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Quantification and modelling of functional connectivity perturbation in ultrafast Power Doppler imaging of the awake mice brain: Pharmacological fingerprints on awake brain activity

Keywords: neuroimaging, pharmacology, functional ultrasound, functional connectivity Keyword, neuroimaging, pharmacology, functional ultrasound, opioids, functional connectivity. ARTICLE Microglia modulate blood flow, neurovascular coupling, and hypoperfusion via purinergic actions

Quantification and modelling of functional connectivity perturbation in ultrafast Power Doppler imaging of the awake mice brain: Pharmacological fingerprints on awake brain activity

The field of neuroscience has witnessed significant advancement since the 1950s, particularly with the emergence of brain imaging techniques. Among these, functional Magnetic Resonance Imaging (MRI) has emerged as a prominent method since the 1990s, especially for functional studies. This is attributed to the technique's ability to provide functional perfusion-based recordings, which are considered the gold standard. However, the usage of fMRI is limited for preclinical studies due to factors such as a low signal-to-noise ratio, the complexity and high cost of the equipment required, and the need for anaesthesia.

Recently, ultrafast ultrasound imaging has generated enthusiasm, due to its ability to provide transcranial imaging in small and awake rodents with unparalleled resolution and sensitivity. My PhD research has focused on leveraging the advantages of functional ultrasound (fUS) to study modulation of brain connectivity in awake mice, particularly under the influence of pharmacological treatments on the mouse connectome. The aim is to identify predictors of the effects of molecules on mouse behaviour and quantify connectivity patterns, with the potential to better understand the mechanisms behind treatments and the therapeutic effects of new drugs.

However, the direct translation of MRI toolkits and models to fUS had to overcome significant differences in signal processing and nuisance sources, as well as the unexpected richness of awake signals. Therefore, a systematic approach was adopted, requiring significant methodological development in terms of logistics and software.

Hence, the initial focus of my doctoral research was to optimise the experimental protocol, ranging from animal preparation, surgery, habituation, to recording in an awake state in the experimental environment. Subsequently, the first datasets were collected, and we realised that the fUS data generated would be substantial, with weekly exports of 5 to 10 TB during imaging campaigns. This part of my research culminated in the development of a work environment, spanning from the experimental room to the analysis servers, dedicated to standardising procedures for facilitating both acquisition and analysis.

The second part of my research focused on analysis methods, specifically the preprocessing required to apply fMRI models. I encountered an exotic signal that posed a challenge to our efforts for quantitative analysis. After identifying its source and accordingly improving our pipeline, I was able to focus on the final part of my research.

Through three extensive imaging campaigns, I investigated the effects of multiple types of drugs, including opioids, cannabinoids, and psilocybin, on the brain connectome. Our findings demonstrate the potential benefits of fUS as a descriptor of brain states in preclinical studies, promising efficacy for future treatment discoveries and potentially new diagnostic tools.
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French

Quantification et modélisation des perturbations de la connectivité fonctionnelle en imagerie doppler ultrarapide du cerveau de la souris éveillée: l'empreinte de traitements pharmacologiques sur l'activité du cerveau éveillé L'imagerie du cerveau a, comme l'ensemble des neurosciences, connu un essor considérable depuis les années 50s. Depuis les années 90 l'imagerie de résonance magnétique (IRM) est devenu le fer de lance de ce domaine via la généralisation de l'usage de ces outils en clinique, par l'intermédiaire de l'imagerie fonctionnelle du flux sanguin, outil de référence dans à l'origine des sciences cognitive. Cependant, un faible ratio signal à bruit adjoint à un coût et un encombrement important se sont avérés préjudiciables pour la généralisation du recours à cette technologie dans le cadre d'études pré-cliniques, qui requièrent de plus, dans la plupart des cas, une anesthésie au moins partielle du sujet.

L'ensemble de ces raisons explique sans doute l'enthousiasme qu'a généré le développement de l'imagerie ultrasonore de Doppler ultrarapide (fUS) lors de son invention au début des années 2010. Cette nouvelle méthode permet en effet d'imager à travers le crâne de petits animaux vigiles avec une sensibilité et une résolution jusqu'ici inédite.

L'objet de ma thèse a été d'utiliser ces avantages du fUS afin d'étudier les modifications de la connectivité fonctionnelle chez la souris éveillée, et plus particulièrement l'influence de traitements pharmacologiques sur le connectome de souris mobiles. L'idée sous-jacente est d'établir des prédicteurs des effets des différentes molécules sur le comportement de la souris par la quantification des patrons de connectivités. De cette manière nous espérons mieux comprendre les modes d'actions des traitements étudiés, et potentiellement de pouvoir anticiper les effets de potentiels thérapeutiques pour le futur.

Force a été de constater que la traduction directe des outils et modèles nombreux en IRM s'est confrontée à un signal in fine très différent dans ses sources de nuisance et à une richesse des données éveillées non anticipée. Dans ce cadre a été adoptée une démarche systématique qui a nécessité un développement méthodologique important tant du point de vue logistique que logiciel.

Une première partie de ma thèse s'est donc portée sur l'optimisation du protocole expérimental de la préparation de l'animal à la chirurgie et l'habituation aux conditions de mesure de la connectivité fonctionnelle éveillée. Suite à cela, nous avons pu acquérir nos premiers datasets qui nous ont confronté à la haute densité des données de fUS avec la création de 5 à 10TB de données par semaine lors de nos campagnes d'imagerie. Cette partie de ma thèse s'est donc achevée avec la mise en place d'un environnement à cheval entre la paillasse et le serveur d'analyse dans le but de standardiser les procédures et faciliter d'autant le travail d'acquisition et d'analyse.

