START_REF] Sagar | Expression of c-fos protein in brain: metabolic mapping at the cellular level[END_REF], IEGs have been extensively used to map brain activation. However, one limitation of this approach is that it only provides a single time point record of neuronal activity patterns. To make it possible to identify IEG expressing neurons at a different phase of memory formation, e.g., whether neurons that are activated during learning were reactivated during retrieval of the memory, researchers have developed a new labeling system utilizing transgenic mice [START_REF] Smeyne | Fos-IacZ transgenic mice: Mapping sites of gene induction in the central nervous system[END_REF][START_REF] Reijmers | Localization of a Stable Neural Correlate of Associative Memory[END_REF]. This system allows prolonged re-expression of IEGs in the same neurons that have expressed it on the first exposure.

The Tet-Off [START_REF] Gossen | Tight control of gene expression in mammalian cells by tetracycline-responsive promoters[END_REF] and Tet-On [START_REF] Gossen | Transcriptional activation by tetracyclines in mammalian cells[END_REF] gene expression systems provide researchers with valuable tools to label activated neurons during a specific time window permanently. In the Tet-Off system, gene expression is turned on when tetracycline (Tc) or doxycycline (Dox, a Tc derivative) is removed. In contrast, in the Tet-On system, expression is turned on by the addition of Dox. This Tet-On system is responsive only to Dox but not Tc.

Both systems permit gene expression to be tightly regulated in response to varying concentrations of Tc or Dox. [START_REF] Smeyne | Fos-IacZ transgenic mice: Mapping sites of gene induction in the central nervous system[END_REF] first demonstrated c-fos promoter-driven expression of E. coli β-galactosidase from the lacZ gene in transgenic mice. Later, [START_REF] Reijmers | Localization of a Stable Neural Correlate of Associative Memory[END_REF] developed a TetTag transgenic mouse line that carries two dependent transgenes. The first transgene uses the c-fos promoter to drive expression of the tetracycline transactivator (tTA), a transcription factor that can be inhibited by Dox. The absence of Dox permits tTA to bind to its target tetracycline-responsive element (TRE) site on the second transgene of the mouse, as well as to the TRE of additional transgenes provided by, for example, an adeno-associated virus (AAV).

The second transgene incorporated the tetO-promoter to drive expression of a Dox insensitive tTA (tTA*), which, once expressed, sets up a positive feedback loop that infinitely drives the expression of tTA and thus any transgene carrying a TRE.

With the presence of Dox, TRE is not activated even in those neurons in which the fos-linked tTA has been expressed. In the absence of Dox, both tau-LacZ and tTA* are expressed, but only in those neurons that were active over a high-level threshold to induce the fos-linked tTA. Once activated, the tTA* starts a transcriptional loop that can be maintained even with the Dox administration.

Combining this transgenic mouse with injection and transfection of designed viruses in the target brain regions allows us to set a discrete-time window for genetic tagging of neurons activated during a specific behavioral task through the use of food containing Dox. After Dox withdrawal, any neuron with sufficient induction of tTA to activate the loop will persistently activate the tau-LacZ reporter. In the case that the loop will be maintained even when the time window is closed by giving back Dox, a persistent record of neurons that were active during the off-Dox period can be identified.

As shown in Figure 1.2, neurons activated during contextual fear conditioning were labeled with the expression of tau-LacZ consistently. In contrast, the neurons tagged with another IEG, zif268 (also known as Egr-1), represented the neurons activated during memory retrieval if the brain was collected 90 minutes later. The doubly labeled neurons were likely activated both during learning and memory retrieval. Noteworthy, the expression of IEG is not limited to the pyramidal neurons [START_REF] Staiger | Excitatory and inhibitory neurons express c-Fos in barrel-related columns after exploration of a novel environment[END_REF][START_REF] Vazdarjanova | Spatial exploration induces ARC, a plasticity-related immediate-early gene, only in calcium/calmodulin-dependent protein kinase II-positive principal excitatory and inhibitory neurons of the rat forebrain[END_REF][START_REF] Giorgi | Roles and Transcriptional Responses of Inhibitory Neurons in Learning and Memory[END_REF]. Hence, it is not surprising that some interneurons are tagged in the learning and memory tasks with this approach [START_REF] Vazdarjanova | Spatial exploration induces ARC, a plasticity-related immediate-early gene, only in calcium/calmodulin-dependent protein kinase II-positive principal excitatory and inhibitory neurons of the rat forebrain[END_REF].

Dox has a longer half-life (about 24 hours) than Tc (12 hours). Thus, it is preferred to be used for this Tet-Off strategy-based transgene mouse line, which needs Dox to maintain the tagging window closed. However, the dox off time was quite diverse in different studies. A couple of studies [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF][START_REF] Ramirez | Creating a False Memory in the Hippocampus[END_REF]) combined the TetTag system with AAV virus driving channelrhodopsin-2 (ChR2) expression specifically in hippocampal dentate gyrus neurons that were activated during the acquisition of contextual fear memory. Although they found that Dox removal for one day is sufficient to induce ChR2-YFP expression (Figure 8a in their supplementary, as the fear conditioning group has more labeled neurons than the home cage group in DG), they still keep off Dox for two days before the learning tasks in their experiments [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF]. In the research that discovered contextual memories encoded close in time is linked by directing storage into overlapping CA1 ensembles [START_REF] Cai | A shared neural ensemble links distinct contextual memories encoded close in time[END_REF], the dox window was opened for three days before starting an experiment with the TetTag mice. In another study using the TetTag system [START_REF] Zhang | Negative Memory Engrams in the Hippocampus Enhance the Susceptibility to Chronic Social Defeat Stress[END_REF], the mice were kept off dox for four days before the behavioral experiments.

Approaches to modulate the neurons' excitability

With the advent of approaches for IEG-mediated tagging of neurons, it has become possible to identify neurons engaged in a specific behavior. However, visualization is only the first step in determining the functional role of these neurons for creating an internal representation of an experience. To establish a more causal role, similar tagging approaches have been developed to manipulate the activity of target neurons. Indeed, optogenetic and chemogenetic approaches provide the possibility to activate or silence neurons in a bidirectional manner. For example, in the field of learning and memory, artificial optogenetic and chemogenetic reactivation of tagged engram cells have been widely used across several brain regions to induce memory expression without external cues [START_REF] Ramirez | Creating a False Memory in the Hippocampus[END_REF][START_REF] Cowansage | Direct Reactivation of a Coherent Neocortical Memory of Context[END_REF][START_REF] Redondo | Bidirectional switch of the valence associated with a hippocampal contextual memory engram[END_REF][START_REF] Yiu | Neurons Are Recruited to a Memory Trace Based on Relative Neuronal Excitability Immediately before Training[END_REF][START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF][START_REF] Bibliography Abdou | Synapse-specific representation of the identity of overlapping memory engrams[END_REF][START_REF] Lacagnina | Distinct hippocampal engrams control extinction and relapse of fear memory[END_REF].

The term "optogenetics" was first coined by [START_REF] Deisseroth | Next-Generation Optical Technologies for Illuminating Genetically Targeted Brain Circuits[END_REF] to describe genetically targeted photoreceptor expression in neurons that can selectively activate or inhibit neuronal firing with the light of a specific wavelength.

Nowadays, this term not only refers to actuators, which control the activity of the neuron in a light-dependent manner but also sensors that monitor neuronal activity [START_REF] Dugué | A comprehensive concept of optogenetics[END_REF]. There are several advantages of the optogenetic approach [START_REF] Rost | Optogenetic Tools for Subcellular Applications in Neuroscience[END_REF]. First, its activation and deactivation kinetics provide a hightemporal procession in the millisecond timescale, triggering light-dependent control of neuronal activity in real-time. Second, it allows longitudinal studies with repetitive stimulation of defined intensities. Third, combined with a designed virus structure, cell-type-specific expression of light-sensitive proteins can be achieved.

However, this technique requires an optical fiber to be implanted into the target brain regions and fixed with dental cement, causing the risk of inflammation and damage to the brain or restricting the mobility of the animals. In addition, the photothermal effect of the light should be considered for long-duration stimuli protocols [START_REF] Owen | Thermal constraints on in vivo optogenetic manipulations[END_REF]. Optogenetics is doubtless a groundbreaking innovation in neuroscience and has been used to replace some conventional methods for probing neuronal functions [START_REF] Scanziani | Electrophysiology in the age of light[END_REF]. Another invaluable strategy for activating or inactivating neurons is chemogenetics, with both advantages and disadvantages compared to optogenetics. Three types of excitatory DREADDs were created, each of which was based on a different human muscarinic receptor: hM1Dq, hM3Dq, and hM5Dq ( [START_REF] Armbruster | Evolving the lock to fit the key to create a family of G protein-coupled receptors potently activated by an inert ligand[END_REF]. All of these receptors can be activated by a low concentration of CNO and mobilize intracellular calcium. For inhibiting neuronal activity, hM2Di, hM4Di, and KORD (k-opioid-derived DREADD) are designed.

The receptors hM2Di and hM4Di can be activated by CNO, compound 21, or perlapine, while KORD is activated by salvinorin B [START_REF] Vardy | A New DREADD Facilitates the Multiplexed Chemogenetic Interrogation of Behavior[END_REF]. The most widely used variants are hM4Di and hM3Dq, the engineered versions of the M4 muscarinic acetylcholine receptor and M3 muscarinic acetylcholine receptor.

When CNO binds hM4Di receptors, membrane hyperpolarization results from decreased cAMP signaling and elevated activation of inwardly rectifying potassium channels [START_REF] Armbruster | Evolving the lock to fit the key to create a family of G protein-coupled receptors potently activated by an inert ligand[END_REF][START_REF] Rogan | Remote Control of Neuronal Signaling[END_REF]. Also, it induces a modest hyperpolarization and inhibition of the presynaptic release of neurotransmitters [START_REF] Stachniak | Chemogenetic Synaptic Silencing of Neural Circuits Localizes a Hypothalamus→ Midbrain Pathway for Feeding Behavior[END_REF][START_REF] Vardy | A New DREADD Facilitates the Multiplexed Chemogenetic Interrogation of Behavior[END_REF], lasting minutes to hours following receptor activation. In contrast, when CNO activates hM3Dq receptors, it triggers the phospholipase C (PLC) cascade, alters intracellular calcium, and enhances neurons' firing [START_REF] Armbruster | Evolving the lock to fit the key to create a family of G protein-coupled receptors potently activated by an inert ligand[END_REF][START_REF] Rogan | Remote Control of Neuronal Signaling[END_REF].

To enable transgenic expression of DREADD receptors in a c-fos promotordependent manner, stereotactic injection of virus that carries the DREADD transgene, a promoter, and a fluorescent reporter in the target brain area is required.

The DREADD constructs for AAVs are available in various serotypes, including AAV1, 2, 5, 8, 9. After two to three weeks, the robust DREADD expression exists in the injection site. Serotypes AAV1~4 tend to be big viral particles with small diffusion areas, while AAV5-9 tend to be compact particles that diffuse in the larger region through brain tissue [START_REF] Aschauer | Analysis of Transduction Efficiency, Tropism and Axonal Transport of AAV Serotypes 1, 2, 5, 6, 8 and 9 in the Mouse Brain[END_REF]. Concerning recommended AAV injection volume, roughly one mm 3 from a 0.8 μl quantity at a speed of 0.15 μl/min is recommended based on literature [START_REF] Chang | Chemogenetic manipulation of ventral pallidal neurons impairs acquisition of sign-tracking in rats[END_REF].

After the expression of DREADD receptors in the neurons of target brain regions, intraperitoneal injection (i.p.) of a designer drug or providing drinking water containing this drug can reversibly inhibit or activate these neurons in about several minutes in vivo. However, the efficacy time onset depends on the dose and experimental condition. The recommended dose of CNO using i.p. is from 0.1 to 3 mg/kg, which has been proved to be pharmacologically and behaviorally inert in mice [START_REF] Alexander | Remote Control of Neuronal Activity in Transgenic Mice Expressing Evolved G Protein-Coupled Receptors[END_REF][START_REF] Urban | Elucidation of The Behavioral Program and Neuronal Network Encoded by Dorsal Raphe Serotonergic Neurons[END_REF][START_REF] Zhu | Chemogenetic Inactivation of Ventral Hippocampal Glutamatergic Neurons Disrupts Consolidation of Contextual Fear Memory[END_REF], and to be effective for at least 60 min following injection of a low dose (Figure 1.4, right, green line; [START_REF] Bender | Synthesis of n.c.a. carbon-11 labelled clozapine and its major metabolite clozapine-N-oxide and comparison of their biodistribution in mice[END_REF]. However, as shown in Figure 1.4 (left, blue line), the efficacy period of CNO is considerably prolonged to approximately 200 minutes following injection of a high dose. That means three hours after CNO first injection, the concentration in vivo is still above the threshold (the dotted red line)

for activating the DREADD receptors.

One interesting phenomenon observed at the in vivo electrophysiology recordings is that, although CNO activates hM4Di and hM3Dq receptors within milliseconds, the response of the neurons did not return to baseline even after one hour of washing CNO out from the bath solution [START_REF] Chang | Chemogenetic manipulation of ventral pallidal neurons impairs acquisition of sign-tracking in rats[END_REF][START_REF] Smith | DREADDS: Use and application in behavioral neuroscience[END_REF]. This observation is consistent with previous findings, indicating the prolonged efficacy time of CNO in vivo and ex vivo [START_REF] Bender | Synthesis of n.c.a. carbon-11 labelled clozapine and its major metabolite clozapine-N-oxide and comparison of their biodistribution in mice[END_REF][START_REF] Alexander | Remote Control of Neuronal Activity in Transgenic Mice Expressing Evolved G Protein-Coupled Receptors[END_REF][START_REF] Krashes | Rapid versus Delayed Stimulation of Feeding by the Endogenously Released AgRP Neuron Mediators GABA, NPY, and AgRP[END_REF].

Studies have also investigated the temporal properties and efficacy of the DREADD system in vivo. One study examined the efficacy of hM3Dq activation in exciting norepinephrinergic neurons of the locus coeruleus [START_REF] Vazey | Designer receptor manipulations reveal a role of the locus coeruleus noradrenergic system in isoflurane general anesthesia[END_REF]. The neocortical activity was recorded using electroencephalography (EEG) under deep isoflurane anesthesia. The authors found that 63% of the identified neurons showed increased firing rates following locally CNO application. Nevertheless, nearly all recorded cells exhibited increased firing rates when CNO was delivered systemically, with excitation of more than two times over baseline. Another study recorded neurons of the ventral pallidum that expressed hM4Di receptors in anesthetized animals following locally CNO application [START_REF] Chang | Chemogenetic manipulation of ventral pallidal neurons impairs acquisition of sign-tracking in rats[END_REF]. This study revealed that the firing rates of 79% of neurons were suppressed to 60% of baseline, suggesting that the hM4Di-CNO system does not completely silence the neurons. Indeed, experiments from other labs [START_REF] Cichon | Branch-specific dendritic Ca2+ spikes cause persistent synaptic plasticity[END_REF] also found that inhibitory DREADDs hyperpolarize neurons and, therefore, somewhat dampen neural activity rather than eliminating it, and excitatory DREADDs facilitate neurons' firing.

Altogether, this suggests that the chemogenetic approach enables the modulation of neurons' excitability rather than just turning them on or off (compared to most optogenetics approaches) and with a prolonged efficacy time.

These features of the chemogenetic approach allow it to be a valuable tool to investigate scientific questions related to learning and memory, especially in the gain-of-function and loss-of-function experiments.

Remote memory and the anterior cingulate cortex 1.2.1 The category of memory

Learning and memory are essential functions for human beings and animals.

They are closely related concepts. Learning starts from acquiring sensory information from the environment and the consequences of the actions. The learning process can cause lasting changes in the brain and retain the learned information in the form of memory [START_REF] Luo | Principles of neurobiology[END_REF]. Studies of amnesic patients -with H.M. [START_REF] Penfield | Memory deficit produced by bilateral lesions in the hippocampal zone[END_REF] being the most famous case -provide insight into the understanding of human memory. Scientists and clinicians like Richard

Atkinson and Richard Shiffrin have made efforts to categorize memory forms.

According to the Atkinson-Shiffrin model, memory can be split into a sequential order of sensory register, short-term memory (working memory), and Long-term memory [START_REF] Atkinson | Human memory: A proposed system and its control processes[END_REF]). Short-term memory lasts for seconds or minutes, while Long-term memory retains for hours, days, or even a whole lifetime. Long-term memory can be categorized into declarative (explicit) and nondeclarative (implicit) memories. Declarative memory includes conscious storage and recollection of data and can be further divided into semantic and episodic memory [START_REF] Tulving | Organization of memory. Episodic and semantic memory[END_REF][START_REF] Renoult | From Knowing to Remembering: The Semantic-Episodic Distinction[END_REF]. Semantic memory refers to memory that encodes concepts or specific meaning, while episodic memory refers to concrete events, the ability to replay unique spatial-temporal scenes [START_REF] Renoult | From Knowing to Remembering: The Semantic-Episodic Distinction[END_REF]. When people talk about memory, declarative memory is usually the one that they mean. Nevertheless, non-declarative memory also plays a vital role in daily life. Non-declarative memory is the storage and reorganization of information without conscious attention to learning [START_REF] Davis | Revising psychoanalytic interpretations of the past[END_REF]. These non-declarative memories can be activated unconsciously [START_REF] Tulving | Priming and human memory systems[END_REF].

