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Étude sur l'intégration synaptique dans les cellules granulaires du gyrus denté pendant la discrimination comportementale chez des souris naviguant en réalité virtuelle La formation et le rappel de la mémoire épisodique sont des processus complémentaires qui imposent des exigences contradictoires aux computations neuronales dans l'hippocampe. La façon dont ce défi est résolu dans les circuits hippocampiques n'est pas claire. Pour répondre à cette question, nous avons obtenu des enregistrements par patch-clamp in vivo de cellules granulaires du gyrus denté chez des souris fixées à la tête, entraînées à explorer et à distinguer des environnements virtuels familiers et nouveaux. Nous observons que le potentiel membranaire sous-seuil des cellules granulaires silencieuses présente une sélectivité robuste dans différents environnements virtuels. Cette observation soutient l'idée que la fraction éparse de cellules granulaires actives résulte d'une dynamique compétitive de type « winner-takes-all » dans laquelle les cellules qui reçoivent suffisamment d'entrée excitatrice pour déclencher des potentiels d'action recrutent l'inhibition pour entraver les autres. Par ailleurs, nous constatons que les cellules granulaires présentent systématiquement une petite dépolarisation transitoire de leur potentiel membranaire lors de la transition vers un nouvel environnement. Ce signal synaptique de nouveauté est sensible à l'application locale d'atropine, ce qui indique qu'il dépend des récepteurs muscariniques de l'acétylcholine. Un modèle computationnel suggère que la réponse synaptique transitoire observée dans les environnements nouveaux peut entraîner un biais dans l'activité de la population de vii cellules granulaires, qui peut à son tour conduire les réseaux d'attracteurs en aval vers un nouvel état, favorisant ainsi le passage de la généralisation à la discrimination face à la nouveauté. Un tel commutateur cholinergique induit par la nouveauté peut permettre l'encodage flexible de nouveaux souvenirs tout en préservant la récupération stable des souvenirs familiers.

Opening remarks

'Know thyself,' read the ancient Greek maxim inscribed in the forecourt of the Temple of Apollo at Delphi. At the dawn of the 21 st century, it appeared that time was finally ripe for us to honour this ancestral exhortation through the study of brain and mind. Why did this have to wait thousands of years? Because Neuroscience, the integrated scientific endeavour founded on the premise that all of behaviour and mental life arises from the structure and function of the nervous system, came to exist as we know it only during the 20 th century. Before this turning point, the study of the brain was mostly limited to gross anatomical description and its function remained elusive. Meanwhile, the study of the mind was based on philosophical speculation gathered from introspection, which incited acrimonious debates among diverse schools of thought but had never been put through the rigour of the scientific method 4 . Nonetheless, the rapid streams of technological and epistemological advances of once alienated disciplines during the 20 th century disembogued into a common conceptual framework and language to study brain and mind, giving rise to the multidisciplinary scientific enterprise that we call Neuroscience 5 . As a result, we now know that René Descartes was wrong when he argued for the existence of a fundamental separation between body and 'spirit.' This dualistic view has been surmounted by the discoveries of Neuroscience, which consistently show that all the aspects of the mind arise from the activity of the brain. Thus, Descartes' 1637 aphorism 'I think, therefore I am' could be revised to 'I have a brain, therefore I think' 6 . The anchor of phenomenology and metaphor is aweigh, and Neuroscience sails en route towards true understanding 7,8 . This recent unification of widely diverse approaches to study behaviour and mental life, from biochemistry to cognitive psychology, has led to a paradigm shift of comparable scope to the preceding scientific revolutions in fundamental physics and molecular biology 9 . Indeed, the human nervous system, with neurons in the order of billions and synapses in the order of trillions, might well be the most complex structure that we know of and is rightly considered to be the last frontier of biology [10][11][12] . However, even the most complicated features of the workings of mind are now being scrutinised scientifically at different levels of analysis, from their genetic and molecular foundations to the expression of complex behaviour 13 . 2 1.2. What is memory? Brief historical preamble This ongoing scientific revolution is bound to change our conception of ourselves as human beings, but not only; as scientific revolutions have always had a dramatic impact on human society, Neuroscience is poised to be one of the leading guidelines in shaping the development of civilisation in the years to come 7,14,15i .

It is in the aforementioned spirit that this project embarks on the exploration of one of the most fascinating mysteries of the brain and mind: the ability to learn and remember. Humbly though, little by little, one cell at a time. . .

What is memory? Brief historical preamble

What differentiates human beings from the rest of life forms? What makes us special? One of the most widely quoted answers to these questions is that humans have the capacity to achieve 'high' cognitive functions, such as conscious thought [19][20][21] . Leaving aside the seemingly unfathomable nature of consciousness, it is possible to focus on aspects of so-called 'high' cognition that are much easier to grasp and study experimentally. For example, one of the essential elements for any cognitive process to arise and thus make our brain more than a hard-wired algorithm is the ability to record and store information about our life experiences to flexibly guide our future behaviour. This faculty of the brain is called memory.

Without memory, our lives would be an endless parade of unlinked snapshots 22 . Memory is therefore the 'cognitive glue' that binds mental life into a single whole 13 . Indeed, we are who we are not just because we can think, but because we can remember what we have thought in the past and guide our future actions accordingly. Memory is thus our capacity to 'travel back in i « Les personnages de roman sont des instruments de connaissance aussi utiles qu'une éprouvette ou un microscope. »

Je suis écrivain (2005) François Weyergans

What is more, if we allow ourselves to consider that there are many similarities between what happens in the brain when we experience an episode from 'real life' and when we experience fiction, perhaps even generating 'internal representations' of what we imagine when we read, we might glimpse at how Neuroscience may be uncovering the very biological underpinnings of culture 17,18 .

time,' consult with the past, and project our thoughts into the future. As exemplified by patients who have suffered lesions in brain structures that are essential for memory storage (see section 1.3), life without memory is alike to being 'trapped' in the present moment.

Anyone in doubt of the importance of this cognitive function and the urge to further our understanding of it needs only to witness the misfortune of a person suffering from Alzheimer's disease-the archetypical malady of memory. As memory dwindles, the individual loses his connection with himself and others: the very essence of being human. Memory loss is thus a dissolution of individuality and a disease of memory is a disease of self 13 .

Learning and memory are therefore fundamental to human experience. It is these brain faculties which allow us to be more than just a set of biological reflexes with the only purpose of maintaining homeostasis long enough to ensure that our genetic material transcends us 23-27ii . Our memory permits the formation of our individual identity and its continuous evolution throughout our lives.

Indeed, most of what we know about the world is not present in our brain when we are born.

Instead, it is acquired as we accumulate life experiences and maintained through memory. In other words, memory is the process that allows what is learnt to persist across time iii . Undoubtedly, we are who we are in large part because of what we learn and remember.

Memory was the first so-called 'high' function of the brain to be accessible to study with modern neuroscientific methods, and the contemporary advances in neurobiology and cognitive psychology now allow the scrutiny of this cognitive faculty at the level of cells and molecules, neuronal circuits and behaviour. As a result, memory is now known to be more than a single cognitive operation. Instead, it is a complex process arising as the integration of multiple computations performed by diverse brain circuits. In keeping with this conceptual advance, the modern Neuroscience of memory is a synthesis of the study of the biology of neurons as the elementary units for memory storage and that of brain systems and cognition 5,13 .

ii Or, viewed through the skeptical lens, at least to fall into a trap set by biology to make us 'think so' 20,21 .

iii Perhaps the pinnacle of the development of this cognitive faculty is the ability of the human brain to capture what is learnt and remembered in language and, through it, transmit this knowledge to other individuals, allowing the establishment and advancement of culture. In keeping with this, what has allowed the progress of civilisation during History is not a change in the human brain's structure and function, which would require much more time than the mere eyeblink that recorded human History represents from the point of view of evolution. Instead, it is the unique capacity of Homo sapiens to capture what is learnt in speech and writing in order to teach it to others which led us out of the caves.

What is memory? Brief historical preamble

The anlage of the modern study of memory was the moment when psychological sciences diverged from speculative philosophy and started the investigation of cognitive processes through empirical methods. The pioneer of this new approach was Hermann Ebbinghaus (1850-1909), who performed the first experiments aimed to quantify specific aspects of memory. Using his method of memorisation of sets of non-sensical syllable cards, he was able to show that memories have different life spans, which were directly correlated to the amount of repetition during learning, therefore providing empirical support for the popular assumption that 'practice makes perfect.' These findings were in keeping with the distinction between short-term and long-term memory introduced by his contemporary William James (1842-1910). In development of these notions, Georg Müller (1850-1934) and his student Alfons Pilzecker 28 introduced the concept of memory consolidation, which implies that a memory is susceptible to disruption or loss during the initial stages of the process of becoming robust and resilient. This idea was later developed in the psychological studies carried out by Frederic Bartlett (1886-1969), who explored the susceptibility of memory to distortion and concluded that the retrieval of memories is a creative reconstructive process.

In parallel with the evolution of the psychological study of memory, Ivan Pavlov (1849-1936) and Edward Thorndike (1874-1949) developed the first animal models to study memory in a laboratory setting and described, respectively, the processes of classical and operant conditioning.

However, the advancement of the experimental study of memory came to an impasse because at the time it was considered that the only properties of information processing by the brain that could be scientifically studied were the received stimuli and the related responses, conceptually reducing all the intermediate steps to a 'black box.' This approach, known as behaviourism, restricted the study of the brain to a very limited set of rules and methods. Later on, however, the emergence of the concept of internal representations-specific encoding of properties of the external world in the form of patterns of activity in defined groups of neurons-gave rise to an alternative school, known as cognitive psychology, whose main interest was precisely the study of the processes occurring between stimulus and response.

The new horizon offered by cognitive psychology led neuroscientists into a hunt for the brain sieges of cognitive faculties, inspired by early successes such as the identification of well-circumscribed Chapter 1. Framework brain areas for the production and comprehension of language, described by Paul Broca (1824-1880) and Carl Wernicke (1848-1905), respectively. Nonetheless, the initial efforts to find an equivalent anatomical locus for memory were not straightforward. With this goal in mind, Karl Lashley (1890-1958) underwent a systematic search for the brain structure holding the memory trace in rodents. He lesioned specific parts of the brain cortex and was only able to show that the magnitude of the lesion correlated with the memory deficit, although no specific cortical structure could be held accountable for it, which led him to champion-wrongly, for methodological reasons later exposed-the law of mass action. Even though we now know this principle to be incorrect, it was clear from Lashley's studies that memory had to be supported by multiple brain structures instead of depending on one discrete final repository. Indeed, the modern view is that memory traces are widely distributed throughout the brain, with different structures storing distinct aspects of the whole 29 .

A clue pointing to the key structures supporting memory came from the functional mappings of the cortex performed by Wilder Penfield (1891-1976) during human neurosurgery. He observed that electrical stimulation of the temporal cortex could evoke memory recollection episodes in the patient. Nevertheless, this observation could not be linked to a clear-cut explanation analogous to the somatotopic maps that he described in the primary motor and sensory cortices.

The experiences evoked by temporal stimulation were complex, sometimes incoherent or even 'dream-like.' Therefore, Penfield's observations on the temporal cortex remained puzzling until a breakthrough was achieved when Scoville and Milner described the tragic but enlightening case of Henry Molaison in 1957.

The medial temporal lobe and declarative memory

The medial temporal lobe (MTL) is a cluster of anatomically related structures in the brain comprising the hippocampal region, which consists of the Cornu Ammonis (CA) fields, the dentate gyrus and the subicular complex, and the adjacent perirhinal, entorhinal and parahippocampal cortices 30 . Studies conducted in humans, non-human primates and rodents have shown that these brain regions constitute a structurally and functionally integrated system that plays a pivotal role 1.3. The medial temporal lobe and declarative memory in declarative memory (conscious memory for facts and events) and which operates in concert with the neocortex to encode, store and retrieve these memories and to maintain them in the long-term [29][30][31][32][33] .

Strictly speaking, clinical evidence of the importance of the medial temporal lobe in declarative memory existed since at least the end of the 19 th century, when Sergei Korsakoff (1854-1900) described the syndrome known as Korsakoff's psychosis, characterised by a severe impairment in memory caused by chronic alcohol abuse and its concomitant vitamin deficiencies 34 . Patients suffering from this disorder show neurodegeneration in a number of brain structures, including the MTL, and have a profound affectation of declarative memory, often accompanied by confabulation to 'fill the gaps.' However, it was not until the landmark description of the profound effects of MTL resection on memory in patient Henry Molaison by Scoville and Milner in 1957 35 that the link between the MTL and memory was finally established. Henry Gustav Molaison (1926-2008), known as 'patient H.M.' until his death in 2008, suffered from epilepsy as a consequence of traumatic head injury during his childhood. His case was severe and the medical treatment available at the time failed to control the seizures, which were having a strong impact on his quality of life. As a last therapeutical resource, Henry Molaison underwent a bilateral surgical resection of medial temporal lobe structures, including both hippocampi (figure 1.1). The operation appeared to be a success during the early recovery stage, and it was one on the long term inasmuch as treating the patient's epilepsy is concerned. Nonetheless, an unexpected effect of the surgical intervention was soon obvious: Henry Molaison had become amnesiac 35 .

Chapter 1. Framework Detailed cognitive assessment of Henry Molaison, conducted chiefly by Brenda Milner and colleagues until his death in 2008 [36][37][38] , showed that he had become permanently incapable of forming lasting memories of events that occurred after the surgery (anterograde amnesia) and the months preceding it (retrograde amnesia), with a clear temporal gradient (an example of Ribot's law iv ). However, his ability to recollect memories from the distant past seemed to be intact, as well as some other mnemonic faculties, such as procedural memory 35,[40][41][42] . At this time, the anatomy of the medial temporal lobe was poorly understood, and it was not known what specific damage within this large region was responsible for Henry Molaison's profound memory impairment. Even more puzzling was why some other aspects of memory and learning were seemingly untouched in him.

The observations made by Brenda Milner and colleagues on Henry Molaison, followed by studies employing quantitative methods to characterise memory loss in other amnesiacs with more sharply-delineated lesions of the medial temporal lobe, led to a number of conclusions: First, the ability to acquire new memories is a discrete cerebral function that is supported by structures of the MTL, particularly the hippocampus, and that can be functionally separated from other cognitive faculties 30,42 . Second, the MTL is not needed for short-term memory 43,44 . Third, the MTL is not the final repository for the memory trace 30,[45][START_REF] Giovannini | Effects of novelty and habituation on acetylcholine, GABA, and glutamate release from the frontal cortex and hippocampus of freely moving rats[END_REF][START_REF] Bianchi | Investigation on acetylcholine, aspartate, glutamate and GABA extracellular levels from ventral hippocampus during repeated exploratory activity in the rat[END_REF][START_REF] Blokland | Effects of intra-hippocampal scopolamine injections in a repeated spatial acquisition task in the rat[END_REF][START_REF] Ohno | Blockade of hippocampal nicotinic receptors impairs working memory but not reference memory in rats[END_REF][START_REF] Ohno | Blockade of hippocampal M1 muscarinic receptors impairs working memory performance of rats[END_REF][START_REF] Rogers | Cholinergic modulation of the hippocampus during encoding and retrieval[END_REF] . Fourth, memory is not a single cognitive faculty, as certain forms of memory remain unaffected after MTL destruction, such as the ability to learn elaborate motor patterns (procedural memory) 38,44 . Indeed, we now know that besides the initial distinction between episodic and procedural memory shown by medial temporal lobe damage, there is a number of different forms of memory that are supported by several brain structures other than the hippocampus, such as the neostriatum, the amygdala, and the cerebellum, which operate independently and in parallel to support behaviour [START_REF] Pabst | Astrocyte Intermediaries of Septal Cholinergic Modulation in the Hippocampus[END_REF][START_REF] Overstreet Wadiche | GABAergic signaling to newborn neurons in dentate gyrus[END_REF][START_REF] Ge | GABA regulates synaptic integration of newly generated neurons in the adult brain[END_REF][START_REF] Richards | Anaesthetic modulation of synaptic transmission in the mammalian CNS[END_REF] . These forms of memory, which persist after destruction of the MTL, are fundamentally different from declarative memory in that they are inaccessible to conscious recollection.

Instead, these forms of memory are evident in performance and are therefore a type of knowledge iv Théodule-Armand Ribot (1839-1916) had already described in the 19 th century 39 that memory loss following brain injuries was related to the age of the memory, with recent memories being typically more impaired than those remotely acquired. Based on this observation, he speculated that memories are progressively reorganised over time. 1.3. The medial temporal lobe and declarative memory that is not reflective, but reflexive-a physiological counterpart of 'subconscious' mental processes (figure 1.2). In addition to its central role in emotional learning, the amygdala is able to modulate the strength of both declarative and nondeclarative memory. Adapted from Squire & Dede (2015) [START_REF] Richards | Anaesthetic modulation of synaptic transmission in the mammalian CNS[END_REF] .

The form of memory that is supported by the medial temporal lobe is called declarative memory and is characterised by the possibility to be brought to conscious recollection as a verbal or visual construction and thus be 'declared' through language. It is the memory for facts, ideas, events, faces, music, etc. acquired during a lifetime of learning. Declarative memory can be subdivided into semantic and episodic, the former comprising general knowledge about the world that does not stem directly from personal experience (e.g. facts and concepts), and the latter comprehending unique, personal experiences having occurred in a distinct spatiotemporal context. It is therefore the kind of memory that is usually referred to when the term is used in common parlance. Other forms of memory that do not fit this description are hence classified as 'non-declarative.'

The clinical evidence that lesions of the medial temporal lobe cause both anterograde amnesia and temporally-graded retrograde amnesia [START_REF] Hao | The Effects of General Anesthetics on Synaptic Transmission[END_REF][START_REF] Nitz | Differential modulation of CA1 and dentate gyrus interneurons during exploration of novel environments[END_REF][START_REF] Wess | Novel insights into muscarinic acetylcholine receptor function using gene targeting technology[END_REF] indicates that MTL structures are essential for memory formation and recall only during a limited period of time for a given memory representation.

These observations formed the basis for a model in which the MTL is charged with a transitory 'binding' function, linking the multiple brain areas that contribute to the formation of a memory during the crucial period of time preceding its stabilisation. According to this model, long-term Chapter 1. Framework memories are stored in the same brain regions that were originally involved in the diverse sensory components of the initial perception of the experience 29 . The integrated whole that represents a memory is known as an 'engram.' vvi The clinical observations from human patients were soon translated into animal models to study retrograde amnesia in a prospective manner with control of the extent of the lesion and the nature and timing of what is learnt. Experimental work in animal models of medial temporal lobe damage corroborated that the MTL is an essential structure for the generation of the equivalent of declarative memory in non-human primates [START_REF] Buchanan | Facilitation of long-term potentiation by muscarinic M(1) receptors is mediated by inhibition of SK channels[END_REF][START_REF] Hofmann | Muscarinic receptor activation modulates the excitability of hilar mossy cells through the induction of an afterdepolarization[END_REF][START_REF] Anderson | Regulation of persistent activity in hippocampal mossy cells by inhibitory synaptic potentials[END_REF] and in rodents [START_REF] Fredes | Ventro-dorsal Hippocampal Pathway Gates Novelty-Induced Contextual Memory Formation[END_REF][START_REF] Diamantaki | Priming Spatial Activity by Single-Cell Stimulation in the Dentate Gyrus of Freely Moving Rats[END_REF] . In these animal models, it was soon evident that performance in tasks involving associations between objects and their location, such as Morris' water maze vii and the cheeseboard task, was notably impaired after hippocampal damage [START_REF] Diamantaki | Priming Spatial Activity by Single-Cell Stimulation in the Dentate Gyrus of Freely Moving Rats[END_REF][START_REF] Huang | Relationship between simultaneously recorded spiking activity and fluorescence signal in GCaMP6 transgenic mice[END_REF][START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF] . Animals with hippocampal lesions were also shown to have a disrupted ability to store temporal sequences of places and objects, which further supported the link between hippocampal lesions and episodic memory-like deficits in rodents, providing a prototypical paradigm in which to develop a conceptualisation of hippocampal function [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF] .

Furthermore, studies in these animal models allowed to better delineate the anatomy of the medial temporal lobe memory system: the hippocampal region (the CA fields, the dentate gyrus, and the subicular complex) and the adjacent entorhinal, perirhinal, and parahippocampal cortices that make up much of the parahippocampal gyrus [START_REF] Vyleta | Plasticity-dependent, full detonation at hippocampal mossy fiber-CA3 pyramidal neuron synapses[END_REF] (see section 1.6). These advances in the understanding of the anatomy of the circuit highlighted that the hippocampus is situated at the end of a cortical processing hierarchy, with the entorhinal cortex providing the majority of its cortical projections.

v An engram is defined as an experience-driven change, be it a distinct neuronal ensemble, a co-activation pattern of several neurons or a set of synaptic weights in a neural network, which can be reinstated during memory recall [START_REF] Levey | Expression of m1-m4 muscarinic acetylcholine receptor proteins in rat hippocampus and regulation by cholinergic innervation[END_REF] .

vi The notion of the memory engram has gained recognition since researchers were able to tag and directly manipulate specific neuronal ensembles involved in a particular memory [START_REF] Yamasaki | Preferential localization of muscarinic M1 receptor on dendritic shaft and spine of cortical pyramidal cells and its anatomical evidence for volume transmission[END_REF][START_REF] Losonczy | Compartmentalized dendritic plasticity and input feature storage in neurons[END_REF][START_REF] Petrovic | Inhibition of post-synaptic Kv7/KCNQ/M channels facilitates long-term potentiation in the hippocampus[END_REF] . In these studies, neurons that were specifically activated during learning of a contextual fear-conditioning task were made to express channelrhodopsin (ChR2) [START_REF] Giessel | M1 muscarinic receptors boost synaptic potentials and calcium influx in dendritic spines by inhibiting postsynaptic SK channels[END_REF] . When these neuronal ensembles were activated optogenetically, the animals showed fear-related behaviour, implying that the artificial reactivation of the ensemble reinstates, at least partially, the memory representation, tricking the animals into 'thinking' that they are in the context that they have learnt to dread, effectively creating a 'false memory.' These findings, fascinating and frightening in even amounts, are perhaps among the best evidence of memory traces being stored in neuronal ensembles.

vii Morris' water maze is a task used to assess spatial memory. In this test, an animal swims through a basin filled with turbid water to find a hidden escape platform under the surface. The visual cues around the maze are used by the animals to generate a spatial representation that they can then utilise to navigate directly to the platform once they have learnt the task over repeated trials. Learning in this task is hippocampus-dependent.

1.3. The medial temporal lobe and declarative memory Indeed, the remarkable anatomical situation of the hippocampus as the ultimate recipient of convergent projections from adjacent cortical structures located earlier in the hierarchy of information processing points towards a special role in tasks that depend on integrating information from multiple sources, such as those concerning distinct events (episodic memory) or associative memory tasks that require remembering pairings of different elements (e.g., a name and a face). This notion is supported by the observation that the mnemonic impairment after medial temporal lobe lesions is multimodal (i.e. memory is affected independent of the sensory modality in which information is presented) 40,[START_REF] Dragoi | Preplay of future place cell sequences by hippocampal cellular assemblies[END_REF][START_REF] Posani | Integration and multiplexing of positional and contextual information by the hippocampal network[END_REF][START_REF] Sheffield | Increased Prevalence of Calcium Transients across the Dendritic Arbor during Place Field Formation[END_REF] . This observation is in line with the principle that the structures of the MTL represent a zone of convergence of cortical processing and receive input from all the sensory modalities [START_REF] Dupret | Dynamic reconfiguration of hippocampal interneuron circuits during spatial learning[END_REF] (see section 1.6).

The aforementioned body of evidence led to the development of the 'systems consolidation' theory viii to explain the lifespan of a declarative memory. This theory states that the hippocampus initially operates in coordination with the neocortex to bind together the information from independent cortical modules representing various elements of an experience into a coherent integrated memory representation. Subsequently, through a gradual process of synaptic and systems reorganisation, connections among the cortical regions specialised for what is to be remembered are progressively strengthened until the engram can be reactivated independently of the hippocampus 29,46,49,65,77ix . A mechanistic explanation on how memory consolidation occurs was suggested in the work of David Marr (1945-1980) [START_REF] Robinson | Targeted Activation of Hippocampal Place Cells Drives Memory-Guided Spatial Behavior[END_REF][START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF] , who proposed that the hippocampus rapidly stores events and then transfers this information to the cortex for reorganisation and classification. The information transfer would occur through 'replay,' the recreation of experience-dependent patterns of neural viii The term 'consolidation' was first introduced by Müller and Pilzecker (see section 1.2) to describe the postexperience processes of memory stabilisation, whereby new memories are gradually transformed from an initially labile state (in which they are vulnerable to disruption) to a more permanent state (in which they are resilient) 28 . The modern view considers that consolidation entails reorganisation both at the synaptic and system levels [START_REF] Barak | The sparseness of mixed selectivity neurons controls the generalizationdiscrimination trade-off[END_REF] . Synaptic consolidation is complete within hours of training, and involves the stabilisation of changes in synaptic connectivity in localised circuits (for example, the establishment of new synaptic connections as well as the restructuring of existing ones). By contrast, systems consolidation is a more prolonged process and involves gradual reorganisation of the brain regions that support memory. For example, this may involve a time-dependent shift in the circuits that support memory recall 29 .

ix A common imprecision in the interpretation of the concept of systems consolidation it that it consists in the 'transfer' of the memory trace from the hippocampus to the neocortex. This is, of course, not true, as the neocortex is involved since the very beginning of the formation of a memory. Instead, the notion of systems consolidation highlights the waning importance of the hippocampus in the process of recall as a memory matures [START_REF] Schmidt-Hieber | Active dendritic integration as a mechanism for robust and precise grid cell firing[END_REF] .

Chapter 1. Framework activity having occurred during awake periods [START_REF] Schmidt-Hieber | Active dendritic integration as a mechanism for robust and precise grid cell firing[END_REF] . In this way, the experience of a particular event initially encoded in the hippocampo-cortical network is followed by iterations of replay of neural patterns resulting in a progressive strengthening of the cortico-cortical connections of the engram, which eventually become powerful enough to allow for the memory trace to be retrieved without participation of the hippocampus. Indeed, the notions that the hippocampus is a temporary support for the memory trace, that waking patterns of neural activity are 'replayed' and that the long-term storage of memories occurs as a widely-distributed representation in the neocortex are now the central tenets of the modern model of systems consolidation (figure 1.3). 3 Standard memory consolidation model. Encoding of perceptual, motor and cognitive information initially occurs in several specialised primary and associative cortical areas. The hippocampus integrates information from these distributed cortical modules that represents the various features of an experience, and rapidly binds these features into a coherent memory trace. Successive reactivation of this hippocampal-cortical network leads to progressive strengthening of cortico-cortical connections (for example, by strengthening existing cortico-cortical connections or establishing new ones). Incremental strengthening of cortico-cortical connections eventually allows new memories to become independent of the hippocampus and to be gradually integrated with pre-existing cortical memories. A key feature of this model is that changes in the strength of the connections between the hippocampal system and the different cortical areas are rapid and transient, whereas changes in the connections between the cortical areas are slow and long-lasting. Adapted from Frankland & Bontempi (2005) 29 .

In line with the theory, replay has been demonstrated in the hippocampus and in both hippocampocortical and cortico-cortical networks [START_REF] Paxinos | Paxinos and Franklin's the Mouse Brain in Stereotaxic Coordinates, Compact 5th Edition[END_REF][START_REF] Margrie | In vivo, low-resistance, whole-cell recordings from neurons in the anaesthetized and awake mammalian brain[END_REF] . It has been shown that the activity patterns recorded from hippocampal 'place cells' (neurons that fire specifically when the animal occupies a particular location in a given environment) (see section 1.5) during exploratory behaviour are 1.3. The medial temporal lobe and declarative memory reinstated during slow-wave sleep (SWS x ) [START_REF] Monasson | Crosstalk and transitions between multiple spatial maps in an attractor neural network model of the hippocampus: collective motion of the activity[END_REF][START_REF] Harris | Array programming with NumPy[END_REF][85] . This hippocampal replay retains the original temporal order, and occurs preferentially during high frequency bursts of activity known as sharpwave/ripples (SWR xi ). This oscillatory activity is thought to promote strengthening of synapses in the hippocampo-cortical network involved in a memory representation and also to coordinate the consolidation process in target cortical modules. Although the original assumption was that replay takes place during sleep, it is now known that this process occurs both during 'offline' states, such as sleeping or awake immobility, and during some 'online' states, like task-relevant situations 87,88 .

Finally, although great emphasis is placed in understanding the workings of memory storage and recall, the importance of forgetting for the adequate function of the declarative memory system cannot be overlooked. The best illustration of this notion belongs, perhaps, to the realm of fiction: The character from 'Funes, el memorioso' by Jorge Luis Borges brings to life the absurdity of being able to remember everything that one experiences 89 . The same principle has been highlighted in clinical studies of mnemonists-people with extraordinary memory-such as Solomon Shereshevsky (1886-1958), a Russian journalist extensively studied by Alexander Luria (1902-1977). Shereshevsky's prodigious memory, relying on remarkably enhanced synaesthesia, was nonetheless accompanied by under-average performance in other cognitive areas. In less prodigious humans, declarative memory is stored not as a faithful record of the original percept, but instead as a reconstruction of its defining qualities-the 'gist' of it. This ability to extract meaningful generalisations while discarding details appeared to be reduced in Shereshevsky and other mnemonists. These observations further highlight the concept proposed by Bartlett that, because of the synthetic nature of declarative memory, recall is a process of recreation, vulnerable to inaccuracy and distortion (see section 1.2), and that this seeming 'weakness' may well represent an advantage. Thus, according to the framework described above, retrieval of a memory is cueand context dependent and consists in the reactivation of patterns of neural activity associated-although not forcefully the same--with the original experience 90 . Retrieval is not replicative, but reconstructive. Indeed, even a consolidated long-term memory can be susceptible to disruption

x Slow-wave sleep is a stage of non-REM deep sleep characterised by the presence of high-amplitude, slow delta waves of cortical activity.

xi Sharp-wave/Ripples are high frequency (∼200 Hz) oscillations of neuronal activity which last 30-200 ms and occur in cells of the CA1 region of the hippocampus during periods of slow-wave sleep and awake immobility 86 .
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Chapter 1. Framework and restoration. This process has been termed 'memory reconsolidation' [91][92][93][94][95] and underscores that the nature of the preservation of memory in the brain is not a passive 'safekeeping' operation, but an incessantly active, recreative process.

Neurophysiology of learning and memory

Learning, the ability to acquire new knowledge about the world, and memory, the ability to retain and reconstruct this knowledge over time, are two of the most intriguing features of the brain, as they contribute to the unification of a myriad neural processes into the mental entity that allows for human experience to unfold. Indeed, most of our skills and our knowledge are not present within us at birth, but instead are acquired during a lifetime of learning. In this sense, we are These arrangements, known as reverberatory circuits (figure 1.4), are capable of storing information in the short-term and are fundamental for several operations of the nervous system, such as working memory and some reflexes 25,26 . However, the capacity to store information relying only on such mechanisms is limited to very narrow time windows and vulnerable to disruption and loss. Therefore, the nervous system cannot rely on simple re-1.4. Neurophysiology of learning and memory verberation to support durable learning and memory. Instead, if we are to retain valuable information from the events of our life, sometimes for the duration of our life itself, our brain needs to be modified as we learn 14,97 . The faculty of the brain to accommodate for change is called plasticity and lies at the core of our individuality and all aspects of our mental life [98][99][100] .

Nevertheless, the organisational level of the brain at which these modifications take place has been difficult to ascertain.

The evidence that has been accumulated so far suggests that long-term information storage in the brain ultimately depends on structural and functional durable modifications in synaptic circuits that lead to the storage of patterns of activity in distributed neural ensembles [101][102][103][104][105][106] . However, other possibilities for enduring transformation of brain circuits do exist, such as adult neurogenesis xii .

The notion that learning and memory result from activity-dependent structural and functional modifications at the level of the points of contact between neurons-the term 'synapse' had not been coined yet-goes back to the work of Santiago Ramón y Cajal, who inferred this from his observations on static tissue 127 . The term 'synaptic plasticity' was later introduced by Konorski to describe this process (1948) 128 . The experimental assessment of this hypothesis was however very challenging at the time due to the difficulty of finding a preparation in which isolated synapses could be studied in relation to a relevant behaviour during learning. Progress toward this aim came first from studies using a diverse array of animal models with relatively simple nervous systems supporting stereotyped and measurable behaviours, such as the gill-withdrawal reflex of xii Until relatively recently, it was thought that the only plasticity mechanism in the adult mammalian brain was the modification in the strength of synaptic connections, as mature neurons in the adult mammalian organism are considered to be terminally-differentiated cells that cannot re-enter the cell cycle to produce new neurons. However, it has been shown that there are at least two niches in the central nervous system of mammals where neurogenesis continues throughout life: the subgranular zone of the dentate gyrus 107,108 and the sub-ventricular zone (SVZ) of the lateral ventricles 109 . Neuroblasts are continuously produced in these neurogenic zones, from where they migrate and mature to finally integrate into the pre-existing functional circuits. Thus, the presence of continuously regenerating neuronal populations endows the brain with an additional plasticity mechanism besides synaptic plasticity to constantly remodel the connectivity of the network 110 . Adult-born granule cells are different to their adult counterparts in many respects; for example, they show a distinctive dynamic connectivity pattern 110 , increased intrinsic excitability and enhanced synaptic plasticity when compared with mature granule cells 111 . These features suggest that adult-born cells may play special roles in the circuits where they integrate 112 . Remarkably, adult neurogenesis in the dentate gyrus has been implicated in several mnemonic operarations, such as the ability to discriminate between similar memories [113][114][115][116][117][118][119][120][121][122] , and in the pathophysiology of diverse neurological and psychiatric diseases 123,124 . However, the existence of adult neurogenesis and its potential role in the function of the human brain is still disputed 125,126 .

Chapter 1. Framework Aplysia, olfactory learning in Drosophila, the escape reflex of Tritonia, and various behavioural modifications in Hermissenda, Pleurobranchaea, Limax, crayfish, and honeybees [129][130][131][132][133][134][135][136] .

Research carried out in these simple models rapidly showed that even relatively modest nervous systems could nonetheless support various forms of learning described in 'higher' species, such as habituation, dishabituation, sensitisation, classical conditioning, and operant conditioning, and that each of these forms of learning can produce both short-and long-term memory traces 101,[137][138][139][140][141][142][143][144][145][146] . Some common themes in these studies are that short-and long-term changes in the probed behaviours result from modifications in the strength of key synapses in the involved circuits, that these modifications result from the activation of readily identifiable molecular signalling cascades, and that the formation of long-term, but not short-term learning, requires structural changes and de novo protein synthesis 101,137,141,142, . One example among plenty, the finding that the synaptic connection between sensory and motor neurons that mediates the gill-withdrawal reflex in Aplysia is modified through neuromodulation provided by serotonergic interneurons during learning illustrates that the storage of information in simple systems can be achieved through synaptic plasticity in the pre-existing circuits 152,165,173,174 (figure 1.5). Thus, using this reductionistic approach, it was finally possible to link purely psychological concepts about learning and memory with their physiological underpinnings.