La deuxième partie de ma thèse s'est ensuite concentrée sur les méthodes d'analyses et
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jcm PhD thesis CRI plus particulièrement de pré-processing permettant l'application du large éventail de modèles issus de l'IRMf. J'ai été confronté à un signal particulièrement exotique qui a réduit à néant nos efforts d'analyse quantitative. C'est après avoir identifié sa source et amélioré notre pipeline d'analyse en conséquence que j'ai finalement pu me concentrer sur la dernière partie de ma thèse. Suite à trois grosses campagnes d'imagerie j'ai pu observer l'influence de différents composés, opioïdes, cannabinoïdes et sérotoninergique. L'étude de ces molécules a mis en évidence des patrons qui leurs sont propres ainsi qu'à leurs mécanismes d'action, ce que nous avons pu contrôler chez des souris transgéniques et par l'action de certains antagonistes. Nous espérons que nos conclusions démontrent l'intérêt préclinique de l'imagerie fUS dans la caractérisation des états du cerveau, promettant son efficacité dans l'établissement de futures cibles thérapeutiques et de potentielles applications pour le diagnostic.

Mots-clefs: neuro-imagerie; pharmacologie; ultrasons fonctionels; connectivité fonctionnelle.
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Résumé de la thèse en Français

L'imagerie médicale est un domaine en plein développement. Parmi les applications où le développement de ces techniques a eu le plus d'impact, on trouve les neurosciences. C'est avec l'avènement des rayonnements pénétrants que l'imagerie commence réellement à se démocratiser comme une technique de diagnostic. Pour le cerveau, on observe alors les ventricules et d'éventuelles lésions dès le début du XX ème siècle. Cependant, c'est vraiment l'apparition de l'imagerie nucléaire avec d'abord la tomographie par émission de positons (PET) et plus tard la résonance magnétique (MRI) que la neuro-imagerie trouve vraiment ses lettres de noblesse au courant des années 80 -90. La recherche de multiples types de contrastes aboutit à une imagerie fonctionnelle non invasive telle que l'imagerie BOLD (signal dépendant du niveau d'oxygène sanguin). Dans ce cas, le scanner mesure l'évolution de l'oxygénation cérébrale, de façon volumique, avec une résolution typique de l'ordre de 200µm × 200µm × 600µm × 1s chez le petit animal. La mesure du de l'oxygénation donne une indication sur la perfusion et le besoin métabolique d'une région. Cette donnée ouvre une fenêtre sur l'activité du cerveau à l'échelle neuronale à travers le couplage neurovasculaire.

Les neurones sont considérés comme l'unité computationnelle élémentaire de l'organisme. Ils accomplissent toutes leurs fonctions par le biais d'interconnection qui résultent en un complexe réseau neuronal qui compose une part importante du cerveau. En effet, les autres réseaux cellulaires (microglies, vaisseaux sanguins, etc) sont considérés asservis afin de maintenir cette activité neuronale. Il en résulte que la mesure des couplages entre les différentes parties du réseau neuronal est cruciale pour comprendre les différentes fonctions du cerveau. D'aucuns placent l'origine de certains troubles neurophysiologiques et certaines maladies psychiatriques dans des problèmes de connexions neuronales. Ce couplage, lorsqu'il est dirigé, est appelé la connectivité effective et représente formellement le taux d'information transférée d'un noeud du réseau vers son successeur. Dans certains cas, il n'est pas possible d'identifier la direction d'une connexion, dans ce cas le degré de synchronie, ou covariance, informe sur ce couplage. On parle alors de connectivité fonctionnelle, usuellement mesurée avec le coefficient de Pearson. Le sujet de ma thèse s'est porté sur l'analyse et l'étude de cette connectivité fonctionnelle mesurée à travers la lentille du couplage neurovasculaire dans les structures de covariances de la perfusion du cerveau. Cette méthode de mesure s'est considérablement développée dans les 25 dernières années avec la découverte de motifs oscillants à basse fréquence (typiquement [0.01 -0.1Hz]) lorsque les sujets imagés sont au repos. Les réseaux observés présentent alors de fortes similarités avec les réseaux structurels connus. On parle alors de connectivité fonctionnelle au repos.

Etonnamment, le développement de l'IRM fonctionnel (IRMf) s'est principalement fait par l'observation du cerveau humain. Cela a eu pour conséquence que des champs complets d'investigations ont été laissés de côté lors de ces premières décennies de neuro-imagerie. Parmi elles, la neuropharmacologie est demeurée limitée par les contraintes usuelles qu'impose l'expérimentation humaine, notamment en termes d'éthique et d'échelle. En effet, le screening de composés nouveaux ou connus sur des patients sains ne peut pas toujours être envisagé dans un cadre reproductible (problème de la variété génétique et environnementale des patients) et en quantité suffisante pour atteindre des conclusions (limitation à des tests cliniques). Par ailleurs, pour les rares expériences produites chez les rongeurs, les contraintes des aimants IRM (bruit et faible volume) forcent la sédation des animaux, tout du moins
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jcm PhD thesis CRI la restriction de leurs mouvements. Avec le développement récent de nouvelles techniques d'imagerie, ces contraintes semblent sur le point d'être repoussées. Depuis des décennies le laboratoire Langevin de l'ESPCI Paris a travaillé à la compréhension de la physique des ondes et à ses potentielles applications : depuis l'invention du sonar au développement de la chirurgie non invasive du cerveau. Basé sur le formalisme du retournement temporel de Mathias Fink et l'amélioration des capacités de calcul permettant son usage in silico, l'accélération de l'échantillonnage des dispositifs ultrasonores a créé une rupture dans le domaine de l'imagerie Doppler. Durant les 20 dernières années l'équipe de Mickaël Tanter de l'institut Physics for Medicine a travaillé sur ces méthodes d'imagerie ultra rapide appliquées à différents organes et en particulier le cerveau. En neuro-imagerie, le Doppler de puissance permet de mesurer la perfusion cérébrale avec une sensibilité et une rapidité jusqu'alors inégalée, tout en assurant une grande portabilité par la taille réduite des sondes. Cette technologie (l'imagerie fonctionnelle par ultrasons ultrarapides (fUS)) a permis d'imager de la connectivité fonctionnelle chez des souris éveillées et mobiles pour la toute première fois. Mes travaux de thèse ont eu pour but de standardiser et de caractériser cette mesure dans le cadre d'études pharmacologiques. En étudiant plusieurs types de traitements pharmacologiques nous avons tenté d'étudier leur empreinte sur les patrons de connectivité intrinsèque de la souris éveillée, au repos.