Typically, Long-term memory is termed remote memory. Although there is not a clear boundary between recent and remote memory, researchers categorize memory as remote for events that happened one week ago or more, while recent memory relates to events that occurred less than three days ago in rodent models [START_REF] Clark | Anterograde Amnesia and Temporally Graded Retrograde Amnesia for a Nonspatial Memory Task after Lesions of Hippocampus and Subiculum[END_REF][START_REF] Frankland | Stability of recent and remote contextual fear memory[END_REF][START_REF] Restivo | The Formation of Recent and Remote Memory Is Associated with Time-Dependent Formation of Dendritic Spines in the Hippocampus and Anterior Cingulate Cortex[END_REF][START_REF] Lesburgueres | Early Tagging of Cortical Networks Is Required for the Formation of Enduring Associative Memory[END_REF][START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF].

Different hypotheses of remote memory formation

It is widely acknowledged that the hippocampus plays a crucial role in memory encoding. Hippocampal damage impedes the formation and recall of recent memories in humans [START_REF] Penfield | Memory deficit produced by bilateral lesions in the hippocampal zone[END_REF][START_REF] Cipolotti | Long-term retrograde amnesia . . . the crucial role of the hippocampus[END_REF] and animal models [START_REF] Winocur | Factors affecting graded and ungraded memory loss following hippocampal lesions[END_REF][START_REF] Forcelli | Memory loss in a nonnavigational spatial task after hippocampal inactivation in monkeys[END_REF]. Nevertheless, how long a hippocampal trace is required to retrieve a memory successfully is still under debate. Evidence indicates that hippocampal memory traces vanish over time and that the memory recall becomes gradually independent of the hippocampus (Zola- [START_REF] Zola-Morgan | The primate hippocampal formation: evidence for a time-limited role in memory storage[END_REF][START_REF] Kim | Modality-specific retrograde amnesia of fear[END_REF][START_REF] Bayley | The Fate of Old Memories after Medial Temporal Lobe Damage[END_REF]. These findings suggest that the retrieval of remote memory involves a more intricate mechanism and needs the engagement of other brain regions.

Indeed, numerous studies imply that memories are stored in a distributed cortical network [START_REF] Squire | Retrograde amnesia and memory consolidation: a neurobiological perspective[END_REF][START_REF] Wheeler | Identification of a Functional Connectome for Long-Term Fear Memory in Mice[END_REF][START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF]. Notably, the process that an experience-dependent internal representation converts into a long-term form with the reorganization over distributed brain circuits is defined as the term 'consolidation' [START_REF] Dudai | The Restless Engram: Consolidations Never End[END_REF].

Several hypotheses have been proposed to decipher how a recent memory becomes hippocampal-independent with time [START_REF] Squire | Retrograde amnesia and memory consolidation: a neurobiological perspective[END_REF][START_REF] Frankland | The organization of recent and remote memories[END_REF][START_REF] Nadel | Systems consolidation and hippocampus: two views[END_REF][START_REF] Schacter | The cognitive neuroscience of constructive memory: remembering the past and imagining the future[END_REF][START_REF] Van Kesteren | How schema and novelty augment memory formation[END_REF][START_REF] Moscovitch | Episodic Memory and Beyond: The Hippocampus and Neocortex in Transformation[END_REF][START_REF] Eichenbaum | Prefrontal-hippocampal interactions in episodic memory[END_REF]. The standard consolidation theory was established by Squire & Alvarez in 1995 (Figure 1.6). It states that declarative memory is initially encoded in a hippocampal-cortical trace.

Subsequent reactivation of this hippocampal-cortical network leads to the progressive strengthening of cortico-cortical connections. Eventually, these new memories become independent of the hippocampus and are gradually integrated into neocortical engram ensembles. This theory also highlighted the view that the plastic changes within the cortical circuits are long-lasting and slow. On the contrary, the modification of connections between the hippocampus and cortex is Adapted from [START_REF] Frankland | The organization of recent and remote memories[END_REF] transient and fast [START_REF] Mcclelland | Why there are complementary learning systems in the hippocampus and neocortex: Insights from the successes and failures of connectionist models of learning and memory[END_REF].

However, some observation studies on humans and rodents reported conflicting results. The impairment of the hippocampus or medial temporal lobes (in humans) could cause loss of remote memory [START_REF] Sutherland | Retrograde amnesia after hippocampal damage: Recent vs. remote memories in two tasks[END_REF][START_REF] Cipolotti | Long-term retrograde amnesia . . . the crucial role of the hippocampus[END_REF][START_REF] Bright | Retrograde amnesia in patients with hippocampal, medial temporal, temporal lobe, or frontal pathology[END_REF][START_REF] Sutherland | Absence of systems consolidation of fear memories after dorsal, ventral, or complete hippocampal damage[END_REF]Race et al., 2011). As an alternative, the multiple trace theory was proposed [START_REF] Nadel | Memory consolidation, retrograde amnesia and the hippocampal complex[END_REF] and later adapted to the trance transformation theory (Figure 1.7). This hypothesis assumes that the hippocampus preserves spatial and temporal information of a context while the neocortex stores semantic information. Therefore, successful retrieval of contextually rich episodic memories will always depend on hippocampal-neocortical networks, but retrieval of remote semantic memories can be hippocampal-independent. This theory shares one important assumption with the standard consolidation model: reactivation of memories can initiate memory reorganization within the brain.

Memory reorganization, the process of consolidation, is vital for the formation and storage of long-lasting memories. The hippocampal-neocortical oscillations Adapted from [START_REF] Frankland | The organization of recent and remote memories[END_REF] and replay of this activity during sleep are known to have a causal role in memory consolidation. These include hippocampal sharp wave-ripples (150-200 Hz), cortical slow oscillations, and delta waves (0.1-4 Hz) [START_REF] Girardeau | Selective suppression of hippocampal ripples impairs spatial memory[END_REF][START_REF] Johnson | Stored-Trace Reactivation in Rat Prefrontal Cortex Is Correlated with Down-to-Up State Fluctuation Density[END_REF][START_REF] Ngo | Auditory Closed-Loop Stimulation of the Sleep Slow Oscillation Enhances Memory[END_REF]. Disrupting the dialogue between the hippocampus and the neocortex during learning [START_REF] Jadhav | Coordinated Excitation and Inhibition of Prefrontal Ensembles during Awake Hippocampal Sharp-Wave Ripple Events[END_REF], consolidation [START_REF] Xia | Parvalbumin-positive interneurons mediate neocortical-hippocampal interactions that are necessary for memory consolidation[END_REF], or memory recall [START_REF] Barker | Separate elements of episodic memory subserved by distinct hippocampal-prefrontal connections[END_REF] impairs memory retrieval.

Conversely, artificially reinforcing sharp wave-ripples coupling between the prefrontal cortex and hippocampus enhances subsequent memory performance [START_REF] Maingret | Hippocampo-cortical coupling mediates memory consolidation during sleep[END_REF].

There are other extant theories about the formation of recent and remote memory, and one example is the scene construction theory [START_REF] Maguire | The hippocampus: A manifesto for change[END_REF]. It argues that the hippocampus constructs a series of coherent scenes from the episode through hippocampal-neocortical interactions. Each time the memory is recalled within the consolidated elements of the neocortex, the memory will be reconstructed into a new hippocampal trace of the sequence of scenes that comprise the past event [START_REF] Mccormick | Comparing and Contrasting the Cognitive Effects of Hippocampal and Ventromedial Prefrontal Cortex Damage: A Review of Human Lesion Studies[END_REF].

These theories do not exclude each other, and further studies are required to explore how memory reorganizes or consolidates with time. Further, the roles of different brain regions in memory consolidation, storage, and retrieval remain an appealing puzzle to decipher.

Memory generalization and memory interference

Memory is a dynamic and malleable process. Existing memories in the brain can be modified through neuronal plasticity. Memory generalization and memory interference are two phenomena that reveal the dynamic aspects of memory, especially affecting Long-term memories.

Memory generalization is the ability to expand a learned memory, leading to a loss of the specific properties of this memory [START_REF] Herszage | Modulation of Learning and Memory: A Shared Framework for Interference and Generalization[END_REF]. The generalization of aversive memories is an evolutionary adaptation in animals, promoting survival chances in wild environments. Animals tend to generalize the fear in response to a particular event of the past to the future if they encounter another similar event [START_REF] Asok | The Neurobiology of Fear Generalization[END_REF]. Generalization always occurs at extended time scales, as the precision and strength of a memory diminish with time [START_REF] Jasnow | Remembering Another Aspect of Forgetting[END_REF][START_REF] Pollack | Cued fear memory generalization increases over time[END_REF]. However, over-generalization may lead to a pathological process like post-traumatic stress disorder.

Memory interference refers to the phenomenon that the activation of nontarget memories negatively influences the successful retrieval of target memories [START_REF] Chanales | Interference between overlapping memories is predicted by neural states during learning[END_REF]. Experiments on mice have shown that contextual memories encoded close in time (within one day) can be linked by storing memory information into overlapped ensembles in the CA1 [START_REF] Cai | A shared neural ensemble links distinct contextual memories encoded close in time[END_REF].

Furthermore, increasing the engram ensembles' excitability for a specific memory and presenting a second event within six hours more likely links these two memories (Figure 1.8). This results in overlapping engram ensembles and biased freezing time. In contrast, if the second event occurred more than 24 hours later than the original event, the engram ensembles were dis-allocated, and the two memories were formed distinct from each other [START_REF] Robertson | New Insights in Human Memory Interference and Consolidation[END_REF][START_REF] Rashid | Competition between engrams influences fear memory formation and recall[END_REF]. To summarize, the interference could arise from the competition between the events that had shared engram ensembles, which affects the normal consolidation process for Long-term memory formation. Freezing behavior is a species-specific response to fear, defining it as an absence of movement except for respiration [START_REF] Fanselow | Factors governing one-trial contextual conditioning[END_REF][START_REF] Paylor | DBA/2 and C57BL/6 mice differ in contextual fear but not auditory fear conditioning[END_REF].

Contextual fear conditioning and its neuronal circuits

The freezing time reflects the strength of the aversive stimulus, the number of stimuli, and the degree of learning achieved by the animal [START_REF] Curzon | Chapter 2 Cued and Contextual Fear Conditioning for Rodents 2. 2. CONTEXTUAL/CUED FEAR CONDITIONING: OVERVIEW[END_REF].

In rodent animals, the amygdala [START_REF] Phillips | Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning[END_REF][START_REF] Kochli | The amygdala is critical for trace, delay, and contextual fear conditioning[END_REF], the hippocampus [START_REF] Chen | Hippocampal lesions impair contextual fear conditioning in two strains of mice[END_REF], retrosplenial cortex (Corcoran et al., Adapted from [START_REF] Rashid | Competition between engrams influences fear memory formation and recall[END_REF]Rashid et al., 2011)), the prelimbic cortex [START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF], and the anterior cingulate cortex [START_REF] Frankland | The Involvement of the Anterior Cingulate Cortex in Remote Contextual Fear Memory[END_REF], have been proved to be involved in the formation of fear memory following contextual fear conditioning. However, successful retrieval of a specific recent and remote contextual fear memory requires activating different circuits among distributed brain regions.

A remarkable study from Tonegawa's lab [START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF] 

The structure of the prefrontal cortex

It has been suggested that the prefrontal cortex (PFC) plays an essential role in remote memory retrieval [START_REF] Bontempi | Time-dependent reorganization of brain circuitry underlying long-term memory storage[END_REF][START_REF] Lopez | Context-dependent modulation of hippocampal and cortical recruitment during remote spatial memory retrieval[END_REF][START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF]. Although the prefrontal cortex still lacks a conclusive definition of its containing structures, it includes orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), prelimbic cortex (PL), infralimbic cortex (IL), secondary motor cortex (M2), and agranular insular cortex (AI) in mice based on existing knowledge [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF]. The brains of mice and humans share similar PFC structures (Figure1. 10). In the human brain, PFC constitutes 30% of the total cortical area [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF], and this evolved brain area is responsible for our advanced The brain structure with the same colour shares the same origin. Adapted from [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF] cognition abilities, such as attention, emotion, working memory, and decisionmaking [START_REF] Repovš | Cognitive neuroscience of working memory: A prologue[END_REF][START_REF] Riga | Optogenetic dissection of medial prefrontal cortex circuitry[END_REF][START_REF] Hiser | The Multifaceted Role of the Ventromedial Prefrontal Cortex in Emotion, Decision Making, Social Cognition, and Psychopathology[END_REF].

The PFC can be divided into sub-regions, including the medial prefrontal cortex (mPFC) encompassing ACC, PL, IL, and M2 (also named as medial precentral area or second frontal area) [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] Riga | Optogenetic dissection of medial prefrontal cortex circuitry[END_REF]. It has been demonstrated that the mPFC contributed to the retrieval of Long-term memory, decision-making [START_REF] Euston | The Role of Medial Prefrontal Cortex in Memory and Decision Making[END_REF], and working memory [START_REF] Smith | The role of medial prefrontal cortex in the working memory maintenance of one's own emotional responses[END_REF] in rodents.

Anatomy of the anterior cingulate cortex

The cingulate cortex in human brains is composed of three major parts:

anterior cingulate cortex (ACC), midcingulate cortex (MCC), and posterior cingulate cortex (PCC) [START_REF] Vogt | Cytoarchitecture of mouse and rat cingulate cortex with human homologies[END_REF]. The ACC consists of seven subregions located within Brodmann's Areas 24 and 25 [START_REF] Vogt | Functional Heterogeneity in Cingulate Cortex: The Anterior Executive and Posterior Evaluative Regions[END_REF][START_REF] Devinsky | Contributions of anterior cingulate cortex to behaviour[END_REF][START_REF] Walton | Probing human and monkey anterior cingulate cortex in variable environments[END_REF]. The function of these sub-regions is still controversial.

The ACC can be further divided into two sub-regions based on their function and localization. The rostral part is next to the prelimbic region, and the caudal part locates more closely to the para-hippocampal region [START_REF] Walton | Probing human and monkey anterior cingulate cortex in variable environments[END_REF]. The rostral part and caudal part have distinctly different functions. Studies demonstrate that the rostral ACC regulates the emotional aspect of pain [START_REF] Johansen | The affective component of pain in rodents: Direct evidence for a contribution of the anterior cingulate cortex[END_REF] and is indispensable for modulating the efficiency of amygdala-dependent fear conditioning learning [START_REF] Bissière | The Rostral Anterior Cingulate Cortex Modulates the Efficiency of Amygdala-Dependent Fear Learning[END_REF] in rodents. The caudal part of ACC is mainly associated with attention-demanding tasks, like trace fear conditioning [START_REF] Han | Trace but not delay fear conditioning requires attention and the anterior cingulate cortex[END_REF]. 

The role of anterior cingulate cortex in remote memory

Accumulating evidence shows that the anterior cingulate cortex is a crucial brain region for remote memory recall [START_REF] Weible | Remembering to attend: The anterior cingulate cortex and remote memory[END_REF]. In a study using functional imaging with ( 14 C) 2-deoxyglucose (a marker for metabolic activity) in mice, the authors found that the ACC displayed significantly increased activity only at the remote (25 days) but not recent (5 days) time-point in a spatial discrimination task on an eight-arm radial maze [START_REF] Bontempi | Time-dependent reorganization of brain circuitry underlying long-term memory storage[END_REF]. Further, [START_REF] Maviel | Sites of Neocortical Reorganization Critical for Remote Spatial Memory[END_REF] reported that mice presented increased expression of GAP-43 (a marker of newly formed synapses) in the ACC after remote memory retrieval (30 days) and inactivating ACC with lidocaine (a sodium channel blocker) selectively impaired remote memory retrieval in the five-arm maze task. In addition, the inactivation of the ACC with CNQX (an AMPA glutamate receptor antagonist) blocked the expression of remote spatial memory in the water-maze task [START_REF] Teixeira | Involvement of the Anterior Cingulate Cortex in the Expression of Remote Spatial Memory[END_REF].