The identification of these elementary blocks for learning in simple nervous systems has far-reaching consequences, as it highlights a seminal principle in Neuroscience: neurons share essentially the same basic global functional properties and biochemical systems, even across species, and it is the number of these elementary units and the complexity of their interconnectivity which endows a nervous system with the repertoire of neural operations it can perform xiii . This insight provided the framework needed in the quest for these mechanisms in much more complex systems, such as the mammalian brain.

In parallel with the aforementioned work in organisms with simple nervous systems, the evidence from studies in human amnesiacs and mammalian models of amnesia had made clear that declaratxiii Perhaps, the most illustrative example of this organising logic in nervous systems is the 'labelled line' principle in mammalian sensory systems, where the nature of the information carried in a nerve fibre is not determined by the modality of the signal but for the specific connectivity of the fibre. ive memory is supported by the medial temporal lobe, and particularly by the hippocampus 35,45,176 (see section 1.3). However, translation of the already acquired knowledge about synaptic plasticity mechanisms for learning and memory to the mammalian brain was no trivial task, given the astounding complexity of these nervous systems in relation to the invertebrate species studied so far.

A breakthrough in this regard came with the discovery of experience-dependent plasticity in the hippocampus by Bliss and Lømo, who described that high-frequency electrical stimulation of the Chapter 1. Framework input to the hippocampus resulted in an increase in the strength of the stimulated synapses that lasted for many days, a process which came to be known as long-term potentiation (LTP) 177 . This experimental observation was in line with the mechanism for synaptic plasticity proposed by Donald Hebb in 1949 178 . Hebb had hypothesised that the coordinate activity of neurons in a network could trigger morphological and functional changes leading to memory formation. These ideas are summarised in Hebb's original statement:

'When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes part in firing it, some growth process or metabolic change takes place in one or both cells such that A's efficiency, as one of the cells firing B, is increased.' xiv Following work showed that LTP displays the associability and specificity features predicted by Hebb's theory 180 , as only the synapses that are active when the postsynaptic cell is strongly depolarised are potentiated, while inactive synapses remain unmodified. Thus, synapses that are active in coordinated patterns contributing to elicit firing in a target postsynaptic neuron will be strengthened. This process was seen as a plausible mechanism for the formation and storage of associations in neuronal ensembles, and it thus triggered the hunt for a link between this synaptic phenomenon with the ability of mammals to learn and form memories. This newborn field swiftly provided evidence of Hebbian learning in the hippocampal circuit as well as in many other brain regions. Indeed, it is now widely accepted that synapses constantly adjust their structural and functional properties according to their activity 104,181 . Furthermore, it was also shown that LTP is not a unitary process, but instead a broad category of synaptic changes obeying different anatomical, physiological and molecular contingencies, and that synapses not only gain strength through coordinated activity, but can also lose it in the process of long-term depression (LTD) 182-191xv . The diversity and flexibility of these synaptic processes further suggested that they could represent the cellular and molecular correlates of memory and learning 187,[192][193][194][195][196][197][198][199][200][201] .

xiv This statement has turned into somewhat of a mantra of modern Neuroscience in its mnemonic summary: 'Cells wire together if they fire together' 179 .

xv Other forms of plasticity beyond classical LTP and LTD have now been characterised, such as spike-timing dependent plasticity (STDP), in which functional changes in neurons and/or synapses depend on the precise timing of action potentials in connected neurons, or structural plasticity, in which morphological changes in synapses, dendrites or axons are observed following a particular stimulation protocol.

1.5. Spatial navigation as a surrogate of declarative memory Efforts to link the acquired insights about LTP and LTD to learning and memory leveraged the dependency of spatial navigation behaviour on the hippocampal system (see section 1.5).

Several tasks requiring learning of places and trajectories, such as the T-maze, the radial arm maze, and Morris' water maze have been used to investigate the role of LTP and LTD in learning and memory [202][203][204] . These approaches provided links-albeit more or less indirect-between LTP and hippocampal-dependent forms of learning. To give an example, it was shown that pharmacological blockade of NMDA receptors, known to be crucial for some forms of LTP xvi , also blocked the animal's ability to learn a new spatial location in the water maze, recapitulating the behavioural deficit caused by medial temporal lobe lesions 206 . This observation has been subsequently confirmed using more refined approaches, such as anatomically restricted and temporally controlled genetic modifications of the expression of NMDA receptors 205,207 . Notably, the place map encoded by the collective activity of CA1 neurons discussed in section 1.5-the best understood cognitive map to date-can be perturbed by interfering with LTP in the Schaffer collateral synapse and, conversely, spatial cognition can be enhanced by facilitating LTP in this synapse 208,209 . These findings indicate that the formation of declarative memories in the hippocampus relies, at least partially, on synaptic plasticity. Overall, although a definitive causal relation between synaptic plasticity and the cognitive faculties of learning and memory remains to be fully delineated, at present this is the best characterised physiological mechanism involved in these brain functions 106 .

Spatial navigation as a surrogate of declarative memory

An obvious obstacle to study declarative memory in animal models is that the expression of this cognitive faculty relies on language--a unique attribute of humans. Other animals cannot 'declare' anything that they have learnt, at least in the traditional sense of the term, but the way they learn and remember resembles many of the features of declarative memory in humans.

Certain animal behaviours can therefore be used as surrogates of episodic memory for the purpose xvi NMDA receptors act as 'coincidence detectors,' as their extracellular magnesium plug needs to be dislodged by a critical level of depolarisation before the cation flux through the activated channel can occur 191,205 . This is the underlying mechanism for the dependency on postsynaptic activity of NMDA-dependent forms of synaptic plasticity.

of research. Among these, the most accessible and widely studied is spatial navigation, as spatial memory can be viewed as a subset of the broader category of declarative memory and is known to depend on the hippocampus and related structures [START_REF] Ge | GABA regulates synaptic integration of newly generated neurons in the adult brain[END_REF]210 . However, it is important to bear in mind that the hippocampus is important in both spatial and non-spatial tasks in which new information must be integrated to be used flexibly in guiding behaviour [211][212][213][214][215][216][217][218][219][220][221] .

A crucial event in the research about hippocampal physiology was the discovery of place cells in freely moving rats by O' Keefe and Dostrovsky (1971) 222 . 'Place cells' are neurons located in the hippocampus xvii which fire specifically when the animal occupies a particular location in a given environment, called its 'place field,' and are virtually silent when the animal is outside it.

Neighbouring place cells have statistically independent place fields, such that, throughout the hippocampus, the entire spatial scene and the location of the animal in it can be represented in the collective activity of the place cell population 225,226 . The same place cells participate in representing different environments, but the relationship of the firing fields is different from one context to the next, a feature termed 'remapping' 227xviii . This was the first description of a clear correlation between the firing activity of specific neurons and a defined aspect of complex behaviour.

Subsequently, it was discovered that the medial temporal lobe contains many other classes of neurons whose activity is tuned to different elements of an animal's location and orientation in physical space. Some of the best characterised are head direction cells, whose activity encodes the direction towards which the animal is heading 230 , grid cells, whose multiple firing fields span the environment in a geometrically-regular tessellating pattern to provide a distance metric 231 , and boundary vector/border cells, which fire when the animal approaches barriers to movement 232-234 (figure 1.6). Notably, the spatially-tuned activity of these neurons emerges at different stages of development, with some of them being functional even before the animal starts exploring its environment, indicating that the brain system for representation and storage of xvii All subfields of the hippocampus contain spatially modulated neurons, but the most distinct firing fields are found in the CA areas 223,224 . xviii 'Remapping' encompasses the reorganisation in the pattern of place fields corresponding to particular place cells so that they bear no detectable resemblance to the pattern in the original environment, termed 'global remapping,' and changes in the firing rate of place cells in response to contextual factors, such as environmental changes or altered behavioural demands, but with retention of the place fields in the same locations, termed 'rate remapping' 228,229 .

1.5. Spatial navigation as a surrogate of declarative memory self-location relative to the external environment is partially preconfigured and matures through experience [235][236][237] . The collective activity of these neurons gives rise to a neural representation of an animal's environment and its location within it, which has been proposed to serve as a 'cognitive map' that may guide the navigation behaviour of the animal and serve as a framework for the generation of memories of events happening in this spatial context [238][239][240] . These discoveries gave rise to a new seminal concept in brain function: the brain does not only have topographic representations-maps-for the primary sensory modalities; it can also integrate multisensory information in order to generate complex cognitive maps. In consequence, understanding the coordinated activity of the brain elements dealing with navigation is now one of the most active areas of Neuroscience research, with the final goal of explaining mechanistically how the firing of these spatially modulated cells relates to the actual spatial behaviour of the animal.

Since the initial characterisation of place cells in rodents, the existence of a place cell code to provide the animal with a dynamic, continuously updated representation of allocentric space and the animal's own position in it has been demonstrated in several mammalian species [241][242][243][244] . Among these, the mouse has been a particularly useful model to study the underpinnings of navigation and spatial memory, since it has the advantages that its nervous system resembles the human brain both neuroanatomically and functionally due to the common mammalian heritage, An obvious question raised by these discoveries is whether the hippocampus operates primarily to support episodic memory or navigation behaviour. The answer to this question is not trivial, since spatial information is practically always part of an episodic memory. Indeed, although it is well established that place cells are key elements of a neural internal representation of the spatial environment, it is now also clear that the function of these neurons is way more sophisticated than just producing a cartography of physical space 214,245 . For example, place cells have been shown to respond to non-spatial sensory inputs 212,213,246,247 . Additionally, place cells are also known to alternate between multiple representations of the same locations, reflecting both salient physical properties of the location and events associated with it, either at present or in the past 216,227,231,[248][249][250][251][252][253][254][255][256] . These observations indicate that the hippocampus encodes context-specific memories in which the spatial component is essential but not exclusive. However, how the spatial and non-spatial elements that constitute an event are synthesised into an episodic memory is not explained solely on the basis of the place cell map and remains an active area of research.

While spatial location is encoded in the place cell network of the hippocampus, the underpinnings of this representation are not obvious. The discovery of another neural representation of space following different rules and located in the medial entorhinal cortex (mEC), upstream of the hippocampal circuit, provided a new framework to understand the emergence of place cells in the hippocampus and how they may support episodic memory 231,257 . When an animal moves away from an initial location, it can keep track of its changing positions by integrating linear and angular self-motion 258,259 . This process, termed path integration, is a primary determinant of firing in place cells 240 . However, the hippocampus itself is not well suited to perform path integration. Instead, hippocampal place cells may receive inputs from a system for spatial metric located outside the hippocampus 225 . This metric information could be conveyed by the grid cell map of the entorhinal cortex 260-262 .

Functional anatomy of the hippocampal circuit

The entorhinal cortex (EC), which provides the gross of the input to the hippocampal circuit, has been shown to display a structural and functional subdivision between its lateral and medial parts 263 . In the medial entorhinal cortex (mEC), neurons have stable and sharply delineated spatially-modulated firing fields, while in the lateral entorhinal cortex (lEC) they appear to lack spatial modulation. The main difference between spatially modulated neurons in the hippocampus and in the mEC is that the ones in the latter do not have individual place fields. Instead, each of these cells have several firing fields organised as a tessellating triangular grid that spans the whole extent of the physical environment of the animal, leading to the denomination of 'grid cells' 231,264 . The grid fields of neighbouring cells are displaced relative to one another, with a clear gradient in sharpness and concentration along the ventromedial-to-dorsolateral axis of the mEC 257 , meaning that the representation of the environment is repeated over and over across the surface of the topographical map with progressive re-scaling and re-orientation. Indeed, the current position of an animal can be accurately reconstructed from the activity of just a few grid cells from the mEC, indicating that the spatial environment is precisely mapped in the mEC using this modular arrangement. Grid cells are also different from place cells in that their firing rate not only contains information about position (grid vertices), but also direction (grid orientation) and distance (number of grid cycles). Notably, this representation is maintained in the absence of a functional hippocampus, which indicates that this representation is not a product of the hippocampal code and might well be the source of it.

In summary, the system of spatial representations in the hippocampus might be instrumental in memory-guided navigation. Concertedly, a system of spatial representations present in the entorhinal cortex may support path integration, which can be used for idiothetic navigation and for idiothetic update of the place being represented in the hippocampal memory system.

Functional anatomy of the hippocampal circuit

As highlighted in sections 1.3, 1.4 and 1.5, the medial temporal lobe holds a cluster of anatomically and functionally related structures that integrate a system to support declarative memory.

However, accumulating evidence suggests that each region and subregion of the MTL may Chapter 1. Framework contribute uniquely to the encoding, consolidation and retrieval of declarative memories 265 . Therefore, a brief survey of the anatomy of these subregions and their main connections is in order before moving the discussion to their functional contributions to learning and memory. A detailed depiction of the anatomy of the structures that constitute the MTL is shown in figure 1.7. Given the scope of this work, the following description is limited to the anatomy of the hippocampal formation (HF) and its input structure, the entorhinal cortex (figure 1.8).

In humans, the hippocampal formation arises as an in-curling of the inferomedial part of the temporal lobe, which on brain section hints to the silhouette of a sea horse, inspiring its name [START_REF] Huang | Relationship between simultaneously recorded spiking activity and fluorescence signal in GCaMP6 transgenic mice[END_REF] .

The HF is composed by three subregions: the dentate gyrus, the hippocampus proper (further subdivided into the Cornu Ammonis fields CA3, CA2 and CA1) and the subiculum. In the rat, the hippocampus is comprised by approximately one million neurons in the dentate gyrus, 300,000 in CA3, 30,000 in CA2 and 300,000 in CA1 267 . In marked contrast with the vast majority of the cerebral cortex, whose microanatomical organisation follows a characteristic six-layered arrangement, the hippocampus adopts a simpler three layer architecture. The first and deepest layer is known as the hilus in the dentate gyrus and as the stratum oriens in the CA fields. This layer contains afferent and efferent fibres as well as interneurons. Superficial to this layer is the principal cell layer, including both principal excitatory cells and inhibitory interneurons. In the dentate gyrus this layer is called the granule cell layer, whereas in the CA fields and the subiculum it is referred to as the pyramidal cell layer or stratum pyramidale. The most superficial layer, containing the dendritic arborisations of the principal cells, is referred to as the molecular layer or stratum moleculare in the dentate gyrus and the subiculum. In the CA fields, the molecular layer is further subdivided into sublayers: the stratum lucidum, the stratum radiatum and the stratum lacunosum-moleculare 265 .

The hippocampal formation receives the bulk of its inputs from the entorhinal cortex (EC), which is a polymodal sensory association area collecting and integrating information from various cortical and subcortical processing streams 33 . The EC is structurally and functionally segregated into a medial division and a lateral one 263 . The medial entorhinal cortex (mEC) contains a number of spatially-tuned cell types, such as head direction cells, boundary vector/border cells, object-vector cells and grid cells [230][231][232]234,263,268 (see section 1.5). By contrast, lateral entorhinal 1.6. Functional anatomy of the hippocampal circuit 1.6. Functional anatomy of the hippocampal circuit cortex (lEC) neurons preferentially represent non-spatial information ('what' elements) 269 , such as objects 270 and object-related spatial features, like egocentric bearings towards an object or previous object locations 271,272 . In addition, lEC neurons also exhibit an intrinsic time code [273][274][275] . The hippocampus is thus, by the nature of its input connectivity, well suited to associate object representations with their spatiotemporal context (see section 1.7). Furthermore, the EC receives inputs from the amygdala, which could provide valence-related information about a given episode 276 . neurons from layer II of the EC project to the hippocampus via the perforant path (PP) 277 . The traditional description of the hippocampus as a trisynaptic circuit depicts the PP as bridging the EC and the dentate gyrus. However, the EC also provides direct input to all other hippocampal subregions through the temporoammonic projections xix .

Granule cells are the principal neurons in the dentate gyrus and display unique anatomical 278 , biophysical 279 and cellular features. They receive their main excitatory synaptic inputs from layer II of the medial and lateral divisions of the entorhinal cortex via the perforant path (PP) 280 .

In addition to granule cells, the dentate gyrus has the particularity of containing a second type of excitatory neuron: the mossy cell. Mossy cells are glutamatergic interneurons located in the hilus, the region between the granule cell layer and CA3. These cells receive monosynaptic inputs from granule cells, other mossy cells, CA3 pyramidal neurons, hilar interneurons, and the medial septum 281 . They contact granule cells and hilar interneurons, but in contrast to granule cells, they are not known to send projections to CA3 281,282 . Besides the excitatory neurons, many types of GABAergic interneuron are present in the dentate gyrus [283][284][285][286] . Parvalbumin expressing (PV + ) interneurons, comprising fast-spiking axo-axonic cells and basket cells, send inhibitory projections to the axon initial segment of granule cells and the perisomatic domain of granule cells and interneurones, respectively. By contrast, somatostatin expressing (SOM + ) interneurons send inhibitory projections to distal dendrites of granule cells and other interneuron types near their PP input synapses 287 , and long-range axonal projections to distal regions such as the medial septum, subiculum, CA1, CA3 and the contralateral hippocampus. Many other less well-characterised interneuron subtypes are also embedded in the dentate gyrus' microcircuit.

xix The direct temporoammonic projections from the entorhinal cortex to CA3 are possibly weaker but much more numerous (estimated to be ∼4 • 10 3 in the rat 33 ) than the mossy fibre inputs from the dentate gyrus described in the trisynaptic model. As discussed in further detail in section 1.7, the double input to CA3 may play differential roles during encoding and recall of episodic memories.
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As discussed in further detail in sections 1.7 and 1.8, the dentate gyrus has been involved in a number of mnemonic functions 266 , including pattern separation 32,288-290 , pattern completion 115,291 , novelty detection 292 , binding of information to spatiotemporal contexts 273,293 and working memory 294 . Dentate gyrus granule cells send unmyelinated axonal projections to CA3 pyramidal cells via the mossy fibre pathway, which form synapses onto complex postsynaptic elements called 'thorny excrescences' found on the proximal dendrites of CA3 pyramidal neurons in the stratum lucidum, providing a sparse but powerful connection via 'giant' boutons 295 . These synapses have an average of 20 release sites and exhibit several different types of short-term and long-term synaptic plasticity 105 . Each CA3 pyramidal cell receives ∼46 mossy fibre inputs, yielding a connectivity sparseness for this synapse of ∼0.005% 33 . In addition to the synapses with CA3 pyramidal neurons, mossy fibres provide innervation to mossy cells and GABAergic interneurons through en passant boutons, as well as through filopodia emerging from mossy fibre terminals 296 . in the rat; figure 1.9). The recurrent collaterals are distributed among CA3 cells bilaterally throughout the hippocampus 297-300 , making the CA3 system a self-wired network with a 1.6. Functional anatomy of the hippocampal circuit connectivity of ∼2% between CA3 pyramidal cells 33xx . This arrangement gives rise to the autoassociative connectivity that characterises CA3 and that is thought to support attractor network dynamics necessary for episodic memory formation and recall (see section 1.7). xx The autoconnectivity of the CA3 network is diluted (in contrast with a hypothetical fully-connected network where every neuron connects to each other). This feature has been suggested to be instrumental by reducing the probability of multiple connections between any pair of neurons, which would distort the basins of attraction and substantially reduce storage capacity of the network (see section 1.7).

Finally, in addition to the cortical inputs conveyed by the entorhinal cortex, the hippocampus also receives subcortical neuromodulatory projections 305 . These inputs broadcast information related to 'global' brain states and have an important influence on the manner in which the hippocampal circuit processes information (see section 1.9).

Hippocampal attractor network dynamics supports memory storage and recall

The ability to establish links between unrelated items and to later recall these relationships is termed associative memory. Episodic memory, a type of associative memory, binds together objects, individuals and events (either in the form of isolated episodes or in related sequences) sharing a common spatiotemporal context. This kind of memory is typically assessed by measuring the ability to rapidly learn unique combinations of inputs involving objects and individuals in a given location and time frame and, subsequently, to recall the whole memory from any part of it [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF][306][307][308] .

As discussed in sections 1.3, 1.4, 1.5 and 1.6, the brain region to which episodic memory formation has been ascribed is the hippocampus and associated structures in the medial temporal lobe. Indeed, the hippocampal formation is known to be essential for the representation of a number of elements that are considered as components of episodic memories, such as objects, individuals, locations, time and task-related rules, and for constructing associations between them 207,222,[309][310][311][312][313][314] . However, how are these associations formed, stored and recalled in the hippocampal network? One of the most widely accepted integrative theories of hippocampal function postulates that the hippocampus supports the formation and recall of episodic memories thanks to the attractor network dynamics xxi implemented by the autoassociative recurrent architecture of CA3 32,33 xxi A neural attractor network has one or several favourable 'states' (i.e. patterns of neural activity) such that when the system is started from any location in state space, as it evolves it will tend to 'fall back' into one of the attractors basins and, once there, will remain stable in the absence of new inputs 32 . The stable states are determined by the strengths of the recurrent connections between the neurons in the network. Indeed, computational studies have proven that neural attractor networks with modifiable synaptic weights are powerful models for the storage and retrieval of associative memory. In addition, attractor network dynamics are ideal to fulfil several requirements for an episodic memory system. Namely, to enable the association of information related to objects, their spatial and temporal contexts and their valence to construct an integrated representation 1.7. Hippocampal attractor network dynamics supports memory storage and recall (figure 1.11). As described in section 1.6, the most remarkable characteristic of the CA3 circuit is the extensive excitatory interconnection between CA3 pyramidal neurons through associational and commissural (ipsilateral and contralateral, respectively) (A/C) fibre synapses. Such a recurrently connected neuronal population is thought to operate as an autoassociative attractor network in which memory representations can be stored and recalled 32,33,105 . The theory states that, since the CA3 microcircuit is constructed as a self-wired network with diluted connectivity (see section 1.6), it can support the formation of neural ensembles that hold arbitrary associations between multimodal inputs originating from different parts of the cerebral cortex [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF] . For example, it may bind the information about the presence of an object and where the object is [315][316][317] . These associations are expected to be formed in as little as one second, as autoassociation memories are predicted to require only one-shot learning and long-term of an episode, to identify consistent patterns in the ever-changing physical environment, to allow for completion of a whole memory representation during recall from any part of it, and to avoid interference between patterns with common elements 216 .

Chapter 1. Framework potentiation necessitates only brief inputs 318 . The crucial plasticity process for this takes place at the CA3 recurrent collateral synapses.

Once these neuronal ensembles are formed during learning, it follows that their recall may be symmetric, meaning that stored memory representations can be retrieved and reconstructed from any part of incomplete or degraded xxii versions of the original input by reinstating the activity of previously established neuronal ensembles. For example, a location can be recalled from an object retrieval cue and vice versa. This operation is termed 'pattern completion' or 'neuronal generalisation' 32,33,216,[319][320][321][322] , and is thought to be elicited by direct perforant path input to CA3, bypassing the dentate gyrus stage, which would act as a cue to reimpel a previously stored activity pattern.

Concertedly, the recalled pattern must stay distinct from other, more dissimilar memory representations stored in the same network in a process termed 'pattern separation' or 'neuronal discrimination'. This operation is thought to occur due to the very small number of mossy fibre synapses onto CA3 pyramidal neurons, which create a randomising effect that is instrumental for the circuit to generate very dissimilar activity patterns in CA3 ensembles during learning. This effect is particularly well adapted to ensure that each new episodic memory is stored as a distinct representation from the ones previously encoded in the network. As discussed in more detail in section 1.8, a conspicuous architectural feature of the dentate gyrus circuit is the expansion of input from the entorhinal cortex onto a more numerous population of sparsely active granule cells. This circuit arrangement is well suited for decorrelating incoming signals from multiple cortical and subcortical sources. In addition to the divergent connectivity between the EC and the dentate gyrus, the sparse firing activity of granule cells and the few but powerful xxiii mossy fibre synapses with CA3 pyramidal neurons strongly suggests that the dentate gyrus is crucial xxii As quantitative estimates derived from network modelling indicate that recurrent networks in the hippocampus might have a very large storage capacity 32,33 , the vast number of stored memory representations makes the system vulnerable to interference. Attractor network dynamics might therefore solve this problem as it could allow recall from moderately distorted input patterns, avoiding confusion with other representations with similar elements. xxiii A striking feature of the mossy fibre-CA3 pyramidal cell synapse is that the amplitude of its postsynaptic currents depends on the pattern of presynaptic activity, which has led to the notion of this synapse acting as a 'conditional detonator' 323 . These properties arise as a consequence of a large presynaptic short-term facilitation occurring upon repeated stimulation, a large number of release sites, a large vesicle pool size and multivesicular release 105,324 . 1.7. Hippocampal attractor network dynamics supports memory storage and recall in allowing 'pattern separation' to take place in CA3 during the formation of a new memory representation xxiv (figure 1.12).

Ultimately, the information contained in the patterns of activity of CA3 neurons is projected to CA1 via the Schaffer collateral pathway [302][303][304] . CA1 may then recode the information stored in the CA3 ensembles and set up an integrated neural representation associating the different elements of the episode that can then be backprojected to the neocortex for subsequent retrieval 29,302 . This information transfer could serve the purpose of binding into a single ensemble the multiple subparts of an episodic memory stored in CA3. This stage may be important in guiding behavioural decisions based on recalled episodic information 220 . In humans, once recalled to the neocortex, episodes can be verbalised, thus representing a declarative memory 176 .

Several features of the place cell code (see section 1.5) support the notion of attractor networkbased neuronal discrimination and generalisation in the hippocampus, such as the persistence of the spatial firing after removal of subsets of the original input ('generalisation') 227,248,249,326,327 and complete 'remapping' in response to changes in the sensory input ('discrimination') 249,309,328,329 .

More direct evidence of attractor properties in the hippocampal network comes from studies measuring the response of the place cell population to continuous transformations of the recording environment. One example is the study by Wills et al. (2005) 320 , in which rats were familiarised on alternating trials with a square and a circular version of a morph box with flexible walls. As expected, distinct place maps were formed for the two environments. However, when tested on multiple intermediate shapes, sharp transitions ('flickering') from square-like representations to circle-like representations were observed near the most ambiguous point of the geometric sequence, supporting the notion that the network had discrete attractor states corresponding to each of the familiar square and circular shapes.

xxiv Computational modelling studies suggest that the direct temporoammonic input alone is indeed too weak to drive the firing of CA3 pyramidal neurons, since the dynamics of the network is dominated by the randomising effect of autoassociative recurrent collaterals, making it unsuitable as a cue to trigger information storage during new memory formation. On the other hand, this pathway, with a numerically large input through associatively modified synapses, is appropriate to apply the retrieval cue to trigger pattern completion during memory recall. Thus, during new memory formation, it is required for a strong signal to override the dominant autoassociative dynamics of the network to allow a new pattern of CA3 activity to be instated and stored in a different set of recurrent collateral connections. The mossy fibre input seems optimal to provide this signal. Then, as the pattern is stored though plasticity of the involved synapses, the entorhinal input becomes associated with the subset of neurons recruited at that time, allowing for future recall of this pattern through a direct perforant path prompt 325 . Figure 1.12 The dentate gyrus-CA3 circuit during memory encoding and recall. a Memory encoding. The top schematic depicts an apical dendrite of a CA3 pyramidal neuron with its major synaptic input streams. Large mossy-fibre (MF) synapses located close to the soma at the proximal CA3 pyramidal neuron dendrite can elicit dendritic spikes that may promote heterosynaptic potentiation of more distal perforant-path (PP) and recurrent collateral inputs. This process putatively underlies the formation of new place fields (lower row). The schematic illustrates the colour-coded activity of a pyramidal neuron in an arena explored by the animal before (left) and after (right) the hypothesised encoding event has taken place. b Memory recall. Rapid strengthening of PP-granule cell (GC) and MF-CA3 synapses may support the reactivation of CA3 pyramidal neurons during memory recall minutes to hours after the original experience (left). During this time, PP synapses onto and MF synapses from GCs are potentiated whereas recurrent synapses between CA3 neurons may still be weak. Once CA3 ensembles have been permanently established by durable plasticity of PP-CA3 and recurrent synapses (right), the memory can be reliably recalled without MF input, which is reduced at this stage owing to depotentiation of PP-GC synapses. LTP, long-term potentiation. Adapted from Hainmueller & Bartos (2020) 266 . 1.7. Hippocampal attractor network dynamics supports memory storage and recall Although a model of CA3 operating exclusively on the basis of discrete attractors can explain many of the experimental observations, it fails to incorporate a mechanism for the network to encode the continuous changes in the stream of information arriving from the entorhinal cortex, as it would always be forced back into pre-formed states. Indeed, hippocampal memories are characterised by events that are arranged in sequences 330,331 in the same way locations are represented in two dimensions as spatial maps. Continuous attractor network dynamics may be needed to preserve the continuity of both types of representations.

The necessity for continuous representations of space in the hippocampus strongly suggests that this network can implement continuous attractor dynamics in concert with the discrete attractors described above (figure 1.13). This is required because space is inherently continuous, as well as its representation in the place cell code (the firing of place cells is approximately Gaussian as a function of the distance from the place field centre, and place cells have overlapping fields). From a theoretical perspective, these features would lead the system to also operate as a continuous attractor neural network (CANN) 332xxv . Such a network can maintain the firing of its neurons to code for any location along a continuous physical dimension such as spatial position.

Putting the problem in simple terms, space is continuous and object representations are discrete. This implies that an episodic memory system based on attractor network dynamics must be able to store both continuous and discrete patterns to be able to create memories associating locations in a continuous physical space and discrete items present in them 333 . Indeed, there is now evidence suggesting that place cells can assimilate gradual input changes into pre-existing representations. This suggests that attractor networks in the hippocampus may also be able to represent continua. In this manner, the recurrent networks of the hippocampal circuit may enable spatial inputs from the mEC and non-spatial event-related information streaming from lEC to be synthesised into a single episodic memory 247 .

xxv In a continuous attractor neural network (CANN), the stored activity patterns are continuous, with each neuron having broadly tuned firing that decreases with a Gaussian function as the distance from the place field centre is varied and with different place cells having tuning that overlaps throughout space. In contrast, discrete autoassociative networks have separate activity patterns implemented by the firing of particular subsets of the neurons that can overlap with other subsets, with no continuous distribution of the activity patterns throughout the space. A CANN can thus maintain its firing at any location in the trained continuous space, whereas a discrete autoassociation network moves its population of active neurons towards one of the previously learnt attractor states, effectively performing pattern completion of a previously learnt representation. The nonlinear nature of this process can be illustrated by a visual illusion of an ambiguous object. The perceived image fluctuates between two familiar images (blue or pink) instead of stabilising in the middle (white). Top right: Attractor networks are thought to induce sharp transitions between network states during progressive changes in the input pattern. Bottom: Each multidimensional attractor can span a state space with large differences in relative firing rates within the neuronal ensemble (shown as different shades of gray within each attractor). This property allows different conditions to be integrated into a constant reference frame without switching to an independently activated cell population. Adapted from Leutgeb et al. (2005) 216 .

Although most of the aforementioned notions were presented from a theoretical perspective, a continuously growing body of experimental evidence strongly supports the predictions from the model previously outlined. For example, targeted CA3 lesions or region-specific NMDA receptor knockouts show that CA3 is necessary for the formation of associations between places and objects [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF]334,335 . Correspondingly, targeted dentate gyrus lesions or selective knockouts of NMDA receptors in the dentate gyrus markedly impair spatial object-place association tasks especially when the places are close together and thus require pattern separation before storage in CA3 [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF]207,288,334,336 . Along the same lines, the integrity of the connection between the dentate gyrus and CA3 through the mossy fibres, assumed to be crucial in pattern separation, has been shown to be essential for the storage of a representation of a novel context, but dispensable for memory consolidation [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF][337][338][339] . Finally, targeted lesions to the perforant path input to CA3, which bypasses the dentate gyrus, selectively impair retrieval 338 . 1.7. Hippocampal attractor network dynamics supports memory storage and recall Lastly, studies in which electrophysiological recordings were obtained during graded changes in the environment, leading to remapping of neural activity, have shown that both pattern completion and pattern separation occur in CA3 289,338,340 . Distinct roles for different hippocampal regions in these two processes were documented in a landmark study in which electrophysiological recordings were obtained simultaneously from the dentate gyrus and CA3 in rats exploring an environment that could be gradually distorted 290 . This experiment showed that CA3 representations of the baseline and degraded environments were well correlated (pattern completion), whereas representations in the dentate gyrus were highly dissimilar (pattern separation), arguing in favour of a differential contribution of these two subregions to mnemonic processing in accordance with the predictions from the theory (figure 1.14). Chapter 1. Framework

Contribution of the dentate gyrus to neuronal discrimination in the hippocampus

An ever-present challenge faced by the brain as an animal interacts with complex environments is to generate non-overlapping patterns of neural activity to accurately represent sensory and motor information 341 . The example depicted in (figure 1.15) presents two very similar events. Although the sensory environments of these two scenes are mostly the same, the difference between them is readily apparent and the behavioural response of the individual confronted with these situations is presumed to be different in either scenario. This case illustrates that the ability of the brain to detect subtle divergences between similar objects or events is of capital importance to produce adequate behaviour. As information in the brain is encoded in the spatiotemporal firing patterns of neuronal populations, in the behavioural discrimination situation illustrated by the example above, the brain must implement a circuit operation allowing to transform similar input activity patterns into less or non-overlapping output patterns. When a circuit allows for information to be orthogonalised in this way, it is said to perform neuronal discrimination, or 'pattern separation.' This computation is thought to be executed in several brain regions, such as the cerebellar cortex, the dentate gyrus and the mushroom body of insects, playing an essential role in the functions supported by these 1.8. Contribution of the dentate gyrus to neuronal discrimination in the hippocampus circuits. The occurrence of this operation in the dentate gyrus is hypothesised to support the cognitive discrimination of similar representations in the brain 341 . The framework to explain how neuronal circuits can implement pattern separation was laid down by David Marr (1969) 342 . This theory, originally proposed for the circuits of the cerebellar cortex, is based on two characteristics of this neuronal network: divergence from the input layer to a much more numerous neuronal population, and widespread feedback inhibition regulating neuronal excitability in the granule cell layer. In a network with these features, random sparse divergence onto a larger neuronal population counteracts correlations in the input patterns by limiting common input to individual neurons in the expanded layer 343,344 .

The sparse activity in the expanded layer due to low intrinsic excitability introduces a nonlinearity that further reduces the correlations in the inputs by discarding correlated subthreshold fluctuations 345 . Additionally, lateral inhibition can further decorrelate activity by introducing competition between neurons of the expanded layer that become active in response to overlapping input patterns 346,347 . Hence, according to Marr's model of the cerebellum, the input represented by the mossy fibres projects onto a much larger population of sparsely active granule cells, thereby reducing the overlap between input patterns. In parallel, James Albus developed a similar framework for the workings of the cerebellar cortex based on supervised learning algorithms (1971) 348 . The combination of these two theories forms the basis of the Marr-Albus model of pattern separation in neural circuits 341 (figure 1.16). In general, pattern separation is an instrumental operation for associative learning, so any circuit supporting associative learning may implement pattern separation among its information processing steps, although the specific mechanisms may vary between circuits.