Les trois prochaines sections détaillent les résultats principaux développés dans mon manuscrit. Elles sont axées sur les publications passées, en cours, et futures, découlant de mes travaux. Tout d'abord nous présentons un article publié de méthodes détaillant les étapes clés de la préparation pour imagerie ultrasonore transcrânienne. Cet article a depuis été prolongé par une série d'études sur la validation des protocoles dans le but de caractériser la faisabilité d'une telle préparation pour l'imagerie systématique en pharmacologie. Dans la partie suivante, le protocole d'analyse est étudié plus en détail. Un artefact exotique identifié dans le signal fUS est introduit, qui permet la discussion sur les distinctions entre le signal Doppler de puissance et le signal BOLD. Ces méthodes de traitement du signal sont ensuite étudiées sur des données acquises durant mon doctorat afin de définir les paramètres optimaux pour notre type d'analyse. Finalement la problématique de la neuronavigation et les outils que nous avons utilisés à cette fin sont aussi présentés. La dernière partie de cette thèse discute de nos résultats principaux obtenus lors de l'étude de l'influence des opiacés sur la connectivité fonctionnelle. Cette étude, la plus poussée à cette date, résume l'ensemble de nos découvertes autour du récepteur µ-opioid (MOR) chez la souris éveillée.

En plus du corps de ce document, les annexes ajoutent des détails pour chacun des points mentionnés, que ce soit les méthodes d'acquisition, d'analyse ou des résultats complémentaires. Nous avons fait le choix de ne garder que les résultats prêts à la publication dans le corps de texte. Les résultats préliminaires sont donc pour la plupart présents à fin de ce manuscrit. En effet, suite à un travail important de standardisation de notre pipeline (dont une partie est présentée en annexe), nous avons pu acquérir de nombreux jeux de données. Nous avons ainsi obtenu des résultats similaires aux opiacés avec les cannabinoïdes et leur récepteur CB1, et les agonistes du récepteur 5HT2A. L'intégralité de ces résultats sont présentés en annexe. Finalement, en plus des deux articles présentés dans la partie résultat (l'un publié, l'autre en préparation), 2 autres articles publiés auxquels j'ai participé à la rédaction sont aussi présents dans les annexes, leurs thématiques étant plus éloignées du sujet
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Préparation transcrânienne éveillée en tête fixée

La première étape de mon projet a été l'amélioration d'un protocole développé dans notre laboratoire par le passé. Afin de réduire les potentielles nuisances déjà observées, nous avons décidé de nous focaliser sur un protocole en tête fixe (la tête est fixée mais l'animal peut se mouvoir dans une cage flottante sur un coussin d'air). J'ai notamment travaillé avec la compagnie en charge des système de maintient en tête fixe pour augmenter la taille de l'implant, et ainsi permettre l'imagerie de l'intégralité du cortex, et les structures sousjacentes (hippocampe, thalamus, hypothalamus...) chez la souris. Cette chirurgie et le protocole d'habituation au dispositif tête fixe sont détaillés dans l'article de méthodologie dont j'ai été l'un des auteurs, qui introduit cette partie.

Les problématique de la qualité du signal suivant cette préparation, ainsi que la stabilité des conditions expérimentales associées à l'habituation sont débattues à la suite de cet article. Nous discutons là, la présence d'artefacts, inhérents à l'imagerie fUS qui pénalisent l'étendue du champ de vue, et qui sont amplifiés dans le cas d'imagerie d'animaux éveillés. Nous démontrons que passée la limitation du champ de vue, la préparation transcrânienne permet l'étude des souris implantées durant plus de deux mois après implantation. Mois durant lesquels l'intensité du signal décroît sans pour autant influencer significativement les patrons de connectivité fonctionnelle.

Finalement, nous avons aussi travaillé à réduire la variabilité expérimentale par l'extension de notre protocole d'habituation. Nous démontrons ainsi sur la base de données expérimentales qu'une habituation de 10 jours semble raisonnable, résultant en une parfaite stabilisation de nos observables du comportement (mesurées par tracking), suggérant une réduction de la variabilité inter-session.

L'intégralité de ces résultats sont finalement mis en perspectives à l'aune des autres technologies accessibles, ainsi que des diverses publications sur le sujet. Cela nous permet de définir un champ d'application où l'imagerie transcrânienne éveillée est recommandée, mais aussi les cas de figure où ces nuisances deviennent trop pénalisantes et requièrent une méthode alternative.