It was also shown that down-regulating spin generation with myocyte enhancer factor 2 (MEF2) in the ACC disrupted remote memory recall in a contextual fear memory paradigm, notably during the first week after training but not at later time points [START_REF] Vetere | Spine growth in the anterior cingulate cortex is necessary for the consolidation of contextual fear memory[END_REF]. Another study showed that inhibiting pyramidal neurons in the ACC by activation of eNpHR3.0 (a fast optogenetic inhibitor) during memory retrieval disrupted only remote memory (30 days after fear conditioning)

but not recent memory performance (1 day). In agreement with the behavioral results, a significant reduction of c-Fos expression in ACC was examined in the remote memory recall group [START_REF] Goshen | Dynamics of Retrieval Strategies for Remote Memories[END_REF]. These results indicate that ACC undergoes plasticity modifications after learning and is especially essential for remote memory recall.

However, one study showed that systemically applied azinomycin (a protein synthesis inhibitor) after a long duration of re-exposure to the context could block the subsequent remote fear memory expression while a local infusion of azinomycin into the ACC did not affect either recent or remote memory [START_REF] Frankland | Stability of recent and remote contextual fear memory[END_REF]. This evidence supports the idea that the ACC plays a complex role in remote memory formation and retrieval, which depends on a network that interacts with other brain regions.

One possible mechanism to explain how ACC contributes to remote memory formation is by strengthening interactions with other brain regions. One study observed that the ACC-CA1 theta coherence enhanced with time after learning, with the ACC leading the CA1 region during remote memory retrieval [START_REF] Wirt | ACC Theta Improves Hippocampal Contextual Processing during Remote Recall[END_REF]. Similarly, ACC theta also regulates unit spike timing and gamma oscillations in CA1. These results suggest that the consolidation of remote memory may involve ACC-driven oscillatory coupling with the CA1 area.

To conclude, ACC is of vital importance for remote memory retrieval in some specific tasks. The mechanisms of remote memory formation, consolidation, and retrieval involve multiple brain regions, including ACC. Further work is needed to gain a better understanding for the role of ACC in remote memory.

Intrinsic plasticity during learning and memory 1.3.1 The concept of intrinsic plasticity

It is generally assumed that synaptic plasticity is a fundamental mechanism of learning and memory, which has been extensively investigated in various experimental conditions [START_REF] Bliss | A synaptic model of memory: long-term potentiation in the hippocampus[END_REF][START_REF] Bliss | Expression of NMDA receptor-dependent LTP in the hippocampus: bridging the divide[END_REF][START_REF] Citri | Synaptic Plasticity: Multiple Forms, Functions, and Mechanisms[END_REF][START_REF] Mayford | Synapses and Memory Storage[END_REF]. The synaptic efficiency can be bidirectionally modified through long-term potentiation (LTP)

and long-term depression (LTD) [START_REF] Bliss | Long-lasting potentiation of synaptic transmission in the dentate area of the unanaesthetized rabbit following stimulation of the perforant path[END_REF][START_REF] Ito | Long-lasting depression of parallel fiber-Purkinje cell transmission induced by conjunctive stimulation of parallel fibers and climbing fibers in the cerebellar cortex[END_REF]. However, synaptic plasticity is not the only biochemical change induced by learning. Associative fear conditioning, for example, revealed an experiencedependent change both in synaptic and in non-synaptic neuronal properties. After fear conditioning, not only synaptic plasticity changes can be observed among the neurons in the brain areas like the lateral amygdala [START_REF] Bauer | Fear conditioning and LTP in the lateral amygdala are sensitive to the same stimulus contingencies[END_REF], hippocampus [START_REF] Nakazawa | NMDA receptors, place cells and hippocampal spatial memory[END_REF]Song et al., 2012), and medial prefrontal cortex [START_REF] Porter | Learning-induced intrinsic and synaptic plasticity in the rodent medial prefrontal cortex[END_REF], but also a protein-synthesis based global change of the neuronal excitability could be detected [START_REF] Mckay | Intrinsic Neuronal Excitability Is Reversibly Altered by a Single Experience in Fear Conditioning[END_REF][START_REF] Song | Trace Fear Conditioning Differentially Modulates Intrinsic Excitability of Medial Prefrontal Cortex-Basolateral Complex of Amygdala Projection Neurons in Infralimbic and Prelimbic Cortices[END_REF].

Neuronal intrinsic plasticity, also termed intrinsic excitability plasticity, describes a change in a neuron's excitability and integrative properties due to an alteration in the expression level, cellular distribution, and/or functional properties of voltage-gated ion channels on the neuron's membrane (reviewed in [START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Szlapczynska | Plasticity and pathology of dendritic intrinsic excitability[END_REF].

Synaptic and intrinsic properties modulate the integration of input information and determine AP initiations

The generation of APs is a fundamental basis of neuronal communication and brain function. An AP is initiated when excitatory postsynaptic potentials (EPSPs) sufficiently sum up (or integrate) to reach the AP threshold at the axonal AP initiation site. In neocortical pyramidal neurons, EPSPs are integrated both spatially and temporally throughout the dendritic arbor. The dendritic morphology, basic dendritic cable properties, as well as the spatial distribution and properties of numerous types of voltage-gated conductance, influence the propagation and integration of synaptic potentials [START_REF] Sehgal | Learning enhances intrinsic excitability in a subset of lateral amygdala neurons[END_REF][START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Szlapczynska | Plasticity and pathology of dendritic intrinsic excitability[END_REF]. Hence, any plastic change in these voltage-gated conductance will modify the intrinsic neuronal excitability and thus synaptic integration and AP generation.

The initiation area of AP is located in the axon initial segment (AIS) and contains a high density of voltage-gated sodium channels and certain voltage-gated potassium channels [START_REF] Leterrier | The Axon Initial Segment: An Updated Viewpoint[END_REF]. Enhanced intrinsic excitability can promote EPSP-spike potentiation (ES-P), the tendency for an EPSP to initiate an AP [START_REF] Pugliese | Epsp-spike potentiation during primed burst-induced long-term potentiation in the ca1 region of rat hippocampal slices[END_REF][START_REF] Frick | LTP is accompanied by an enhanced local excitability of pyramidal neuron dendrites[END_REF][START_REF] Frick | Plasticity of dendritic excitability[END_REF]. Resting membrane potential and AP threshold also influence the AP initiation, depending on the distribution and numbers of ion channels in the soma, like voltage-gated sodium and potassium channels [START_REF] Lai | The distribution and targeting of neuronal voltage-gated ion channels[END_REF].

The slow afterhyperpolarization current (sIAHP) alters synaptic input propagating to the soma [START_REF] Lancaster | Interaction between synaptic excitation and slow afterhyperpolarization current in rat hippocampal pyramidal cells[END_REF] and contributes to synaptic integration in the prefrontal cortex [START_REF] Zaitsev | Inhibition of the slow afterhyperpolarization restores the classical spike timing-dependent plasticity rule obeyed in layer 2/3 pyramidal cells of the prefrontal cortex[END_REF] and amygdala (Faber et al., 2005). Inhibiting sIAHP enhances intrinsic excitability by decelerating the decay of summated EPSPs [START_REF] Lancaster | Interaction between synaptic excitation and slow afterhyperpolarization current in rat hippocampal pyramidal cells[END_REF].

AP amplitude and AP half-width are single AP characteristics, which reflect the duration and extent of calcium (Ca 2+ ) influx at the presynaptic terminal (Deng et al., 2013). Backpropagating APs are associated with calcium influx into the dendritic properties [START_REF] Larkum | Calcium electrogenesis in distal apical dendrites of layer 5 pyramidal cells at a critical frequency of back-propagating action potentials[END_REF].

A-type voltage-gated potassium (Kv) channels and hyperpolarizationactivated cyclic nucleotide-gated (HCN) channels control back-propagation of APs and the extent of the passive spread of synaptic potentials [START_REF] Magee | A Synaptically Controlled, Associative Signal for Hebbian Plasticity in Hippocampal Neurons[END_REF]Frick et al., 2003;[START_REF] Frick | LTP is accompanied by an enhanced local excitability of pyramidal neuron dendrites[END_REF][START_REF] Magee | Plasticity of dendritic function[END_REF][START_REF] Grewe | Back-propagation of physiological action potential output in dendrites of slender-tufted L5A pyramidal neurons[END_REF][START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. A-type K + currents (IA) are transient potassium currents produced by Kv1.4 and Kv4 voltage-gated channels [START_REF] Shim | The Emerging Concept of Intrinsic Plasticity: Activity-dependent Modulation of Intrinsic Excitability in Cerebellar Purkinje Cells and Motor Learning[END_REF]. They are activated at the subthreshold voltage and therefore play an essential role in generating the first action potential [START_REF] Norris | Molecular Dissection of IA in Cortical Pyramidal Neurons Reveals Three Distinct Components Encoded by Kv4.2, Kv4.3, and Kv1.4-Subunits[END_REF].

Three components of afterhyperpolarization (AHP)

There is a series of electrophysiology parameters to reflect the intrinsic excitability changes. The fAHP refers to the hyperpolarizing phase after each AP, lasing for 2-5 ms.

The mAHP and sAHP are evoked after a burst of APs and last for 50-100 ms and more than 1 second, respectively (Storm, 1989). The three components are mediated mainly by calcium-dependent outward potassium currents. It has been investigated that mAHP is primarily regulated by small-conductance Ca 2+activated potassium (SK) channels while fAHP is regulated by large-conductance Ca 2+ -activated potassium (BK) channels [START_REF] Matthews | The BK-mediated fAHP is modulated by learning a hippocampus-dependent task[END_REF][START_REF] Deister | Calcium-Activated SK Channels Influence Voltage-Gated Ion Channels to Determine the Precision of Firing in Globus Pallidus Neurons[END_REF][START_REF] Springer | Modulation of BK channels contributes to activity-dependent increase of excitability through MTORC1 activity in CA1 pyramidal cells of mouse hippocampus[END_REF][START_REF] Nam | Structural insights into the potency of SK channel positive modulators[END_REF]. The formation of sAHP is still under investigation [START_REF] Stocker | Ca 2+ -activated K + channels: molecular determinants and function of the SK family[END_REF]. Existing evidence showed that Ca 2+ -gated potassium 2020). However, the Ca 2+ -activated K + channel, IK1 (or KCNN4), was proved not to mediate sAHP in CA1 pyramidal neurons [START_REF] Wang | IK1 channels do not contribute to the slow afterhyperpolarization in pyramidal neurons[END_REF].

Usually, the reduction of mAHP or sAHP indicates an increase in intrinsic excitability [START_REF] Stocker | An apamin-sensitive Ca 2+ -activated K + current in hippocampal pyramidal neurons[END_REF]Stackman et al., 2002). Many researchers have found that changes in mAHP and sAHP occur after learning and in age-related cognitive deficits [START_REF] Kaczorowski | Memory deficits are associated with impaired ability to modulate neuronal excitability in middle-aged mice[END_REF][START_REF] Matthews | The Fast and Slow Afterhyperpolarizations Are Differentially Modulated in Hippocampal Neurons by Aging and Learning[END_REF][START_REF] Tamagnini | Altered intrinsic excitability of hippocampal CA1 pyramidal neurons in aged PDAPP mice[END_REF][START_REF] Dunn | Regulation of intrinsic excitability: Roles for learning and memory, aging and Alzheimer's disease, and genetic diversity[END_REF].

The mAHP and SK channel

SK channels play essential roles in regulating membrane excitability by Ca 2+ influx and are widely expressed in the brain [START_REF] Adelman | Small-Conductance Ca2+-Activated K+Channels: Form and Function[END_REF]. SK channels might contribute to the AP frequency, set the tonic firing frequency, or regulate burst firing and rhythmic oscillatory activity [START_REF] Stocker | Ca 2+ -activated K + channels: molecular determinants and function of the SK family[END_REF].

Apamin has been proved to be an efficient SK-channel blocker and used to investigate the role of SK channels in learning and memory. Inhibiting the hippocampal pyramidal CA1 with apamin can negatively influence the size of postburst AHP, leading to higher intrinsic excitability [START_REF] Stocker | An apamin-sensitive Ca 2+ -activated K + current in hippocampal pyramidal neurons[END_REF]. Stackman and his colleagues found that reducing the SK channels activity can enhance animals' learning performance by altering hippocampal synaptic plasticity and neuronal excitability status. In this article, mice treated with apamin demonstrated accelerated hippocampal-dependent spatial encoding (Morris water maze) and nonspatial encoding, like object-recognition tasks (Stackman et al., 2002).

The sAHP and spike-frequency adaptation

Spike-frequency adaptation, also named spike-frequency accommodation, is measured by the number of evoked APs (or AP frequency) in response to a sustained depolarizing current injected. A reduction in spike-frequency adaptation is defined as more APs induced by a sustained stimulus, which is considered an increase in excitability. It is regulated mainly by IAHP current, and increased AHP amplitude reduces AP firing frequency.

For the pyramidal neurons in the lateral amygdala (LA), researchers found out that slow hyperpolarization current (sIAHP) and voltage-dependent potassium currents (ID) contribute to the formation of spike-frequency adaptation (Faber & Sah, 2005). The sIAHP can be measured by the potential at 1s after a consecutive AP train, while the ID can be measured as the initial spike frequencies and interspike intervals (ISIs). One study analyzed the intrinsic properties of LA pyramidal neurons after delay fear conditioning, discovered that about one-third of LA neurons showed a reduction in sAHP and spike-frequency adaptation 24 hours after learning. However, they didn't observe any change in the initial spike frequency or ISIs, which indicated that it was not the change of ID responsible for these learningrelated changes in spike-frequency adaptation [START_REF] Sehgal | Learning enhances intrinsic excitability in a subset of lateral amygdala neurons[END_REF].

Similar dissociation between the sAHP and spike-frequency adaptation has also been observed in other brain areas, like the hippocampus [START_REF] Moyer | Trace Eyeblink Conditioning Increases CA1 Excitability in a Transient and Learning-Specific Manner[END_REF] and basolateral amygdala [START_REF] Motanis | Learning-Induced Bidirectional Plasticity of Intrinsic Neuronal Excitability Reflects the Valence of the Outcome[END_REF]. One research using trace eye-blink conditioning in rabbits observed a significant reduction in the sAHP and spike-frequency adaptation of hippocampal neurons as early as 1 hour following the acquisition. Although spike-frequency adaptation reverts to baseline levels by the third day after learning, the sAHP changes last until the seventh day (Moyer et al. 1996). Thus, the relations between the change of sAHP and spike-frequency adaptation are diverse, depend on different experiment condition paradigms and duration of time.

Sag and HCN channels

The HCN channel family consists of four homologous members (HCN1-HCN4) in mammals and belongs to the voltage-gated Kv superfamily and cyclic nucleotide-binding domain subfamily. In the nervous system, HCN1 is expressed limitedly in the neocortex, hippocampus, cerebellar cortex, and brainstem, whereas HCN4 is mainly present in the thalamic nuclei, basal ganglia, and the olfactory bulb. HCN2 channels are prominently distributed throughout almost all brain regions, and HCN3 is expressed at low levels in the nervous system. [START_REF] Postea | Exploring HCN channels as novel drug targets[END_REF]. The opening of HCN channels allows permeability of potassium (K + ) and sodium (Na + ) ions and generating the inward hyperpolarization-activated current ( I h).

It has been demonstrated that I h plays an essential role in setting resting membrane potential [START_REF] Nolan | The Hyperpolarization-Activated HCN1 Channel Is Important for Motor Learning and Neuronal Integration by Cerebellar Purkinje Cells[END_REF][START_REF] Nolan | HCN1 Channels Control Resting and Active Integrative Properties of Stellate Cells from Layer II of the Entorhinal Cortex[END_REF], regulating AP firing frequency [START_REF] Momin | Role of the hyperpolarization-activated current Ih in somatosensory neurons[END_REF], integrating dendritic properties [START_REF] Lörincz | Polarized and compartment-dependent distribution of HCN1 in pyramidal cell dendrites[END_REF][START_REF] Tsay | HCN1 Channels Constrain Synaptically Evoked Ca2+ Spikes in Distal Dendrites of CA1 Pyramidal Neurons[END_REF] and generating neuronal oscillation [START_REF] Giocomo | Temporal Frequency of Subthreshold Oscillations Scales with Entorhinal Grid Cell Field Spacing[END_REF]. Several studies have investigated the correlations between HCN channels and learning and memory. One study used HCN1 knock-out mice to reveal that deletion of HCN1 channels from forebrain neurons can enhance hippocampal-dependent learning and memory. This enhancement may attribute to the augment of theta oscillations and improved LTP at the perforant path input to the distal dendrites of CA1 pyramidal neurons [START_REF] Nolan | A Behavioral Role for Dendritic IntegrationHCN1 Channels Constrain Spatial Memory and Plasticity at Inputs to Distal Dendrites of CA1 Pyramidal Neurons[END_REF]. Therefore, we can suppose that the learning induces intrinsic plasticity change of the expression and distribution of HCN channels on the neuronal membrane, exhibiting as the modification of sag responses.

The role of intrinsic plasticity in learning and memory

Previous research has suggested an association between learning and the alteration of these voltage-gated ion channels after learning [START_REF] Moyer | Trace Eyeblink Conditioning Increases CA1 Excitability in a Transient and Learning-Specific Manner[END_REF].