Chapter 1. Framework

The hippocampus is traditionally described as a 'trisynaptic circuit,' in which multisensory information from the entorhinal cortex flows unidirectionally through the dentate gyrus, CA3 and CA1 (see section 1.6). Being the entry point of this trisynaptic circuit, the dentate gyrus is in a privileged position to orthogonalise the EC input patterns when new memory representations are generated in the hippocampal network [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF]301,321,[349][350][351] . In addition, the dentate gyrus displays architectural features compatible with the Marr-Albus framework for pattern separation in the cerebellum. Namely, its circuitry is characterised by the divergence of EC projections onto a more numerous population of sparsely active granule cells, whose projections then converge onto a smaller population of CA3 pyramidal cells 216 . Sparse population activity in the dentate gyrus on the order of 2-5% over long timescales has been extrapolated from immediate-early gene expression studies [352][353][354] . On the other hand, extracellular recording studies have inferred higher activation levels, from 12 to more than 50% 289,355,356 . However, due to the nature of the technique (see section 2.1), extracellular recordings may greatly underestimate the fraction of inactive cells, which is further complicated by the difficulty of identifying individual units from densely packed neuronal layers such as the granule cell layer in the dentate gyrus.

Despite the methodological downsides, newer studies have confirmed the sparsity of dentate gyrus activity [357][358][359] .

Besides the 'expansion recoding' required by the Marr-Albus model of pattern separation, the dentate gyrus circuitry has other properties that are particularly useful to perform orthogonalisation. For example, sensory information pertaining to different modalities in the entorhinal cortex 1.8. Contribution of the dentate gyrus to neuronal discrimination in the hippocampus inputs is randomly mixed xxvi as they diverge onto the granule cell population, which further increases the separability of the representation (figure 1.17). Yet another feature that increases the ability of the dentate gyrus to orthogonalise representations is the presence of a non-linearity in the form of a spiking threshold situated far from the subthreshold activity baseline 364,365 (figure 1.18). The dentate gyrus has the added particularity of forming recurrent loops with a second type of excitatory neuron: the mossy cell, which has no known equivalent in the cerebellar cortex.

Dentate gyrus granule cells project to mossy cells, hilar interneurons, CA3 pyramidal cells and CA3 interneurons 295 (see section 1.6). The multiple interconnection motifs between granule cells, mossy cells and various interneuron subtypes are likely to play specific roles in information processing during memory formation and recall. 281,285,287,347,[366][367][368][369][370][371][372] .

xxvi In addition to a role in pattern separation, the dentate gyrus has been implicated in the 'binding' of the content and the context of an experience 293,360,361 . For example, the mEC provides the hippocampus with a representation of the animal's self-location in an allocentric spatial reference frame, while lEC provides a representation of the animal's egocentric relationship to individual items or objects in the environment 362,363 (see sections 1.5 and 1.6). As the initial station in the hippocampal 'trisynaptic loop,' the dentate gyrus combines these input streams for the first time. In doing so, the dentate gyrus may perform pattern separation on conjunctive content/context representations and transmit this orthogonalised information to CA3. Chapter 1. Framework In summary, according to the anatomical and functional properties of CA3 (see sections 1.6 and 1.7) and the Marr-Albus model of pattern separation, the features of the dentate gyrus suggest that it acts as a competitive network through several mechanisms to produce a sparse and non-overlapping representation of new patterns in CA3 neuronal ensembles 32,325,373 . This pattern separation operation is thought to be instrumental during learning, when the hippocampus needs to store unambiguous memories of similar episodes 325,373,374 . This prediction has received support from several experimental studies, although the evidence is not unequivocal [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF]207,288,289,336 . For example, dentate gyrus lesions impair many, but not all, hippocampus-dependent functions. This indicates that the dentate gyrus must play a distinct role in the operation of the hippocampal circuit, with the remaining regions being able to carry out successfully other tasks that do not rely on the integrity of the dentate gyrus. Indirect evidence of the dentate gyrus being required for pattern separation was initially provided by lesion and genetic deletion studies 207,288,292 . Notably, lesion studies also suggest a differential role of the mossy fibre pathway during encoding and recall, as mossy fibre afferents have been shown to be required for memory acquisition but not for retrieval, whereas direct temporoammonic projections to CA3 can initiate memory retrieval without mossy fibre input 338 . Direct evidence has been reported in more recent work employing electrophysiological and optical hippocampal recordings in rodents during exploration of divergent environments, which have found that subtle alterations in the environment result in decorrelation of the activity patterns in the dentate gyrus in regard to the EC 290,375 . Activity patterns in the dentate gyrus have also been shown to be less correlated than those in the downstream station CA3 during exploration of similar environments 289,290 . Taken together, these observations are consistent with a scenario in which the dentate gyrus performs pattern separation during memory encoding. In further support of the theory, studies in humans using fMRI have shown that similar scenes can be more easily decoded from multivoxel activity patterns from the dentate gyrus than the EC or other hippocampal regions 376 .

Overall, the combination of behavioural discrimination task with hippocampal recordings strongly supports the role of the dentate gyrus as a pattern separator 377 . However, as CA3 is the only projection area of the dentate gyrus, a pattern separation operation performed by the dentate gyrus can only exert a behavioural effect if it alters the neuronal representations in CA3. Once the 1.8. Contribution of the dentate gyrus to neuronal discrimination in the hippocampus inputs from the entorhinal cortex have been orthogonalised by the dentate gyrus, the mossy fibre projections can force efficient storage of these separate representations in different CA3 pyramidal cell ensembles thanks to the sparse connectivity of this pathway and the powerful, 'detonator' effect of this synapse (see sections 1.6 and 1.7). Rapid plasticity of this synapse may thus act as a 'seed' to promote the establishment of stable CA3 assemblies, even between learning trials through replay 266 . Once these CA3 ensembles are stable, retrieval may take place without mossy fibre inputs 378 . The sparse activity of dentate gyrus granule cells 224,289,355 , together with the small number of mossy fibre synapses on each CA3 cell, has a randomising effect on the representations set up in CA3, so that they are as different as possible from each other 242,325,374,379 . This results in one event or episode giving rise to a representation that is very different from other events or episodes, as the assembly of CA3 neurons activated for each event is random. It is because of the unstructured or random nature of the representations in CA3 that large numbers of memories can be stored in the CA3 network keeping interference between different representations to a minimum 32,319,380 .

The preceding observations lead to the prediction that mossy fibre input may be crucial during learning in the hippocampus but may be dispensable during recall of existing memories, when preexisting memories can be reinstated by direct temporoammonic projections that bypass the dentate gyrus 32,33,325 . This prediction has been supported by experimental evidence in animals with acute disruption of the dentate gyrus granule cells' activity 337,381,382xxvii .

In summary, although often presented as an exclusive function of the dentate gyrus, pattern separation is in fact the product of the combined features and the interplay of the neural codes in the dentate gyrus and CA3.

xxvii It is worth noting that, although the bulk of evidence delineates a role for the dentate gyrus as a pattern separator during memory formation, other mnemonic functions may also be implemented in this circuit. For example, activation of memory engrams in the dentate gyrus through optogenetics can produce artificial memory recall in mice [START_REF] Yamasaki | Preferential localization of muscarinic M1 receptor on dendritic shaft and spine of cortical pyramidal cells and its anatomical evidence for volume transmission[END_REF][START_REF] Petrovic | Inhibition of post-synaptic Kv7/KCNQ/M channels facilitates long-term potentiation in the hippocampus[END_REF] and even create false associations between separately encountered events 61 . Notably, granule cell ensembles have been shown to reactivate during the retrieval of recent, but not remote, memories 383 . Thus, dentate gyrus activity may be required not only during initial encoding but also during early intrahippocampal consolidation of a memory.

Chapter 1. Framework 1.9 Cholinergic neuromodulation of the hippocampal network 1.9.1 Influence of neuromodulatory systems on the hippocampal network

In the study of hippocampal function, much emphasis goes into the processing of the cortical multimodal information streams reaching the hippocampus and the workings of the intra-hippocampal circuitry. However, the hippocampal formation also receives abundant input from subcortical centres broadcasting information about 'global' brain states, which regulate several features of circuit operation across the brain. For example, neuromodulatory transmitters including acetylcholine, noradrenaline, dopamine, serotonin and numerous neuropeptides (figure 1.19) are released in the hippocampus when an animal faces situations of uncertainty-where the predicted outcomes do not match reality-in which attention is required to produce adequate adaptive behaviour [384][385][386][387][388][389][390] . In such scenarios, preexisting internal representations in the hippocampus need to be updated and new ones need to be created, which requires synaptic plasticity. Neuromodulatory systems may thus work as gating mechanisms, allowing for synaptic plasticity to occur when the hippocampus is in need to accommodate for updated information in order to generate better predictions to guide future behaviour 305 . 1.9. Cholinergic neuromodulation of the hippocampal network Such a filter is necessary for a mnemonic system to work optimally, as it is highly impractical to form and store new memories of every single experienced event. Therefore, the hippocampal system requires a thresholding mechanism to ensure that only the most salient and behaviourallyrelevant episodes are memorised. It has been hypothesised that the 'salience' of an environment corresponds to the measure in which the predicted outcome is in mismatch with the observed outcome of a given behaviour. If the mismatch is large enough, the brain enters into a state of uncertainty which may lead to the update of relevant memories 391,392 . According to this framework, this state of uncertainty would be signalled to the relevant circuits through the release of neuromodulators [393][394][395][396] .

The convergence of strong evidence that the hippocampus supports declarative memory (see sections 1.3, 1.4, 1.5, 1.6, 1.7 and 1.8) and the prominent cholinergic innervation of hippocampal circuits have led to speculation that acetylcholine is a critical neuromodulatory transmitter for the regulation of the hippocampal network during learning and memory 386,394,[397][398][399][400] . Acetylcholine (ACh) was first discovered as the neurotransmitter responsible for neuromuscular coupling. However, it is now clear that ACh is widely used both as a neurotransmitter and a neuromodulator in the peripheral and the central nervous system, where it coordinates the activity of different brain circuits and plays a crucial role in specific cognitive operations, such as locomotion and exploration, attentional state shifts, goal-directed behaviour and saliency-driven memory formation 394,[401][402][403][404][405][406][407][408] , as well as in the regulation of the sleep-wake cycle 408,409 .

Cholinergic innervation of the hippocampus

Cholinergic neurons are clustered in nuclei distributed across a number of brain regions, namely the brainstem, the basal forebrain, the striatum and the medial habenular nucleus 410 , and project extensively throughout the brain [411][412][413][414] . The cholinergic innervation of the cerebral cortex originates from nuclei located in the basal forebrain: the substantia innominata and the nucleus basalis of Meynert (NBM) provide projections to the neocortex, while the medial septum-diagonal band of Broca complex (MS-DBB) project densely to the hippocampus though the fimbria, the dorsal fornix and the supracallosal striae and receives reciprocal projections through the Chapter 1. Framework same pathways 397,411,412,[415][416][417][418][419][420][421][422][423][424][425] . Thus, the septo-hippocampal pathway is the main source of cholinergic innervation to the hippocampus 397,[426][427][428][429] , where cholinergic projections distribute across all subregions 429,430 and establish synaptic contacts xxviii with pyramidal cells of CA1 and CA3 [435][436][437]442 , dentate gyrus granule cells 443 and interneurons 437,[444][445][446] .

Neuropharmacology of hippocampal ACh receptors

ACh exerts its influence on its targets through two classes of receptors: nicotinic receptors (nAChRs) and muscarinic receptors (mAChRs) 447,448 (table 1.1). Both classes of receptors are expressed in the central and the peripheral nervous system 449,450 . Furthermore, in the CNS, nAChRs and mAChRs are expressed both pre-and postsynaptically 451,452 . Nicotinic acetylcholine receptors (nAChRs) are ligand-gated, non-selective cation channels of the cys-loop pentameric channel receptor superfamily. Hence, the activation of these receptors results in membrane depolarisation 447 . The physiological and pharmacological properties of nicotinic receptors are determined by the specific combination of the five subunits that compose them 469,470 . Twelve different subunits have been described (α2-α10 and β2-β4) [471][472][473] . Nine of these subunits (α2-α7 and β2-β4) are expressed in the hippocampus 474 .

The most abundant nicotinic receptor subtypes in the hippocampus are α7 homomers (although α7 subunits are known to form heteromers with other subunits under certain conditions), which are widely expressed in dentate gyrus granule cells, pyramidal cells and interneurons both pre-and postsynaptically 455xxix ; α4β2 heteromers, which are expressed throughout the somatodendritic domain in pyramidal neurons as well as in GABAergic interneurons' axons terminating on excitatory and inhibitory neurons 454,469,474,[477][478][479][480][481][482][483][484] ; and α3β4 heteromers, which xxviii Septohippocampal cholinergic fibres are widely distributed throughout the hippocampus and have many release sites without identifiable postsynaptic specialisations. This observation suggests that ACh may exert its effects on the hippocampus through 'volume transmission' in addition to the well-characterised synaptic connections 431,432 . In volume transmission, signalling molecules diffuse in the extracellular compartment and activate extrasynaptic receptors. In the case of ACh, volume transmission is mediated by neurotransmitter molecules that escape hydrolysis by AChE, reach the extracellular space and bind to extrasynaptic nAChRs and mAChRs 433 . Of note, volume and wired transmission are not mutually exclusive. However, the observation that the vast majority (80-90%) of cholinergic axon terminals are diffusely organised in the hippocampus 434 and do not associate with distinct postsynaptic densities 431,[435][436][437] suggests that volume transmission may be the primary mode of information transfer in the septohippocampal pathway [438][439][440][441] . xxix However, fast α7-mediated synaptic currents have principally been shown to occur in interneurons and not in excitatory neurons 453,454,475,476 .

1.9. Cholinergic neuromodulation of the hippocampal network

Receptor

Class Hippocampal distribution References α7 Ionotropic Presynaptic and postsynaptic at both glutamatergic and GABAergic synapses.

Postsynaptic at cholinergic synapses.

453-457

α4β2 Ionotropic Soma of excitatory neurons. Presynaptic on GABAergic terminals.

453-457

α3β4

Ionotropic

Presynaptic at glutamatergic and GABAergic terminals.

453-457

M 1 G q -coupled
Soma, dendrites and spines of excitatory neurons including granule neurons, CA3 and CA1 pyramidal neurons.

Neurons in the hilus. PV + basket cells and CCK + Schaffer collateral associated cells in CA1.

458-462

M 2 G i/o -coupled
Presynaptic terminals of PV + basket and axoaxonic cells in CA3 and CA1. Presynaptic terminals of septohippocampal cholinergic and non-cholinergic inputs.

458,463,464

M 3 G q -coupled
Soma and dendrites of excitatory neurons including granule neurons, CA3 and CA1 pyramidal neurons. CCK + basket cells and Schaffer collateral associated cells in CA1.

458,460-462

M 4 G i/o -coupled
Soma of non-pyramidal cells. Presynaptic Schaffer collateral terminals. Presynaptic localisation on septal non-cholinergic inputs.

458,462

M 5 G q -coupled Limited protein identified. are expressed at inhibitory synapses on pyramidal neurons 399,447,457,485 . Unique combinations of nAChRs with specific expression profiles contribute to the different spatiotemporal integration of cholinergic inputs 486 . Activation of nAChRs leads to cation influx through the channel pore, causing fast membrane depolarisation. In addition, Ca 2+ influx triggers several signalling cascades which elicit long-lasting effects and participate in plasticity both pre-and postsynaptically 453,454,456,457,471,[474][475][476]480,481,484,[487][488][489][490][491][492][493][494][495][496][497][498][499][500][501][502] .

465-467

Muscarinic acetylcholine receptors (mAChRs) are seven-transmembrane domain G protein-coupled receptors (GPCRs) xxx than can be classified into five subtypes: M 1 -M 5 503 . M 1 , M 3 and M 5 are coupled to G q proteins, and their activation thus leads to excitation mediated though cation influx together with intracellular calcium release and inhibition of K + channels 448 . On the other hand, M 1 receptors are the most abundant subtype and are chiefly expressed in the somatodendritic compartment of pyramidal neurons and granule cells, with a small fraction expressed on axons and terminals 459,[510][511][512] and also in interneurons 460,461 . M 2 receptors are expressed in fibres around pyramidal neurons, particularly in GABAergic terminals projecting onto the perisomatic region of pyramidal neurons 458,463,464,513 . These receptors are also found postsynaptically in dendrites and cell bodies of interneurons in CA1 514 . M 3 receptors are only weakly expressed in pyramidal neurons and interneurons 458,460,461,515 . M 4 receptors are enriched in non-pyramidal neurons and in glutamatergic terminals 458 . M 5 receptors are poorly expressed in the hippocampus 458

(table 1.1).
The differential expression of mAChRs both pre-and postsynaptically makes these receptors very versatile tools for the regulation of neurotransmitter release 462,464,512,516,517 and the excitability of hippocampal neurons 462,509,515,[518][519][520][521][522][523][524][525][526][527][528][529][530][531][532] . Furthermore, both nAChRs and mAChRs may also

xxx Also known under the vague term 'metabotropic' in older nomenclature.

1.9. Cholinergic neuromodulation of the hippocampal network mediate the effects of ACh in the hippocampus by modulating the activity of astrocytes [533][534][535] .

Given that AChRs are abundantly expressed in principal cells, interneurons and astrocytes, cholinergic modulation in the form of volume transmission affects in parallel all the cells in the network, where it can exert specific effects on distinct cell types and even discrete cell compartments [536][537][538] . Cholinergic modulation may thus integrate the functional contribution of fast nicotinic-and slower muscarinic-mediated responses over multiple timescales, creating optimal time windows for the induction of synaptic plasticity, exerting its influence on cognitive processes by selectively enhancing specific sets of inputs and tailoring information processing according to behavioural demands 404,539 .

In addition, there are numerous subtypes of interneurons in the hippocampus, with diverse morphological, physiological and molecular features, as well as different connectivity motifs 540,541 .

In consequence, cholinergic modulation of a given hippocampal neuron may be direct, through activation of its specific subset of nicotinic and muscarinic receptors; or indirect, though effects on other neuronal subtypes in the circuit.

There is abundant evidence from in vitro and in vivo studies showing that activation of ACh receptors contributes to the regulation or even the direct induction of synaptic plasticity 501,522,529,[542][543][544][545][546][547] .

In the hippocampus, in vitro studies have shown that ACh can either suppress or enhance excitatory transmission. For example, ACh causes weakening of synaptic transmission at perforant path inputs 548,549 , recurrent CA3 connections 31 , the Schaffer collateral pathway 462,550 and at the connections from CA1 to the subiculum 551 . This effect is brought about by activation of presynaptic mAChRs 462,551 , which depresses presynaptic voltage-dependent Ca 2+ channel activity 550 . On the other hand, strengthened transmission results from presynaptic α7 nAChR activation leading to Ca 2+ influx 552 . Besides these effects on the principal projection pathways' synapses, presynaptic acetylcholine receptors can also depress or enhance inhibitory neurotransmission. For example, M 2 receptors weaken synapses between PV + basket cells and pyramidal neurons 463,464 . Conversely, α3β4 receptors strengthen the same synapses 457 . The effects of ACh on synaptic plasticity are not restricted to short-term regulation of synaptic release. More durable effects, in the form of either LTP or LTD are also elicited by cholinergic neuromodulation in the hippocampus [542][543][544]553,554 . For example, weak mAChR activation leads to LTP and strong mAChR activation to LTD 522,528,546,[555][556][557] .

Overall, the precise effect of ACh release on synaptic plasticity in the hippocampal network appears to depend on many factors, including ACh concentration, temporal pattern of release, and temporal sequence of nAChRs and mAChRs activation in relation to ongoing activity and network oscillations 118,498,501,525,529,530,542,545,547,553,554,[558][559][560][561][562][563][564][565][566][567][568][569][570][571][572] . The presence of multiple variables allows for ACh to act as a versatile neuromodulator with a multiplicity of effects on the hippocampus, potentially reconfiguring network excitability and favouring plasticity at one set of excitatory synapses over another because subtypes of interneurons are able to precisely control specific neuronal dendritic regions.

Although the precise outcome of cholinergic modulation of inhibition is difficult to predict due to the complexity of AChRs expression and distribution across diverse cell types, a common feature is its transient nature, supporting a primary role in the induction of synaptic plasticity in restricted time windows that may be dictated by behavioural demands 404,501,539,545,547,573 .

Finally, ACh has also been implicated in the regulation of neurogenesis, spinogenesis and synaptogenesis; processes that require protein synthesis and are central to long-term plasticity of the hippocampal circuit 574-576 .

Contribution of cholinergic neuromodulation to learning and memory

There is extensive evidence supporting a role for acetylcholine in the mnemonic function of the hippocampus 538,577 . Indeed, ACh release in the hippocampal formation is high during exploratory behaviour in the presence of primary reinforcement cues, when there is a high degree of expected and unexpected uncertainty, but is low during sleep and awake immobility 391,403,[578][579][580] , suggesting that this neuromodulatory transmitter plays a prominent role in situations requiring learning.

Experimental observations and computational modelling studies have suggested a role for ACh in the inhibition of the intrinsic pathways that support memory consolidation, turning down the efficacy of the recurrent collateral synapses between CA3 neurons while facilitating extrinsic 1.9. Cholinergic neuromodulation of the hippocampal network projections over the internal recurrent collateral inputs to dominate the firing of the CA3 neurons (see section 1.7), thereby favouring encoding of new memories 31,579,[581][582][583] . If cholinergic activation concertedly facilitated LTP in the recurrent collaterals (as it appears to do in neocortical circuits), then it may have an additional role in facilitating new learning at times of behavioural activation and emotional arousal, when it is expected to be behaviourally relevant to allocate some of the limited memory capacity to new representations 374,584 . In keeping with this model, cholinergic neuromodulation has been shown to inhibit recurrent connections in the CA3 region via the activation of muscarinic receptors in interneurons 31,585 . This reduction in the intrinsic activity of CA3 favours the extrinsic inputs 581 . Remarkably, acetylcholine may also favour memory storage by transitorily enhancing the excitability and firing activity in dentate gyrus granule cells [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF] . More recently, it has been shown that cholinergic neuromodulation can induce both depolarising and hyperpolarising effects in target neurons, depending on firing frequency 586 .

This capacity to invert the direction of the effect may have important implications in the modeswitching of the hippocampal circuit. As memory encoding and consolidation can interfere with each other 581,587,588 , ACh has been suggested as the neuromodulatory signal that allows the hippocampus to alternate between the two memory processing modes, with high ACh favouring encoding and suppressing consolidation 538,581 (figure 1.20). In accordance with this framework, ACh levels in the hippocampus are elevated during memory encoding and low during memory consolidation [589][590][591] .

In further support to this hypothesis, selective lesion of cholinergic nuclei in the basal forebrain has been shown to dramatically impair hippocampus-dependent memory, highlighting the role of cholinergic neuromodulation during memory formation 592,593 . Consistent with these lesion studies, other strategies to disrupt cholinergic innervation to the hippocampus, such as selective elimination of VAChT in the forebrain, have been shown to have an impact on synaptic plasticity in the hippocampus 594,595 and to produce deficits in tasks requiring spatial memory and high attention 594,596,597 . Moreover, pharmacological blockade of muscarinic receptors impairs memory encoding, but does not affect the maintenance of long-term memory [598][599][600][601] , further supporting a framework where ACh exerts differential effects on memory encoding and consolidation 602,603 , particularly when interfering memories require separation 579 . In accordance with the previous observations, artificially increasing ACh with physostigmine impairs memory consolidation and retrieval in rodent and human subjects 602,604,605 .

Implication of cholinergic dysfunction in cognitive decline and Alzheimer's disease

As discussed above, ACh plays a crucial role in the hippocampal operations that support episodic memory formation and recall. In keeping with this notion, disfunction of the cholinergic neuromodulatory system has been implicated in the aetiology and pathophysiology of neuropsychiatric 52 1.9. Cholinergic neuromodulation of the hippocampal network disorders involving cognitive decline, particularly ageing-related dementia and Alzheimer's disease, in which hippocampus-dependent learning is severely impaired 606-610 .

Alzheimer's disease (AD) is a neurodegenerative disorder characterised by a progressive decline in cognitive functions, particularly memory. This affliction mainly affects mid-to late-age adults, in whom the impairment of episodic memory is prominent from the early clinical stages of the disease 611 . The traditional pathological markers of AD are the extracellular accumulation of amyloid β peptide (Aβ) plaques and intracellular neurofibrillary tangles xxxi , and cholinergic disfunction has been shown to correlate with these structural changes. For example, Aβ suppresses the synthesis and release of ACh 615 , disrupts cholinergic receptor signalling 616,617 , and reduces the number of cholinergic neurons 517 . Atrophy of cholinergic neurons in the basal forebrain has been documented in early-stage AD patients and in subjects with a high risk of developing AD [618][619][620][621] . Furthermore, it is known that AD patients not only have a decrease in the number of cholinergic neurons, but also show a disruption in the normal physiology of the remaining ones. For example, the levels of choline acetyltransferase, a necessary enzyme for the synthesis of ACh, are reduced in AD patients 606,607,622,623 . In addition, disfunction of ACh receptors has also been implicated in the pathophysiology of AD [624][625][626][627][628][629] . These observations are consistent with the cognitive improvement observed in elderly subjects with mnemonic impairment when they receive nicotine [630][631][632] . Correspondingly, cognitive impairment is a described adverse effect of anticholinergic drugs that cross the blood-brain barrier 468,633,634 . Indeed, even though the precise mechanisms of cholinergic system disfunction in the pathophysiology of AD still have to be delineated, elevation of ACh levels by acetylcholinesterase blockers such as donepezil, rivastigmine, and galantamine, are a standard treatment for early-stage AD 635 . These drugs improve memory function in some AD patients, although they have minimal effects in others 635-637 .

xxxi Although neurofibrillary tangles are often described as intracellular markers, it is important to bear in mind that when a neuron replete of them dies and degenerates, there is no longer a cell container and they are thus extracellular deposits, effectively becoming a 'gravestone' for the neuron that once was 612-614 .

Aims and hypotheses

As outlined in the preceding sections, there is abundant evidence of differential contributions of discrete hippocampal subregions to distinct features of learning and memory. Among these structures, the dentate gyrus has been shown to be implicated in several aspects of mnemonic processing 266 , such as pattern separation 32,[288][289][290] , pattern completion 115,291 , novelty detection 292 , binding of information to spatiotemporal contexts 273,293 and working memory 294 . However, the synaptic and circuit mechanisms supporting the contribution of the dentate gyrus to hippocampal function have been difficult to ascertain because most techniques to record the activity of neuronal populations rely solely on the detection of action potential output 638,639 , and the dentate gyrus neurons are known to be 'silent' at most times [352][353][354][357][358][359] . Because of the sparse activity of these neurons, it has been exceedingly hard to obtain experimental data to test the predictions from theories of the role of the dentate gyrus in the workings of the hippocampal network.

This methodological limitation has left many outstanding predictions waiting for experimental confirmation or disproval, such as the synaptic and circuit processes behind the basal sparse activity of dentate gyrus granule cells, and how these processes are dynamically adjusted to meet the challenges faced by the hippocampus as an animal interacts with a constantly changing environment. Addressing these questions requires a method allowing to record simultaneously the input and output of individual cells as an animal engages in a cognitive task of interest. It is only by acquiring such datasets that it is possible to evaluate the relation between the synaptic integration mechanisms underlying the activity of neuronal populations and the actual behaviour of the animal. With this goal in mind, we implemented an experimental design leveraging the unique capacity of whole-cell patch-clamp recordings acquired in vivo to register the input/output relationship in single cells embedded in a complete and functional circuit, and the possibility that virtual reality technology offers to combine such recordings with navigation tasks in mice.

1.10. Aims and hypotheses

What are the synaptic integration processes underlying sparse activity in the granule cell population of the dentate gyrus?

As described in sections 1.7 and 1.8, pattern separation in the hippocampal circuit is thought to be contingent on divergence of input from the entorhinal cortex onto a much more numerous population of sparsely active granule cells in the dentate gyrus 32,33,[288][289][290]325,341,357,640 . However, the mechanism behind the recruitment of the small fraction of cells that are active in response to a given set of input is unclear. This problem has been difficult to address experimentally, as most methods for recording neuronal activity can only register the action potentials produced by the active neurons (or surrogates of this signal), missing the synaptic integration processes giving rise to spiking in these active cells and, more importantly, the synaptic input of silent cells. To tackle this problem, it is necessary to employ a technique capable of recording simultaneously the input and output of individual neurons, which, to date, is only possible with whole-cell patch-clamp recordings obtained in vivo (see section 2.1).

Two plausible scenarios may explain how a sparse fraction of dentate gyrus granule cells is recruited to become active when an animal explores a given environment. The first possibility is that sparsity arises directly from the connectivity between the entorhinal cortex and the dentate gyrus, meaning that very few granule cells would receive excitatory input when the animal is in a given environment, while the vast majority of the remaining cells would remain silent due to lack of synaptic drive. If this is the case, one would expect to observe lack of excitatory drive in the form of subthreshold excitatory postsynaptic potentials (EPSPs) when recording from silent granule cells (figure 1.21). The alternative is that all neurons receive excitatory input when the animal is in a given environment, but only a small fraction integrates enough excitation to reach spiking threshold and then recruits a local circuit mechanism, such as lateral inhibition though local interneurons, to silence the others, thus keeping the population activity sparse. In this case, one would expect to observe subthreshold EPSPs with environmental selectivity when recording from silent granule cells (figure 1.21). Although the implementation of competition between neurons in a neural network requires a more sophisticated wiring, competitive neural dynamics is known to refine several aspects of circuit operations 178,641,642 . Furthermore, this Chapter 1. Framework second possibility is in line with the abundance of GABAergic interneurons present in the dentate gyrus, which may be called upon to implement competition between granule cells.
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To distinguish between these two alternative mechanisms to explain the sparse activity in the dentate gyrus, we set out to obtain whole-cell patch-clamp recordings from silent granule cells while animals explore different virtual environments.

How does the hippocampus know when to recall an old memory and when to store a new one?

An efficient episodic memory system must reliably retrieve previously stored representations, but also readily produce new memories whenever behaviourally-relevant novel information is detected. As discussed in sections 1.7 and 1.8, this requirements are thought to be met through two complementary operations performed by the hippocampal circuit to minimise interference between representations and maximise the storage capacity: neuronal discrimination ('pattern separation') and generalisation ('pattern completion').

The most widely accepted theory (see sections 1.6, 1.7 and 1.8) postulates that these processes occur in the putative attractor network of CA3, with the dentate gyrus playing a key role in implementing pattern separation during learning 32,[START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF]302,341,342,350,373 . According to this 1.10. Aims and hypotheses framework, progressively increasing changes in the input may produce a non-linear shift in CA3 output, resulting in pattern separation, as the network activity settles into a different pre-existing attractor state. Alternatively, a new attractor state may be formed 291 . Thus, in the view of this model, pattern separation and pattern completion may be conceptualised as competing processes, with one operation forcefully 'winning' over the other as dictated by the attractor network dynamics of CA3. Nonetheless, in realistic conditions, an episodic memory system must be able to perform both functions on the same input. For example, when encountering a familiar location, it is equally important to retrieve the corresponding memory through generalisation as it is to detect the differences between the present episode and the memorised representation through discrimination to update memory with the ongoing experience 291,643,644 . In this situation, pattern completion would allow to recall memories of previous episodes notwithstanding the slight changes in the inputs. On the other hand, pattern separation would be necessary to create new memories of the current episode. The implementation of both operations could be accomplished through the existence of parallel processing loops supported by the heterogeneity of the CA3 outputs to CA1 along the transverse axis 291 . Alternatively, the equilibrium between pattern completion and pattern separation may be dynamically adjusted as a function of behavioural demands through extrahippocampal signals.

In summary, memory formation and recall put conflicting requirements on hippocampal computations, as the reliable retrieval of familiar representations supported by robust attractor properties in CA3 opposes the formation of new neuronal assemblies for the storage of novel episodic memories. How the hippocampal network reconciles these conflicting demands to achieve an optimal balance between memory formation and recall remains unclear 220,266,645 .

The dentate gyrus, situated immediately upstream of the CA3 region, appears well suited to solve this problem, as it performs neuronal discrimination by orthogonalising multimodal inputs from the entorhinal cortex through sparse firing activity and cellular expansion 32,216,220,[288][289][290][291]321,341,646 (see section 1.8). Hence, the dentate gyrus could be charged with the task of detecting novelty and selectively reporting it to downstream circuits, instructing them to store a new representation through a shift towards a different attractor state. However, experimental data have shown that the dentate gyrus robustly reports differences between any environments, independent of 57 Chapter 1. Framework whether they are novel or familiar 220 and the precise function of the dentate gyrus during memory encoding and recall still remains to be delineated 220,266,381,645 .

Several requirements on the hippocampal memory system can explain that the dentate gyrus acts as a neutral difference detector. First, some aspects of a given experience might be categorised as familiar and thus lead to recall, while others are identified as novel and thereby favour encoding of a new memory. Therefore, decorrelated outputs from the dentate gyrus need to be able to simultaneously support recall of familiar representations and drive the formation of new representations in downstream regions. Moreover, whether a novel experience is sufficiently behaviourally relevant to merit encoding as a separate memory depends on the current behavioural context, general alertness and arousal state, which are typically conveyed by extrahippocampal signals 305,643,647 .

Given that the dentate gyrus performs neuronal discrimination steadily, regardless of whether the ongoing experience is novel or familiar, how can its robust discrimination code be selectively used to direct downstream circuits to new attractor states that encode new episodic memories?

The answer to this riddle may lie in neuromodulation, which is a computational resource present in complex nervous systems allowing rapid repurposing of defined neural circuits to flexibly drive behaviour 648 . Indeed, the dentate gyrus receives several neuromodulatory signals, such as dopaminergic, serotonergic, noradrenergic, cholinergic and neuropeptidergic inputs 647 (see section 1.9). These neuromodulatory projections are known to regulate several aspects of network activity, such as excitability, plasticity, and spike transmission in the hippocampal circuit and may thus exert a crucial influence in the way information is processed in the network 386 .

In keeping with this, the 'surprise element' has long been known to be a key factor in forming associations during learning 96 , and there is abundant evidence for this 'unexpectedness' being broadcast across the brain by neuromodulatory systems (see section 1.9). According to this notion, 'novelty' refers to an attribute that can be applied to a set of stimuli when it lacks a pre-existing representation in a neural network. Novelty detection is thus associated with several interrelated processes, such as the initial evaluation of a set of stimuli against predictions from preformed representations, the generation of mismatch signals, and the integration of novel information either into pre-existing representations or the creation of new ones 649,650 . Along these lines, a set of 1.10. Aims and hypotheses stimuli can be considered novel because it has not been experienced by the animal before (novelty is thus 'absolute'). By contrast, novelty can be 'contextual' if it refers to a partial mismatch between the components of the set of stimuli being experienced at present and a similar stored pattern. Hence, novelty is not a single quality of a given set of stimuli. Instead, different types of novelty may engage different neuromodulator systems that converge in the hippocampus. Among these, 'absolute' novelty is thought to trigger cholinergic neuromodulation of the hippocampal circuit 394,538 and it has been proposed that transient cholinergic neuromodulatory input may briefly switch the hippocampal network to an encoding mode, temporarily preventing retrieval of previously stored memories. In contrast, when this neuromodulatory signal for absolute novelty is absent, the hippocampal network may return to the default retrieval mode 643 (figure 1.22). Attractor network dynamics in the hippocampus determine that the network will tend to reinstate the activity of previously established neuronal ensembles, even from partial or degraded input, performing recall through pattern completion as the default mode. 'Absolute' novelty, signalled through an extrahippocampal neuromodulatory cue, is thought to temporarily prevent the retrieval of previously stored memories, allowing the hippocampal network to operate in encoding mode. When this neuromodulatory signal for absolute novelty is absent, the hippocampal network may return to the default retrieval mode.