Connectivité fonctionnelle au repos en fUS

L'imagerie hémodynamique des animaux éveillés résulte d'un signal plus riche que sous sédation ou anesthésie. Cette deuxième partie s'ouvre sur la description d'un signal particulier dans le Doppler de puissance, extrêmement polluant pour l'estimation de la connectivité fonctionnelle. Ce signal consiste en une succession de pics de Doppler de puissance très rapides (≤1s) et très intenses (> 100%) présents dans l'ensemble des voxels. L'une des observations les plus troublantes que nous avons faites à propos de ce signal est sa disparition après l'injection de la quasi-totalité des composés étudiés, étant pour certains très lointains dans leurs modes d'action. Si l'origine de ce signal pulsé demeure incertaine, nous discutons dans cette partie plusieurs hypothèses quant à sa nature. A l'aune de multiples échanges avec nos pairs, nous faisons l'hypothèse que ce signal trouve sa source spatiale dans le voisinage du
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jcm PhD thesis CRI ganglion trigéminal. Nous identifions son origine mécanistique dans l'instabilité, durant l'acquisition du signal Doppler de fréquence, du filtre de clutter utilisé lors de l'acquisition. Grâce à ce modèle, nous démontrons aussi dans cette partie, l'efficacité une méthode simple permettant d'atténuer son effet sur l'estimation de la connectivité fonctionnelle. C'est cette étape du traitement du signal qui a permis la détection des déconnexions induites par les différents thérapeutiques. Après cette discussion sur les sources d'artefacts, les différentes étapes de traitement du signal Doppler aboutissant à la quantification de la connectivité fonctionnelle sont discutées indépendamment.

Nous commençons par montrer l'optimisation des paramètres de notre outil de registration. Nous confirmons ensuite l'avantage de notre stratégie de stabilisation du filtre clutter. Nous démontrons que notre méthode de regression et censoring des données permet un maximisation du contraste de nos patrons de connectivité fonctionnelle. Nous confirmons que la bande [0.01 -0.1Hz] est la plus riche pour la détection de la connectivité fonctionnelle intrinsèque. Finalement nous étudions la dynamique du coefficient de Pearson pour l'estimation de la corrélation et la stationnarité de la connectivité. Le sujet de la neuronavigation est enfin abordé, avec notamment le choix du plan, mais aussi des régions d'intérêt (ROIs). Parceque notre imagerie est limitée en 2D, le positionnement dans le cerveau est crucial. Nous montrons dans cette partie l'importance de ces questionnements et les réponses que nous y avons apporteés. Nous détaillons tout d'abord notre algorithme de génération de template d'images de Doppler de puissance. En progressant du 2D vers le 3D, nous avons pu dans un premier temps améliorer notre succès à la régistration avant de finalement identifier précisément notre localisation dans le cerveau. En dernier lieu, un algorithme de parcellation automatique basé sur la connectivité fonctionnelle est présenté. En effet, à cause de l'imprécision de notre localisation et afin de maximiser la sensibilité de notre détection des déconnexions, nous avons décidé de définir nos ROIs grâce à une classification des patrons de connectivité.

Empreinte des opiacés sur les patrons de la connectivité fonctionnelle de la souris éveillée

Dans la dernière partie de ce manuscrit sont présentés les résultats principaux de ma thèse, concernant l'influence des opiacés sur la connectivité fonctionnelle. L'étude se focalise sur les effets de la morphine. Cependant, des résultats détaillés sur les effets du fentanyl sont aussi présentés, et quelques résultats obtenus avec de la buprénorphine et de la méthadone confirment la présence d'un patron spécifique des opioïdes dans la connectivité fonctionnelle. Nous présentons ces résultats sous la forme d'un pré-print avec quelques sections additionnelles présentant des résultats plus préliminaires. Nous démontrons ainsi que l'injection de morphine induit une réorganisation du connectome des souris éveillées. Le patron associé à ce traitement consiste en deux réseaux hyper connectés, le premier est cortical, le second rassemble toutes les régions sous-corticales (hippocampus, thalamus, hypothalamus). Ces deux réseaux sont par ailleurs fortement anticorrélés. L'apparition de ce patron est transitoire. Par ailleurs, la dynamique et l'intensité de ce patron est dépendante de la dose de morphine injectée. De façon très intéressante, nous trouvons le même type d'empreinte pour le fentanyl avec la même dépendance en la
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jcm PhD thesis CRI dose injectée. De plus, la dynamique du patron du fentanyl est plus rapide en adéquation avec sa pharmacocinétique. Finalement, la méthadone présente une empreinte similaire extrêmement intense, alors que la buprénorphine est associée à une perte globale du contraste de notre quantifieur de la connectivité où une simple tendance peut être observée. En plus de la connectivité fonctionnelle (statistiques d'ordre 2), nous avons aussi estimé la perfusion cérébrale (statistiques d'ordre 1) suivant l'injection. Nous avons observé un effet en deux étapes où une hyperperfusion globale (prévalente dans le cortex) précède un plus lent changement dans le patron de connectivité. Nous avons pu lier ce burst vasculaire à d'autres articles chez le rat et la souris. Cependant aucune publication dans les modèles pré-cliniques n'a pu identifier un tel changement dans la connectivité, ce que nous imputons à la plus longue période requise pour son établissement. Nous avons cependant trouvé des références dans la littérature humaine à un tel patron de déconnexion thalamo-cortical. Il est possible que ce type de déconnexion n'ait pu être détectée chez l'animal jusqu'à présent à cause de l'usage d'anesthésies, réputée pour perturber le transit thalamique. Finalement nous avons pu montrer que le burst rapide suivant l'injection est associé à une augmentation de la locomotion des animaux, là ou le changement de connectivité fontionnelle est corrèle avec la quantification de l'analgésie (mesurée indépendamment avec le hot plate test) et de la phosphorylation du récepteur. Nous avons pu contrôler de l'importance du MOR dans la médiation de cet effet en injectant des souris knock-out, n'exprimant pas le récepteur, ainsi que des animaux prétraités avec l'antagoniste naloxone bloquant temporairement ce récepteur. Dans les deux cas, le patron est quasiment entièrement absent, allant de paire avec le rôle central du MOR dans le mécanisme de l'analgésie.

