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Fast confocal fluorescence imaging in freely-behaving mice with a fiberscope by Clara DUSSAUX

One of the goals of neuroscience is to understand how neural activity is related to behavior and cognition. However, understanding the neural mechanisms induced by sensory stimuli or the engagement in a behavioral task ideally requires studying the neuronal activity in the intact brain, in the awake and freely-moving animal. The current development of optogenetic tools to observe and manipulate neuronal activity with light, while specifically targeting cell types, has been a major breakthrough and now allows us to address these issues, provided that microscopic tools are also available to observe (or manipulate) large populations of neurons with a sufficient spatio-temporal resolution to record (or reproduce) the neuronal activity of individual cells in the freely-behaving animal. We chose to develop a fiberscope (a microscope coupled to the animal by an image guide with a micro-objective attached to it) and to use a confocal microscopy approach, which is an optical sectioning imaging technique, i.e for which the signal from outof-focus planes is not recorded, greatly improving image quality as compared to conventional widefield microscopy. In order to overcome the relatively low acquisition rate of a conventional confocal microscope (related to the 2D scanning of the illumination point in the sample), while preserving the signal-to-noise ratio, we have multiplexed the acquisition: either several points are illuminated simultaneously (as in the spinning-disk confocal microscopy technique), or an entire line is illuminated. The fluorescence intensity is collected on a camera, after transmission by a detection mask similar to the illumination mask. These illumination patterns and the detection masks are then scanned to form an image. In our case, the illumination masks are created using a DMD (matrix of micro-mirrors), whose high refreshing rate (16kHz) can achieve imaging rates of several hundred Hz. The detection masks are created either by the DMD or directly by the camera. We have also implemented a hybrid technique in which we record simultaneously a multipoint confocal image and a conventional widefield image to subtract the residual background in the confocal image (differential multipoint scan). This system is miniaturized to be carried by a freely behaving mouse (< 2g), adapted to chronic imaging, compatible with targeted photoactivation, has a cellular resolution and can image at more than 100Hz. We first characterized theoretically and experimentally the optical performances of these three implementations (widefield, line scan and differential multipoint scan) in terms of spatial resolution, imaging rate, signal-to-noise ratio, optical sectioning strength and background rejection. In a second step, we performed calcium imaging experiments in the hippocampus while the mouse performed a spatial navigation task consisting of going back and forth on a linear track. We observed place cells, which are active specifically when the animal is in a particular location, during long sessions (> 1h), over several weeks, with limited photobleaching or photodamage and limited motion artifacts. The fiberscope also embeds a targeted photoactivation module by intensity modulation and can be used, in the current state of development, to study spatial memory coding in the hippocampus. v Résumé de la thèse L'un des objectifs des neurosciences est de comprendre comment l'activité neuronale est liée au comportement et à la cognition. Cependant, la compréhension des mécanismes neuronaux induits par des stimuli sensoriels ou par l'engagement dans une tâche comportementale nécessite idéalement d'étudier l'activité neuronale dans le cerveau intact, chez l'animal éveillé et libre de ses mouvements. Le développement actuel d'outils optogénétiques a été une avancée majeure et permet désormais d'observer et de manipuler l'activité neuronale avec la lumière, tout en ciblant spécifiquement des types cellulaires, à condition que des outils microscopiques soient également disponibles pour observer (ou manipuler) de grandes populations de neurones avec une résolution spatio-temporelle suffisante pour enregistrer (ou reproduire) l'activité neuronale de cellules individuelles chez l'animal libre de se mouvoir. Nous avons choisi de développer un fibroscope (un microscope couplé à l'animal par un guide d'image auquel est attaché un micro-objectif) et d'utiliser une approche de microscopie confocal, qui est une technique d'imagerie permettant de faire du sectionnement optique, c'est-à-dire pour laquelle le signal provenant des plans hors focus ne sont pas enregistrés, ce qui améliore considérablement la qualité de l'image par rapport à la microscopie à champ large classique. Afin de surmonter le taux d'acquisition relativement faible d'un microscope confocal conventionnel (lié au balayage 2D du point d'illumination dans l'échantillon), tout en préservant le rapport signal sur bruit, nous avons multiplexé l'acquisition: soit plusieurs points sont illuminés simultanément (comme dans la technique de microscopie confocal à disque rotatif), soit une ligne entière est illuminée. L'intensité de fluorescence est collectée sur une caméra, après transmission par un masque de détection similaire au masque d'illumination. Ces motifs d'illumination et les masques de détection sont ensuite scannés pour former une image. Dans notre cas, les masques d'illumination sont créés à l'aide d'un DMD (matrice de micro-miroirs), dont le taux de rafraîchissement élevé (16 kHz) permet d'atteindre des cadences d'imagerie de plusieurs centaines de Hz. Les masques de détection sont créés soit par le DMD, soit directement par la caméra. Nous avons également mis en oeuvre une technique hybride (multipoint différentiel) dans laquelle nous enregistrons simultanément une image confocal multipoint et une image grand champ conventionnelle pour soustraire le signal de fond résiduel à l'image confocal. Ce système est miniaturisé pour être porté par une souris libre de se mouvoir (<2g), adaptée à l'imagerie chronique, compatible avec la photoactivation ciblée, a une résolution cellulaire et permet d'imager à plus de 100Hz. Nous avons d'abord caractérisé théoriquement et expérimentalement les performances optiques de ces trois implémentations (grand champ, balayage linéaire et balayage multipoint différentiel) en termes de résolution spatiale, cadence d'imagerie, rapport signal sur bruit, force de sectionnement optique et rejet du signal de fond. Dans une deuxième étape, nous avons réalisé des expériences d'imagerie calcique dans l'hippocampe pendant que la souris effectuait une tâche de navigation spatiale consistant à faire des allers-retours sur une piste linéaire. Nous avons observé des cellules de lieu, qui ont la propriété d'être actives spécifiquement lorsque l'animal se trouve dans un endroit particulier, pendant de longues sessions d'enregistrement (> 1h), sur plusieurs semaines, avec un photoblanchiment et un photodommage limités et de faibles artefacts de mouvement. Le fibroscope intègre également un module de photoactivation ciblé par modulation d'intensité et peut être utilisé, dans l'état actuel de développement, pour étudier le codage de la mémoire spatiale dans l'hippocampe. 
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Introduction

One of the longstanding goals in neuroscience is to describe a structure-function relationship of the brain. Structure refers to the anatomic architecture of the brain, while function refers to its dynamical organization, i.e how neural activity is linked to behaviors and cognition. Among the main current neuroscience research topics are the description of the neural basis of brain pathologies (stroke, depression, anxiety, schizophrenia, Parkinson, Alzheimer, epilepsy, aging, autism...), neural understanding and description of cognitive processes such as memory formation, perception, learning, thinking, decision making, and ultimately description of consciousness. These numerous branches of research are studied in parallel, with tools and approaches of their own, and with more or less rapid progress. The case of systems neuroscience which focuses on the processes driven by sensory stimuli or engaged in a behavioral task in the intact brain is far from being fully described, mainly because of the lack of tools to explore the intact brain of animals engaged in an active task.

The recent development of optogenetic tools for neuroscience (initiated by the discovery of the tandem aequorin/GFP in 1962 by Osumu Shimomura [START_REF] Shimomura | Extraction, purification and properties of aequorin, a bioluminescent protein from the luminous hydromedusan, Aequorea[END_REF], and then by the cloning of the GFP protein in 1992 [START_REF] Prasher | Primary structure of the Aequorea victoria green-fluorescent protein (Bioluminescence; Cnidaria; aequorin; energy transfer; chromophore; cloning)[END_REF], followed by the last years spectacular progress), has spread the hope to deepen our knowledge about systems neuroscience. Indeed, the development of genetically encoded light-sensitive proteins that allow recording (fluorescence reporters), and to manipulate (optogenetic actuators) neural activity under precise spatiotemporal delivery of light, in specific subtypes of cells and a specific region of interest (ROI) in the brain, has increased the possibility to interrogate the mechanisms that drive population dynamics and how these interactions are related to behavior. Consequently, another field has been the subject of a simultaneous great renewal: optical technologies. Optical microscopy is an old field of research which dates back in the 17th century [START_REF] Araki | The history of optical microscope[END_REF]. Nevertheless, as observable evolves, optical performance must adapt. Imaging the brain to study the neuronal basis of behavior requires to follow precise constraints specific to the optogenetic tools used and to the brain structure of interest to achieve a single-cell spatial resolution over a large field of view (FOV), and with single action potential (AP) temporal resolution.

My doctoral work during the last four years in Pr. Laurent Bourdieu's team called "Cortical Dynamics and Coding Mechanisms" at l'Institut de Biologie de l'Ecole Normale Supérieure in Paris, under the supervision of Dr. Cathie Ventalon and Pr. Laurent Bourdieu, has consisted of the development and proof of concept of a flexible fiberscope as a tool to image a large FOV (230µm) and photoactivate with single-cell precision one or more cells in the brain of freely-behaving mice with high spatiotemporal resolution. In this introduction, I will present our motivations to develop a tool for the study of hippocampal cell assemblies of an animal involved in a spatial navigation task. Then, I will present the technical specifications required as well as the state-of-the-art of available methods. We will see how these methods have been adapted to the freely-moving animal and their limits. Lastly, I will introduce our strategy and the main challenges.

Mimicking and perturbing cell assemblies

Since the pioneering works of cell assembly recall in Tonegawa's lab [START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF], the causal relationship between behavior and neuronal activity at the population scale has become an active field of research. In this work, they showed that optical activation of hippocampal cells that were active during a fear conditioning protocol (i.e during the formation of a memory) elicit a subsequent freezing behavior in a different context (i.e the expression of the memory stored in a subset of cells).

To discuss and study cell assembly formation, evolution, and their causal effect to behavior, the ability to specifically and precisely target in time and space previously spotted assemblies is essential. Especially, being able to synthetically recreate the exact sequence of activations of cell assemblies and testing if this sequence would be enough to trigger a specific behavior, would be a key step toward our comprehension of the functional role of cell assemblies. Novel methods to image and manipulate the neuronal activity of a population of neurons with cellular precision have been developed since a few years and are crucial to interrogate neural networks models that are established by the field of computational neuroscience. These methods have been recently implemented in several studies, such as to artificially induce neuronal ensembles that are then reactivated spontaneously, and recalled following single-cell stimulation over days [START_REF] Carrillo-Reid | Imprinting and Recalling Cortical Ensembles[END_REF]. In another study [START_REF] Fang | Overproduction of Neurons Is Correlated with Enhanced Cortical Ensembles and Increased Perceptual Discrimination[END_REF]], a mouse model in which neuronal production has been enhanced was used to establish a causal link between the increased number of cortical neurons, the increased number of neuronal assemblies, and the improvement of a perceptual discrimination task. Besides, population recordings will also provide information about the main features to describe an assembly, in term of size, organization, redundancy, timing [Buzsáki, 2010;[START_REF] Yuste | From the neuron doctrine to neural networks[END_REF].

Conclusion

The purpose of the instrumental development described in this manuscript is the study of the dynamics of cell assemblies in freely-behaving animals. Our method must be able to record the sequential activity of the neuronal assemblies and then reproduce or disrupt it, thanks to optogenetics tools. The justifications for the structure of the brain that we have chosen to study (the hippocampus) is the subject of the next section. I will then specify in Sections 1.3, 1.4 and 1.5 the methodological requirements for this project.

The hippocampus: a case study

Cell assemblies have been identified in several regions of the brain [START_REF] Huyck | A review of cell assemblies[END_REF]. However, the hippocampus is the most widely studied area, most probably because of 1/ the discovery of its implication in memory processes with the patient H.M. [START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF]; 2/ the discovery in 1971 by John O'Keefe of place cells in the rat hippocampus [O' Keefe and Dostrovsky, 1971] whose response is linked to the external stimulus of being in a specific location; and 3/ the discovery that place cells are organized as cell assemblies that underlie processing of internal cognitive processes such as spatial memory [START_REF] Harris | Organization of cell assemblies in the hippocampus[END_REF].

Hippocampus and memory

In 1957, Henri Molaison (patient HM, Figure 1.3A) who was suffering from epilepsy, underwent surgery to remove the epileptic foci that were located in the hippocampal formation and the medial temporal lobe (Figure 1.3A). This surgery ceased its epileptic seizures but also resulted in the loss of its orientation capacity and in severe amnesia [START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF].

1.2. The hippocampus: a case study 5 HM could not form new long-term explicit memory and appeared to have partial retrograde amnesia for a few years before his operation [START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF]. However, he was able to proceed to short-term memory storage (30s), to learn procedures and motor skills. In his misfortune, the study of this patient over decades has led to the current classification of the different memory systems: 1/ the hippocampus-dependent system dedicated to memory formation and consolidation (explicit/declarative, and especially episodic memory, which is the memory of who I am, what I did), and 2/ the hippocampus-independent system dedicated to short term procedures and motor skills learning (working memory, short-term storage) and the memories associated with a strong emotional charge. Nowadays, memory classification has been further enriched, and the hippocampus has been further studied to better understand the mechanisms underlying memory formation and storage.

Hippocampus and spatial navigation

In 1971, John O'Keefe and colleagues discovered cells that responded maximally whenever the animal was in a specific location of the environment and called them place cells [O' Keefe and Dostrovsky, 1971]. These cells are characterized by their receptive fields, that are called "place fields" (Figure 1.3B). It is now well known that the hippocampus and the medial temporal lobe are involved in spatial memory coding [START_REF] Burgess | The human hippocampus and spatial and episodic memory[END_REF]. Hippocampal lesions or inactivations in the rodents have been experimentally tested and subjects exhibit profound deficits in their performance in a complex spatial navigation task [START_REF] Morris | Place navigation impaired in rats with hippocampal lesions[END_REF].

Besides place cells, other networks of spatially modulated cells have been found: grid cells (cells that fire sequentially at regularly spaced locations in the environment [START_REF] Hafting | Microstructure of a spatial map in the entorhinal cortex[END_REF]), head-direction cells (neurons that increase their firing rates when the animal's head points in a specific direction [START_REF] Ranck | Head-direction cells in the deep cell layers of dorsal presubiculum in freely moving rats[END_REF]), but also boundary cells, speed cells, goal cells, objects cells (see [START_REF] Grieves | The representation of space in the brain[END_REF] for a review). These spatial representations, in turn, are thought to guide long-range navigation and form the neural basis of a "cognitive map" of the environment [START_REF] Tolman | Cognitive maps in mice and men[END_REF], where a different ensemble of coactivated neurons corresponds to each location in space.

Hippocampal cell assemblies

Place cells have been found in many species including monkeys [START_REF] Ono | Three dimensional two-photon brain imaging in freely moving mice using a miniature fiber coupled microscope with active axial-scanning[END_REF] and humans [START_REF] Ekstrom | Cellular networks underlying human spatial navigation[END_REF], and require internal cues such as vestibular and proprioceptive signals, as well as external sensory cues such as visual landmarks, to work properly. In 2003, Harris and colleagues showed that, in the rat hippocampus, considering the spike times of the other neurons of the assembly within a time window of 10-30ms allowed to better predict the spike times of a neuron than to use only the position of the animal [START_REF] Harris | Organization of cell assemblies in the hippocampus[END_REF]. In doing so, they experimentally established that synchrony between members of the same assembly is greater than that simply predicted by external stimuli related to spatial navigation, giving an experimental evidence of the existence of internal cognitive processes. They also highlighted that this time window in which spike times are best predicted from simultaneous peer activity is consistent with the membrane time constant, the period of hippocampal gamma oscillation and the timescale for synaptic plasticity, and as such, they suggested that this timescale is the signature of cooperative synchrony dedicated to information transfer and storage (Figure 1.2).

Mechanism underlying memory formation and storage

The formation, storage, and consolidation of a spatial map are the three key processes to describe the theory of long-term memory. phase of learning leads to cell assemblies formation both in the mPFC and the hippocampus and 3/ during sleep, the mPFC exhibits replay of cell assembly pattern related to the navigational task [START_REF] Euston | Fast-Forward Playback of Recent in Prefrontal Memory Sequences Cortex During Sleep[END_REF]. Experimental evidence has then confirmed the implication of the mPFC: dynamical enhancement of the temporal coordination between the hippocampus and mPFC during sleep resulted in improved memory consolidation, underlying a causal relationship between the hippocampo-cortical dialogue and memory consolidation [START_REF] Maingret | Hippocampo-cortical coupling mediates memory consolidation during sleep[END_REF]. As such, the mPFC is progressively involved in spatial memory recall over days, concomitantly with a progressive decrease of hippocampal commitment, and these processes are monitored through brain oscillations (Figure 1.5D).

D-Summary

• When an animal runs on a linear track, each cell assembly with nearby place fields discharges one after the other, reflecting the ongoing trajectory of the animal. At a finer timescale, the spike timing of the overlapping place cells assemblies is related to the phase of the ongoing theta rhythms through phase precession. These theta sequences are thought to underlie the encoding of memory traces.

• Later on, during rest and sleep, a temporal compression phenomenon, which corresponds to the replay of the sequence of place cell assemblies in the same order but at faster timescale, initiates the formation of a memory trace of the previously experimented trajectory through the strengthening of inter-assembly synaptic plasticity. The repetition of this same phase sequence consolidates the memory trace and stores it.

• Lastly, the memory traces are transferred to the neocortex through synchronization of brain rhythms and will be later on available for recall.

Anatomy of the hippocampal formation

General description

The hippocampus is a structure symmetrically present in each hemisphere with the two hippocampi connected by the hippocampal commissure of the corpus callosum. The hippocampal formation corresponds to four substructures: the dentate gyrus (DG), the subiculum, the Cornu Ammonis (CA), composed of the areas CA1, CA2 and CA3, and the entorhinal cortex (EC) composed of the medial entorhinal cortex (MEC) and the lateral entorhinal cortex (LEC). The CA part of the hippocampus presents a laminar structure with 4 sublayers: the stratum lacunosummoleculare, the stratum radiatum, the stratum pyramidale, and the stratum oriens (Figure 1.6B).

At the cellular level, the hippocampus is characterized by a "trisynaptic neural loop": the input signals are emitted from the entorhinal cortex that strongly projects towards the dentate gyrus. The dentate gyrus projects massively toward CA3 via the mossy fibers pathway, which then projects to CA1 through the Schaffer Collateral pathway. Finally, CA1 projects back to the entorhinal cortex or subiculum to close the trisynaptic loop (Figure 1.6A). Parallel to this circuit, other projections take place: the entorhinal cortex also projects directly towards CA3 and CA1, CA3 also exhibits recurrent connections between its pyramidal neurons, CA2 also receives inputs from DG and projects towards CA1, CA3 provides a feedback projection to the DG.

Because the EC is also reciprocally connected with higher cognitive cortical structures areas (such as the prefrontal cortex and the olfactory cortex), it is the main interface of the hippocampus with the cortex. For a more precise anatomical description of the hippocampal formation, see [START_REF] Knierim | The hippocampus[END_REF] and related bibliography.

How to study the neural assemblies involved in the coding of spatial navigation

the cellular level by altering these sequences. To address these questions, new tools are required to measure the activity of many cells simultaneously, with high temporal resolution and the ability to follow the same individual cells over several days. In addition, these tools should provide the ability to modulate the activity with cellular precision, in order to trigger or alter sequences of hippocampal assemblies during theta oscillations or ripples, and to describe their role on daily performance gains. Another interesting feature would be the ability to modulate or record the activity of different cellular subtypes (interneurons, pyramidal cells) in order to identify the role of each.

In the next Sections, I will describe more completely the technological requirements to investigate hippocampal cell assemblies dynamics at the cellular scale, namely: 1/ which animal model? 2/ what kind of behavioral protocol (i.e free navigation or virtual reality (VR))? 3/ which spatiotemporal resolution to measure and modulate neuronal activity over a large population of neurons? I will also present an overview of the existing methods and their limits for the study of hippocampal cell assemblies, thus motivating the development of alternative tools.

How to study the neural assemblies involved in the coding of spatial navigation

Which animal model?

The main drawback of most of the current methods for brain investigation is that they are invasive, and cannot be used on human, with some exceptions (fMRI). Indeed, despite major efforts from the scientific community to find alternatives to animal use for scientific purposes, we do not have yet appropriate tools to explore structural and functional information of cortical and subcortical structures without animals. Yet, studying the link between the neuronal activity and the behavior is crucial to better understand cognition and pathologies while it requires entire and awake animals. Current ethical legislation and state of mind of the research community are to find it acceptable to do animal experimentation if there are no alternatives available and if the outcome of the research is valuable. From this starting acceptance, we choose as an animal model the mouse for several reasons:

• It is a mammalian small enough for laboratory experiments, that grows fast enough for reaching adult age in a reasonable time window (≃ 2 months), smart enough to learn behavioral discrimination and navigation tasks.

• Choosing mice is benefiting from the revolution of optogenetics to 1/ target a subpopulation of neurons (Cre-lox systems, transgenic mouse lines, multiple available mice strains, AAV compatibility) but also 2/ duplicate many times an experiment on transgenic strains with limited variability from litter to litter and year to year, and 3/ develop new non-existing strains (with a disease or new biological properties).

• It is a relevant model for system neuroscience, and more specifically for the memory system which shares enough similarities with the human brain to be considered as a good model.

Spatial navigation studies benefit from the ability of the animal to be freelymoving

In this section, I discuss the important requirement of developing a tool for freely-moving mice for studying 2D spatial navigation. In particular, we will see that care should be delivered to vestibular and proprioceptive cues in a behavioral protocol. Proprioception is the sense of selfmovement and body position. The vestibular system is a part of the inner ear which contributes to the sense of balance and spatial orientation.

A-What are the methodological options for studying the neuronal activity of a mouse engaged in a spatial navigation task?

When applying brain recordings methods to awake behaving rodents, two experimental paradigms can be followed:

1-The rodent can be attached under a highly-performant brain recordings tools in a head or body-restrained strategy (Figure 1.7). The high-performance recording device is chosen among a large panel of techniques with different performance in term of FOV, resolution, invasiveness: two-photon microscopy, functional magnetic resonance imaging, intracellular or extracellular singleunit electrophysiological recordings, functional ultrasound imaging, Positron Emission Tomography, to name a few of them. These recording devices can be coupled with Virtual Reality (VR) system in which the animal is either head-fixed with a mounting clamp implanted onto its skull, or body fixed with a harness. While the animal walks on a spherical treadmill floating on an air stream to prevent friction, a large screen spans its field of vision mimicking the real world (RW) exploration (Figure 1.7A-D). This strategy allows the animal to navigate actively in space with precise control of stimuli and sensory cues, high reproducibility between trials, and the use of highly performant imaging devices (volumic and chronic recordings, high spatiotemporal resolution, coupling with challenging technologies such as targeted photoactivation). Several experimental paradigms are of particular interest in a VR system. For instance, it allows to monitor in a closed-loop way how motor actions, which result in sensory stimulation, drive back motor action; to implement a fine control on each single sensory stimuli; to disentangle the effect of different inputs; to find the minimal set of cues necessary to mimic a given behavior; to experiment paradigms that can not be performed in the RW, such as teleportation or physically impossible decision-making tasks; and to teach rodents to train themselves in a self-habituation way, without the intervention of the experimentalist. Therefore, VR has become a valuable tool to explore sensory systems, spatial navigation, spatial learning, memory, and decision-making (see [START_REF] Thurley | Virtual reality systems for rodents[END_REF] for review). In agreement, a large repertoire of VR systems are now available relying on the different senses: vision [START_REF] Schmidt-Hieber | Cellular mechanisms of spatial navigation in the medial entorhinal cortex[END_REF], touch [START_REF] Sofroniew | Neural coding in barrel cortex during whisker-guided locomotion[END_REF], audition [START_REF] Cushman | Multisensory control of multimodal behavior: Do the legs know what the tongue is doing?[END_REF], olfaction [START_REF] Radvansky | An olfactory virtual reality system for mice[END_REF].

2-Alternatively, the rodent can carry a part of the system on its head following miniaturization and behave freely. This strategy allows reducing stress due to head fixation, removes any uncertainty about the head restrained neural dynamics behavior (vestibular and proprioceptive inputs are intact) or the completeness of the environmental reproduction (motor, visual, tactile, auditory, smell cues are intact) as compared to VR. It also allows assessing experimental paradigms that could not be studied in VR such as social behavior (fighting, caregiving, mating), prey capture, predator evasion and motor behavior (jumping). For all these reasons, miniaturization has been adapted to multiple neuronal recording devices enabling fluorescence imaging, electrophysiology or functional ultrasound imaging over the last years (Figure 1.8).

Therefore, depending on the scientific question, it may be interesting to choose one of these two strategies, or even to introduce freely-behaving rodents in VR systems. However, whether behavior in the virtual world mimics that in real life is a current debate, in particular in the field of spatial navigation [START_REF] Minderer | Virtual reality explored[END_REF], that has been tackled by a few recent papers that described the properties of place cells in CA1 while rodents are exploring both a VR maze and the RW. Interestingly, these papers can be classified according to the different kinds of attachment

Chapter 1. Introduction

In such VR systems, the animal can experience its environment with vestibular and proprioceptive cues. Further developments to allow introducing multiple animals simultaneously with their own perception is challenging and could be an issue to study social behaviors. Alternatively, other technologies could emerge in the future, such as robots to teach rats to perform a navigational task. This strategy combines the advantages of a VR system (control of the movement, speed, direction of the animal, limit the perimeter for navigation) with the advantages of free behavior (free exploration, ethological navigation, no mismatch between visuomotor cues, no complex installation of closed-loop tracking) and adds the possibility to mimic social interactions [START_REF] Gianelli | A new rat-compatible robotic framework for spatial navigation behavioral experiments[END_REF]. 1.1: Summary of the differences in properties of neuronal activity between a freely-moving animal in the RW and an animal performing a virtual exploration coupled with different strategies of fixation. Row 1 and 2 correspond to the work of [START_REF] Chen | How vision and movement combine in the hippocampal place code[END_REF]. Rows 3 and 4 correspond to the work of [START_REF] Ravassard | Multi-sensory Control of Hippocampal Spatiotemporal Selectivity[END_REF] in black and [START_REF] Aghajan | Impaired spatial selectivity and intact phase precession in twodimensional virtual reality[END_REF] in blue. The last row corresponds to the work of [START_REF] Aronov | Engagement of Neural Circuits Underlying 2D Spatial Navigation in a Rodent Virtual Reality System[END_REF]. Spatial information I is measured as follows:

C-Summary

I sec = i∈N bins p i λ i log 2 ( λ i λ ) in bits per second. I spike = I sec
λ in bits per spike, with λ i the mean firing rate in the i-th space bin and p i the occupancy ratio of the bin, while λ is the overall mean firing rate of the cell. The firing-sparsity characterizes the relative proportion of the environment in which the cell fired. It ranges between 0 and 1 and a low value means that the cell was active in a small area. It is computed as

( i∈N bins p i λ i ) 2 ( i∈N bins p i λ 2 i ) .
Stability is related to a comparison of the place fields spatial stability between two recording sessions, or between two halves of a single session. It can be computed as a firing peak-shift measure, or as the bin-by-bin correlation between the two rate maps. Theta power corresponds to the integration of PSDs within 6-10 Hz, with PSD the power spectral density of the raw LFP during running session normalized by the total PSD in a large frequency band (typically 2-400Hz). "Precession cells" refer to the percentage of place cells that exhibits phase precession behavior. HF = Head-Fixed, BF = Body-Fixed, Rot = body rotation allowed.

Table 1.1 summarizes the values given in the papers cited above [START_REF] Chen | How vision and movement combine in the hippocampal place code[END_REF][START_REF] Ravassard | Multi-sensory Control of Hippocampal Spatiotemporal Selectivity[END_REF][START_REF] Aghajan | Impaired spatial selectivity and intact phase precession in twodimensional virtual reality[END_REF][START_REF] Aronov | Engagement of Neural Circuits Underlying 2D Spatial Navigation in a Rodent Virtual Reality System[END_REF]. Note that a comparison between different studies is complex because the experimental protocols, as well as the data analysis, are not uniform between these different studies (size and shape of the arena, external cues, mouse or rat Chapter 1. Introduction

A-Spatial specifications

Spatial specifications include a high spatial resolution, a large FOV and the possibility of focusing at different depths in the tissue. The requirement for single-cell resolution defines the spatial resolution of the recording system that should allow disambiguating the signal coming from two closely located neurons with the help of signal processing algorithms (a typical cell is ≃ 10µm diameter). Neuronal assemblies are groups of cells which are not necessarily placed next to each other, nor are they located at the same depth. Therefore, a large FOV is required to record from the activity of a large number of neurons simultaneously. More precisely, ensembles are composed of typically a dozen of neurons [START_REF] Diba | Forward and reverse hippocampal place-cell sequences during ripples[END_REF]. Moreover, in the hippocampus, the discharge probability of pyramidal cells increased during the ripple [START_REF] Csicsvari | Oscillatory coupling of hippocampal pyramidal cells and interneurons in the behaving rat[END_REF], and about 50% of active cells are place cells (Table 1.1) that participate to theta sequences during behavior. Therefore, a FOV of a few tens of cells is typically required to observe several assemblies during theta and ripples oscillations in the hippocampus. In addition, the number of cells to photostimulate in order to alter these sequences and to observe an effect on behavior remains an open question. Nevertheless, in [START_REF] Robinson | ll-optical manipulation of place cells drives spatially associated behaviour[END_REF], they report that activation of a few chosen place cells can modify behavior under a two-photon microscope that achieves a typical FOV of 268 x 268µm [START_REF] Zhang | Closed-loop all-optical interrogation of neural circuits in vivo[END_REF]. Although in this abstract, neither the total number of cells nor the number of photostimulated cells is specified, we can infer that this FOV is large enough for such studies. Based on the work of [START_REF] Ziv | Long-term dynamics of CA1 hippocampal place codes[END_REF] in which they record from 700 cells in about 0.34mm 2 of the CA1 area of the hippocampus, we can infer that there are more than 100 cells in 100x100µm. Therefore, let's say that to record from hippocampal cell assemblies and to interrogate the causal effect of sequences alteration during behavior or subsequent sleep or rest, a FOV of at least 100x100µm is typically required (but remains to be characterized, especially for photoactivation). These requirements (many cells simultaneously and single-cell resolution) restrain the recorded signals to be either electrical or optical (Figure 1.10A).

B-Temporal specifications

The temporal resolution for cell assemblies interrogation requires to be able to 1/ observe single APs of a single cell belonging to an assembly and 2/ to capture the dynamics of a single sequence of neuronal assemblies.

1-Description of an action potential

The neuronal signals consist of short electrical pulses, called action potentials (AP) or spikes, with a stereotypical shape of amplitude of about 100 mV and a duration of about 1-2 ms. They are generated at the initial segment of the axon (the "trigger zone") and then propagates along the axon (Figure 1.11A). When several APs are emitted one after the other, we talk about spike train. The information that is transmitted from one neuron to another lies in the frequency and timing of APs. The synapse refers to the area of functional contact between two neurons (Figure 1.11B). A single presynaptic neuron is connected to thousands of postsynaptic neurons (10 14 to 10 16 synapses in the human brain, and about 2000 synapses per neuron). The function of the synapse is to transmit to the postsynaptic neuron information on the frequency and/or the timing of APs emitted by the presynaptic neuron. Thus, a typical temporal resolution for AP description ranges within the millisecond. However, we will see later that this temporal precision is reconsidered according to the type of reporter of the activity that we use (optical, electrical). Consequently, the AP sampling will not be the limiting temporal precision. On the other hand, the time window for defining cell assembly sequences will calibrate the temporal resolution that we wish to achieve. 

2-Description of cell assemblies sequences and neuronal synchrony

Which method to measure and modulate the activity of individual cells within cell assemblies 1.4.1 Neuronal activity recording

Optical and electrophysiological technologies are the only methods allowing to capture neuronal activity at the single-cell level, but of many cells simultaneously in vivo. To transcribe neuronal activity two approaches can be implemented: 1/ electrical readout: electrical dynamics is recorded either with electrodes (electrophysiology) or with voltage-sensitive fluorescent reporters that detect a local change of voltage at the membrane (optics); 2/ calcium concentration readout: calciumsensitive fluorescent reporters emit photons according to the intracellular concentration in calcium ions (optics). In this section, I present the principle of these techniques. Then, I introduce the field of single-cell activity modulation with optogenetics actuators. Lastly, I introduce the recent development of all-optical recording/manipulation of brain circuits in the intact brain of awake, freely-behaving mice.