According to the hypothesis that novelty is signalled to the dentate gyrus in order to push the hippocampal circuit to perform pattern separation and instruct CA3 to store a new memory, one would expect to observe a synaptic signature of such a signal when recording from granule cells at the moment when the animal encounters novelty. Furthermore, if such a novelty signal Chapter 1. Framework is indeed conveyed by cholinergic neuromodulation, one would expect to be able to disrupt the transmission of this message by pharmacologically blocking the receptors for ACh.

To test these hypotheses, we set out to obtain in vivo whole-cell patch-clamp recordings from dentate gyrus granule cells in head-fixed mice navigating in familiar and novel virtual environments to assess the synaptic events that take place in these neurons at the precise moment when the animal encounters novelty Can only record in current-clamp mode. Can be obtained in unrestrained animals.

Juxtacellular

Recorded neurons can be stimulated and labelled. Does not record V m .

Relatively easy to apply compared to whole-cell recordings.

Requires precise positioning of the electrode in relation to the recorded neuron. The recording electrode is reusable between recordings.

Limited to very few cells per preparation. Does not require removal of the dura mater. Can be obtained in unrestrained animals.

Whole-cell

Can register simultaneously the input and output of the recorded neuron, as well as its intrinsic properties. Low success rate.

Recorded neurons can be stimulated and labelled. Limited recording duration.

Can record in both current-and voltage-clamp mode. Limited to very few cells per preparation. The recording electrode is not reusable between recordings. The preparation is rapidly damaged due to repeated electrode penetrations.

The recording requires restraining the animal. In 'sharp' recordings, the glass electrode pierces through the cell membrane. In 'whole-cell' recordings, the tip of the glass electrode is first tightly attached the outer leaflet of the plasmalemma and then the patch of membrane within the tip is broken by applying negative pressure to gain access to the intracellular milieu (figure 2.3). In both variants, V m is measured by comparing Whole-cell patch-clamp recordings are customarily obtained in vivo with a 'blind' approach (figure 2.4). This is achieved by using an automated micromanipulator to lower the pipette in µm steps to the target region while constantly applying positive pressure. The tip electrical resistance is monitored for sudden pulsatile increases, indicating interaction with a membrane.

Upon contact, the positive pressure is dissipated to allow a tight GΩ seal to form between the tip and the membrane. Then, negative pressure surges are applied in crescendo until the patch breaks 652 . A direct intracellular connection between the cell interior and the interior of the glass electrode is usually obtained in vivo using a 'blind' technique. The electrode is lowered in 1-4 µm steps in the target region while a constant positive pressure is applied and the resistance is monitored for increases, indicating interaction of the tip with a membrane. When contact is made, the pressure is released to form a tight GΩ seal between the glass and membrane. Then, negative pressure is applied to break the patch of membrane inside the tip. Whole-cell electrodes have ∼1 mm tips and are filled with an intracellular solution generally made to match the key ionic concentrations inside neurons. Adapted from Lee & Brecht (2018) 639 .

Virtual reality navigation tasks for head-fixed mice

Recent developments in virtual reality (VR) technology have made it a valuable resource to study neural computations underlying behaviour 657 . In consequence, the application of VR technology in experimental designs involving neuronal recordings during well-characterised behaviours in genetic model organisms holds great potential in aiding the elucidation of the neural processes that support the expression of behaviour.

In general, technological developments to study neural mechanisms of behavioural control have followed two main directions: On the one hand, miniaturisation of recording devices so that they can be carried around on the animals' heads as they move freely in an open environment. On the other hand, utilisation of larger recording systems in physically restrained animals in virtual environments which are updated according to the animal's actions.

Virtual environments are ordinarily implemented as computer-generated visual worlds projected on screens around the animal, although other sensory modalities can also be incorporated to the apparatus, such as auditory, tactile and olfactory stimuli. Since the visual system of mice is characterised by large light collecting power, low acuity and a wide field of view, the design of an ideal VR system mice should be based on a panoramic display but does not require high resolution or bright illumination 658 .

Traditional Neuroscience studies assessing behaviour use 'open loop' designs, in which the stimuli comprising the sensory space are independent of the animal's behaviour within trials. By contrast, in VR experiments the animal interacts with the virtual environment in a dynamic 'closed loop' feedback system, in which the measured behaviour of the animal at time T determines the next state of the environment at time T + δt (figure 2.5). If the parameters are appropriately adjusted, this approach reproduces a sufficiently convincing sensory space so that the animal can sense and interact with in analogy to real environments. Particularly regarding spatial navigation behaviour, body-or head-fixed animals can virtually wander in a simulated world by being placed on a spherical or cylindrical treadmill whose movement can be read with optical sensors and transformed to feedback signals that update the VR (figure 2.6). Top: The animal's movements are measured and passed through instrumentation and computational stages (below the dashed line), whereby the motor output is coupled to movements within the virtual world, which are then mapped to sensory stimuli. The ideal closed loop simulation aims to reproduce the typical feedback a freely moving animal would experience. In virtual reality, the experimenter may perturb this ideal situation by injecting a disturbance into either the motor or sensory side of these transformations. In the corresponding open loop experiment, stimuli presented to the animals are not updated based on the animal's motor outputs. Bottom: An illustrative example of a head-restrained mouse closed loop visual virtual reality experiment. Mouse locomotion results in rotations of a trackball. The rotational velocity components of the ball are measured and used to define linear and view angle velocities in the virtual world. A 'motor disturbance' at this stage can make this transformation nonlinear. For example, when a wall is encountered along the virtual space trajectory, no virtual translocation would take place even though the mouse may still be running on the spherical treadmill. The velocities are integrated over the update time of the system to determine the new virtual position and view angle. The visual scene defined by the new position and angle is computer rendered and displayed on a screen surrounding the mouse. Adapted from Dombeck & Reiser (2012) The main advantages of using VR are, firstly, that the experimenter has fine control of the sensory space of the animal, which is difficult or impossible to achieve in experiments using real environments. Secondly, the possibility to implement VR experiments on restrained animals permits the use of high-precision voluminous neural recording techniques, such as patch-clamp recordings, 2p microscopy and fMRI, which require mechanical stability of the preparation. The combination of these recording techniques with VR technology in well-characterised behaviours has been successfully applied in mice, where variants of this preparation have been used to measure behaviour-related neural activity, such as spatial navigation, using electrophysiological methods 659,660 and two-photon microscopy 661 .

One of the main pitfalls of VR in head-fixed animals is that physical restraint can interfere with some of the physiological systems that are used by the animal to control the position of the head and eyes and to navigate in space, such as the vestibular system, which makes this method inappropriate for studying some aspects of motor control. However, there is now substantial evidence showing that the neural codes and spatial navigation behaviour are largely equivalent in real and virtual environments 659,661 . These observations have opened some exciting avenues, since using VR to study spatial navigation allows the experimenter to present animals otherwise impossible experimental conditions, such as instantaneous 'teleportation' from one environment to another--a key feature for the experimental design used in this work.

Methods' details

Animals and surgical procedures

All procedures were conducted in accordance with European and French regulations on the ethical use of laboratory animals for experimentation (EU Directive 2010/63/EU) and were reviewed and approved by the Ethics Committee of the Institut Pasteur CETEA (project number dap160066).

5-16 week-old male C57BL/6J wild-type mice (Janvier Labs) were used. Animals were housed in groups of four in polycarbonate individually-ventilated cages equipped with running wheels and were kept under a 12-h inverted light/dark cycle with ad libitum access to food and water. All animals were treated identically. Multimodal analgesia (buprenorphine 0.05 mg/kg + meloxicam 5 mg/kg) was administered through intraperitoneal injection at least 30 minutes before any surgical intervention and the skin on the surgical area was infiltrated with lidocaine prior to incision. Antisepsis of the incision sites was performed with povidone-iodine (Betadine). Animals were anaesthetised with isoflurane (3% for induction, 1-2% for maintenance, vol/vol) and placed in a stereotaxic apparatus (Kopf Instruments). The corneal surfaces were protected from desiccation by applying artificial tear ointment and the body temperature was kept constant throughout the surgical intervention with a heating pad. The skin was incised with scissors and the periosteum was mechanically removed using a surgical bone scraper. Stainless-steel headposts (Luigs & Neumann) were attached to the animals' skulls using dental acrylic (Super-Bond C&B, Sun Medical). Postoperative analgesia (meloxicam 5 mg/kg) was administered orally in combination with surgical recovery feeding gel (ClearH 2 O). Animals were allowed to recover from surgery for at least seven days preceding the start of the training sessions.

Behavioural tasks in virtual reality

Three custom virtual reality environments were developed using the Blender Game Engine (http://www.blender.org) in conjunction with the Blender Python Application Programming Interface. All environments consisted of a 1.2 m-long linear corridor visually enriched with 2.2. Methods' details proximal and distal cues and floor and wall textures. The reward delivery trigger zone was placed in an un-cued location of the corridor that was identical in all environments. The warped environments were projected onto a spherical dome screen ( 120 cm) using a quarter-sphere mirror ( 45 cm) placed underneath the mouse, as described previously 660,662,663 . The screen covered ∼240°azimuth, which corresponds to nearly the entire horizontal field of view of the mouse.

Animals were head-fixed and placed on an air-supported polystyrene rolling cylinder ( 20 cm) that they used as a treadmill to navigate the virtual scene. Cylinder rotation associated with animal locomotion was read out with a computer mouse (Logitech G500) and linearly converted to one-dimensional movement along the virtual reality corridor. Animals were extensively handled and habituated to the virtual reality setup before the onset of experimental procedures. Animals underwent 5 training sessions of 20-30 min each on consecutive days prior to the electrophysiological recordings. The training protocol was purposely kept short to avoid the adoption of a habit learning approach relying in the striatal circuits instead of the hippocampus 664,665 . All training sessions were conducted during the dark phase of the light cycle of the mice. During the training period and the experiments, animals were water-restricted to 80% of their baseline weight to maximise their behavioural drive 666 . Body weight and general health status were monitored daily.

Animals were trained to navigate the virtual corridor in the familiar environment (F) and to retrieve an 8% sucrose solution reward by stopping for at least 3 s in an un-cued reward zone placed at a fixed location of the corridor. Licking behaviour was monitored using a custom-made Arduino piezoelectric sensor coupled to the reward delivery spout. Animals were 'teleported' back to the beginning of the track upon crossing of a defined threshold near the end of the virtual corridor. After having completed the five-day training protocol in the familiar environment, a behavioural recording session was conducted in which laps in the familiar environment (F) were alternated with laps in the novel environment 1 (N1). The same environment alternation strategy was used during the electrophysiological recordings, using the familiar environment (F) and the novel environment 2 (N2). A purely behavioural session was conducted separately from the electrophysiological recordings since the latter are typically very short and therefore do not provide enough behavioural data to accomplish an accurate assessment of task performance.

In vivo whole-cell patch clamp recordings

Two craniotomies ( ∼0.5 mm) were drilled 3-24 hours before the recording session for the recording electrode (right hemisphere, 2.0 mm caudal and 1.5 mm lateral from Bregma) and the reference electrode (left hemisphere, 2.0 mm caudal and -1.5 mm lateral from Bregma).

The dura mater was removed using fine forceps and the cortical surface was kept covered with artificial cerebrospinal fluid (ACSF) of the following composition: 150 mmol/L NaCl, 2.5 mmol/L KCl, 10 mmol/L HEPES, 2 mmol/L CaCl 2 , 1 mmol/L MgCl 2 . In a subset of animals, 600 nL of 1 mmol/L atropine solution was injected with a glass micropipette at a depth of 1.7 mm from the cortical surface to selectively target the dentate gyrus 667 . Recording electrodes were pulled from filamented borosilicate glass (Sutter Instrument) and filled with internal solution of the following composition: 135 mmol/L potassium methanesulfonate, 7 mmol/L KCl, 0.3 mmol/L MgCl 2 , 10 mmol/L HEPES, 0.1 mmol/L EGTA, 3.0 mmol/L Na 2 ATP, 0.3 mmol/L NaGTP, 1 mmol/L sodium phosphocreatine and 5 mg/mL biocytin, with pH adjusted to 7.2 with KOH.

All chemicals were purchased from Sigma. Pipette tip resistance was 4-8 MΩ. Electrodes were arranged to penetrate the brain tissue perpendicularly to the cortical surface at the centre of the craniotomy and the depth of the recorded cell was estimated from the distance advanced with the micromanipulator (Luigs & Neuman), taking as a reference the point where the recording electrode made contact with the cortical surface. Whole-cell patch-clamp recordings were obtained using a standard blind-patch approach, as previously described 220,651,652,668 . Only recordings with a seal resistance > 1 GΩ were included in the analysis. Recordings were obtained in current-clamp mode with no holding current. No correction was applied for the liquid junction potential. Typical recording durations were ∼5 min, although longer recordings (∼30 min) were occasionally obtained. V m signals were low-pass filtered at 10 kHz and acquired at 50 kHz. After completion of a recording, the patch recording electrode was gently withdrawn to obtain an outside-out patch to verify the integrity of the seal and ensure the quality of the biocytin filling.

To synchronise behavioural and electrophysiological recordings, TTL pulses were triggered by the virtual reality system whenever a new frame was displayed (frame rate: 100 Hz) and recorded with both the behavioural and the electrophysiological acquisition systems.

Histology and microscopy

Immediately upon completion of a successful recording, animals were deeply anaesthetised with an overdose of ketamine/xylazine administered intraperitoneally and promptly perfused transcardially with 1x phosphate-buffered saline followed by 4% paraformaldehyde solution. Brains were extracted and kept immersed overnight in 4% paraformaldehyde solution. 60-70 µm-thick coronal slices were prepared from the recorded hippocampi. Slices were stained with Alexa Fluor 488-streptavidin to reveal biocytin-filled neurons and patch electrode tracts. DAPI was applied as a nuclear stain to reveal the general anatomy of the preparation. Fluorescence images were acquired using a spinning-disc confocal microscope (Opterra, Bruker) and analysed using ImageJ.

The accuracy of the recording coordinates was confirmed in all cases by identification of either the recorded neuron or the recording electrode tract.

Data analysis and statistics

To analyse subthreshold membrane potential, V m traces were digitally low-pass filtered at 5 kHz and resampled at 10 kHz. V m traces were subsequently high-pass filtered at > 10 -5 Hz to remove slow trends such as reference drifts. Action potentials were removed from the traces by thresholding to determine action potential times and then replacing 2 ms before and 10-20 ms (depending on the action potential shape) after the action potential peak with an interpolated straight line.

Data are presented as the mean ± s.e.m., unless stated otherwise. Statistical significance was assessed using either paired or unpaired two-tailed Student's t-tests and Wilcoxon's signed-rank tests, as appropriate 669,670 . Indications of statistical significance correspond to the following values: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. All analyses were carried out using custom-made Python scripts 671 .

Selectivity analysis on subthreshold V m

To infer the expected firing profile of silent neurons, a range of thresholds θ was applied to the recorded V m trace. Action potentials were inferred whenever membrane potential exceeded Chapter 2. Methods θ, and a minimal interspike interval of 100 ms was imposed on the inferred action potentials.

Environment selectivity was then computed as

S AB = (f A -f B ) (f A + f B ) ,
where To explore the behavioural effect of novelty, we used an immersive virtual reality setup adapted for rodent head-fixed navigation (figure 3.1).

We created three visually-rich virtual reality environments with identical geometry and task logic but with different sets of proximal and distal cues 672 and wall and floor textures. After habituation to the virtual reality setup, we trained water-restricted mice to navigate in the virtual corridor of the familiar environment (F) and stop at an un-cued reward zone for a defined period of time to obtain a water reward.

Mice were 'teleported' back to the beginning upon arrival at the end of the corridor (figure 3.2). To compare the selectivity of whole-cell-recorded silent neurons with the selectivity of active neurons recorded by imaging 220 , we inferred the expected firing profile of silent neurons by applying a range of thresholds to the V m and imposing a minimal interspike interval (figure 3.6). We then computed the selectivity for one or the other environment using these putative spikes in the same way as for the imaging data. We observed that cells showed substantial selectivity for the F or N environment (figure 3.7). This selectivity was significantly larger than the one expected from shuffled (S) data from the same recordings (mean absolute selectivity: FN, 0.073 ± 0.012; S, 0.035 ± 0.004; n = 7 cells, Wilcoxon signed-rank test, p < 0.05; figure 3.7). Thus, our results are consistent with recent work indicating that silent granule cells receive spatially tuned input 651 and support a scenario 3.3. Dentate gyrus granule cells transiently depolarise in response to saliency where active and silent neurons similarly receive specific information about the environment, but the small fraction of firing neurons then silences the others. Δspeed (cm/s) Figure 3.12 Supplementary analysis on the observed depolarisation in response to novelty. Left: Teleportation-aligned average across multiple recordings from granule cells showing the temporal dynamics of the subthreshold depolarisation in response to novelty. The continuous green trace represents the mean ± s.e.m. of the ∆Vm recorded 2.5 s after the FN2 teleportation events. The continuous orange trace represents the average mean ± s.e.m. of a 1 s period preceding the teleportation event. Teleportation time is indicated by the vertical red dashed line. A low-pass filtered trace (bold trace) is shown superimposed. Middle left: ∆Vm summary for FN2 teleportations tested against a bootstrap obtained from the same dataset (Bootstrap: -0.02 ± 0.02 mV, FN2: 1.02 ± 0.25 mV; n = 9 cells, paired t-test, p < 0.01). Middle right: ∆speed summary for FF and FN2 teleportations (-0.8 ± 0.4 cm/s and 0.0 ± 0.9 cm/s, respectively; n = 9 cells, paired t-test, p > 0.05). Right: Correlation between Mean Vm and FN2 ∆Vm (n = 9 cells, Pearson's correlation coefficient, r = -0.19, p > 0.05).

A small depolarisation can lead to a large increase in the relative fraction of spiking cells

How does the observed synaptic response to novelty affect population activity in the dentate gyrus?

To quantify this effect, we used our full dataset of baseline membrane potential values recorded in dentate gyrus granule cells (n = 73 cells) in conjunction with recently published ground-truth data on dentate gyrus population activity 651 to estimate that, within a 2-s time window, the fraction of spiking neurons increases from 3.3% to 4.2% (figure 3.13; see Methods). This result indicates that a relatively small membrane potential depolarisation observed at the individual neuron level, if driven by a generalised network mechanism, would entail the recruitment of a small but-in relative terms-sizeable amount of silent neurons to the active population. While the depolarisation affects all granule cells equally, only those that are close to firing threshold will be recruited, providing specificity for cells that are synaptically activated upon transition to novelty. In addition, a small depolarisation will also increase the firing rates of the small population of active neurons, and it may drive some granule cells into firing bursts of action potentials, as has previously been described in vivo 651,674 . Such burst firing would further amplify the effect of the transient depolarisation on population activity. 

Local blockade of muscarinic acetylcholine receptors abolishes the membrane potential response to saliency in dentate gyrus granule cells

As the neuromodulatory transmitter acetylcholine is thought to play a key role in orchestrating the network changes related to attention and task engagement in response to uncertainty 386,391,538 , we repeated our experiment while blocking metabotropic acetylcholine receptors using the non-specific muscarinic competitive antagonist atropine through local stereotaxic injection immediately prior to the recordings. We confirmed the accuracy of our drug application technique and the extent of diffusion of the injected volume by injecting a solution containing a fluorescent dye (BODIPY) in a subset of animals (figure 3.18; see Methods). 

Discussion

In this work, we took advantage of the unique features of whole-cell patch-clamp recordings obtained in vivo to explore the synaptic and circuit mechanisms underlying the contribution of the dentate gyrus to learning and memory. We focused our experimental strategy on aspects of hippocampal function that cannot be evaluated with other techniques to record neuronal activity that only capture the output of the recorded neurons, such as extracellular electrophysiology or 2p imaging of genetically encoded calcium indicators. The combination of whole-cell patch-clamp recordings with virtual reality navigation tasks allowed us to record the synaptic integration processes occurring as an animal is actively engaged in navigation in different visual contexts. As a result, the datasets collected with this approach enabled us to test alternative hypotheses about the mechanisms behind the sparse activity of the dentate gyrus, which can only be assessed by analysing the input/output relationship in single cells as an animal explores different environments.

Furthermore, the implementation of a navigation task in virtual reality permitted us to introduce instantaneous transitions between familiar and novel environments during whole-cell recordings, providing a unique opportunity to observe the effects of absolute novelty at the synaptic level, which is not feasible when context transitions are introduced in real environments. This feature of our dataset if of special importance, as it gave us the opportunity to explore the narrow time window when processes supporting the dynamic adjustment in hippocampal operation in response to novelty take place. In this manner, our experimental observations granted us the chance to study unique aspects of how the hippocampal network attains harmony between flexible storage of novel information and robust recall of pre-existing memories to meet the challenges posed by the vagaries of a constantly changing environment.

Subthreshold contextual selectivity advocates competitive dynamics in the dentate gyrus

By obtaining whole-cell patch-clamp recordings from silent granule cells of the dentate gyrus while animals explore different virtual environments, we reveal robust discrimination between contexts in the subthreshold membrane potential fluctuations of these neurons. This observation of high selectivity in the subthreshold V m dynamics of silent granule cells, taken together with the equally remarkable selectivity observed in the population firing patterns of active cells 220 , strongly favours a model where pattern separation is implemented by expansion coding in concert with 'winner-takes-all' competition among granule cells to produce highly orthogonalised output when the animal explores different environments 32,33,288-290,325,341,342,347,357,640 (figure 1.21). In this scenario, specific routing of projections from the entorhinal cortex is not necessary, as sub-and suprathreshold environmental selectivity can emerge from random mixing of entorhinal inputs (see section 1.8) onto the expanded granule cell layer 341 , along with competitive dynamics 178,641,642 implemented in the local microcircuit of the dentate gyrus to ensure sparsity of the population activity.

A synaptic novelty signal to switch hippocampal attractor networks from generalisation to discrimination

By obtaining whole-cell patch-clamp recordings from granule cells of the dentate gyrus in head-fixed mice navigating in familiar and novel virtual environments, we show that these neurons exhibit a transient small depolarisation of their membrane potential when animals are 'teleported' into a novel virtual environment. By contrast, isolated visual stimuli that are presented independently of the animal's behaviour fail to evoke any systematic synaptic response. The observed novelty-4.2. A novelty signal to switch the hippocampus from generalisation to discrimination dependent depolarisation can be blocked by local application of atropine, indicating that it depends on activation of muscarinic acetylcholine receptors. While the amplitude of the depolarisation is only on the order of 1 mV, because of the sparse activity levels in the dentate gyrus even such a small depolarisation can have a large effect on the relative increase in the proportion of firing neurons.

To support ongoing behaviour in an environment with mixed novel and familiar components, hippocampal circuits need to be able to store relevant novel information without disrupting the recall of familiar memories 291,643,644 . It has been suggested that upon transition into a novel environment, robustly decorrelated inputs from the dentate gyrus push downstream circuits to form a new neuronal representation (i.e. 'remapping'). However, the attractor dynamics of the CA3 circuit counteract this process by stabilising the familiar representation as the default mode, thereby putting the two processes at odds with each other 32,291,321,341 (see section 1.10).

Additional inputs containing the information about the saliency and the unexpectedness of the novel environment 391 may provide the required arbiter signal that decides whether the CA3 circuit forms a new neuronal representation or recalls a stored memory.

How is this 'novelty signal' conveyed to the hippocampal network? In contrast to the multimodal cortical inputs to the hippocampus, which carry information about distinct memory elements, subcortical inputs are known to contain information about 'global' internal brain states, such as attention, uncertainty and arousal 305,391,647 . Signals of this sort could be transmitted to the hippocampus in the form of a generalised short-lived network perturbation that could in turn alter the manner in which information is processed in the circuit. This kind of global transitory change in circuit dynamics can occur in response to diverse neuromodulatory transmitters, which are crucial evolutionary-conserved elements for the reshaping and repurposing of neural circuits during associative and non-associative learning 96,305,648 (see section 1.9). Different neuromodulatory systems appear to play distinct roles during mnemonic processing and, among these, cholinergic neuromodulation has been suggested to be the one in charge of signalling 'absolute' novelty to the hippocampus 394,643 . Indeed, theoretical models have suggested that increased cholinergic neuromodulation promotes encoding of novel information in the hippocampal network while reduced cholinergic neuromodulation favours consolidation of previously encoded Chapter 4. Discussion patterns 386,394,581 . This notion is supported by experimental evidence of a rise in acetylcholine levels in the hippocampus when an animal encounters a novel spatial environment 401,[675][676][677] and of memory impairment by pharmacological blockade of cholinergic neurotransmission [678][679][680] , which selectively affects encoding while sparing retrieval 602 .

Previous studies have shown that optogenetic stimulation of cholinergic septohippocampal projections can recruit excitatory inputs to granule cells as a component of a bimodal synaptic response 681 . The inhibitory late component of this response is mediated by multiple intermediaries, including astrocytes and local interneurons, depends on nicotinic acetylcholine and GABA A receptor channels, and can be revealed at a negative chloride reversal potential (∼ -88 mV) when septohippocampal fibres are synchronously stimulated at high frequencies. In our recordings, which were obtained at a physiological E Cl for mature granule cells (∼ -72 mV) 682,683 , the excitatory component of the response appears to be isolated, as hyperpolarising inhibition may be absent due to the small driving force for chloride ions, low-frequency asynchronous activation of cholinergic inputs in vivo, and differences in synaptic transmission dynamics, such as baseline GABAergic tone, in awake versus anaesthetised animals 684,685 . Thus, while the transient shortlived signal that we observe is depolarising, potential shunting inhibition appearing at a later phase, depending on glial intermediaries, may explain why an increased cholinergic tone can lead to reduced overall granule cell activity in novel environments under some conditions 645,686 .

The depolarisation that we observe is sensitive to local application of atropine, suggesting that it depends on muscarinic acetylcholine receptors, consistent with the temporal dynamics of the signal.

From the five subtypes of muscarinic receptors, M 1 , M 2 and M 4 are the most widely expressed in the hippocampus 505 . Among these, the M 2 subtype is expressed only in interneurons. On the other hand, the M 1 subtype is preferentially expressed in the somatodendritic compartment of principal cells 458,459 and is known to enhance postsynaptic excitability and NMDA receptor activity by inhibiting potassium channels 571,572 and calcium-activated SK channels 529,530 . These features make it a candidate driver of the membrane potential depolarisation that we observe in granule cells 538,678,680 , in accordance with the disappearance of the effect observed in our experiments when these receptors are blocked with atropine. Nonetheless, it has recently been reported that hilar mossy cells-which are also known to be targets of cholinergic neuromodulation 687,688 -play 4.2. A novelty signal to switch the hippocampus from generalisation to discrimination a key role during novelty detection in the hippocampus 689 , which raises the possibility that the synaptic response to novelty that we recorded in granule cells is not driven by the direct effect of acetylcholine on granule cells but instead indirectly through cholinergic modulation of local interactions in the intrahippocampal circuit. Genetically targeted manipulation of specific nicotinic and muscarinic acetylcholine receptors in combination with cell-specific neuronal recordings during novelty-associated behaviour will be necessary to clarify the precise mechanisms whereby acetylcholine modifies the synaptic properties of the hippocampal circuit in response to saliency.

How does the synaptic novelty signal affect the activity of individual granule cells? The small depolarisation that we observe will selectively affect the firing of neurons that are already synaptically activated: it will increase the firing rate of neurons that are actively spiking, and it will drive silent cells to fire spikes if their membrane potential is close to the action potential threshold. It has been shown that evoking spikes in previously silent granule cells in vivo at specific locations in the environment can lead to the induction of place fields, especially under novelty 690 . We therefore expect that at least part of the newly recruited active neurons will permanently fire upon transition into the environment that led to their activation when the animal first encountered it, even as the environment grows familiar. Such a process may facilitate the robust retrieval of the corresponding attractor state in CA3 over time.

Studies on the activity of granule cell populations have reported both decreased and increased activity as an animal familiarises itself with a novel environment over the time course of several minutes and more, and the long-term dynamics of this process remains to be delineated 645,686,689 . However, how the population activity changes at the moment when the animal transitions into a novel environment is unclear. As the overall activity levels in the dentate gyrus are notably sparse, the transient depolarisation will only recruit a small absolute number of neurons into the spiking population, and may only lead to firing of few or even single additional action potentials.

Population recording techniques that are typically employed in virtual reality, such as 2-photon imaging of genetically-encoded calcium indicators 220,645,[691][692][693] , are likely to miss these additional few spikes that occur only in a small number of neurons during a short time window 694 . Highly sensitive electrophysiological recordings with high temporal and single-spike resolution from 93 Chapter 4. Discussion large populations of neurons during instantaneous environment switches in virtual reality will be required to observe the predicted population response 695,696 . dynamics, with net inhibition predominating at low presynaptic firing frequencies and a switch to net excitation occurring as frequency increases 323,700,701 . Thus, the ability to invert the polarity of the mossy fibre-CA3 pyramidal neuron synapse in a frequency-dependent manner may be necessary when switching between information processing modes in the hippocampal circuit under the regulation of extrahippocampal signals 105 . Moreover, mossy fibre-CA3 synapses show pronounced post-tetanic potentiation in response to natural bursting activity patterns described in vivo 651,674,702 , which could be triggered by the small depolarisation that we observe. This form of synaptic plasticity would further boost excitatory drive, supporting the new activity bump.

The existence of pre-configured assemblies is at the basis of the so-called 'preplay' phenomenon 703 , and is compatible with the observed emergence of alternative maps under silencing of place cell assemblies 699 . Contrary to previous models of switching between two equally consolidated maps 704 , switching to an immature map crucially requires transient inhibition, in agreement with reports that somatic inhibition is transiently increased following novelty in CA1 226,705 . Learning processes, possibly involving reconfiguration of inhibitory circuits 706 , could ultimately strengthen and reshape this primitive, pre-configured representation.

In the model that we propose, cholinergic modulation of the dentate gyrus affects network dynamics downstream in area CA3. What could be the benefit of separating the location of the modulation and its effect, instead of directly activating CA3 neurons? One advantage is that only Chapter 4. Discussion those granule cells that are synaptically activated during transition to novelty, bringing them close to or above the firing threshold, are specifically modulated. As the dentate gyrus produces codes that strongly discriminate between familiar and novel environments, only a subset of inputs to CA3 that is highly specific for the novel environment increases its activity. A novelty signal that non-specifically acted on CA3 neurons would activate, among others, assemblies coding for the familiar environment, as their activity is maintained by their attractor properties, even if the animal is already in a novel environment. This stable attractor state would then prevent novel representations from forming in CA3. Another advantage is that a transient increase in the fraction of active neurons enhances the separability of representations 707 . The depolarisation that we observe in the dentate gyrus in response to novelty could thus temporarily increase the discriminative power of the network, further favouring the establishment of a new neuronal assembly in CA3. Furthermore, recruiting inputs from the dentate gyrus to CA3 that are active or close to spike threshold during teleportation to novel environments may induce Hebbian plasticity at specific mossy fibre-CA3 synapses, so that novel information is rapidly stored in specific assemblies. The upstream cholinergic processes in the dentate gyrus that we describe here are not in conflict with previously reported cholinergic modulation of CA3 31 ; on the contrary, we suggest that they synergistically promote plasticity.

Neuronal generalisation and discrimination are processes that must occur in concert, as familiar memories need to be robustly retrieved but also updated with relevant novel information. In addition, any experience consists of multiple elements in different physical dimensions that may need to be stored as separate memories depending on their behavioural relevance 291,643,644 .

Inducing a small and transient universal 'bias' in the population code of the dentate gyrus when faced with novelty may provide a solution to this challenge, as the overall structure of the dentate gyrus population code is only weakly and briefly affected while the novel environment is learnt 

Strengths and limitations of this study

Strengths

The main virtue of this study is the unique set of questions that our experimental approach enabled us to address. Indeed, to date, whole-cell patch-clamp recordings in behaving animals are the only technique that allows to study the synaptic integration processes underlying a defined cognitive operation 638,639 . On the other hand, neuronal recordings obtained during virtual reality navigation tasks are the only method that enables to capture neuronal activity in the precise moment when an animal is confronted with absolute novelty in the form of an instantaneous switch between visual spatial environments 657 (see section 2.1). Thus, by implementing a combination of these two techniques, we were able to register the synaptic integration processes taking place in the crucial time window when the hippocampal network needs to adjust its operation to allow learning to take place. Remarkably, the synaptic signature of novelty that we report in this study would go unnoticed with every other neuronal recording approach available to date, which further highlights the importance of whole-cell recordings in the elucidation of essential aspects of neuronal computation that occur under the threshold for action potential firing 638,639 .

Furthermore, the unique set of V m data that we obtained from silent granule cells while animals explored two different virtual environments enabled us to test alternative hypotheses about the mechanism behind sparse activity in the dentate gyrus, which are inaccessible to methods recording only neuronal output.

An added value of this study is that it easily accommodates for immediate developments prompted by the questions raised by our experimental observations. For example, the results that we obtained with pharmacological approaches can be further refined by leveraging the extensive repertoire of genetic manipulation strategies available in the mouse model 708 , such as using mouse lines with specific knockouts of ACh receptor subtypes 505 to disentangle the specific signalling mechanisms supporting the observed novelty signal. In addition, the possibility to directly manipulate the recorded neurons, either trough current injections or the expression of optogenetic actuators 63 in 100 4.3. Strengths and limitations of this study defined cell lines, opens many avenues for complementing the description of synaptic integration phenomena with the dissection of their underlying circuit mechanisms.

Limitations

Although in vivo whole-cell patch-clamp recordings are the gold standard method for the analysis of the synaptic mechanisms of neuronal computations supporting behaviour, this technique entails many intrinsic downsides that must be taken into account when interpreting the results obtained with this approach. For example, the access resistance of the recorded cell is correlated with the age of the animal and the depth of the recorded cell from the point where the electrode penetrates the nervous tissue 652 . Thus, due to the depth of the dentate gyrus, it is expected to obtain recordings with high access resistances, limiting the resolution of the recorded V m signal and compelling the exclusion from analysis of many otherwise successful recordings. Additionally, the largest pitfall when obtaining whole-cell recordings from head-fixed behaving animals is the susceptibility of this recording configuration to disruption by the inevitable abrupt movements of the animal. Indeed, even thought a whole-cell recording has relative mechanical stability once a GΩ seal has been obtained, hasty movements of the animal, such as grooming, often result in a complete loss of the recording or in enough deterioration in seal quality to force termination of the experiment. Finally, the short duration of these experiments is only adequate to probe acute synaptic integration phenomena, while longer processes, such as the network reconfiguration occurring during learning, remain beyond the reach of this method.