Finalement nous nous sommes intéressés aux mécanismes pouvant expliquer la forte anti corrélation entre le cortex et le thalamus. Nous montrons dans les discussions une réorganisation spatio-temporelle du patron de la connectivité. En mettant en valeur un phénomène couplant oscillation stationnaire et propagation des structures de corrélation nous montrons que le changement de connectivité thalamo-cortical est associée à un changement de phase entre les deux régions, passant d'un régime en phase à un régime en opposition. Ce résultat résonne avec d'autres témoignages récents s'intéressant à ces phénomènes de connectivité fonctionnelle dynamique. Quelques résultats préliminaires en annexe justifient de l'intérêt de cette approche.

Conclusions

Mon projet de thèse m'a permis de développer une approche systématique de l'acquisition à l'analyse des données de connectivité fonctionnelle chez le modèle murin éveillé en condition tête fixe dans le but d'étudier différents traitements pharmacologiques. Ce projet s'est confronté à l'inconnu que représente le développement d'une nouvelle technique : le fUS, dans un nouveau domaine: la connectivité fonctionnelle éveillée pré-clinique. Mes travaux en plus de cette optimisation technique ont permis d'identifier un nouveau type de signal dans le Doppler de puissance, aux caractéristiques physiques et physiologiques étonnantes, empêchant toute approche quantitative de la mesure de connectivité fonctionnelle dans le plan imagé. En trouvant une origine probable à ce signal et une méthode pour le filtrer, nous
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jcm PhD thesis CRI avons pu obtenir des patrons de connectivité pour différentes familles de traitements. Nous avons démontré l'intérêt pharmacologique des patrons observés, notamment dans le cas des opioïdes. Nous avons aussi pu caractériser plus précisément la transition du patron en identifiant une ré-organisation spatio-temporelle des structures de corrélation suivant le traitement. Cela ouvre d'intéressantes voies de recherche grâce à des approches dynamiques de la connectivité. Durant ce travail nous avons aussi pu identifier les nombreux écueils associés à notre technique. Si nous argumentons que dans le cadre de notre étude l'approche transcrânienne était plus pertinente, nous avons observé avec cette préparation un rapport signal à bruit restreint que d'éventuels fenêtrage pourraient pallier, augmentant d'autant notre sensibilité. De plus, si notre approche a démontré la présence d'empreintes pharmacologiques sur les patrons de connectivité, la causalité de son origine neuronale est encore loin d'être démontrée, avec de nombreuses questions, notamment associées au couplage neuro-vasculaire et artefacts physiques. Enfin, l'étendue encore limitée de l'imagerie 2D apparaît pour nous la principale limitation actuelle de la méthode. Néanmoins, de nombreuses évolutions technologiques ces dernières années promettent encore une fois la disparition de ce genre de contraintes.
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Introduction

This manuscript presents the findings of a four-year investigation into the concept of brain functional connectivity, conducted in Zsolt Lenkei's team in the Institute of Psychiatry and Neuroscience of Paris (IPNP INSERM U1266). This interdisciplinary PhD project provided me the opportunity to move from an experimental to an analytical perspective, allowing me to explore functional ultrasound imaging holistically. The results of this thorough investigation, detailing the steps required to measure the connectomes of awake mice, from surgical procedures to statistical methods, are presented here. As is typical in this field, each step presented challenges and increased the complexity of the overall procedure. This complexity required to extend the project duration to 4 years, resulting in the successful acquisition of three main imaging campaigns studying opioid, cannabinoid, and psilocybin fingerprints on brain function. Most importantly, I was able to demonstrate the validity of our analysis pipeline by removing an important artefact that we discovered. The primary goal of this project was to validate the use of functional ultrasound as a tool to study the brain physiology of murine models, using a perturbative approach. Perturbations are highly informative in order to study a system. Over the course of four years, under Zsolt's supervision and guidance, I investigated ways to quantify the fingerprint of pharmacological treatments on the awake mice brain connectome. Close collaboration with the Physics for Medicine lab (INSERM U1273) of Prof. Mickael Tanter enabled the use of their pioneering technology, developed over the past few decades: ultrafast ultrasound imaging. The discovery of the piezoelectric effect in the late XIX th century at the ESPCI Paris, after a century of application in ultrasonic wave generation, gave birth to the time reversal principle. This principle, coupled with the improvement of computational power in the late 1990s, could be applied to the field of imaging. By allowing plane wave imaging and consequently a significant increase in the sampling rate of ultrasound images, this application revolutionised the way we observe the body. This fast sampling rate allows now to reveal the slow movements of red blood cells in the brain vasculature, a modality that was used here to measure the mice brain activity and connectivity.