The modulation of intrinsic excitability in these learning-related neuron ensembles significantly affects shaping and supporting memory trace [START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Lisman | Memory formation depends on both synapse-specific modifications of synaptic strength and cell-specific increases in excitability[END_REF]. Engram ensembles refer to the sparse neurons in different brain regions activated after a specific learning experience, which undergo chemical or physical modification and be reactivated by the presence of the natural stimuli at the former experience or artificial stimuli [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF]. Many researchers observed that neurons with elevated excitability have a higher probability of being recruited into engram ensemble than the ones without in the lateral amygdala [START_REF] Yiu | Neurons Are Recruited to a Memory Trace Based on Relative Neuronal Excitability Immediately before Training[END_REF], insular cortex (Sano et al., 2014), and hippocampus [START_REF] Lee | Hippocampal Place Fields Emerge upon Single-Cell Manipulation of Excitability During Behavior[END_REF][START_REF] Park | Neuronal Allocation to a Hippocampal Engram[END_REF]. That is, intrinsic excitability contributes to memory allocation.

On the other hand, the transient increase in intrinsic excitability may contribute to the memory consolidation process [START_REF] Moyer | Trace Eyeblink Conditioning Increases CA1 Excitability in a Transient and Learning-Specific Manner[END_REF][START_REF] Thompson | Transient changes in excitability of rabbit CA3 neurons with a time course appropriate to support memory consolidation[END_REF]. Moyer and Thompson noted in 1996 that the hippocampus CA1 and CA3 had increased excitability one hour after learning, reaching the peak at one day and went back to the baseline within 7 days. While synaptic consolidation occurs minutes or hours after learning, the system level of memory consolidation is considered to last for days or weeks, which has a similar time course with the intrinsic excitability change.

In summary, besides synaptic plasticity, intrinsic plasticity is also an independent mechanism for learning and memory. They are two closely related factors. Immediately after learning, the synaptic plasticity of engram ensembles is stabilized through LTP or LTD, which supports newly formed memories [START_REF] Lisman | Memory formation depends on both synapse-specific modifications of synaptic strength and cell-specific increases in excitability[END_REF]. It has been observed that the induction of synaptic plasticity is accompanied by long-lasting increases in dendritic excitability near the potentiated synapses, which was dependent on the activation of NMDA receptors [START_REF] Frick | LTP is accompanied by an enhanced local excitability of pyramidal neuron dendrites[END_REF]. This finding has suggested that memories might be stored in the properties of ion channels [START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Häusser | Storing memories in dendritic channels[END_REF][START_REF] Wood | LTP makes dendrites excitable[END_REF]. On the other hand, [START_REF] Sehgal | Learning enhances intrinsic excitability in a subset of lateral amygdala neurons[END_REF] reported that enhancing intrinsic excitability could also promote synaptic strength. The studies of intrinsic excitability plasticity may represent a new perspective for memory storage, especially the formation, consolidation, and storage of Long-term memory.

2 Materials and Methods 

Mice used for experiments

All the experiments were conducted on TetTag (GFP+/LacZ+) transgenic mice in both sexes, except that we used TetTag (gfp-/ LacZ+) mice in Figure 3.9. The mice we used were at the ages between 8 to 15 weeks old for behavioral experiments and between 8 to 10 weeks old for electrophysiology experiments.

This mouse line was from Jackson Laboratory (Jax 008344). These TetTag since they were weaned.

Viral injections

Two weeks before behavioral experiments, we performed stereotaxic injections into the Anterior Cingulate Cortex with the following coordinates and angle: AP +0.9 mm, ML± 0.75 mm, DV -1.65 mm, 20° from a vertical line.

Mice were anesthetized with 3% isoflurane in a closed box for three minutes, then transferred and placed to a stereotaxic frame with continuous isoflurane at the speed of 0.2-0.3 ml/min during all the procedures of surgery. To ease the pain, mice had an intraperitoneal injection of diluted buprenorphine solution (0.03 mg/ml, AXIENCE SAS) 0.1 ml per gram weight at the beginning of surgery. Before incising the skin on the skull, mice had a subcutaneous injection of a local anesthetic, lidocaine (0.1 mg/ml, AXIENCE SAS; 0.05-0.1 ml), on the site of surgery.

Mice were injected bilaterally in the ACC for the DREADD experiments with AAV1/2-TRE-hM3Dq-mCherry or AAV1/2-TRE-hM4Di-mCherry. For electrophysiology experiments, AAV1/2-TRE-YFP was injected unilaterally in the ACC. AAV1/2-TRE-hM4Di-mCherry was used in neuronal labeling in recent and remote memory retrieval experiments, injected unilaterally in the ACC. The volume and injection speeds were 500 nl per hemisphere and 100 nl/min. All the viruses were produced by Frick's team, and the plasmids were donated from Togenawa's lab. After virus infusion, the needle was kept in the injection site for another five minutes to allow sufficient diffusion of the virus. Mice were kept in their home cage on a heating pad after the surgery until they were awake. They were allowed to recover in their cages for at least 7 days following the surgery.

Behavioral Experiments

Contextual fear conditioning and controls

Mice were randomly divided into three groups, contextual fear conditioning Mice in the HC group stay in the home cage all the time.

Chemogenetics

Clozapine N-oxide (CNO, TOCRIS) was dissolved in DMSO (Sigma-Aldrich) at a stock concentration of 5 mg/ml and stored at -20℃. Before experiments, stock CNO was diluted to 0.5 mg/ml with saline as a working concentration. The same amount of DMSO was diluted into saline as a vehicle. CNO working solution was kept at 4℃ for up to 24 hours before injection. CNO in working concentration was injected intraperitoneally as 5 mg/kg weight to the mice.

To on a given day. Mice were allowed to go back to their cages immediately after intraperitoneal injection.

We examined the DREADD receptors' expression by examining the mCherry signal in the brain slices with confocal microscopy (described below). Mice would be excluded from the statistical analysis if DREADD receptors were not well expressed in the ACC or were only unilaterally expressed.

Memory Retrieval

The mice were randomly divided into recent or remote memory retrieval groups in the ACC engram labeling experiments. Recent memory was tested one day after CFC or CTX, while remote memory was tested 30 days after training.

Mice were allowed to go back to their cages immediately after the retrieval test.

The contextual box was cleaned with water and 70% ethanol before each trial.

In the DREADD experiments and memory interference experiments, mice were randomly divided into two groups to test memory recall, whether in context A or context B, 30 days after CFC. In the memory generalization experiments, different mice were tested memory recall one day, 21 days, 30 days, or 40 days after CFC, respectively.

Context A is a grey, cuboid plastic chamber (26 cm in length, 25 cm in-depth, 18 cm in height, Imetronic Company, Pessac, France) with a metal grid floor that could be electrified to deliver electric shocks and a transparent Perspex door.

Context B is a white, prism-like box with a plastic floor that was shaped like a triangle and contained no metal grids (Table 2.1, detailed information). A video camera was placed above the conditioning box enabling the observation and the recording of the animals' behavior. 

Assessment of memory performance

To evaluate the strength of fear memory, we assessed the mice's freeing time in a context. The freezing behavior was considered as the mice do not have any movement, except for respiratory-related movement [START_REF] Fanselow | Factors governing one-trial contextual conditioning[END_REF][START_REF] Paylor | DBA/2 and C57BL/6 mice differ in contextual fear but not auditory fear conditioning[END_REF].

The freezing time of the first three minutes during memory recall was counted.

The percentage of freezing (% freezing during memory retrieval) was calculated as the measured freezing time during retrieval divided by the whole three minutes.

We also counted the freezing time of the last 30 seconds after the last shock of CFC (% freezing after learning) as a basal freezing level for every mouse. Delta freezing (Δ freezing) was calculated as follows:

Δ freezing = % freezing in retrieval -% freezing after learning All the freezing time was counted by two people independently and make an average as final scores. These two people are blind to the experimental conditions. This new cage was a two-times-larger cage from the home-cage, covered with black paper, with only one transparent side to see the wall cues. In the cage, mice were free to interact with toys, which were rearranged every 20 min to increase the exploratory behavior. Mice also had access to a running wheel for another hour.

Memory interference experiments

They had access to water and doxycycline food during the whole experiment.

The control group mice (HC + Saline) received vehicles only during the 7-day period post encoding and rested in their home cage during the interference experiment.

Memory retrieval was performed for all three groups (INT + CNO, INT + Saline, HC + Saline) 30 days after CFC in the same context where they were conditioned. All mice were euthanized 90 min after retrieval.

Electrophysiology ex vivo

Acute ACC slice preparation

Mice for electrophysiology experiments were injected unilaterally with the AAV1/2-TRE-YFP virus at 6 to 8 weeks of age. The mice were allowed to rest at least 7 days after surgery. Before learning, mice were habituated for at least five days. Two days before learning, mice were switched to regular food without Dox.

Mice were randomly divided into CFC or CTX groups. Dox food was given back to the mice immediately after learning. We conducted ex vivo electrophysiology recordings from the first to the third day following CFC or CTX.

The mice were between 8 to 10 weeks old for electrophysiology experiments.

To acquire healthy brain slices from the adult mice, we prepared two solutions to preserve acute brain slices: a cutting solution and a resting solution.

All the solutions were saturated with carbogen (95% O2 with 5% CO2) and adjusted the pH to 7.32~ 7.40 with HCl or NaOH. The osmolarity was adjusted to between 300~ 310 mOsm.

Table 2.2 Ingredients of extracellular solutions

The cutting solution was used for transcardial perfusion and cutting the fresh 

Whole-cell recordings and pharmacology

Mice were anesthetized with isoflurane and perfused with the cutting solution through the left ventricle on ice. Using a vibratome (VT1000, Leica), 300-µm-thick coronal slices were cut in cutting solution with an angle of 21°, then transferred to a beaker with the resting solution and kept at 32℃ for 40 minutes. Then the slices were cooling down to room temperature (~ 23℃) for another 15 minutes. Brain slices were allowed to recover for at least one hour before electrophysiology recordings.

Whole-cell recordings were performed using an upright microscope (Zeiss Examiner), a 63X/1.0 NA water immersion objective (Zeiss), and an IR-Dodt contrast system. An Evolve 512 EMCCD Camera (Photometrics) and automatic manipulators (Scientifica) were used. To identify the neurons with the YFP signal, we used LED with a 490nm wavelength (Colibri system, Zeiss) and a filter lens To measure the intrinsic properties, an AMPA receptor antagonist (NBQX disodium salt, TOCRIS; concentration: 3uM in aCSF), a NMDA receptor antagonist (DL-AP5, TOCRIS; 50uM), and a GABAA receptor antagonist (SR 95531 hydrobromide, TOCRIS; 10uM) were bath-applied during the recording.

Parameters for measuring intrinsic features

Data was collected as the following protocols:

1) Resting membrane potential (RMP) was measured as the averaged value of traces before the onset of current injection from the I-V curve protocol.

2) I-V curve was acquired by injecting a series of 800-ms-long squared current pulses, from -200 pA to 300 pA at increments of 20 pA. The current that evoked the first single action potential (AP) was counted as Rheobase. Firing frequency was calculated by dividing the number of APs by the duration of the current step (800 ms).

3) AP threshold, AP amplitude, AP half-width, and maximum rate of rise (dV/dt in mV/ms) were taken from the first AP within an AP train of 4-5 APs. The AP threshold was measured at the point when the dV/dt exceeded 10 mV/ms. AP amplitude was measured from the RMP to the peak voltage of this AP. The AP half-width was measured at half of the maximum amplitude from the threshold.

4) Inter-spike interval (ISI) was calculated between two APs in the first AP train with ≥4 APs. The adaptation index was measured as the ratio of the first ISI and the last ISI of this AP train. AP train was defined as mAHP. 9) Slow afterhyperpolarization (sAHP) amplitude was induced by injecting a train of fifteen 2nA pulses at 20 Hz lasting for 2 ms for each. The difference between the minimum membrane potential at 1000 ms following the last evoked AP of 15 AP trains and the RMP was defined as sAHP potential. In addition, the maximum negative peak within 50-100 ms was also counted as mAHP (15 APs).

10) The resonance frequency (fR) was calculated from the membrane voltage response to a sinusoidal current injection of constant amplitude (30 pA-100 pA)

and linearly increasing frequency from 0 to 20 Hz within 20 seconds ('chirp' stimulus). The impedance amplitude was calculated as the ratio of the fast Fourier transform of the voltage response and the current injected. FR was defined as the frequency when there is the peak of the exponential fit. Resonance frequency strength (Q value) was defined as the ratio of the maximum impedance amplitude to the impedance amplitude at 0.5 Hz.

Immunohistochemistry and Imaging

Immunohistochemistry staining for c-Fos-EGFP

To label and localize neurons engaged during the learning and memory retrieval, mice were sacrificed and perfused 90 minutes following this experience.

To do so, mice were anesthetized by intraperitoneal injection of the solution, containing 0.75 ml pentobarbital (400 mg/ml, Med'Vet), 1.5 ml lidocaine (0.1 mg/ml, AXIENCE SAS), and 7.75 ml saline in every 10 ml. The injection dose was 0.1 ml per 10 grams weight for the mice. Mice were then perfused through ventriculus sinister firstly with 0.1 M phosphate-buffered saline (PBS) and then 4% paraformaldehyde (PFA). Every mouse was perfused with approximately 50 ml PBS and 50 ml 4%PFA at the same volume speed. After perfusion, the brains were kept in 4% PFA overnight. Then, the 4% PFA was replaced with 0.1 M PBS solution, and brains were kept in this solution until slicing.

Coronal sections were cut at 50 𝜇m thickness. Brain slices were washed with 0.1 M PBS for 10 minutes three times and then blocked for one hour at room temperature with the following blocking solution: 5% BSA (EUROMEDEX) mixed with 0.3% Triton X-100 (EUROMEDEX). Next, slices were incubated with the antibody for EGFP fluorescence overnight at 4℃, containing 1% BSA, 0.3% Triton X-100 and anti-EGFP rabbit polyclonal antibody Alexa-488 (1:1000, Thermo Fisher, Reference: A21311). This mouse line has a c-fos promoter that drives a two-hour half-life EGFP. To visualize the labeled neurons, we used this antibody to magnify the EGFP signal. The next day, slices were washed with 0.1 M PBS for 10 minutes three times and incubated with DAPI (1:10000, Sigma-Aldrich) for 5 minutes. After being washed once with 0.1 M PBS, the brain slices were mounted with Mowiol-Dabco on microscopes slides.

Confocal images acquisition and analysis

Fluorescence images were acquired using a Zeiss LSM700 confocal microscope equipped with a Leica 40X/1.3 NA oil immersion lens provided by the Bordeaux Imaging Centre (BIC). We counted the number of mCherry, EGFP and DAPI immunoreacted positive neurons from three coronal slices per mouse. The mCherry signal was from the virus injected locally, while EGFP and DAPI signals were from the immunohistochemistry staining (EGFP was endogenous but needed amplifying with antibodies). Coronal slices were selected from the anterior cingulate cortex (from +0.84 mm to +1.04 mm AP concerning Bregma). For each specific fluorescence channel, the laser power and gain power were kept the same for all slices. The laser excitation wavelength was 555 nm for mCherry, 488 nm for EGFP, and 405 nm for DAPI.

Cell counting analysis was performed by using IMARIS and ImageJ-Fiji software (provided by BIC). The area of the anterior cingulate cortex was selected

and measured with ImageJ-Fiji. All channels underwent the same imaging processing filter (Median filter with 3*3*3 intensity). Neurons were counted with the same image-processing filter and threshold settings within a given channel. We created a new channel for co-locating neurons that had both mCherry and EGFP signals. The number of mCherry positive, EGFP positive, and co-located neurons were counted separately, and the position information of each labeled neuron in the x and y axes was extracted. Every mouse had at least three brain slides for analysis, and the averaged number (per mouse) was counted in the final results. All the imaging and analysis were performed blind to the experimental conditions.

Biocytin filling and morphological reconstruction

After whole-cell patch-clamp recordings, the brain slices containing the Biocytin-filled (Biotium, reference: 90055) neurons were fixed in 4% PFA for two hours, then transferred to 0.1 M PBS solution at 4℃ for longer preservation. Brain slices were washed three times with 0.1 M PBS and then blocked for two hours at room temperature with a blocking solution composed of 5% BSA (EUROMEDEX) mixed with 0.1% Triton X-100 (EUROMEDEX). After being washed with 0.1 M PBS three times, slices were incubated with a solution that contained Streptavidin-Alexa 555 (1:1000, Thermo Fisher, Reference: S21318) and 0.1% Triton X-100 for three hours. The brain slices were washed with 0.1 M PBS three times and incubated with DAPI (1:10000, Sigma-Aldrich) for five minutes. All the brain slices were mounted with Mowiol-Dabco on microscopes slides with cover glasses.