A-Electrophysiology

The elementary unit of signal transmission in the brain is the AP whose signature is a potential V owing to ionic transmembrane currents. Electrophysiological recordings can be either intracellular, i.e the electrode is inserted into the cell allowing a direct recording and monitoring of the membrane potential of the cell, or extracellular, i.e the electrodes remain outside the cell allowing to measure the activity of tens or hundreds of cells simultaneously [START_REF] Buzsáki | The origin of extracellular fields and currents -EEG, ECoG, LFP and spikes[END_REF].

1-Intracellular methods

Intracellular methods have the highest sensitivity, achieve perfectly spike detection and make it possible to measure and control membrane potentials [START_REF] Harris | Improving data quality in neuronal population recordings[END_REF]. But recording multiple cells simultaneously is a difficult procedure and limited in practice to a few cells. In addition, in freely-moving animals, methods such as micro-electrodes or patchclamp electrodes suffer from high sensitivity to brain motion [START_REF] Long | Intracellular recording in behaving animals[END_REF]. Constant efforts are being made toward making these tools more convenient to use in freely-behaving animals, such as the development of flexible nanopipettes [START_REF] Jayant | Flexible Nanopipettes for Minimally Invasive Intracellular Electrophysiology In Vivo[END_REF]. For the study of cell assemblies, requiring to observe a large number of cells, extracellular recordings are more adapted.

2-Extracellular methods

The extracellular recording is the method of choice for accessing the activity of a neuronal population and extracting the activity of individual cells in a deep region such as the hippocampus. The extracellular voltage measured with an electrode can be divided into two categories according to the frequency range:

• Low-frequency oscillations (< 500 Hz) refer to collective neuronal oscillations, i.e the summation of the electrical activity of many cells (10 2 -10 6 ), and is generally a signature of synchronous events. Low-frequency oscillations are classified according to their frequency bands: gamma (30-40Hz), beta , theta (4-10Hz), alpha (8-12Hz), delta (1-4Hz), or hippocampal ripples (150-250Hz) that can be found in all mammalian species [START_REF] Buzsáki | The origin of extracellular fields and currents -EEG, ECoG, LFP and spikes[END_REF].

• High-frequency fluctuations (> 500 Hz) are associated with single APs and attributed to individual neurons.

There are three main types of extracellular recordings methods to capture low-frequency oscillations: EEG, ECoG, and LFP.
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• Aequorin bioluminescent protein is derived from the luminescent jellyfish "aequorea victoria". It contains three calcium-binding sites. The binding of calcium ions to the protein modifies its conformational structure and results in an oxidation reaction. By recovering its basal state, the protein emits a photon at 470nm. Aequorin is an indicator that has a large SNR, is very sensitive to intracellular calcium concentration, does not require illumination of the sample. However, each molecule performs only one emission cycle and the time before being able to emit a new photon is quite long (>20min, [START_REF] Grienberger | Imaging calcium in neurons[END_REF][START_REF] Shimomura | The relative rate of aequorin regeneration from apoaequorin and coelenterazine analogues[END_REF]), which limits the observation of the temporal dynamics of a cell. Moreover, it penetrates with difficulty into the cell and must be directly loaded into the cell with a micropipette, which considerably limits the possibility of observing a large population of neurons.

• Fluorescent chemical (or synthetic) calcium indicators, such as OGB1, Oregon Green BAPTA, Calcium Green, Fura-2, Indo-1, Fluo-4, Rhod-2 [START_REF] Grienberger | Imaging calcium in neurons[END_REF] have been widely used in neuroscience, combined with optical microscopes. They provide a quantitative measurement of the dynamics of intracellular calcium concentration and have been used in many species, such as mice, rats, zebrafish, ferrets, and honeybees. The strengths of these synthetic probes are that 1/ they are very sensitive (high SNR), 2/ they have rapid kinetics, 3/ they can be combined due to the variety of their spectral properties, 4/ they are loaded with well-known methods to target single cells (sharp electrode, whole-cell patchclamp, single-cell electroporation), or local network of cells (acetoxymethyl ester loading, dextran-conjugated or bulk electroporation). Their weaknesses are that 1/ they do not offer cell-type-specific labeling, 2/ the preparations last for less than a day making them available only on acute preparations. Therefore they do not provide chronic recordings of specific cellular subtypes to study cell assemblies dynamics over time.

• Genetically encoded calcium indicators (GECIs) are a new generation of dyes allowing long-term imaging of genetically defined neuronal subtypes, providing the possibility to perform sparse labeling, or to label cells according to their retrograde or anterograde projections towards specific regions [START_REF] Lin | Genetically encoded indicators of neuronal activity[END_REF]. Because of that, they have become the gold standard method for dye loading, in a large panel of species, including the worm, zebrafish, fly, rodent, and even non-human primate [START_REF] Seidemann | Calcium imaging with genetically encoded indicators in behaving primates[END_REF]. This family of fluorescent reporters was almost exclusively engineered based on the green fluorescent protein (GFP) cloned from the jellyfish Aequorea victoria, the same species on which bioluminescent protein aequorin was found [START_REF] Dugué | A comprehensive concept of optogenetics[END_REF]. However, the last decades have seen the explosion of new engineered proteins based on other fluorescent proteins (FP) emitting at different wavelengths, such as the DsRed FP (extracted from the D. striata sea anemone), eqFP611 (extracted from the Entacmaea quadricolor sea anemone), as well as mutations from the already isolated FPs to provide colored variants (Green, Blue, cyan, Yellowish Aequora FPs, mHoneydew, mBanana, mOrange, mTangerine, mStrawberry, and mCherry colored variants from the initial DsRed FP), among many others that are extensively reviewed in [START_REF] Day | The Fluorescent protein palette : tools for cellular imaging[END_REF].

There are two main families of GECIs: Förster Resonance Energy Transfer (FRET-based GECI, such as the ECFP-YFP pair) and single-fluorophore GECI (such as the GCaMP family).

• FRET is a mechanism describing an energy transfer by non-radiative dipole-dipole coupling between an excited donor fluorophore and an acceptor fluorophore (Figure 1.16B). Initially, the donor is illuminated to reach its electronic excited state, then this excited fluorophore emits a virtual photon that is instantly absorbed by the acceptor, the latter reaches its electronic excited state and relaxes to its ground state by emitting a photon. The efficiency of this energy transfer is inversely proportional to the sixth power of the distance between

Chapter 1. Introduction and the optical method. Consequently, it usually requires priors and often lacks accuracy [START_REF] Lin | Genetically encoded indicators of neuronal activity[END_REF]].

• GECIs do not have the sensitivity to report subthreshold events that would be of great interest to study neuronal dynamics.

Therefore, accurate optical read-out of electrical responses would beneficiate from the development of genetically encoded indicators based on other biochemical processes with the fastest kinetics, such as vesicle release, changes in neurotransmitter concentrations or one of particular interest: transmembrane voltage potential. I present the GEVI family in the following.

3-Voltage imaging

The GEVI family and properties Among the biophysical indicators of an AP, Genetically Encoded Voltage Indicators (GEVI) have faster kinetic properties than GECI (≃ 2ms for activation and inactivation with ASAP1), achieve the detection of subthreshold depolarizations events in cultured neurons and brain slices, due to larger responses to APs, are less invasive than electrophysiological methods, and allow genetically targeted neurons to be monitored over chronic timescales [START_REF] Lin | Genetically encoded indicators of neuronal activity[END_REF]. In addition, because spikes bursts can occur with frequencies above 100Hz [START_REF] Lin | Genetically encoded indicators of neuronal activity[END_REF], such indicator with high spatiotemporal resolution would considerably deepen our knowledge about neuronal coding in a subpopulation of neurons. There are two main categories of GEVIs: 1/ voltage-sensitive fluorescent proteins (VSFPs), which make use of a voltage-sensing domain and 2/ microbial opsin-based GEVIs. When the membrane on which is bound such proteins changes of voltage, the protein triggers voltage-dependent conformational changes either in their voltage-gated ion channels or in their voltage sensor domain. In turn, these conformational changes lead to an intensity modulation of the FP to which the protein is bound. This intensity fluctuation presents high sensitivity and fast kinetics, in vivo. Many sensors have been recently developed in both families such as ArcLight [START_REF] Jin | Single action potentials and subthreshold electrical events imaged in neurons with a novel fluorescent protein voltage probe[END_REF], ASAP-1 [START_REF] St-Pierre | High-fidelity optical reporting of neuronal electrical activity with an ultrafast fluorescent voltage sensor[END_REF], ASAP-2s [START_REF] Chamberland | Fast two-photon imaging of subcellular voltage dynamics in neuronal tissue with genetically encoded indicators[END_REF]. The reader can refer to [START_REF] Xu | Voltage imaging with genetically encoded indicators[END_REF][START_REF] Bando | Comparative Evaluation of Genetically Encoded Voltage Indicators[END_REF] for a more extensive review of this field that is rapidly growing. Red-shifted GEVIs are also developed for the same reasons as for the development of red-shifted GECI (see section 1.4.1, page 28) [START_REF] Kannan | Fast, in vivo voltage imaging using a red fluorescent indicator[END_REF].

Limitations of GEVIs

Overall, GEVIs present many advantages as compared to GECIs. However, currently, it still poses technological challenges to be able to collect enough photons in a very short time to achieve an SNR sufficient to detect single spikes. In contrast, the longer decay time of calcium transients allows a higher photon collection efficiency. Further developments are expected to tend to improve gradually voltage sensors and generalize all-optical electrophysiology. Lastly, we can remark that other sensors are currently on development offering different kinetics or different spatial selectivities, such as sensors for glutamate transients (iGluSnFR, [START_REF] Marvin | Stability, affinity, and chromatic variants of the glutamate sensor iGluSnFR[END_REF]) that is a signature of neurotransmitter release or sensors for dopamine transients (dLight1 [START_REF] Patriarchi | Ultrafast neuronal imaging of dopamine dynamics with designed genetically encoded sensors[END_REF]) which is a neuromodulator. Further developments will offer a large toolbox to perform neuronal imaging at high spatiotemporal resolution with various specificities of the neuronal network under investigation in behaving animals.

C-Conclusion

In this section, I presented recordings methods (electrophysiology and optics) that achieve singlecell precision. To study cell assemblies, it is also important to modulate the activity of multiple cells with cellular resolution and high temporal resolution. Currently, optogenetics is the only method available for this purpose. It consists of genetically-encoded proteins, expressed in a Chapter 1. Introduction

The usual choice of GCaMP-6 for imaging and ChR2 for activation is not possible because of their overlapping excitation spectra (Figure 1.22), i.e ChR2 will be activated during imaging acquisition and could lead to misinterpretation of the calcium response. Indeed, we would not measure endogenous patterns but patterns that would have been modified by light stimulation. Red-shifted actuators: C1V1 [START_REF] Yizhar | Neocortical excitation/inhibition balance in information processing and social dysfunction[END_REF], ReaChR [START_REF] Lin | ReaChR: A red-shifted variant of channelrhodopsin enables deep transcranial optogenetic excitation John[END_REF], Chrimson [START_REF] Klapoetke | Independent optical excitation of distinct neural populations[END_REF], and inhibitors: NpHR (previously cited), Jaws [START_REF] Chuong | Noninvasive optical inhibition with a red-shifted microbial rhodopsin[END_REF] and ArchT [START_REF] Chow | High-Performance Genetically Targetable Optical Neural Silencing via Light-Driven Proton Pumps[END_REF] have been developed in part to combine imaging and photoactivation with no overlap between the excitation spectra (Figure 1.22A-C). Note that they are also very convenient for multicolor modulation of cell activity or combined activation and inhibition of different populations of cells. Currently, two scenarios can be considered for simultaneous recording and perturbation (and the reader can refer to [START_REF] Grosenick | Closed-loop and activity-guided optogenetic control[END_REF][START_REF] Emiliani | All-Optical Interrogation ofNeural Circuits[END_REF][START_REF] Packer | Simultaneous all-optical manipulation and recording of neural circuit activity with cellular resolution in vivo[END_REF] for review):

• The combination of a GCaMP indicator (blue illumination, green fluorescence) associated with the farthest red-shifted actuator or inhibitor (Chrimson) remains challenging with 1-ph excitation, as illustrated in Figure 1.22A, because of the large overlap of the spectra.

• Alternatively, a red-shifted calcium or voltage indicator (such as jRGECO1a or Quasar, greenyellow excitation, and red fluorescence) combined with a blue-shifted actuator/inhibitor (such as ChR2) appears as a better strategy to reduce as much as possible the crosstalk in the excitation spectra (Figure 1.22D).

Rapid progress and developments of dyes (GEVI, GECI, or others) will allow combining imaging and photoactivation/inhibition. These improvements include narrowing or shifting of action spectra of both actuator and reporter, as well as the development of new strategies such as Bioluminescence Resonance Energy Transfer (BRET)-based imaging that does not require optical excitation [START_REF] Takai | Expanded palette of Nano-lanterns for real-time multicolor luminescence imaging[END_REF]. BRET relies on the same mechanism as FRET, but instead use a protein that emits spontaneously a photon when triggered by a conformational change due to neuronal activity.

Conclusion

To interrogate cell assemblies of an animal engaged in a spatial navigation task, we need a recording method with cellular resolution (≃ 10µm) and a temporal resolution of the order of magnitude of the membrane time constant (≃ 10ms) (Section 1.3.3, page 17). Electrophysiology and optics are the two methods currently available, but microscopy offers several advantages. Indeed, fluorescence microscopy provides the ability to track the activity of the same cells over time, to record only from a genetically identified population, to record from different genetically identified populations simultaneously, to discriminate structural components (cells, dendrites), with low invasiveness (cranial window maintains a certain working distance (WD) that preserves cells or even does not require any invasive surgery at all when working on transparent animal models such as zebrafish). To interrogate cell assemblies structure and function, microscopy is nowadays the best strategy, which gains to be combined with electrophysiological recordings (for its high sampling rate).

We also need a method to modulate the activity with spatiotemporal patterns that offer identical requirements than the imaging part (10µm, 10ms). Only microscopy allows achieving singlecell spatial resolution over FOVs that include hundreds of neurons with high temporal precision. Therefore, microscopy is the method of choice to deliver light patterns with fine spatiotemporal resolution in the awake behaving rodent.
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In conclusion, fluorescence imaging achieves specificity and stability over time which are two important drawbacks of electrophysiology (see Section 1.4.1, page 22) but are of much interest to study cell assemblies. However, optics is limited by tissue scattering, the temporal resolution of the calcium reporter, by phototoxicity and by complex analysis pipelines (see later in Section 1.6.6). Besides, in practice, the combination of imaging and photostimulation with different optogenetic tools is tricky because of spectral overlaps and requires careful control (see later in Section 1.6.5). An effort remains toward minimizing these drawbacks, but it is a unique approach to question how neural activity is linked to behavior with a large toolbox already available. In the next section, I give an overview of the specifications required for studying cell assemblies in the brain of a freely-behaving mouse with optical methods.

Specifications for recording and modulating the activity of cell assemblies with optical methods

To summarize, the choice of the optical technology to study neuronal assemblies during locomotion in freely-behaving mice is guided by:

1-Avoiding head or body fixation to access physiological data, i.e not impaired place coding properties in the CA1 region of the hippocampus (Section 1.3.2, page 12).

2-

The spatial resolution (< 10µm) and the temporal resolution (≃ 10ms) for both recording and activity modulation to interrogate sequences of cell assemblies, observe single APs and related calcium transients from individual neurons (Section 1.3.3, page 17).

3-

The access to a FOV large enough to observe multiple assemblies (>100 x 100 µm 2 , Section 1.3.3, page 17).

In addition to these requirements, several other parameters are crucial, namely:

4-AP detection and SNR

The noise is related to the device used and to the physiological and environmental fluctuations. It must be sufficiently low to detect a temporal variation of a basal fluorescence signal when a single AP occurs. Otherwise, it is necessary to temporally or spatially average the signal to reduce the noise at the expense of resolution. An order of magnitude of the SNR required can be estimated as follow: a single AP gives rise to a fluctuation of ≃ 20 % of its basal fluorescence signal with GCaMP6f [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF]. To detect a calcium transient out of the noise, let's say that ∆F / σ 2 > 3. Thus, a maximal noise of σ ≃ 7% is acceptable. In practice, SNR and AP detectability are tightly correlated and both increased with the number of APs in a spike train [START_REF] Bovetti | Simultaneous high-speed imaging and optogenetic inhibition in the intact mouse brain[END_REF]. To improve the SNR and the AP detectability, there are two key parameters: the optimization of the collection of the fluorescence signal, and the ability to perform optical sections of the sample. The property of optical sectioning will be described in Section 1.6.

5-Spike timing estimation

Being able to detect the onset of a spike from calcium recordings is an important challenge and is the main drawback of microscopy as compared to electrophysiology. Indeed, the duration of an AP is of ≃ 2ms. Simultaneously, the cytoplasmic calcium level rises transiently within 10 ms followed by an exponential decay phase with a half decay time constant of about 50-70 ms [START_REF] Lin | Genetically encoded indicators of neuronal activity[END_REF]. The fluorescence signal (optically detected) associated with this calcium fluctuation is further spread temporally with a half rising and decay time constants of respectively 45 ms and 142 ms with GCaMP6f [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF]. Therefore, the spike has been convolved with a calcium transient kernel, such that deconvolution algorithm 1.5. Specifications for recording and modulating the activity of cell assemblies with optical methods 37 two points are required in the rising phase (45 ms for GCaMP6f, i.e 50Hz) to properly sample the transient, according to the Nyquist-Shannon criterion. Note that in [START_REF] Dana | High-performance GFP-based calcium indicators for imaging activity in neuronal populations and microcompartments[END_REF], the characterization of the half rise time of GCaMP6f was 26 ± 2 ms instead of 45ms in [START_REF] Chen | Ultrasensitive fluorescent proteins for imaging neuronal activity[END_REF]. A safe strategy consists of scanning at a high rate (> 75-100Hz) and to downsample the data afterward if necessary.

6-Motion artifacts

The movements of the brain induce image motion artifacts due to periodic movements generated by physiological phenomena such as beat rate (5-14Hz) or respiration (1.3-3.8Hz) [Animal Care and Use committee John Hopkins University], or to non-periodic movements generated by the displacement of the animal (that could be of large amplitude). The method used to correct the motion depends on the type of imaging acquisition methods:

-In methods without scanning such as conventional widefield microscopy, the correction relies on rigid (i.e spatially uniform) template alignment. The lateral displacements of the image during behavior can be corrected only if these motions are well sampled, i.e if f acq > f mot ion . If this condition is not respected, the motion will occur during the acquisition, such that the image will appear blurred, and the spatial resolution will be decreased. In [START_REF] Wilt | Advances in Light Microscopy for Neuroscience Brian[END_REF], they review that with conventional widefield fiberscopes, motion registration can be performed to correct from movements at the subpixel scale, on the condition that the camera's acquisition rate is above 75Hz. However, current similar and widely distributed tools perform fluorescent imaging at 20Hz without reporting any problems in motion correction [START_REF] Ziv | Long-term dynamics of CA1 hippocampal place codes[END_REF]. To my knowledge, no literature characterized the effect of the acquisition rates on the motion artifacts correction and its potential impacts on the detection of the fluorescent sources and data interpretation. Note that the acquisition frequency required to efficiently correct the movements will depend on the spatial resolution: the better the spatial resolution, the better the temporal resolution should be in order not to lose the spatial resolution and correct the finest displacements. Finally, in the specific case of large FOVs, it is possible to use piecewise-rigid motion correction algorithms to correct from non-uniform tissue deformations [START_REF] Pnevmatikakis | NoRMCorre: An online algorithm for piecewise rigid motion correction of calcium imaging data[END_REF].

-In methods using a raster scanning approach such as two-photon microscopy, with a relatively low frame rate (< 5Hz), non-rigid artifacts can appear owing to fast rigid motion because of the finite time that is required to scan the whole FOV. In such configuration, the image will not appear blurred, but distorted [START_REF] Dombeck | Imaging Large-Scale Neural Activity with Cellular Resolution in Awake, Mobile Mice[END_REF]. Consequently, different algorithms have been developed to correct each scanning line separately and combine the results [START_REF] Greenberg | Automated correction of fast motion artifacts for two-photon imaging of awake animals[END_REF] and see [START_REF] Pnevmatikakis | NoRMCorre: An online algorithm for piecewise rigid motion correction of calcium imaging data[END_REF] for the references]. However, for microscopes that achieve higher frame rates, displacements of the FOV can be efficiently corrected based on rigid template-matching methods only (> 20Hz [START_REF] Stringer | Computational processing of neural recordings from calcium imaging data[END_REF]).

7-Chronic recordings

The ability to follow the activity over days, weeks or months is called chronic recording (as opposed to acute, single-shot experiments). It presents a considerable advantages when possible for several reasons: it allows limiting the number of animals used, to limit the time devoted to animal preparation (surgery, behavioral training), to tackle research topics such as learning, remapping, brain development or disease progression, and to suppress interindividual variability when comparison has to be made.

Conclusion

To summarize the specifications mentioned above, we are focusing our efforts toward the development of a tool with the following characteristics:

Chapter 1. Introduction 1-For mouse (more generally, for rodents) ; 2-For awake and freely-behaving rodents ; 3-That allows to record and modulate single-cell activity ; 4-With optical methods ; 5-Over a large FOV and compatible with 3D capacity ; 6-With a sufficient SNR to detect single AP ; 7-With a temporal resolution allowing to interrogate cell assemblies (>100Hz) ; 8-Compatible with chronic recordings.

In turn, these requirements force us to compromise on the other characteristics mentioned in Figure 1.10 and in particular on the depth of field and the invasiveness. Besides, the important requirement of miniaturization is particularly challenging and often results in altered technical performance compared with non-miniaturized tools (such as targeted photoactivation). But the benefits of such compromises are rewarding as illustrated by the spread of miniature optical devices in the neuroscience community these last years, along with the nomination of widefield miniature microscopes as "methods of the year 2018" by Nature Methods [START_REF] Editorial | Method of the Year 2018: Imaging in freely behaving animals[END_REF]. Boosted by the growing demand in the community, the main objectives in the future are to reach technological performance provided by regular recording systems. In the next section, I present the different optical methods that allow meeting the specifications set out above. I will first describe the theory of the different options (light propagation, important optical features, optical techniques) and then describe their miniaturized versions for imaging and photoactivation. Finally, I will give an overview of the limitations of optical methods (phototoxicity and data analysis).

In practice: fluorescence microscopy and miniaturization

Light propagation in biological tissue

When a beam of light penetrates biological tissue, a set of physical phenomena, such as absorption and scattering, causes the deviation of its path as predicted by geometrical optics and the attenuation of its initial energy with depth.

A-Light absorption

Light absorption is a process by which light is absorbed by surrounding molecules. Absorption depends on the electromagnetic frequency of the light and the nature of the molecules it hits (Figure 1.24A). If the frequency of the light wave corresponds to the absorption spectra of the molecule, light is absorbed and its intensity gradually decreases as it propagates through the tissue, following the Beer-Lambert law:

I(z) = I 0 e x p(-αz) (1.1)
with I the transmitted intensity, I 0 the incident intensity and α the absorption coefficient. Water and blood are the two main components of biological tissue. Water absorbs in the ultraviolet and especially in the infrared (Figure 1.24A). The absorption spectrum of hemoglobin depends on its state of oxygenation but is rather high in both oxygenated and deoxygenated states at low visible wavelengths. In the therapeutic window (between 700 nm and 1000 nm), the overall absorption of biological tissues is minimal. The absorption mean free path (1/α) corresponds to the average distance a photon travels before being absorbed (and ranges in the millimeter scale [START_REF] Wilt | Advances in Light Microscopy for Neuroscience Brian[END_REF]). around optical methods applied to neuroscience is particularly interested in finding methods to minimize these phenomena or alleviate them with algorithms. In the following, I present the main optical features to describe a microscope. Then, I introduce the most popular optical methods.

Optical features

To characterize a microscope, the main features are the Point Spread Function (PSF), the signal, the background, the optical sectioning, and the contrast.

A-Point Spread Function

The point spread function (PSF) is the 3D image of a point source obtained with a microscope. It is usually measured by recording a set of frames in the axial direction with micron-scale fluorescent beads (Figure1.25B1). The image of an object is obtained by the convolution of the PSF with the object. Therefore, the image of an object is systematically blurred by the PSF and appears broader on the detector than it is. The spatial resolution of the microscope is defined as the full width at half maximum (FWHM) of the PSF (the smaller and sharper it is, the better the resolution) (Figure1.25A2) and corresponds to the minimal distance that permits to discriminate two fluorescent objects. The axial FWHM of the PSF (PSF z ) also characterizes the depth of field, i.e the axial distance along which objects are clear on the detector. The FWHM of this plot is called PS F z and gives the axial resolution of the system. B1. Protocol for Optical sectioning measurements with a fluorescent sheet. B2. Plots of the intensity in the center of a fluorescent plane as a function of the defocus. The FWHM of this plot is called SE and gives the thickness of the optical section detected by the setup. Note that widefield microscopy does not provide optical sectioning (SE=∞).

B-Signal, background, optical sectioning, contrast and signal-to-noise ratio

The optical sectioning is the ability of a microscope to perform axial sections of a sample, i.e to record only the photons coming from the region around the focal plane of the microscope objective (referred to the signal S) and to reject the photons emitted in the out-of-focus regions therefore the extraction of the activity of an individual neuron is challenging to demix. Therefore, the relevance of the functional tuning of the recorded neurons has more chance to be biased. To overcome the lack of contrast and the contamination of the neuronal calcium trace by the noisy and fluctuating environment, ROI segmentation, and signal extraction can be achieved with sophisticated algorithms using the spatio-temporal information present on the recorded movie to estimate and demix the signal from the background (see Section 1.6.6). These methods are complex, slow, and their reliability must be demonstrated for each type of experiment (brain region, labeling...). Therefore, optical sectioning methods have important advantages. In the following section, I give an overview of the standard optical methods (conventional widefield microscopy, confocal imaging, and two-photon imaging). I will explain the theoretical framework and instrumental implementation. In particular, I will review how to adapt them to the freely-moving animal. Note that other optical methods exist, such as light-sheet microscopy [START_REF] Hill | Swept confocally-aligned planar excitation (SCAPE) microscopy for high speed volumetric imaging of behaving organisms[END_REF], or structured illumination microscopy [START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF]. However, they are not the standard and commonly used methods to record neuronal activity in vivo on the freely-behaving mouse.

The main optical imaging techniques A-Conventional widefield imaging

Principle The fluorescence cycle corresponding to the absorption of a single photon by a molecule, vibrational relaxation, and emission of a photon with lower energy and higher wavelength is the fundamental basis of one-photon fluorescence microscopy. In a one-photon conventional widefield microscope, the sample is uniformly illuminated using an objective characterized by its Numerical Aperture (NA), over a large volume. The fluorescence photons emitted at the focal plane of the objective, but also at out-of-focus planes are captured through this same objective and summed on the detector (Figure 1.26). It can be shown that conventional widefield microscopy does not provide optical sectioning.

Optical features For a standard widefield microscope with a circular aperture and uniform illumination, assuming there is no aberration and roughly equal wavelengths for illumination and emission, the transversal pattern of the PSF (called Airy disk) is circular with a shiny central disc surrounded by alternately black and bright concentric rings. The lateral resolution PSF x y is defined as the distance from the center of the spot to the first lateral dark ring. This distance depends on NA, the refractive index n, and the wavelength λ [Wilson, 2011b]. In the same way, the axial resolution PSF z is defined as the distance from the center of the spot to the first dark ring in the axial direction [START_REF] Yang | In vivo imaging of neural activity[END_REF] (Figure 1.25A1-A2). The general equations of the conventional widefield PSF are as follows:

PSF x y-wide f ield = 0.51λ/N A (1.4) PSF z-wide f ield = 0.89 λ n -n 2 -N A 2 ≃ 2λn/N A 2 (1.5)
Note the approximation for small NA (typically NA < 0.5) of PSF z . For such microscopes, it can be shown that the optical sectioning curve is flat (Figure 1.25B2 green, [Wilson, 2011b]), SE=∞. This property will be detailed in Chapter 2 and Appendix A.

B-Confocal imaging

Principle Confocal microscopy is an optical imaging technique pioneered by Marvin Minsky in 1955 based on one-photon excitation, in which light is focused at one illumination spot in the sample and simultaneously a spatial pinhole placed in front of the detector blocks out-of-focus light in order to collect only fluorescence emitted from the illuminated point. Then, the illumination and detection spots are synchronously displaced to scan the sample and form an image. Alternatively, the illumination and detection points can be fixed and the sample can move laterally. This strategy produces high-quality images displaying thin optical sections within thick fluorescent tissues (Figure 1.30).

Optical features

In a confocal microscope, the use of a pinhole for both illumination and detection leads to a multiplication of two PSFs (illumination and detection). As a result, the axial resolution is improved (x 1.4 [START_REF] Sandison | Background rejection and signal-to-noise optimization in confocal and alternative fluorescence microscopes[END_REF]Wilson, 2011b]) as compared to a uniform illumination (Figure 1.25A2). The general equations of the confocal PSF are as follows:

PSF x y-con f ocal = 0.37λ/N A (1.6) PSF z-con f ocal = 0.64 λ n -n 2 -N A 2 ≃ 0.4λn/N A 2 (1.7)
Note the approximation for small NA (typically NA < 0.5) of PSF z . These equations correspond to an ideal confocal microscope, with an infinitely small pinhole. For increasing pinhole size, the resolution of the microscope deteriorates and approaches the value obtained for the conventional microscope [Wilson, 2011b].

For such microscopes, it can be shown that the FHWM of the optical sectioning curve (SE) is proportional to PSF z and the pinhole size (defined in Airy Unit AU, 1AU = 1.22 λ/NA) [Wilson, 2011b]:

SE z-con f ocal = 0.67 λ n -n 2 -N A 2 3 1 + 1.47AU 3 (1.8)

D-Summary

To summarize, 1/ Confocal and two-photon microscopy provide optical sectioning, whereas conventional widefield microscopy does not; 2/ The lateral and axial resolutions depend strongly on the NA of the microscope objective for the three methods [START_REF] Yang | In vivo imaging of neural activity[END_REF]; 3/ Twophoton microscopy is better than one-photon microscopy to perform imaging in depth. In the next paragraph, I present the state-of-the-art of the miniaturized version of these three strategies and adapted to freely-moving mice.

Implementation of these techniques in the freely-moving mouse

To perform optical recordings in freely-behaving rodents with optical sectioning, two possible strategies have been implemented: two-photon fluorescence imaging and one-photon confocal fluorescence imaging. In this section, I first introduce the concept of fiber optics technology that is required for both technologies. Then I review the options to perform functional imaging with respectively conventional widefield, confocal and two-photon implementation.

A-Overview of the different kind of optical fibers

A fiber optic can be used to bidirectionally transmit light between remote locations. It is usually composed of an outer cladding and an inner core in silica with different refractive indices allowing the beam to stay inside due to total internal reflection (step-index fiber). A fiber optic can be single mode or multimode according to the number of spatial modes that are allowed and is characterized by its NA and diameter (Figure 1.33A). The NA is measured as n 2 cor en 2 cladding , with n the refractive index and determines the light acceptance angle of the fibers. To evaluate whether a fiber is single-mode or multi-mode, we use the normalized dimensionless frequency V whose expression depends on the radius (a) of a core, the wavelength, and the NA:

V = 2πa λ N A (1.12) If V < 2.
405, the fiber is single-mode, i.e only the fundamental mode is allowed to propagate in the fiber. This condition requires a small NA and core size. The advantage for two-photon application (i.e short and high-intensity pulses) is that in such fibers, modal dispersion due to group velocities mismatches between each guided mode in the different cores is avoided. Indeed, dispersion induces the increase of the pulse duration along the fiber. Thus, the output pulse is less distorted. However, the dispersion of the material still induces a significant pulse broadening. In addition, it is not very easy to transmit intense short pulses because of the different nonlinear effects (self-phase modulation, arising from the intensity dependence of the refractive index at the second order for high-intensity pulses and leading to spectral broadening) [Flusberg et al., 2005a]. Nevertheless, for single-mode fibers, this effect can be compensated [START_REF] Lefort | Pulse compression and fiber delivery of sub-30 fs nanojoule pulses at 830 nm[END_REF].

If V > 2.405, the fiber is multimode. The number of modes M can be estimated as:

M ≃ V 2 2 (1.13)
Because of a higher NA and larger core size (high acceptance angle), the fiber coupling is easier and the fiber can transmit higher optical power. In turn, the different modes arrive with a time difference, which is at the origin of the modal dispersion and which can be a limitation when using pulsed lasers (for two-photon excitation).

the bundle and the tissue.