These factors, together with the dependence on great experimenter skill and the labour-intensive nature of the method, make whole-cell recordings a very low-yield technique, which has been a major limitation for the broad adoption of this approach in Neuroscience. However, it has recently been shown that the traditional 'blind patch' technique can be-under some circumstances-reduced to an algorithm and automatically performed by a robot with equivalent or superior success rates than those of an expert human experimenter 656 . Therefore, it may be possible that in the near future the highly user-dependent 'blind patch' technique will evolve into a reliable high-throughput method for at least some experimental designs. . . . little by little, one cell at a time, this project embarked on the exploration of one of the most fascinating mysteries of the brain and mind: the ability to learn and remember. Among the many unanswered questions about this cognitive faculty, one of the most enthralling is how the hippocampus reconciles its natural tendency to recall pre-existing representations, determined by its attractor network dynamics, with the necessity to accommodate for the creation of new memories when the behavioural need to learn arises, as the neuronal operations supporting these two complementary mnemonic functions compete against each other. Our experimental approach, consisting in obtaining whole-cell recordings from dentate gyrus granule cells in head-fixed mice trained to explore and distinguish between familiar and novel virtual environments, enabled us to reveal prominent contextual selectivity in the input of these neurons, as well as a synaptic novelty signal in the form of a transient depolarisation dependent on acetylcholine receptors. The combination of these experimental observations with computational modelling led us to propose a model in which the transient synaptic response to novel environments that we observe may lead to a small universal 'bias' in the granule cell population activity. Such a momentary drift in the population code of the dentate gyrus may represent a solution to the conflict between memory formation and recall in the hippocampus, as the transient nature of this signal does not permanently disrupt the overall structure of the population code in the dentate gyrus, but may work as a switch to drive the downstream attractor networks to a new state, enabling neuronal discrimination to take place during the key time window when an animal is confronted with behaviourally relevant novelty requiring learning. This novelty-driven cholinergic switch may therefore enable flexible encoding of new memories while preserving stable retrieval of familiar ones. Thus and so, it only remains to conclude this work in the hope that it will contribute to our budding yet ever-growing understanding of how the brain walks the fine line between the old and the new. 

INTRODUCTION

To distinctly represent similar objects and events that have different behavioral significance, the hippocampus is charged with the fundamental task of transforming similar inputs into well-separated neuronal memory representations. The input region of the hippocampus, the dentate gyrus, has been suggested to implement this function by orthogonalizing cortical inputs through sparse firing activity and cellular expansion (Gilbert et al., 2001; GoodSmith et al., 2017; Leutgeb et al., 2007; McNaughton and Nadel, 1990; Neunuebel and Knierim, 2014; O'Reilly and McClelland, 1994; Rolls and Treves, 1998; Treves and Rolls, 1992). In contrast, the downstream circuits CA3 and CA1 are thought to retrieve memorized patterns from incomplete or degraded input via attractor dynamics and to transfer these memory representations to the neocortex, where they are processed to drive behavior (Frankland and Bontempi, 2005; Guzman et al., 2016; Hasselmo et al., 1995; Marr, 1971; McNaughton and Morris, 1987). However, it is unclear how and where the hippocampus encodes distinct memories of similar objects and events (Danielson et al., 2016a, 2017; van Dijk and Fenton, 2018; Gilbert et al., 2001; GoodSmith et al., 2017; Hainmueller and Bartos, 2018; Leutgeb et al., 2007; Neunuebel and Knierim, 2014; Senzai and Buzsa ´ki, 2017). In particular, little is known about how these distinct representations are used for behavioral decisions (Leal and Yassa, 2018).

RESULTS

To precisely control the degrees of difference between spatial environments while accurately monitoring neuronal activity and behavior, we performed in vivo 2-photon Ca 2+ imaging from hippocampal subregions of head-fixed mice executing a spatial memory discrimination task in virtual reality (Schmidt-Hieber and H€ ausser, 2013; Figures 1 andS1). Mice were initially trained to stop in a reward zone at the end of a linear virtual corridor that contained several distinct objects and that was enclosed by lateral walls covered with vertical grating patterns (Figure 1A). After successful training (~7 sessions; Figures 1B and1C; reward rate, session 1 versus session 7, p < 0.001), mice were introduced to a novel environment with oblique grating patterns on the lateral walls but otherwise identical visual cues. To quantify the mouse's behavioral discrimination between the memorized familiar (F) environment and the novel (N) one, we moved the reward zone to the middle of the N corridor. We focused our recordings on the input and output regions of the hippocampus, the dentate gyrus and CA1 (Figures 1D-1J andS1). We compared the firing properties of spatially modulated cells in the two similar but distinct virtual environments. Spatially modulated neurons in the dentate gyrus ( 20 corresponding spatial activity maps (Figures 1H and1I; spatial correlations in FF versus FN, p < 0.05; see Table S1 for statistics details of the linear mixed model; Figures S1A andS1B). In the downstream region CA1, spatial population firing patterns were similar across the two environments (Figures 1H and1I; spatial correlations in FF versus FN, p > 0.05; Figures S1C andS1D).

We then directly compared spatial decorrelation (i.e., the reduction in correlation; STAR Methods) between the two regions. This analysis revealed that decorrelation between F and N environments was significantly more pronounced in the dentate gyrus than in CA1 (Figure 1J; decorrelation in the dentate gyrus [DG] versus CA1, p < 0.01; Figure S1E). Thus, our data suggest that small visual differences between environments are sufficient to result in pronounced pattern separation in the DG, whereas pattern completion in the downstream circuit CA1 leads to similar spatial representations of familiar and novel environments.

In addition to physical space, the hippocampus also encodes non-spatial dimensions and experiences (Aronov et al., 2017; Hampson et al., 1999; Lenck-Santini et al., 2005; Stefanini et al., 2020; Tanaka et al., 2018; Wiener et al., 1989; Wood et al., 1999). To assess neuronal coding beyond spatial decorrelation, we sought to analyze neuronal discrimination of the different contexts (vertical versus oblique gratings) independent of the spatial position of the animal (Figure 2). We first quantified how selectively neurons, including all spatially modulated and unmodulated cells, fired in the F or N environment (Figure 2A). We defined ''selectivity'' as the normalized absolute difference in event rates between the two environments (STAR Methods). Our analysis revealed that population activity in the DG was significantly more selective for the environment than in CA1 (Figure 2B; selectivity in the DG versus CA1, p < 0.001). The higher selectivity in the DG was not only a consequence of its overall lower activity levels because selectivity in the DG was higher than in CA1 throughout the whole range of observed activity rates (Figure 2C). This observation was confirmed when cells with near-perfect selectivity (absolute selectivity > 0.99) were excluded from the analysis (Figure S1I), suggesting that the higher selectivity in the DG is not only driven by cells that exclusively fire in one or the other environment.

To quantify more rigorously how informative the population activity is about the environment, we established a binary decoder that uses activity rates to classify population activity vectors into one of the two environments (Posani et al., 2017). We found that the decoder was significantly more successful at classifying DG than CA1 activity (Figure 2D; F-N decoder performance [area under the receiver operating characteristic (ROC) curve (AUC)] in the DG versus CA1, p < 0.05). To control for possible contributions of the different reward locations, we ran the same analysis only on data collected in the first part of the track, before any reward is presented. This analysis yielded comparable performance values (Figure S1L; F-N decoder performance [AUC] in the DG versus CA1, p < 0.05), indicating that the reward location had little effect on the observed differential neuronal discrimination. Thus, our results indicate that, independent of positional information and reward location, activity in two similar environments is more orthogonalized in the DG than in CA1.

To further explore the role of spatial representations in neuronal discrimination, we ran the analysis on the population activity of spatially unmodulated cells only (STAR Methods). Consistent with our results above, we found that selectivity and decoding performance were significantly higher in the DG than in CA1 when only spatially unmodulated cells were included in the analysis, with CA1 performance comparable with chance levels (Figures S1G andS1J; AUC in the DG versus CA1, p < 0.01). When only spatially modulated cells were included in the analysis, differences in selectivity and decoding performance were less pronounced between the DG and CA1 (Figures S1H andS1K). In conjunction with our previous results, this finding (F and G) Same as in (D) and (E) but for CA1. (H) Spatial population vector (PoV) correlation matrices. PoV correlations were computed for each spatial bin in the N environment (x axis) with each bin in the F environment (y axis). Note the absence of distinct high correlations in the DG (left) throughout the matrix. In contrast, correlations are high along the diagonal in CA1, indicating that neuronal activities are correlated at corresponding positions in F and N along the linear track. (I) Correlations between mean spatial activity maps across recording sessions within the F environment (even-odd laps) and between different environments (FN) in the DG (left; spatial correlation: F even-odd, 0.62 ± 0.05; FN, 0.30 ± 0.03, n = 7 mice; Wilcoxon test, t = 0, p = 0.018) and CA1 (right; spatial correlation: F evenodd, 0.51 ± 0.03; FN, 0.48 ± 0.02, n = 7 mice; Wilcoxon test, t = 11, p = 0.61). Symbols with error bars represent mean ± SEM of individual animals. Gray circles represent recording sessions. (J) Spatial decorrelation, quantified as the difference between spatial correlations within the F environment (even-odd) and between different environments (FN) in the DG and CA1. Circles indicate single recorded sessions from different animals (spatial decorrelation: DG, 0.32 ± 0.06, n = 7; CA1, 0.03 ± 0.05, n = 7; linear mixed model [LMM], p = 0.002). Same symbols as in (I). *p < 0.05. **p < 0.01. ***p < 0.001. See also Figures S1A-S1F.

is consistent with the notion that CA1 performs ''rate remapping'' (Leutgeb et al., 2005) in the subpopulation of spatially modulated cells, which only change their firing rates but not their firing locations. Consequently, spatial correlations in CA1 are relatively high, but the environments can still be decoded from spatially modulated cells because of the change in their firing rates. In contrast, the DG performs ''global remapping;'' i.e., independent populations of spatially modulated and unmodulated neurons are active in the two environments, consistent with the definition of neuronal pattern separation (GoodSmith et al., 2017; Lee et al., 2020).

Because previous work has shown that spatial coding in CA1 is affected by goals, task relevance, and engagement (Danielson et al., 2016b; Dupret et al., 2010; Markus et al., 1995; Sarel et 2017), we next examined how decorrelation in the DG and CA1 relates to behavioral discrimination of small and large environmental differences (Figure 3). Addressing this question required us to explore a large range of degrees of neuronal discrimination in the DG and CA1. However, because the similar environments F and N we had used so far had failed to elicit substantial decorrelation in CA1 (Figures 1 and2), we designed another N environment (N*) that differed substantially from the F one with the aim of increasing neuronal discrimination in CA1 (Figures 3A and3B).

To assess behavioral discrimination, the reward zone was placed at the center of N*. Animals showed higher performance in discriminating between F and N* than between F and How is the sparse and selective fraction of DG neurons synaptically recruited from the total population? Inputs that are specific to an environment could be selectively routed to the active population, sparing the silent neurons. In such a scenario, selectivity would be largely governed by the connectivity between the entorhinal cortex and the DG. Alternatively, all neurons may receive similarly specific inputs, but only some of them are sufficiently depolarized to fire action potentials. These firing neurons would then silence the others in a ''winner takes all'' fashion; for example, by lateral inhibition. To distinguish between these possibilities, we obtained whole-cell patch-clamp recordings from DG granule cells during a virtual discrimination task between an F and an N environment (Figures 4A, 4B, and S4). To compare the selectivity of whole-cell-recorded silent neurons with the selectivity of active neurons we had recorded by imaging, we inferred the expected firing profile of silent neurons by applying a range of thresholds to the membrane potential (V m ) trace and imposing a minimal interspike interval (Figure 4C; STAR Methods). We then computed the selectivity for one or the other environment using these putative spikes in the same way as for the imaging data. We observed that cells showed substantial selectivity for the F or N environment (Figure 4D). This selectivity was significantly larger than the one expected from shuffled (S) data from the same recordings (Figure 4E; mean absolute selectivity, FN versus S, p < 0.05). Thus, our results are consistent with recent work indicating that silent granule cells receive spatially tuned input (Zhang et al., 2020) and support a scenario where active and silent neurons similarly receive specific information about the environment, but the small fraction of firing neurons then silences the others.

DISCUSSION

In summary, our data reveal that the DG produces highly orthogonalized output by activating sparse non-overlapping subpopulations of neurons in response to small or large changes between environments. This high selectivity is observed in the population firing patterns of active cells as well as in the subthreshold membrane potential dynamics of silent neurons, consistent with a scenario where pattern separation is implemented by expansion coding in concert with inhibition (Cayco-Gajic and Silver, 2019; Espinoza et al., 2018; Guzman et al., 2019; Marr, 1969; McNaughton and Nadel, 1990; Rolls and Treves, 1998). Such a model does not require any specifically targeted connectivity from the entorhinal cortex because sub-and suprathreshold selectivity can emerge from random feedforward connectivity between an input population to an expanded layer (Marr, 1969), with feedforward or lateral inhibition ensuring that only a sparse population is firing. In addition, excitatory interneurons in the DG, the mossy cells, may contribute to pattern separation by controlling the level of activity in granule cells (Danielson et al., 2017; Myers and Scharfman, 2009), and their dense firing activity has been shown recently to display robust remapping across environments (Danielson et al., 2017; GoodSmith et al., 2017; Senzai and Buzsa ´ki, 2017), which may provide an additional pattern separation signal (Lee et al., 2020). In contrast to the feedforward circuitry of the DG, recurrent connectivity between CA3 principal neurons enables them to perform a ''pattern completion'' operation, where representations fall into one of several ''attractor'' states that are robust to degraded or incomplete input information (Guzman et al., 2016; Marr, 1971; McNaughton and Morris, 1987). Thus, representations in CA3 abruptly switch from pattern completion to separation when differences exceed a threshold (Alme et al., 2014; Leutgeb et al., 2004; Neunuebel and Knierim, 2014). Although this switch between pattern completion and separation may be less pronounced in CA1 (Leutgeb et al., 2004), attractor properties can still explain why population activity in CA1 sharply remaps from one representation to the other when the differences between environments are sufficiently large (Wills et al., 2005), whereas the DG feedforward circuit produces a more constant decorrelation throughout a range of differences between environments, as observed in our experiments.

How can we reconcile the notions that the DG performs constant decorrelation, whereas the downstream circuits appear to remap independently? During exploration of the novel environment, the robustly decorrelated inputs from the DG are pushing downstream circuits toward forming a new representation, whereas their attractor dynamics counteract this process by stabilizing the familiar map (Knierim and Neunuebel, 2016). Additional inputs, such as information about the saliency and unexpectedness of the novel environment, are required to switch from recalling a familiar memory to formation of a new representation in CA3 and CA1. Several candidate input streams may contribute to this switch, such as cholinergic inputs from the medial septum, which are thought to provide a signal indicating novelty and attention to several hippocampal subregions (Hasselmo, 2006). Direct inputs from the entorhinal cortex to CA3 may act as a cue for recall, with recent modeling work suggesting that nonlinear interactions between entorhinal, dentate, and neuromodulatory inputs are essential for recalling large numbers of memories with low interference (Kaifosh and Losonczy, 2016).

Our data suggest that the levels of saliency and behavioral relevance decide whether the decorrelated information from the DG can shift CA3 and CA1 cell assemblies toward a new attractor state. We observe that the DG population activity distinguishes between familiar and novel environments even when the animal performs poorly in the discrimination task. This apparent lack of relation between behavioral and neuronal discrimination in the DG can be explained by our observation that the DG produces highly decorrelated representations throughout a range of small and large changes in the environment. In contrast, we find a close relationship between behavioral and neural discrimination in CA1, suggesting that the degree of separation in downstream hippocampal populations is related to the ability of the animal to behave differently in the two settings. Although further experiments are needed to establish a definite causality between hippocampal remapping and task performance, our data are compatible with a scenario where behavioral relevance and saliency trigger formation of new representations in CA3/1, instructed by the highly decorrelated information from the DG, that are then critical for ensuing behavioral decisions (Figure S4C). How neuronal and behavioral discrimination in the DG and downstream circuits evolve as the animal familiarizes itself with the novel stimuli remains to be explored. Recent work suggests that experience shapes remapping in CA1 (Plitt and Giocomo, 2019), whereas classification of learned olfactory stimuli by the DG correlates with behavioral discrimination after training in a contextual fear conditioning task (Woods et al., 2020).

Previous work on neuronal discrimination in different hippocampal subregions has provided inconsistent results, reporting stronger (Leutgeb et al., 2007; Neunuebel and Knierim, 2014) or weaker (Hainmueller and Bartos, 2018; Senzai and Buzsa ´ki, 2017) neuronal pattern separation in DG granule cell populations compared with principal neurons in downstream hippocampal circuits. Our finding that the behavioral relevance of the navigational task is differentially related to the amount of neuronal discrimination can partly explain these discrepancies because it follows that differences in spatial cues alone are not the sole determinants of neuronal discrimination. Furthermore, neuronal ''pattern separation'' can be quantified in multiple ways, such as spatial correlations between place fields or population firing vectors across different environments (Hainmueller and Bartos, 2018). However, when pattern separation is defined in more general terms, independent of any assumptions of the spatial firing patterns, as implemented by our selectivity and decoder analyses, most studies to date report strong orthogonalization in DG representations (Lee et al., 2020), consistent with the present study.

Our data reveal how orthogonalized neuronal memory representations in the input and output regions of the hippocampus are related to behavioral discrimination. We propose that the DG robustly reports changes in external and internal variables even when they are not sufficiently relevant to reach the animal's perception. In contrast, representations in the output region CA1, instructed by decorrelated inputs from the DG, remap in response to behaviorally relevant changes in sensory inputs that exceed a saliency threshold. Downstream neocortical circuits then use this map to drive behavioral decisions.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: 

d KEY RESOURCES

Stereotaxic injections

After application of povidone-iodine (Betadine), the skin was incised and the exposed skull was cleared of overlying connective tissue. A small craniotomy was performed above the right dorsal hippocampus (2 mm posterior and 1.5 mm lateral to bregma), and 500 nL of AAV1.Syn.GCaMP6f.WPRE.SV4 (titer 3.4x10 12 TU/mL; Addgene) were injected via a glass micropipette (Wiretrol, 5-000-1010 Drummond) at a depth of 1.7 mm from the dural surface for targeting the DG, and 1.2 mm for CA1. Mice were allowed to recover for at least 2 days after injection before undergoing any subsequent procedure.

Chronic imaging window and headpost implantation

To record Ca 2+ -dependent fluorescence changes of the GCaMP6f sensor, we used two different imaging implant strategies, either a custom-made imaging cannula, or a graded index lens (GRIN; 1 mm diameter, 3.4 mm height, NA = 0.5, G2P10 Thorlabs). The imaging cannula was assembled by UV curing (Norland optical adhesive) a circular coverglass (1.6 mm diameter, 0.16 mm thickness, produced by Laser Micromachining) to a cylindrical stainless-steel tube (2 mm height, 1.65 mm outer and 1.39 mm inner diameter; Coopers Needleworks). Imaging window implantations were performed several days after the initial viral injection. Mice were anesthetized as described above and, after the skull was exposed, a craniotomy (~1 or ~1.6 mm diameter) was centered on the previous injection site. For cannula implants, the overlying cortex (including parts of the somatosensory and posterior parietal association cortices) was gently aspirated with a 27 gauge needle while constantly being rinsed with aCSF solution (Danielson et al., 2016a; Dombeck et al., 2010), and bleeding was controlled with a gel dental sponge (Gelfoam, Pfizer). We terminated the aspiration when the external capsule became visible. The outer part of the external capsule was then gently peeled away using fine forceps, leaving the inner capsule and the hippocampal formation itself undamaged for CA1 imaging recordings. To provide optical access to the dorsal blade of the dentate gyrus, we continued to gently aspirate CA1 directly dorsal to the dentate gyrus until the loose fibers and vasculature of stratum moleculare were visible. GRIN lens implants were used as an alternative strategy to the optical cannula that reduces the lesion to the tissue. For GRIN lens implants, a beveled stainless-steel cylinder (1 mm diameter) was slowly lowered to the target region (1.2 mm depth for CA1, 1.85 mm for the dentate gyrus) without any cortical aspiration, and removed before proceeding with the implant. For cannula implants, the window was gradually lowered into the craniotomy until the tip was in contact with the internal capsule for CA1 imaging, or 100-200 mm above the hippocampal fissure for dentate gyrus imaging. GRIN lenses were implanted at a final depth of 1.2 mm for CA1 or 1.85 mm for the dentate gyrus. Protruding parts of the GRIN lens or cannula were secured to the skull with opaque dental cement (Super-bond C&B, Sun Medical). Mice were then implanted with a stainless-steel headpost for head fixation (Luigs & Neumann) during imaging and electrophysiology experiments. Finally, the conical portion of a nitrile rubber seal (749-575, RS Components) was glued to the headpost with dental cement and filled with a silicone elastomer (900-2822, Henry Schein) to protect the window preparation during recovery and between recording sessions. A comparison of neuronal activity in GRIN-and cannula-implanted animals revealed that in both DG and CA1, there was no significant difference in spatial decorrelation between the two implant strategies (Figures S3A andS3B). When a decoder was used to assess neuronal discrimination, FN decoding performance was higher in GRIN implants than in cannula implants in both regions, suggesting that the lesion size similarly affects DG and CA1, without introducing any region-specific bias (Figures S3C andS3D). When we examined whether the implant strategy affected the animals' behavioral performance (measured as both reward rate and d-prime), we did not observe any systematic differences between GRIN-and cannula-implanted animals (Figures S3E-S3H). Furthermore, all DG-implanted animals showed similar reward rates and d-prime scores as CA1 animals (Figures S2E-S2G), suggesting that our conclusions are independent of the depth of the implant (CA1 versus dentate gyrus) and the surgical implant strategy (GRIN versus cannula).

Virtual-reality environments

A virtual reality setup was implemented as previously described (Schmidt-Hieber and H€ ausser, 2013). Briefly, head-fixed mice navigated on a cylindrical polystyrene treadmill (20 cm in diameter), rotating forward or backward. Cylinder rotation associated with animal locomotion was read out with a computer mouse (G203, Logitech) at a poll rate of 1KHz and linearly converted to one-dimensional movement along the virtual reality corridor. The virtual environments were projected onto a spherical dome screen (120 cm in diameter, 240 ), covering nearly the entire field of view of the animal, using a quarter-sphere mirror (45 cm diameter) and a projector (Casio XJ-A256) located below the mouse. The virtual linear corridor was 1.2 m long, with objects placed along the linear track and vertical or oblique grating textures on the lateral walls. A reward zone was located within each linear virtual track, at the end (0.81-1.15 m) or at the center (0.34-0.68 m) of the vertical and oblique corridors, respectively. An enriched environment, used to increase behavioral discrimination and neuronal discrimination in CA1, consisted in a substantially different virtual scene, with different visual cues and textures on the walls, but maintaining the same reward location as for the oblique corridor. For the electrophysiology experiments, two different variations of the virtual environment were used as familiar and novel environments (Figure S4). The Blender Game Engine (https://www.blender.org/) was used in conjunction with the Blender Python API to drive the virtual reality system.

Behavioral training and analysis

Two weeks after the imaging window implantation, water-restricted mice were handled 10 min per day for 3 days and placed on the treadmill for 10-20 min for 2 consecutive days to get habituated to both the experimenter manipulation and the experimental setup. After habituation, mice underwent 7 training sessions, 30 min each, over the course of 1-2 weeks before recordings (Figures 1B and 1C). Mice were trained to run along the linear virtual corridor. A drop of sugar water (10 ml, 8 mg/mL sucrose) was dispensed by a spout placed in front of their mouth as a reward if they spent 2 s or more within the reward zone. When the animals reached the end of the linear track, they were ''teleported'' back to the start of the virtual corridor after crossing a black frontal wall, indicating the end of a lap and the onset of the subsequent one. No punishments were provided in our experimental design. During the training, only the familiar (vertical gratings) environment was displayed, while from the first day of imaging sessions, mice were presented with a random alternation of familiar and novel environments. Each imaging session was organized into about 10 min of recording, where similar environments (familiar: vertical gratings (F) versus novel: oblique gratings (N)) or substantially different environments (familiar: vertical gratings (F) versus novel: enriched environment (N*)) were randomly displayed. Training and imaging recordings were performed during the dark cycle of the mice.

In vivo two-photon calcium imaging

In vivo imaging was performed using a resonant-galvanometer high speed laser-scanning two-photon microscope (Ultima V, Bruker), with a 16x, 0.8 NA water immersion objective (Nikon). Time-series images were acquired at 30 Hz frame rate (512 3 512 pixels, 0.8-1.2 mm/pixel), with a femtosecond-pulsed excitation laser beam (Chameleon Ultra II, Coherent) tuned to 920 nm for imaging GCaMP6f expressing cells. To block diffused light from the projection system, a black foam rubber ring was positioned between the animal's implant and the objective, and a green light blocking filter (FES0450, Thorlabs) was placed in front of the projector light output.

In vivo whole-cell patch-clamp recordings Two craniotomies (0.5 mm diameter) were drilled 3-24 h before the recording session for the recording electrode (right hemisphere, 2.0 mm posterior and 1.5 mm lateral from Bregma) and the reference electrode (left hemisphere, 2.0 mm posterior and -1.5 mm lateral from Bregma). The dura mater was removed and the cortical surface was kept covered with artificial cerebrospinal fluid of the following composition: 150 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 2 mM CaCl 2 , 1 mM MgCl 2 . Recording electrodes were pulled from filamented borosilicate glass and filled with internal solution of the following composition: 135 mM potassium methanesulfonate, 7 mM KCl, 0.3 mM MgCl 2 , 10 mM HEPES, 0.1 mM EGTA, 3.0 mM Na 2 ATP, 0.3 mM NaGTP, 1 mM sodium phosphocreatine and 5 mg/ml biocytin, with pH adjusted to 7.2 with KOH. Pipette resistance was 4-8 MU. Electrodes were positioned to penetrate perpendicularly to the cortical surface at the center of the craniotomy and the depth of the recorded cell was measured from the distance advanced with the micromanipulator (Luigs & Neumann), taking as a reference the point where the recording electrode made contact with the cortical surface. Whole-cell patch-clamp recordings were obtained using a standard blind-patch approach, as previously described (Margrie et al., 2002). Only recordings with a seal resistance >1 GU were used. Recordings were made in current-clamp mode with no holding current. No correction was applied for the liquid junction potential. Typical recording durations were ~5 min, although longer recordings (~30 min) were occasionally obtained. Membrane potential signals were low-pass filtered at 10 kHz and acquired at 50 kHz. To synchronize behavioral and electrophysiological recordings, TTL pulses were triggered by the virtual reality system whenever a new frame was displayed (frame rate: 100 Hz) and recorded with both the behavioral and the electrophysiological acquisition systems.

Histology for imaging area detection and cell identification

At the end of the experiments, mice were deeply anesthetized with an overdose of ketamine/xylazine administered intraperitoneally and transcardially perfused with phosphate-buffered saline (PBS, 1x) followed by 4% paraformaldehyde solution. Brains were removed and post-fixed overnight in 4% paraformaldehyde/PBS. Brains were then cut into 60-70 mm coronal slices. Sections containing the area underneath the imaging window were collected, and the correct positioning of the imaging cannula or GRIN lens was confirmed by fluorescence microscopy. Brain slices from electrophysiology experiments were stained with Alexa Fluor 488-streptavidin to reveal biocytin-filled neurons and patch electrode tracts. DAPI was applied as a nuclear stain to reveal the general anatomy of the preparation. Fluorescence images were acquired with a spinning disc confocal microscope (Opterra, Bruker). The accuracy of the recording coordinates was confirmed in all cases by either identification of the recorded neuron or the recording electrode tract.

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging data processing

Motion correction of the imaging data was performed using a phase-correlation algorithm built into the suite2p software (Pachitariu et al., 2017; https://github.com/cortex-lab/Suite2P). Segmentation into regions of interest (ROIs) was performed with suite2p using a singular value decomposition algorithm. To select dentate gyrus granule cells, we only used ROIs corresponding to small, densely packed cell bodies. ROIs corresponding to large isolated cell bodies were discarded in order to exclude putative interneurons and mossy cells. The neuropil signal was subtracted from the extracted fluorescence using suite2p. Neuronal activity was quantified by adapting previously published methods (Dombeck et al., 2010): ''events'' were identified as contiguous regions in the normalized relative change in fluorescence (DF/F) signal exceeding a threshold of mean + 2.5 standard deviations of the overall DF/F signal, a minimal duration above threshold of 300 ms (approximately the half decay time of the GCaMP6f signal (Dana et al., 2019)), and exceeding an integral of 50 DF/F 3 1 s. These parameters were confirmed by visual inspection of the event detection result.

Identification of spatially modulated cells and place fields

To compute spatial activity maps, we used data from continuous running periods with a duration >1 s at a speed >0.5 cm/s. For each lap crossing, spatial maps were computed by dividing the track into 50 spatial bins. We then divided the sum of events in each spatial bin by the occupancy (dwell time) of the animal in this bin. Spatial maps were smoothed with a Gaussian filter (sigma = 5 cm).

We defined spatially modulated cells as those neurons that fire consistently at the same location across different lap crossings, independently of the exact shape of their place fields. Therefore, we identified spatially modulated cells by computing the mean pairwise circular cross-correlation between spatial maps across all different lap crossings within a session. We used circular (periodic) cross-correlation to account for the circular nature of our data, as the animals are teleported back to the beginning of the track when they reach the end of the previous track. We then searched for maximum cross correlation within 4 bins surrounding lag 0 (out of a total of 50 bins). Using Pearson's R instead of circular cross correlation yielded consistent results (Figure S1E). To obtain a null model for the mean cross correlation, for each neuron, we dissociated firing activity and spatial position by shuffling the recorded position in chunks of 300 ms, and repeated this bootstrap procedure 100 times. Those neurons whose mean cross-correlation exceeded the bootstrap with a Z-score higher than 2.0 were identified as spatially modulated cells. This approach accounts for both coherence and stability of spatially modulated cells, as a cell will not be identified as spatially modulated if it only fires in one lap (low stability), or if it fires in different locations across laps (low coherence), or if it fires sparsely yielding a high mean pairwise correlation by chance (low stability, giving low Z score from the bootstrap procedure).

To determine the width of place fields (Figure S1F), we identified place cells according to published methods (Dombeck et al., 2010; Hainmueller and Bartos, 2018). We define place cells as a subset of spatially modulated cells with one or more significant peaks in their spatial firing maps. We divided the linear track into 50 spatial bins and computed the mean DF/F in each bin. Spatial DF/F maps were then smoothed using a moving average filter across 3 adjacent bins. Potential place fields were initially identified as contiguous regions in these DF/F maps in which all of the points were greater than 50% of the difference between the bin with the highest DF/F value and a baseline value (mean of the lowest 25 out of 50 bins' DF/F values). In addition, the candidate place fields had to satisfy the following criteria: (i) The corresponding place cell had to fulfill our criteria for spatial modulation (see above); (ii) the potential field had to have a width of at least 3 bins (7.2 cm); (iii) significant calcium transients had to be present at least 30% of the time in which the mouse was moving in the field; and (iv) the mean DF/F value inside the field had to be at least three times the mean of the DF/F value outside the field. Place cells (as a subset of spatially modulated neurons) were only used for determining place field width (Figure S1F) in this study. Place fields in the familiar and novel environments showed similar widths in the dentate gyrus and CA1 (Familiar F: DG versus CA1, p < 0.05; Novel N: DG versus CA1, p > 0.05).

Spatial correlation and decorrelation

To quantify session-wise correlations between spatial activity maps of the F and N environments (''FN correlation''), we first computed the circular cross-correlation between spatial activity maps for the F and for the N environments for each neuron that was spatially modulated in the F environment (see above), and then computed the mean of these correlation values for a session. As a reference, we computed correlations within the F environment (''F even-odd correlation'') by splitting the exploration of the familiar environment into odd and even lap crossings, and then computing spatial correlations between even and odd spatial activity maps as described above for the FN correlations. Decorrelation was computed by subtracting the FN correlation from the F even-odd correlation.

Population vector (PoV) correlations

Population vectors (PoV) were defined as the collection of event rates of the population of all spatially modulated neurons measured in a spatial bin of a given environment. PoV correlations were obtained by computing Pearson's R between corresponding PoVs of different environments (F versus N or N*) or of the same environment split into even and odd lap crossings (F even-odd or N(*) evenodd). PoV correlation matrices depict color-coded PoV correlations between all spatial bins in F versus all spatial bins in N (or N*). For PoV correlations comparing F versus N or N*, spatial modulation was assessed in environment F.

Rate vector and selectivity

To compute selectivity, the event rate for the i-th cell r i was defined as the number of identified neural events of a cell divided by the total running time in a lap or in a session. For each session, selectivity of the i-th neuron was defined as the normalized difference of event rates of that neuron computed during familiar and novel lap crossings (referred to as F and N, respectively):

|r i F -r i N | / (r i F + r i N
). ''Signed'' selectivity was defined accordingly, with no absolute value at the numerator. The rate vector was defined as the collection of event rates of a population of neurons during a lap crossing or a session.

Inference-based decoder for environmental representation

To decode the environmental representation from neural activity alone (i.e., with no information on the precise location of the animal on the track), we employed published methods based on probabilistic modeling of population activity and Bayesian hypothesis testing (Posani et al., 2017). In brief, two statistical models, one for each environmental condition, were inferred from two collections of binarized activity vectors (discretized and binarized events in a time window of 120 ms) recorded during exploration of the two corresponding environments, denoted here as A and B.

By defining the binarized activity of the i-th cell in a time bin as s i ˛{0, 1}, each model describes a probability distribution for the activity vector s = (s 1 , s 2 , /, s N ) given the environmental variable M ˛{A, B}. The model reads

P sjM ð Þ= Y N i = 1 e h M i s i 1 + e h M i ;
where parameters h i M control the mean event rate of the i-th neuron and are inferred such that the probabilistic model reproduces, on average, the mean event rate observed in the training set. For this particular class of models (statistically independent neurons), this procedure can be carried out analytically and yields

h M i = log Cs i D M 1 À Cs i D M ;
where the notation C.D M indicates the average over the activity vectors in the training set for environment M.

We then decoded the environmental variable M from the test activity vectors by comparing the two probabilistic models in a Bayesian hypothesis test. For each test vector s, we computed the log-likelihood difference between the two environments as

DL s ð Þ = log P sjA ð Þ P sjB ð Þ :
A positive value of DL (s) indicates that the test activity vector s is more likely to have been sampled from environmental conditions A than B and vice-versa for negative values.