Following the presentation of a framework for imaging, which involves the coupling between an object and its representation, the principles underlying the operation of functional ultrasound imaging (fUS) machines are introduced. I provide a comprehensive description to elucidate the parameters of interest that must be adjusted to maximise the information extracted from this coupling. Subsequently, I describe the brain vasculature as the actual system under investigation, with a particular emphasis on its connection to neuronal function via the neurovascular coupling. This physiological phenomenon enables the inference of brain function and the interpretation of functional connectivity. Finally, the introduction briefly touches on the source of perturbations used here, namely pharmacology. The main focus of this research was to validate fUS for recording functional connectivity. However, a comprehensive discussion of this intriguing clinical field is outside the author's expertise and the scope of this thesis.

After this introductory section, this manuscript is structured into three main parts. The first section presents one of the three articles that I have contributed on over a fouryears period. This methodological publication describes the preparation required for awake
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In the second part, I present an exotic source of signal that is specific to awake imaging and can result in the misestimation of functional connectivity. I propose a method to stabilise the acquisition process to remove this signal, which is a necessary step for the quantitative evaluation of the mouse connectome. This artefact initiates a discussion on the notion of a global signal and is followed by a brief benchmarking of the analysis pipeline.

In the third part, I present the main results of my PhD research, with focus on the fingerprint of opioids, which is the currently most accomplished part of my studies. I demonstrate, in a soon-to-be-published article manuscript, the pharmacological relevance of the functional disconnection induced by morphine and three other opioids. I also show that this disconnection is preceded by a global vascular event and is associated with both a spatial reorganization of connectivity patterns and alterations in brain dynamics. Appendices provide a similar characterisation of the connectivity patterns induced by cannabinoids and psilocybin.

The appendix of this thesis presents the results of all three studies, comparing the various connectomes. I demonstrate that two types of connectivity alterations can be characterised and show the possibility of classifying drugs based on their influence on the functional connectivity of awake mice.

The conclusion of this work aims to answer the central question posed throughout the study:

Can fingerprints of pharmacological treatments be measured in functional connectivity patterns using ultrafast ultrasound imaging in awake behaving mice?

Additional details on the experimental setup and methodology can be found in the appendices. The appendices start with two additional articles I have participated in during my PhD but which are not directly linked with our main investigation. Furthermore, I participated in the definition of a fUS data standard, following the Brain Imaging Data Structure (BIDS) directives, which has been proposed to the community already, and might be added to the ecosystem in a near future. The last appendix presents a detailed summary of all the results obtained, with a systematic graphical review of the fingerprints measured.

This project was a source of fascination and excitement since the beginning of my work in the lab. Here, I attempted to convey this passion with the utmost scientific rigor. However, as neuroscience is inherently complex, and given my mathematical background, I do not regard these pages as definitive proof for the validity of our working hypothesis. Nonetheless, I believe that sufficient evidence has been collected to persuade the reader of the validity of the conclusions presented. Finally, I hope that the reader will derive at least some pleasure from learning about the concepts, thoughts, methods, and results that have been developed over the course of this study.
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General Introduction

In this section, we present a framework introducing the main concepts related to brain imaging. As terminology is the cornerstone of any scientific process we try to disambiguate the terms by relying on a mathematical formulation. Although, beyond this formalism we illustrate through examples these different concepts.

On Imaging

Defining the imaging process is not trivial. In mathematical terms, [Marr, 2010] formally defines imaging as the establishment of a transform between two Hilbert spaces. Beyond the mathematical jargon, this formulation allows to describe the main actors in imaging: the object and the image. The object can be defined as a function of space and time for our applications. For example, in functional Magnetic Resonance Imaging (fMRI), the object is defined by the imaged medium spin distribution. In the case of fUS, this function can be seen as the mechanical properties of the observed medium. Physical laws dictate how these objects interact with specific types of waves. This interaction is what allows an observer to construct an image of the object. By receiving information in the form a wave, the observer can infer features of the object that interacted with the wave by measuring the signal alteration. The image is constructed as soon as an estimate of this function is fixed by observation.

It is noteworthy that objects naturally radiate waves. Some imaging modalities measure this natural emission (for example Positron Emission Tomography (PET)). Others require external illumination and measure the diffraction or scattering patterns (such as fUS or Transmission Electronic Microscopy (TEM)). Still others excite the medium and observe its natural recovery to a lower energy state, (ex: fluorescence microscopy, or Magnetic Resonance Imaging (MRI)).

As an example, in argentic photography, the object "Lena" can be defined as the distribution of matter of a hatted individual interacting with a light wave. In this precise case, the spectrum can be limited to wavelengths reducing silver salts on the photographic film. When the shutter of the camera opens, the light wave interacts with the film, building a latent image. However, this image cannot be seen by a human observer yet as the silver grains are too small. If exposed again to light, the image would be modified modified. It allows to create multiple exposure images. The film needs to be developed to make a proper photograph. The development process consists of multiple steps during which silver crystals are grown and made insensitive to light, usually generating a negative film. The image has to be inverted by projection to get the final render. The paper on which the final image is projected is also composed of silver salts that must be developed.

In conclusion, imaging can be mathematically formulated as a transform between two Hilbert spaces, with the object and image being the main actors. Physical laws dictate how objects interact with specific types of waves, allowing for the construction of an image by inverting the direct transform of the measure. Different imaging modalities use different methods for measuring this interaction (such as measuring natural emission or external illumination). The example of argentic photography illustrates key concepts behind the creation of an image: interacts with an object and is collected through focalising lens by a camera making the physical acquisition. 3. The optic wave interacts with an argentic latent film for probing. 4. The film is developed to reveal the image and allow log term storage as acquisition pre-processing. 4. The image is finally projected and cropped on a photographic paper to reveal the image of interest and a second development fixes it as a photography which is imaging analysis.