To increase the WD and the resolution, micro-objective connected to the fiber bundle are used to image the output surface of the fiber bundle inside the sample (microendoscope). In 2008, [START_REF] Flusberg | High-speed, miniaturized fluorescence microscopy in freely moving mice[END_REF] developed a fiberscope based on conventional widefield imaging for freelymoving rodents (Figure 1.34B1-4). They make use of gradient index (GRIN) lenses but were still limited by their penetration depth and the lack of optical sectioning.

Alternatively, a fiberoptic "periscope" strategy has been developed in anesthetized and freely moving rats [START_REF] Murayama | Fiberoptic System for Recording Dendritic Calcium Signals in Layer 5 Neocortical Pyramidal Cells in Freely Moving Rats[END_REF][START_REF] Murayama | In vivo dendritic calcium imaging with a fiberoptic periscope system[END_REF] to illuminate the sample on a side with a micro-prism inserted into the tissue. It allows exciting and recording the superficial dendritic calcium changes elicited by the layer 5 related pyramidal neuron located ≃ 700 µm deeper, without being contaminated by the fluorescence of the soma. Indeed L5 neurons have their dendrites projecting into the upper layers (Figure 1.34C). This strategy provides a confined illumination in the manner of light-sheet microscopy, although the illumination spans a volume of thickness > 200 µm, which is much higher than the confinement provided by light-sheet microscopy. Therefore, the periscope strategy, although convenient for specific experiments, does not provide optical sectioning.

2-Miniature widefield microscope

The alternative to the fiberscope approach is a miniaturized microscope directly placed on the head of the animal with one-photon standard widefield implementation [START_REF] Ghosh | Miniaturized integration of a fluorescence microscope[END_REF]Ziv et al., 2013] (Figure1.35). Miniature one-photon standard widefield microscopes offer fast recordings over large fields of views (600 x 800 µm) with very few motions artifacts. Such devices are light (<2g), adapted to mice, and either commercially available (Inscopix, Doric lenses) or distributed in open-source [START_REF] Aharoni | Circuit Investigations With Open-Source Miniaturized Microscopes: Past, Present and Future[END_REF]. This microscope is easy to build, it relies on the basic principle of fluorescence imaging: a uniform beam illuminates the sample, and excited fluorophores emit photons which are captured on the detector. The quality of the image depends on the NA of the objective, which gives the amount of fluorescence light collected and the resolution (Figure 1.26A).

3-Summary

To summarize, conventional widefield microscopy does not provide optical sectioning. Yet, the miniature microscope is a very convenient tool: low-cost, open-source, large FOV (up to mm 2 ), 36Hz acquisition rate, compatible with micro-endoscopy, high collection efficiency, easy to use. Nowadays, it is the most popular tool to perform calcium imaging in freely-behaving animals with single-cell resolution and is widely distributed over the neuroscience community. In addition, because of the large communities of users and developers, this technology is rapidly growing and few updates are of particular interest such as the wire-free system that could allow studying highly mobile animals such as birds and bats [START_REF] Aharoni | Circuit Investigations With Open-Source Miniaturized Microscopes: Past, Present and Future[END_REF]. To analyze the data, post-processing algorithms are used to recover single-cell resolution and demix the signal of overlapping neurons owing to the poor imaging quality and the large recorded background. As compared to fiberscopes, miniature microscopes provide a larger FOV, fewer constraints on the animal head, achieve better collection efficiency and are cheaper (see quantitative comparisons in [START_REF] Ghosh | Miniaturized integration of a fluorescence microscope[END_REF]). However, a fiberscope provides 1/ the ability to combine fluorescence imaging and targeted photoactivation because the pixilated structure of the fiber bundle allows to transmit intensity patterns (see next paragraph), 2/ the development of more complex imaging systems in order to achieve optical sectioning. Indeed, the optical system is developed on the optical table such that it does not require to miniaturize sophisticated devices. Improving optical the average fluorescence signal modulation from multiple neurons in the behaving-animal [START_REF] Kim | Simultaneous fast measurement of circuit dynamics at multiple sites across the mammalian brain[END_REF]. Single-mode optical fiber coupled with a scanning system can also be used to perform imaging. In such implementation, each image pixel is obtained sequentially using mechanical scanning methods (scanning mirrors or scanning fiber tips with piezoelectric) at the distal end of the fiber to generate a 2D (or 3D) image. The fiber also acts as a pinhole detector, rejecting out-offocal plane fluorescence emissions, and as such, provides optical sectioning (see [Flusberg et al., 2005a] for a review of these implementations).

In [START_REF] Goto | Circuit-dependent striatal PKA and ERK signaling underlies rapid behavioral shift in mating reaction of male mice[END_REF], they perform confocal imaging in awake freely-behaving mice with a fiber bundle but no micro-objective. The fiber tip was beveled at the distal end of the fiber and flat on the microscope side. However, images suffer from poor quality and low resolution because of the lack of objective. Furthermore, despite the fact that they use a resonant galvo scanner to speed up the scanning process, imaging acquisition was still limited to 15Hz because of the point-bypoint scanning. In addition, they did not report photoactivation.

A fibered confocal fluorescence microscopy system has been developed in 2004 and patented by Maunakea Technologies (Cell-vizio) for preclinical research in vivo. It comes with a microobjective (WD = 60µm), provides optical sectioning, and the latest developments reach frame rates up to 40Hz. In [START_REF] Gore | Visualization of plasticity in fearevoked calcium signals in midbrain dopamine neurons[END_REF], the authors report calcium imaging recordings in the ventral tegmental area of freely-behaving mice with this technology (but without microobjective). However, the frame rate was limited to 12Hz, chronic experiments were not achieved because of the absence of coverslip, cells were in direct contact with the fiber bundle because of the lack of micro-objective (thus inducing potential damages) and photoactivation was not demonstrated. Although this technique allows advanced imaging method, it is currently limited to superficial structures, is not compatible with a glass coverslip (preventing from chronic protocols), temporal resolution is still limited and photoactivation was not demonstrated.

In 2014 [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF]] developed a fiberscope system that allowed for the first time photoactivation with near cellular resolution and functional fluorescence imaging with optical sectioning in freely behaving mice (Figure 1.34D). In the setup, photoactivation patterns were obtained with computer-generated holography, a phase modulation technique implemented with a Liquid-Crystal Spatial Light Modulator (LCSLM) and transmitted to the mouse using a 2-meter long optical fiber bundle (or image guide) attached to an imaging micro-objective. A home-made software was used to control the LCSLM and design the photoactivation patterns based on fluorescence images in order to target light and to photoactivate a subset of cells of interest within the imaging area. Imaging was based on intensity modulation of a laser beam with a Digital Micromirror Device (DMD), providing easy switching between 1/ widefield, 2/ structured illumination, and 3/ scanless multipoint confocal microscopy. Fluorescence images were also transmitted from the animal using the image guide and micro-objective. However:

• Liquid crystal spatial light modulators are usually operated at a few tens of Hz at maximum, preventing fast reprogramming of photoactivation patterns.

• Widefield fluorescence does not provide optical sectioning.

• Structured illumination microscopy (SIM) [START_REF] Mertz | Optical sectioning microscopy with planar or structured illumination[END_REF][START_REF] Neil | Method of obtaining optical sectioning by using structured light in a conventional microscope[END_REF]] is an imaging technique that provides optical sectioning with one-photon illumination but is not a "confocal" implementation. The principle of structured illumination is to modulate the illumination in the focal plane by projecting a periodic structure on the sample (a grid or a sinusoid for example). Since this grid has a certain spatial frequency, it will be clear only over a certain thickness which corresponds to the depth of field at the corresponding frequency. Acquired images will, therefore, consist of two parts: 1 / the light from the focal 1.6. In practice: fluorescence microscopy and miniaturization 55 plane modulated by the illumination grid, very contrasted, 2 / unmodulated light from out of focus planes, little contrast. This makes it possible to discriminate the information coming from the in-focus plane. By recording three images with spatially shifted grid patterns and using reconstruction algorithms, optical sectioning is obtained. But because SIM relies on the summation/subtraction of three images, 1/ it is not adapted to dynamic recordings because of movements artifacts and low frame rates (few Hertz) [START_REF] Mertz | Optical sectioning microscopy with planar or structured illumination[END_REF]] and 2/ it provides a low SNR because background photons from multiple images are collected and they participate in the shot noise with an even worse contribution because of the additive process.

• Confocal scanless microscopy consists of imaging a set of points (structures of interest) on the detector such as to obtain background rejection (optical sectioning). These points are not scanned but continuously recorded, such that a whole image is not obtained. Consequently, this technique is sensitive to motion artifacts and limited to few ROIs.

2-Summary

Among the state-of-the-art confocal methods adapted to freely-moving animals, none of them provides high acquisition rates and high SNR. And yet, fibered confocal microscopy offers the unique advantage of being compatible with one-photon targeted photoactivation as in [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF].

D-Two-photon imaging

Two-photon techniques adapted to freely-behaving animals [START_REF] Helmchen | A Miniature Head-Mounted Neurotechnique Two-Photon Microscope: High-Resolution Brain Imaging in Freely Moving Animals[END_REF][START_REF] Göbel | Miniaturized two-photon microscope based on a flexible coherent fiber bundle and a gradient-index lens objective[END_REF]Flusberg et al., 2005b;[START_REF] Engelbrecht | Ultra-compact fiber-optic two-photon microscope for functional fluorescence imaging in vivo[END_REF][START_REF] Sawinski | Visually evoked activity in cortical cells imaged in freely moving animals[END_REF][START_REF] Piyawattanametha | In vivo brain imaging using a portable 2.9 g two-photon microscope based on a microelectromechanical systems scanning mirror[END_REF][START_REF] Zong | Fast high-resolution miniature two-photon microscopy for brain imaging in freely behaving mice[END_REF][START_REF] Ono | Three dimensional two-photon brain imaging in freely moving mice using a miniature fiber coupled microscope with active axial-scanning[END_REF] have been developed over the last two decades, and allow reaching a high resolution and penetration depth (for a review written in 2013, see [START_REF] Helmchen | Miniaturization of two-photon microscopy for imaging in freely moving animals[END_REF]. In this section, I present the main difference between the different strategies of miniaturization and illustrate them with examples.

1-Comparison of the implementation of a 2-ph fiberscope and a 2-ph miniature microscope

Two-photon imaging, introduced page 47, is the gold standard approach to perform calcium imaging but is also the most challenging to miniaturize because of the short and intense infrared pulses required for the two-photon absorption process to occur. Indeed, guiding light through optical fibers induces pulse distortions due to dispersion and non-linearities, and signal loss. As a result, the efficiency of two-photon excitation is dramatically decreased. However, it is possible to compensate for dispersion with prechirping or to circumvent the problem by using hollow-core photonic crystal fibers (as introduced in Section 1.6.4, page 49). Excitation light can be delivered either through a fiber bundle (fiberscope strategy) with the scanning system on the optical table or through a single-core optical fiber with the scanning system miniaturized and carried by the animal (miniature microscope strategy). Note that these two strategies required fiber optics and the difference between the two appellations lies in the distal (on the head) or proximal (on the bench) scanning system. Distal scanning required miniaturization of highly challenging devices (such as MEMs), while proximal scanning allows using more sophisticated beam shaping devices (AODs, SLM, DMD) on the optical table, decreases the weight of the head-mounted part but in counterpart, light delivery through fiber bundles is altered. In addition, to focus the beam, a small water-immersion objective with an NA > 0.8 is preferable, which is challenging to build and to miniaturize. As to the collection of the fluorescence in the case of distal scanning, it could be performed either with a small detector on the head of the animal (more weight), either proximally, after carrying the fluorescence in another optical fiber (more flexibility, possibility to combine with high performance detectors, but at the expense of an additive cable). In the case of proximal 1.6. In practice: fluorescence microscopy and miniaturization 57 designated ROIs at 128Hz and free line-scanning at 10kHz), 3/ with no demonstration of targeted photoactivation, and 4/ including one electrical (for driving the MEMS mirror) and two optical wires (illumination and detection) making normal behavior restrained by the constraints of the wires.

3-Latest developments of 2-ph fiberscopes

The design of a 2-ph fiberscope is very similar to a one-photon fiberscope [START_REF] Göbel | Miniaturized two-photon microscope based on a flexible coherent fiber bundle and a gradient-index lens objective[END_REF][START_REF] Ono | Three dimensional two-photon brain imaging in freely moving mice using a miniature fiber coupled microscope with active axial-scanning[END_REF]. However, the excitation pulse is focused on a single-core of the fiber bundle, resulting in pulse distortions due to material dispersions and self-phase modulation (see Section 1.6.4, page 49). These effects can be somewhat compensated, but because each fiber core has a different shape and size (to avoid cross-talk), they cannot be perfectly compensated for each core. Recently, [START_REF] Ono | Three dimensional two-photon brain imaging in freely moving mice using a miniature fiber coupled microscope with active axial-scanning[END_REF] demonstrated for the first time fluorescence imaging in freely-behaving mice with such a system. However, they reported a low signal-to-noise ratio and low acquisition rate (2.5Hz). In conclusion, this strategy does not provide yet the specifications required for our applications (listed page 37). Nevertheless, it is compatible with targeted photoactivation which is a critical advantage over the miniature microscope strategy.

E-Conclusion of the overview of the optical techniques adapted to freely-moving rodents

Conventional widefield miniature microscope [START_REF] Ghosh | Miniaturized integration of a fluorescence microscope[END_REF] is currently the most widely used technique to perform imaging in freely-behaving mice. However, they lack optical sectioning and do not allow targeted photoactivation. Between the fiberscope and the miniature microscope strategies for two-photon applications, the latest is at an advanced stage of development. The microscope from [START_REF] Zong | Fast high-resolution miniature two-photon microscopy for brain imaging in freely behaving mice[END_REF] allows freely-behaving recordings, achieves optical sectioning, reaches a higher depth of penetration than one-photon applications, provides a high SNR, a high contrast. The latest unpublished development provides a large FOV of 410x410x180µm, with a focusing system to achieve 3D volumetric imaging with a fast switch of the axial position (1.5ms) with an electrowetting lens, while being light enough (≃ 4g) for the mouse. Therefore, provided that this system is sufficiently robust and usable by non-specialists of optics and that it is commercialized or distributed in open-source, it will probably become the reference tool for imaging in awake mice. The main drawbacks are the lack of demonstration of targeted photoactivation, the relatively low imaging rate (40Hz for the FOV of 130x130µm, 10Hz for the FOV of 410x410µm) and the use of 3 wires. In the following, I present the field of all-optical manipulation and recording of neuronal activity with the different options and the fundamental differences between them.

Targeted photoactivation

Being able to modulate the activity with a cellular resolution is one of the specifications listed on page 37. We have seen in Section 1.4.2, page 31, that optogenetic actuators such as ChR2 can trigger the emission of an AP following blue excitation at the soma. Optical methods which make use of light to observe calcium activity are the ideal methods to be combined with activity modulation. In this paragraph, I introduce the experimental knowledge to achieve targeted optogenetics control with one or two-photon excitation. Then, I introduce a few options that are currently used to perform photoactivation in awake-behaving mice while imaging with a cellular resolution.

A-Optogenetics in practice

There are two fundamental differences when coupling a reporter and an actuator with one or two-photon illumination:

• The excitation spectra for 1 and 2-ph processes are different (2ph process requires infrared excitation).

• Most optogenetic actuators exhibit a low conductivity and a low channel density at the soma [START_REF] Foutz | Theoretical principles underlying optical stimulation of a channelrhodopsin-2 positive pyramidal neuron[END_REF]. 2P laser-scanning stimulation exhibits a low efficiency for ChR2 activation because of the 1/ high spatial resolution that 2-ph excitation achieves (limiting the volume of excitation) and 2/ the short exposure time delivered to each location of the cell due to the scanning approach. Delivery of light patterns with 2-ph excitation must achieve a fine spatiotemporal targeting in order to cover a large area of the membrane and to rapidly open the largest possible number of light-sensitive channels on the cell of interest while leaving neighboring cells unperturbed. Such development is challenging and different strategies, reviewed in [START_REF] Emiliani | All-Optical Interrogation ofNeural Circuits[END_REF], have been implemented. In contrast, light shaping for one-photon targeted photostimulation is easier to implement [START_REF] Ronzitti | Recent advances in patterned photostimulation for optogenetics[END_REF]. However, 1-ph excitation is more willing to activate undesired molecules located in out-of-focus planes because of the lower spatial resolution and optical sectioning. In particular, due to the cone-like shape of the illumination, if two spatially closed cells are simultaneously illuminated, out-of-focus light could combine tens of microns away from the focal plane to create hot spots with enough energy to trigger ChR2 activation. This effect is increased when the density of cells to target increased and when they are spatially closer.

B-Description of the different strategies

A few studies managed to achieve all-optical imaging and photoactivation in the brain of awake mice with cellular resolution. For instance, and not exhaustively:

• 1-ph widefield photostimulation of ChrimsonR combined with a miniature conventional widefield microscope to image GCaMP6 [START_REF] Stamatakis | Simultaneous optogenetics and cellular resolution calcium imaging during active behavior using a miniaturized microscope[END_REF]. This approach has been demonstrated in the freely-behaving mouse. They use a blue-shifted LED (435-460 nm excitation filter) to minimize activation of red-shifted opsins (ChrimsonR) combined with a redshifted LED and excitation filter (590-650 nm) to minimize light leakage into the GCaMP imaging channel. However, a small amount of crosstalk during imaging sessions remains such that control experiments should be performed to determine if this could impact data interpretation. In addition, it does not provide targeted photoactivation and does not provide optical sectioning.

• 1-ph targeted illumination combined with 1-ph functional fluorescence imaging [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF] with a blue-shifted opsin (ChR2) and indicator (GCaMP). This strategy deals with the spectral overlap between the two optogenetic tools resulting in potential photoactivation with the imaging light by performing imaging in a scanless confocal mode and illuminating only the soma of interest with extremely low light power. This strategy has been demonstrated in the freely-behaving mouse with a fiber bundle coupled to a micro-objective. It provides optical sectioning but in a scanless approach thus collecting data from only a limited number of cells.

• 1-ph uniform illumination combined with a benchtop conventional 2p-microscope [START_REF] Bovetti | Simultaneous high-speed imaging and optogenetic inhibition in the intact mouse brain[END_REF] with a red-shifted opsin (Arch) combined with a blue-shifted indicator for imaging (GCaMP). This approach takes advantage of the 1-ph efficiency to trigger opsin activation and the fine resolution of 2ph microscopy for imaging. However, it has been demonstrated on the head-fixed mouse and does not provide targeted photoactivation.

• 2-ph targeted illumination combined with 2-ph functional fluorescence imaging [START_REF] Rickgauer | Simultaneous cellular-resolution optical perturbation and imaging of place cell firing fields[END_REF][START_REF] Packer | Simultaneous all-optical manipulation and recording of neural circuit activity with cellular resolution in vivo[END_REF][START_REF] Forli | Two-Photon Bidirectional Control and Imaging of Neuronal Excitability with High Spatial Resolution In Vivo[END_REF][START_REF] Jennings | Interacting neural ensembles in orbitofrontal cortex for social and feeding behaviour[END_REF] and see [START_REF] Emiliani | All-Optical Interrogation ofNeural Circuits[END_REF][START_REF] Ronzitti | Recent advances in patterned photostimulation for optogenetics[END_REF][START_REF] Ronzitti | Methods for Three-Dimensional All-Optical Manipulation of Neural Circuits[END_REF] for 1.6. In practice: fluorescence microscopy and miniaturization 59 review. These studies have been implemented with a wider range of optogenetic tools including 1/ red-shifted opsins (C1V1, bReaChES) combined with a blue-shifted indicator for imaging (GCaMP) and 2/ blue light-sensitive opsins (ChR2) combined with a red-shifted indicator (jRCaMP1a). This approach provides optical sectioning and targeted photoactivation. However, it has been demonstrated only on the awake head-fixed mouse with a benchtop two-photon microscope.

C-Conclusion

Fiberscopes, based on a fiber bundle for light delivery, have the crucial advantage of being compatible with targeted photoactivation. Therefore, it is the most appropriate device to interrogate cell assemblies through all-optical imaging and manipulation with single-cell resolution in freelybehaving mice. In addition, they are more flexible because they are built on an optical table, and allow the use of complex devices as compared to compact and miniature microscopes. However, fiber bundles are not yet compatible with two-photon excitation at high frame rates and high SNR.

Therefore, we chose to develop a new fiberscope system with one-photon excitation but providing optical sectioning thanks to a confocal implementation and that allows functional fluorescence imaging at high frame rates (>100Hz) and targeted photoactivation in freely behaving mice. The design is inspired by the system described in [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF] and on page 54, but four majors modifications have been performed:

1-Imaging strategies are modified: speed and imaging SNR are greatly improved thanks to the development of two techniques: line-scanning and differential multipoint-scanning confocal microscopy. They both rely on a confocal implementation, but while standard laser scanning confocal microscopy is generally slow (< 10Hz), here we speed up the scanning process (up to 200Hz) by multiplexing the illumination of the standard confocal.

2-

Another important improvement will be the use of new genetic tools for imaging. In [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF], they performed simultaneous photoactivation with ChR2 and imaging with GCaMP5. By making use of the development of a red-shifted calcium indicator (see section 1.4.1, page 28), the new setup will allow performing functional imaging at higher laser power and on the whole FOV with red-shifted calcium reporter without exciting ChR2. Thanks to the flexibility of the setup, it will also be possible to combine illumination at 488nm for GCaMP monitoring, while using a red-shifted opsin. These requirements impose to set up two illumination paths to provide excitation at 561nm and 488nm.

3-

The project at the time of [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF] benefited from the collaboration with Mauna Kea Technologies which provided a highly performant fiber bundle and micro-objective (Ultra Mini O probe, high NA 0.8, low WD 60µm, 2.6mm outer diameter, low aberrations). Consequently, experiments were not compatible with a glass coverslip for chronic preparation and were limited to superficial areas limited by the low WD (interneurons in the molecular layer of the cerebellum). However, we aim at generalizing the use of the fiberscope to deeper structures (cortex and hippocampus). During my PhD, we bought instead a commercialized fiber bundle (Fujikura) and GRIN-lens based micro-objectives (low NA 0.5, high aberrations, high WD), and started an innovative and challenging project of building a custom-made micro-objective with higher performance (high NA 0.8, high WD 140µm, low aberrations) and compatible with a glass coverslip. This micro-objective is designed to work with a glass window in order to enable chronic recordings over months and to recover the same cells across time thanks to a micro-mechanical 3D-printed structure.

4-Lastly, the photoactivation implementation will be performed by intensity modulation of laser beams with a single DMD that can be controlled at 23kHz whereas it was operated by phase modulation with LC-SLM and limited to a few tens of Hz in [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF].

The building and characterization of this fiberscope will be exhaustively described in Chapter 3. Importantly, several considerations are to take into account when performing physiological functional imaging with optical methods and is the subject of the last introductive section.

Limitations of optical methods

Optical methods suffer from two fundamental drawbacks: 1/ light exposure can damage the brain, 2/ data processing consisting of extracting contours of neurons (referred to ROI detection) and extracting neuronal activity (referred to calcium traces) is challenging. I present these limitations in the following.

A-Light-induced modification of biological properties

Unfortunately, the high intensity of excitation required for fluorescence imaging is far more invasive than expected, although this issue is not often mentioned [START_REF] Magidson | Circumventing photodamage in live-cell microscopy[END_REF][START_REF] Icha | Phototoxicity in live fluorescence microscopy, and how to avoid it[END_REF][START_REF] Picot | Temperature Rise under Two-Photon Optogenetic Brain Stimulation[END_REF][START_REF] Boudreau | Excitation light dose engineering to reduce photo-bleaching and photo-toxicity[END_REF]. Among the side-effects phenomena caused by light are photobleaching, photodamage, and photothermal damage.

1-Photobleaching and photodamage

A fluorescence cycle consists of a fluorophore excitation from the ground state to an excited singlet state, that occurs very rapidly (in femtoseconds) followed by vibrational relaxation, and emission while returning to the ground state, and takes about 1-10ns. When the molecule enters the singlet state, there is a low probability that it reaches a triplet state which decays back to the ground state on a longer timescale (in µs) (Figure 1.37B). During this longer lifetime of the triplet state, as compared to the singlet state, several scenarios may occur (Figure 1.37B). For instance, chemical reactions between molecules in the triplet state and the molecule of oxygen, typically required for the respiration of living cells, can result in the release of reactive oxygen species (ROS). Highly reactive oxygen radicals (singlet excited state of oxygen molecule) can then covalently alter the fluorophore to inactivate its ability to fluoresce (photobleaching) and can interact with other organic molecules causing further phototoxicity in living samples (photodamage) [START_REF] Icha | Phototoxicity in live fluorescence microscopy, and how to avoid it[END_REF] (Figure 1.37). More generally, photobleaching corresponds to the gradual decrease in the fluorescence intensity of a fluorophore. The average number of excitation and emission cycles that occurs for a particular fluorophore is limited to about 10000-40000 cycles before permanent bleaching [START_REF] Lichtman | Fluorescence Microscopy[END_REF] and is dependent upon the molecular structure and the local environment. Photodamage corresponds to the gradual degradation of the physiological properties of a molecule or a cell (for instance, a decrease of the activity of a neuron expressing a fluorophore). Remarkably, physiology of a typical mammalian cell is severely affected even under illumination conditions that cause only minimal changes in fluorescence intensity of the fluorophore. However, the manifestation of physiological changes can be delayed and photodamage often goes unnoticed in shorter-term experiments. Assessing the extent of photodamage inflicted by excessive illumination is difficult, but strategies are reviewed in [START_REF] Icha | Phototoxicity in live fluorescence microscopy, and how to avoid it[END_REF].

2-Photothermal damage is also an issue when imaging living cells. Indeed, following the absorption of a photon, the molecule can transfer its energy to the tissue in a non-radiative manner (Figure 1.37), resulting in a local temperature rise which depends linearly on the illumination power [START_REF] Podgorski | Brain heating induced by near-infrared lasers during multiphoton microscopy[END_REF], but also depends on the wavelength, and the distance from the illumination source [START_REF] Stujenske | Modeling the spatiotemporal dynamics of light and heat propagation for in vivo optogenetics[END_REF]. If the heat does as a filtered version of a sparse and non-negative neural activity [START_REF] Friedrich | Multi-scale approaches for high-speed imaging and analysis of large neural populations[END_REF]). In order to extract the true calcium trace C, the algorithms should deal with the contamination of the signal by out-of-focus fluorescence and neuropil. Indeed gray matter, which is the main component of the brain, consists of neurons, glial cells (astrocytes, oligodendrocytes, ependymal cells, and microglia), and neuropil (defined as the space between neuronal and glial cell bodies that is comprised of dendrites, axons, synapses, the extension of glial cell, and microvasculature). When using FPs to label a specific population of neurons, the cytoplasm of the cell bodies, but also a large proportion of the neuropil is labeled. Consequently, fluorescence from the cells of interest is largely contaminated by the neuropil fluorescence which reflects a highly correlated activity across a large FOV [START_REF] Lee | Visually Driven Neuropil Activity and Information Encoding in Mouse Primary Visual Cortex[END_REF] and can induce errors in data analysis [START_REF] Keemink | FISSA: A neuropil decontamination toolbox for calcium imaging signals[END_REF]. To overcome the problem of neuropil contamination, different strategies have been developed according to the level of contamination. For two-photon imaging where the optical sections are very small, limiting the contamination, neuropil removal is often performed after ROI segmentation by drawing an annulus around the source, computing the average fluorescence inside, and subtracting it to the computed calcium trace [START_REF] Kerlin | Broadly tuned response properties of diverse inhibitory neuron subtypes in mouse visual cortex[END_REF]. For widefield one-photon microscopy, which does not provide sectioning, background estimation and neuropil removal are crucial to perform ROI segmentation, especially for overlapping neurons for which a demixing strategy has to be developed in order to attribute the signal in one pixel with the good balance to each of the ROIs to which it belongs. In [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF], the background signal is estimated and removed at the beginning of the preprocessing with a morphological opening operator. Alternatively, in [START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF], they use a spatiotemporal background model included in the CNMF-E algorithm (E for endoscopic) to estimate the true calcium trace C. B is decomposed in two components, one represents the fluctuating activity in an annulus surrounding the ROI and the second modelizes constant baselines.

In a one-photon confocal strategy, the situation is intermediate: it provides optical sectioning, but the optical sections are thicker than for two-photon imaging, such that the intensity level of the background remains high. Therefore, it is likely that similar algorithms than the ones developed for conventional widefield imaging [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF][START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF] should also be used. In practice, the algorithms are difficult to optimize for widefield imaging. In our case, we hope that the reduction of the contribution of the background will make it possible to obtain more easily exploitable results, less dependent on the parameters of the algorithms, and that can be extracted by less complex algorithms.

At this stage of preprocessing, downstream functional interpretation of the data can be considered. It consists of correlating the fluctuation of the fluorescence over time with the behavior of the neuronal network and/or with the behavior of the animal. Usually, the ∆F/F is used as a normalized value, which is of ≃ 10-20% for a single AP. However, for certain application spike timing inference is necessary.

3-Spike inference (Optional)

As compared to electrophysiology, the disadvantage of calcium imaging is that the recorded fluorescence is only an indirect measure of the neural activity. As a reminder of Section 1.5, page 35, the cytoplasmic calcium level rises transiently within 10 ms followed by an exponential decay phase with a half decay time constant of about 50-70 ms, while spikes occur at the millisecond timescale [START_REF] Lin | Genetically encoded indicators of neuronal activity[END_REF]. The calcium trace have been convolved in time with an approximately exponential kernel. Deconvolution consists of an inversion problem that aims at inferring the number and times of spikes of a neuron given the extracted fluorescence traces. These algorithms are based either on 1/ statistical inference with assumptions relative to the biophysical properties of a calcium trace, or 2/ on deep-learning algorithms previously feed with ground truth data. However, spike deconvolution is an important challenge, strongly dependent on the previous segmentation/demixing step and therefore, particularly complicated when the signal is contaminated by neuropil and out-of-focus fluorescence.

4-Registration across multiple sessions (Optional)

In case the technique allows chronic recordings over a large population of neurons, it is important to be able to identify the cells on each recording and match them together, in an automated way. However, cells can be active or inactive from one session to the other, the FOV can be slightly translated or rotated between two sessions, therefore the algorithm should tackle the challenge to reliably track cells over sessions. In [START_REF] Sheintuch | Tracking the Same Neurons across Multiple Days in Ca2+ Imaging Data[END_REF], they developed a probabilistic approach adapted for 1-ph dataset achieving an estimated false-positive and false-negative rates < 5%.

5-Summary

Neuropil contamination and out-of-focus fluorescence are two limitations of fluorescence imaging. Algorithms have been developed to process the data and their complexity decreases with the rise of their optical sectioning capability. One of the perspectives of this work is to demonstrate that using a technique with optical sectioning perform better (in terms of ground truth retrieval) than a technique without optical sectioning combined with optimized algorithms.

Conclusion

When using optical methods, care should be delivered to 1/ potential damages induced by illumination and 2/ fluctuating fluorescence unrelated to the cells of interest, potentially confounding data analysis. Proper calibration according to the optical method is necessary. In the following chapters, characterizations of the optics and biological objects will be described.

Summary and motivations

Interrogating neural circuit in the intact brain during behavior is highly challenging. It requires to initially split efforts to several directions: efforts to improve reporters and actuators ; efforts to improve technologies to target multiple cells, with single cell specifity, single plane or 3D volumes, at high acquisition rate with enough sensitivity, during long recordings, on chronic preparations, compatible with freely-moving exploration ; efforts to improve data processing, storage, sharing and standardization of analysis pipelines. This involved many fields and disciplines, and the possible intervention of new non-expected fields. But above all, efforts should also be delivered toward scientific watch in order to eventually combine the efforts of each of these communities to make them converge toward the understanding of the brain. During my PhD work, efforts were delivered toward the realization of a tool to allow fluorescence recordings on freely-behaving rodents, with single-cell spatial resolution, a temporal resolution allowing to describe cell assemblies and neuronal synchrony (> 100 Hz), over a sufficient FOV to record an assembly of neurons (> 100 neurons, > 100µm), with chronic preparation, by preventing cells from phototoxicity, allowing alloptical interrogations of brain circuit with compatible GECI-opsin pair. We chose a method that meets all these criteria at the same time by developing a fast confocal fluorescence fiberscope.