All the neurons were scanned with confocal microscopy to define as YFPpositive or negative, according to the colocation of streptavidin-555 signal and YFP signal. The distance from the pia (middle line) was also measured to define the location of the layers in the ACC. Neurons in layer 2/3 of ACC were defined as 100-300 um from the pia surface, while layer 5 neurons were 350-650 um to the pia surface. Only the identified layer 5 pyramidal neurons were included for analysis. The morphology of soma and dendrites were reconstructed with Neurolucida.

Statistical Analysis

Statistical analysis was performed by using Prism 9.0 (GraphPad).

Before 

Results

TetTag (GFP+/LacZ+) Mice exhibited robust and longlasting contextual fear memory

First of all, we examined the freezing level of TetTag (GFP+/LacZ+) mice during recent and remote memory recall. To label the ACC neurons engaged in learning, mice were injected with AAV1/2-TRE-hM4Di-mCherry bilaterally in the anterior cingulate cortex (ACC) two weeks before the behavioral experiments.

After recovery from the surgery, mice were divided randomly into CFC, CTX, and HC groups.

Two days prior to the performance of the behavioral task, doxycycline was removed from the diet to enable c-Fos dependent labeling of engaged neurons (Figure 3.1 A-B). Mice were then conditioned using a classical contextual fear conditioning protocol as described previously in which they learn to associate an aversive experience (mild foot-shocks) with a particular experimental context. 

Investigating intrinsic excitability changes of the ACC engram neurons 1 to 3 days after contextual fear conditioning

It has been demonstrated that learning induces enhancement of synaptic strength and an increase in spine density in neurons of specific brain regions, including the hippocampus and neocortex [START_REF] Rioult-Pedotti | Learning-Induced LTP in Neocortex[END_REF][START_REF] Whitlock | Learning Induces Long-Term Potentiation in the Hippocampus[END_REF][START_REF] Restivo | The Formation of Recent and Remote Memory Is Associated with Time-Dependent Formation of Dendritic Spines in the Hippocampus and Anterior Cingulate Cortex[END_REF]. However, besides the alterations in synaptic plasticity, learning-induced modifications in intrinsic excitability may also contribute to the formation and consolidation of remote memory [START_REF] Frick | LTP is accompanied by an enhanced local excitability of pyramidal neuron dendrites[END_REF][START_REF] Frick | Plasticity of dendritic excitability[END_REF]Yousuf et al., 2020;Chen et al., 2020). However, the functional role of learning-induced intrinsic excitability plasticity within the engrams neurons for memory formation is not completely established.

To identify the intrinsic excitability features of putative ACC engram neurons after learning, we designed the following in vitro electrophysiology experiments.

After stereotaxic injection of the AAV1/2-TRE-YFP virus into the ACC, the TetTag (GFP+/LacZ+) mice were randomly divided into two groups. One group of mice received CFC with the same protocol as before, and another group of mice was exposed in the context without shock (CTX). We conducted whole-cell patchclamp recordings from the neurons in acute ACC slices 1 to 3 days after learning and measured their intrinsic excitability profile (Figure 3. 

D.

Reconstruction of the neuron after patch-clamp. The morphology and distance from the pia were identified.

Enhanced excitability of ACC layer 5 engram neurons 1 to 3 days after contextual fear conditioning

Our in vitro electrophysiology experiments revealed that the ACC layer 5

engram neurons had enhanced excitability from 1 to 3 days after contextual fear conditioning. As shown in Figure 3. Taken together, the reduced rheobase, and accelerated AP frequency indicated that the labeled neurons from the CFC group had increased excitability and were able to generate more APs compared with other two group of neurons. The number of neurons and detailed statistics are in the Table 3.1. Data represented as mean ± SEM.

Intrinsic electrophysiological changes of ACC engram neurons 1 to 3 days after contextual fear conditioning

Besides the enhanced excitability in the ACC layer 5 engram neurons, we also found differences in additional intrinsic electrophysiological properties among the three groups after contextual fear conditioning.

For repetitive AP firing, neurons with YFP from the CTX group displayed less adaption, quantifying as the ratio between the first and the last inter-spike intervals The complex dendritic structure and the repertoire of ion channels expressed on the membrane altogether determines the membrane time constant (τ) of a neuron [START_REF] Koch | A Brief History of Time (Constants)[END_REF][START_REF] Wlodarczyk | Tonic GABAA conductance decreases membrane time constant and increases EPSP-spike precision in hippocampal pyramidal neurons[END_REF]. We observed significant differences between the YFP+ neurons of the CFC group and the other two groups. As shown Another crucial parameter of intrinsic excitability is the afterhyperpolarization (AHP) following single APs (fast AHP) or trains of APs (medium and slow AHP). The medium-AHP (mAHP) is mainly regulated by smallconductance Ca 2+ -activated potassium (SK) channels [START_REF] Deister | Calcium-Activated SK Channels Influence Voltage-Gated Ion Channels to Determine the Precision of Firing in Globus Pallidus Neurons[END_REF][START_REF] Springer | Modulation of BK channels contributes to activity-dependent increase of excitability through MTORC1 activity in CA1 pyramidal cells of mouse hippocampus[END_REF], while the contributing factors for the slow-AHP (sAHP) are still under debate. Usually, the reduction of mAHP or sAHP indicates an increase in intrinsic excitability that might support an increased firing output. To measure the mAHP and sAHP components, we utilized a protocol that evoked 15 AP trains at 20 Hz frequency. Our results showed that YFP+ neurons presented a larger mAHP than YFP-neurons in the CFC group (Figure 3. Next, we conducted protocols that initiated 5 AP trains at different frequencies (20 Hz,40 Hz,60 Hz,80 Hz,100 Hz,120 Hz,200 Hz) to investigate the relationship between mAHP and frequency. We found that the CFC_YFP+ neurons displayed an increased mAHP compared to CFC_YFP-neurons at frequencies of 20 Hz, 40 Hz, and 60Hz, but had similar mAHP amplitude compared to CTX_YFP+ neurons (Figure 3.8 D-E). An example for an AP train at 60 Hz is given in Figure 3.8 F, revealing that CFC_YFP+ and CTX_YFP+ neurons expressed a larger mAHP compared to YFP-neurons that were from the CFC mice. (one-way ANOVA test, **P= 0.0011; Tukey's multiple comparisons test, CFC_YFP+ vs.

CFC_YFP-, *P=0.0102). However, when higher frequency protocols were used (80,100,120,200Hz), the CFC_YFP+ neurons showed reduced mAHP amplitude than CTX_YFP+ neurons (Figure 3.8 G) (one-way ANOVA test, ****P <0,0001;

Dunnett's T3 multiple comparisons test, CFC_YFP+ vs. CTX_YFP+, **P= 0.0048).

Lastly, we probed changes in the oscillatory dynamics of CFC_YFP+ neurons by measuring their resonance frequency. The resonance frequency is the frequency at which the neuron evokes the maximum voltage response, and it is strongly dependent on the activation of HCN and M current. To measure this frequency, we used as a 20-sec-long sinusoidal current injection of 30 pA at varying frequencies.

No significant difference was detected between the groups in max impedance, the resonance frequency, or strength Q value (Figure 3.7 F-I).

These results demonstrated that layer 5 neurons of ACC that were activated by contextual fear conditioning endured robust modifications in the intrinsic excitability that last at least 3 days. The fact that the freezing ratio of context B increased with days indicates that the remote memory might generalize with time [START_REF] Wiltgen | Memory for context becomes less specific with time[END_REF].

To modulate the engram neurons' excitability in both directions and avoid a ceiling effect for the functional consequence of this modulation, we utilized both excitatory and inhibitory forms of DREADD to up-and down-regulate the neuronal excitability of ACC engram neurons, respectively. The outcome of this modulation during either an early or late memory phase for remote memory performance was than tested on Day 30.

Our experimental strategy was as follows: two weeks before the behavioral experiments, the mice were injected with either AAV1/2-TRE-hM4Di-mCherry To summarize, our data suggested that the first 7 days after CFC is a crucial time window to alter the precision of remote memory by modulating the engram cells' excitability. The value at the bottom of the column represents the number of mice in this group.

Data represented as mean ± SEM

Decreasing the excitability of ACC engram neurons following encoding can reverse memory impairment caused by interference

To verify whether this lasting chemogenetic approach could enhance the precision of remote memory, we designed the following memory interference experiments (Figure 3.12 A).

On the first day after CFC in context A, mice were allowed to enter an unfamiliar room and spent two hours in a new cage with novel objects to explore. The mice were back to their home cage immediately after the interference tasks. Six hours later, the mice were randomly divided into two groups. One group received CNO intraperitoneal injections (INT+ CNO), while the other group received the same dose of saline (INT+ Sal) for the following seven consecutive days. As a control, another group of mice stayed in their home cage without any exposure to the context and received saline simultaneously with the mice that underwent interference tasks (HC+ Sal). Remote memory retrieval was conducted 30 days after CFC in the original context A.

As shown in Figure 3.12 D, compared with the HC+ Sal group, the INT+ Sal group had a trend with less freezing time (P = 0.0532). This indicated that the 2-hoursinterference on the first day after CFC negatively influenced the remote memory recall.

Interestingly, the data showed that the INT+ CNO mice had more freezing time (Figure 3.12 C, *P = 0.0424) and more delta freezing time (Figure 3.12 D, *P = 0.0209) compared with the INT+ Sal mice during the remote memory retrieval in the original context, reaching the same level as the HC+ Sal group.

For the colocation neurons, we did not observe a statistical difference in the three groups (Figure 3.12 B).

Together, our results indicated that down-regulating engram ensembles excitability through chemogenetics for the first 7 days after CFC could reverse the memory impairment caused by interference. 

Discussion

ACC is engaged in the formation and retrieval of remote fear memory

Associative memories, such as contextual fear memory, are stored and consolidated within the neocortical networks during the process called systemslevel memory consolidation. One study from [START_REF] Lesburgueres | Early Tagging of Cortical Networks Is Required for the Formation of Enduring Associative Memory[END_REF] has shown that an early tagging of these neocortical circuits is necessary for the formation of long-lasting associative memories, via a time-dependent dialogue between the hippocampus and cortex. Prior studies have noted the importance of the prefrontal cortex (PFC) for remote memory formation and consolidation [START_REF] Blum | A role for the prefrontal cortex in recall of recent and remote memories[END_REF][START_REF] Kitamura | Engrams and circuits crucial for systems consolidation of a memory[END_REF]. However, the specific role of sub-regions of PFC, which are involved in remote memory formation and storage, is not fully examined.

The first aim of this project was to examine the role of the ACC (a part of PFC) in remote memory formation and retrieval. Taking advantage of the TetTag labeling system and the AAV tools, we were able to visualize the neurons involved in both the memory encoding and retrieval of contextual fear memory.

Consistent with the previous findings [START_REF] Bontempi | Time-dependent reorganization of brain circuitry underlying long-term memory storage[END_REF][START_REF] Frankland | The Involvement of the Anterior Cingulate Cortex in Remote Contextual Fear Memory[END_REF][START_REF] Wheeler | Identification of a Functional Connectome for Long-Term Fear Memory in Mice[END_REF], we confirmed ACC played an essential role in remote contextual memory retrieval. Our labeling results, which were based on c-Fos protein expression, revealed that the ACC engram neurons were reactivated more in remote rather than in recent contextual fear memory retrieval. Moreover, our study found that ACC has been activated (tagged) during the encoding phase of contextual fear memory. This result supports the idea that the PFC may be activated together with the hippocampus and amygdala as a network during the encoding stage of contextual fear memory.

Further, we investigated the distribution of putative engram neurons in the ACC area across layers. Based on our analysis, layer 5 ACC neurons were more likely to be engaged in the remote memory encoding and retrieval than layer 2/3 neurons. This finding might be contrary to a previous study which suggested that deep cortical layer 5 and layer 6 neurons were activated more in recent memory retrieval. In contrast, superficial layer 2/3 were engaged more for remote memory retrieval [START_REF] Maviel | Sites of Neocortical Reorganization Critical for Remote Spatial Memory[END_REF]. This study used the IEG zif268 to label the neurons in the parietal cortex and conducted experiments on C57BL/6 mice with radial maze tasks. Notably, they counted the neurons activated during memory retrieval rather than the neurons 'reactivated' during retrieval. These differences in experimental methods and conditions may partly explain why we observed different results. However, another study had similar conclusions with us. They used the TRAP mouse line to permanently label neurons engaged in contextual fear memory encoding and Fos to label the neurons during memory recall [START_REF] Denardo | Temporal evolution of cortical ensembles promoting remote memory retrieval[END_REF]. They found that most of the prelimbic (PL) neurons engaged in the encoding stage were located in deep layers. And the reactivated neurons in remote retrievals (14 days) had a larger proportion of neurons in layer 6 rather than layers 2/3 (compared with the group recalled memory one day after).

These findings indicate that the layer distribution of engram neurons in remote memory may be diverse depending on different cortical regions and different behavioral tasks. Further research should be carried out to gain a better understanding of the layer organizations of engram neurons and their roles in memory.

Previous studies have proved that the ACC plays an essential role in different memory tasks such as spatial discrimination on a radial maze [START_REF] Bontempi | Time-dependent reorganization of brain circuitry underlying long-term memory storage[END_REF][START_REF] Maviel | Sites of Neocortical Reorganization Critical for Remote Spatial Memory[END_REF] and water-maze tasks [START_REF] Teixeira | Involvement of the Anterior Cingulate Cortex in the Expression of Remote Spatial Memory[END_REF]. Here, we used an aversive task, contextual fear conditioning, to examine ACC's role in remote memory. Thus, it could be interesting to compare the role of ACC in the aversive and non-aversive tasks during remote memory retrieval and the distribution of engram neurons in different cortical layers.

Learning induces neuronal intrinsic excitability plasticity in ACC engram neurons

It has been discovered that learning increases synaptic strength between neurons that span multiple brain regions, and newly formed memory stabilizes through LTP or LTD [START_REF] Rioult-Pedotti | Learning-Induced LTP in Neocortex[END_REF][START_REF] Whitlock | Learning Induces Long-Term Potentiation in the Hippocampus[END_REF]. However, this is not the only mechanism behind learning and memory. Accumulating evidence indicates that intrinsic excitability plasticity also contributes to the formation and storage of memory [START_REF] Mckay | Intrinsic Neuronal Excitability Is Reversibly Altered by a Single Experience in Fear Conditioning[END_REF][START_REF] Song | Trace Fear Conditioning Differentially Modulates Intrinsic Excitability of Medial Prefrontal Cortex-Basolateral Complex of Amygdala Projection Neurons in Infralimbic and Prelimbic Cortices[END_REF][START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Szlapczynska | Plasticity and pathology of dendritic intrinsic excitability[END_REF]. This non-synaptic plasticity refers to modifying the excitability status within a single neuron, which is primarily altered by the distribution and function of voltage-gated ion channels [START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Szlapczynska | Plasticity and pathology of dendritic intrinsic excitability[END_REF]. Intrinsic plasticity and synaptic plasticity may work synergistically to form, organize and store memories in the brain.

A strong relationship between neurons' intrinsic excitability and memory allocation has been reported in the literature. Researchers found that excitatory neurons in the lateral amygdala with enhanced intrinsic excitability before learning are preferentially recruited to become engram ensembles that support an auditory fear-conditioned memory [START_REF] Gouty-Colomer | Arc expression identifies the lateral amygdala fear memory trace[END_REF]. Furthermore, decreasing excitability in a group of randomly selected excitatory neurons immediately before learning could substantially decrease their chance to become an engram cell [START_REF] Han | Neuronal Competition and Selection During Memory Formation[END_REF][START_REF] Yiu | Neurons Are Recruited to a Memory Trace Based on Relative Neuronal Excitability Immediately before Training[END_REF].

Our study focused on the after-learning (consolidation) phase. We aimed to assess the intrinsic excitability changes of engram neurons in the ACC following contextual fear conditioning. An essential feature of this learning-induced intrinsic excitability plasticity is its transient nature. Previous findings have stated that the enhanced excitability was observed one hour after learning, reaching the peak one day after, and could be detected within 7 days in hippocampal CA1 and CA3 neurons [START_REF] Moyer | Trace Eyeblink Conditioning Increases CA1 Excitability in a Transient and Learning-Specific Manner[END_REF][START_REF] Thompson | Transient changes in excitability of rabbit CA3 neurons with a time course appropriate to support memory consolidation[END_REF] and amygdala neurons [START_REF] Sehgal | Learning enhances intrinsic excitability in a subset of lateral amygdala neurons[END_REF]. However, the intrinsic excitability of engram ensembles in the neocortex is rarely measured. Hence, we designed experiments to evaluate the intrinsic excitability of the ACC engram neurons 1 to 3 days after contextual fear conditioning.