1. There exists an infinite number images of the same object (a) For the same modality different fields of view could be imaged (b) One can make copies by projecting multiple times the negative films (c) By using filters during the projection one can derive Lenas of various colours and shape from the film image 2. The film can be seen as an intermediary image To conclude on features of the object, one must inverse the imaging transform (a) As the transform is not necessarily invertible one can only infer features ii-There are multiple sources of invertibility: like projectors (rank reduction, from a 3D object to a 2D one) or noises (stochasticity)

(b) The more information on the acquisition, the better the inference On a philosophical level, it can be argued that our experience of reality is solely based on images. It is one of the foundations of Descartes' argumentation. The distinction between an object and its image can sometimes be challenging. When the object of fUS is described as the mechanical properties of a medium, a rapid objection could be that it is already an image of the matter organisation at a lower scale. This raises the problem of scale. At the scale of the ultrasonic wave, the medium is considered continuous due to the wavelength it is probed with. Although the same medium could be modelled as an assembly of molecules. The same reasoning can be continued down to the quantum state of matter, from which any observation in the universe would be an image. Although this scale, for most applications, appears inappropriate. Therefore, we must accept a certain level of abstraction and define the object at the reasonable scale for the type of wave and acquisition used for probing. The adequate scale is usually related to the wavelength and apparatus resolution.

On a more practical level, imaging appears as a way to infer object features through a succession of transforms. This process is referred to as the acquisition cascade. This cascade is implemented through the acquisition pipeline. The classical acquisition pipeline can be divided into two steps:

1. It starts with a physical pipeline until the first image is created. This image is the physical one, on the film, i.e. a peculiar state of the light wave where the film is localised in space during the certain period of time dictated by the shutter opening.

The physical pipeline would encompass for: the illumination, the light path through lenses and potential filters of the camera objective.

2. The acquisition processing consists of all transforms allowing the final image creation.

In this case the physico-chemical reaction between the light wave and the salt, followed by the developing process fixing the negative film, the projection of the film on the final photographic paper, and finally, the development and fixation of the final image.

It can be split into three sub-steps:

(a) The sensing: it is a transduction from the physical phenomenon to the intermediary image chosen substrate, in this case the latent film.

(b) The acquisition pre-processing: it consists in transformations to set the data for further use and allow long term storage. The acquisition pre-processing output is the raw data, in this case the developed film.

(c) The acquisition analysis: it refers to all transforms producing the final image out of the raw data. Acquisition analysis is often composed, at least partially, by an inverse transform, as most imaging techniques rely on a projection. Such projection requires an inversion to go back to a well oriented space.

INSERM-IPNP jcm PhD thesis CRI

From now on the physical pipeline will be referred to as acquisition distinguished from the acquisition processing.

The distinction between acquisition, acquisition processing and analysis processing can be elusive and arbitrary. For example, a photographer might consider the film as a final image, while a potential printer could consider the final image as raw data. It is crucial to formalise this distinction for a particular application as it forms the basis of data handling.

To ensure an harmonious relationship between experimenters and analysts, it is important to formalise at which level the distinction between rawdata and its derivatives arises. This is especially important as experimenters are usually in charge of the acquisition and are most interested in the final image, while analysts focus mainly on optimising the acquisition process and analysis pipeline. In summary, the imaging process can be viewed as a directed network. From a single object, the source, emerges a variety of possible pipeline flows of imaging, which channelled in a certain order builds an analysis pipeline. The pipeline has multiple branches. The branches fork whenever multiple parameters can be used or alternative analysis must be done. An image exists at each node, and a processing for each edge. A processing can use multiple types of images as input to merge them together and bring the next iteration in the flow of analysis (Fig. 2). As a result, the number of nodes increases rapidly with depth in the analysis flow. This is the main motivation for a proper data management scheme and eventual pruning, for the sake of sustainability. In this network of possible processing, a single analysis becomes a unidirectional addressing problem. One must identify the data location and the path to follow. The intermediary results are nodes reached by following this path, before giving the final result. The initial hypothesis can be translated into the path
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Imaging the brain

In this framework, Brain Imaging (BI) has a long history, dating back to ancient times when the brain was already described in detail in order to better understand its functions. Even in antiquity, the ventricles were recognised as potential loci of mental processes [Wright, 2018]. This belief persisted for centuries, with generations of physicians describing the brain through drawings. Notable contributors include Thomas Willis [Molnár, 2004], who described the neurovascular anatomy, Brodman for the brain cytoarchitectonic [Zilles, 2018], and Santiago Ramón y Cajal and his famous sketches of neuron shapes [Finger, 2005]. While these early imaging techniques were primarily subjective and invasive (relying on cadaver dissections or sample microscopy), they laid the foundation for the two main areas of neuroimaging: anatomical and functional imaging. The link between the brain organisation and its function remains one of the most widely studied topics in neuroscience today [START_REF] Kandel | The Brain and Behavior[END_REF]. As a quick digression on the matter, the brain is a physical object which can be described in the classical Euclidean space. As such, it can be naturally defined as a geometrical object, which happened to be facilitated by its very stereotypical structure.