The novel fiberscope provides confocal fluorescence imaging at high speed in a field of view of 230 µm in freely-behaving mice. It is composed of a custom-made microscope coupled to the animal with a fiber bundle and a micro-objective. Our fiberscope can perform multipoint-scan and line-scan confocal imaging. We have developed a theoretical model to describe these different modes of imaging and their properties (Chapter 2). We carried out the optical characterizations experimentally and confronted them with this model (Chapter 4). We validated the differential multipoint-scan confocal imaging mode to study micro-vasculature at high frame rates (200Hz) in freely-moving animals (Chapter 5). We validated the line-scan confocal imaging mode 1.7. Summary and motivations 65 for chronic calcium activity recordings in the hippocampus at high frame rates (100 Hz) in freelymoving animals (Chapter 6). Calcium imaging faces two important challenges: recovering single action potentials from a calcium trace, and dealing with phototoxicity. We have used data analysis pipelines to extract calcium traces and footprints from individual neurons. To do this, we have developed a simulation to optimize the existing data analysis algorithms (Chapter 6). In addition, we characterized photodamage and photobleaching during long (hours) and repeated (over days) recordings on the freely-moving animal (Chapter 6). The fiberscope embeds a photoactivation mode, based on spatial modulation of the intensity, that is fully functional. Validation for photoactivation of cell assemblies in the hippocampus is one of the perspectives of this work and will not be addressed in this manuscript.
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Theoretical description

Intensity detected for the 4 different methods

To properly express the intensity detected according to the different imaging modes (single-point, multipoint, line, widefield), let's first introduce: To express the intensity detected on the camera I d , we use the model described by Verveer et al [START_REF] Verveer | Theory of confocal fluorescence imaging in the programmable array microscope (PAM)[END_REF]], neglect the pixelation artifacts of the DMD and use the formalism and normalization factors of J. Mertz [START_REF] Mertz | Introduction to Optical Microscopy[END_REF]. We consider that the object is fixed while the pinholes move to scan the sample. Therefore:

-I d (W/
I d (x d , y d ) = Ωσ f T d ˚+∞ -∞ PSF d (x d -x, y d -y, z)I i (x -x d , y -y d , z)O(x, y, z)dxdydz (2.1)
I i is expressed according to the illumination mask G (Figure 2.3 on top):

I i (x, y, z) = I i0 ¨+∞ -∞ G(x ′ , y ′ )PSF i (x -x ′ , y -y ′ , z)dx ′ dy ′ (2.2)
In this formula, G is the expression of the pattern of illumination (respectively a single-point, a matrix of points (multipoint-scan imaging, square pinholes of size A separated by a distance A.P), a line (line-scan imaging, line of thickness A), or uniform (conventional widefield imaging)

) (Fig- ure 2.3 bottom):                        •G multipoint (x, y) = i,j∈ rect A (x -iAP, y -jAP) with rect A (x, y) = 1 if |x| < A/2 and | y| < A/2 0 otherwise. •G line (x, y) = rect A (x) with rect A (x) = 1 if |x| < A/2 0 otherwise. •G wide = 1 •G point (x, y) = rect A (x, y)
the area covered by the pinholes and the total area of the illumination mask. Consequently, the signal obtained in multipoint-scan confocal mode can be written as the sum of a signal coming from the regions |z| < z c , and a background coming from the regions |z| > z c :

I d,multipoint = T d,multipoint (S multipoint + DB) (2.4) S multipoint (x d , y d ) = Ωσ f ˚x,y∈ ,|z|<z c PSF d (x d -x, y d -y, z)I i,multipoint (x -x d , y -y d , z)O(x, y, z)dxdydz (2.5) B(x d , y d ) = Ωσ f I i ˚x,y∈ ,|z|>z c PSF d (x d -x, y d -y, z)O(x, y, z)dxdydz (2.6)
In equation 2.5, I i,multipoint is expressed as a function of PSF i,multipoint (Equation 2.2). Note that PSF i,multipoint is the illumination PSF of the multipoint-scanning confocal microscope for regions |z| < z c , which is similar to that of a regular confocal microscope with square pinhole illumination.

PSF i,multipoint,|z|<z c (x, y, z) = ¨+∞ -∞ rect A (x ′ , y ′ )PSF i (x -x ′ , y -y ′ , z)dx ′ dy ′ (2.7)
Therefore, the in-focus signal acquired with mutlipoint-scan confocal imaging is similar to that acquired with single-point confocal imaging (S multipoint = S point in the confocal area, i.e |z| < z c ).

Similarly, the signal of a widefield fluorescence microscope can be written as:

I d,wide = T d,wide (S wide + B) (2.8) with S wide (x d , y d ) = Ωσ f I i ˚x,y∈ ,|z|<z c PSF d (x d -x, y d -y, z)O(x, y, z)dxdydz (2.9)
If we perform the simultaneous acquisition of the two images (with the same average illumination intensity I i0 ), it is then possible to subtract the residual background obtained in the multipoint confocal image and to obtain a background-free image with an intensity I d,diff :

I d,diff = I d,multipoint -D T multipoint T wide I d,wide = T multipoint (S multipoint -DS wide ) (2.10)
We called this technique "Differential multipoint-scanning confocal imaging". It provides a background-free technique with the resolution as provided by single-point confocal imaging. Note that by subtracting a fraction of the widefield image to the multipoint-scanning confocal image, we eliminate the background but we also decrease the in-focus signal (Eq.2.10). The value of D can be chosen such that this decrease in signal remains small.

In the following, I present the theoretical expectations of the optical sectioning for these 5 implementations (single-point-scan, line-scan, multipoint-scan, differential multipoint-scan and standard widefield microscopy).

Theoretical optical sectioning

As a reminder, the optical sectioning curve is obtained by scanning in the axial direction a fluorescent plane, while a PSF is obtained by scanning fluorescent beads in the axial direction (see Section 1.6.2, page 40). The width of the optical sectioning curve (SE) allows quantifying the thickness of the section that is collected on the detector, while the width of the axial PSF curve (PSF z ) corresponds to the axial resolution. In addition, the remaining background far from the focal point is characterized by α and corresponds to the background rejection strength of the optical system. As described by the equations above, multipoint-scan confocal microscopy corresponds to the intermediate situation (0 < α < 1). SE and PSF z are linked and in most of the cases, SE is larger than PSF z (x 2-15 typically). Therefore, when looking at small details of the image, the axial PSF characterizes the depth of field (i.e on what distances small objects will appear well resolved on the image). In contrast, SE characterizes the thickness of the sample in which objects will be imaged (see paragraph 1.6.2). The PSF is calculated using the approximation of Stokseth [START_REF] Stokseth | Properties of a Defocused Optical System*[END_REF]. The plots are obtained with equation 2.1. Parameters of the simulation: NA = 0.5, A = 7.5µm, D = 1/4 2 . The calculations were made without taking into account the aberrations (of the objective for example).

To fully understand Figure 2.4, a new parameter must be introduced, which we call γ. γ characterizes the in-focus intensity obtained in regular multipoint-scan (or line-scan) confocal modes with a fluorescent plane and is defined as:

γ = 1 I i,0 ¨+∞ -∞ PSF d (x, y, 0)I i,conf (x, y, 0)dxdy (2.11)
with "conf" referring to multipoint or line. The maximum value of γ is equal to 1 and is obtained when the pinhole size is significantly larger than the size of PSF i and PSF d . Indeed, under these conditions, all the incident and reflected beam will pass through the pinhole. Therefore, we will obtain a collection (and illumination) efficiency maximum. However, in the presence of aberrations (or for a pinhole smaller than the size of the PSF), part of the beam will be blocked by the pinhole. As a result, the optical efficiency of the setup will decrease. For simplicity, we say that γ characterizes the optical aberrations of the setup (i.e γ decays in the presence of aberrations).

In Figure 2.4, the maximum intensity for multipoint-scan and line-scan confocal imaging is obtained in z s = 0 and is equal to:

I conf,plane (z s = 0) = γΩσ f I i,0 T conf O 0 = γI 0
(2.12) with γ = γ line or γ mul t ipoint and

I 0 = Ωσ f I i,0 T conf O 0 (2.13)
For large values of z s , in regular multipoint-scan confocal mode, fluorescence intensity drops to a constant baseline (blue line, normalized by I 0 ):

I d,multipoint,plane (|z s | > z c ) = DI 0 (2.14)
For comparison, the intensity detected with conventional widefield microscopy (with uniform illumination) does not depend on z s (black line, normalized by I 0 ):

I d,wide,plane (z s ) = (T wide /T multipoint )I 0 (2.15)
Therefore, experimental measurements of these optical sectioning curves allow calibrating the fraction of the widefield image that needs to be subtracted to obtain a background-free differential multipoint-scanning confocal image (dotted blue line, see Equation 2.10):

D T multipoint T wide = I d,wide,plane (z s ) I d,multipoint,plane (|z s | > z c ) (2.16)
The maximum intensity obtained at z s = 0 for differential multipoint-scanning confocal imaging is given by:

I d,diff,plane (z s = 0) = (γ -D)I 0 (2.17)
For line-scan confocal imaging (red line) and standard point-scanning confocal imaging (green line), the fluorescence intensity keeps decreasing with defocus.

The asymptotic behavior (z s ≫ z c ) of the different implementations is developed in the Appendix A and is summarized in Table 2.1 together with the theoretical optical section thickness as provided by [Wilson, 2011b] (see Section 1.6.3, page 45).

Methods

Asymptotic behavior Optical section thickness Single-point 1/z 2 s 0.67

λ n-n 2 -N A 2 3 1 + 1.47AU 3 Multipoint ∝ D 0.67 λ n-n 2 -N A 2 3 1 + 1.47AU 3 Diff multipoint 0 0.67 λ n-n 2 -N A 2 3 1 + 1.47AU 3 Line 1/z s > single-point Widefield No section ∞ Table 2
.1: Summary of the critical parameters of optical sectioning characterizations: Asymptotic behavior (z s ≫ z c ) and optical section thickness (SE). AU corresponds to the pinhole size (defined in Airy Unit AU, 1AU = 1.22 λ/NA).

In summary, line-scan confocal imaging provides a better background rejection than multipointscan imaging (optical sectioning curve decreases to 0 far from the focal plane) but the thickness of the optical sectioning is larger than for multipoint-scan confocal imaging. Multipoint-scan confocal imaging is a hybrid method in between standard point-scanning confocal and standard widefield imaging. It allows achieving high scanning-rate with the same axial resolution (PSF z ) and optical sectioning strength (SE) than standard single-point confocal imaging. However, it does not allow to perfectly resolve an optical section because of the presence of a residual background signal (offset, α>0) for z s ≫ z c . This offset is proportional to the pinhole density and its contribution depends on the thickness of the sample. Differential multipoint-scan confocal imaging is obtained by simultaneously recording the widefield and the multipoint images, such that the background signal can be completely subtracted (perfect background rejection strength) while maintaining the thickness of the optical sectioning (perfect optical sectioning strength). Therefore, it seems the ideal technique, combining speed and optimal optical sectioning. Nevertheless, because it is computed as a difference between two images, it is important to understand how this subtraction might impact the SNR.

Theoretical SNR for multipoint-scan confocal imaging

In order to understand the effect of background subtraction on the SNR, we can use the above formalism to compare the SNR with and without subtraction in the case of multipoint-scan confocal imaging in the general case (no assumption on the fluorescent sample). In this paragraph, I explicit the expression of the SNR for differential multipoint-scan confocal imaging, then I show when this SNR is optimal as a function of the pinhole density D. Lastly, I compare the SNR for regular and differential multipoint-scan confocal imaging to see what is the influence on the SNR of doing the differential multipoint procedure. For this purpose, we consider S the in-focus signal and the noise as described in the following.

Expression of the noise

We can quantify the standard deviation of the noise σ d,diff obtained with differential multipointscanning confocal imaging by considering that the number of detected photons follows a Poisson distribution and that the associated shot noise is the main source of the noise. The SNR involves a number of experimental parameters including: The number of photons detected on a camera pixel of size A p during the exposure time t can be expressed as β I d where β = A p 2 t/(hν) (with ν the photon frequency). We then deduce from Equation 2.10:

σ d,diff 2 = β I d,multipoint + D T multipoint T wide 2 β I d,wide (2.18)
This can be rewritten, using Equation 2.4 and Equation 2.8, as:

σ d,diff 2 = T multipoint β S multipoint + D 2 T multipoint T wide S wide + DT multipoint β 1 + D T multipoint T wide B (2.19)
In this expression, the first term in each parenthesis originates from the multipoint-scan confocal image and the second term from the conventional widefield image.
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How to optimize the SNR?

Then, we calculated the SNR as a function of D under the following hypotheses:

1-From Equation 2.4 and Equation 2.8, we can evaluate that, for a fluorescent plane at z s = 0, S multipoint ≈ γS wide (using Equation 2.12 and Equation 2.15). In theory, γ is measured with a fluorescent plane but we can assume that the same factor applies for any in-focus sample (for example a brain tissue).

2-Because in our experiments the maximum illumination power at the sample is not limited by photobleaching or photodamage but rather by the total available illumination power (especially for small values of D), we considered a fixed incident laser power at the DMD and a variable illumination intensity at the sample I i (D) = DI i,D=1 .

Under these assumptions, the widefield signal can be expressed as : S wide (D) = DS wide,D=1 , where S wide,D=1 represents the signal coming from the focal plane that would be detected with widefield imaging for D = 1. Using equation 2.10 we can then write the differential multipointscanning confocal signal as:

S diff = β I d,diff
(2.20)

= β T multipoint (γ -D)DS wide,D=1 (2.21)
and the noise can be derived from equation 2.19. We finally obtain the expression of the SNR for differential multipoint-scanning confocal imaging:

(S/N ) diff = f (D) βS wide,D=1 (2.22) 
where we defined f (D) as:

f (D) = T multipoint (γ -D) D γ + D 2 T multipoint /T wide + D(1 + DT multipoint /T wide )B/S wide (2.23)
Optimizing f (D) according to the experimental values of γ, T multipoint , T wide , B/S wide allows optimizing the SNR, as it will be seen in Chapter 5.

Comparison of the SNR between multipoint-scan and differential multipointscan confocal implementations

We can also compare the signal and the noise in regular and differential multipoint-scanning confocal imaging, using the same parameters, in order to estimate the effect of the subtraction process on the SNR. The ratio between the standard deviations of the noise obtained in differential and regular multipoint-scanning confocal imaging can be calculated as:

σ d,diff σ d,multipoint = γ + D 2 T multipoint /T wide + D(1 + DT multipoint /T wide )B/S wide γ + DB/S wide (2.24)
In conclusion, the parameters of the optical setup (T multipoint /T wide and D) can be chosen such that the contribution from the widefield image to the noise remains small compared to the contribution from the multipoint-scan confocal image. The subtraction process then leaves the noise mostly unchanged. This consideration was a major criterion when designing our optical setup (see Chapter 5). Besides, D can be chosen in order to optimize the SNR, while γ and B/S strongly depend on the aberrations of the setup, of the sample and of the pinhole diameter A. Thus a careful optimization of the flexible parameters according to the inflexible ones (the labeling, the optical aberrations) allows achieving the best conditions. With the values of B / S and γ that we will obtain in a mouse expressing a fluorescent dye in its microvasculature, we can deduce the flexible parameters (D) of the setup to optimize this ratio (see Chapter 5).

Conclusion

In this chapter, we have described from a theoretical point of view the different implementations of the fiberscope: multipoint-scan confocal, differential multipoint-scan, line-scan confocal and conventional widefield imaging. In particular, we have quantified the important parameters that characterize the optical sectioning, namely: the quality of the background rejection (related to α) and the thickness of the optical section (characterized by SE when we have an analytic expression of it and by the asymptotic behaviors when this expression is missing). In addition, we performed simulation of these different implementations to compare the shape of the theoretical optical sectioning profiles and confirm qualitative analytical predictions.

We saw that for multipoint-scan confocal imaging, the optical sectioning profile presents a residual background due to crosstalk between adjacent pinholes in the non-confocal area. This background can be subtracted by simultaneously recording a conventional widefield image. This procedure allows improving the contrast with minimal effect on the SNR.

With this model, we can use experimental data (pinhole size, B / S, aberrations) to optimize imaging performance (SNR). This model will be used in Chapter 5.

The setup was entirely built from scratch by Cathie Ventalon and myself in the first year of my PhD, with technical help from Jozsua Fodor (optimization of the setup arrangement using Zemax simulations, 3D-printing, discussions), Yan Chastagnier (Software, discussions), Yvon Cabirou (mechanics) and based on the previous optical design from Cathie Ventalon and Vivien Szabo [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF]. In this section, I describe the different modules of the fiberscope.

The basics of the microscope

As illustrated in Figure 3.1, we use two different light sources whose characterizations are illustrated in Figure 3.2:

• A 488nm laser beam (LBX-488-200-CSB-PP, Oxxius), laser power 220mW with computer adjustment.

• A 561nm laser beam (LMX-561L-500-COL-PP, Oxxius), laser power 500mW with no computer adjustment but instead we used Neutral Density (ND) filters (reflective filter, ND 1.0, 2.0, 3.0, 4.0, Thorlabs) to reduce signal transmission. ND filters are characterized by their Optical Density (OD) that give the amount of energy blocked by the filter: the higher the OD, the lower the transmission (Transmission = 10 -OD x 100%). However, we acquired a polarizer and a quarter-wave plate to more finely modulate the laser intensity in the future.

B A Figure 3.2: Images of the two laser beams and characterizations. The two images are obtained with a camera (Basler aA1200-200uc, px size = 4.8µm x 4.8µm) positioned in L8, i.e 35cm (respectively L6, i.e 57cm) of the laser output, before the beams are magnified. A. Laser 488nm. The FWHM of the intensity profile of the image is 570µm in the x-direction and 815µm in the y-direction. The laser is not symmetric and is bichromatic (488 and 498nm). The relative intensity variations at the center of the beam at 220mW and 900fps are 0.3% (stable). B. Laser 561nm. The FWHM of the intensity profile of the image is 519µm in the x-direction and 517µm in the y-direction. The laser is symmetric and monochromatic. The relative intensity variations at the center of the beam are 1.3% (less but still stable).

Before laser beams are incident on the DMD, lenses 6 and 7 (respectively 8 and 9) form a telescope to expand each beam so that they illuminate a large area of the DMD. The focal lengths of the lenses are chosen in order to obtain two spatially shifted and well-separated beams on the DMD in the horizontal direction (one for illumination and one for detection, see later), while making the best use of the surface of the DMD (see Figure 3.5B). Therefore, beam size of about 1/4 the size of the DMD (which is inclined at 45 o ) was chosen (≃ 6mm). We chose a set of lenses for each beam to obtain a beam size at the DMD of about 5mm that we adjust experimentally: lenses 8 and 3.1. Experimental setup: the microscope 79 9 with focal lengths of 19 mm (AC127-019-1-ML, Thorlabs) and 250 mm (AC254-250-A-ML, Thorlabs), L6 and L7 of 25mm (AC127-025-A-ML, Thorlabs) and 200mm (AC254-200-A-ML, Thorlabs). To combine the two illumination beams before the DMD, we use a dichroic beam splitter (DBS1, T525lpxr-UF1, Chroma). Then, the focal length of the lenses is chosen such that the diameter of the beams cover the fiber bundle diameter (600µm) at the focal plane of the microscope objective where the proximal end of the fiber bundle is positioned. We choose a tube lens L 1 of focal f 1 = 150mm and a microscope objective (Olympus, UPlanSApo, 10X, 0.4 NA, f=18mm, WD = 3.1 mm) which yield together with a magnification between the image on the DMD and the image at the proximal end of the fiber bundle of f 1 / f o b j = 150/18 = 8.3. The beam on the DMD has a diameter of ≃ 5 mm which gives a beam on the fiber bundle of 5 / 8.3 ≃ 600µm. L1 is positioned 150mm away from the DMD in order to image the DMD at the focal plane of the microscope objective where the fiber bundle will be located. The distance of L1 to the objective is only constrained by the space constraints of the setup. I will come back to the objective choice in paragraph 3.2.3, page 94.

There are two detection pathways (red):

• For line-scan confocal imaging (direct pathway, i.e straight line from the microscope objective to the camera in Figure 3.1), we use a dichroic beamsplitter which transmits fluorescence light and reflects the shorter wavelengths together with a fluorescence filter to reject residual laser light. We use two DBS for red (590nm, DBS4, ZT561rdc-UF1, Chroma) and green (510nm, DBS4, ZT488rdc-UF1, Chroma) fluorescence imaging. The switch between the two DBS requires experimentalist's manipulation and the position is exactly the same after removal and repositioning thanks to a magnet system (Kinematic Mount with Removable Front Plate (KS1R), Thorlabs). The fluorescence collected by the micro-objective, transmitted by the fiber bundle, is projected onto the sCMOS camera with a tube lens (L5, f 5 = 125mm, AC254-125-A-ML, Thorlabs) positioned 125mm away from the camera, yielding together with the microscope objective a magnification between the proximal end of the fiber bundle and the camera sensor of 125/18 = 6.9 and a size of the fiber bundle on the camera of 600 x 6.9 = 4.1 mm. The sCMOS camera works in its light-sheet mode (see paragraph 3.1.3), i.e as a line detection pinhole. This detection path can also be used to perform conventional widefield imaging using a uniform illumunation mask at the DMD and the "normal area" read-out mode at the camera.

• For differential multipoint-scan confocal imaging, we use two pathways: one for multipointscan confocal imaging (on top), and one for standard widefield fluorescence imaging (same as for line-scan confocal imaging). For this purpose, we use a 90/10 beamsplitter (21011, 90/10 Beamsplitter -UF2, Chroma) in place of the DBS for line-scan confocal imaging, that splits the light into two parts: 90% of the light goes on the multipoint-scan confocal path through a dichroic beamsplitter (DBS3, ZT561rdc-UF1 Chroma). A tube lens (L2, f 2 =150mm, DLB-20-150PM, Optosigma) is used to project an image onto the DMD with a magnification of 8.3. Therefore, L2 is positioned 150mm away from the DMD, and its position according to the objective is chosen in order to avoid vignetting due to the small divergence of the beam rays (< 1 o ). The fluorescent beam, projected on the right part of the DMD, has a diameter of 600 x 8.3 = 5 mm. Then, the DMD is used as a matrix of pinholes of detection. Fluorescence light reflected at the DMD is then imaged on the left part of the sCMOS camera using a DBS to separate illumination light from fluorescence (DBS2, ZT561rdc-UF1 Chroma) and two identical relay lenses ( f 3 = f 4 = 150mm, AC508-150-A, Thorlabs). We will explain in the next paragraph why we choose to use two separate domains of the DMD for excitation and emission paths. The DMD is a diffractive object that can be modeled as a 2D blazed grating with a diffraction pattern that is strongly dependent on the incident angle and the wavelength. As such, it is important to figure out which combination wavelength/angle gives the optimal efficiency into the main order of diffraction (Figure 3.5). To this purpose, we use the modelization of the DMD from [START_REF] Xiao | Diffractive Properties of DMD Gratings and Its New Application in Tunable Fiber Lasers[END_REF] and perform the simulations with Matlab for all the possible incident angles on the DMD (Figure 3.5, for 9 incident angles).

In the plot of Figure 3.5, the illumination at 488nm (blue) and 561nm (yellow) and the detection at 510 (green) and 590 (red) are highlighted. Note that no angle optimizes the intensity in the first diffraction order for the 4 wavelengths simultaneously. Therefore, in order to achieve a maximum reflexion efficiency, we chose to physically separate the illumination and the detection beams on the DMD and optimize their angles independently to 13.5 o for illumination (561nm, 93% of efficiency and 488nm, 81% of efficiency) and 9 o (510nm, 70% of efficiency and 590nm, 100% of efficiency) for the case of multipoint-scan confocal imaging (Figure 3.5B). These angles allow reaching a diffraction efficiency in the main order close to 60% for the two beams, which is the maximum value that can be achieved with this DMD (considering the fill factor, window transmission, and mirror reflectivity), as explained at the beginning of the paragraph. This choice also allows taking slightly larger pinholes at the detection than at the illumination (due to aberrations) to increase signal collection efficiency.

The difference between the beam reflected on the DMD at 590 nm and that at 510 nm on the detection path is 3.5 o . L3 and L4 must be positioned off-axis in a non-conventional way (anamorphic lens pair, see Figure 3.1) to minimize the angle of incidence on the camera (as we will see in the next paragraph, Section 3.1.3). This configuration limits the beam aperture on the multipoint

sCMOS Camera

The sCMOS camera (Hamamatsu ORCA-Flash4.0 v2) is composed of 2048x2048 pixels (6.5µm pixel size) and achieves high acquisition rates (100fps full-frame). A sCMOS camera converts the incident light (photons) into a charge (electrons) in each pixel, and detects it as a signal. The Quantum Efficiency (QE) characterizes this conversion efficiency and is > 75% in the 500-650nm range on which we are using it. The structure of an sCMOS pixel in this camera contains a microlens to focus light on a small detector (Figure 3.6A) which allows increasing the sensitivity. The drawback is that, for a large incidence angle, a part of light does not reach the sensitive area, causing a dramatical drop of detection efficiency. We characterized the detection efficiency as a function of the incident angle on the camera (Figure 3.6B) and noticed that the detection efficiency drops for incident angles larger than 18 o . However, the angle between the DMD surface and the fluorescence beam reflected at the DMD is larger than this value (32.3 o , calculated from simulations and geometry). Therefore, the detection beam path between the DMD and the camera was optimized by adjusting the incidence angle on the camera at a value smaller than 18 o , with the help of the off-axis relay lens formed by lenses L3 and L4 to partly straighten up the image (anamorphic lens pair). In this arrangement, the relay lens can make an image at a smaller angle than the object angle. This optimization led to slightly tilting the camera compared to the axis of the widefield image detection path. Angles between the fluorescence beams and the camera were fixed to 9 o (direct path) and 16 o (DMD path). Therefore the fiber bundle was also slightly tilted (by an angle of 1.3 o ) compared to the optical axis.

Apart from the QE, three other important factors limit the performance of a camera: the noise (readout noise, dark noise, photon noise), the dynamic range and the frame rate. The readout noise σ R is the random noise generated within the charge-to-voltage conversion amplifier when reading out the charge, which is the same amount regardless of exposure time and is different for each pixel. The value of the global readout noise of the camera corresponds to the median of the readout noise distribution that includes all the pixels and is of 1.0 electron for this camera. The corresponding rms noise is of 1.6 electrons for this camera. The dark noise σ D corresponds to the number of thermal electrons generated due to the heat of the sensor and therefore can be reduced by cooling the sensor. It is of 0.06 electrons/pixel/s maximum with this camera. The standard deviation of the photon shot noise σ P is related to the number of photons that reach a pixel and which will be converted to a charge. Therefore the noise corresponds to:

N oise = σ 2 R + σ 2 D + σ 2 P (3.1)
but will be approximated to σ 2 P in the following, neglecting the dark and readout noises. Note that the number of photons follows a Poisson probability distribution which has the following important property: the variance is equal to the mean value, therefore the amplitude of the fluctuations in the number of photons (standard deviation) is equal to the square root of the average number of photons detected: σ 2 P = N P with N P the mean number of photons detected.

The dynamic range corresponds to the ratio between the highest amount of light that can be handled by the camera (saturation charge amount) and the lowest (readout noise) and is of 37000:1 for this camera. In conclusion, this camera has an excellent quantum efficiency (QE), a high frame rate (i.e number of images that can be imaged in one second in continuous imaging and expressed in frame per second (fps)) of 100fps over a large number of pixels (2048x2048) and very low noise.

In general, it exists two types of readout-modes: rolling-shutter and global shutter. In the rolling-shutter readout, vertical lines are exposed one after the other, with a slight offset in time between two subsequent lines. Global shutter corresponds to a mode in which all the pixels of ∈ [9.74436µs, 1ms]), n t the number of horizontal lines of the image, n e the number of horizontal lines exposed at the same time. The camera starts exposing after a delay of 9L following reception of the electrical signal, with a jitter of 1L. The total duration to take an image (T cam ) is the sum of the delay, the maximal jitter (1L), the exposition of the whole FOV (n t L) and the exposition of a line of width n e (n e L), such that:

T cam = (n e + n t + 10).L (3.6)
In practice, we chose n e , T cam , n t and then deduce L. The DMD must start its display sequence at the same time. Because of the jitter of the camera, it is important that the latter controls the DMD and not the opposite. To summarize, the steps to acquire an image are the following:

• The acquisition board sends an electric signal to the external input of the camera which starts the image 9 to 10 L later.

• Each time the rolling-shutter changes line, the camera will output an electric signal to the acquisition board.

• When receiving the electric signal from the first line of the camera, the acquisition board starts to output a sequence of pulses to the DMD. Each pulse will change the pattern displayed by the DMD to the next in the sequence.

The last pulse of the image must be sent by the camera before the card is ready to trigger a new set of pulses for the DMD. That is, if the pulse sequence sent to the DMD finishes before the image capture, the sequence of the DMD begins on one of the pulses corresponding of the end of the capture of the previous image, resulting in desynchronization. Therefore, the DMD sequence must last longer than the camera image exposure and shorter than the time between two triggers sent to the camera to start an image acquisition. If one of those two constraints is not met, the synchronicity will be lost.

3-Shift optimization

Finally, the last step is to determine the shift to perfectly match the line on the DMD and the camera. The shift is an integer (positive or negative) added to the offset in equation 3.2. Indeed thermal effects modify the shift over time that must be recalibrated with each use. This procedure is automated and consists of taking a series of 200 line-scan confocal images for different values of shift then to select the shift which will give a maximum intensity (optimal alignment of the DMD pattern with camera exposure area).

4-Adjustment of lines size and step

In the ideal case, the line on the DMD and the camera should be the same size at the sample and move accordingly with each update. st ep DMD is the distance in pixels the DMD line is moved between two DMD frames. The smaller this number, the fewer edge effects will be visible and the more frames will be in the sequence. The program automatically computes an ideal st ep DMD according to the parameters (line DMD , frame rates) chosen by the user. However, since the size of a pixel on the camera is 6.5µm while it is 6.3µm for the DMD (7.6x125/150, at the camera), they can not perfectly match between two frames. Furthermore, as the minimum time between two lines is 9.74436µs for the camera while it is 61µs for the DMD, we can not perfectly synchronize the two, such that if both lines have roughly the same size, as the steps are not coordinated, the edges will oscillate between two states: "DMD outsteps the camera" and the opposite.

For reasons of optimization of collection efficiency, we usually choose for line-scan (and for multipoint-scan) detection pinholes larger than illumination pinholes (see later in the paragraph 3.2.4, page 95). Therefore, a larger exposure line on the camera can be chosen with a value that systematically encloses the illumination line on the DMD and avoids the imperfect synchronization phenomenon when they are the same size (line cam = | 

B-Multipoint-scan confocal implementation

Since the illumination and detection matrices occupy two distinct regions on the DMD, they can be programmed independently. In particular, one can choose a pinhole size for detection a little larger than for illumination. On the other hand, the two matrices must be spatially aligned to provide the optimal collection efficiency. Therefore an automated protocol of spatial calibration has been implemented in the software. The parameters to adjust are the followings:

-The angle between the orientation of the DMD and the horizontal (about 45 o ); -The difference in orientation between the two matrices of pinholes ; -The offset between the two beams in camera coordinates along x and y; -The stretch along x and y between the two beams; -The coordinates of the invariant point by the rotation (position along x and y in the DMD reference frame);

In practice, the calibration requires a fluorescent sample at the focal plane of the microscope objective (or the autofluorescence of the bundle). The user chooses an image for this calibration. This image is displayed on the part of the DMD corresponding to the illumination beam and it is modified according to the preceding parameters to be displayed on the fluorescence side. The principle of the program is to modify this second image to maximize the intensity that passes through the detection matrix. The optimization of the alignment is performed in two steps: first, we use a nonperiodic image (for instance a numbered checkerboard or any structured non-periodic image) to find and optimize the parameters by hand roughly. Then, we use a calibration grid that has a regular pitch (array of pinholes, similar to what we use in multipoint). The rough estimation of the first step must be made with a precision better than the step of the grid in order not to introduce a shift of period in the grid. The rest is automatized: it requires to select a region of interest in the image on which will be performed the calibration (typically the size of the bundle). The complete procedure is described in Figure 3.8 with the following steps:

• We choose the parameters to optimize (angle, offset, stretch), the number of steps to be made and the difference between two values (for example: parameter = XOffset, starting value = 842, step = 3, step size = 1, therefore 841,842,843). The number of possible combinations to be tested corresponds to the product of the number of steps for all the parameters: the larger the number, the longer the optimization (Figure 3.8A).

• After validation, the DMD will display the set of sequences and the camera will acquire the corresponding fluorescence images.