Cross-validated performance of the environment decoder Events were discretized into binary population activity vectors corresponding to time windows of 120 ms. Lap crossings in a recording session were then divided according to the two environmental conditions, and then further into training and test lap crossings (half and half, randomly). Activity vectors corresponding to training lap crossings were used to train the binary decoder, which was used to predict the environmental conditions of activity vectors sampled during test lap crossings. For each test vector s, we computed the decoder outcome DL (s) and assessed the performance of the decoder on the population of DL (s) values. Performance was assessed by contextualizing the DL (s) signal within the binary decoder theory and receiving-operator characteristic curves (Bradley, 1997), as established in previous publications (Posani et al., 2017, 2018). In brief, a threshold DL 0 is chosen, and activity vectors whose delta log-likelihood difference DL (s) exceeded the threshold were classified as ''positive'' (corresponding to environment A), while the ones below were classified as ''negative'' (corresponding to environment B). The threshold value is varied in a large interval, and for every value we compute the fraction of correctly classified A patterns (true positive rate, TPR) and the fraction of falsely classified A patterns (false positive rate, FPR). Each pair of TPR-FPR draws a point on the so-called ROC curve. The area under the ROC curve (AUC) is taken as a measure of performance. This procedure was repeated for n = 100 random assignments of training and test labels to individual lap crossings; the mean AUC value over these 100 repetitions was then taken as a measure of decoding performance for the session.

Inclusion criteria for environment decoding analysis

The decoding analysis aims to establish whether two environmental representations are dissimilar/decorrelated (high decoding performance) or similar/correlated (low decoding performance). However, a negative result (low decoding performance) could also be caused by the lack of a stable and coherent firing activity within individual environments resulting from external factors such as noise, mis-positioning of the field of view, or low engagement of the animal. We therefore chose to include only sessions that satisfy a minimal criterion of stability of firing activity within the familiar environment, as would be expected from hippocampal representations after repeated exposure to a context. To assess a position-agnostic measure of stability, we computed the mean firing rate vector (RV) in each individual lap crossing in the session; we then defined stability as the mean Pearson correlation between RVs of all pairs of lap crossings in the familiar environment. We included those sessions where stability was higher than a minimal threshold (set to 0.01).

Selectivity analysis for subthreshold membrane potential

To analyze subthreshold membrane potential, traces were digitally low-pass filtered at 5 kHz and resampled at 10 kHz. Membrane potential traces were then high-pass filtered at >10 À5 Hz to remove slow trends such as reference drifts. To infer the expected firing profile of silent neurons, we applied a range of thresholds W to the recorded membrane potential trace. Action potentials were inferred whenever membrane potential exceeded W, and a minimal interspike interval of 100 ms was imposed on the inferred action potentials. Environment selectivity was then computed as

S AB = (f A -f B ) / (f A + f B )
, where f A and f B are the predicted action potential frequencies in environment A and B, respectively, for a given value of W. A positive value of S AB indicates selectivity for environment A while a negative value indicates selectivity for environment B. Mean absolute selectivity was calculated by computing the average of the mean absolute value of S AB for 100 values of W spanning a range of 2 standard deviations around the mean membrane potential of the recording.

Behavioral discrimination between contexts

For each session, we used the lick behavior of the animal in the novel environment to quantify behavioral discrimination. If the animal confuses the novel environment with the familiar one, we expect it to lick in anticipation of a reward in the reward zone corresponding to the wrong (familiar) environment, i.e., at the end of the track. Likewise, we expect the animal to lick only in the correct reward zone (novel, center of the track) when it recognizes the novel environment and learns the task. To quantify behavioral discrimination, for each lap crossing we detected a hit if the ratio between number of licks in the correct (novel) reward zone and the region of the track outside any reward zone was higher than a threshold (set to 1.2). Likewise, an error was detected if the ratio between the number of licks in the wrong (familiar) reward zone and the region of the track outside the reward zone was higher than the same threshold. By contrast, in order to exclude noisy data, the ratios below the threshold (1.2) were considered neither correct nor errors, and were not included in the analysis. d-prime was computed for each session by using all errors and hits of the corresponding lap crossings, excluding those laps where both an error and a hit were recognized.

In order to minimize the variability between animals and compute a multilevel statistical analysis, the quantifications for the correlations between neuronal and behavioral discrimination were normalized within the range value of each animal. Therefore, both the behavioral scores (reward rate or d-prime) and the spatial decorrelation (or decoder performance) values have a range score spanning from 0 to 1, i.e., from the worst to the best behavioral performance and neuronal discrimination.

To rule out that neuronal discrimination between different environments could be performed when the presentation of the visual virtual-reality environment is uncoupled from the behavior of the animal, we passively presented previously recorded virtual reality sessions to the animals in an open-loop paradigm (Figure S3I). These experiments confirmed that neuronal discrimination in both the dentate gyrus and CA1 required active engagement of the animal in a navigational task, as we found that neuronal discrimination between highly different virtual environments (F and N*) was reduced in both regions when a movie was passively presented (Figure S3J).

Statistics and visualization

Data are presented as mean ± SEM across animals, unless stated otherwise. Statistical significance was assessed using Wilcoxon signed-rank tests (''Wilcoxon tests''), one-way repeated-measures (RM) ANOVA, or a linear mixed model (LMM; see Table S1), as appropriate. In some figures, a small amount of jitter was applied to coinciding data points to improve visual clarity. 

Introduction

The hippocampus is essential for the encoding, storage and retrieval of episodic memories [1][2][3][4] . Recall of these memories is thought to result from the reactivation of previously stored patterns of neural activity in the hippocampal regions CA3 and CA1, even when the inputs from upstream circuits are degraded or incomplete. Such neuronal generalization ('pattern completion') is supported by attractor network dynamics arising from recurrent connectivity among pyramidal cells in these hippocampal regions, which enables the network to reinstate the activity of previously established neuronal assemblies 2,[4][5][6][7][8][9] . A complementary neuronal discrimination ('pattern separation') process needs to be engaged if the differences between ongoing experiences and previously stored representations exceed a threshold for behavioral relevance, requiring the hippocampus to encode and store novel episodic memories in new cell assemblies. However, memory formation and recall put conflicting requirements on hippocampal computations, as the reliable retrieval of familiar representations supported by robust attractor properties in the CA3 and CA1 circuits opposes the formation of new neuronal assemblies for the storage of novel episodic memories. How the hippocampal network reconciles these conflicting demands to achieve an optimal balance between memory formation and recall remains unclear [10][11][12] .

The dentate gyrus, situated immediately upstream of the CA3 region, appears well suited to solve this problem, as it performs neuronal discrimination by orthogonalizing multimodal inputs from the entorhinal cortex through sparse firing activity and cellular expansion 2,[6][7][8][12][13][14][15][16][17][18][19][20][21] . Hence, the dentate gyrus could be charged with the task of detecting novelty and selectively reporting it to downstream circuits, instructing them to store a new representation through a shift towards a different attractor state. However, experimental data have shown that the dentate gyrus robustly reports differences between any environments, independent of whether they are novel or familiar 12 .

Several requirements on the hippocampal memory system can explain that the dentate gyrus acts as a neutral difference detector. First, some aspects of a given experience might be categorized as familiar and thus lead to recall, while others are identified as novel and thereby favor encoding of a new memory. For example, when encountering a familiar location, it is equally important to retrieve the corresponding memory through generalization as it is to detect the differences between the present episode and the memorized representation through discrimination to update memory with the ongoing experience [21][22][23] . Therefore, decorrelated outputs from the dentate gyrus need to be able to simultaneously support recall of familiar representations and drive the formation of new representations in downstream regions. Moreover, whether a novel experience is sufficiently behaviorally relevant to merit encoding as a separate memory depends on the current behavioral context, general alertness and arousal state, which are typically conveyed by extrahippocampal signals 22,[24][25][26] . Given that the dentate gyrus performs neuronal discrimination steadily, regardless of whether the ongoing experience is novel or familiar, how can its robust discrimination code be selectively used to direct downstream circuits to new attractor states that encode new episodic memories?

To address this question, we obtained in vivo whole-cell patch-clamp recordings from dentate gyrus granule cells in head-fixed mice trained to explore and distinguish between familiar and novel virtual environments 12,27 .

We report that granule cells consistently show a task-dependent small and transient depolarization of their membrane potential when an animal encounters a novel environment. This depolarization can be abolished by local application of atropine, indicating that it depends on metabotropic acetylcholine receptors. A computational model suggests that the observed synaptic response to environmental novelty leads to a bias in the granule cell population activity which can drive the CA3 attractor network to a new state, thereby favoring discrimination during memory encoding, as opposed to the default generalization underlying recall when the animal navigates in a familiar environment. Our experimental results and our model can explain how an external cholinergic signal enables the hippocampus to effectively encode novel memories while preserving stable retrieval of familiar ones.

Results

Mice can distinguish between familiar and novel virtual reality environments

To explore the behavioral effect of novelty, we used an immersive virtual reality setup adapted for rodent headfixed navigation (Fig. 1a). We created three visually-rich virtual reality environments with identical geometry and task logic but with different sets of proximal and distal cues 28 and wall and floor textures. After habituation to the virtual reality setup, we trained water-restricted mice to navigate in the virtual corridor of the familiar environment (F) and stop at an un-cued reward zone for a defined period of time to obtain a water reward.

Mice were 'teleported' back to the beginning upon arrival at the end of the corridor (Fig. 1b). We observed a marked increase in performance across five consecutive daily training sessions in the familiar environment (F) of 20-30 min each, as measured by licking in anticipation of reward delivery (hit rate: 0.03 ± 0.01 hits/lap during the 1st session and 0.25 ± 0.04 hits/lap during the 5th session; n = 57 mice, paired t-test, p < 0.001), reflecting the reliable learning of the task (Fig. 1c,d). On the sixth training session, we introduced the novel environment 1 (N1) and compared the performance in both environments. We found that while the performance in the familiar environment (F) reflected the learning of the task, the performance in the novel environment 1 (N1) decreased to a level comparable to untrained animals (hit rate: 0.21 ± 0.05 hits/lap in F and 0.06 ± 0.03 hits/lap in N1; n = 57 mice, paired t-test, p < 0.001; first session in F versus N1, paired t-test, p > 0.05; Fig. 1d). These results indicate that mice can rapidly learn to perform the virtual reality navigation task and that this learning is environment-specific, as evidenced by the ability of the animals to show different behavior when exposed to novelty.

Granule cells transiently depolarize in response to saliency

To study the synaptic integration processes underlying this behavioral discrimination 29,30 , we obtained whole-cell patch-clamp recordings from granule cells while mice performed the task, but this time switching between laps in the familiar environment (F) and in the novel environment 2 (N2) to ensure that the animals had never encountered the novel environment before (Fig. 2a,b). We restricted our experiments to one recorded cell per animal and we confirmed the accuracy of the recording site in all cases using electrophysiological and anatomical criteria (see Methods). We then computed the teleportation-aligned average of the membrane potential traces around the teleportation events and compared the teleportations within the familiar environment (FF) and between the familiar environment and the novel environment 2 (FN2) (Fig. 2c-e). We did not observe any significant difference between the overall mean membrane potential recorded during the total time spent in the familiar and novel environment (-68.9 ± 4.1 mV in F and -68.9 ± 4.1 mV in N2; n = 9 cells, paired t-test, p > 0.05; Fig. 2e). However, we found a consistent membrane potential depolarization following the teleportation event when the novel environment 2 (N2) was introduced for the first time (mean ∆V m during 1 s after the teleportation: 1.02 ± 0.25 mV for FN2 teleportations versus -0.01 ± 0.16 mV for FF teleportations; n = 9 cells, paired t-test, p < 0.01; Fig. 2e and Fig. S1b). This V m depolarization was not explained by a change in animal movement upon encountering the novel environment, as we did not observe a significant difference in speed between FF and FN2 teleportations (∆speed: 0.0 ± 0.9 cm/s for FN2 versus -0.8 ± 0.4 cm/s for FF; n = 9 cells, paired t-test, p > 0.05; Fig. S1c). The depolarization lasted for ∼2 s (see Fig. S1a), was not accompanied by a change in membrane potential variance (1.4 ± 1.0 mV 2 for FN2 teleportations versus -0.5 ± 0.4 mV 2 for FF teleportations; n = 9 cells, paired t-test, p > 0.05; Fig. 2e) and its magnitude was not correlated with the mean membrane potential of the cells (FN2 ∆V m versus mean V m : Pearson's correlation coefficient, r = -0.19, p > 0.05; Fig. S1d). Since these recordings were obtained using a blind unbiased approach, the consistent observation of a transient membrane potential depolarization suggests that this synaptic phenomenon is not restricted to a specific subset of dentate gyrus neurons. A small depolarization can lead to a large increase in the relative fraction of spiking cells How does the observed synaptic response to novelty affect population activity in the dentate gyrus? To quantify this effect, we used our full dataset of baseline membrane potential values recorded in granule cells (n = 73 cells) in conjunction with recently published ground-truth data on dentate gyrus population activity 27 to estimate that, within a 2-s time window, the fraction of spiking neurons increases from 3.3% to 4.2% (Fig. 2f; see Methods).

This result indicates that a relatively small membrane potential depolarization observed at the individual neuron level, if driven by a generalized network mechanism, would entail the recruitment of a small but -in relative terms -sizeable amount of silent neurons to the active population. While the depolarization affects all granule cells equally, only those that are close to firing threshold will be recruited, providing specificity for cells that are synaptically activated upon transition to novelty. In addition, a small depolarization will also increase the firing rates of the small population of active neurons, and it may drive some granule cells into firing bursts of action potentials, as has previously been described in vivo 27,31 . Such burst firing would further amplify the effect of the transient depolarization on population activity.

Isolated visual stimuli fail to depolarize granule cells

To probe if the observed synaptic response to saliency requires the animal's engagement in the behavioral task, we presented isolated visual stimuli to untrained head-fixed mice moving freely on the treadmill surrounded by a uniformly dark screen (Fig. 3a). We then obtained whole-cell patch-clamp recordings from granule cells and presented periodical flashes of LED collimated light directed to the mice's eyes (Fig. 3b). We computed the stimulus-aligned average within a 1 s window around the light flash presentation across multiple recordings and compared it to a bootstrap dataset (Fig. 3c,d). In this case, we did not observe a significant difference in membrane potential (∆V m : 0.01 ± 0.10 mV for the data and 0.16 ± 0.08 mV for the bootstrap; n = 10 cells, paired t-test, p > 0.05; Fig. 3e) or in membrane potential variance (0.02 ± 0.21 mV 2 for the data and -0.07 ± 0.18 mV 2 for the bootstrap; n = 10 cells, paired t-test, p > 0.05; Fig. 3e) within this time window. This ∆V m in response to light flashes was significantly different from the one observed during teleportations from the familiar to the novel environment (FN2) (FN2, n = 9 cells versus flashes, n = 10 cells; unpaired t-test, p < 0.01; Fig. 3f). The absence of a transient depolarization when isolated visual stimuli are presented suggests that saliency by itself is not sufficient to trigger the synaptic effect observed before. Instead, our finding indicates that the targeted locomotor engagement of the animal in the behavioral task is necessary for this form of synaptic novelty detection.

Local blockade of muscarinic acetylcholine receptors abolishes the membrane potential response to saliency in granule cells

As the neuromodulatory transmitter acetylcholine is thought to play a key role in orchestrating the network changes related to attention and task engagement in response to uncertainty [32][33][34] , we repeated our experiment while blocking metabotropic acetylcholine receptors using the non-specific muscarinic competitive antagonist atropine through local stereotaxic injection immediately prior to the recordings. We confirmed the accuracy of our drug application technique and the extent of diffusion of the injected volume by injecting a solution containing a fluorescent dye (BODIPY) in a subset of animals (Fig. S2; see Methods). We did not observe a significant control, 216 ± 11 MΩ, n = 73 cells; unpaired t-test, p > 0.05. Fig. 4a). We then performed teleportation-aligned average analysis as described above (Fig. 4b-e). As observed in the experiment without drug application, we did not detect a significant difference between the mean membrane potential recorded during the total time spent in both virtual environments (-67.6 ± 2.2 mV in F and -67.5 ± 2.1 mV in N2; n = 6 cells, paired t-test, p > 0.05; Fig. 4e). Notably, we did not find a change in membrane potential or membrane potential variance between FF and FN2 teleportations when analyzing a 1 s time window after the teleportation events (∆V m : -0.37 ± 0.19 mV for FN2 teleportations and -0.38 ± 0.36 mV for FF teleportations; n = 6 cells, paired t-test, p < 0.05. ∆V m variance: -0.1 ± 0.7 mV 2 for FN2 teleportations and 0.5 ± 0.5 mV 2 for FF teleportations; n = 6 cells, paired t-test, p > 0.05; Fig. 4e). Moreover, the ∆V m observed during FN2 teleportations after local injection of atropine was significantly different from the one observed in control animals (atropine: n = 6 cells; control: n = 9 cells; unpaired t-test, p < 0.01; Fig. 4f). The absence of membrane potential depolarization in response to novelty under muscarinic blockade suggests that this effect depends on metabotropic cholinergic signaling.

A computational model suggests that increased dentate gyrus activity can initiate a map switch in CA3

To investigate the potential downstream effects of the transient increase in granule cell activity, we implemented a network model of CA3, subject to inputs from the dentate gyrus and the medial entorhinal cortex (mEC).

The model is based on the continuous attractor theory of spatial memory and navigation 35 . Place cells in the CA3 model network are supported by excitatory inputs from mEC, in correspondence with the physical position of the rodent in a specific environment, and by the recurrent connections that match the statistics of these inputs. The learning process producing these connections through repeated exposure to the same environment is not explicitly modeled here. The pattern of these connections forms a single consolidated map of the familiar environment (F), as well as a large, weakly and irregularly pre-wired subnetwork that could provide representations of a novel one (N) 36 (Fig. 5a; see Methods). Random projections from the dentate gyrus to CA3 neurons transiently excite a fraction of map N neurons following 'teleportation' and contain no spatial selectivity (Fig. 5b). Furthermore, in our model the dentate gyrus recruits feed-forward inhibition in a frequency-dependent manner 37,38 .

In the familiar (F) environment, place cells are activated by mEC inputs and the strong recurrent connections in the network supporting map F. This connectivity results in a large bump of activity, coding at all times for the position of the animal as it moves along the track (see Fig. 5b, middle right and 5c, left). Note that even if the rodent is in the familiar environment, mEC inputs excite some place cells which are shared with the immature 'pre-map' N (purple line in Fig. 5b, middle left), but are not sufficient to trigger another activity bump there (Fig. 5b, bottom right), as the global inhibition of the CA3 network allows for only one activity bump at a time.

Following teleportation to the novel environment, two phenomena take place as a result of the burst of activity in the dentate gyrus. On the one hand, activity in the CA3 network is temporarily strongly inhibited by feedforward inputs 39 (Fig. 5b,bottom left), abolishing the activity bump in map F (Fig. 5c, middle). On the other hand, the enhanced inputs from dentate gyrus towards pre-map N (Fig. 5b, top right) randomly stimulate additional cells in pre-map N. This boost in activity initiates a coherent, self-sustained new bump of activity around the neurons receiving most inputs (Fig. 5c, middle). This new neural activity bump then persists after dentate gyrus inputs return to their baseline value, and codes robustly for the animal's position in the novel map at all times (Fig. 5c, right), even though the inputs from mEC in the novel map are not stronger than the ones pointing towards the familiar map (Fig. 5b, top left).

These two-fold effects of the increase in activity in the dentate gyrus are crucial for the coherent switch from map F to pre-map N to take place (see Supplementary Video). If no burst of excitatory inputs from the dentate gyrus to pre-map N accompanies the transition, the bump in map F is reinstated after its transient disappearance as the animal navigates in the novel environment (Fig. 5d). Furthermore, in the absence of transient inhibition in CA3, the bump of activity in map F is not erased and persists in the novel environment (Fig. 5e). Thus, the model shows that transient inputs from the dentate gyrus are essential to switch from a robust familiar representation to a weakly pre-formed novel map in the downstream attractor network.

Discussion

Here we show that dentate gyrus granule cells exhibit a transient small depolarization of their membrane potential when animals are 'teleported' into a novel virtual environment. By contrast, isolated visual stimuli that are presented independently of the animal's behavior fail to evoke any systematic synaptic response.

The observed novelty-dependent depolarization can be blocked by local application of atropine, indicating that it depends on activation of muscarinic (metabotropic) acetylcholine receptors. While the amplitude of the depolarization is only on the order of 1 mV, because of the sparse activity levels in the dentate gyrus even such a small depolarization can have a large effect on the relative increase in the proportion of firing neurons.

Computational modeling reveals that this increased activity level in the dentate gyrus can push the downstream CA3 network from retrieving an existing representation of a familiar environment to forming a new one of the novel environment.

To support ongoing behavior in an environment with mixed novel and familiar components, hippocampal circuits need to be able to store relevant novel information without disrupting the recall of familiar memories [21][22][23] . It has been suggested that upon transition into a novel environment, robustly decorrelated inputs from the dentate gyrus push downstream circuits to form a new neuronal representation (i.e. 'global remapping'). However, the attractor dynamics of the CA3 circuit counteract this process by stabilizing the familiar representation as the default mode 2,8,20,21 , thereby putting the two processes at odds with each other. Additional inputs containing information about the saliency and the unexpectedness of the novel environment 32 may provide the required arbiter signal that decides whether the CA3 circuit forms a new neuronal representation or recalls a stored memory.

How is this 'novelty signal' conveyed to the hippocampal network? In contrast to the multimodal cortical inputs to the hippocampus, which carry information about distinct memory elements, subcortical inputs are known to contain information about 'global' internal brain states, such as attention, uncertainty and arousal 24,25,32 .

Signals of this sort could be transmitted to the hippocampus in the form of a generalized short-lived network perturbation that could in turn alter the manner in which information is processed in the circuit. This kind of global transitory change in circuit dynamics can occur in response to diverse neuromodulatory transmitters, which are crucial evolutionary-conserved elements for the reshaping and repurposing of neural circuits during associative and non-associative learning 25,40,41 . Different neuromodulatory systems appear to play distinct roles during mnemonic processing and, among these, cholinergic neuromodulation has been suggested to be the one in charge of signaling 'absolute' novelty to the hippocampus 22,42 . Indeed, theoretical models have suggested that increased cholinergic neuromodulation promotes encoding of novel information in the hippocampal network while reduced cholinergic neuromodulation favors consolidation of previously encoded patterns 33,42,43 . This notion is supported by experimental evidence of a rise in acetylcholine levels in the hippocampus when an animal encounters a novel spatial environment [44][45][START_REF] Giovannini | Effects of novelty and habituation on acetylcholine, GABA, and glutamate release from the frontal cortex and hippocampus of freely moving rats[END_REF][START_REF] Bianchi | Investigation on acetylcholine, aspartate, glutamate and GABA extracellular levels from ventral hippocampus during repeated exploratory activity in the rat[END_REF] and of memory impairment by pharmacological blockade of cholinergic neurotransmission [START_REF] Blokland | Effects of intra-hippocampal scopolamine injections in a repeated spatial acquisition task in the rat[END_REF][START_REF] Ohno | Blockade of hippocampal nicotinic receptors impairs working memory but not reference memory in rats[END_REF][START_REF] Ohno | Blockade of hippocampal M1 muscarinic receptors impairs working memory performance of rats[END_REF] , which selectively affects encoding while sparing retrieval [START_REF] Rogers | Cholinergic modulation of the hippocampus during encoding and retrieval[END_REF] .

Previous studies have shown that optogenetic stimulation of cholinergic septohippocampal projections can recruit excitatory inputs to granule cells as a component of a bimodal synaptic response [START_REF] Pabst | Astrocyte Intermediaries of Septal Cholinergic Modulation in the Hippocampus[END_REF] . The inhibitory late component of this response is mediated by multiple intermediaries, including astrocytes and local interneurons, depends on nicotinic acetylcholine and GABA A receptor channels, and can be revealed at a negative chloride reversal potential (∼ -88 mV) when septohippocampal fibers are synchronously stimulated at high frequencies.

In our recordings, which were obtained at a physiological E Cl for mature granule cells (∼ -72 mV) [START_REF] Overstreet Wadiche | GABAergic signaling to newborn neurons in dentate gyrus[END_REF][START_REF] Ge | GABA regulates synaptic integration of newly generated neurons in the adult brain[END_REF] , the excitatory component of the response appears to be isolated, as hyperpolarizing inhibition may be absent due to the small driving force for chloride ions, low-frequency asynchronous activation of cholinergic inputs in vivo, and differences in synaptic transmission dynamics, such as baseline GABAergic tone, in awake versus anesthetized animals [START_REF] Richards | Anaesthetic modulation of synaptic transmission in the mammalian CNS[END_REF][START_REF] Hao | The Effects of General Anesthetics on Synaptic Transmission[END_REF] . Thus, while the transient short-lived signal that we observe is depolarizing, potential shunting inhibition appearing at a later phase, depending on glial intermediaries, may explain why an increased cholinergic tone can lead to reduced overall granule cell activity in novel environments under some conditions 10,[START_REF] Nitz | Differential modulation of CA1 and dentate gyrus interneurons during exploration of novel environments[END_REF] .

The depolarization that we observe is sensitive to local application of atropine, suggesting that it depends on metabotropic acetylcholine receptors, consistent with the temporal dynamics of the signal. From the five subtypes of muscarinic receptors, M1, M2 and M4 are the most widely expressed in the hippocampus [START_REF] Wess | Novel insights into muscarinic acetylcholine receptor function using gene targeting technology[END_REF] . Among these, the M2 subtype is expressed only in interneurons. On the other hand, the M1 subtype is preferentially expressed in the somatodendritic compartment of principal cells [START_REF] Levey | Expression of m1-m4 muscarinic acetylcholine receptor proteins in rat hippocampus and regulation by cholinergic innervation[END_REF][START_REF] Yamasaki | Preferential localization of muscarinic M1 receptor on dendritic shaft and spine of cortical pyramidal cells and its anatomical evidence for volume transmission[END_REF] and is known to enhance postsynaptic excitability and NMDA receptor activity by inhibiting potassium channels [START_REF] Losonczy | Compartmentalized dendritic plasticity and input feature storage in neurons[END_REF][START_REF] Petrovic | Inhibition of post-synaptic Kv7/KCNQ/M channels facilitates long-term potentiation in the hippocampus[END_REF] and calcium-activated SK channels [START_REF] Giessel | M1 muscarinic receptors boost synaptic potentials and calcium influx in dendritic spines by inhibiting postsynaptic SK channels[END_REF][START_REF] Buchanan | Facilitation of long-term potentiation by muscarinic M(1) receptors is mediated by inhibition of SK channels[END_REF] . These features make it a candidate driver of the membrane potential depolarization that we observe in granule cells 34,[START_REF] Blokland | Effects of intra-hippocampal scopolamine injections in a repeated spatial acquisition task in the rat[END_REF][START_REF] Ohno | Blockade of hippocampal M1 muscarinic receptors impairs working memory performance of rats[END_REF] , in accordance with the disappearance of the effect observed in our experiments when these receptors are blocked with atropine. Nonetheless, it has recently been reported that hilar mossy cells -which are also known to be targets of cholinergic neuromodulation [START_REF] Hofmann | Muscarinic receptor activation modulates the excitability of hilar mossy cells through the induction of an afterdepolarization[END_REF][START_REF] Anderson | Regulation of persistent activity in hippocampal mossy cells by inhibitory synaptic potentials[END_REF] -play a key role during novelty detection in the hippocampus [START_REF] Fredes | Ventro-dorsal Hippocampal Pathway Gates Novelty-Induced Contextual Memory Formation[END_REF] , which raises the possibility that the synaptic response to novelty that we recorded in granule cells is not driven by the direct effect of acetylcholine on granule cells but instead indirectly through cholinergic modulation of local interactions in the intrahippocampal circuit. Genetically targeted manipulation of specific nicotinic and muscarinic acetylcholine receptors in combination with cell-specific neuronal recordings during novelty-associated behavior will be necessary to clarify the precise mechanisms whereby acetylcholine modifies the synaptic properties of the hippocampal circuit in response to saliency.

How does the synaptic novelty signal affect the activity of individual granule cells? The small depolarization that we observe will selectively affect the firing of neurons that are already synaptically activated: it will increase the firing rate of neurons that are actively spiking, and it will drive silent cells to fire spikes if their membrane potential is close to the action potential threshold. It has been shown that evoking spikes in previously silent granule cells in vivo at specific locations in the environment can lead to the induction of place fields, especially under novelty [START_REF] Diamantaki | Priming Spatial Activity by Single-Cell Stimulation in the Dentate Gyrus of Freely Moving Rats[END_REF] . We therefore expect that at least part of the newly recruited active neurons will permanently fire upon transition into the environment that led to their activation when the animal first encountered it, even as the environment grows familiar. Such a process may facilitate the robust retrieval of the corresponding attractor state in CA3 over time.

Studies on the activity of granule cell populations have reported both decreased and increased activity as an animal familiarizes itself with a novel environment over the time course of several minutes and more, and the long-term dynamics of this process remains to be delineated 10,[START_REF] Nitz | Differential modulation of CA1 and dentate gyrus interneurons during exploration of novel environments[END_REF][START_REF] Fredes | Ventro-dorsal Hippocampal Pathway Gates Novelty-Induced Contextual Memory Formation[END_REF] . However, how the population activity changes at the moment when the animal transitions into a novel environment is unclear. As the overall activity levels in the dentate gyrus are notably sparse, the transient depolarization will only recruit a small absolute number of neurons into the spiking population, and may only lead to firing of few or even single additional action potentials. Population recording techniques that are typically employed in virtual reality, such as 2-photon imaging 10,12 , are likely to miss these additional few spikes that occur only in a small number of neurons during a short time window [START_REF] Huang | Relationship between simultaneously recorded spiking activity and fluorescence signal in GCaMP6 transgenic mice[END_REF] . Highly sensitive electrophysiological recordings with high temporal and single-spike resolution from large populations of neurons during instantaneous environment switches in virtual reality will be required to observe the predicted population response [START_REF] Steinmetz | Challenges and opportunities for large-scale electrophysiology with Neuropixels probes[END_REF] .

How can a transient increase in dentate gyrus activity affect downstream circuits? By implementing a computational model of CA3, we reveal that a small and short excitation from the dentate gyrus, accompanied by transient increased inhibition 39 , can initiate a weak but self-sustained activity bump that encodes the rodent position in a non-consolidated, pre-configured map of the novel environment. Both the transient fast inhibition and the slower excitation required in this model can result from increased activity in the dentate gyrus, as mossy fibers provide both monosynaptic excitation as well as disynaptic feedforward inhibition to CA3 pyramidal cells. The excitation-inhibition balance is governed by complex frequency-dependent dynamics, with net inhibition predominating at low presynaptic firing frequencies and a switch to net excitation occurring as frequency increases 37,38 . Thus, the ability to invert the polarity of the mossy fiber-CA3 pyramidal neuron synapse in a frequency-dependent manner may be necessary when switching between information processing modes in the hippocampal circuit under the regulation of extrahippocampal signals. Moreover, mossy fiber-CA3 synapses show pronounced post-tetanic potentiation in response to natural bursting activity patterns described in vivo 27,31,[START_REF] Vyleta | Plasticity-dependent, full detonation at hippocampal mossy fiber-CA3 pyramidal neuron synapses[END_REF] , which could be triggered by the small depolarization that we observe. This form of synaptic plasticity would further boost excitatory drive, supporting the new activity bump.

The existence of pre-configured assemblies is at the basis of the so-called preplay phenomenon [START_REF] Dragoi | Preplay of future place cell sequences by hippocampal cellular assemblies[END_REF] , and is compatible with the observed emergence of alternative maps under silencing of place-cell assemblies 36 . Contrary to previous models of switching between two equally consolidated maps [START_REF] Posani | Integration and multiplexing of positional and contextual information by the hippocampal network[END_REF] , switching to an immature map crucially requires transient inhibition, in agreement with reports that somatic inhibition is transiently increased following novelty in CA1 39,[START_REF] Sheffield | Increased Prevalence of Calcium Transients across the Dendritic Arbor during Place Field Formation[END_REF] . Learning processes, possibly involving reconfiguration of inhibitory circuits [START_REF] Dupret | Dynamic reconfiguration of hippocampal interneuron circuits during spatial learning[END_REF] , could ultimately strengthen and reshape this primitive, pre-configured representation.

In the model that we propose, cholinergic modulation of the dentate gyrus affects network dynamics downstream in area CA3. What could be the benefit of separating the location of the modulation and its effect, instead of directly activating CA3 neurons? One advantage is that only those granule cells that are synaptically activated during transition to novelty, bringing them close to or above the firing threshold, are specifically modulated. As the dentate gyrus produces codes that strongly discriminate between familiar and novel environments, only a subset of inputs to CA3 that is highly specific for the novel environment increases its activity. A novelty signal that non-specifically acted on CA3 neurons would activate, among others, assemblies coding for the familiar environment, as their activity is maintained by their attractor properties, even if the animal is already in a novel environment. This stable attractor state would then prevent novel representations from forming in CA3. Another advantage is that a transient increase in the fraction of active neurons enhances the separability of representations [START_REF] Barak | The sparseness of mixed selectivity neurons controls the generalizationdiscrimination trade-off[END_REF] . The depolarization that we observe in the dentate gyrus in response to novelty could thus temporarily increase the discriminative power of the network, further favoring the establishment of a new neuronal assembly in CA3. Furthermore, activating inputs from the dentate gyrus to CA3 that are active or close to spike threshold during teleportation to novel environments may induce Hebbian plasticity at specific DG-to-CA3 synapses, so that novel information is rapidly stored in specific assemblies. The upstream cholinergic processes in the dentate gyrus that we describe here are not in conflict with previously reported cholinergic modulation of CA3 1 ; on the contrary, we suggest that they synergistically promote plasticity.

Neuronal generalization and discrimination are processes that must occur in concert, as familiar memories need to be robustly retrieved but also updated with relevant novel information. In addition, any experience consists of multiple elements in different physical dimensions that may need to be stored as separate memories depending on their behavioral relevance [21][22][23] . Inducing a small and transient universal 'bias' in the population code of the dentate gyrus when faced with novelty may provide a solution to this challenge, as the overall structure of the dentate gyrus population code is only weakly and briefly affected while the novel environment is learnt and familiarized. Novelty can thereby flexibly tag different dimensions of an experience to produce multifaceted memory representations (Fig. 6). 

Methods

Animals and surgical procedures

All procedures were conducted in accordance with European and French regulations on the ethical use of laboratory animals for experimentation (EU Directive 2010/63/EU) and were reviewed and approved by the Ethics Committee of the Institut Pasteur CETEA (project number dap160066). 5-16 week-old male C57BL/6J wild-type mice (Janvier Labs) were used. Animals were housed in groups of four in polycarbonate individually-ventilated cages equipped with running wheels and were kept under a 12-h inverted light/dark cycle with ad libitum access to food and water. All animals were treated identically. Multimodal analgesia (buprenorphine 0.05 mg/kg + meloxicam 5 mg/kg) was administered through intraperitoneal injection at least 30 minutes before any surgical intervention and the skin on the surgical area was infiltrated with lidocaine prior to incision. Antisepsis of the incision sites was performed with povidone-iodine (Betadine). Animals were anesthetized with isoflurane (3% for induction, 1-2% for maintenance, vol/vol) and placed in a stereotaxic apparatus (Kopf Instruments). The corneal surfaces were protected from desiccation by applying artificial tear ointment and the body temperature was kept constant throughout the surgical intervention with a heating pad. The skin was incised with scissors and the periosteum was mechanically removed using a surgical bone scraper. Stainless-steel headposts (Luigs & Neumann) were attached to the animals' skulls using dental acrylic (Super-Bond C&B, Sun Medical).