Our results demonstrated that the layer 5 engram neurons, labeled during CFC, presented lower rheobase than their neighboring non-labeled neurons and the labeled ones from the CTX group. Also, the CFC engram neurons presented accelerated action potential (AP) frequency compared with the labeled neurons from the CTX group when injecting the same currents. These results supported the idea that CFC induces an enhancement of intrinsic excitability in the ACC engram neurons. After CFC, the ACC engram neurons were easier to generate APs and had the tendency to generate more APs than non-engram neurons at least for 3 days.

Our study also provided evidence that the intrinsic properties of engram neurons were modified after CFC. The engram neurons of the CFC group displayed reduced AP threshold, decelerated maximum rate of rising of the AP, larger AP half-width, and prolonged membrane time constant than the neurons of control groups.

We also observed unexpected phenomena that may challenge other studies.

Researchers have found that learning induces reductions in the AHP in hippocampal neurons and cortical neurons in rodents and rabbits [START_REF] Moyer | Trace Eyeblink Conditioning Increases CA1 Excitability in a Transient and Learning-Specific Manner[END_REF][START_REF] Saar | Reduced after-hyperpolarization in rat piriform cortex pyramidal neurons is associated with increased learning capability during operant conditioning[END_REF][START_REF] Santini | Fear Conditioning and Extinction Differentially Modify the Intrinsic Excitability of Infralimbic Neurons[END_REF][START_REF] Kaczorowski | Memory deficits are associated with impaired ability to modulate neuronal excitability in middle-aged mice[END_REF][START_REF] Oh | Learning and aging related changes in intrinsic neuronal excitability[END_REF]. In our study, engram neurons from the CFC mice presented a higher sag ratio and enlarged mAHP amplitude after the low-frequency AP trains (20 to 60 Hz) compared with the neighboring non-labeled neurons. Surprisingly, the labeled neurons in the CTX group also had these changes compared with nonlabeled neurons in the CFC group. Moreover, when high-frequency AP trains (200 Hz) were elicited, the ACC engram neurons presented decreased mAHP amplitude.

Our study revealed an interesting relationship between mAHP and frequency, indicating the modification of expressing specific ion channels.

There are several possible explanations for these differing observations in intrinsic excitability changes. First of all, different memory tasks involve various brain regions and may undergo different mechanisms. Secondly, neurons engaged in remote memory may go through both up and down-regulated intrinsic excitability at different time points. This transient nature of intrinsic plasticity allows the balance with memory stability and capacity. Lastly, aging is closely related to learning and neuronal plasticity. Observation studies in young versus older animals may be a disturbing force to unify the experimental results.

Modulating the intrinsic excitability of ACC engram neurons influence the precision of remote memory

Although previous studies have established that intrinsic plasticity may play a crucial role in memory formation and retrieval, very few of them have evaluated the effects of intrinsic excitability on memory strength, and it remains unclear about the precision of remote memory. This study set out to gain a better understanding of how the intrinsic excitability plasticity of ACC engram neurons influences the precision of remote memory.

In accordance with the prior findings [START_REF] Wiltgen | Memory for context becomes less specific with time[END_REF], we confirmed that contextual fear memory becomes less specific with time. As we observed, the TetTag mice froze more in a novel context 40 days after CFC compared with 1 day after, where they did not receive shocks.

Next, we used the chemogenetics approach to alter the excitability of defined engram neurons in the ACC, which were activated by CFC, for seven consecutive days. It has been reported that systemically administration of CNO induced a robust and long-lasting suppression of hM4Di-expressing neurons' firing [START_REF] Armbruster | Evolving the lock to fit the key to create a family of G protein-coupled receptors potently activated by an inert ligand[END_REF]Desloovere et al., 2019) Additionally, when comparing the mice retrieved memory in context A, the mice of the inhibitory DREADD + CNO group demonstrated a higher percentage of co-located neurons in the ACC than the saline group and the mice with excitatory DREADD+ CNO. In conjunction with the behavioral results, this implies that the enhanced precision of remote memory may be related to an increase in engram ensembles in the ACC.

More importantly, when we conducted the same experiments with CNO and saline administration, not the first 7 days, but 15 to 21 days after CFC, we found no improvement or impairment of freezing time either in the inhibitory or excitatory DREADD groups. Together, our results support the idea that the first 7 days after CFC is an important period that can influence the precision of remote memory by modulating ACC engram neurons' intrinsic excitability.

Further, our interference experiments revealed that suppressing the ACC engram neurons' excitability for the first 7 days after CFC could rescue the memory impaired by interference. That is, the precision of remote memory could be enhanced by altering the intrinsic excitability of ACC neurons in a specific time window.

Concomitant with our study, other researchers also used chronic CNO administration with a chemogenetics approach to modulate neuronal excitability and observed its effect on remote memory. For example, [START_REF] Xia | Parvalbumin-positive interneurons mediate neocortical-hippocampal interactions that are necessary for memory consolidation[END_REF] discovered that inhibiting parvalbumin-positive (PV+) interneurons in ACC or CA1 during the first week, but not the fourth week after CFC, prevented fear memory consolidation so that the mice with CNO had less freezing time in memory retrieval (Day 28) compared with the ones with the vehicle. PV+ interneurons play an important role in modulating the local microcircuitry by interacting with their neighboring principal neurons and other types of interneurons like somatostatinpositive (SST+) interneurons. Indeed, it was revealed by paired recordings that a single PV+ interneuron regulated nearly every local pyramidal neuron by inhibiting their activity [START_REF] Lee | Parvalbumin-Positive Basket Cells Differentiate among Hippocampal Pyramidal Cells[END_REF].

Moreover, both PV+ and SST+ interneurons have been proven to regulate engram activities and the size of engram ensembles in memory-related tasks [START_REF] Morrison | Parvalbumin interneurons constrain the size of the lateral amygdala engram[END_REF][START_REF] Stefanelli | Hippocampal Somatostatin Interneurons Control the Size of Neuronal Memory Ensembles[END_REF]. These studies extend our knowledge that besides pyramidal neurons, inhibitory neurons may contribute to the formation and stabilization of memory as they adjust excitatory/inhibitory balance in the local microcircuitry.

One main strength of our study is that we manipulated the intrinsic excitability of ACC engram ensembles that specifically engaged in learning. Owing to the virus that we were using, we targeted not only ACC pyramidal neurons but also other interneurons if they had been recruited as part of engram ensembles. That is, we managed to up or down-regulated excitability of the ACC microcircuitry as a whole, rather than modulating only one specific neuron type. Our work offers a new insight to understand the role of ACC in the precision of remote memory.

Due to the argument that there are sex differences in the contextual fear conditioning paradigm depends on different experimental conditions [START_REF] Tronson | A Dynamic Memory Systems Framework for Sex Differences in Fear Memory[END_REF], we used both sexes of TetTag (GFP+/LacZ+) mice in most of our experiments. We balanced the numbers of two sexes in each group and did not observe a significant difference in the percentage of freezing time. Therefore, it is convincing that a sex difference did not bias our conclusions.

Limitations and Perspectives

This work has raised an interesting question regarding how the learninginduced intrinsic excitability plasticity within engram neurons influences the precision of remote memory. We utilized the TetTag labeling system, combined with chemogenetics and ex vivo electrophysiology to examine the role of ACC in remote memory.

However, memory forms and consolidates as a network among different brain regions in the brain. More research is needed to assess the functional role of other brain areas and how they interact with the ACC to affect the proper consolidation of remote memory. Also, the intrinsic excitability plasticity that occurred in other areas of PFC after fear learning could be intriguing to investigate.

This study examined the intrinsic excitability properties of layer 5 ACC engram neurons, which were all pyramidal neurons. Further work could also be conducted on layer 2/3 ACC engram neurons, both pyramidal, and interneurons that are recruited as engram ensembles. This future work may provide us a better understanding of how the local microcircuitry of engram neurons works.

Our study established the idea that reducing the intrinsic excitability of ACC engram neurons for the first 7 days after CFC is adequate to enhance the remote memory precision and increase the intrinsic excitability of ACC engram neurons leads to the opposite. Another potential problem could be whether the seven-daysalteration of excitability is necessary to bring about the behavioral results? It is interesting to verify the critical time point when we could observe the same effect with fewer-days-manipulation of excitability.

Notwithstanding these limitations, our work offers new insights into the role of ACC in remote memory formation and retrieval, especially how the intrinsic excitability plasticity of ACC engram neurons influences the precision of remote memory through a crucial time window.

Figure 1 . 2

 12 Figure 1.2 The labeling mechanism of TetTag mouse line.

Figure 1 . 3

 13 Figure 1.3 Downstream pathway of inhibitory (hM4Di) and excitatory (hM3Dq) DREADD receptors activated on a cell's membrane.

Figure 1 . 4

 14 Figure 1.4 Efficacy duration of CNO for activating DREADD receptors at different concentrations.

Figure 1 . 5

 15 Figure 1.5 The categories of Long-term memory.

Figure 1 . 6

 16 Figure 1.6 Schema of standard consolidation theory.

Figure 1 . 7

 17 Figure 1.7 Schema of multiple trance/ transformation theory.

Figure 1 . 8

 18 Figure 1.8 The overlapping engram neurons of two memories were encoded closely in time.

Figure 1 . 9

 19 Figure 1.9 Neuronal circuits of recent and remote contextual fear memory.

Figure 1 .

 1 Figure 1.10 Comparison of PFC structures in mouse brain and human brain.

Figure 1 .

 1 Figure 1.11 The functional-structural organization of the ACC in the brain of rodents and humans.

Figure 1 .

 1 Figure 1.13 An example of the three components of AHP.

Figure 1 .

 1 Figure 1.14 The diagram of the HCN channel and examples of sag potentials.

Figure 3 . 1

 31 Figure 3.1 TetTag (GFP+/LacZ+) mice exhibited robust and long-lasting contextual fear memory.

Figure 3 . 2

 32 Figure 3.2 More neurons were reactivated during remote than recent fear memory retrieval in the ACC.

Figure 3 . 3

 33 Figure 3.3 Layer distribution of co-activated neurons in the ACC in recent and remote memory retrieval.

Figure 3 . 4

 34 Figure 3.4 Investigating intrinsic excitability changes of ACC engram neurons 1 to 3 days after contextual fear conditioning.

Figure 3 . 5

 35 Figure 3.5 Enhanced excitability of ACC layer 5 engram neurons 1 to 3 days after CFC.

Figure 3 . 6

 36 Figure 3.6 The single AP properties of ACC layer 5 engram neurons 1 to 3 days after CFC.

Figure 3 . 7

 37 Figure 3.7 Intrinsic plasticity modifications of ACC layer 5 engram neurons 1 to 3 days after CFC.

Figure 3 . 8

 38 Figure 3.8 Intrinsic plasticity changes of AHP in ACC layer 5 engram neurons 1 to 3 days after CFC.

Figure 3 . 9

 39 Figure 3.9 Remote memory retrieval in different time points after CFC in the context A and context B.

Figure 3 .

 3 Figure 3.10 Modulating the excitability of ACC neurons for the first 7 days after CFC influenced the precision of remote memory retrieval.

Figure 3 .

 3 Figure 3.11 Modulating the excitability of ACC neurons 15 to 21 days after CFC did not influence the precision of remote memory retrieval.

Figure 3 .

 3 Figure 3.12 Decreasing the excitability of ACC engram ensembles following encoding could reverse memory impairment caused by interference.

Figure 1 . 1

 11 Figure 1.1 Schema for Fos promoter as a marker of neuronal activity.

(

  nodes) that produced the most significant network disruption (reduction in global efficiency). Second, they demonstrated the consequences of chemogenetic silencing of these nodes for fear of memory consolidation. Wild-type mice were injected with the HSV-hM4Di virus in the candidate brain regions separately. The clozapine N-oxide (CNO) or vehicle was given in the drinking water after contextual fear conditioning during the following ten days. They showed that the mice with down-regulated neuronal excitability within the CA1 of the hippocampus, lateral septal nucleus (LSI), lateral dorsal nucleus of the thalamus (LD), and nucleus of reuniens (RE) have decreased freezing time comparing with the control group. This indicates that these four brain regions play an essential role in Long-term memory consolidation. However, other brain regions that did not show the change in the behavioral results may not be wholly excluded for making contributions to the consolidation procedure.The newly developed transgenic mice permit researchers to label activated neurons in a more limited time window and compare putative engram ensembles during memory encoding and retrieval. In 2019, Roy et al. reported the brain mapping of engram ensembles for recent contextual fear memory (1 day) with the Fos-TRAP and Cre-dependent tdTomato reporter mouse line. This work supported the idea that a given memory is stored in functionally connected engram ensembles distributed broadly in multiple brain regions. Besides dentate gyrus (DG), CA3 of the hippocampus and basolateral amygdala, they identified two other important brain areas that are highly activated both during fear memory encoding and retrieval, anteromedial thalamus (AM) and nucleus reuniens thalamus (RE).
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  conditioning is a classical paradigm to study learning and memory because it is evolutionarily important and causes a robust and long-lasting memory even following a single episode. It is a typical form of declarative memory in rodents. Fear learning has great survival value for animals, which can predict danger from seemingly neutral contexts. Contextual fear conditioning is one of the most widely used models of fear learning. Experimental subjects are firstly placed in a chamber with pattern cues and allow several minutes of free exploration. Then several electrical foot shocks are delivered to the animals. Successful learning arises if the animals learn to associate a conditioned stimulus (the context) with an aversive unconditioned stimulus (foot shocks) and display fear responses to this particular context in the memory retrieval test without any shock.
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  revealed important neocortical circuit mechanisms underlying the formation and maturation of contextual fear conditioning. Figure1.9 shows the engram neurons of the prefrontal cortex (PFC) during memory encoding, which receive inputs from the hippocampal-entorhinal cortex (HPC-EC) networks and the amygdala. The recall of recent memory requires the activation of the hippocampus and amygdala, while the recall of remote memory necessitates the PFC and amygdala. Notably, the memory-related input into the amygdala shifts from the medial entorhinal cortex (MEC) to PFC during the consolidation (maturation) process.
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  GFP+/LacZ+) bi-transgenic mutant mice are generated by crossing two independently transgenic strains. The first transgenic construct was generated by co-injection of two transgenes: a c-fos promoter that drives the tetracyclinecontrolled transactivator (tTA) protein and a c-fos promoter that drives two-hour half-life Green Fluorescent Protein (EGFP) is expressed. The second transgenic construct expresses a nuclear-localizing beta-galactosidase gene (tau-LacZ), as well as the doxycycline insensitive tetracycline-regulated transactivator (*tTA), which contains a point mutation (H100Y), under the control of the tetracyclineresponsive regulatory element (TRE).By feeding animals with food containing doxycycline, a tetracycline analog, prevents the combination of TRE and tTA so that the expression of betagalactosidase in neurons will be blocked. In the absence of doxycycline administration, the c-fos driven activation will start the transcriptional loop and express the tau-LacZ gene. Only the neurons induced to express beta-galactosidase during this time window will continue the expression even after giving back the doxycycline because the feedback loop can maintain itself through the doxycycline insensitive mutant tTAH100Y. With the local injection of the virus that carries TRE promoter in the ACC, we can marker and visualize the neuron ensembles activated during a specific time window.All the mice were bred in the animal facility of Neurocentre Magendie, weaned after 21 days, and separated as one per cage before six weeks of age. Mice were housed at a 12-hour light-dark cycle (light on from 7 a.m. to 7 p.m.) in temperaturehumidity-controlled rooms and with ad libitum access to food and water. The TetTag mice were given food containing Dox (40 mg/kg, Spezialdiäten GmbH)
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  CFC), contextual only (CTX), or home-cage (HC). The sexes were balanced in every group. Before the behavioral training, mice were habituated in a waiting room and handled daily for five consecutive days. Two days before CFC, CTX, or HC, doxycycline food was replaced with the regular food. Doxycycline food was given back to the mice immediately after exposure to the CFC, CTX, or HC in all behavioral experiments. On the training day, mice were first transported into the waiting room, allowed to acclimatize for at least 10 minutes. Then, mice were transferred to the fear conditioning room. The mice in the CFC group were conditioned as follows: three minutes of free exploration in the context A box, followed by five two-second-long foot shocks of 0.7 mA at 30 seconds intervals. After the last shock, mice remained in context A for an additional 30 seconds before being placed in their home cage.Mice in the CTX group stayed in the context A box for the same time as the CFC group (five minutes and 40 seconds in total) without shock. Before every trial (CTX or CFC), the contextual box was cleaned first with water and 70% ethanol.