• The combination of parameters that makes it possible to obtain a maximum intensity is the optimal combination. Note that it is preferable to make a coarse pre-calibration by superimposing the two grids (illumination and detection) on the camera, and then refine the parameters (Figure 3.8B).

by the basic epoxy glue that we used on the first preparations (see Table 3.4). Then, the bundle was polished with fine-grit sandpapers (12µm to 1µm) on a polisher (Krell Rev2 micro-polisher) from a shared neuroscience workshop facility (Neurofablab, Center for Psychiatry and Neuroscience, Paris), cleaned with isopropanol and checked with a fiber microscope (FS201, Thorlabs). The polishing of the fiber bundle is a critical step in the realization of the fiberscope. The polished surface with respect to the axis of the fiber should be as flat as possible (tolerance < 1 o ). The imperfect polishing may induce geometrical aberrations, vignetting and signal loss (because of the increased of the apparent NA). To improve the protocol, we contacted AMS Technologies which provided the protocol annexed at the end of the manuscript (See Appendix B). The critical step is to use a glass pad with minimum pressure to avoid to get a curved surface. For the first validation of the protocol, we built a standard microscope with high magnification and we fixed the fiber bundle on an x-y micromanipulator, that allowed us to check the planarity of the surface.

Reference

Autofluorescence and intercore coupling of the bundle

An important parameter is a natural emission of light by the fiber bundle, called autofluorescence that depends on the wavelength, structure, and material of the fiber cores and cladding. Therefore, image quality suffers from this additive signal: a comparison between the signal emitted from neurons with GCaMP6f labeling during experiments and the autofluorescence signal with a large filter (Semrock, FF01-550/88-25) showed that their intensity are roughly similar. Therefore, we characterized the autofluorescence at 561 and 488 nm with our fiber bundle (Figure 3.12) and noticed that the autofluorescence spreads over a large spectrum. We optimized the filters, i.e optimize both the signal and the ratio (signal/autofluorescence): R f il t er = ´λ(Fluorescence.Filter)dλ ´λ (Autofluorescence.Filter)dλ (3.9)

For this purpose, Yan Chastagnier developed a Matlab interface to measure the action of pre-selected filters on the autofluorescence and the fluorescence spectra of chosen fluorophores (GCaMP and jRGECO1a) in order to find the best set of filters. We pre-selected 7 filters for the fluorescence at 590nm, 7 for the fluorescence at 510nm and 4 to remove the peak contamination at 498nm in the blue laser. Figure 3.13 illustrates the 3 filters that optimized the best the setup: 1/ a filter to clean the green light in the bichromatic LBX-488 laser (FF02-482/18-25, Semrock), 2/ a filter for red fluorescence collection that both minimizes the autofluorescence and optimizes the signal (FF01-620/52-25, Semrock), 3/ a filter for green fluorescence that both minimizes the autofluorescence and optimizes the signal (FF01-531/40-25, Semrock). .12: Characterization of the autofluorescence of the image guide. We compare two image guides: the one we use from Fujikura (FJK), and a one that will be introduced in paragraph 3.2.4, page 96 called MKT. The autofluorescence spectra are plotted as a function of the wavelength with the MKT probe (purple line) and Fujikura image guide (yellow line) at 561nm (A) and 488nm (B). These intensity profiles were obtained with a spectrophotometer (Ocean Optics), after a round trip in the image guide and collection in place of the sCMOS camera (direct path). We use a filter to observe the interesting part of the spectra: FF01-607/70-25 (Semrock) for the excitation at 561nm and FF01-550/88-25 for the excitation at 488nm. The autofluorescence of the two bundles is roughly similar but higher for the MKT probe as compared to the Fujikura image guide. Green and blue spectra are obtained with filters that let wavelengths > 492nm for the green curve (respectively < 492nm for the blue curve) pass. Fluorescence filter (black line) used to remove the peak at 498nm (green line) in the laser source to obtain a single peak at 488nm (blue line). B. Autofluorescence of the bundle with illumination at 488nm (blue line) decreases the signal-to-noise ratio of the images and as such should be removed. However, autofluorescence and fluorescence signal corresponding to the GFP action spectra (green line) overlap. Therefore, a procedure was implemented to optimize both the ratio (signal/autofluorescence) and the signal. The selected filter is plotted in black. C. Same for the autofluorescence of the image guide under illumination at 561nm (blue line), action spectra of the jRGECO1a fluorophore (red line), and selected filter (dark line).

From microscope to fiberscope

A second important parameter of coherent fiber bundles is the intercore coupling. Indeed, high core density in fiber bundles leads to strong core-to-core coupling, which is highly dependent on the illumination wavelength and polarization state. To reduce this, high core density fiber bundles present a structural nonuniformity of the arrangement and size of the cores. The optimal choice for a fiber bundle is in between the core density and the intercore coupling. Potential solutions could be to use low density (with high cladding indices) bundles, or bundles with high core-cladding contrast index [START_REF] Chen | Experimental and theoretical analysis of core-to-core coupling on fiber bundle imaging[END_REF]. We characterized the The image guide is attached to the micro-objective using a connection device (piece 1). The micro-objective is fixed to the skull using a head plate (piece 2) that is positioned using a micromanipulator. (B) Picture of an unrestrained (freely behaving) mouse in its cage with the fiberscope probe fixed on the skull.

100µm theoretically) was adjusted experimentally with a micromanipulator (Figure 3.15B). Then we acquired image stacks and measured the WD between the micro-objective and the sample until we reached the expected WD of 200µm. We noticed that the optimal position of the bundle was always as close as possible to the micro-objective. Therefore, later on, we position the bundle by hand by slowly moving the relative distance before screwing and checked that the WD was correct. The micro-objective was then approached to the sample with a head-stage that was subsequently attached to the skull with dental cement. This prototype was developed in order to perform chronic experiments, such that the top part together with the micro-objective could be removed from the cemented part, and connected/disconnected with a spring and a fork at each trial. However, a precise adjustment of the z position was lacking in this implementation. Consequently, because of motion tolerance of the mechanics and displacement of the brain above the coverslip, we did not validate the chronic experiments with this prototype. Nevertheless, this system allows imaging during hours with little motion artifacts (see Chapter 5).

2-Custom-made micro-objective

The second prototype (Figure 3.20) was designed to be adapted to the custom-made micro-objective. The manufacturing requirements were 1 / to be able to adjust the axial position of the whole ensemble (micro-objective + fiber bundle) with respect to the glass coverslip a posteriori (after fixation on the brain) in order to be able to do the chronic imaging and 2 / to allow fine positioning of the image guide with respect to the micro-objective in order to get the best imaging capabilities. The fiber bundle was first polished and fixed with the Vitralit optical adhesive to a T-shape ferrule (CuSn8, L=8mm, OD 1.2mm, ID 0.68mm, BIEG Figure 3.20A), such that the wings of the T prevent from the rotation of the bundle inside the mechanical embodiment. The micro-objective was connected to the image guide using a connection piece (adjustment ring Figure 3.20B) and the relative position of these two elements was adjusted using a spring and a screwing system. In this way, the WD can be adjusted to match the lens specifications (WD = 140µm). In practice, to set the right WD, we performed an optical sectioning calibration and estimated the z-coordinate of the maximum of the intensity profile and the surface of the micro-objective (i.e the WD). This should be of 140µm in water with a glass coverslip.

To simplify the procedure, the experimental procedure was performed without water and glass coverslip, and we simulated that, in these conditions, the WD should be 145µm. We adjusted this could move freely in the cage. Their behavior was recorded with a camera placed above the cage (acA1300-200uc, Basler).

Protocol 2: calcium imaging in the hippocampus and the cortex in chronic preparations A-Surgery procedure

Male mice C57BL/6JRj (Janvier Labs) of 8 weeks were used in all experiments unless otherwise stated. For injections, borosilicate glass capillaries (GC100TF-7.5, 1,0 mm outer diameter x 0,78 mm internal diameter, Clark electromedical instruments) were pulled with a pipette puller (Flaming/Brown micropipette puller, Sutter instrument, model P-97). -Solution 1 AAV2/1.Syn.Flex.GCAMP6f.WPRE.SV40 (1,406.10 13 gc/mL, Upenn vector) (1:10) + AAVl.CamKlI0.4.Cre.SV40 (4,49.10 13 gc/mL, Upenn vector) (1:1000) for the experiments in the hippocampus (we choose to target the pyramidal cells of the hippocampus with the CamKII promotor); -Solution 2 AAV2/1.Syn.Flex.GCAMP6f.WPRE.SV40 (1,406.10 13 gc/mL, Upenn vector) (1:10) + AAV2/1.hSyn.Cre.WPRE.hGH (3,15.10 13 gc/mL, Upenn vector) (1:500) for the preliminary experiments in the visual cortex (V1); -Solution 3 AAV1.Syn.Flex.NES-jRGECO1a.WPRE.SV40 (4,48. 10 13 gc/mL, Upenn vector) (1:2) + AAV2/1.hSyn.Cre.WPRE.hGH (3,15. 10 13 gc/mL, Upenn vector) (1:2000) for the preliminary experiments with a red-shifted GECI in the hippocampus.

Each mouse was deeply anesthetized by inhalation of isoflurane (3% for induction, 1.5-2% for maintenance) in 100% oxygen and then head-fixed in a stereotaxic frame (Kopf). Meanwhile, a warming plate (37.5 to 38 o C) was used to maintain the mouse at physiological temperature. Eye ointment was applied to prevent from drying out. After intraperitoneal injection of buprenorphine (0.015 mg/mL, 0.1 mg per kg body weight, Buprecare) to reduce pain, we gently incised the skin and a small craniotomy (≃ 0.5 mm diameter for the hippocampus, 3 mm diameter for V1) was then performed with a micro drill (Foredom controller, drill FST 19008-07) over the area of interest without damaging the dura: -Hippocampus: AP -2.2 mm / ML 1.8 mm / z = 1.3 mm; -V1: AP -3.5 mm, -3 mm, -2.5 mm / ML + 2.5mm / z = 150 µm (3 points).

The pipette was placed at the precise coordinates with the help of a stereotaxic arm (Kopf) and then lowered slowly at the desired depth. The virus solution was loaded for a total of: -700 nL at 100 nL/min in the hippocampus preceded by 7 min of stabilization of the pipette after implantation at the right coordinates, and followed by 7 min of stabilization at the end of the injection; -3 injection sites x 300 nl at 100 nL/min in V1 with the same pre and post-stabilization to avoid reflux at each of them.

The pipette was then gently retracted out of the brain.

From fiberscope to animal
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-For the hippocampus, the skin was sewn with monocryl thread (Ethicon) and protected with betadine (Vétédine, Vetoquinol) deposited on the suture. Then, the animal returned to its home cage to recover. The second surgery happened 10 to 15 days later (see next paragraph).

-For the visual cortex, we used either a thin glass coverslip (No 0, Warner Instruments for experiments with the GRIN-lens based micro-objective, or a 70 µm thick coverslip (3 mm diameter) with an anti-reflective coating on the objective side (FeinewerkOptik Zund) and glued to a 3D titanium implant (Figure 3.21A) for the custom-made micro-objective. This coverslip was positioned on the craniotomy and fixed to the skull with UV-cured dental cement (Tetric EvoFlow, Ivoclar Vivadent) following coverage of the skull with optiBond preparation (Kerr). Then, the animal returned to its home cage to recover and for imaging 3-4 weeks later.

For the hippocampus, 10 to 15 days later a second surgery was performed which consists of the same protocol as described in [START_REF] Dombeck | Resolution During Virtual Navigation[END_REF][START_REF] Ulivi | Longitudinal Two-Photon Imaging of Dorsal Hippocampal CA1 in Live Mice[END_REF] (Figure 3.22A). Before the surgery, a stainless steel cannula (316LVM inox medical, BIEG, Figure 3.22B (top)) was inserted in a 2D-printed titanium implant (Figure 3.22C (top)) and fixed to it with cyanoacrylate adhesive (CYL electrolube). A 2mm diameter glass coverslip (70 µm thick) with an anti-reflective coating on the objective side (FeinewerkOptik Zund) was attached with fast UV curing optical adhesive (NOA81, Thorlabs). A critical step was to put glue only on a thin layer on the contours of the cannula to leave the coverslip as clean as possible. The cannula was then exposed for a few minutes under UV light. For the surgery, the mouse was deeply anesthetized by injection of a ketamine/xylazine cocktail (0.1mL/10g). The protocol consists of the same first steps as for a virus injection. The bone was first exposed and cleaned with hydrogen peroxide (Cooper), covered with optiBond preparation (Kerr) and then a craniotomy was performed centered over the injection site with a trephine of diameter 2.7 mm (18004-27, FST). Dura was carefully removed using ophthalmic scissors (15000-00, FST) if necessary (bleeding, vessels). A critical step is to ensure that the bone has been cleansed on the edges of the craniotomy and that there is no hair around. We used a dry vacuum pump/compressor (Fisherbrand, FB70150) connected to a plastic tube with a 1 mL pipette and a micropipette cut at the end for tissue aspiration. The micropipette diameter is adjusted in order to adapt the suction force in such a way to have a sufficient flow to remove the tissue, but not too hard to go gradually. While the cortical tissue is aspirated above the hippocampus, Phosphate Buffered Saline (PBS, 0.01M) is continuously poured to prevent bleeding. Under the binocular loupe, the tissue is aspirated up to the external capsule. Here, there are 3 layers of fibers with 3 different orientations (horizontal, diagonal and vertical Figure 3.22A) that help to peel them away. The two first layers of fibers should be removed until the hippocampal fiber layer (the alveus) became visible (vertical fibers). Then, we cleaned the tissue, we removed the excess saline so that the surface of the hippocampus was tacky, with the help of pieces of homeostatic sponges (ROEKO Gelatamp, Coltene, 274007). The stainless steel cannula attached to the glass coverslip was approached to the surface. Light compression together with a first layer of biocompatible glue (3M Vetbond Tissue Adhesive) and a second layer of UV curing dental cement, allowed to attach the cannula to the skull. A critical step is to avoid the presence of air bubbles under the coverslip and to apply sufficient compression to avoid brain movement artifacts during imaging. The animal was returned to its home cage to recover for at least a week before starting the deprivation protocol.

B-Behavioral training

The behavioral task used in Chapter 6 consists in doing > 100 back and forth runs in a linear track in 20min. For this purpose, the mice started a food restriction diet in which they received 1 pellet per day. During the first two days, they got used to the 1m-long (20 cm large) linear track in PVC and were allowed to freely explore the track. Mice began to explore and discover the diluted sweetened condensed milk (Nestle) that was used as a reward. After habituation, the training remove residual dust and hair so as not to deteriorate the quality of the imaging and avoid damaging the micro-objective. A critical step was not to apply too much pressure on the window that could break or come off the cannula if the force was too great, resulting in movement artifacts or, more importantly, cerebrospinal fluid leaks under the microscope-objective definitively preventing the possibility of imaging.

The micro-objective was then positioned above the window by precisely adjusting the angle and the position using three manual translation stages (x, y, z directions, Thorlabs), one motorized z-stage (Newport, M462) and two goniometers (Melles Griot) allowing adjustment to ± 30 o with a resolution of 12 arc minutes (θ , φ, see Figure 4.3). A critical step was to find the parallelism between the window and the surface of the last lens of the micro-objective, while this adjustment happens outside the field of vision of the experimenter (i.e inside the cannula). To overcome this difficulty, we took advantage of the fact that the micro-objective comes out of the implant "lamp" of a depth barely larger than the depth of the cannula. Therefore, we aligned the lamp implant with the head plate to adjust the parallelism.

After positioning the micro-objective (while being careful not to apply too much force for the same reasons as for cleaning), the laser is turned on in line-scan confocal mode, to find a region of interest. The implant "lamp" is then cemented with dental cement to the implant "skull". In case of a small shift in the axial direction, the focus ring makes it possible to adjust on a range of ≃ 100µm the position in z of the micro-objective relative to the surface of the brain.

Then, mice recovered for 30 min from anesthesia with the laser off. The behavioral imaging protocol consisted in placing mice in a flower pot for sleep sessions (20min), then in the task session (20min) during which the mouse ran back and forth on a linear track (a reward is placed at the two extremities), and back to the flower pot for sleep sessions (20min). Their behavior was recorded with a camera placed above the track (acA1300-200uc, Basler).

In this section, I presented the in vivo protocols for both imaging of the microvasculature and neuronal activity with both the GRIN-lens based micro-objective based and the custom-made micro-objectives. The results of these imaging sessions are the subject of Chapter 5 and 6. In the next section, I present the data analysis pipeline for these two experiments.

From animal to results

In this section, I introduce first how to obtain the differential multipoint-scan confocal image from the simultaneous recording of the multipoint-scan confocal and the conventional widefield images. Then, I introduce the main steps to analyze the vasculature imaging data obtained in the multipoint-scan confocal mode. Lastly, I present the analysis pipeline for the calcium imaging recordings in the hippocampus obtained in the line-scan confocal mode.

Computation of the differential multipoint scanning confocal image

Image analysis was performed off-line using Matlab R2013A (Mathworks) and DIPimage toolbox. Because of the different detection paths, one of the two images (confocal multipoint-scan confocal and standard widefield) collected on the camera has to be rotated and resized to perform differential multipoint-scan confocal imaging. We first extracted from the raw image two ROIs corresponding to the multipoint-scanning confocal image and the widefield image. Theses images were then filtered with a uniform filter of size 3 pixels (1µm) and the confocal image was stretched in x and y to the same dimensions than the widefield image and rotated by 180 o . The lateral shift between the images was then found automatically using the DIPimage function findshift. When a stack of images was acquired (either a time-lapse, a z-stack, or a "benchmark" series where the parameters of the pinhole patterns are changed), this operation was performed only once and the same shift was applied to the whole stack. The multiplying factor applied to the widefield image before computation of the differential scanning confocal image could then be evaluated 1/ theoretically, 2/ experimentally with a fluorescent plane.

1-Theoretical computation

In Chapter 2, we expressed the intensity of the differential multipointscan confocal image as:

I d,diff = I d,multipoint -D T multipoint
T wide I d,wide (3.10)

A good approximation of T multipoint and T wide with the setup parameters consists of the following expression:

D T multipoint T wide = D 1 -T BS T BS R DMD (3.11)
where T BS is the transmission of the beamsplitter used to separate light into the two detection paths, and R DMD is the reflection efficiency of the DMD, which depends on the wavelength and incident angle of the beam. With the parameters from the experimental setup (T BS = 0.09, R DMD = 0.5, D = 0.04), we obtain the theoretical value of the ratio: DT conf /T wide = 0.20.

2-Experimental computation

As mentionned in Chapter 2 in Equation 3.12, experimental measurements of the optical sectioning curves allows calibrating the fraction of the widefield image that needs to be subtracted to obtain a background-free differential multipoint-scanning confocal image:

D T multipoint T wide = I d,wide,plane (z s ) I d,multipoint,plane (|z s | > z c ) (3.12)
In this expression, I d,wide,plane (z s ) correspond to the intensity obtained in the conventional widefield image (constant with defocus) and I d,multipoint,plane (|z s | > z c ) corresponds to the intensity in the multipoint-scan confocal image outside of the "confocal area" (i.e in the region where the optical sectioning plot is constant, see Chapter 2, Figure 2.4, blue plot).

From animal to results

107

Vasculature imaging A-Compensation of movements

The ImageJ plugin MOCO [START_REF] Dubbs | moco: Fast Motion Correction for Calcium Imaging[END_REF] was used to correct motion artifacts. To improve processing speed, images were downsampled by a factor of two, converted to 8 bit and cropped. A gaussian filter (size σ = 2 pixels) was also applied twice in order to eliminate the footprint of the fiber cores. The matrix of lateral drifts across time was then extracted by running MOCO and used to correct motion on the original movie.

B-Computation of imaging contrast (blood vessel imaging)

A line was drawn orthogonal to the direction of the vessel of interest and the intensity profile was extracted. Images were low-pass filtered using a Gaussian filter of size σ = 1.5 pixels (0.5µm) to improve the signal-to-noise ratio. We defined M as the maximum intensity of the profile and B as the average value over the first and last 15% of the points of the profile, where no in-focus object was imaged. Therefore, B corresponded to the out-of-focus background defined in the theory section, while M was the sum of the out-of-focus background and the in-focus signal S (as defined in the theory section) coming from the microvessel of interest. The background to signal was then computed as B/(M -B).

C-RBCs velocity measurements

Individual vessels were selected for analysis by manually drawing curved lines following the shape of the vessels on the average image of a time series (with a thickness adjusted to the vessel diameter). x-t profiles corresponding to selected individual vessels were then extracted from the original time-series. On these profiles, bright and dark streaks correspond to labeled plasma and non-fluorescent RBCs, respectively. The angle θ S of these streaks (compared to the vertical axis) is directly related to the RBC velocity v [START_REF] Drew | Rapid determination of particle velocity from space-time images using the Radon transform[END_REF]:

v = ∆x ∆t 1 tan(θ S ) (3.13)
where ∆x is the pixel size (0.36µm) and ∆t is the time between 2 frames. To improve the precision of velocity measurement, the x-t profiles were filtered with a Sobel filter of size 3 or 5, to obtain a signal F (x, t) [START_REF] Chhatbar | Improved blood velocity measurements with a hybrid image filtering and iterative Radon transform algorithm[END_REF]. The radon transform R(r, θ ) of this signal was then computed using the radon function from Matlab [START_REF] Drew | Rapid determination of particle velocity from space-time images using the Radon transform[END_REF]:

R(r, θ ) = 1 LT ˆL 0 ˆT 0 F (x, t)δ r - x ∆x cos(θ ) - t ∆t cos(θ ) d t d x (3.14)
For each angle θ , we then computed the variance V (θ ) along the radius r, θ S corresponds to the angle maximizing V (θ ).

Because our camera was used in the rolling-shutter mode, images lines were not acquired exactly at the same time: acquisition started at the central line and then moved up and down simultaneously at a speed of 9.7µs per line. We took this effect into account by calculating a corrected value of the velocity: v corr = l/(v/l + ∆T rs ), where v was determined using equation 3.13, l was the length of the ROI and ∆T rs was the time delay between acquisition of the two ends of the ROI due to the rolling-shutter. Strictly speaking, this correction assumed that the ROI was a straight line, which is reasonable in practice -especially considering than the correction factor is small (difference between v and v corr was only a few percents).

Finally, we used two joint criteria to assess data validity. First, the velocity should be smaller than the maximum velocity that we can measure taking into account the frame rate f and ROI length l: v max = l f /2 (see main text). Second, following data analysis from [START_REF] Drew | Rapid determination of particle velocity from space-time images using the Radon transform[END_REF], we calculated the ratio between the maximum variance and the mean variance. We empirically found that a ratio > 5 was necessary for accurate detection.

Neuronal activity imaging A-Honey-comb correction

Our fiber bundle consists of thousands of multimode fibers of 2µm diameter, with an intercore distance of 3.3µm. The intercore cladding isolates light transmission between each core which pixelates the image. There is a large literature about how to remove this "honeycomb" pattern superimposed on the image [START_REF] Eiter | Physically motivated reconstruction of fiberscopic images[END_REF][START_REF] Lee | Integrated spatio-spectral method for efficiently suppressing honeycomb pattern artifact in imaging fiber bundle microscopy[END_REF][START_REF] Liu | Iterative l_1-min algorithm for fixed pattern noise removal in fiber-bundlebased endoscopic imaging[END_REF]. In the data presented in this manuscript, we use a standard Gaussian blurring filter of size 2px to smooth the image. However, a current perspective in the lab is to improve this preprocessing step in order to reduce the noise. Indeed, when an animal is freely moving, it induces motion of the FOV. When using algorithms to correct from motion, the honeycomb pattern moves over the static image of the neurons. Therefore, the motion correction step induces noise that should ideally be suppressed. Setting up a robust procedure to remove this noise is an ongoing work in the lab.

B-Motion correction

2D image time series were motion-corrected using a fast rigid motion correction algorithm available in open-source, called NoRMCorre [START_REF] Pnevmatikakis | NoRMCorre: An online algorithm for piecewise rigid motion correction of calcium imaging data[END_REF].

C-ROI segmentation, calcium traces extraction, and deconvolution

To contour ROIs, extract the ∆F/F fluorescence traces and infer the spikes train, we used the automated and open-source algorithm called MIN1PIPE [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF]. This step required careful calibration that will be presented in detail in Chapter 6.

Conclusion

In this Chapter, I presented in detail the development of the fiberscope, the procedure to use it in vivo, and the procedure for data analysis. The results of these procedures are the subject of Chapters 4, 5 and 6. In Chapter 4, I present the optical characterizations. In Chapter 5, I present the use of multipoint-scan confocal imaging for the observation of RBC dynamics in the cortical microvasculature of awake freely-moving mice. In Chapter 6, I present the use of line-scan confocal imaging for the study of place cells in the hippocampus of mice that go back and forth on a linear track.

Chapter 4

Optical characterizations of the fiberscope

This chapter describes the optical characterizations of the fiberscope system. The fiberscope provides different imaging modes: line-scan confocal imaging, regular and differential multipointscan confocal imaging, and can work with various micro-objectives. During my PhD, we used 3 micro-objectives: a GRIN-lens based micro-objective, a MKT micro-objective, and our custommade micro-objective. By lack of time, not all the configurations were fully characterized. This Chapter presents an overview of all the characterizations that have been performed, arranged chronologically.

-In Section 4.1, I describe the optical methods used for these characterizations.

-At the beginning of my PhD, only the GRIN-lens based micro-objective was available. When performing optical characterizations of the setup with this micro-objective, we discovered that optical aberrations of the micro-objective were quite strong and significantly impaired the performances of the fiberscope. Therefore, we also performed characterizations of the setup without the image guide and micro-objective, to confront the results with the theoretical models presented in Chapter 2. These results are presented in Section 4.2.

-Then, in Section 4.3, I present the characterizations of the fiberscope in multipoint-scan and line-scan confocal modes using the GRIN lens based micro-objective. In particular, the multipointscan confocal configuration is characterized in great details because it was used to image the cortical microvasculature in freely-behaving mice and published in [START_REF] Bibliography Dussaux | Fast Confocal Fluorescence Imaging in Freely-Behaving Mice[END_REF] (Chapter 5).

-In parallel of these experiments, we borrowed a high-NA micro-objective corrected for aberrations that was designed by Mauna Kea Technologies (MKT), and we characterized the optical performances of the setup with this micro-objective (Section 4.4).

-Performances with the MKT micro-objective were significantly better than with the GRINlens based micro-objective. However, this micro-objective is not suitable for chronic in vivo experiments in the layer 2/3 of the cortex or in the pyramidal layer of the hippocampus because of its low working distance. Therefore, we developed a custom micro-objective with the same specifications as the MKT micro-objective and adapted for these experiments, that became available in the 3rd year of my PhD. By lack of time, optical characterizations with this micro-objective were performed in the line-scan mode only, which was used to measure neuronal activity in the hippocampus. These results are presented in Section 4.5. Optical characterizations in the multipointscan confocal mode will be performed in the future.

-Then, we draw a general conclusion on these characterizations, highlighting the strengths and weaknesses of the setup in each configuration, and opening perspectives on future developments (Section 4.6).

Optical methods

The optical characterizations are of two types (see Chapter 1, section 1.6.2, Figure 1.25A1-A2, page 40): 1/ Point Spread Function measurements with fluorescent beads and 2/ optical sectioning plots with a thin fluorescent plane. In this paragraph, I describe the preparation of the samples.

Fluorescent beads

To characterize the fiberscope PSF, we used the same protocol as described by [START_REF] Zong | Fast high-resolution miniature two-photon microscopy for brain imaging in freely behaving mice[END_REF]. 2µL of Tetaspeck 1 micron Microspheres (T7282, ThermoFisher Scientific) were first diluted into 100µL of phosphate-buffered saline and then mixed with 900µL of low melting agarose (1.5%). Then, a droplet of the agarose solution containing the microsphere fluorescent beads was applied between two coverglasses.

Fluorescent plane

To characterize the optical sectioning, we used fluorescent planes made of glass coverslips (n o 0, 24x24mm) spin-coated with a fluorescent solution. First, the coverslips were arranged on a ceramic rack and introduced in a beaker containing a piranha solution (1/3 H 2 0 2 and 2/3 H 2 SO 4 ) for 20min. Then the rack was moved into a beaker of distilled water for a few minutes and then removed and dried. Rhodamine B (Sigma R6626-25G, >95%) and PMMA (Poly(Methy methacrylate), Sigma, 445746-25G) were dissolved in chloroform. Different solutions with various polymer concentrations (0.2%, 0.6%, 1.2%, 3.6% and 10% w/v) and rhodamine concentrations (0.2mM, 1mM and 5mM) were prepared. The glass coverslips were spin-coated with a 20µL droplet of the solution with a spin-coater (Laurell) at Laboratoire Jean Perrin. The parameters of the spin coater were: rotation 6100rpm, duration 30s. The thickness of the rhodamine layers was then measured under a confocal microscope (average thickness ≃ 10µm). We chose the preparation of 10% w/v PMMA in Chloroform and 1mM in Rhodamine because it was the best compromise between the signal and the thickness.

Stack acquisition

The fluorescent beads sample (respectively the fluorescent plane) was placed below the micro-objective and attached to a piezoelectric motor (PILine M 663.465, PI). Axial stacks were registered with a step of 1 (respectively 2) µm. The resulting plots are normalized to the maximum of fluorescence of the sample so that the intensity always ranges between 0 and 1. FWHM of those plots corresponds to the axial resolution PSF z (respectively, the thickness of the optical section that we record on the camera, SE). The smaller this FWHM, the thinner the PSF (respectively the optical section), the better the axial resolution (respectively the sectioning strength).

Characterizations without bundle

Optical section thickness (SE) and axial resolution (PSF z) values in this configuration (no bundle) do not bring important information because they do not represent the complete system (with a micro-objective and a bundle). The measurements of the PSF and the optical sectioning thickness will be performed in Sections 4.3, 4.4, and 4.5 with the bundle and the three different microobjectives to characterize the resolution and the optical sectioning properties of the full setup. On the other hand, the appearance of these curves and their comparison with theoretical expectations make it possible to confirm that we obtain a system that behaves correctly. Therefore, we only show here the optical sectioning curves measured at the output of the microscope objective 4.2. Characterizations without bundle 111 (Olympus, UPlanSApo, 10X, 0.4 NA, f=18mm, WD = 3.1 mm) and verify their correct behavior, namely: the asymptotic behavior, the evolution of SE according to the size of the pinhole and the evolution of the background as a function of the period of the illumination matrix (in the multipoint-scan confocal mode). These comparisons are a direct validation of the setup for 1/ multipoint-scan confocal and 2/ line-scan confocal imaging. (see Chapter 2). We confirm this behavior on the experimental optical sectioning curves (green line) obtained for different period values P (2-3-4-5-6-7). The experimental curve is obtained as the asymptotic offset of the dotted blue plot in A, and is equal to D/γ. The ratio between the theoretical and experimental curves allows determining γ.

Multipoint-scan confocal implementation

First, we characterized optical sectioning of the microscope without a fiber bundle and microobjective in standard widefield and multipoint-scan confocal imaging modes. For practical reasons, we used a different normalization compared with the theoretical curves presented in Figure 2.4. In Figure 4.1A, the intensity measured with widefield and multipoint-scanning confocal imaging is normalized to the in-focus multipoint-scanning confocal signal. Therefore, the signals are divided by a factor γ compared with those in Figure 2.4. For conventional widefield imaging, we expect a constant intensity over defocus, equal to T d,wide /T d,multipoint . Actually, we observe a small decay of signal at large values of defocus. This decay can be explained by a slight increase of the illumination beam size for large values of defocus, corresponding to a decrease of the excitation density in the central part of the beam. For the multipoint-scan confocal mode, we observe that the shape of the experimental optical sectioning curves is similar to that expected from theory: the intensity decreases sharply. For large defocus, we observe the same phenomenon as for widefield imaging. Therefore, we normalized the multipoint-scan confocal plot (solid blue line) by the widefield one (dotted black line) and further normalized to 1 for z = 0. We then obtained a constant offset, equal to D/γ, as predicted by the theory. Figure 4.1B shows that the backgroundto-signal value is similar to the expected theoretical value as a function of the period of the matrix of pinholes. This plot allows calibrating the value of γ, which depends on the parameters of the optical setup (see caption for details). We found a value of γ close to 1 (γ = 0.8 for the parameters of Figure 4.1A) as expected for a pinhole size larger than the PSF size.