Postoperative analgesia (meloxicam 5 mg/kg) was administered orally in combination with surgical recovery feeding gel (ClearH 2 O). Animals were allowed to recover from surgery for at least seven days preceding the start of the training sessions.

Behavioral tasks in virtual reality

Three custom virtual reality environments were developed using the Blender Game Engine (http://www.

blender.org) in conjunction with the Blender Python Application Programming Interface. All environments consisted of a 1.2 m-long linear corridor visually enriched with proximal and distal cues and floor and wall textures. The reward delivery trigger zone was placed in an un-cued location of the corridor that was identical in all environments. The warped environments were projected onto a spherical dome screen ( 120 cm) using a quarter-sphere mirror ( 45 cm) placed underneath the mouse, as described previously [START_REF] Schmidt-Hieber | Cellular mechanisms of spatial navigation in the medial entorhinal cortex[END_REF][START_REF] Schmidt-Hieber | Active dendritic integration as a mechanism for robust and precise grid cell firing[END_REF][START_REF] Robinson | Targeted Activation of Hippocampal Place Cells Drives Memory-Guided Spatial Behavior[END_REF] . The screen covered ∼240°, which corresponds to nearly the entire horizontal field of view of the mouse. Animals were head-fixed and placed on an air-supported polystyrene rolling cylinder ( 20 cm) that they used as a treadmill to navigate the virtual scene. Cylinder rotation associated with animal locomotion was read out with a computer mouse (Logitech G500) and linearly converted to one-dimensional movement along the virtual reality corridor. Animals were extensively handled and habituated to the virtual reality setup before the onset of experimental procedures. Animals underwent 5 training sessions of 20-30 min each on consecutive days prior to the electrophysiological recordings. All training sessions were conducted during the dark phase of the light cycle of the mice. During the training period and the experiments, animals were water-restricted to 80% of their baseline weight to maximize their behavioral drive [START_REF] Guo | Procedures for behavioral experiments in head-fixed mice[END_REF] . Body weight and general health status were monitored daily. Animals were trained to navigate the virtual corridor in the familiar environment (F) and to retrieve an 8% sucrose solution reward by stopping for at least 3 s in an un-cued reward zone placed at a fixed location of the corridor. Licking behavior was monitored using a custom-made Arduino piezoelectric sensor coupled to the reward delivery spout. Animals were 'teleported' back to the beginning of the track upon crossing of a defined threshold near the end of the virtual corridor. As the virtual environments, training protocol and reward contingencies used in this study are different from the ones used in previous work 12 , the hit rate results

are not directly comparable. After having completed the five-day training protocol in the familiar environment, a behavioral recording session was conducted in which laps in the familiar environment (F) were alternated with laps in the novel environment 1 (N1). The same environment alternation strategy was used during the electrophysiological recordings, using the familiar environment (F) and the novel environment 2 (N2). A purely behavioral session was conducted separately from the electrophysiological recordings since the latter are typically very short and therefore do not provide enough behavioral data to accomplish an accurate assessment of task performance.

stronger than for environment N while the rodent was navigating environment F. Conversely, while navigating environment N, mEC inputs of equal strengths were sent to the two maps. Dentate gyrus inputs, activated by novelty, acted on randomly chosen 2% of units in the subnetwork supporting pre-map N, with the same intensity as mEC inputs in the novel environment. Dentate gyrus baseline activity instead cued a random 2% fraction of CA3 units at all times, with no spatial or map selectivity.

CA3 network dynamics

Place cells activities were updated by comparing the sum of their inputs to an activation threshold G = 2.31 9 according to the following probability:

P (s i (t + 1) = 1) = F h RC i (t) + h mEC i (t) + h DG i (t) - g i n S(t) -h inter i (t) - G n , T , (3) 
where i is the index of the unit, s i = 0,1 its activity, and F is the sigmoidal function

F (h, T ) = 1 π tan -1 n • h T + 1 2 ,
with the temperature T = 0.1, in agreement with the order of magnitude estimated for similar network models [START_REF] Monasson | Crosstalk and transitions between multiple spatial maps in an attractor neural network model of the hippocampus: collective motion of the activity[END_REF] .

In addition to inputs h mEC i (t) from mEC and h DG i (t) from dentate gyrus, cells received inputs through CA3 recurrent couplings, h RC i (t) = 1 n j J ij s j (t), a global inhibition component proportional to network activity S(t),

with g i = 0.035 for all units contributing to the memory of the F map and g i = 0.015 for units involved only in the storage of the N map, and inputs from n I = 5000 interneurons, h inter i (t). To balance the DG baseline input to CA3, global inhibition was set to have a minimal value counterbalancing the activity of S min = 50 neurons, i.e. S(t) = max S min , j s j (t) . Interneurons were modeled as threshold-linear units (threshold G I = 0.5), and sent inhibitory inputs to 500 place cells each; they were activated during teleportation to environment N through an external stimulation from the DG, effectively modeling a mechanism of feed-forward inhibition to CA3 linked to the transient increase of DG activity. The intensities of all external cues (i.e., mEC, DG, inter) decayed exponentially in time after each update of the corresponding cues, namely

h cue i (t) = 1 n k cue m=1 A cue δ cue i (m)e -(t-t cue m )/τ cue , (4) 
where k cue is the number of times the intensity is refreshed after an update of the cue, δ cue i = 0,1 indicates if unit i receives the input, A cue is the initial intensity, t cue m is the time of the m th refresh for each update of the cue, and τ cue is the decay time. In our simulations, we used k mEC = k inter = 1, k DG = 15; A mEC = 3 for map F during navigation of environment F (A mEC = 2 while in environment N) and A mEC = 2 for pre-map N (for navigation in both environments), A DG = 2, A inter = 20; τ mEC = 100, τ DG = 30, τ inter = 3. mEC and baseline DG cues were updated once every five time steps, DG burst activity was updated 15 times after the teleportation event (once every 5 time steps) and inter was updated only once at the teleportation time. Alternative sets of parameters were also tested to check the stability of the model (Fig. S4). In figures, time steps were scaled by a factor of 20 ms to match the average speed of the rodent along the track.

Étude sur l'intégration synaptique dans les cellules granulaires du gyrus denté pendant la discrimination comportementale chez des souris naviguant en réalité virtuelle Résumé : La formation et le rappel de la mémoire épisodique sont des processus complémentaires qui imposent des exigences contradictoires aux computations neuronales dans l'hippocampe. La façon dont ce défi est résolu dans les circuits hippocampiques n'est pas claire. Pour répondre à cette question, nous avons obtenu des enregistrements par patch-clamp in vivo de cellules granulaires du gyrus denté chez des souris fixées à la tête, entraînées à explorer et à distinguer des environnements virtuels familiers et nouveaux. Nous observons que le potentiel membranaire sous-seuil des cellules granulaires silencieuses présente une sélectivité robuste dans différents environnements virtuels. Cette observation soutient l'idée que la fraction éparse de cellules granulaires actives résulte d'une dynamique compétitive de type «winner-takes-all» dans laquelle les cellules qui reçoivent suffisamment d'entrée excitatrice pour déclencher des potentiels d'action recrutent l'inhibition pour entraver les autres. Par ailleurs, nous constatons que les cellules granulaires présentent systématiquement une petite dépolarisation transitoire de leur potentiel membranaire lors de la transition vers un nouvel environnement. Ce signal synaptique de nouveauté est sensible à l'application locale d'atropine, ce qui indique qu'il dépend des récepteurs muscariniques de l'acétylcholine. Un modèle computationnel suggère que la réponse synaptique transitoire observée dans les environnements nouveaux peut entraîner un biais dans l'activité de la population de cellules granulaires, qui peut à son tour conduire les réseaux d'attracteurs en aval vers un nouvel état, favorisant ainsi le passage de la généralisation à la discrimination face à la nouveauté. Un tel commutateur cholinergique induit par la nouveauté peut permettre l'encodage flexible de nouveaux souvenirs tout en préservant la récupération stable des souvenirs familiers.

Mots clés : gyrus denté, CA3, séparation des motifs, discrimination, achèvement des motifs, généralisation, neuromodulation, acétylcholine, enregistrements in vivo de cellules entières, réalité virtuelle.

Study on synaptic integration in granule cells of the dentate gyrus during behavioural discrimination in mice navigating in virtual reality

Abstract: Episodic memory formation and recall are complementary processes that put conflicting requirements on neuronal computations in the hippocampus. How this challenge is resolved in hippocampal circuits is unclear. To address this question, we obtained in vivo whole-cell patch-clamp recordings from dentate gyrus granule cells in head-fixed mice trained to explore and distinguish between familiar and novel virtual environments. We observe that the subthreshold membrane potential of silent granule cells shows robust selectivity across different virtual environments. This observation supports the notion that the sparse fraction of active granule cells results from competitive 'winner-takes-all' dynamics, in which the cells that receive enough excitatory input to fire action potentials recruit inhibition to silence the others. Furthermore, we find that granule cells consistently display a small transient depolarisation of their membrane potential upon transition to a novel environment. This synaptic novelty signal is sensitive to local application of atropine, indicating that it depends on muscarinic acetylcholine receptors. A computational model suggests that the observed transient synaptic response to novel environments may lead to a bias in the granule cell population activity, which can in turn drive the downstream attractor networks to a new state, thereby favouring the switch from generalisation to discrimination when faced with novelty. Such a novelty-driven cholinergic switch may enable flexible encoding of new memories while preserving stable retrieval of familiar ones.

Keywords: dentate gyrus, CA3, pattern separation, discrimination, pattern completion, generalisation, neuromodulation, acetylcholine, in vivo whole-cell recordings, virtual reality.

Figure 1 . 1

 11 Figure 1.1 Postmortem examination of Henry Molaison's brain. Photography of the fixed specimen after removal of the leptomeninges. Surgical lesions in the temporal lobes are highlighted by white geometric contours (a, b). (c) encloses a lesion in the orbitofrontal gyrus. Scale bar, 1 cm. Adapted from Annese et al. (2014) 36 .

Figure 1 . 2

 12 Figure 1.2 Organisation of mammalian long-term memory systems. The figure lists the brain structures thought to be especially important for each form of memory. In addition to its central role in emotional learning, the amygdala is able to modulate the strength of both declarative and nondeclarative memory. Adapted from Squire & Dede (2015) 55 .

Figure 1 .

 1 Figure 1.3 Standard memory consolidation model. Encoding of perceptual, motor and cognitive information initially occurs in several specialised primary and associative cortical areas. The hippocampus integrates information from these distributed cortical modules that represents the various features of an experience, and rapidly binds these features into a coherent memory trace. Successive reactivation of this hippocampal-cortical network leads to progressive strengthening of cortico-cortical connections (for example, by strengthening existing cortico-cortical connections or establishing new ones). Incremental strengthening of cortico-cortical connections eventually allows new memories to become independent of the hippocampus and to be gradually integrated with pre-existing cortical memories. A key feature of this model is that changes in the strength of the connections between the hippocampal system and the different cortical areas are rapid and transient, whereas changes in the connections between the cortical areas are slow and long-lasting. Adapted fromFrankland & Bontempi (2005) 29 .

  who we are because of our experiences: what we have learnt, what we remember and what we have forgotten. Consequently, research striving to understand the molecular, cellular, and circuit mechanisms behind these cognitive faculties has become one of the most active areas in modern Neuroscience 13,96 .

Figure 1 . 4

 14 Figure 1.4 Examples of reverberatory circuits. Adapted from Hall (2016) 26

Figure 1 . 5

 15 Figure 1.5 Sensitisation of the gill-withdrawal reflex in Aplysia. Top: Dorsal view of Aplysia showing the gill lying in the mantle cavity partially covered by the mantle shelf. A light touch to the siphon causes it to contract and the gill to withdraw into the mantle cavity. Sensitisation of the gill-withdrawal reflex, produced by applying a noxious stimulus to another part of the body, such as the tail, leads to an enhancement of the withdrawal reflex of both the siphon and the gill. Bottom left: Sensitising stimuli activate facilitatory interneurons (IN) that release modulatory transmitters, one of which is serotonin (5-HT). The modulator leads to an alteration of the properties of the sensory neuron (SN) and motor neuron (MN). Bottom right: The enhanced synaptic input to the MN during sensitisation results from enhanced sensory input, partly caused by two mechanisms. First, the same peripheral stimulus can evoke a greater number of action potentials in the presynaptic SN (i.e., enhanced excitability). Second, each action potential fired by an SN produces a stronger synaptic response in the MN (i.e., synaptic facilitation). A component of sensitisation is also caused by the effects of 5-HT on the MN. Adapted from Byrne & Hawkins (2015) 175 and Eric Kandel's Nobel lecture (2000).

Figure 1 . 6

 16 Figure 1.6 Examples of spatially-tuned neurons. Left: A place cell. Middle left: A head direction cell. Middle right: A grid cell. Right: a boundary vector/border cell. For head-direction cells, the polar plot represents the firing rate (action potentials/seconds of dwell time) for each directional heading. For all other cell types, the false-colour firing rate map represents an overhead view of the recording arena. When the animal visited the positions shown in hot colours, the firing rate was high. Adapted from Wills & Cacucci (2014) 235 .

  and is also readily accessible to genetic manipulations, which are crucial interventions in the elucidation of molecular and circuit mechanisms underlying neuronal computations. In parallel, technological improvements in the recording of neuronal population dynamics in hippocampal Chapter 1. Framework place cells in relation to spatial navigation behaviour have made this paradigm one of the most powerful tools available to date for understanding the encoding, storage and retrieval of declarative memory. Consequently, rodent hippocampal place cells are now extensively used as a model to understand how location and spatial memory are represented and computed by the collective activity of neuronal populations in well-defined neural architectures of the hippocampus 216 .

Figure 1 . 7

 17 Figure1.7 Detailed anatomy of the hippocampus and the parahippocampal region in the rat. A Left: Lateral view. Right: caudal view. Three axes are indicated for orientation in the hippocampal formation (consisting of the dentate gyrus, CA3, CA2, CA1 and the subiculum): the septotemporal or dorsoventral axis; the transverse or proximodistal axis, which runs parallel to the cell layer and starts at the DG; and the radial or superficial-to-deep axis, which is defined as being perpendicular to the transverse axis. In the parahippocampal region, a similar superficial-to-deep axis is used. Additionally, the presubiculum and parasubiculum are described by a septotemporal and proximodistal axis. The entorhinal cortex, which has a lateral and a medial aspect, is described by a dorsolateral-to-ventromedial gradient and a rostrocaudal axis. The perirhinal cortex (consisting of Brodmann areas 35 and 36) and the postrhinal cortex share the latter axis with the entorhinal cortex and are additionally defined by a dorsoventral orientation. The dashed lines in the left indicate the levels of two horizontal sections (a,b) and two coronal sections (c,d), which are shown in B. Acronym and colour key: dentate gyrus (DG, dark brown), CA3 (medium brown), CA2 (not indicated), CA1 (orange), subiculum (Sub, yellow), parahippocampal region (green, blue, pink and purple), presubiculum (PrS, medium blue), parasubiculum (PaS, dark blue), lateral aspect of the entorhinal cortex (LEA, dark green), medial aspect of the entorhinal cortex (MEA, light green), perirhinal cortex (A35, pink and A36, purple), postrhinal cortex (POR, blue-green). C Nissl-stained horizontal cross section (enlarged from Bb) in which the cortical layers and three-dimensional axes are marked. Roman numerals denote cortical layers. Acronym key: CA, cornu ammonis; dist, distal; dl, dorsolateral part of the entorhinal cortex; encl, enclosed blade of the DG; exp, exposed blade of the DG; gl, granule cell layer; luc, stratum lucidum; ml, molecular layer; or, stratum oriens; prox, proximal; pyr, pyramidal cell layer; rad, stratum radiatum; slm, stratum lacunosum-moleculare; vm, ventromedial part of the entorhinal cortex. Adapted from van Strien et al. (2009) 265 .
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 18 Figure 1.8 Anatomy of the hippocampal circuit. a Nissl-stained section through the human hippocampus. b Nissl-stained section through the mouse hippocampus. c Schematic of the main synaptic connections in the mouse hippocampal formation. Dentate gyrus (DG) granule cells (GCs) send mossy-fibre (MF) axons to CA3. CA3 pyramidal cells send Schaffer-collateral (SC) projections to CA1, which then projects back to the entorhinal cortex (EC). All of these areas receive perforant-path (PP) input from the EC, creating multiple parallel loops by which information can flow through the hippocampus. d Schematic of the DG microcircuitry, depicting its intrinsic connections and outputs to the CA3. GCs form the densely packed GC layer (GCL), which also houses parvalbumin-expressing (PV + ) basket cells and axo-axonic cells. Enwrapped by the GC layer are the CA3 area and the DG hilus, which contains glutamatergic mossy cells (MCs) and other types of GABAergic interneurons, such as those expressing somatostatin (SOM + interneurons). GCs make synaptic contacts on all of the aforementioned cell types (except other GCs) via their MF axons. Acronym key: A/C, associational-commissural; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex; ML, molecular layer. Adapted from Hainmueller & Bartos (2020) 266 .
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 19 Figure 1.9 Numbers of connections from three different sources onto each CA3 cell in the rat. Adapted from Rolls (2018) 33 .
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 110 Figure 1.10 Block diagram of cortico-hippocampal connectivity. Forward connections (solid lines) from neocortical association areas via the parahippocampal gyrus and perirhinal cortex, and entorhinal cortex, to the hippocampus; and backprojections (dashed lines) via the hippocampal CA1 pyramidal cells, subiculum, and parahippocampal gyrus to the neocortex. There is great convergence in the forward connections down to the single network implemented in the CA3 pyramidal cells; and great divergence again in the backprojections. Adapted from Rolls (2016) 301 .
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 111 Figure 1.11 Schematic of the CA3 circuits and their proposed roles in memory. The extensive excitatory interconnections between CA3 pyramidal cells (PCs) (the associative/commissural (A/C) loop) are proposed to operate as an attractor network, in which associative memories are stored and recalled through pattern completion. Mossy fibres originating from the dentate gyrus (DG) provide sparse and powerful excitatory connections ('detonator' synapses) to CA3 PCs; these connections are proposed to assist in the encoding of new patterns of activity (representing new memories) in CA3 through pattern separation. The direct connections from the entorhinal cortex (ECx) to CA3 are thought to provide the cues for retrieval (recall) of information from CA3, especially when incomplete information is provided. Feedforward inhibition via CA3 interneurons (INs) controls information transfer between DG and CA3 depending on the pattern of presynaptic activity, and may be involved in the precision of memory. Within the hippocampus, the main outputs from the CA3 region (illustrated by the red trace) are the axons of CA3 PCs, which make contact with CA1 PCs and CA1 INs. Adapted from Rebola et al. (2017) 105 .
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 113 Figure 1.13 Schematic of attractor network dynamics in neuronal ensembles. Top left: Patterns that are ambiguous converge to a matching familiar pattern (pattern completion) and, at the same time, diverge from similar interfering patterns (pattern separation).The nonlinear nature of this process can be illustrated by a visual illusion of an ambiguous object. The perceived image fluctuates between two familiar images (blue or pink) instead of stabilising in the middle (white). Top right: Attractor networks are thought to induce sharp transitions between network states during progressive changes in the input pattern. Bottom: Each multidimensional attractor can span a state space with large differences in relative firing rates within the neuronal ensemble (shown as different shades of gray within each attractor). This property allows different conditions to be integrated into a constant reference frame without switching to an independently activated cell population. Adapted fromLeutgeb et al. (2005) 216 .
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 114 Figure 1.14 Evidence of pattern separation in the dentate gyrus and completion in CA3. Top: Schematic of the experimental protocol followed while obtaining simultaneous extracellular recordings from the dentate gyrus and CA3, consisting of three Std sessions interleaved with two cue-mismatch sessions. The mismatch angles depicted are 180°and 45°. Bottom: Population responses to cue-mismatch manipulations. Spatial correlation matrices were produced by correlating the normalised firing rate vectors for a Std session with those of the following Mis or Std session. CA3 representations maintained coherence in all Mis sessions (column 2), indicated by the bands of high correlation (white) shifting below the identity line (dashed line), despite the decorrelated DG representations found in the input (columns 4 and 6). Adapted from Neunuebel & Knierim (2014) 290 .
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 115 Figure 1.15 Illustration of pattern separation in a daily life situation. Left: Cartoon depicting two near-identical events in a research laboratory. The small difference between the two is presumed to be behaviourally relevant as the action required in both scenarios is different. Right: Proposed circuit mechanism for disambiguation of similar neural activity patterns ('pattern separation') thorugh activation of non-overlapping neuronal ensembles. neurons active in context 1 are shown in blue and those active under context 2 are shown in red. Grey represents neurons that are silent in both contexts. Adapted from Cayco-Gajic & Silver (2019) 341 .
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 116 Figure 1.16 Schematic of expansion recoding and sparsening in a feedforward network. Dense, overlapping activity patterns in the input population are projected onto a much larger population of more sparsely active neurons. Adapted from Cayco-Gajic & Silver (2019) 341 .
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 117 Figure 1.17 Schematic of random mixing of inputs from different sensory modalities. Randomly mixing inputs of different sensory modalities (indicated by different colours) in the expanded population gives rise to a large population of neurons that represent arbitrary input combinations, which can be useful for associative learning. Adapted from Cayco-Gajic & Silver (2019) 341 .
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 118 Figure 1.18 Thresholding as a mechanism to decorrelate synaptic input. Top: schematic of two neurons with correlated subthreshold Vm (left: scale bar, 50 ms, 2 mV). Thresholding nonlinearities reduce their output correlations by removing correlated fluctuations in subthreshold Vm. As a result, spiking output is less correlated (right: scale bar, 50 ms, 10 mV). Bottom: distribution of correlated subthreshold Vm for two neurons (left). Colour represents the joint probability density of the inputs, and grey lines represent each neuron's intrinsic threshold. After thresholding, the firing rates of the two neurons are significantly less correlated, because covarying subthreshold inputs are quenched (right). Adapted from Cayco-Gajic & Silver (2019) 341 .
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 119 Figure 1.19 Neuromodulatory projections to the hippocampus. Left: Location of nuclei containing the cell bodies that give rise to neuromodulatory projections for acetylcholine (Ach), dopamine (DA), serotonin (5-HT) and noradrenaline (NA). Sagittal (top) and coronal (bottom) sections. Right: Images of neuromodulatory projection fibers within the hippocampus labelled with eYFP targeted by viral injection into VTA and LC of TH-cre mice (top left and right respectively), YFP tagged channel rhodopsin in ePet1-cre:Ai32 mice (bottom left) and GFP in ChAT-tauGFP mice (bottom right). Scale bars 200 µm. Adapted from Palacios-Filardo & Mellor (2019) 305 .

M 2

 2 and M 4 are coupled to G i/o , and therefore reduce cellular excitability by controlling Kir3 and Ca v 2 channels[504][505][506] . Due to the wide and differential distribution of mAChRs in hippocampal neurons, their activation can produce diverse responses, such as a slow depolarisation, a fast hyperpolarisation and a biphasic hyperpolarisation-depolarisation507,508 . These effects are slower and longer lasting in comparison with the ones elicited by activation of nAChRs 509 .

Figure 1 . 20

 120 Figure1.20 Cholinergic neuromodulation of hippocampal circuits. Schematic of a transverse slice of hippocampus with the main circuit connections and locations of muscarinic and nicotinic receptors shown. Left: When ACh release is low, recurrent excitatory hippocampal activity leads to retrieval and consolidation of previously stored information, which can support the consolidation of memory during sharp wave ripples activity (ripple event schematically depicted in lower left panel). Right: High ACh levels result in nicotinic enhancement of mossy fiber and perforant path inputs, thereby potentiating afferent input synapses in the hippocampus, which favours the encoding of novel information. At the same time, muscarinic depolarisation of interneurons and muscarinic presynaptic inhibition of synaptic potentials at recurrent and Schaffer collateral synapses result in suppression of recurrent excitation associated with retrieval of information. Concomitantly, muscarinic and nicotinic excitation of interneurons results in reduced, but temporally more precise spiking activity of pyramidal cells during ongoing theta oscillations (schematically depicted in lower right panel). Scale bar for EEG, 125 ms. Principal cells with dendrites schematically depicted in grey, black circles represent interneurons, triangles represent synaptic terminals. Adapted fromDannenberg et al. (2017) 538 .
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 122 Figure1.22 Neuromodulation may switch the hippocampus from recall to learning mode. Attractor network dynamics in the hippocampus determine that the network will tend to reinstate the activity of previously established neuronal ensembles, even from partial or degraded input, performing recall through pattern completion as the default mode. 'Absolute' novelty, signalled through an extrahippocampal neuromodulatory cue, is thought to temporarily prevent the retrieval of previously stored memories, allowing the hippocampal network to operate in encoding mode. When this neuromodulatory signal for absolute novelty is absent, the hippocampal network may return to the default retrieval mode.
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 621 Commentary on the design and implementation of the experimental strategy allows to record the inherent activity of a neuron, but also to perturb its V m through current injection, infusion of drugs through the patch pipette and the post hoc identification of the recorded cell and reconstruction if its morphology. Unfortunately, an immanent characteristic of whole-cell patch-clamp recordings is their susceptibility to mechanical instability, which has hindered their widespread use. However, technical improvements in the effectiveness of rigid passive stabilisation (i.e. holding the pipette in place with respect to the head of the animal) now allow to achieve high-quality recordings using this technique in awake behaving animals, either head-fixed or freely moving 639,652-655 (figure 2.1).

Figure 2 . 1

 21 Figure 2.1 Example whole-cell recording of a hippocampal neuron in a freely moving animal. Top left: Schematic of the recording configuration, in which the recording pipette is 'head-anchored'. Bottom left: Having biocytin in the recording pipette enabled to recover the morphology of the recorded CA1 pyramidal neuron. Right: Vm during a period when the animal is awake and moving around in a behavioural arena and corresponding velocity of animal's head. Adapted from Chorev et al. (2009) 638 .

Figure 2 . 2

 22 Figure2.2 Sharp, whole-cell, and juxtacellular/cell-attached recording configurations. Modern patch-clamp recordings employ glass electroded filled with a conductive fluid in contact with a more distant metal wire. In sharp recordings, the tip of the glass electrode is inserted through the neuronal membrane into the cell. In whole-cell recordings, the tip is first attached tightly to the outside of the membrane, then the membrane inside the tip is broken to allow access to the cell interior. The Vm is measured by comparing the potential inside the neuron relative to the potential at a reference location outside of and far away from the cell . The Vm can also be finely manipulated via direct injection of current through the electrode into the cell. The juxtacellular/cell-attached method, a related technique in which the glass electrode tip is pushed against the membrane without breaking into it, allows extracellular recording and stimulation of single-cell spiking activity. Intra-and juxtacellular methods also allow labelling of the recorded cell. Adapted fromLee & Brecht (2018) 639 .

2. 1 .

 1 Commentary on the design and implementation of the experimental strategy the electrical potential inside the neuron relative to the potential at a reference location far away from the cell. V m can then be manipulated by current injection if desired. By contrast, in 'juxtacellular,' or 'cell-attached' recordings the glass electrode tip does not break the membrane patch and access to the cell interior is therefore not obtained. This variant allows extracellular recording and stimulation of single-cell spiking activity, as well as labelling of the recorded cell, but lacks the capacity to measure V m .

Figure 2 . 3

 23 Figure 2.3 Schematic of an in vivo intracellular recording. The green colour represents biocytin present in the intracellular solution loaded in the pipette being infused into the cytoplasm of the recorded cell. Adapted from the animation available at http://autopatcher.org illustrating the methods described in Kodandaramaiah et al. (2012) 656 .

Figure 2 . 4 '

 24 Figure 2.4 'Blind' intracellular recording method.A direct intracellular connection between the cell interior and the interior of the glass electrode is usually obtained in vivo using a 'blind' technique. The electrode is lowered in 1-4 µm steps in the target region while a constant positive pressure is applied and the resistance is monitored for increases, indicating interaction of the tip with a membrane. When contact is made, the pressure is released to form a tight GΩ seal between the glass and membrane. Then, negative pressure is applied to break the patch of membrane inside the tip. Whole-cell electrodes have ∼1 mm tips and are filled with an intracellular solution generally made to match the key ionic concentrations inside neurons. Adapted fromLee & Brecht (2018) 639 .
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 25 Figure 2.5 Schematic of the design of a virtual reality experiment.Top: The animal's movements are measured and passed through instrumentation and computational stages (below the dashed line), whereby the motor output is coupled to movements within the virtual world, which are then mapped to sensory stimuli. The ideal closed loop simulation aims to reproduce the typical feedback a freely moving animal would experience. In virtual reality, the experimenter may perturb this ideal situation by injecting a disturbance into either the motor or sensory side of these transformations. In the corresponding open loop experiment, stimuli presented to the animals are not updated based on the animal's motor outputs. Bottom: An illustrative example of a head-restrained mouse closed loop visual virtual reality experiment. Mouse locomotion results in rotations of a trackball. The rotational velocity components of the ball are measured and used to define linear and view angle velocities in the virtual world. A 'motor disturbance' at this stage can make this transformation nonlinear. For example, when a wall is encountered along the virtual space trajectory, no virtual translocation would take place even though the mouse may still be running on the spherical treadmill. The velocities are integrated over the update time of the system to determine the new virtual position and view angle. The visual scene defined by the new position and angle is computer rendered and displayed on a screen surrounding the mouse. Adapted fromDombeck & Reiser (2012) 657 .

  Figure 2.5 Schematic of the design of a virtual reality experiment.Top: The animal's movements are measured and passed through instrumentation and computational stages (below the dashed line), whereby the motor output is coupled to movements within the virtual world, which are then mapped to sensory stimuli. The ideal closed loop simulation aims to reproduce the typical feedback a freely moving animal would experience. In virtual reality, the experimenter may perturb this ideal situation by injecting a disturbance into either the motor or sensory side of these transformations. In the corresponding open loop experiment, stimuli presented to the animals are not updated based on the animal's motor outputs. Bottom: An illustrative example of a head-restrained mouse closed loop visual virtual reality experiment. Mouse locomotion results in rotations of a trackball. The rotational velocity components of the ball are measured and used to define linear and view angle velocities in the virtual world. A 'motor disturbance' at this stage can make this transformation nonlinear. For example, when a wall is encountered along the virtual space trajectory, no virtual translocation would take place even though the mouse may still be running on the spherical treadmill. The velocities are integrated over the update time of the system to determine the new virtual position and view angle. The visual scene defined by the new position and angle is computer rendered and displayed on a screen surrounding the mouse. Adapted fromDombeck & Reiser (2012) 657 .
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 26 Figure 2.6 Picture of a head-fixed mouse exploring a virtual reality environment.

  f A and f B are the predicted action potential frequencies in environment A and B, respectively, for a given value of θ. A positive value of S AB indicates selectivity for environment A while a negative value indicates selectivity for environment B. Mean absolute selectivity was calculated by computing the average of the mean absolute value of S AB for 100 values of θ spanning a range of 2 standard deviations around the mean V m of the recording.2.2.7 Estimation of the effect of the observed synaptic response to novelty on population activity in the dentate gyrusA Gaussian fit was produced for the complete dataset of baseline values of V m recorded in dentate gyrus granule cells (n = 73 cells). Then, an artificial dataset representing 'novelty' was generated by applying the observed mean depolarisation (1.0 mV) to these baseline values and the corresponding Gaussian fit was produced. Ground-truth data on the activity of dentate gyrus granule cells during spatial navigation was used to estimate that, during navigation in a familiar environment, ∼3.3% of the granule cell population produces spikes during a 2 s period 651 . The right tail of the Gaussian fit from the real dataset was used to calculate the spiking threshold that would yield this percentage (-44.0 mV). Using this threshold, the percentage of cells that would be above it (i.e. actively spiking) in the artificially depolarised dataset was computed, which yielded 4.2%, representing a recruitment of spiking cells of approximately a third of the baseline spiking population's size.
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 31 Figure 3.1 Schematic of the virtual reality setup. Adapted from Schmidt-Hieber & Häusser (2013) 660 .

Figure 3 . 2

 32 Figure 3.2 Schematic of the behavioural discrimination task in virtual reality. Left: view along the long axis of the corridor in the familiar (F, top) and the novel 1 (N1, bottom) virtual reality environments. Top right: schematic of the navigation task. Animals are trained to stop in a reward zone to obtain a reward. At the end of the corridor, animals are 'teleported' back to the beginning. Bottom right: behavioural protocol timeline.
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 3435 Figure 3.4 Example recording from a granule cell I. Left: sub-and suprathreshold membrane potential responses to current injections. Right: fluorescence image obtained after biocytin filling during the recording (green). DAPI (blue) was applied as a background nuclear stain. GCL, granule cell layer.

Figure 3 . 6

 36 Figure 3.6 Illustration of the method for spike inference on subthreshold Vm. Same recording as in figure 3.5 at higher magnification, as indicated by the gray bar at the bottom in figure 3.5. Vm was thresholded (see bottom trace, threshold θ). The resulting predicted spikes are shown as a raster plot (red tick marks) in the middle.
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 37 Figure 3.7 Subthreshold Vm contextual selectivity: examples and statistics. Selectivity for an environment was computed from the inferred spikes (see Methods) and plotted against the threshold θ. Selectivity was computed for 100 values of θ spanning a range of 2 standard deviations around the mean Vm of the recording. Examples show a recording with higher selectivity for the N than for the F environment (left), a recording with higher selectivity for the F environment (middle left), and a bootstrapped recording showing lack of clear selectivity for any two groups of S laps (A vs B, middle right). Right: bar graph summarising mean absolute selectivity ± s.e.m. across cells recorded with environment alternation (FN) versus bootstrap (S) (FN, 0.073 ± 0.012; S, 0.035 ± 0.004; n = 7 cells, Wilcoxon signed-rank test, p < 0.05).

Figure 3 . 8 Figure 3 . 9

 3839 Figure 3.8 Example recording from a granule cell II. Left: sub-and suprathreshold membrane potential responses to current pulse injections. Right: fluorescence image obtained after biocytin filling during the recording.

Figure 3 .Figure 3 . 11

 3311 Figure 3.10 Teleportation-aligned average (control). Left: Example recording. Traces represent the mean Vm aligned to the teleportation events. The average from teleportations within the familiar environment (FF) is shown in grey and the teleportation from the familiar to the novel environment (FN2) is shown in green. Teleportation time is indicated by the vertical red dashed line. Right: Average across multiple recordings. Traces represent the mean ± s.e.m. of the Vm aligned to the teleportation events. Teleportations within the familiar environment (FF) are shown in grey and teleportations from the familiar to the novel environment (FN2) are shown in green. Teleportation time is indicated by the vertical red dashed line. Lowpass filtered traces (bold traces) are shown superimposed.

Figure 3 . 13 Figure 3 . 14 Figure 3 . 15 Figure 3 . 16 Figure 3 .