  modulate the excitability of engram ensembles in the ACC at the early time point after learning, mice received CNO or saline twice a day for the first seven consecutive days after CFC. The first CNO or vehicle intraperitoneal injection was practiced in the afternoon of the day that mice had contextual fear conditioning. In the following 7 days, mice were injected with CNO or vehicle intraperitoneally twice per day in a room other than the fear conditioning room. To alter the excitability of engram ensembles at the later time point after learning, mice had the first intraperitoneal injection on the 14th day afternoon after contextual fear conditioning and the following seven consecutive days (from Day 15 to Day 21) twice per day. We restricted the injection time between 9 to 10 a.m. and 3 to 4 p.m.
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 5 brain and contained (in mM): 93 N-methyl-D-glucamine (NMDG, Meglumine), 2.5 KCl, 1.25 NaH2PO4•H20, 30 NaHCO3, 20 HEPES, 35 D-glucose, 2 Thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2•2H2O, 10 MgSO4•7H2O.The resting solution was used for the incubation of the brain slices and consisted of (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4•H20, 24 NaHCO3,
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  Filter Set 62 HE, Colibri). For whole-cell patch-clamp recordings, we used borosilicate glass capillaries (Harvard Instruments, GC150F-7.5) pulled by a PC-100 puller (NARISHIGE Group). The pipettes were filled with 10𝝁l intracellular solutions, and the open-tip resistance ranged from 5 to 7 MΩ. The recording chamber of the electrophysiology setup was perfused with oxygenated aCSF, and the temperature was monitored and kept around 32℃ during the whole experiment.The intracellular solution contained (in mM): 135 K-gluconate, 4 KCl, 10 HEPES, 10 Phosphocreatine-Na, 0.3 Na-GTP, 4 Mg-ATP and 0.3% Biocytin (Reference: 90055, Biotium). The osmolarity was adjusted to 290 mOsm, and the pH was set to be 7.30 with KOH. The intracellular solution was stored at -20℃ and kept on ice before use.Data were collected in the bridge mode by an amplifier (Dagan, BVA-700C), low-pass filtered at 3k Hz, sampled at 20 kHz, and using AxoGraph X (version 1.7.6) software. Bridge resistance and capacitance were compensated and monitored during the recording period. Cells were discarded if the resting membrane potential was depolarized above -50 mV or applied bridge balance larger than 10 MΩ. While holding the cell's membrane potential at -68 mV, the electrophysiological properties were measured in the current-clamp mode.
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 5 Input resistance (Rin) was calculated as the voltage response divided by a -20 pA current injection. We took the average value of five repetitions. 6) Percentage of Sag (Sag %) response was calculated from hyperpolarizing voltage responses to negative current steps, measured as the ratio of the following two values: the difference between the steady-state voltage and the peak voltage of the hyperpolarization (Vs), and the difference between the RMP and the peak of the hyperpolarization (Vpeak). The traces that have the similar steady-state voltage deflection from the RMP (approximately 15mV in this experiment) were selected for this analysis, shown as the formula below: time constant (τ) was measured by injecting depolarizing or hyperpolarizing 400 pA current pulses lasting for 1 ms. A two-term exponential model was fitted to the responding curve, resulting in time constant values for both the depolarizing and hyperpolarizing responses. 8) Medium afterhyperpolarization (mAHP) was induced by injecting a train of five 2 nA current pulses lasting for 2 ms each, with the following frequencies: 20 Hz, 40 Hz, 60 Hz, 80 Hz, 100 Hz, 120 Hz, and 200 Hz. The maximum negative peak (relative to RMP) within 50-100 ms following the last evoked AP of this 5

  Mice in the CFC group received foot shocks in a context while the CTX group spent the same time as the CFC mice in the same context without any shock. The HC group mice stayed in their home cages all the time, without any exposure to a new environment.The CFC and CTX mice were returned to the same context one day after conditioning to test the recent memory recall or 30 days after conditioning to test the remote memory recall (Figure3.1A-B). Mice in the CFC and CTX groups were sacrificed 90 minutes after these memory retrieval tasks to enable the visualization of engaged neurons. The HC mice were sacrificed following the CFC and CTX mice.As shown in Figure3.1 C-D, the conditioned mice (CFC) froze significantly more than the mice that did not receive any shock (CTX) in the recent (CFC n = 6 mice; CTX n = 5 mice, unpaired t-test, ***P = 0.0009) and remote memory retrieval (CFC n = 5 mice, CTX n = 6 mice, unpaired t-test, **P = 0.0043) experiments. The percentage of freezing time in the CFC group was comparable between Day 1 and Day 30 (Day 1 n = 6 mice; Day 30 n = 5 mice; unpaired t-test, P = 0.0823). These results demonstrated that we successfully generated robust and long-lasting contextual fear memory in the TetTag (GFP+/LacZ+) mice.
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 2 More neurons are reactivated during remote fear memory retrieval than recent fear memory retrieval in the ACC Our experimental strategy (see Figure 3.1 A-B), combining targeted virus injection with TetTag transgenic mice, enabled us to persistently tag the neurons activated during memory formation in the ACC with mCherry fluorescence (Figure 3.2 A & D). At the same time, we were able to label the neurons activated during memory retrieval with a two-hour half-life GFP protein (Figure 3.2 E). Comparing the colocation of these two groups of labeled neurons allowed us to identify neurons activated both during memory formation and retrieval (Figure 3.2 F), which suggests the recruitment of engram cells related to a specific memory. We first examined the density of mCherry positive neurons in the ACC following recent and remote memory retrieval experiments. Our data revealed that more neurons were activated in the ACC after CFC compared to the CTX and HC mice, both during recent (Figure 3.2 B) (one-way ANOVA test, **P = 0.0033; Tukey's multiple comparisons tests: CFC vs. CTX, **P = 0.0098; CTX vs. HC, **P = 0.0062) and remote memory retrieval (Figure 3.2 C) (one-way ANOVA test, **P = 0.0012; Tukey's multiple comparisons tests: CFC vs. CTX, *P = 0.0306; CTX vs. HC, ***P = 0.0009). The density of mCherry positive neurons within the ACC was similar between recent and remote memory recall suggesting that the neurons activated during memory encoding were stably expressed mCherry for at least four weeks (Figure 3.2 B, CFC of Day1 153.7 ± 18.8; Figure 3.2 C, CFC of Day 30 140.4 ± 12.4). More importantly, our results demonstrated that the ACC area was activated during the encoding phase of contextual fear conditioning, which supports the multiple trace theory (Frankland & Bontempi, 2005). Next, we calculated the number and density of the labeled neurons as a ratio of neurons for the CFC/CTX group to those of the respective HC group to reduce the variability from different experimental repetitions (Figure 3.2 G). Our measurement revealed that CFC engaged more ACC neurons than CTX both during recent and remote memory recall (two-way ANOVA test, condition ****P <0.0001; Sidak's multiple comparisons test: Day 1, CFC vs. CTX, ***P = 0.0006; Day 1, CFC vs. HC, ***P = 0.0003; Day 30, *P = 0.0462; Day 30, CFC vs. HC, **P = 0.0012).The GFP positive neurons represent the group of neurons activated during the memory retrieval period (Figure3.2 H). The post-hoc two-way ANOVA analysis showed that more ACC neurons in the CFC group were activated than in the HC group, but not the CTX group during recent memory retrieval on Day 1 (two-way ANOVA test, condition ***P = 0.0002; Tukey's multiple comparisons tests: Day 1, CFC vs. HC, ***P = 0.0009). However, during the remote memory retrieval on Day 30, more ACC neurons were activated in the CFC group than in the HC group, and also the CTX group also had significantly more neurons activated than the HC group (Tukey's multiple comparisons tests: Day 30, CFC vs. HC, *P = 0.0221; Day 30, CTX vs. HC, *P = 0.0203), but there was no difference in the ACC neuron activated between the CFC and CTX groups (Tukey's multiple comparisons tests: Day 30 CFC 1.7 ± 0.2, Day 30 CTX 1.7 ± 0.1, P >0.05). Interestingly, we did not observe more GFP-positive neurons at the day 30 memory retrieval time-point, compared to Day 1 in the CFC groups (Tukey's multiple comparisons tests: Day1 CFC 1.9 ± 0.2, Day30 CFC 1.7 ± 0.2, P >0.05).To test if the neurons engaged during CFC were also re-activated during the memory retrieval, we quantified the co-localization of neurons expressing both mCherry and GFP. As presented in Figure3.2 I, we found the ratio to HC remained similar among the three groups for the recent memory retrieval in the ACC (P> 0.05 respectively). In contrast, the CFC group had many more neurons re-activated than the CTX or HC group during remote memory retrieval (two-way ANOVA test, condition ***P = 0.0008; Sidak's multiple comparisons test: Day 30, CFC vs. CTX, ***P = 0.0004; Day 30, CFC vs. HC, ****P < 0.0001). Importantly, within the ACC area, these learning-induced engram ensembles had two times more neurons re-activated during the remote memory recall than during the recent memory (Day 1 CFC 1.0 ± 0.1, Day 30 CFC 2.4 ± 0.2; Sidak's multiple comparisons tests: CFC Day 1 vs. Day 30, ****P < 0.0001). These results imply that the ACC plays a dominant role in remote memory formation and storage.

Figure 3 . 2 Figure

 32 Figure 3.2 More neurons were reactivated during remote than recent fear memory retrieval in the ACC.

Figure 3 . 3

 33 Figure 3.3 Layer distribution of reactivated neurons in the ACC in recent and remote memory retrieval.

  4 A). All mice were between 8 to 10 weeks old for the electrophysiology experiments (CFC 66.2± 1.5 days old, CTX 60.5± 3.0 days old, two-tailed unpaired Mann-Whitney t-test, P= 0.1108). To reveal specific learning induced changes in the intrinsic excitability, we compared recordings from the putative engram neurons (CFC_YFP+) with those neighboring non-labeled neurons (CFC_YFP-), and with YFP+ neurons from CTX mice (CTX_YFP+). A laser of 490 nm wavelength detected the YFP fluorescence under the EMCCD camera (Figure 3.4 B). After patch-clamp experiments, the brain slices were preserved and scanned with confocal microscopy to confirm the virus expression of the YFP. When conducting whole-cell patch-clamp recordings, the neuron was filled with biocytin. After immunohistochemistry staining with Streptavidin-555, the neuron was shown as red (Figure 3.4 C). We examined the morphological feature and layer information of the recorded neurons afterward (Figure 3.4 D). The analysis of the electrophysiology results is displayed in Figures 3.5-3.7 and Table 3.1.

Figure 3 . 4

 34 Figure 3.4 Investigating intrinsic excitability changes of ACC engram neurons 1 to 3 days after contextual fear conditioning.

  5 A-B, we found a significant enhancement in the action potential (AP) frequency of the neurons with YFP fluorescence from CFC mice (CFC_YFP+, red dots) compared to the neurons with YFP from CTX mice (CTX_YFP+, black dots). It reached statistical differences between trials from 140 pA to 220 pA current injection (Figure 3.5 B). For example, for a 180-pA-current injection (Figure 3.5 E), CFC_YFP+ group had higher AP frequency than CTX_YFP+ group (one-way ANOVA test, *P= 0.0468; Tukey's multiple comparisons test, CFC_YFP+ vs. CTX_YFP+, *P= 0.0397). In addition, we observed a more hyperpolarized resting membrane potential (Figure 3.5 C) (one-way ANOVA test, *P= 0.0153; Tukey's multiple comparisons test, CFC_YFP+ vs. CTX_YFP+, *P= 0.0143) but a reduced rheobase in the CFC_YFP+ group than in the other two groups (Figure 3.5 D) (one-way Welch ANOVA test, **P= 0.005; Dunnett's T3 multiple comparisons test, CFC_YFP+ vs. CTX_YFP+, **P= 0.0046; CFC_YFP-vs. CTX_YFP+, *P= 0.0297). No significant difference was detected in the input resistance (Rin) between the three groups (Figure 3.5 F).

Figure

  Figure 3.5 Enhanced excitability of ACC layer 5 engram neurons 1 to 3 days after CFC.

(

  ISI) during an AP train of 4-6 APs compared to YFP positive and negative neurons from the CFC group (Figure 3.6 A-B) (one-way ANOVA test, *P= 0.0142; Tukey's multiple comparisons test, CFC_YFP-vs. CTX_YFP+, *P= 0.0114). Interestingly, we observed several alterations in the CFC_YFP+ neurons regarding the single AP features, including AP threshold, AP half-width, AP amplitude, maximum rate of rising, and membrane time constant. The CFC_YFP+ neurons exhibited lower AP threshold than the other two control groups (Figure 3.6 C-D) (one-way ANOVA test, **P= 0.0093; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, **P= 0.0092; CFC_YFP+ vs. CTX_YFP+, *P= 0.0315), providing an explanation for why the rheobase is lower despite no change in Rin and a more hyperpolarized RMP (see Figure 3.5). In addition, the AP half-width was increased compared to YFP positive neurons in CTX group (Figure 3.6 E) (one-way ANOVA test, ***P= 0.0007; Dunn's multiple comparisons test, CFC_YFP+ vs. CTX_YFP+, **P= 0.0017). The maximum dV/ dt of APs in the YFP+ neurons after learning were lower than that of YFP+ neurons, which not underwent learning-induced plasticity (Figure 3.6 F-G) (one-way ANOVA test, *P= 0.0217; Tukey's multiple comparisons test, CFC_YFP+ vs. CTX_YFP+, *P= 0.0298). Although neurons in the CFC group share similar AP amplitude (P> 0.9999), there was a significant decrease in the CTX_YFP+ neurons (Figure 3.6 H-I) (one-way ANOVA test, *P= 0.0352; Dunn's multiple comparisons test, CFC_YFP-vs. CTX_YFP+, *P= 0.0492).

in

  Figure 3.7 C, YFP+ neurons from CFC group displayed larger τ than CFC_YFPneurons and CTX_YFP+ neurons for both a depolarizing current injection (Figure 3.7 D) (one-way ANOVA test, ***P= 0.001; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, *P= 0.0276; CFC_YFP+ vs. CTX_YFP+, ***P= 0.0006) and a hyperpolarizing current injection (Figure 3.7 E)(one-way ANOVA test, ***P= 0.0001; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, *P=0.0276; CFC_YFP+ vs. CTX_YFP+, ****P<0.0001). A prominent sag in the voltage response to a hyperpolarizing current step is mainly due to a hyperpolarization-activated mixed cation current (Ih). In our experiments, YFP + neurons exhibited bigger sag ratio than YFP-neurons (Figure 3.7 B) (one-way ANOVA test, ***P= 0.0001; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, **P=0.0059; CTX_YFP+ vs. CFC_YFP-, ***P=0.0002). Notably, although the YFP+ neurons share a similar sag value between the CFC and CTX groups, the sag features are different. Indeed, CFC_YFP+ neurons displayed a slower time course to reach the negative peak of sag (Figure 3.7 A).

  8 A-B) (one-way ANOVA test, **P= 0.0014; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, **P=0.0074; CTX_YFP+ vs. CFC_YFP-, **P=0.0031). We did not observe any statistical difference in the sAHP component (Figure 3.8 C).

Figure 3 . 6

 36 Figure 3.6 The single AP properties of ACC layer 5 engram neurons 1 to 3 days after CFC.

Figure

  Figure 3.7 Intrinsic plasticity modifications of ACC layer 5 engram neurons 1 to 3 days after CFC. A-B. Example traces of sag response. (One-way ANOVA test, ***P= 0.0001; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, **P=0.0059; CFC_YFP-vs. CTX_YFP+, ***P=0.0002) C. Example traces of membrane time constant (τ) measured from a depolarizing current (top) and a hyperpolarizing current (down). D. Membrane time constant from depolarizing phase. (One-way ANOVA test, ***P= 0.001; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, *P= 0.0276; CFC_YFP+ vs. CTX_YFP+, ***P= 0.0006) E. Membrane time constant from hyperpolarizing phase. (One-way ANOVA test, ***P= 0.0001; Tukey's multiple comparisons test, CFC_YFP+ vs. CFC_YFP-, *P=0.0276; CFC_YFP+ vs. CTX_YFP+, ****P<0.0001; CFC_YFP-vs. CTX_YFP+, *P=0.0434) F-I. Example traces of resonance frequency at a 30pA protocol. Analysis of the maximum impedance, the frequency of the maximum impedance, and strength Q value. The number of neurons and detailed statistics are in the Table 3.1. Data represented as mean ± SEM.

Figure 3 . 8

 38 Figure 3.8 Intrinsic plasticity changes of AHP in ACC layer 5 engram neurons 1 to 3 days after CFC.

  Given that contextual fear conditioning plastically alters the intrinsic excitability of putative engram ensembles in the ACC, we wanted to further probe the functional relevance of this plasticity for Long-term memory formation. We therefore examined whether modulating these neurons' excitability could influence the retrieval of remote memory, and especially the precision of remote memory.To verify the strength of fear memory at different phases of memory formation, we first examined the freezing time at different time points, on 1, 21, 30, and 40 days after CFC. The TetTag (gfp-/ LacZ+) mice were randomly divided into two groups at each time point and sacrificed after the retrieval test. To test whether the precision of remote memory was precise for the context or more generalized, one group of mice was tested in the original context A and another group was tested in a novel context B (Figure3.9 A). Our data revealed that mice froze more in context A than the novel context B across all of the time points (Figure3.9 B) (Day1 **P= 0.0044, Day 21 ***P= 0.0001; Day 30 *P= 0.0180; Day 40 *P= 0.0462), suggesting that the precision of the original context was not affected for at least until 40 days after CFC. However, we observed that the percentage of freezing on Day 21 and Day 40 was increased compared with Day 1 in the context A (Day1 vs. Day 21, *P= 0.0109; Day 1 vs. Day 40, *P= 0.0274). Also, the freezing time on Day 40 was higher than Day 1 in the context B (Day 1 vs. Day 40, **P= 0.0060).