We then computed the experimental value of DT multipoint /T wide using equation 3.12. We found values of 0.16, which can be confronted with theoretical value: 0.20 (calculated page 106). The slight difference with the experimental value can be explained by small additional losses (on the order of 20%) on the multipoint-scan confocal detection path. Using the experimental value of DT multipoint /T wide , we can finally compute the differential multipoint-scan confocal signals (solid black lines in Figure 4.1A). As expected, we obtained background-free signals, which validates the principle of the technique.

Line-scan confocal implementation

Then, we characterized optical sectioning of the microscope without a fiber bundle and microobjective in line-scan confocal imaging mode. In the plot of Figure 4.2A, we observe that the shape of the experimental optical sectioning curves for line-scan confocal imaging is similar to that expected from theory and simulations (Figure 2.4): 1/ when increasing the thickness of the pinhole line, SE increases; 2/ the profiles tends towards 0 for large values of defocus. The curve of the optical sectioning in multipoint-scan confocal mode is thinner but saturates at 1/P 2 whereas the optical sectioning in line-scan confocal mode line is larger but does not saturate and keeps decreasing far from the focal plane. Therefore, these two curves intersect at some point.

Comparisons between the two imaging modes

As predicted by theory, the optical sectioning profile of multipoint-scan confocal imaging is thinner than the line-scan confocal imaging profile, for the same size of square and line pinholes at the sample (Figure 4.2B). We also observe that the two curves intersect far from the focal plane. It is due to the fact that in regular multipoint-scan confocal imaging, there is an offset due to the overlaps of the illumination cones from adjacent pinholes in the non-confocal area z>z c (see Chapter 2). As a result, the contribution of the out-of-focus signal is more important in multipoint-scan

The setup described in Figure 4.3 is used to control the position and orientation of the microobjective and the fluorescent sample of rhodamine with the help of two micro-manipulators allowing 3-axis translation and 2-axis rotation. A glass coverslip is placed between the two on a 2-axis micro-manipulator. Under a binocular loupe, the micro-objective is positioned in contact with the glass coverslip. A drop of water is deposited between the glass coverslip and the fluorescent sample, and then the sample is positioned closest to the glass coverslip. Then, a stack of images is acquired by moving the fluorescent sample out of the glass coverslip in steps of 2 µm. This setup is used to perform the characterizations with the custom-made micro-objective. Note that to perform the characterizations with the GRIN-lens based micro-objective and the MKT micro-objective, we do not use the glass coverslip, which simplified the setup.

Multipoint-scan confocal characterizations A-Point Spread Function

We first measured the PSFs for the differential multipoint-scan confocal mode (Figure 4.4). We expect the lateral resolution to be limited by the intercore distance to 2.34 µm. Yet, we obtained 2.2 ± 0.2 µm along x and 1.6 ± 0.3 µm along y. The slightly lower values are due to the fact that the beads of diameter 1µm are sometimes sampled by the cores and are visible only in one of them, giving a resolution lower than the intercore distance. However, we consider in the following the lateral resolution as being limited by the intercore distance. The theoretical axial PSF is expected to range in-between the perfect confocal and the widefield values as provided by the expression of Equations 1.7 and 1.5, i.e 1.2-1.6µm (NA=0.5, =561nm, n=1.33). The experimental value is 10.5± 2.1 µm. This large deviation to theory is expected because of aberrations in micro-objectives [START_REF] Moretti | Scanless functional imaging of hippocampal networks using patterned two-photon illumination through GRIN lenses[END_REF]. 

B-Optical sectioning comparisons

Then, we performed experiments with a fluorescent plane and compared measurements obtained without (Figure 4.1A) and with (Figure 4.5A) the fiberscope probe (composed of the image guide and micro-objective). Without the fiberscope probe, we found a value of γ close to 1 (γ = 0.8 for the parameters of Figure 4.1A). However, due to severe aberrations from the micro-objective and cross-talk between individual fibers of the image guide, γ is significantly smaller when using the fiberscope probe (γ = 0.2 with the parameters of Figure 4.5A, measured from the constant background equal to D/γ, for large defocus). We then computed the experimental value of (3) We plotted the thickness of the optical sections (SE) (Figure 4.6D-E), defined as the FWHM of the optical sectioning curves (solid black lines, Figure 4.5A). This thickness varied between 17 and 64µm depending on the parameters and was approximately linear with the pinhole size (Figure 4.6E), as expected from theory [Wilson, 2011a]. It also slightly decreases when the pinhole density increases, which can be interpreted as follows. For small pinhole densities, it approaches that of single-point-scanning confocal microscopy, as cross-talk between pinholes is limited. By contrast, for large pinhole densities, it is on the order of the axial range over which illumination cones corresponding to different pinholes are well-separated (z c , Figure 2.3). This distance can be made much shorter than the regular confocal section thickness by using small pinhole spacing. However, this gain in section thickness is obtained at the expense of signal (see Figure 2.3 and equations 2.10 and 2.17).

Using these considerations, we can draw the main influences of the pinhole size and density on the performances of differential multipoint-scanning confocal imaging:

(1) Regarding the pinhole size, there is a compromise between the in-focus signal (large infocus signal is obtained for large pinholes) and thickness of the optical section (thin optical section is obtained for small pinholes), similar to what is obtained with regular confocal microscopes. Because with our current optical setup the signal is limited by strong aberrations from the GRINlens based micro-objective and cross-talk in the image guide, we use larger pinhole sizes compared with the standard implementation of confocal microscopy and thus obtain thicker optical sections.
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(2) As for the pinhole density, it influences both the maximum imaging rate and the signal-tonoise ratio. For D > T wide /T multipoint , noise coming from the widefield image is larger than noise from the multipoint-scan confocal image (see Chapter 2, equation 2.18). Conversely, a small density will lead to a small illumination power at the sample and therefore a small collected signal. Therefore, there is an optimal density that maximizes the signal-to-noise ratio, which can be derived using equation 2.19 and depends on the optical setup parameters (including aberrations of the micro-objective), sample brightness and amount of background (which in turns depends on fluorescence labeling). An example of this calculation will be given in Chapter 5 in the case of microvasculature imaging. We investigated the influence of the detection pinhole size on the performances of differential multipoint-scanning confocal imaging (Figure 4.7). We found that increasing the size of the detection pinholes while keeping the illumination pinholes at a fixed size allows increasing the in-focus signal with a limited increase of the section thickness, compared to the situation where both pinholes have the same size (Figure 4.7A-B). However, this comes with an increase in the background for regular multipoint-scanning confocal imaging (Figure 4.7C) and therefore an increase of the noise for differential multipoint-scanning confocal imaging, and was not used in practice.

D-Influence of the size of detection pinholes

Line-scan confocal characterizations A-Point Spread Function

We first measured the PSFs for the line-scan confocal mode. The observations are similar to multipoint-scan confocal imaging.

(Figure 4.9). However, the complexity of these developments is much less important than those presented in the previous section to perform chronic imaging on the awake animal.

Optical sectioning comparisons

With the MKT probe, we obtained SE and background-to-signal (related to α) values about twice smaller (Figure 4.10A-B) both in multipoint-scan (left) and line-scan (right) imaging, as compared to the GRIN lens based micro-objective. Therefore, the MKT probe achieves better optical sectioning performances. The in-focus signal was increased by a factor ≃ 5 for multipoint-scan confocal recording and 3 for conventional widefield imaging with the MKT micro-objective as compared to the GRIN one (Figure 4.10C). We also compared the value of γ with the protocol described in paragraph 4.3.3, page 118. We found γ=0.5 for a line and 0.4 for a square pinhole (to be compared to, respectively, 0.34 and 0.26 with the GRIN-lens based micro-objective). Thus, γ was ≃ 1.5 times higher for MKT than for the GRIN-lens based micro-objective (i.e lower abberations). Therefore, the MKT probe allows achieving a better signal collection efficiency because of reduced aberrations (x 1.5) and increase NA (x (0.8/0.5) 2 ≃2.6). Note that with the protocol of measuring D/γ in the optical sectioning plot of the multipoint-scan confocal mode of Figure 4.10A (left), we found γ=0.31 (to be compared to 0.2 with the GRIN-lens based micro-objective (and we found the same improvement of ≃ 1.5). Besides, the autofluorescence of the MKT image guide (measured at 488 and 561nm with the protocol described in Chapter 3, Figure 3.12) was ≃ 1.8 times brighter as compared to the Fujikura fiber bundle used with the GRIN-lens based micro-objective (Figure 4.10C), which is an advantage of the Fujikura image guide for imaging. Lastly, the transmission of the full setup (from the laser to the sample plane) was of 9.6% with the GRIN-lens based micro-objective and 10.8% with the MKT probe.

Contrast measurements

We compared the signal-to-background ratio (i.e the contrast C) from a Gad65-eGFP mouse with the two probes (Figure 4.11). WD of the MKT probe is 60 µm so that the comparison was restricted to this depth. We found that on average, at this depth, the contrast (as defined in the caption of Figure 4.11) was twice better with the MKT probe (S/B MKT ≃ 2 S/B GRIN ). 

Summary

The characterizations of the performances of the MKT micro-objective under the same conditions as the characterizations that we conducted with the GRIN-lens based micro-objective allowed to quantify the performances expected with the micro-objective developed in the laboratory (with the same NA and similarly corrected from aberrations). As a reminder, the drawback of the MKT probe is that it has a small WD (60µm) which limits imaging capacity to superficial structures. In addition, it is not compatible with a glass coverslip, which prevents to consider chronic imaging. Therefore, there is a real need to develop our own micro-objective with the specifications described page 97. When we achieved the manufacturing of the custom-made micro-objective, we first performed optical characterizations and compared them to the two previously characterized micro-objectives.

Characterizations with the custom-made micro-objective

PSF in line-scan confocal mode

We first measured the PSFs for the line-scan confocal mode (Figure 4.12 and see the caption for quantitative results). The lateral and axial resolutions are roughly similar to the one obtained with the GRIN-lens based micro-objective. Then, we performed the characterizations of the optical sectioning. Figure 4.13 corresponds to SE as a function of the size of the pinhole in line-scan confocal imaging mode with each of the three micro-objectives. We observed that, for an illumination line > 6µm, the use of the custommade micro-objective allows decreasing SE (panel A) as compared to the GRIN-lens based microobjective. When comparing the custom-made micro-objective to the MKT one (same NA), we observed higher values of SE ( Lastly, we measured the signal-to-background ratio (or contrast) with the custom-made microobjective on Gad65-eGFP mice (Figure 4.14). Parameters of the experiment for the comparison to the previous experiments conducted with the two first micro-objectives are: line size = 5.6µm (see Figure 4.11 for the protocol and measurements). We found an improvement of the signal-tobackground ratio of 1.4 (n=91 cells, 1 mouse) as compared to the experiments performed with the GRIN-lens based micro-objective (n=51 cells, 1 mouse) while we expected a factor 2 (as measured with the MKT probe, Figure 4.10C)). We also observed a linear decrease of the background-tosignal ratio as a function of the line size (Figure 4.14D).

Comparison of the different micro-objectives

The characterization of the line-scan confocal system with the custom-made micro-objective is therefore slightly disappointing, giving significanly larger SE, smaller in-focus signal and higher background-to-signal compared with the results obtained with the MKT probe. These disappointing results cannot be due to the difference of autofluorescence of the two image guides because we subtracted them, nor is it the consequence of the intercore coupling in the image guides because we measured only a small effect in our bundle (Figure 3.14). Therefore, we concluded that the deviation from our expectations was due to manufacturing tolerances that we could not reach (lenses too small (1 mm diameter) and too thin (≃ 10 µm), alignment not precise enough (shift of ≃ 10 µm)). Consequently, aberrations due to misalignment of the lenses result in impaired optical performance, in agreement with Zemax simulations. In the next generation of micro-objectives, the size of the lenses will be increased, in order to increase optical performances.

Nevertheless, despite the aberrations limiting the resolution and the optical thickness, this micro-objective provides a better signal collection efficiency as compared to the GRIN-lens based micro-objective (x2). This was a considerable advantage to perform calcium imaging in the pyramidal layer of the hippocampus and in the layer 2/3 of the cortex of freely-moving mice in a linescan confocal configuration with GCaMP6f. Chapter 6 describes this work which is the application of the chronic line-scan confocal imaging system to the study of place cells in the hippocampus of mice running on a linear track. 

Micro

Two-color imaging

The setup allows line-scan confocal imaging in two different colors: fluorescence at 590nm (red) and 510nm (green) (Table 3.1). This offers the possibility of imaging two different structures (blood vessels and neurons for example), two populations of cells genetically labeled with different fluorescent probes (interneurons and excitatory cells for example, with GFP and tdTomato), or simply to test different calcium probes according to the experimental protocol (typically the red and green GECIs presented in Figure 1.22). Figure 4.15 shows two-color imaging with respectively 488nm and 561nm excitation of excitatory cells (GFP) and blood vessels (red) in the visual cortex. It represents two z-stacks acquired sequentially and requires modification of a dichroic (DBS4) and a fluorescence filter (F between DBS4 and L5) (see Figure 3.1 in the line-scan confocal detection path) between the two acquisitions.

develop) except that ours will also allow to obtain a larger WD and to achieve chronic recordings. We observed that, indeed, this micro-objective (MKT) allowed to considerably improve imaging performance in line scan and multipoint-scan confocal modes. However, when we received the new micro-objective, its performance did not conform to these predictions, due to excessive tolerancing constraints. The differences between the main optical characterizations are summarized in Table 4.2. Overall, the new micro-objective provides only slightly improved optical sectioning (SE) and background rejection strength, but provides higher signal-collection efficiency and contrast than the GRIN-lens based micro-objective. The next version should give characterizations closer to that of MKT.

Optical performance comparisons between 2 confocal imaging modes

In this Chapter we have also replicated three times, with three different micro-objectives, a comparison of line-scan confocal imaging and multipoint-scan confocal imaging. Although the performances are not the same depending on the micro-objectives, the comparison between the two imaging modes is robust. The characterizations with the GRIN-lens based micro-objective being the most complete, I refer to this part to compare these two imaging modes (Table 4.1). The main findings are:

• The lateral PSF is limited by the intercore distance for both techniques to 2.34µm ;

• The axial PSF (PSF z ) is similar for both techniques. The large deviation of the axial spatial extension of the PSF as compared to theory is probably due to the aberrations of the microobjectives ;

• The optical sectioning profile of the line-scan confocal technique decreases slower than for the multipoint-scan far from the focal plane. This has two important consequences: 1/ the optical sectioning strength, characterized by the thickness of the optical sectioning profile (SE), is thinner for multipoint-scan confocal imaging (sharper decrease) and 2/ the background contribution to the in-focus image (which corresponds to the integrated intensity of the optical sectioning profile out of the optical section (gray section in Figure 1.27) and over the thickness of the sample) is higher for line-scan confocal imaging, while it can be subtracted for multipoint-scan confocal imaging. The presence or not of a residual background from out-of-section is called background rejection strength (α=0 for perfect background rejection): α Di f f < α line < α M ul t ipoint . However, even if subtracted, the background photons in differential multipoint-scan confocal imaging are still recorded and contribute significantly to the noise. Therefore, the contribution of the background-subtracted photons to the noise can be higher than for line-scan confocal imaging. Finally, the best strategy strongly depends of the thickness of the sample and the background intensity level and must be evaluated carefully.

• The aberrations, characterized by γ, correspond to the signal collection efficiency of the two techniques. γ is related to the aberrations of the bundle and micro-objective (γ=1 for a perfect system). We show that the aberrations are more pronounced in multipoint-scan confocal imaging than line-scan confocal imaging: γ line > γ M ul t ipoint .

Comparisons between the 2 confocal imaging modes for brain imaging

In the current implementation of the system, differential multipoint-scan confocal imaging is preferable for 1/ morphological imaging because it provides a better background rejection and 2/ experiments that require fast acquisition rates (300Hz, against 150Hz for line-scan confocal imaging, see Table 3.2). On the other hand, line-scan confocal imaging provides a better signal collection efficiency (x2) because of the use of the camera as the detection pinhole instead of the 4.6. Conclusion and important considerations regarding the history of experiments 127 DMD (the DMD has and optical efficiency of ≃ 60%) and because of reduced aberrations (γ). In calcium recording experiments, collecting a high number of photons on the camera is highly important for calcium transient detection. Alternatively, in case of low signal collection efficiency, one tends to increase the illumination power at the sample, but this strategy can lead to photobleaching and photodamage. Therefore it is crucial achieving good signal collection efficiency (i.e decreasing aberrations). Therefore, in the current development, line-scan confocal imaging is probably more advantageous for calcium imaging recordings. To complete this comparison, it would be important to develop a theoretical model to describe the SNR in the case of line-scan confocal imaging in order to compare it with the multipoint-scan confocal model established in Chapter 2. Indeed, the SNR is the main parameter in order to conclude in the use of one or the other of the techniques. In addition, comparative experiments of calcium imaging recordings in the same mouse should be performed to conclude.

In addition, the choice of one of these techniques is also dependent on the structure of the sample. Typically, the hippocampus can be considered as a 2D structure because of the laminar organization of the pyramidal cells (the thickness of the pyramidal layer is of the same order than the optical section achieved in the setup, ≃60µm). Therefore, the drawback of line-scan confocal imaging to integrate the intensity over large depth is partly circumvented (although, we still collect fluorescence from superficial fibers of the hippocampus structure). On the other hand, in the cortex, with dense labeling, the background might be significantly increased, making it a more difficult structure to be imaged. Therefore, it may be beneficial to use multipoint-scan confocal imaging if the signal collection efficiency allowed achieving high enough SNR to detect calcium transients.

Besides, these questions will have to be reevaluated when a novel micro-objective with improved performances will be available. Indeed, we will collect more photons which will increase the detection efficiency of calcium transients. An interesting future work would be to establish a complete comparison between multipoint-scan confocal, line-scan confocal and standard widefield imaging, both theoretically and experimentally, in two different structures (the cortex and the hippocampus). This work could discuss the relative importance of signal, background, and noise, with the ultimate goal to allow experimentalists choosing a set of parameters and an imaging mode to optimize data quality. This work will be performed in the next months and will be submit for publication (see Chapter 7).

In the last paragraph, I retrace the history of the in vivo experiments carried out during this thesis in order to recontextualize the work of Chapters 5 and 6.

Historical comments

This fiberscope is developed to perform imaging of neuronal activity. With the GRIN-lens based micro-objective, we did preliminary experiments of calcium imaging recordings with multipointscan confocal imaging. However, multipoint-scan confocal imaging is only compatible with red fluorescence imaging in our setup (see Table 3.1). This setup was designed as such because we wanted non-overlapping optogenetic tools (red fluorescence, blue photoactivation). Consequently, we tested the possibility to perform calcium imaging recordings with a red-shifted GECI. We targeted the cerebellum molecular layer interneurons because it is a superficial structure limiting the signal loss due to scattering in the tissue as compared to deeper structures such as the layer 2/3 of the cortex (> 100µm). We chose a sparse labeling strategy in order to identify single cells and obtain higher contrast as compared to a bulk injection with dense labeling. For this purpose, the strategy we used (among the one mentioned in Chapter 1, paragraph 1.4.1) was the combination of the Cre-recombinase (Cre) driver mouse (parvalbumin-Cre (PV-Cre)) with a recombinasedependant viral vector (AAV1.Syn.Flex.NES-jRGECO1a.WPRE.SV40 (4,48.10 13 gc/mL, Upenn vector) diluted by 10). Main findings: we measured rapid photobleaching of the fluorophore intensity (25% in 1 min) with a low signal (note that the photobleaching was of 8% in 1 min, and stabilization afterward, in the line-scan confocal mode). Because of the low photon collection efficiency of the multipoint-scan confocal imaging setup, especially as compared to the widefield or the line-scan confocal path (see Table 3.2 andTable 4.2), imaging with enough signal was not possible with this imaging mode. Therefore, we abandoned the idea of validating the multipoint-scan confocal mode with calcium imaging. Instead, as it will be described in Chapter 5, we validated the technique by highlighting its ability to perform fast acquisitions, to provide excellent contrast, and to obtain acquisitions on freely-behaving animals with few movement artifacts. To do this, we injected a fluorescent marker into the microvasculature and measured the speed of the redblood-cells with great precision. This work is published in [START_REF] Bibliography Dussaux | Fast Confocal Fluorescence Imaging in Freely-Behaving Mice[END_REF]. Our idea was to wait until the end of the development of new and more powerful micro-objectives, in order to improve considerably the signal collected. At this point, we predicted that this would provide a signal sufficient to perform calcium imaging while limiting photobleaching (see paragraph 4.4).

Following this publication, we wanted to put all our efforts into the validation of the fiberscope for calcium imaging. Therefore, we went back to green GECI (i.e GCaMP6f) that are much more bright and stable than red ones (see Chapter 1 Section 1.4.1, page 28). Keeping in mind that multipoint-scan confocal imaging is not compatible with green fluorescence in our implementation, we focused on line-scan confocal imaging and we focused on the hippocampus that is a structure involved in spatial navigation (see Chapter 1). Note that on the sidelines of the experiments of GCaMP6f imaging in line-scan mode in the hippocampus (which constitute the work of Chapter 6), we also performed preliminary experiments of line-scan confocal imaging in the hippocampus of anesthetized mice with jRGECO1a and the GRIN-lens based micro-objective. These results are presented in Chapter 7.

In the future, we will come back to imaging of jRGECO1a in the hippocampus to validate the use of red fluorescence imaging together with blue photoactivation at the same time. The results obtained with line-scan confocal imaging and the GRIN-lens based micro-objective in the hippocampus are a first encouraging preliminary validation, especially knowing that we also increased the capacity of signal collection efficiency and decreased the aberrations with the new custom-made micro-objective. In addition, a solution could be to increase the exposure time to increase the signal.

In the next two Chapters, I present the in vivo experiments. It includes two projects:

• Multipoint-scan confocal imaging of the vasculature in freely-behaving mice (published as "Fast confocal fluorescence imaging in freely behaving mice". Clara Dussaux, Vivien Szabo, Yan Chastagnier, Jozsua Fodor, Jean-François Léger, Laurent Bourdieu, Julie Perroy, Cathie Ventalon. 2018, Scientific Reports, doi: 10.1038/s41598-018-34472-x.

• Fast confocal fluorescence imaging of neuronal activity in the hippocampus of freely-behaving mice. A manuscript is under preparation.

Chapter 5

Differential multipoint-scan confocal imaging in freely-behaving mice: Application to microvasculature imaging and measurement of red blood cell velocity

The first achievement of my doctoral work was the development of the fiberscope and the proofof-concept of the differential multipoint-scan confocal imaging mode applied to the imaging of the brain vasculature in freely-behaving mice. Using a low-NA and highly-aberrated GRIN-lens based micro-objective, a fast imaging system (up to 300Hz), dual detection path (multipoint-scan confocal and conventional widefield), we developed a system that allows high-speed backgroundfree fluorescence imaging in the brain of freely behaving mice. The results of this work are, for the technical part, included in the previous Chapters of this manuscript. The description of the fiberscope and this application have been published together in Scientific Reports:

• "Fast confocal fluorescence imaging in freely behaving mice". Clara Dussaux, Vivien Szabo, Yan Chastagnier, Jozsua Fodor, Jean-François Léger, Laurent Bourdieu, Julie Perroy, Cathie Ventalon. 2018, Scientific Reports, doi: 10.1038/s41598-018-34472-x.

In this section, I first show the results corresponding to the comparison of the background-tosignal values between multipoint-scan confocal and standard widefield imaging. Then, I present the influence of the pinhole density, of γ and of the pinhole size on the imaging performance. In paragraph 5.4, I show the stability of the recordings in freely-behaving mice. Lastly, I present the results obtained when measuring the RBCs velocity in anesthetized and awake, freely-behaving mice.

Background-free imaging of microvasculature

Figure 5.1 corresponds to in vivo fluorescence imaging of microvasculature in the mouse cortex, following intravenous injection of rhodamine. We first quantified the ratio between the out-offocus background and the in-focus signal (B/S) by plotting line profiles across small vessels (diameter < 12µm) at depths up to 100µm below the brain surface (Figure 5.1E-H; see paragraph 3.4.2 for the determination of S and B). Images acquired with conventional widefield microscopy exhibited a small contrast with an out-of-focus background significantly larger than the signal ((B/S) wide = 4.6, 95% confidence interval of the mean (CI95) [4.1, 5.2], n = 107 vessels from 6 mice). Regular multipoint-scanning imaging of the same microvessels allowed for a significant background decrease ((B/S) multipoint = 0.66, CI95 [0.57, 0.74], n = 107 vessels from 6 mice). Finally, differential multipoint-scanning confocal imaging showed the highest contrast and background rejection, such that small vessels could be easily visible up to a depth of about 100µm ((B/S) diff = 6.7x10 -2 , CI95 [4.6x10 -2 , 8.9x10 -2 ], n = 107 vessels from 6 mice). In fact, the background-to-signal ratio was about two orders of magnitude lower with differential multipoint-scanning confocal imaging than with conventional widefield imaging ((B/S) diff /(B/S) wide = 1.3x10 -2 , CI95 [8.7x10 -3 , 1.8x10 -2 ], n = 107 vessels from 6 mice). Notably, similar background rejection was observed independently of depth up to 100µm (Figure 5.1). 

Influence of the pinhole density

As introduced in Chapter 2, the pinhole density strongly influences the SNR for differential multipointscanning confocal imaging. To further investigate this effect, we calculated this SNR as a function of D in the case of microvasculature imaging (B/S wide = 4.6), using the parameters of the optical setup (T multipoint , T wide ), and a pixel size of 7.5µm (corresponding to γ = 0.2). We showed that it is maximum for D = 0.04 (Figure 5.2) which is therefore the value taken for all experiments. Using equation 2.10 and considering once again that S multipoint ≈ γS wide , we obtain that the relative loss of signal with differential versus regular multipoint-scanning confocal imaging is equal to D/γ = 0.04/0.2 = 0.2. We also found, using Equation 2.24, that the increase of noise compared with regular multipoint-scanning confocal imaging was of 5% (σ d,diff /σ d,multipoint = 1.05). 2.23 in Chapter 2, page 75) is calculated using the parameters of the current setup: T multipoint = 0.45, T wide = 0.1, and γ = 0.2 (corresponding to A = 7.5). We used the background-to-signal ratio measured in our experiments when performing microvasculature imaging (B/S wide = 4.6). A maximum value is obtained for D = 0.04.

Influence of the pinhole size

We then characterized the influence of the pinhole size on image signal and section thickness for differential multipoint-scanning confocal imaging of microvasculature by comparing two different pinhole sizes (4.5µm and 10.5µm) (Figure 5.3). We expected a signal approximately 2.7x smaller and a section thickness 1.9x thinner with the smallest pinholes (Figure 4.6). Indeed, close to the cortex surface (z = 25µm, Figure 5.3A-C) signals measured with the smallest pinholes were approximately 2.1x smaller and background rejection was more efficient, as out-of-focus vessels appeared dimmer. We then increased the imaging depth and we could demonstrate imaging at up to z = 120µm below the brain surface (Figure 5.3D-G). At these high depths, signals measured with the smallest pinholes where 3.6x smaller than with the largest pinholes. This higher value can be explained by considering that signals measured with small pinholes decay more rapidly with imaging depth due to a higher sensitivity to optical scattering. Therefore, these results suggest that smaller pinholes are more suitable for imaging near the brain surface (providing thinner optical sections) whereas larger pinholes are more suitable for imaging at large depths (providing an increased robustness to scattering). 

Stable imaging in freely behaving mice

Mouse #1

x,y We then turned to imaging in freely behaving mice (Fig 5.5). In such conditions, one major concern is movements of the field of view during mouse behaviour. By using the movement correction algorithm MOCO [START_REF] Dubbs | moco: Fast Motion Correction for Calcium Imaging[END_REF], we showed that even though unrestrained mice. Because the technique was implemented using a DMD, it provides high adaptability to the sample characteristics (staining, scattering) or to the imaging depth. The technique is easy to implement and to duplicate on an optical table. The procedure required the development of miniaturized mechanics 3D-printed in biocompatible components to perform acute and rigid imaging, with minimal motion artifacts due to head-movements or breathing. We showed that background rejection is of paramount importance for detecting in-focus objects such as microvessels within thick and densely labelled tissue.

Background rejection was obtained in two steps. The first step is based on a regular multipointscanning confocal approach, and leads to an improvement in the background-to-signal ratio by one order of magnitude. Residual background due to cross talk between multiple pinholes is then subtracted in a second step, using simultaneous acquisition of a conventional widefield image. The resulting gain in the background-to-signal ratio is also of one order of magnitude. The first step comes with a decrease of the signal because of reflection losses at the DMD, cross-talk within the image guide, and aberrations from the GRIN-lens based micro-objective. However, the use of novel micro-objectives of larger NA (NA=0.8) and smaller aberrations similar to the objective developed by [START_REF] Matz | Design and evaluation of new color-corrected rigid endomicroscopic high NA GRIN-objectives with a sub-micron resolution and large field of view[END_REF] will lead to strong improvements in the detected signal. The second background rejection step could also lead to a decrease in the signal but in our experiments this loss was limited to 20%. Besides, another potential concern with numerical background subtraction is increase of the imaging noise, but we carefully chose the parameters of the optical setup such that this increase was limited to 5%.

Because imaging could be performed at high speeds, we were able to measure RBC velocity in the mouse cortex, finding mean values consistent with the literature [START_REF] Rosenblum | Erythrocyte Velocity and a Velocity Pulse in Minute Blood Vessels on the Surface of the Mouse Brain[END_REF][START_REF] Flusberg | High-speed, miniaturized fluorescence microscopy in freely moving mice[END_REF]. Besides, we were able to follow blood flow in the same vessels during anaesthesia and unrestrained behaviour, showing a mean increase in RBC speed of a factor of 2 during waking. Overall, these results show that our system allows for fast events recordings during various experimental conditions, suitable for physiological recordings during natural behaviours or in pathological situations.

This study demonstrated the potential of the confocal fiberscope in systems neuroscience, giving the unique opportunity to combine single-cell targeting [START_REF] Szabo | Spatially selective holographic photoactivation and functional fluorescence imaging in freely behaving mice with a fiberscope[END_REF] together with highspeed fluorescence imaging with optical sectioning in animals performing a behavioral task and paves the way to all-optical experiments to study cell assembly evolution during learning. However, to reach this goal, an important step needs to be undertaken: the validation of the confocal fiberscope for measuring neuronal activity. Because the multipoint confocal setup was developed for red dye imaging only, and because red dyes exhibit smaller signals than green ones, we decided to first image GCaMP6 in the line-scan confocal mode. In this mode, we also obtain a better photon budget (x 2) at the expense of a slower maximum imaging rate (150 Hz) (but that is still higher than the state-of-the-art miniaturized devices available, see Chapter 1). In addition, we used a custom-designed micro-objective (high NA, low aberrations, high WD) that increased the imaging performance and allowed chronic experiments. We then validated our confocal fiberscope to image the hippocampus of freely-behaving mice running on a linear track. This work is described in the following Chapter.

In the future, we will also modify the current setup to allow both green and red multipointscan confocal fluorescence imaging, and compare the two imaging modes for GCaMP imaging. I will address this point in more details in the discussion Chapter (Chapter 7).

Chapter 6

Chronic line-scan confocal imaging of neuronal activity in the hippocampus of freely-behaving mice

This Chapter presents the application of the fiberscope to the study of place cells coding in the hippocampus of freely-behaving mice. We demonstrated that we can perform activity recordings with optical sectioning, at high imaging depths (up to 140µm) and high frame rates (100Hz), with cellular resolution, over large fields of view (230µm) and with high SNR. In addition, we achieved chronic and long recording sessions (1h per session, for multiple sessions spanned over several weeks), with limited photobleaching and photodamage and limited motion artifacts. The analyses of neuronal activity and its correlation with the behavior of the animal running on a linear track are not fully completed yet. Nevertheless, I present preliminary results of a publication under preparation: C. Dussaux, O. Hoa, Y. Chastagnier, J. Fodor, V. Szabo, L. Bourdieu, J. Perroy, M. Zugaro and C. Ventalon, "Fast Confocal Fluorescence Imaging of Neuronal Activity in the Hippocampus of Freely-Behaving Mice".

The Chapter is organized into 4 parts:

• In Section 6.1, I give a short reminder of the optical performances of the line-scan confocal fiberscope used in the experiments and which have already been described in Chapter 4 of this manuscript;

• In Section 6.2, I describe the behavior and imaging protocols, and I give a first analysis of the acquired data to quantify photobleaching, photodamage and motion artifacts;

• To extract footprints of individual cells and the corresponding calcium traces, we intend to set up an automatic procedure based on algorithms published in the litterature [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF][START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF]. However, a validation of these algorithms should be first performed to tune their parameters and evaluate their performances. Because we cannot perform simultaneous ground truth (GT) data recordings (with electrophysiological methods) and optical recordings, we chose to validate these algorithms on sophisticated simulations that will constitute our GT. In section 6.3, we describe these simulations and quantify the performances of the algorithms to recover the GT on which is based the simulation.