 3133143153163 Figure 3.13 Estimation of the effect of the observed depolarisation at the population level. Left: the distribution of baseline Vm of granule cells recorded in control animals is represented as a green histogram (n = 73 cells). The right tail of a Gaussian fit for the dataset is shown in blue (Data fit). The orange curve shows the right tail of a Gaussian fit for a dataset depolarised by the experimentally observed mean value (1.0 mV) to estimate the effect of novelty on spiking (Novelty fit). The threshold above which 3.3% of the granule cell population produces spikes is indicated by the vertical red dashed line. Middle: enlarged view of the right tail of the Gaussian fits showing the area under the curve between the spiking threshold and 3 standard deviations from the mean. Right: diagram representing the percentage of spiking cells recruited from the silent population as calculated from the artificially depolarised dataset.

3. 6 .Figure 3 . 18 Figure 3 . 19 Figure 3 . 20 Figure 3 .Figure 3 .

 631831932033 Figure 3.18 Targeted stereotaxic injections in the dentate gyrus. Coordinates used to target the dentate gyrus: from bregma, anteroposterior -2.0 mm, parasagittal +1.5 mm, depth from cortical surface 1.7 mm. Top left: sagittal view. Top middle: coronal view. Top right: 3D schematic of the target injection site. Bottom: representative example of an injection of the fluorescent marker BODIPY (red) at the target coordinates. DAPI (blue) was used as a nuclear staining to reveal the general anatomy of the preparation. Images generated using the Allen Institute Brain Explorer 2 software (http://mouse.brain-map.org/static/brainexplorer) and Paxinos and Franklin's The Mouse Brain in Stereotaxic Coordinates 667 .

Figure 4 . 1 Figure 4 . 2 Figure 4 . 3

 414243 Figure 4.1 CA3 network model. Consolidated (blue) and irregular, weak (red) recurrent excitatory connections between place cells (black dots) support, respectively, the consolidated (familiar F, blue) and pre-wired (novel N, red) maps. Place cells receive feedforward (from dentate gyrus [DG]) and recurrent inhibitory inputs from interneurons (black squares), and excitatory inputs from medial entorhinal cortex [mEC] (green) and dentate gyrus [DG] (orange). After Gómez-Ocádiz et al. (2021) 697 .

Figure 4 . 4

 44 Figure 4.4 CA3 network dynamics for incomplete models (analogous to figure 4.2, middle and bottom rows). Left: Model without the novelty-driven excitatory input from dentate gyrus [DG]. When the transient inhibition accompanying teleportation to novelty ends, a stable bump re-emerges in map F, due to the stronger recurrent connections. Right: Model without the novelty-activated feed-forward inhibition from dentate gyrus [DG]. The activity bump in the F map remains in its last position before the teleportation and prevents the formation of a new bump in map N. In both cases lower medial entorhinal cortex [mEC] inputs to map F in the novel environment (figure 4.2, top left) are not sufficient to consistently follow the animal position. After Gómez-Ocádiz et al. (2021) 697 . See also figures S3 and S4 in Gómez-Ocádiz et al. (2021) [Appendix 2].

Figure 4 . 5

 45 Figure 4.5 Switching between familiar and novel attractor states: proposed model. Energy landscape of CA3 network states representing different maps and different positions along the track (schematic). In a familiar environment, the CA3 network falls into an attractor state that is governed by strengthened recurrent synaptic connectivity, thereby performing generalisation during memory recall of familiar events. We propose that a small bias in the inputs from the dentate gyrus first recruits feed-forward inhibition, thereby lifting the network state out of the deep trough representing the familiar environment. Direct excitation from the dentate gyrus then pushes the CA3 network into a different attractor state with initially weaker, pre-existing recurrent connectivity, thereby performing discrimination during novelty encoding. Numbers represent network states corresponding to the model snapshots shown in figure 4.3 (1: figure 4.3, left; 2: figure 4.3, middle; 3: figure 4.3, right).

Chapter 4 .

 4 DiscussionLastly, it is important to note that although the observations from our experiments on single cells allow us to extrapolate possible mechanisms for population coding, direct assessment of these mechanisms will ultimately depend on recording the same phenomena on neuronal populations. This technical limitation goes beyond our study, as the challenge of recording subthreshold membrane potential signals from large neuronal populations has not been surmounted with present methods available in the field. Indeed, improved technologies for large-scale recordings of subthreshold neural activity in the live brain of a behaving animal are a much desired addition to the Neuroscience toolbox 709 . However, recent advances in optical microscopy and geneticallyencoded fluorescent indicators (GEFIs) are opening interesting avenues in this direction and are rapidly overtaking electrophysiology as the method of choice to record particular aspects of neural activity. Genetically-encoded activity indicators have many advantages over traditional electrophysiology methods. For example, genetic encoding allows to selectively record from specific neuronal subsets. In addition, reporters can be engineered to respond to a variety of discrete neuronal events, such as vesicle release, changes in neurotransmitter concentrations, transmembrane voltage and intracellular calcium dynamics; thus providing precise information that electrophysiology often cannot disentangle. Finally, genetically-encoded sensors can be stably expressed, allowing to record neuronal dynamics over long time scales, opening the possibility to study the neural population dynamics underlying lengthy learning processes.Among the armamentarium of the genetically-encoded fluorescent indicators, voltage indicators(GEVIs) have attracted particular attention as a means to accomplish faithful recordings of subthreshold neuronal computation at the population level. However, as neuronal computation in the form of transmembrane voltage fluctuations occurs on a millisecond time scale, the ideal voltage indicator would need to have very fast kinetics to reliably capture these events.Unfortunately, existing GEVIs do not yet meet these kinetic requirements and are still limited by undesirable phenomena such as phototoxicity and photobleaching. Nevertheless, GEVI engineering developments are one of the most promising avenues to achieve the recording of subthreshold dynamics at the level of neuronal populations in the foreseeable future.
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Figure 1 .

 1 Figure 1. Small Differences in Virtual Environments Lead to Larger Spatial Remapping in the DG Than in CA1 (A) Left: views of the familiar (F; vertical grating) and novel (N; oblique grating) virtual reality environments. Center: schematic indicating the reward locations along the track. Right: experimental timeline. (B) Quantification of behavioral performance, measured as reward rate (hits per lap), during the training sessions in the F virtual environment. Grey lines represent performance of individual animals, whereas large circles indicate mean ± SEM across all animals (n = 14; one-way repeated-measures (RM) ANOVA, F = 7.78, p = 1 3 10 À6 ; DG: n = 7 mice; one-way RM ANOVA, F = 3.08, p = 0.015; CA1: n = 7 mice; one-way RM ANOVA, F = 5.27, p = 0.0005). (C) Comparison of behavioral performance during session 1 and session 7 for mice implanted in the dentate gyrus (DG, blue; reward rate [hits/lap]: day 1, 0.15 ± 0.01; day 7, 0.60 ± 0.09; n = 7; Wilcoxon test, t = 28, p = 0.015) or CA1 (orange; day 1, 0.30 ± 0.09; day 7, 0.77 ± 0.06; n = 7; Wilcoxon test, t = 26, p = 0.03; all animals: day 1, 0.23 ± 0.05; day 7, 0.68 ± 0.06; Wilcoxon test, t = 99, p = 0.0006). (D) Top: schematic of the imaging implant in the DG. Bottom: representative fluorescence image of GCaMP6f-expressing DG neurons in vivo. (E) Representative imaging session showing animal speed, position along the track, and context type for each lap (F or N). Traces at the bottom show fluorescence extracted from example regions of interest (ROIs) in the DG. Significant transients during running periods are indicated by red tick marks. (F and G) Same as in (D) and (E) but for CA1. (H) Spatial population vector (PoV) correlation matrices. PoV correlations were computed for each spatial bin in the N environment (x axis) with each bin in the F environment (y axis). Note the absence of distinct high correlations in the DG (left) throughout the matrix. In contrast, correlations are high along the diagonal in CA1, indicating that neuronal activities are correlated at corresponding positions in F and N along the linear track. (I) Correlations between mean spatial activity maps across recording sessions within the F environment (even-odd laps) and between different environments (FN) in the DG (left; spatial correlation: F even-odd, 0.62 ± 0.05; FN, 0.30 ± 0.03, n = 7 mice; Wilcoxon test, t = 0, p = 0.018) and CA1 (right; spatial correlation: F evenodd, 0.51 ± 0.03; FN, 0.48 ± 0.02, n = 7 mice; Wilcoxon test, t = 11, p = 0.61). Symbols with error bars represent mean ± SEM of individual animals. Gray circles represent recording sessions. (J) Spatial decorrelation, quantified as the difference between spatial correlations within the F environment (even-odd) and between different environments (FN) in the DG and CA1. Circles indicate single recorded sessions from different animals (spatial decorrelation: DG, 0.32 ± 0.06, n = 7; CA1, 0.03 ± 0.05, n = 7; linear mixed model [LMM], p = 0.002). Same symbols as in (I). *p < 0.05. **p < 0.01. ***p < 0.001. See also Figures S1A-S1F.

Figure 2 .

 2 Figure 2. The DG Discriminates between Small Changes in Contextual Information (A) Top: example session recorded from the DG, showing the position of the animal against time, the context type for each lap (F, vertical gratings in green; N, oblique gratings in yellow), and fluorescence traces extracted from the 25 most active neurons (gray), with significant transients during running periods indicated by red tick marks. For each fluorescence trace on the left, the corresponding event rate in the F (green) and N (yellow) environments is reported on the right. Bottom: decoder outcome for the session shown above. Light and dark color shades refer to training and test data, respectively (same color code as above). Black bars connected by blue areas represent the decoder outcome (difference in log likelihood of the two environments; F, positive; N, negative). Bottom right: summary of decoder outcome for the test data of the example session. Data points represent time bins. (B) Absolute selectivity (STAR Methods) for the two environments F and N in DG (blue) and CA1 (orange) (DG, 0.74 ± 0.02; n = 7 mice; CA1, 0.59 ± 0.05; n = 6 mice; LMM, p = 0.0007). Symbols with error bars represent mean ± SEM of individual animals. Gray circles represent recording sessions. (C) Left: absolute selectivity for DG and CA1 neurons plotted against their firing rate. Right: cumulative histogram; each neuron was scored depending on its selectivity for the F (positive) or N (negative) environment (DG, n = 4,667 active cells; CA1, n = 10,587 active cells). (D) Left: example quantification of decoder performance (receiver operating characteristic [ROC]). Blue trace, DG session; orange trace, CA1 session. Right: comparison of decoder performance, quantified as area under the ROC curve (AUC), between the DG and CA1 (DG, 0.65 ± 0.04, n = 7 mice; CA1, 0.56 ± 0.02, n = 6 mice; LMM, p = 0.04; chance level, 0.5). Same symbols as in (B). *p < 0.05, ***p < 0.001. See also Figures S1G-S1L.

Figure 3 .

 3 Figure 3. Neuronal Discrimination in CA1, but Not in the DG, Reflects Behavioral Discrimination (A) Views of the virtual environment pairs (similar pair, F versus N; distinct pair, F versus N*). (B) Representative recording sessions in the F-N (top) and F-N* (bottom) environments. Blue traces represent the position of the animal along the track, and black tick marks indicate animal licks. Green rectangles indicate the correct licking choice in the F and N (N or N*) laps, whereas red ones indicate the incorrect choice (i.e., the animal licking in the wrong reward zone) for the F and N (N or N*) laps. (C) Quantification of behavioral performance in the N (N and N*) environments, measured as reward rate (STAR Methods). Blue lines refer to single sessions of DG-implanted animals, orange lines refer to single sessions of CA1-implanted animals, and circles with error bars represent mean ± SEM (N, 0.28 ± 0.03; N*, 0.37 ± 0.04; n = 42 sessions; Wilcoxon test, t = 204, p = 0.02). (D) PoV correlations between all pairs of positions in the two tracks FN (left) or FN* (right) across all imaging recording sessions in DG-implanted animals. The left panel shows the same data as Figure 1H, left panel, but with a different color map scale. (E) Left: paired spatial decorrelation between different environments (FN and FN*) in the DG (FN, 0.33 ± 0.07; FN*, 0.37 ± 0.06; n = 8 sessions; Wilcoxon test, t = 13, p = 0.49). Right: spatial decorrelation, quantified as the difference between spatial correlations within the same and different environments (FN and FN*), in the DG (FN, 0.32 ± 0.06, n = 7; FN*, 0.29 ± 0.04, n = 3 mice; LMM, p = 0.99). FN decorrelation in the right panel represents the same data as Figure 1J, left. Symbols with error bars represent mean ± SEM of individual animals. Gray circles represent recording sessions. (F) Same as (D) but for CA1-implanted animals. The left panel shows the same data as Figure 1H, right panel, but with a different color map scale. (G) Same analysis and same symbols as in (E) but for CA1-implanted animals (left: FN, 0.12 ± 0.02; FN*, 0.26 ± 0.02; n = 19 sessions, Wilcoxon test, t = 1, p = 2 3 10 À5 ); right: FN, 0.03 ± 0.05, n = 7 mice; FN*, 0.18 ± 0.05, n = 6 mice; LMM, p = 0.0004). FN decorrelation in the right panel represents the same data as Figure 1J, right. (H) Correlation between behavioral performance (reward rate) and spatial decorrelation in the DG (left: n = 7 mice and 70 sessions; Pearson's r = -0.03; LMM, p = 0.75) and CA1 (right: n = 7 mice and 69 sessions; Pearson's r = 0.43; LMM, p = 0.0002). (I) Correlation between behavioral performance (reward rate) and decoder performance in the DG (AUC; left: n = 7 mice and 41 sessions, Pearson's r = -0.01; LMM, p = 0.95) and in CA1 (right: n = 7 mice and 61 sessions, Pearson's r = 0.25; LMM, p = 0.04). ns, not statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.

Figure 4 .

 4 Figure 4. Subthreshold Contextual Selectivity in DG Granule Cells (A) Example recording. Left: sub-and suprathreshold membrane potential responses to current injections in a DG granule cell. Right: fluorescence image of a biocytin-filled granule cell. GCL, granule cell layer. (B) Example recording from a ''silent'' neuron in F and N virtual environments. Traces show animal speed (top), position along the virtual corridor (center), and V m (bottom).(C) The same recording at higher magnification, as indicated by the gray bar at the bottom in (B). Membrane potential was thresholded (see bottom trace, threshold q). The resulting predicted spikes are shown as a raster plot (red tick marks) in the middle. (D) Selectivity for an environment was computed from the predicted spikes (STAR Methods) and plotted against the threshold q. Selectivity was computed for 100 values of q spanning a range of 2 standard deviations around the mean V m of the recording. Examples show a recording with higher selectivity for the N than for the F environment (left), a recording with higher selectivity for the F environment (center), and a bootstrapped recording showing lack of clear selectivity for any two groups of S laps (A versus B, right). (E) Bar graph summarizing mean absolute selectivity ± SEM across cells recorded with environment alternation (FN) versus bootstrap (S) (FN, 0.073 ± 0.012; S, 0.035 ± 0.004; n = 7 cells, Wilcoxon test, t = 0, p = 0.018). *p < 0.05. See also FigureS4.
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 S3 Figure S3
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Fig. 1

 1 Fig.1Mice can distinguish between familiar and novel virtual reality environments. a Schematic of the virtual reality setup (adapted fromSchmidt-Hieber & Häusser, 2013). b Left: view along the long axis of the corridor in the familiar (F, top) and the novel 1 (N1, bottom) virtual reality environments. Top right: schematic of the navigation task. Animals are trained to stop in a reward zone to obtain a reward. At the end of the corridor, animals are 'teleported' back to the beginning. Bottom right: behavioral protocol timeline. c Behavioral performance across training sessions, measured as hit rate (see Methods). Grey lines represent individual animals. Animals included in the experiments from Fig.2and Fig.4are highlighted in green (controls) and mauve (local application of atropine). Black circles represent the mean ± s.e.m. across all animals (n = 57 mice). d Left: comparison of behavioral performance during the first (1F) and the last (5F) training sessions in the familiar environment (hit rate: 0.03 ± 0.01 hits/lap and 0.25 ± 0.04 hits/lap, respectively; n = 57 mice, paired t-test, p < 0.001). Right: comparison of behavioral performance in the familiar (6F) and in the novel environment 1 (6N1) during the 6th training session (hit rate: 0.21 ± 0.05 hits/lap and 0.06 ± 0.03 hits/lap, respectively; n = 57 mice, paired t-test, p < 0.001; 1F versus 6N1, paired t-test, p > 0.05).

Fig. 2

 2 Fig. 2 Granule cells transiently depolarize in response to saliency. a Example recording from a granule cell. Left: membrane potential responses to current pulse injections. Right: fluorescence image obtained after biocytin filling during the recording. b Example recording during a behavioral discrimination experiment switching between the familiar (F) and a novel environment (N2). Top: view along the long axis of the corridor in the familiar (F, left) and the novel 2 (N2, right) environments. Traces show animal position along the corridor (middle) and Vm (bottom). c Teleportation-aligned average from a representative recording. Traces represent the mean Vm aligned to the teleportation events. The average from teleportations within the familiar environment (FF) is shown in grey and the teleportation from the familiar to the novel environment (FN2) is shown in green. Teleportation time is indicated by the vertical red dashed line. d Teleportation-aligned average across multiple recordings. Traces represent the mean ± s.e.m. of the Vm aligned to the teleportation events. Teleportations within the familiar environment (FF) are shown in grey and teleportations from the familiar to the novel environment (FN2) are shown in green. Teleportation time is indicated by the vertical red dashed line. Low-pass filtered traces (bold traces) are shown superimposed. e Left: summary of mean Vm for the familiar (F) and the novel (N2) environments (-68.9 ± 4.1 mV and -68.9 ± 4.1 mV, respectively; n = 9 cells, paired t-test, p > 0.05). Middle: ∆Vm summary for the teleportations within the familiar environment (FF) and the teleportations from the familiar to the novel environment (FN2) (-0.01 ± 0.16 mV and 1.02 ± 0.25 mV, respectively; n = 9 cells, paired t-test, p < 0.01). Right: ∆Vm variance summary for the teleportations within the familiar environment (FF) and the teleportations from the familiar to the novel environment (FN2) (-0.5 ± 0.4 mV 2 and 1.4 ± 1.0 mV 2 , respectively; n = 9 cells, paired t-test, p > 0.05). f Left: the distribution of baseline Vm of granule cells recorded in control animals is represented as a green histogram (n = 73 cells). The right tail of a Gaussian fit for the dataset is shown in blue (Data fit). The orange curve shows the right tail of a Gaussian fit for a dataset depolarized by the experimentally observed mean value (1.0 mV) to estimate the effect of novelty on spiking (Novelty fit). The threshold above which 3.3% of the granule cell population produces spikes is indicated by the vertical red dashed line. Middle: enlarged view of the right tail of the Gaussian fits showing the area under the curve between the spiking threshold and 3 standard deviations from the mean. Right: diagram representing the percentage of spiking cells recruited from the silent population as calculated from the artificially depolarized dataset. See also Fig.S1.

Fig. 3

 3 Fig. 3 Isolated visual stimuli fail to depolarize granule cells. a Schematic of the experiment. Naive head-fixed mice move freely on a linear treadmill in a dark environment. Collimated LED light is flashed periodically on the eyes of the animals. b Example whole-cell recording from a granule cell during a light-flash experiment. The trace shows Vm and the light flash events are indicated in green. c Stimulus-aligned average from a representative recording. The blue trace represents the mean Vm aligned to the light flash events. The grey trace represents the mean Vm from a bootstrap dataset. The light flash event time is indicated by the vertical red dashed line (note also the presence of the stimulation artifact). d Stimulus-aligned average across multiple recordings. The blue trace represents the mean ± s.e.m. of Vm aligned to the light flash events. The grey trace represents the mean ± s.e.m. of Vm from a bootstrap dataset.The light flash event time is indicated by the vertical red dashed line (note also the presence of the stimulation artifact). Low-pass filtered traces (bold traces) are shown superimposed. e Left: ∆Vm summary for the bootstrap dataset events (BS) and the light flash events (Data) (0.16 ± 0.08 mV and 0.01 ± 0.10 mV, respectively; n = 10 cells, paired t-test, p > 0.05). Right: ∆Vm variance summary for the bootstrap dataset events (BS) and the light flash events (Data) (-0.07 ± 0.18 mV 2 and 0.02 ± 0.21 mV 2 , respectively; n = 10 cells, paired t-test, p > 0.05). f Bar graph showing the ∆Vm summary for teleportations from the familiar to the novel environment (FN2) and in response to light flashes (Flashes) (FN2, n = 9 cells versus Flashes, n = 10 cells; unpaired t-test, p < 0.01). Left bar: same data as in Fig.2emiddle, right bar. Right bar: same data as in e left, right bar.

Fig. 4

 4 Fig. 4 Local blockade of muscarinic acetylcholine receptors abolishes the membrane potential response to saliency in granule cells. a Left: baseline Vm summary for granule cells recorded in control animals and in animals after local injection of atropine (control: -68 ± 1 mV, n = 73 cells; atropine: -63 ± 2 mV, n = 8 cells; unpaired t-test, p > 0.05). Right: Summary of input resistances for granule cells recorded in control animals and in animals after local injection of atropine (control: 216 ± 11 MΩ, n = 73 cells; atropine: 234 ± 16 MΩ, n = 8; unpaired t-test, p > 0.05). b Example recording during a behavioral discrimination experiment switching between the familiar (F) and a novel environment (N2). Top: view along the long axis of the corridor in the familiar (F, left) and the novel 2 (N2, right) environments. Traces show animal position along the corridor (middle) and Vm (bottom). c Teleportation-aligned average from a representative recording. Traces represent the mean Vm aligned to the teleportation events. The average from teleportations within the familiar environment (FF) is shown in grey and the teleportation from the familiar to the novel environment (FN2) is shown in mauve. Teleportation time is indicated by the vertical red dashed line. d Teleportation-aligned average across multiple recordings in animals after local injection of atropine. Traces represent the mean ± s.e.m. of the Vm aligned to the teleportation events. Teleportations within the familiar environment (FF) are shown in grey and teleportations from the familiar to the novel environment (FN2) are shown in mauve. The teleportation event time is indicated by the vertical red dashed line. Low-pass filtered traces (bold traces) are shown superimposed. e Left: Mean Vm summary for the familiar and the novel (N2) environments after local injection of atropine (-67.6 ± 2.2 mV and -67.5 ± 2.1 mV, respectively; n = 6 cells, paired t-test, p > 0.05). Middle: ∆Vm summary for the teleportations within the familiar environment (FF) and the teleportations from the familiar to the novel environment (FN2) after local injection of atropine (-0.38 ± 0.36 mV and -0.37 ± 0.19 mV, respectively; n = 6 cells, paired t-test, p > 0.05). Right: ∆Vm variance summary for the teleportations within the familiar environment (FF) and the teleportations from the familiar to the novel environment (FN2) after local injection of atropine (0.5 ± 0.5 mV 2 and -0.1 ± 0.7 mV 2 , respectively; n = 6 cells, paired t-test, p > 0.05). f Bar graph showing the ∆Vm summary for teleportations from the familiar to the novel environment (FN2) in control animals and in animals after local injection of atropine (Control, n = 9 cells versus Atropine, n = 6 cells; unpaired t-test, p < 0.01). Left bar: same data as in Fig.2emiddle, right bar. Right bar: same data as in e middle, right bar. See also Fig. S2.

C A 3 Fig. 6

 36 Fig. 6 Switching between familiar and novel attractor states: proposed model. Energy landscape of CA3 network states representing different maps and different positions along the track (schematic). In a familiar environment, the CA3 network falls into an attractor state that is governed by strengthened recurrent synaptic connectivity, thereby performing generalization during memory recall of familiar events. We propose that a small bias in the inputs from the dentate gyrus first recruits feed-forward inhibition, thereby lifting the network state out of the deep trough representing the familiar environment. Direct excitation from the dentate gyrus then pushes the CA3 network into a different attractor state with initially weaker, pre-existing recurrent connectivity, thereby performing discrimination during novelty encoding. Numbers represent network states corresponding to the model snapshots shown in Fig. 5c (1: Fig. 5c, left; 2: Fig. 5c, middle; 3: Fig. 5c, right).
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 11 Pharmacology and distribution of hippocampal ACh receptors. Adapted fromKatzung & Vanderah (2021) 468 and Teles-GriloRuivo & Mellor (2013) 386 .
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		Chapter 2. Methods
	Technique Virtues	Drawbacks
	Extracellular	Can simultaneously record from mul-tiple units (i.e. neuronal populations).	Only neuronal output in the form of action potentials is recorded.
		Recordings are stable and can be used for chronic preparations.	Sampling bias towards more active and larger neurons.
			Stimulation of recorded neurons is not possible.
			Does not identify the cellular elements that produce the recorded signals.
	Sharp	Recorded neurons can be stimulated and labelled.	Vulnerable to leak (i.e. bad seal qual-ity).
		The recording electrode is reusable between recordings.	

Table 2 . 1

 21 Comparison of electrophysiological recording techniques. Adapted from Chorev et al. (2009) 638 and Lee & Brecht (2018) 639 .
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Methods

Commentary on the design and implementation of the experimental strategy

Whole-cell patch-clamp recordings in head-fixed mice

Computation in neurons takes place in the form of spatiotemporal integration of synaptic inputs, resulting in membrane potential (V m ) fluctuations. Most of our current knowledge about this process stems from electrophysiology, which is the only technology available at present to directly register such electrical signals-the brain's natural language. However, the techniques from the electrophysiological repertoire differ in their advantages and their limitations (table 2.1).

In spite of their widely established role in studying neuronal population dynamics, extracellular recording techniques and imaging methods based on calcium indicators do not allow evaluation of the inputs or intrinsic properties of neurons nor they measure V m directly, which poses severe limitations to the conclusions about neuronal computations that can be drawn from studies employing exclusively these methodologies. On the other hand, intracellular electrophysiological recordings using the whole-cell patch-clamp technique are the only method that simultaneously provides information about the input, output, and the intrinsic properties determining excitability of a neuron with sub-millisecond and sub-millivolt precision. Moreover, this technique not only 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice

All procedures were carried out in accordance with European and French guidelines on the ethical use of animals for experimentation (EU Directive 2010/63/EU) and were approved by the Ethics Committee CETEA of the Institut Pasteur (protocol number 160066). 6-16 week-old male C57BL/6J wild-type mice (Janvier Labs) were used for all experiments. After their arrival at 4-5 weeks old, mice were housed in a room kept at 21 C in groups of two to four in polycarbonate individually ventilated cages enriched with running wheels, with a 12 h inverted light/dark cycle and ad libitum access to food and water until the start of the experiments. All animals were treated identically. When experiments started, mice were placed under controlled water supply (0.5 mg of HydroGel per day, ClearH 2 O) and maintained at 80%-85% of their initial body weight over the course of imaging and electrophysiology experiments. In total, imaging data from 14 mice (DG, n = 7; CA1, n = 7) and electrophysiology data from 7 mice were used in this study.

METHOD DETAILS

Surgical procedures

All surgical procedures were performed in a stereotaxic apparatus (Kopf instruments). Combined analgesia, buprenorphine (0.05 mg/kg, Vetergesic) and meloxicam (10 mg/kg, Metacam), was administered through intraperitoneal injection at least 30 min before any surgical intervention and the incision sites were infiltrated with lidocaine. Mice were anesthetized with isoflurane (3%-5% for induction and 1%-2% for maintenance, vol/vol). During the surgery, mice were kept at a body temperature of ~36 C using a heating blanket, and their eyes were protected with artificial tear ointment. Postoperative analgesia (meloxicam 5 mg/kg) was administered orally in combination with surgical recovery DietGel (ClearH 2 O) for 2 days after surgery. (A) Supplement to Fig. 1H (left). Pairs of spatial activity maps of all spatially modulated dentate gyrus neurons sorted by the position of maximal activity in the left map of each pair (normalized per cell). Left pair, sessions in F were split into even and odd lap crossings. Middle pair, sessions in N were split into even and odd lap crossings. Right pair, comparison of lap crossings in F and N (54 sessions from 7 mice).

(B) Population vector (PoV) correlation across mean spatial activity maps for all spatially modulated cells against the position of the animals in the virtual corridor.

(C) Supplement to Fig. 1H (right). Same as (A) but for CA1 (29 sessions from 7 mice).

(D) Same analysis as in (B), but for CA1. 

In vivo whole-cell patch-clamp recordings

Two craniotomies ( ∼0.5 mm) were drilled 3-24 hours before the recording session for the recording electrode (right hemisphere, 2.0 mm caudal and 1.5 mm lateral from Bregma) and the reference electrode (left hemisphere, 2.0 mm caudal and -1.5 mm lateral from Bregma). The dura mater was removed using fine forceps and the cortical surface was kept covered with artificial cerebrospinal fluid of the following composition: 150 mmol/L NaCl, 2.5 mmol/L KCl, 10 mmol/L HEPES, 2 mmol/L CaCl 2 , 1 mmol/L MgCl 2 . In a subset of animals, 600 nL of 1 mmol/L atropine solution was injected with a glass micropipette at a depth of 1.7 mm from the cortical surface to selectively target the dentate gyrus [START_REF] Paxinos | Paxinos and Franklin's the Mouse Brain in Stereotaxic Coordinates, Compact 5th Edition[END_REF] All chemicals were purchased from Sigma. Pipette tip resistance was 4-8 MΩ. Electrodes were arranged to penetrate the brain tissue perpendicularly to the cortical surface at the center of the craniotomy and the depth of the recorded cell was estimated from the distance advanced with the micromanipulator (Luigs & Neuman), taking as a reference the point where the recording electrode made contact with the cortical surface. Whole-cell patch-clamp recordings were obtained using a standard blind-patch approach, as previously described 12,27,[START_REF] Margrie | In vivo, low-resistance, whole-cell recordings from neurons in the anaesthetized and awake mammalian brain[END_REF] .

Only recordings with a seal resistance > 1 GΩ were included in the analysis. Recordings were obtained in current-clamp mode with no holding current. No correction was applied for the liquid junction potential. Typical recording durations were ∼5 min, although longer recordings (∼30 min) were occasionally obtained. V m signals were low-pass filtered at 10 kHz and acquired at 50 kHz. After completion of a recording, the patch recording electrode was gently withdrawn to obtain an outside-out patch to verify the integrity of the seal and ensure the quality of the biocytin filling. To synchronize behavioral and electrophysiological recordings, TTL pulses were triggered by the virtual reality system whenever a new frame was displayed (frame rate: 100 Hz) and recorded with both the behavioral and the electrophysiological acquisition systems.

Histology and microscopy

Immediately upon completion of a successful recording, animals were deeply anesthetized with an overdose of ketamine/xylazine administered intraperitoneally and promptly perfused transcardially with 1x phosphatebuffered saline followed by 4% paraformaldehyde solution. Brains were extracted and kept immersed overnight in 4% paraformaldehyde solution. 60-70 µm-thick coronal slices were prepared from the recorded hippocampi.

Slices were stained with Alexa Fluor 488-streptavidin to reveal biocytin-filled neurons and patch electrode tracts.

DAPI was applied as a nuclear stain to reveal the general anatomy of the preparation. Fluorescence images were acquired using a spinning-disc confocal microscope (Opterra, Bruker) and analyzed using ImageJ. The accuracy of the recording coordinates was confirmed in all cases by identification of either the recorded neuron or the recording electrode tract.

Estimation of the effect of the observed synaptic response to novelty on population activity in the dentate gyrus

A Gaussian fit was produced for the complete dataset of baseline values of membrane potential recorded in granule cells (n = 73 cells). Then, an artificial dataset representing 'novelty' was generated by applying the observed mean depolarization (1.0 mV) to these baseline values and the corresponding Gaussian fit was produced. Ground-truth data on the activity of granule cells during spatial navigation was used to estimate that, during navigation in a familiar environment, ∼3.3% of the granule cell population produces spikes during a 2 s period 27 . The right tail of the Gaussian fit from the real dataset was used to calculate the spiking threshold that would yield this percentage (-44.0 mV). Using this threshold, the percentage of cells that would be above it (i.e. actively spiking) in the artificially depolarized dataset was computed, which yielded 4.2%, representing a recruitment of spiking cells of approximately a third of the baseline spiking population's size.

CA3 network model: connections and inputs

An auto-associative neural network of n = 20,000 binary (0,1) units was implemented as a model of CA3. 20% of the n units were randomly assigned placed fields (PF) in environment F, uniformly centered on p = 400 equidistant points along the track (PF diameter = 33 pts). A scale factor of 0.3 cm was multiplied with this spatial dimension to simulate the physical length of the track (120 cm) in the experiment (PF diameter = 9.9 cm). Activity patterns ξ µ were generated for each point by randomly choosing 330 units (sparsity level a = 0.0165) 9 among those with a PF overlapping the position. Parameters were adapted from Guzman et al. for a smaller number of total units by keeping fixed the absolute number of units involved in a single memory.

The coupling matrix J was defined through the clipped Hebb rule,

Such couplings carve a quasi-continuous attractor model of the environment 35 . Couplings J (N ) ij supporting the pre-wired map N were defined in the same way, based on another random subset of 0.2 n place cells, and were multiplicatively shrunk by random factors < 1 (beta-distribution, parameters α = 0.7, β = 1.2). As a result, all connections J

(N ) ij were reduced in strength, or even set to zero (Fig. S3). Finally, the excitatory synaptic matrix J for the CA3 network was defined as

where the connectivity matrix C ij = 0,1 randomly assigned 1,200 input connections j to each unit i, in agreement with estimates of the connectivity 9 . mEC inputs to CA3 were spatially selective, acting on 50% of the place cells, chosen at random, among those involved in the activity pattern ξ µ associated with the current position of a virtual rodent. To account for consolidation of map F, input intensities on cells coding for environment F were

Data analysis and statistics

To analyze subthreshold membrane potential, V m traces were digitally low-pass filtered at 5 kHz and resampled at 10 kHz. V m traces were subsequently high-pass filtered at > 10 -5 Hz to remove slow trends such as reference drifts. Action potentials were removed from the traces by thresholding to determine action potential times and then replacing 2 ms before and 10-20 ms (depending on the action potential shape) after the action potential peak with an interpolated straight line. Data are presented as the mean ± s.e.m., unless stated otherwise.

Statistical significance was assessed using either paired or unpaired two-tailed Student's t-tests, as appropriate.

Indications of statistical significance correspond to the following values: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. All analyses were carried out using custom-made Python scripts [START_REF] Harris | Array programming with NumPy[END_REF] .

Previous use of the data in other work

Some of the recordings included in the present study have also been used for previous work 12 , where the specificity of subthreshold responses for the familiar and novel environments was analyzed. 
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Supplementary information

Supplementary Video Network activity during two simulated lap crossings across the familiar (F) and the novel (N) environment. Blue and red bars represent the number of active cells with a place field center in the corresponding 5 cm bin in, respectively, the F (top) and N (middle) maps. Black dashed lines represent the position cued through the mEC input to the subnetworks involved in the encoding of the two maps. Simulated animal position is shown at the bottom. Note the activity bump moving from the F to the N map after teleportation.