(

  iDREADD) or AAV1/2-TRE-hM3Dq-mCherry (eDREADD) virus bilaterally in the ACC. These mice were randomly divided into two groups to receive CNO to activate the DREADD or saline by intraperitoneal injections six hours after contextual fear conditioning and twice a day in the following 7 days. We tested remote memory recall 30 days after CFC, either in the original context A or a novel context B for each group of mice (Figure3.10 A). Using this chemogenetic approach, we discovered that suppressing the excitability of engram ensembles in the ACC for the first 7 days after CFC can improve the precision of remote memory while increasing the excitability showed the opposite results.The mice injected with iDREADD or eDREADD in the ACC, receiving saline administration for the first 7 days after CFC froze less in context B than the original context A (Figure3.10 C, grey bars, *P= 0.0478). This implies that precise memory could be maintained 30 days after CFC following our behavioral protocol.We did not observe a statistical difference in the delta freezing (Figure3.10 D, grey bars, P= 0.0849). The percentage of freezing during retrieval showed a significant reduction in context B than in context A in the mice with iDREADD and CNO administration (Figure 3.10 C, blue bars, ****P< 0.0001). We observed the same results in the delta freezing time (Figure 3.9 D, blue bars, ****P< 0.0001). However, the freezing score in context B suggested that the mice might lose detailed information about a context with time (memory generalization). In correspondence with this phenomenon, we observed that the TetTag (gfp-/LacZ+) mice presented a higher freezing score at the retrieval test on Day 40 than Day 1 in the novel context B (Figure 3.9 B) with the same protocol. Interestingly, we found that the mice received CNO for the first seven consecutive days after CFC, with down-regulated excitability of engram ensembles in the ACC, froze much more than the saline group 30 days after in the context A (Figure 3.10 C, *P= 0.0266) These results suggest that the mice demonstrated enhanced precision of remote memory after inhibiting the excitability of putative engram cells in the ACC. On the contrary, when mice expressing the excitatory DREADD in ACC engram ensembles and received CNO for the first 7 days after CFC, they demonstrated less freezing time than the inhibitory group in the original context A (Figure 3.10 C, **P= 0.0011). We observed the same results in the delta freezing time (Figure 3.10 D, *P= 0.0336). Meanwhile, no difference of freezing score was found between context A and B in the excitatory DREADD groups (Figure 3.10 C, orange bars), and a higher delta freezing score in context B was observed when compared to the inhibitory group (Figure 3.10 D, *P= 0.0418). Taken together, mice with increased excitability of ACC engram cells displayed impaired precision of remote memory. Further, we examined the data in female and male mice, respectively, and found that the effect of inhibitory DREADD existed in both sexes (Figure 3.10 E). Next, we examined the colocation neurons from brain slices of all groups. As shown in Figure 3.10 B, mice with iDREADD and CNO administration had more reactivated neurons in context A than the eDREADD group (**P= 0.0022) and the saline group (*P= 0.0435). No significant difference was detected in context B. These results indicated that the enhanced precision of remote memory might be linked with an increased percentage of reactivated ACC engram cells during retrieval. Furthermore, we investigated whether this regulation of engram cells' excitability had a crucial time window or could have the same influence at any period after learning. To answer this question, we designed experiments as shown in Figure 3.11 A. Instead of receiving intraperitoneal injections for the first 7 days after CFC, the mice were given CNO or saline administration from Day 15 to Day 21 after CFC for seven consecutive days, twice per day. From the analysis of two-way ANOVA in Figure 3.11 C, we can see that the difference in freezing time between the context A and B still existed among the iDREADD with CNO (Figure 3.9 C, blue bars, *P= 0.0121), the eDREADD with CNO (Figure 3.11 C, orange bars, *P= 0.0259), and saline groups (Figure 3.11 C, grey bars, **P = 0.0089). However, no enhancement nor impairment of freezing time in context A was found among the three groups. The delta freezing time for this later-time-point modulation of excitability did not provide any evidence of changing the precision of remote memory (Figure 3.11 D). We also examined the freezing ratio in both sexes and found that male mice with saline froze more in context A than context B (**P = 0.0024, Figure 3.11 E). The colocation neurons did not display any difference among all the groups in the later-time-point experiments (Figure 3.11 B).

Figure 3 . 9

 39 Figure 3.9 Remote memory retrieval in different time points after CFC in the context A and context B.

Figure 3 .

 3 Figure 3.10 Modulating the excitability of ACC neurons for the first 7 days after CFC influenced the precision of remote memory retrieval.

Figure 3 .

 3 Figure 3.11 Modulating the excitability of ACC neurons 15 to 21 days after CFC did not influence the precision of remote memory retrieval.

Figure 3 .

 3 Figure 3.12 Decreasing the excitability of ACC engram ensembles following encoding could reverse memory impairment caused by interference.

  . Our experiments used 5 mg/kg CNO for intraperitoneal injections, which was supposed to have 2-6 hours of efficacy duration in mice per injection. Combined with intraperitoneal injections of CNO twice per day, we used the virus that expressed inhibitory DREADD (hM4Di) to suppress the excitability of engram ensembles in the ACC or excitatory DREADD (hM3Dq) to enhance the excitability of putative ACC engram neurons, respectively. Surprisingly, our results revealed that the mice injected with inhibitory DREADD in the ACC and received CNO displayed enhanced freezing time in the remote memory retrieval (Day 30), compared with the mice that received saline and the mice in the excitatory DREADD group. Furthermore, the mice with suppressed excitability of engram ensembles (inhibitory DREADD+ CNO) showed a significant increase of the freezing time in context A (where they received shocks) compared to the novel context B. On the contrary, the mice with enhanced excitability of putative ACC engram neurons (excitatory DREADD+ CNO) shared a similar freezing level in contexts A and B. This evidence provides an insight that decreasing the intrinsic excitability of ACC engram neurons for a prolonged period (7 days) after CFC could improve the precision of remote memory; while increasing the ACC engram neurons' excitability could disrupt the precision of remote memory.
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	1 Introduction
	1.1

Engram and Memory 1.1.1 Overview: What we learned about the engram

  

1.1.6 Using chemogenetics to manipulate the neuronal activity enduringly

  

	Chemogenetics or Designer Receptors Exclusively Activated by Designer
	Drugs (DREADD) is a system that expresses receptor proteins derived from
	targeted mutagenesis of endogenous G-protein coupled receptor DNA to yield
	synthetic receptors expressed on the target cell's membrane. These newly expressed
	receptors can only bind to an inert drug, e.g., clozapine N-oxide (CNO), but not
	any endogenous ligands. CNO can be delivered systematically by intraperitoneal
	injection or in drinking water in animal models.

2.1 Animal Use 2.1.1 Ethical considerations

  All animal procedures, including anesthesia and surgery, were conducted under the European guidelines for the care and usage of laboratory animals. The experiments performed were approved by the animal care and use committee of the Université de Bordeaux and the Institut National de la Santé et de la Recherche Médicale (Inserm) in France. The ethics protocol number is 12267.
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	Floor	Metal grid, rectangular	Plastic pad, triangle
	Wall	Grey plastic wall with one	White plastic wall with one
		transparent door	transparent door
	Oder	70% ethanol	None
	Light	Ambient light	Ambient light

1 Comparison of context A and context B Context A Context B Photo Size L:26 cm, D: 24cm, H:18 cm L:24 cm, D:17 cm, H:15 cm

Table 3 .1 Statistical analysis of electrophysiology data.
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	ANOVA	DFd)
	one-way	F (DFn,
		CTX+
		vs.
		CTX+CFC-
		vs.
		CFC+
		CFC-
		vs.
		CFC+

  Percentage of ΔFreezing Time during memory retrieval in the context A or context B, which was calculated as the percentage of Freezing Time in remote memory retrieval minus the percentage of Freezing Time after memory encoding. (Context B: iDREADD+ CNO -22.69± 7.8, iDREADD/ eDREADD+ Saline -9.12± 4.4, eDREADD+ CNO 0.78± 2.7; Context A: iDREADD+ CNO 23.20± 8.4, iDREADD/ eDREADD+ Saline 9.44± 8.0, eDREADD+ CNO -2.97 ± 7.2. Two-way ANOVA, interaction F (2,67) = 6.332, **P= 0.0030; context F (1,67) = 13.96, ***P= 0.0004; treatment F (2,67) = 0.0257, P = 0.9747; Sidak's multiple comparisons test, iDREADD+ CNO, A vs. B, t (67) =4.489, ****P< 0.0001; iDREADD/ eDREADD+ Saline, A vs. B , t (67) = 2.230, P= 0.0849; Tukey's multiple comparisons test, context A, iDREADD+ CNO vs. eDREADD+ CNO, q (67) = 2.154, *P= 0.0336; context B, iDREADD+ CNO vs. eDREADD+ CNO, q (67) = 3.495, *P= 0.0418) E. Percentage of Freezing Time during memory retrieval in male and female mice respectively. Sidak's multiple comparisons test, iDREADD+ CNO, A vs. B, t (29) = 3.827, **P= 0.0019) The value at the bottom of the column represents the number of mice in this group. Data represented as mean ± SEM.

	Figure 3.10 (continued)
	C. Percentage of Freezing Time during memory retrieval in the context A or context B. (Context
	B: iDREADD+ CNO 21.79± 3.4, iDREADD/ eDREADD+ Saline 28.14± 3.4, eDREADD+ CNO
	28.07 ± 5.0; Context A: iDREADD+ CNO 63.64± 5.9, iDREADD/ eDREADD+ Saline 44.15±
	5.8, eDREADD+ CNO 34.58 ± 6.5. Two-way ANOVA, interaction F (2,68) =5.815, **P= 0.0047;
	context F (1,68) = 26.37, ****P< 0.0001 ; treatment F (2,68) = 2.266, P= 0.1115; Sidak's multiple
	comparisons test, iDREADD+ CNO, A vs. B, t (68) = 5.398, ****P< 0.0001; iDREADD/
	eDREADD+ Saline, A vs. B , t (68) = 2.466, *P= 0.0478; Tukey's multiple comparisons test,
	context A, iDREADD+ CNO vs. iDREADD/ eDREADD+ Saline, q (68) = 3.750, *P= 0.0266;
	context A, iDREADD+ CNO vs. eDREADD+ CNO, q (68) = 5.300, **P= 0.0011)
	D. Female mice (Context B: iDREADD+ CNO 24.74± 3.8, iDREADD/ eDREADD+ Saline
	28.83± 5.7, eDREADD+ CNO 25.83 ± 8.7; Context A: iDREADD+ CNO 63.13± 9.0, iDREADD/
	eDREADD+ Saline 44.02± 7.7, eDREADD+ CNO 32.22 ± 8.9. Two-way ANOVA, interaction
	F (2,33) = 2.239, P= 0.1225; context F (1,33) = 10.54, **P= 0.0027; treatment F (2,33) = 1.729, P =
	0.1932; Sidak's multiple comparisons test, iDREADD+ CNO, A vs. B, t (33) = 3.544, **P= 0.0036;
	context A, iDREADD+ CNO vs. eDREADD+ CNO, q (33) = 3.848, *P= 0.0271)
	Male mice (Context B: iDREADD+ CNO 18.25± 6.0, iDREADD/ eDREADD+ Saline
	27.25± 3.5, eDREADD+ CNO 29.67 ± 6.5; Context A: iDREADD+ CNO 64.40± 7.5, iDREADD/
	eDREADD+ Saline 44.85± 9.5, eDREADD+ CNO 36.54 ± 10.0. Two-way ANOVA, interaction
	F (2,29) = 3.231, P= 0.0541; context F (1,29) = 14.44, ***P= 0.0007; treatment F (2,29) = 0.5518, P =
	0.5518;
	B. Percentage of co-location neurons in mCherry positive neurons.
	(Context B: iDREADD+ CNO 28.57± 1.8, iDREADD/ eDREADD+ Saline 25.67± 2.5,
	eDREADD+ CNO 19.85 ± 3.0; Context A: iDREADD+ CNO 34.87± 2.6, iDREADD/
	eDREADD+ Saline 24.29± 2.6, eDREADD+ CNO 20.08 ± 2.3. Two-way ANOVA, interaction
	F (2,48) = 0.8325, P= 0.4412, context F (1,48) = 0.5463, P= 0.4634, treatment F (2,48) = 7.8220, **P=
	0.0011; Sidak's multiple comparisons test, context A, iDREADD+ CNO vs. iDREADD/
	eDREADD+ Saline, t (48) = 0.6645, *P= 0.0435; context A, eDREADD+ CNO vs. iDREADD+
	CNO, t (48) = 1.999, **P= 0.0022)
	(Continued on the next page)

Continued on the next page) Figure 3.11 (continued)

  Percentage of Freezing Time during memory retrieval in the context A or context B.(Context B: iDREADD+ CNO 13.79± 2.7, iDREADD/ eDREADD+ Saline 17.23± 3.2, eDREADD+ CNO 21.23 ± 7.0; Context A: iDREADD+ CNO 36.17± 9.0, iDREADD/ eDREADD+ Saline 42.40± 5.8, eDREADD+ CNO 46.95 ± 5.9. Two-way ANOVA, interaction F (2,37) = 0.0247, P= 0.9756; context F (1,37) = 26.77, ****P< 0.0001; treatment F (2,37) = 0.5074, P= 0.6062; Sidak's multiple comparisons test, iDREADD+ CNO, A vs. B, t (37) = 3.064, *P= 0.0121; iDREADD/ eDREADD+ Saline, A vs. B, t (37) = 3.179, **P = 0.0089; eDREADD+ CNO, A vs. B, t (37) = 2.770, *P= 0.0259) D. Percentage of ΔFreezing Time during memory retrieval in the context A or context B. (Context B: iDREADD+ CNO -24.69± 6.8, iDREADD/ eDREADD+ Saline -19.02± 6.8, eDREADD+ CNO -3.99 ± 10.5; Context A: iDREADD+ CNO -7.41± 13.9, iDREADD/ eDREADD+ Saline 3.78± 4.5, eDREADD+ CNO 13.71 ± 5.5. Two-way ANOVA, interaction F (2,37) =0.0550, P= 0.9465; context F (1,37) = 10.2100, **P= 0.0029; treatment F (2,37) = 2.8530, P= 0.0704). Percentage of Freezing Time during memory retrieval in male and female mice respectively.

	5, iDREADD/ eDREADD+ Saline 22.59± 3.4, eDREADD+ CNO 20.16 ± 3.4; Context A: iDREADD+ CNO 24.80± 3.6, iDREADD/ eDREADD+ Saline 25.22± 1.7, eDREADD+ CNO 19.35 ± 2.3. Two-way ANOVA, interaction F (2,36) = 0.2498, P= 0.7803; context F (1,36) = 0.3753, P= 0.5440; treatment F (2,36) = 4.218, *P= 0.0226; Tukey's multiple comparisons test, context A, iDREADD+ CNO vs. eDREADD+ CNO, q (36) = 2.2474, *P= 0.0368) 23.83± 4.5, eDREADD+ CNO 20.61 ± 12.1; Context A: iDREADD+ CNO 41.73± 17.8, iDREADD/ eDREADD+ Saline 42.52± 9.8, eDREADD+ CNO 55.58 ± 8.9. Two-way ANOVA, interaction F (2,15) = 0.3074, P= 0.7399; context F (1,15) = 9.655, **P= 0.00072, treatment F (2,15) =0.4864, P= 0.6242) Male mice (Context B: iDREADD+ CNO 15.81± 1.0, iDREADD/ eDREADD+ Saline 13.27± 3.4, eDREADD+ CNO 22.15 ± 6.6; Context A: iDREADD+ CNO 30.62± 7.7, iDREADD/ eDREADD+ Saline 42.11± 6.5, eDREADD+ CNO 38.32 ± 5.8. Two-way ANOVA, interaction F (2,15) =1.061, P= 0.3708; context F (1,15) = 18.12, ***P= 0.0007; treatment F (2,15) =0.6903, P= 0.5167; Sidak's multiple comparisons test, iDREADD/ eDREADD+ Saline, A vs. B, t (15) = 4.179, (Female mice (Context B: iDREADD+ CNO 12.42± 5.6, iDREADD/ eDREADD+ Saline **P = 0.0024)
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