• Finally, in Section 6.4, we present preliminary analysis of our data using one of the algorithms.

Optical performances of the line-scan confocal fiberscope

The optical results of the fiberscope have been described in previous Chapters of this manuscript. I list them here as a reminder:

1-We can perform confocal fluorescence imaging with the fiberscope. The use of a fiberscope allows working on a freely-behaving animal that carries less than 2g on its head while exploring its environment. It allows avoiding the bias of head-fixation or body-restriction during spatial navigation (see Chapter 1) while benefiting from the advantages of optical imaging: the use of calcium indicators and the possibility of combining imaging and targeted photostimulation.

2-

The fiberscope offers optical sectioning, i.e background rejection (optical section of ≃ 60µm).

Optical sectioning improves the contrast and decreases the contamination of calcium traces from out-of-section neurons and neuropil. The optical sectioning should allow to better extract spatial footprints and calcium traces of the neurons and reduce the complexity of the algorithms used as compared to standard widefield imaging. However, this last point remains to be demonstrated.

3-

The fiberscope achieves fast imaging (100Hz) which potentially allows observing fast physiological events such as neuronal synchrony and sequences of cell assemblies.

4-

We obtain a FOV of 230µm, which gives access to a high number of neurons in the hippocampus and is compatible with the study of the structure and organization of cell assemblies.

5-

The fiberscope is equipped with a new custom-made micro-objective with a working distance of 140µm that allows reaching the pyramidal layer of the hippocampus after cortex excavation. It works with a thin glass coverslip attached to a stainless steel cannula which is implanted chronically. The micro-mechanical embodiment allows adjusting of the relative axial position of the micro-objective and the glass coverslip from one recording to the other. Therefore, small axial drift over time can be corrected to actually perform chronic recordings.

6-

The newly developed micro-objective has a high-NA which improves the signal collection efficiency by a factor 2 as compared to the previous micro-objective that was commercially acquired.

7-

Our technique uses a DMD that is completely adaptable and can allow testing the influence of the pinhole size, imaging rate, FOV on the SNR and signal detection efficiency.

8-

We developed a theoretical model that allows anticipating on the optical performances of the fiberscope (Chapter 2).

9-

We demonstrated sequential two-color imaging (Chapter 4, Figure 4.15).

Taking advantage of these features, we recorded neuronal activity in the hippocampus in the same FOV for hours and weeks during unrestrained behavior and sleep. the sample (in order to achieve enough SNR to detect neuronal activity), but also on the calcium indicator properties (dynamic range ∆F/F), its expression levels and the brain structure. Projects using a miniature microscope are often carried out over short periods (typically < 3-5min per trial with 2-3min between each recording session for a maximum of total illumination of 25-45min per day [START_REF] Ghosh | Miniaturized integration of a fluorescence microscope[END_REF][START_REF] Ziv | Long-term dynamics of CA1 hippocampal place codes[END_REF]). These choices allow to reduce the amount of data generated, but also to limit the undesirable effects of light on the sample. In [START_REF] Ziv | Miniature microscopes for large-scale imaging of neuronal activity in freely behaving rodents[END_REF], they found that phototoxicity was negligible when imaging sessions lasted less than 20min a day with ≃1.2 mW/mm 2 illumination power at the sample and GCaMP3 calcium indicator. However, by splitting the 20 min acquisition into several pieces, they lose the continuity of the dynamics of the brain activity. To facilitate the observation of sequences of cellular assemblies, we tested the feasibility of recording during long sessions, i.e we measured the effects of long light exposure (20 min of continuous recording) with the fiberscope (Figure 6.5). We first measured the mean intensity over the FOV over the 20min of continuous illumination during navigation periods at day 0 and sessions 2, 3 and 4 for the n=4 chronic mice (Figure 6.5A). We observe a rapid decrease of the mean intensity over the first minutes of recordings (<10-15%) corresponding to photobleaching, and stabilization afterward. Then we measured the evolution of the standard deviation over the FOV as a function of time. There are at least three different components to this standard deviation: shot noise, photobleaching and photodamage (i.e gradual loss of neuronal activity with time). Shot noise contribution was subtracted by our protocol (see caption of Figure 6.5). Photobleaching was directly observed as a deacrease of the mean intensity with time and probably explains the short decay of the standard deviation over the first minute of recordings. Then the standard deviation is roughly stable, showing that no significant photodamage is observed. Interestingly, we observe a smaller standard deviation on the first day of the experiment as compared to session 2, 3 and 4 conducted days after implantation of the holder (Figure 6.5B). This increase of activity might be due to habituation to carry the head-plate and the connected fiberscope on the head while running on a linear track, or to the decrease of the anesthesia duration on the day of the experiment, although the experiment on the linear track was performed at least an hour after the end of the anesthesia (30 min of recovery, and 20min of PRE-Sleep session). Note that the behavior of the mice (number of round trips per session) was similar in each session and therefore does not account for the differences in the standard deviation measurements. From these characterizations, we concluded that this protocol allows limiting the effects of photodamage and photobleaching while conducting continuous illumination for long durations.

Long term and chronic recordings of calcium activity

Most active cells are visible on the raw data, as illustrated in Figure 6.6A. A manual ROIs contour of the cells on ImageJ with the help of the standard deviation projection of the image stack (Figure 6.6B) allows extracting the calcium traces of many neurons (Figure 6.6C). These traces 

Benchmark of analyses pipelines for large datasets

Currently, two recent open-source algorithms allow the analysis of one-photon calcium imaging data (Endoscopy). First, there is the modified version of CNMF, called CNMF-E, developed in Liam Paninski lab at Columbia University [START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF]. The algorithm was recently integrated and renamed in a larger open-source data analysis toolbox called CaImAn under the lead of Eftychios A. Pnevmatikakis at the Flatiron Institute [START_REF] Giovannucci | CaImAn an open source tool for scalable calcium imaging data analysis[END_REF]. Second, there is the Min1Pipe algorithm developed in Fan Wang lab at Duke University [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF]. These algorithms have been specifically developed for the analysis of data from one-photon miniature microscopes [START_REF] Ghosh | Miniaturized integration of a fluorescence microscope[END_REF] that do not offer optical sectioning. We believe that they are fully compatible with our data, but that the parameters need to be adjusted. Therefore, we have undertaken a detailed analysis of the different strategies deployed in particular for ROIs segmentation, the extraction of calcium traces, and their deconvolution in spike trains. The understanding of these algorithms to adjust the parameters is of paramount importance for non-biased downstream analyses.

We realized a protocol in two stages. First, we implemented in Matlab, a complete simulation of our experimental data (including the experimental PSF and optical sectioning of our microscope, the true distribution of cells in the pyramidal layer of the hippocampus and the cells spiking properties). Then, we have developed a procedure where we loop on one or more parameters of one of the two algorithms (whose outputs are neurons segmentation, calcium traces extraction, and spikes retrieval) applied to our simulated data and we compare these outputs to the corresponding GT. This work benefits from the collaboration with Yan Chastagnier at IGF laboratory in Montpellier University.

Simulations in the literature

For the two algorithms we tested, the authors evaluated the performances of their analysis pipelines by running the following simulations:

• To validate the CNMF-E algorithm [START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF], the authors synthesized 200 neurons in an image of 253 x 316 pixels. The neuron shapes are simulated as spherical 2D-Gaussians with an average size of ≃ 12px, uniformly distributed over the FOV, with a variation of 10% in the spatial width. They also simulated the local background of each neuron (neuropil) as spherical 2D-Gaussian but with a width 5 times larger than the neuron's one. They simulated the spatial footprint of the blood vessels as a cubic function convolved with a 2D-Gaussian kernel. They used a Bernoulli process with a uniform probability of spiking (= 1% per timebin, 1 timebin ≃ 50ms, i.e ≃ 0.2Hz) to generate spike trains, and convolved them with a temporal kernel (sum of two exponentials with a fixed rise and decay time). They use a random walk model for temporal fluctuations of the local background and blood vessels. Lastly, to estimate the constant background, they used the spatiotemporal activity of the background extracted by their algorithm on real data.

• To validate the Min1Pipe algorithm [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF], the authors synthesized 100 neurons in an image of 128 x 128 pixels, whose shapes are simulated as spherical 2D-Gaussians with an average diameter and an additive Normal law distribution. They generated random spike events with a uniform probability of spiking of 1% (≃ 0.1Hz) and convolved them with a temporal kernel (one exponential with a fixed decay time). They extracted the background from real datasets to which they add temporal fluctuations and spatial noise (not precise how). Neurons were more densely distributed and had a higher intensity of brightness in the high background illuminated area to mimic experimental observations.

However, these approaches have some shortcomings:

• First, they both use a Gaussian distribution for the shape of the neurons, with a very small size variation for CNMF-E. In reality, neurons can have very different sizes, especially in one-photon imaging in which slightly out-of-focus neurons appear wider in the focal plane.

Then, the distribution of neurons is uniformly distributed (CNMF-E), or denser in the center (Min1Pipe). In addition, they choose a rather sparse spatial distribution (200 neurons in about 630x790µm 2 ), which is fine for cortical structures but is underestimated as compared to hippocampal neuronal density. This sparse distribution is problematic, especially because the interest of these algorithms is to demix the activity of two neurons that overlap spatially. It is therefore important to simulate structures with high density and spatial overlap.

• The simulation of calcium traces as one or the sum of two exponentials is a classic approach. However, they both choose to generate spike trains with a low probability of spike (1%), which does not allow to consider bursts or a wider variety of events. And yet, these algorithms are typically used for data recorded in the hippocampus where most events are bursts.

• The simulation of the background is the most delicate step because it must take into account both a local component (the neuropil whose activity has a temporal evolution similar to that of the calcium activity) and a global component (the average intensity far from the focal plane). Their simulation does not seem to fully take into account these constraints. In CNMF-E, they model the local background as a random walk (no temporal profile similar to that of a neuron), and for the global background, they use the background extracted by their algorithm on real data. In doing so, they introduce a bias because their model will more easily capture a background that it has managed to retrieve previously. In the case of gain = 0.46 electron/photon, σ 2 P = N P with N P the mean number of photons detected, i.e the signal normalized by the gain).

The result of this simulation is very close to our experimental data and constitutes an essential tool for the characterization of the performances of the algorithms. This simulation is processed quickly (a few minutes for 20min recording at 100Hz) and can be generalized to other types of microscopes or other physiological characterizations. The information and preliminary characterizations required are: the microscope PSF, the optical sectioning characterization, a high-resolution z-stack of the brain structure of interest, the characteristics of the camera, and the physiological properties of the cells (firing rates).

Comparisons of the preprocessing algorithms A-Description of the procedure

Our goal is to optimize 1/ the detection and the correct segmentation of the contours of the neurons including when two neurons overlap spatially, 2/ the extraction of the calcium transients, 3/ the estimation of the spikes by the deconvolution algorithm. These 3 features will be called "outputs" in the following. Our approach is as follows:

• We identified the critical parameters that these algorithms propose to modify to adjust the outputs. The advantage of Min1Pipe is that there is only one parameter that can be tuned by the user: half the neuron size (in pixel), called SZ in the following. On the other hand, for CNMF-E, the number of parameters is very high. In particular, 3 seem critical: 1/ half the neuron size in pixel (SZ), 2/ the minimum local correlation for a seeding pixel (Cn) related to the temporal correlation of a seed pixel with neighboring pixels, 3/ the minimum peakto-noise ratio (PNR) related to the calcium dynamics of a seed pixel (a high peak to noise corresponds to the presence of neuronal activity). These parameters can be evaluated by the user on his data by estimating for which values of these thresholds one seems to segment the neurons well. However, it is difficult to adjust them and optimize them properly. In addition, there is a significant amount of other parameters whose effect is difficult to estimate on the outputs, such as the minimum number of non-zero pixels for each neuron, the ratio of the spatial range of the local background as compared to the neuron diameter, the thresholds (on the correlation of spatial footprints, temporal calcium traces, and spikes) to merge two neurons that would have falsely been identified as two seed pixels...

• For all the parameters, we started with initial values determined by the knowledge we have of our data, including the rise and decay time constants characterizing the kinetics of a calcium transient for GCaMP6f, and the frame rate.

• We chose a parameter that seems important on the outputs and we ran the preprocessing pipelines for a set of values for this parameter (in a reasonable range). For example, in both algorithms, the size of a neuron in pixels is required. However, this value is not identical everywhere (in particular depending on their distance of the focal plane) in the image and it is not easy to predict the quality of the outputs according to the choice of this value and/or if it is critical.

• We compared the outputs to the GT. This last step is itself carried out in several stages:

• We define a score that estimates the success of the algorithm according to the input parameter that varies. We chose the F1-score which is the harmonic mean of the precision and recall

• The percentage of true positives (TP) (i.e percentage of cells correctly detected) as a function of SZ. Each color corresponds to the threshold on the SNR that we used to establish the GT (from 0.2 to 0.9). The performances of the two algorithms exhibit different behavior according to what one defines as the GT and according to the SZ chosen by the user. In particular:

• For CNMF-E, the F1-score has an optimal value for SZ = 6px. This optimum is robust according to the threshold on the SNR that is applied to establish the GT. For the optimal SZ, the F1-score is relatively stable for SNR > 0.2 and reaches 0.73 (SZ = 6, SNR = 0.4). On the other hand, for Min1Pipe, SZ does not have a great influence to optimize the F1-score, except if it is largely under-evaluated (< 6), and the F1-score increases roughly linearly with the threshold on the SNR that is applied to establish the GT. The maximum of the F1-score is 0.64 (SZ = 8, SNR = 0.9). Thus, CNMF-E can detect cells with a lower SNR and can achieve better performance (F1-Score) than Min1Pipe. On the other hand, the performances are strongly dependent on SZ that we initially set for CNMF-E, whereas they are more robust for Min1Pipe.

Given the number of parameters remaining to be optimized (and which are probably dependent on the experimental conditions), this observation shows the difficulty to optimize CNMF-E for real datasets.

• We can also look in more detail what these performances mean in terms of FP and TP. In particular, let's see if the algorithms will rather minimize the percentage of false positives, or optimize the percentage of true positives. The two algorithms have very different behaviors: for CNMF-E, the percentage of FP increases with SZ, whereas it decreases for Min1Pipe. For both algorithms, increasing the threshold on the SNR to establish the GT (with a fixed value of SZ), increases the FP rate. Therefore, it is important to consider the cells with a low SNR because they are actually detected by the algorithms. Not considering them increases the FP rate. When we optimize the F1-score, we get an FP rate of ≃ 30% for Min1Pipe and ≃ 24% for CNMF-E, to the advantage of CNMF-E. On the other hand, note that it is possible to obtain a ≃ 10 % rate for Min1Pipe, but this is at the expense of a low rate of correctly detected cells (TP).

• For CNMF-E, the percentage of TP increases with the SZ parameter, while it has no influence for Min1Pipe which is robust on the number of cells detected whatever the initial value of SZ. This makes Min1Pipe use easier. However, in the best case, this percentage reaches ≃ 62%, whereas for CNMF-E we can detect up to ≃ 90%. Under the conditions that optimize the F1-score, Min1Pipe reaches a percentage of correctly detected cells of ≃ 58% while CNMF-E reaches ≃ 70%.

• Finally, two other criteria can help us determine the performance of these algorithms: the exact value of the spatial and temporal correlations. This work is ongoing. As a preliminary observation, CNMF-E allows delimiting the contours of the cells with more precision than Min1Pipe. This comes from the initialization procedure in the Min1Pipe algorithm that first finds seed pixels, then spatially filters the region around these seeds into round shapes, which prevents very precise segmentation of the contours. This characterization is visible on the correlation image of Figure 6.10 where we see that CNMF-E better outlines the neurons than Min1Pipe. Concerning the temporal correlation, this work is ongoing, and results will depend on the fit parameters of the generative model of a calcium transient and the deconvolution method.

In summary, in the best case, we largely underestimate the number of neurons detected with Min1Pipe (TP = 62%) and we can reach high performance with CNMF-E (TP = 90%). Min1pipe reaches an optimal F1-score of ≃ 64% (against 0.73 for CNMF-E). CNMF-E achieves better performance for the F1-score but is also more adapted to low-SNR conditions. Min1Pipe can be tuned to minimize the number of FP (conservative approach) and limits the number of FP as compared to CNMF-E. Therefore, it might allow less error in data interpretation. However, our guess is that CNMF-E can be further optimized (merging thresholds for example), to avoid such a high level of FP whereas Min1Pipe cannot. Indeed, we looked for other parameters in the Min1Pipe code that we could optimize. We realized that the assumptions they make during their initialization procedure are very strong: 1/ they subtract a large amount of the data in their background removal procedure with a Gaussian spatial filtering including GT seed pixels, 2/ GT seed pixels are further removed by the two-components Gaussian Mixture Model procedure because they belong to the "low variance" group based on their temporal fluctuation. Their approach is very conservative, i.e it excludes a large number of pixels that can be seed pixels. Therefore, as stated in their publication they indeed detect less FP than CNMF-E but achieve TP rates of ≃ 62% maximum, whereas for CNMF-E they can detect up to ≃ 90%. We have not managed to simply change their code to improve the quality of the outputs on our simulated data. Nevertheless, Min1Pipe is faster and more robust on the SZ parameter, making it an easier tool.

Conclusion

In this section, I presented the development of a new simulation to optimize data analysis and then described the procedure to estimate the performance of two published algorithms (CNMF-E [START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF] and Min1Pipe [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF]) on this simulated data.

To analyze our real datasets, Min1Pipe appeared to us as a better choice at first, because of its ease of use, the single parameter to adjust and because in their publication they compare their algorithm to CNMF-E and report a better F1-score. Therefore, in the last part, I present the downstream analysis after using Min1Pipe. According to the benchmark procedure presented above, we believe that the interpretation of these data is valid, but that we underestimate the number of neurons to study. In addition, we can note two shortcomings in their approach: 1/ the simplified simulation of their paper such as the Gaussian shape of the neuron might make it easier for the algorithm that seeks precisely Gaussian structures, 2/ they compared their algorithm with the default settings of CNMF-E, whereas as discussed above, these parameters can be adjusted. A more accurate comparison would have been to adjust at least the PNR, the Cn, and the neuron size. Our benchmark analysis showed better performances with CNMF-E. Thus, we will analyze our experimental data again later with optimized CNMF-E.

Place cells properties

We have demonstrated high-speed (100Hz) confocal imaging of neuronal activity in freely-behaving mice (n=10) with the fiberscope. The calcium traces exhibit a high signal-to-noise ratio (Figure 6.11C). We correlated the activity of individual cells with the position of the animal (Figure 6.11A top) and considered only the periods during which the animal was running (speed threshold = 5cm/s, Figure 6.11A bottom). Then, we extracted the calcium traces for each trial and each detected cell and plotted it as a function of position along the track (one example cell shown in Figure 6.11D top). The average activity over all trials based on position allowed us to identify place cells (Figure 6.11D bottom). The width of the average activity as a function of the position allows extracting the place field size. Thus, we demonstrated the ability of the fiberscope to recover basic coding properties in the hippocampus during navigation along a linear track.

We performed these preliminary analyzes for each recording sessions on n=4 mice that repeated the same protocol for 4 days and spanned over at least 1 month. Figure 6.12 shows the cells detected during these 20min navigation recording sessions (for 1 mouse), as well as their average activity, ranked according to the position where their activity was maximal. We observed that place cells have place fields located over the entire track but are more represented on the extremities.

Conclusion and discussion

Several analyzes remain to be performed and are not sufficiently completed to be presented in this manuscript. First, we would like to increase the number of cells detected because the algorithm misses a large part of them. Once our confidence in the reliability of the preprocessing analysis is set, we will quantify a few basic parameters to characterize the place cells population, namely: the place fields width, the proportions of place cells among the active cells, the percentage of place For this analysis, only the runs periods were considered. Note that some of the detected cells are not place cells and will be removed for further analysis.

will also investigate the proportion of cells that exhibit phase precession behavior. This information will close the study and data analysis for the publication that we will submit to validate the fiberscope for calcium imaging. Note that our simulations will also be a great tool to estimate the temporal resolution that we can achieve on calcium recordings with the fiberscope.

In addition, we have identified some other characteristics that we would like to explore in this dataset. In particular, we would like to explore the chronic recordings on n=4 mice and to test the possibility to follow the same cells over sessions using the algorithm developed in [START_REF] Sheintuch | Tracking the Same Neurons across Multiple Days in Ca2+ Imaging Data[END_REF]. Then, we would like to see if the identified place cells and cell assemblies are stable over time, and how they evolve.

Finally, this dataset will allow us to compare the recordings obtained in confocal and nonconfocal imaging modes. First, we would like to be able to always find the best set of parameters in the data analysis algorithms for a given experimental condition to undertake a comparative study on the quality of imaging, i.e to evaluate the effects of the imaging strategy on the downstream analysis results when the preprocessing step is at its maximum performance. Then, we will see if the results obtained are different according to the optical sectioning capacity of the imaging In conclusion, we have generated an important dataset for further use of the fiberscope for calcium imaging. The analysis of these data, which is in progress, will make it possible to know the capacities but also the limits of the neurophysiological projects that are feasible.

Chapter 7 Discussion

Significant advances and limits

We have developed a confocal fiberscope adapted to the awake, freely-behaving animal, engaged for example in a behavioral task of spatial navigation. Table 7.1 compares the performance of our fiberscope with the imaging tools currently available for similar protocols.

Methods

Miniature Table 7.1: Optical imaging devices in freely-behaving mice: the miniature one-photon widefield microscope [START_REF] Ghosh | Miniaturized integration of a fluorescence microscope[END_REF], the miniature two-photon microscope [START_REF] Zong | Fast high-resolution miniature two-photon microscopy for brain imaging in freely behaving mice[END_REF] and our customdeveloped confocal fiberscope.

The advantages of the fiberscope compared to the miniature microscope with one-photon standard widefield illumination are its significantly higher frame-rate, the demonstration of targeted photoactivation, and its optical sectioning property. On the other hand, the advantages of the onephoton widefield miniature microscope are its very large FOV (that is limited by the number of cores in an image guide for the fiberscope), and the wire flexibility that allows the mouse to move without stress.

The advantages of the fiberscope compared to the two-photon miniature microscope are its significantly higher frame-rate, the demonstration of targeted photoactivation, the larger FOV (although a new version with much larger FOV of 410x410µm is soon released [START_REF] Obenhaus | Miniaturized two-photon microscopy enables the study of functional network topography in the medial entorhinal cortex[END_REF]), and the limited stress due to the constraints of the wires (1 fiber bundle against 3 wires). On the other hand, the advantages of the two-photon miniature microscope are its high spatial resolution, the better optical sectioning, and the deeper imaging capacities.

Thus, the user will be able to choose among one of these three tools according to the specifications of the experiments to be carried out. In this work, we are interested in the high frame rate to detect single APs with high temporal resolution (up to 10ms) and eventually neuronal sequences. We are also interested in the possibility of altering these sequences by targeted photostimulation. Therefore, the fiberscope is the tool of choice.

Continuation and end of the work presented in Chapter 6

In Chapter 6, we showed that we successfully achieved high-rate calcium activity recordings in the hippocampus of freely-moving mice during spatial navigation with the confocal fiberscope. We qualitatively characterized the performances of the fiberscope (chronic imaging, long recordings, minimum photodamage and photobleaching, few movement artifacts, large SNR) and we found the standard coding properties of this structure during spatial navigation (place cells). We must now proceed to a more quantitative analysis before submitting this work. The remaining work consists of establishing a final data analysis pipeline by solving the technical challenges of 1/ increasing the number of detected cells by the algorithms [START_REF] Lu | MIN1PIPE: A Miniscope 1-Photon-Based Calcium Imaging Signal Extraction Pipeline[END_REF][START_REF] Zhou | Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data[END_REF] with the help of the optimization procedure presented in Chapter 6 and 2/ tracking of the same cells from one recording session to the other using the open-source algorithm developed by [START_REF] Sheintuch | Tracking the Same Neurons across Multiple Days in Ca2+ Imaging Data[END_REF].

In particular, we would also like to answer two important questions: 1/ Does the optical sectioning property allow a significant gain in signal-to-noise ratio for activity recordings as compared to conventional widefield imaging in the specific case of line-scan confocal imaging in the hippocampus? 2/ Is the signal-to-noise ratio sufficient to take full advantage of the high-speed capacity that can be achieved with our techniques (> 100Hz), i.e can we see fast activity patterns such as sequences of cell assemblies (theta sequences and ripple) with GCaMP6f labeling?

Continuation and end of the work presented in Chapter 4

In Chapter 4, we compared two confocal imaging modes implemented in the fiberscope: line-scan and differential multipoint-scan confocal imaging together with a non-confocal implementation (standard widefield imaging). We compared the optical performances (PSF, thickness of the optical section (SE), background rejection strength (α), aberrations (γ), collection efficiency) with the fiberscope attached to the GRIN-lens based micro-objective. However, we were not able to compare important features that need to be estimated in vivo such as the signal-to-background ratio (or contrast) and the in-focus signal according to the depth of imaging for morphological imaging (usually measured on GAD-GFP mice), and especially the SNR measured on calcium imaging recordings. We could not do this because the current system allows differential multipoint-scan confocal imaging only in the red channel. However, we have seen that to perform calcium imaging with a high SNR, green fluorescent calcium indicators were more efficient. Therefore, to conclude and submit this work for publication, we will shortly modify the setup so that differential multipoint-scan confocal imaging of green fluorescent probe will be possible (that is about a week of work). The material has been purchased and the design is done. The approach to complete this work is as follows:

• We will use the theoretical model and simulations described in Chapter 2 to anticipate comparative performances in terms of PSF, optical sectioning strength and background rejection strength as a function of the pinhole size, and we will compare them to experimental optical sectioning curves obtained with thin fluorescent planes. This will also allow comparing optical performances of the three imaging modes with the exact same setup and in particular the same custom-design micro-objective.

• We will use the simulation of calcium imaging datasets of Chapter 6 using the measured optical performances (PSF, optical sectioning) in each imaging mode and in the case of two different structures (hippocampus: dense and thin structure, bursting activity; cortex more sparse density and activity). We will be able to predict the performances of the imaging mode on the SNR in each experimental conditions (the hippocampus and the cortex).

• We will image the same mice sequentially in line-scan, differential multipoint-scan, and standard widefield imaging modes with the protocols already established in the laboratory and described in this manuscript in order to compare the performances of the different modes. First, we will evaluate the in-focus signal and the contrast as a function of the imaging depth, registered under the same conditions both in the hippocampus (n=2) and in the cortex (n=2), on the same mice expressing GFP. Then, we will evaluate the SNR for calcium imaging recordings on mice expressing GCaMP6f both in the hippocampus (n=2) and in the cortex (n=2). Data analysis is the same as that performed routinely in the laboratory. We will compare these characterizations to the simulations (point 2). This comparison will validate the correct implementation of the simulation.

As part of the conclusion of this comparative work is the question of the importance of optical sectioning capacity for the signal-to-noise ratio, spike detectability, corruption of signal by out-offocus fluorescence and relevance of downstream analysis. This is an important question that will allow to find out the relative power of the confocal fiberscope for calcium imaging recordings with respect to the one-photon widefield miniature microscope widely distributed in the neuroscience community together with open-source and powerful data analysis algorithms. It will also allow choosing which of these two confocal strategies to be kept for future experiments, or in which conditions do we benefit from one or the other (depending of the structure of the brain). In Section 7.2, page 156; we already tackle this question, using the dataset acquired with line-scan confocal and standard widefield imaging in the hippocampus. Here, we will extend this comparison to 3 techniques and 2 regions of the brain.

Longer-term technological perspectives

Demonstration of all-optical imaging and photoactivation in freely-moving mice with the confocal fiberscope

An important perspective of this project is to demonstrate the use of the fiberscope for simultaneous imaging and targeted photoactivation at a high frame-rate on the freely-behaving animal. This perspective is an ongoing validation at the lab. This project requires the use of an actuator (for photostimulation) and a fluorescent indicator (for calcium imaging) whose excitation spectra do not overlap. We have seen in Chapter 1 that the best optogenetic pair (actuator/fluorophore) at present is to combine a red fluorophore for calcium imaging (jRGECO1a) with a blue excited actuator (ChR2) (Figure 1.22).

1-First, we validated calcium imaging recordings with the confocal fiberscope with a redshifted indicator (jRGECO1a) on anesthetized mice (n=4) in the hippocampus. These results are shown in Figure 7.1. These preliminary results are encouraging as they were obtained with the GRIN-lens based micro-objective. Therefore, we can expect a larger signal (x2) with the new custom-made micro-objective (as characterized in Chapter 4), leading to an increased of the SNR. However, note that 1/ the fluorescence signal level obtained with jRGECO1a is much lower than that of GCaMP6f; 2/ photobleaching is much larger and faster than with GCaMP6f. Therefore, it is important to characterize precisely these features in order to estimate the duration of the feasible experiments and the possibility of detecting a sufficient number of cells per session (indeed, the cells which have a too weak SNR are not detected) for the use of this calcium indicator for the study of place cells in the hippocampus. In addition, note that other promising calcium indicators have been published and could be tested [START_REF] Inoue | Rational Engineering of XCaMPs, a Multicolor GECI Suite for In Vivo Imaging of Complex Brain Circuit Dynamics[END_REF].

2-The fiberscope setup is duplicated in Julie Perroy's lab at the IGF (Montpellier) with which our lab collaborates. This system was optimized to perform simultaneously YEN's BRET imaging (NanoLuc-YPet couple), jRGECO1a calcium imaging and ChR2 photoactivation. To demonstrate the simultaneous imaging and photoactivation, they used a custom-made micro-objective with a WD of 60µm, corrected for chromatic aberrations, and proceeded as follows: they expressed ChR2 and jRGECO1 in the Purkinje cells of the cerebellum. They observed the spontaneous activity in the dendrites of these cells with a high signal-to-noise ratio, despite the low brightness of the calcium probe used (Figure 7.2A). Then, they illuminated a small part of one of the dendrites with a shaped blue light using the DMD, and they demonstrated the activation of the entire dendrite (Figure 7.2B). Therefore, they demonstrated the capacity of the fiberscope to perform simultaneously targeted photoactivation with ChR2 and calcium imaging recordings with jRGECO1a. The next step is to validate this experiment in the awake freely-moving mouse.

To complete this project, more controls should be performed, such as 1/ in a sample co-labeled with jRGECO1a and ChR2, do we trigger ChR2 when illuminating continuously the sample for imaging at 561nm? 2/ when ChR2 is triggered with the 488nm laser light, do we induce a fluctuation of the intensity in cells that express jRGECO1a? Indeed, jRGECO1a exhibits photoswitching properties when illuminated with blue light (Figure 1.19): how do we differentiate intensity variations of jRGECO1a that are related to photoswithching from those related to neuronal activity? These questions are currently investigated in the lab. Note that in the experiment of Figure 7.2, they overcame this difficulty by targeting only a small part of a larger structure and observing the effects of the photoactivation on the whole dendrite structure. If successful, the fiberscope will be demonstrated as a considerably advantageous tool as compared to the miniature microscopes (one or two-photon) that did not combine imaging with targeted-photoactivation so far. 

Combination of the fiberscope with electrophysiological recordings

Electrophysiological methods allow recording synchronous activity of the neural networks (oscillations) with a high-temporal precision. Although recent studies allow considering optical measurements of electrical activity (with voltage dyes imaging for example), the measurements are currently carried out exclusively by electrophysiological methods. As the continuation of the validation of the fiberscope for the study of place cells during spatial navigation in freely-behaving mice and presented in Chapter 6, Ombeline Hoa started a post-doc between our lab and the lab of Michaël Zugaro at Collège de France (which have a long experience of electrophysiological recordings in the hippocampus). She is currently working on the combination of optical and electrophysiological measurements. She will use extracellular electrodes (silicon probes) implanted in the brain to measure Local Field Potential (LFP) in the presence of the fiberscope. She will perform the on-line frequency analysis of the signal to extract the different types of neuronal oscillations (theta, gamma, ripples). In particular, this will allow synchronizing photoactivation with a precise phase of one of these oscillations. Besides, ripple measurements will also improve the detection of hippocampal sequences for place cells recordings with optical methods. At present, the design to couple the electrodes and the fiberscope on the animal has been successfully tested, and the first Chapter 7. Discussion in vivo experiments on the animal will be carried out very soon.

Two-color imaging with the confocal fiberscope

An interesting perspective, although requiring the development of a new system or modifying the current one, is to implement simultaneous two-color imaging. This would allow imaging of two different structures (blood vessels and neurons for example), two populations of cells genetically labeled with different fluorescent probes (interneurons and excitatory cells for example, with GFP and tdTomato), or simply to directly compare different calcium probes according to the experimental protocol (typically the red and green GECIs). In the current system, and as shown in Chapter 4, Figure 4.15, we can perform line-scan confocal imaging in two colors but sequentially. For simultaneous acquisition, an idea could be to abandon the multipointscan confocal detection path and to collect red and green fluorescence images side-by-side on the camera. In practice, this requires positioning a beamsplitter between DBS4 and L5 on the Figure 3.1, to separate green and red fluorescence, and to image the two beams with two L5 lenses on the camera. Alternatively, a system as an Optosplit developed by CAIRN could also be used (https://www.cairn-research.co.uk/). Two-color multipoint-scan confocal implementation is more complex to set up because it requires to collect 4 images on the camera and to achieve similar collection efficiency on the two pathways using a single DMD.

Continuation of the development of high-performance micro-objectives

Since the starting of my PhD, new micro-objectives with high numerical aperture and corrected from aberrations are developed in the lab by Jozsua Fodor. We have already realized and assembled 2 prototypes with a fixed working distance (60 and 140µm) that we have been able to test in recording experiments of neuronal activity in the freely-behaving mouse. Important perspectives are to perform the optical characterizations of these prototypes, in order to be able to compare their real performances (in particular in terms of aberrations) with the theoretical performances resulting from the Zemax simulations. In particular, a new prototype with increased lenses diameter by a factor of 2 (2 mm instead of 1 mm) is currently developed in order to reduce aberrations due to excessing tolerancing constraints in the first prototypes (as characterized in Chapter 4). This new prototype is currently under development and will have a variable working distance. It will allow imaging at different depths from the surface of the brain (from 50 to 200µm, by step of 5µm in average), which will allow increasing the number of cells imaged within one experiment.

Development of a different differential multipoint-scan confocal fiberscope

As explained above, we would like to conclude on the comparisons between multipoint-scan and line-scan confocal imaging performances (SNR, contrast, in-focus signal, phototoxicity) for calcium imaging with our system. Actually, multipoint-scan confocal imaging should allow achieving better performances in terms of optical sectioning, background rejection and speed of imaging. The main limitation today is the low collection efficiency at detection, especially compared to linescan confocal imaging. The main explanation for this efficiency difference is the DMD that is used as a detection matrix of pinholes, while for the line-scan confocal imaging, the line pinhole is directly at the camera. Indeed, the DMD mirrors consists not of true physical holes, but of mirrors which direct the beam towards the camera. The mirrors have a transmission efficiency of the order of 60% which limits the collection efficiency as compared to true physical holes. Thus, once the validation is done for neuronal activity imaging with the multipoint setup and once the most efficient pinholes matrix (size and density) is found, we could come back to the physical implementation of a pinhole, i.e a hole, and return to the use of a spinning-disk. This would allow a 60% gain on the signal collected, and would provide a better SNR, which is crucial for high-rate calcium imaging.

Additional improvements for user-friendly usage

To make the use of the fiberscope more comfortable both for the experimentalist and for the animal, two improvements should be considered.

First, because of the rigidity of the image guide (owing to its structure made of individual fibers fused and stretched together), the animal is freely-moving only within a certain limit. Indeed, beyond 3 self-rotations, the animal finds itself constrained by the rigidity of the image guide. In general, the animal learns by itself that it can not perform more than 3 rotations in the same direction, and ends up going back and forth for hours, without the intervention of the experimentalist. However, to overcome this limitation, we could consider using a commutator. The idea will be to measure the rotational movements of the rodent (for example using 2 LEDs arranged on the head of the animal) and rotate the proximal side of the image guide (microscope side) following the rotational movements of the rodent. Rotations of the fiber bundle will be performed in 360 o increments so that the photoactivation patterns remain stable in the sample and the images remain stable on the camera.

We broke the micro-objective and the bundle a few times. The costs in terms of working time and material are today a major limitation that must be overcome by adequately protecting the bundle and the micro-objective. Therefore, consideration should be given to protect the fiber bundle at both ends because the extremities are subject to significant constraints since they are firmly attached. Thus, a perspective to strengthen this fragile element of the system is to develop a special sheath to avoid excessive torsion while being light enough not to add too much weight to the system. Besides, this development will benefit to the adaptation of the fiberscope to rats that can exert a much larger force than the mouse and potentially break the fiber bundle. Similarly, the custom-made micro-objective is not fully encapsulated (the last lens is out of the protection). In the future prototype, the whole micro-objective will be protected in a stainless steel cannula.

Data analysis developments

Regarding data analysis, several points were discussed throughout this manuscript. A very shortterm perspective is to develop the most relevant analysis procedure to find the maximum of information in our data. This requires getting rid of the honeycomb pattern (described in Chapter 3, Section 3.4.3, page 108), and improving the preprocessing steps with the help of the simulations (as discussed in Chapter 6). Furthermore, we would like to be able to speed-up these algorithms (either by modifying them or by adapting them so that they can be done in an online mode). This would allow quick design of the photoactivation sequences to be played according to the activity that would have been previously registered in the same session.

Demonstration of VSD recordings with the confocal fiberscope

A potential project consists of performing voltage-sensitive dye imaging in freely-behaving mice with the fiberscope. Indeed, given that calcium transients can persist in neurons for hundreds of milliseconds, and given the nonlinear relationship between the size of calcium signal and the number of APs, calcium responses cannot reliably track spike timing with millisecond precision. Accurate optical read-out of electrical responses required the development of indicators of transmembrane voltage potential with higher kinetic properties. In particular, a probe that looks promising for one-photon imaging combined with photoactivation is the QuasAr2 probe [Hochbaum et al., 2014] (Figure 1.22). In practice, we could perform scanless confocal multipoint imaging at high frame rate (about 800Hz with the new fast sCMOS cameras). Then, we could target smaller regions to speedup the acquisition rate. In a confocal scanless configuration, the DMD is used to create a pattern of one or multiple spot(s) previously drawn on the FOV. Fluorescence signal is then recorded on the sCMOS camera, where it is integrated on regions of interest (ROIs) acting as virtual detection pinholes and continuously recorded. This allows recording fluorescence from different ROIs simultaneously, with optical sectioning, and will maximize the number of photons collected, and thus the signal-to-noise ratio of the recordings.

Longer-term physiological perspectives

Improvement of the behavioral protocol

Compared to the study presented in Chapter 6, several features will have to be modified on the experimental protocol to refine the physiological study of the place cells coding in the hippocampus.

In particular, a recent study has shown the importance of visual cues for spatial coding resolution [START_REF] Bourboulou | Dynamic control of hippocampal spatial coding resolution by local visual cues[END_REF]. In this study, mice explored a VR environment with or without virtual objects. They showed a higher proportion of place cells, smaller place fields, increased spatial selectivity and stability, enhanced temporal coding resolution through improved theta phase precession and theta timescale spike coordination when visual cues were present during navigation. Therefore, in the next design of the setup, the real environment will be enriched with additional visual cues. The presence of salient visual cues comes together with a less pronounced penumbra. Although we have not performed the experiments in the dark but in a dim room lights to facilitate the detection of the LED during the movement of the animal, in the future experimental design, the light will be increased and the position of the mouse will be tracked with a more sophisticated and open-source software than the tracking of the led (DeepLabCut, [START_REF] Mathis | DeepLabCut: markerless pose estimation of user-defined body parts with deep learning[END_REF]). In addition, such software will also allow assessing to a wider range of behaviors at once. The recordings of the sleep sessions were performed in a flower pot. The tracking of the effective sleeping of the mouse was first done manually, i.e the experimenter triggered the acquisition of the imaging when the animal was motionless for more than 1 min and cut it off during the movement. For this reason, 20min recordings during sleep are actually a sequence of temporally cut records. We then refined this protocol, implementing a system for tracking the position of the animal interfaced with the Labview acquisition program. In this way, the estimation of the position of the animal no longer depends on the user who starts, stops or restarts the acquisition but is done automatically. A future improvement would be to add EEG and EMG measurements for more physiological estimation of sleep periods based on the effective brain state of the animal.

Finally, as discussed in Chapter 1, Section 1.3.2, page 12 for 1D navigation, place cells coding did not differ significantly when the mouse was head-fixed under a two-photon microscope or when it was freely-moving. In addition, studying 2D navigation is more realistic. In the project initiated by Ombeline Hoa, with Michaël Zugaro, the animal will be engaged in a two-dimensional behavioral task.

Use of the fiberscope for cortical imaging

Finally, we would like to open the use of the fiberscope to other structures than the hippocampus and in particular to the layer 2/3 of the cortex. We performed preliminary experiments with the custom-made micro-objective in line-scan confocal imaging mode at 125Hz on anesthetized mice expressing GCaMP6f in the visual cortex (sparse injection, n=4 mice). Figure 7.3 shows the results of the analysis performed with the Min1Pipe algorithm where 8 active cells have been detected during the 100s recording session with a high SNR. These results are encouraging and will have to be replicated in the freely-behaving animal. In particular, the projects within the team included learning studies in the auditory cortex performed under a two-photon microscope before and after the behavioral training (fear-conditioning tasks). This project would benefit greatly from the fiberscope to image the animal as it performs the behavioral task, and within the environment in which it learns. Therefore, for this project, an important perspective is to validate the fiberscope for high-speed cortical imaging in freely-behaving animals. 
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  A downstream neuron receives input signals called excitatory post-synaptic potential (EPSP) from upstream neurons.

Figure 1

 1 Figure 1.25: A1. Protocol for Point Spread Function measurements with fluorescent beads. A2. Plots of the intensity in the center of a fluorescent bead as a function of the defocus (averaged for n beads).The FWHM of this plot is called PS F z and gives the axial resolution of the system. B1. Protocol for Optical sectioning measurements with a fluorescent sheet. B2. Plots of the intensity in the center of a fluorescent plane as a function of the defocus. The FWHM of this plot is called SE and gives the thickness of the optical section detected by the setup. Note that widefield microscopy does not provide optical sectioning (SE=∞).

Figure 1

 1 Figure 1.29: Illustration of background contamination in neural signal extraction.

  m 2 ): Intensity detected ; -I i (W/m 2 ): Intensity of illumination ; -O: Concentration of fluorophores in the imaged object ; -Ω: Solid angle of the entrance pupil of the objective seen from the object ; -σ f : Fluorescence excitation cross-section ; -T d : Transmission of detection optics ; -PSF d : PSF of detection of the microscope objective ; -PSF i : PSF of illumination of the microscope objective ; -I i0 : the temporal average of the illumination density ; -G: Illumination mask. x d , y d : Lateral coordinates of the camera pixels at the sample, i.e scanning coordinates ; x, y: Lateral coordinates on the sample.

Figure 2

 2 Figure 2.4: Theoretical optical sectioning. Expected signals in the case of the illumination of a fluorescent plane and plotted according to its position z s in the case of conventional widefield imaging (black line), single-point confocal imaging (green line), multipoint-scan confocal imaging (blue line), differential multipoint-scan confocal imaging (blue dotted line) and line-scan confocal imaging (red line). The signals are normalized by the constant I 0 . T d,wide /T d,multipoint = 1/4.5. For multipoint-scan confocal imaging, the signal measured for |z| > 20µm is equal to the density of pinholes D (D = 1/P 2 ≈ 0.06).The PSF is calculated using the approximation of Stokseth[START_REF] Stokseth | Properties of a Defocused Optical System*[END_REF]. The plots are obtained with equation 2.1. Parameters of the simulation: NA = 0.5, A = 7.5µm, D = 1/4 2 . The calculations were made without taking into account the aberrations (of the objective for example).

-

  D: Density of pinholes ; -A: Pinhole size ; -T d : Transmission of detection optics (depends of the experimental implementation of conventional widefield and multipoint-scan confocal microscopy); -B/S: Background divided by signal ;

Figure 3 . 4 :

 34 Figure 3.4: Implementation of the imaging patterns with a DMD. If the mirror is on, the DMD pixel acts as a pinhole. If the pixel is off, the light incident on the DMD is reflected outside of the setup. B. The pattern of the DMD for (from left to right) widefield, multipoint-scan, line-scan, and photoactivation.

  line DMD +st ep DMD R exp | + 1, with st ep DMD calculated by the program).

  Figure3.12: Characterization of the autofluorescence of the image guide. We compare two image guides: the one we use from Fujikura (FJK), and a one that will be introduced in paragraph 3.2.4, page 96 called MKT. The autofluorescence spectra are plotted as a function of the wavelength with the MKT probe (purple line) and Fujikura image guide (yellow line) at 561nm (A) and 488nm (B). These intensity profiles were obtained with a spectrophotometer (Ocean Optics), after a round trip in the image guide and collection in place of the sCMOS camera (direct path). We use a filter to observe the interesting part of the spectra: FF01-607/70-25 (Semrock) for the excitation at 561nm and FF01-550/88-25 for the excitation at 488nm. The autofluorescence of the two bundles is roughly similar but higher for the MKT probe as compared to the Fujikura image guide.

Figure 3

 3 Figure3.13: Choice of filters. A. Choice of the filter to remove the green part of the 488nm diode laser emission. Green and blue spectra are obtained with filters that let wavelengths > 492nm for the green curve (respectively < 492nm for the blue curve) pass. Fluorescence filter (black line) used to remove the peak at 498nm (green line) in the laser source to obtain a single peak at 488nm (blue line). B. Autofluorescence of the bundle with illumination at 488nm (blue line) decreases the signal-to-noise ratio of the images and as such should be removed. However, autofluorescence and fluorescence signal corresponding to the GFP action spectra (green line) overlap. Therefore, a procedure was implemented to optimize both the ratio (signal/autofluorescence) and the signal. The selected filter is plotted in black. C. Same for the autofluorescence of the image guide under illumination at 561nm (blue line), action spectra of the jRGECO1a fluorophore (red line), and selected filter (dark line).

Figure 3

 3 Figure 3.19: Micromechanical development for the GRIN-lens based micro-objective. (A) Fixation of the image guide (ferrule shown in yellow) and GRIN-lens based micro-objective (ferrule shown in cyan) to the skull.The image guide is attached to the micro-objective using a connection device (piece 1). The micro-objective is fixed to the skull using a head plate (piece 2) that is positioned using a micromanipulator. (B) Picture of an unrestrained (freely behaving) mouse in its cage with the fiberscope probe fixed on the skull.

Figure 3

 3 Figure 3.23: A. Illustration of brain damage due to long light exposure at a PFD > 2mW / mm 2 . We observe that at the beginning (left), the maximum projection of the calcium imaging acquisition (1min) with the fiberscope in its line-scan confocal mode has a uniform intensity distribution all over the FOV, while after an hour and a half (right), the center of the FOV is photodamaged and we can hardly see neurons spiking. B. Calibration of the power flux density (pfd) at the sample with a power meter in the condition of the experiments (488nm).
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 41 Figure 4.1: Optical sectioning measured at the focal plane of the microscope objective. A. Fluorescence intensity from a rhodamine layer is drawn as a function of axial position z (z = 0 at the objective focal plane), with multipoint-scanning confocal imaging (solid blue line) and conventional widefield imaging (dotted black line). The ratio between the two signals (dotted blue line, normalized to 1) yields constant background D/γ equal to 5%, which corresponds to γ = 0.8 (D = 0.04). The differential multipoint-scanning confocal signal (solid black line) shows a background equal to zero. Pinhole size at the sample: A = 19µm. Pinhole density: D = 0.04. B. The theoretical background is D = 1/P 2(see Chapter 2). We confirm this behavior on the experimental optical sectioning curves (green line) obtained for different period values P (2-3-4-5-6-7). The experimental curve is obtained as the asymptotic offset of the dotted blue plot in A, and is equal to D/γ. The ratio between the theoretical and experimental curves allows determining γ.

Figure 4

 4 Figure 4.2: Optical sectioning measured at the focal plane of the microscope objective in line-scan confocal mode. A. Fluorescence intensity from a rhodamine layer is drawn as a function of axial position z with different size of the line (the thinner the line, the better the sectioning strength SE). B. Comparison between multipoint-scan and line-scan optical sectioning curve with the same size of the line (pinhole).The curve of the optical sectioning in multipoint-scan confocal mode is thinner but saturates at 1/P 2 whereas the optical sectioning in line-scan confocal mode line is larger but does not saturate and keeps decreasing far from the focal plane. Therefore, these two curves intersect at some point.

Figure 4

 4 Figure 4.4: Point-spread function of the differential multipoint scanning confocal fiberscope. Profiles along x (left), y (middle) and z (right) averaged over 50 measurements performed with 50 different beads located at different positions on the FOV. The corresponding resolutions (FWHM) are: 2.2 ± 0.2 µm along x; 1.6 ± 0.3 µm along y; 10.5± 2.1 µm along z. Parameters: A = 7.5µm, P = 5, λ = 561nm.

Figure 4

 4 Figure 4.6: Optical characterization of the differential multipoint-scanning confocal modality. A. Measured illumination power at the sample (dots) as a function of pinhole density D, normalized to the value measured for a density of 0.01. As expected from theory, illumination power is linear with D (solid blue line). B. Signal measured from an in-focus fluorescent plane as a function of the pinhole size A and density D, for a constant illumination power of the sample. The signal is normalized to the maximum value, obtained for A = 12µm and D = 0.04. C. Linear plot of data in B) as a function of A, for D = 0.04. D. The thickness of the optical section (SE) as a function of A and D. This thickness is calculated as the FWHM of sectioning curves similar to the solid black line in Figure 4.5A. E. Linear plot of data in (D) as a function of A, for D = 0.04. In the range of pinhole sizes used in this work, section thickness is linear with the pinhole size (solid blue line).
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 47 Figure 4.7: Characterization of the imaging performances as a function of the size of detection pinholes, in two different situations: when illumination and detection pinholes have identical sizes (black circles) and when detection pinholes are larger than illumination pinholes (blue squares). In this latter case, illumination pinholes have a fixed size of 7.5µm. A. Differential multipoint-scanning confocal signal obtained with a fluorescent plane in-focus. B. Thickness of the optical section obtained with differential multipoint scanning confocal imaging. C. Background for regular multipoint-scanning confocal imaging. To measure this background, we plotted the ratio between the sectioning curves measured with regular multipoint-scanning confocal imaging and widefield imaging (normalized to 1 at z = 0, when the plane is in-focus) similar to the dotted blue line in Figure 4.5A.The background is the offset of this curve.
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 410 Figure 4.10: Comparisons of the performance of the micro-objectives A. (Left) Optical sectioning curves of multipoint-scan confocal imaging normalized by conventional widefield (dotted line) or not (straight line) with the GRIN-lens based micro-objective (blue) and with the borrowed MKT probe (red). (Right) Same with line-scan confocal imaging. B. Comparison of SE values for differential multipoint curves (left) and line-scan (right) between the two micro-objectives (straight blue line for GRIN and red line for MKT). C. Comparison between the two micro-objectives of the autofluorescence signal, in-focus signal and γ.

Figure 4

 4 Figure 4.11: Interneurons of layer 1 of the retrosplenial cortex of Gad65eGFP mouse imaged in linescan confocal imaging, illumination line size at the sample = 5.6µm, detection line size = 6.8µm, with MKT probe and the GRIN-lens based micro-objective after subtraction of the autofluorescence. Images correspond to the standard deviation projection of the z-stack to which is subsequently applied a lowpass filter (Gaussian filter of size 2 pixels (0.7µm). (Right) Normalized intensity profile measured on a raw image of the stack. Background B corresponds to the average of the intensity profile on the 10 first points of the profile. On average, S≈5-6B with MKT, and S≈2-3B with the GRIN-lens based micro-objective (n=51 cells, 1 mouse).

Figure 4 .

 4 Figure 4.12: Point-spread function of the line scanning confocal fiberscope. Profiles along x (top left), y (top right) and z (bottom) averaged over 100 measurements performed with 100 different beads located at different positions on the field of view. The corresponding resolutions (FWHM) are: 1.2 ± 0.3 µm along x; 1.2 ± 0.2 µm along y; 10.7± 3.7 µm along z. Parameters: A = 2.8µm λ = 488nm.

Figure 4 .

 4 Figure 4.13: Characterization of the custom-designed micro-objective. A. Comparison of the FWHM of the optical sectioning curves in line-scan confocal mode at 561nm as a function of the thickness of the line with the custom-made micro-objective (blue line), the GRIN-lens based micro-objective (green line) and the MKT probe (red line). B. In focus signal in the multipoint configuration. C. SE as a function of the pinhole line size at 561nm (green line) and at 488nm (blue line) with the custom-made micro-objective.

  Figure 4.13A, green and red lines), clearly indicating the presence 4.5. Characterizations with the custom-made micro-objective 123 of aberrations in the new custom-made micro-objective. Note that we measured similar SE values at 488 and 561nm (Figure 4.13C). With the MKT micro-objective, we obtained an increase of the in-focus signal collection efficiency of a factor 5 in line-scan confocal imaging and 3 for standard widefield imaging (Figure 4.10C). Here, unexpectedly, we found instead a factor of ≈ 2 for confocal line-scan and 1.4 for widefield imaging (Figure 4.13B) between the GRIN-lens based micro-objective and the new one.

Figure 4

 4 Figure 4.14: Characterization of the contrast with the custom-designed micro-objective. A. Interneurons of layer 1 of the retrosplenial cortex of Gad65eGFP mouse imaged in line-scan confocal imaging, illumination line size at the sample = 2.8µm, detection line size = 3.9µm, with the custom-made microobjective after subtraction of the autofluorescence. Images correspond to the standard deviation projection of the z-stack to which is subsequently applied a low-pass filter (Gaussian filter of size 2 pixels (0.7µm). B. Comparison of the profiles between the custom-made micro-objective and the GRIN-lens based micro-objective, obtained with the same parameters as in Figure 4.11 on a raw image. C. Comparison of the normalized intensity profiles over a typical cell (red line in panel A) between line-scan confocal imaging (line size = 2.8µm) and standard widefield imaging. D. Background-to-signal ratio corresponds to the average of the signals on the 10 first points of the normalized profile of panel C. Plot of the signal to background (red line) and the standard deviation (dotted black line) as a function of the thickness of the illumination line (n=91 cells, 1 mouse).

  Figure 5.1: Comparison of different techniques for imaging microvasculature in the cortex of anaesthetized mice following retro-orbital sinus injection of rhodamine dextran. A-D. Differential (left) and regular (middle) multipoint-scanning confocal imaging are compared with conventional widefield imaging (right). Images are registered at depths of 10µm (A), 40µm (B), 70µm (C) and 100µm (D) in the brain. E-H. Profiles along the yellow lines drawn in Figs. A-D (respectively) measured with differential (solid black line) and regular (solid blue line) multipoint-scanning confocal imaging, and with conventional widefield imaging (dotted black line). Imaging speed: 100Hz. A = 7.5µm, D = 0.04.

Figure 5

 5 Figure 5.2: SNR for differential multipoint-scanning confocal imaging as a function of the pinhole density. SNR is expressed as (S/N ) diff = f (D) βS wide,D=1 . The value of f (D) (see Equation2.23 in Chapter 2, page 75) is calculated using the parameters of the current setup: T multipoint = 0.45, T wide = 0.1, and γ = 0.2 (corresponding to A = 7.5). We used the background-to-signal ratio measured in our experiments when performing microvasculature imaging (B/S wide = 4.6). A maximum value is obtained for D = 0.04.

Figure 5

 5 Figure 5.3: Effect of the pinhole size for imaging microvasculature in anaesthetized mice with differential multipoint-scanning confocal microscopy. A-C. Imaging close to the brain surface (z = 25µm) with pinhole sizes of 4.5µm (A) and 10.5µm (B). C. Profile along line (1) (shown on Figs. A-B) measured with A = 4.5µm (green line) and A = 10.5µm (black line). The background at the out-of-focus vessel indicated by the blue arrow divided by the signal at the in-focus vessels indicated by the red arrows was 2x larger with A = 10.5µm than with A = 4.5µm. D-G. Same as A-C for imaging far from the brain surface (z = 120µm).Figure F represents the profiles along line (2) and Figure G along line (3). Imaging speed: 100Hz. D = 0.04.
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 54 Figure 5.4: Lateral movements of the field-of-view along x (blue lines) and y (red lines) during free behavior measured in 5 mice using differential multipoint-scanning confocal imaging. Acquisition rate: 20Hz. A = 7, 5µm. D = 0.04.
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 64 Figure 6.4: Lateral movements of the field-of-view along x (blue lines) and y (orange lines) during free behavior measured in 1 mouse over 4 recordings sessions from day 0 to day 45. Acquisition rate: 100Hz.

Figure 6

 6 Figure 6.6: Fast fluorescence imaging (100 Hz) of neuronal activity in the hippocampus of a freelybehaving mouse with line-scan confocal imaging. A. Examples of raw images recorded while the mouse is running in a linear track. Field of view= 230µm. B. Standard deviation projection of 5min recordings during navigation. C. Calcium traces (∆F/F) measured on 4 ROIs highlighted in panel B.
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 610 Figure 6.10: Performances of CNMF-E (A) and Min1Pipe (B) on the same simulated dataset.

Figure 6

 6 Figure6.12: Tracking of place cells over time for one mouse (day 0, 19 and 36). The first row corresponds to the active cells detected by the Min1Pipe algorithm (n= 87 cells on day 0, n=184 cells on day 19 and n = 149 cells on day 36). The second row is composed of two panels each day. Each panel corresponds to all the detected cells ordered by place fields' centroid locations according to the mouse motion direction (left: from right to left, right: from left to right). For this analysis, only the runs periods were considered. Note that some of the detected cells are not place cells and will be removed for further analysis.

A

  Figure 7.1: Preliminary data of jRGECO1a in the hippocampus processed with Min1Pipe analysis pipeline [Lu et al., 2018]. A. Contours of 11 neurons detected by the pipeline superimposed on the max projection of the denoised and background-subtracted movie. B. Corresponding calcium traces. The acquisition was performed in line-scan confocal imaging mode (line size = 5.6µm) at 10Hz. One representative recording over n=3 mice.

  Figure 7.2: Photoactivation, calcium imaging and BRET imaging in the cerebellum of an anesthetized mouse. A. Spontaneous activity in Purkinje cell dendrites of an anesthetized mouse, measured with line-scan confocal imaging of jRGECO1a at 50Hz. Left: Maximum ∆F measured on an 8-second movie. Right: calcium signals (∆F /F ) measured for the 5 ROIs indicated on the left. B. Photoactivation of a dendrite of Purkinje cell expressing ChR2. Left: raw fluorescence image (exposure time 20 ms) showing the location of the photoactivation beam (blue square). Right: calcium signal (∆F /F ) measured as a function of time and position along the yellow line drawn on the image on the left, for 3 photoactivation trials (blue squares). Protocol for photoactivation: 30 pulses of duration 10 ms at 33 Hz; power density: 33mW/mm 2 . An increase in fluorescence over the entire dendrite is obtained at each trial. Similar results were obtained by targeting other parts of the dendritic tree and could be repeated for 11 cells of the same mouse. Courtesy: Vivien Zsabo and Yan Chastagnier from Julie Perroy's lab.

Figure 7

 7 Figure 7.3: Preliminary data in the visual Cortex processed with Min1Pipe processing toolbox [Lu et al., 2018]. A. Contours of 8 neurons detected by the pipeline superimposed on the max projection of the denoised and background-subtracted movie. B. Corresponding calcium traces. Acquisition was performed in line-scan confocal imaging mode (line size = 5.6µm) at 125Hz. One representative recording over n=4 mice.
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	Dimension	1D		2D		
		RW	VR-HF	RW	VR-BF	VR-BF-Rot
	% of place cells	-	79%	45%	20%	52.9%
	Field size	37.33±2.44% 36.89±2.44%	20.2±12%	25.4±13%	11-15%
		26.1±1.71cm 24.7±1.6cm	44.4±26.9cm 55.8±28cm 11.4±0.55cm
	Mean firing rate (Hz)	2.15±0.21	1.65±0.17	3.06±1.9	2.71±1.74	-
				0.93±0.02	0.70±0.02	
	Peak firing rate (Hz)	8.96±0.83	7.23±0.74	18.38±10.63	14.33±7.84	4.0±0.12
				9.90±0.18	3.19±0.07	
	Spatial information	0.91±0.08	0.76±0.06	1.66±0.73 bits 1.32±0.67	-
				1.35±0.02 bits 0.33±0.01	-
	Ratemap sparsity (Hz)	-	-	0.73±0.15	0.65±0.17	-
	Stability	-	-	0.87±0.17	0.8±0.23	-
				0.63±0.01	0.26±0.01	
	Theta frequency (Hz)	8.24±0.08	7.39±0.08	8.25±0.39	7.53±0.36	'reduced'
				8.32±0.06	7.21±0.07	
	Theta power	-	-	46.61±2.51	56.95±3.75	-
	Precession cells (%)	reference	'normal'	80.03%	40.52%	-

Table 3 .

 3 4: Ranking of autofluorescence of 8 types of glue (1=less signal). A precise characterization of the autofluorescence of these glues has not been achieved due to the difficulty of making samples of the same thickness.

	488nm	561nm

  The tip was beveled to obtain a diameter of approximately 35 µm. The pipette was mounted in a Hamilton syringe (7653-01 HAM 1701 RN 10µL SYR W/O NEEDLE, Phymep) and placed in a syringe pump (KD Scientific Legato 130 Single Syringe Infuse/Withdraw Syringe Pump) for precise regulation of injection speed and volume. The pipette was first filled with mineral oil (Sigma-Aldrich), and then filled with different solutions of virus (the oil allows to see the meniscus and to provide pressure on the virus solution):
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Chapter 4. Optical characterizations of the fiberscope

B-Optical sectioning comparisons

Then, we perform the characterizations of the optical sectioning. Figure 4.8A is to be compared with the theoretical Figure 2.4 of Chapter 2, except that the normalization is performed with respect to the in-focus line-scan confocal signal. Therefore, the signals are divided by a factor γ compared with those in Figure 2.4. The profile of the line-scan confocal characterization is superposed to the curves obtained for regular and differential multipoint-scan confocal characterizations of Figure 4.5A, with the same pinhole size. In line-scan confocal imaging, the section is wider and the rejection of the background is lower far from the focal plane, as compared to the differential multipoint-scan confocal imaging mode. Figure 4.8B is a plot of the increase of SE as the pinhole size (respectively the line size) increases. In line-scan confocal imaging mode, SE ranges between 55-105µm, higher than for differential multipoint-scan confocal imaging that ranges between 17-64µm for the same size of line and square pinholes. We also measured the value of γ. γ can not be extracted as it is for multipoint-scan confocal imaging (i.e by measuring the constant offset of the optical sectioning curve that corresponds to D/γ). Instead, it can be evaluated with an other protocol. Indeed, according to the Equation 2.11, γ corresponds to the intensity that is detected through the pinhole for an in-focus fluorescent plane, normalized by the intensity that should have been detected if all the fluorescence light was passing through the pinhole (but because of aberrations, the fluorescence is spatially spread and filtered by the detection pinhole and a large amount does not reach the detector). In practice, we took an image on the camera with a fluorescent plane and a static pinhole, for example a line of the same thickness as that used when imaging. We measured the intensity over a line of the same thickness as for illumination and we divided it by the total intensity collected on the camera. We measured γ = 0.34, to be compared to 0.26 for multipoint-scan confocal imaging with this same protocol. Note that the optical sectioning measurement strategy gave 0.2 for multipoint-scan confocal imaging, but the pinhole size was slightly different. Therefore, line-scan confocal imaging allows achieving a better signal collection efficiency than multipoint-scan confocal imaging (x 1.3).

Appendix A

Theoretical optical sectioning

This appendix aims to explain the mathematical origin of the asymptotic behavior of the optical sectioning curves for point-scan confocal, line-scan confocal, and conventional widefield imaging and refers to Chapter 2. It is based on the formalism of the book [START_REF] Mertz | Introduction to Optical Microscopy[END_REF]. I first recall the general equations of the intensity detected with a microscope as expressed in Chapter 2. We also consider the image plane on the detector d as the origin (z d =0).

We change of variable : x -→ x-x d :

To study the asymptotic behavior, we consider the ideal case of an infinitely small pinhole, i.e:

Therefore, we obtain:

We assume a symmetry according to the lateral distribution (PSF(-x, -y, z) = PSF(x, y, z)) and no Stokes shift (PSF d = PSF i = PSF). Therefore, we obtain for the point-scan confocal microscope :