Most date the birth of brain imaging around the 1920s with the first x-ray images of the brain [Moniz, 1927]. At this moment the only observable features are shadows obtained by the injection of contrast agents absorbing the high energy beam (ventriculography, pneumoencephalography or angiography) [START_REF] Lutters | Cerebral pneumography and the 20th century localization of brain tumours[END_REF]. These methods allowed investigation, for the first time in a controlled and relatively non-invasive fashion, on the
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jcm PhD thesis CRI presence of lesions in the brain. About the same year, after decades of hasardous investigation in some animals, the first recordings of the brain's electrical activity is achieved in humans [Panteliadis*, 2021]. With electroencephalography, Hans Berger reaches a milestone in the imaging of brain function, thought to be brought by electricity. Altogether these two techniques led to an incredibly fast leap in the comprehension of the brain physiology. From there, the essential neuroscience dichotomy faced decades of efforts to bridge the gap between anatomy and function. Neuroimaging has undergone rapid advancements in recent decades. Beginning in the late 1960s, the field has seen the widespread adoption of CT scans, thanks to increasing computational power that allowed for the processing of the Radon transform. This made it possible to achieve three-dimensional anatomical imaging. In the following years, the introduction of PET scanners, which use nuclear natural radiation, allowed for the localisation of metabolic processes and blood flow. When combined with CT-scans, these technologies allowed for the simultaneous recording of both anatomy and function.

The 80s saw the emergence of MRI as a powerful neuroimaging tool. Originally using contrast agents [START_REF] Belliveau | Functional mapping of the human visual cortex by magnetic resonance imaging[END_REF], the technology was later refined to use intrinsic signal [START_REF] Ogawa | Brain magnetic resonance imaging with contrast dependent on blood oxygenation[END_REF], making it a non-invasive method. This development, referred to as fMRI, marked the first time that both functional and anatomical images could be acquired with the same technique. By looking at the de-excitation of magnetic spins, specific sequences of MRI can achieve high-resolution anatomical images with fine details of the tissue. This
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The utilisation of intrinsic signal, specifically the specific bonding of oxygen on haemoglobin [START_REF] Ogawa | Brain magnetic resonance imaging with contrast dependent on blood oxygenation[END_REF], allows for the recording of the Blood Oxygenation Level Dependant (BOLD) signal throughout the whole brain at once. This feature has made MRI the most widely used and accepted neuroimaging technique, becoming almost synonymous with the field.

Despite the dominance of fMRI in the field, research continues to explore other techniques that may offer similar advantages. The purpose of this PhD is to demonstrate how fUS could be similarly scaled up in behaving animals, opening new opportunities for functional connectivity measurements in preclinical research on pharmacological treatments.

Canonical Analysis pipeline

Neuroimaging data is known to be complex to analyze, as most canonical modalities measure brain activity in an indirect manner. Most techniques rely on multiple abstraction steps to make inferences about physiological processes. They rely on a model of the brain that is neuronally centred [START_REF] Helfrich | Chapter 3 -cognitive neurophysiology of the prefrontal cortex[END_REF]. The main hypothesis is that the function of the brain is brought about by complex interactions in a network whose elemental unit is the neuron [Sherrington, 1907]. Based on the influence of electrophysiology developed in the late 1950s, neuronal function is often modelled as an electrical integrator, mostly driven by its membrane properties [START_REF] Hodgkin | Currents carried by sodium and potassium ions through the membrane of the giant axon of loligo[END_REF]. In their most general description, neurons receive multiple synaptic inputs from their dendritic tree. These neurotransmitters open or close local gates which potentiate the cell membrane until it reaches a certain threshold. This threshold is described as a critical voltage above which the cellular machinery generates a stereotypical phenomenon called the Action Potential (AP) [START_REF] Kandel | The Brain and Behavior[END_REF]. The cellular mechanisms of APs begin with an ionic imbalance across the membrane. Once the threshold is reached, the imbalance pulls the cell into a dynamical attractor. A fast depolarisation of the cell at the AP initial location activates voltage-gated membrane channels. These channels in turn depolarise the membrane, propagating an electrical signal down the axon. The axon sends messengers to other branching neurons depending on the synaptic weight connecting them (the more potentiated the synapse, the higher the probability of sending neurotransmitters). Therefore, the neuron is either inactive when the membrane potential stays below the activation threshold or active when it reaches the threshold and sends a signal to the following units. The intensity of the propagated signal depends on the state of its synapse. Computation is considered as the result of all the network units' dynamic state [START_REF] Mcculloch | A logical calculus of the ideas immanent in nervous activity[END_REF]. In the end, information flows through the brain in the form of an electrochemical wave which integrates sensory information and controls motor actions while defining internal states. As a result, obtaining knowledge of the instantaneous states of all cells within the brain defines a gold standard for BI, allowing to capture an informative or predictive image of brain function through neuroimaging techniques [START_REF] Kandel | The Brain and Behavior[END_REF].

From this proposed simplified model of the brain, it is apparent that there exists a progression of scales, each of them being of interest for research purposes. The integrator model itself exhibits a degree of scaling periodicity. At a single neuron scale, the cell receives unit of computation which integrates inputs from other neurons combine them in function of its internal state which subsequently engenders or not an output. Neurons form a network whose function emerges out of its complex coupling and the result of all neurons operations. The same formalism can apply to the neuron, the brain or its parts, subnetworks that can are classically associated to specific subfunctions.

multiple inputs and sends downstream signals that propagate to other neurons. At a lower scale, the synapse integrates messengers from various sources through a complex coupling between different organelles, ultimately leading to the release of neurotransmitter vesicles.

The energetic states of all these cellular components play a role in initiating a message across the synaptic cleft. On larger scales, a similar formalism can be applied to describe cellular assemblies, which can be defined as subnetworks of neurons whose synchrony allows for the identification of functional units [START_REF] Badin | The features and functions of neuronal assemblies: Possible dependency on mechanisms beyond synaptic transmission[END_REF]. These subnetworks possess inputs and outputs that participate in higher hierarchical processes. Techniques such as super resolution microscopy, two-photon microscopy associated with calcium markers, and high-density electrode arrays can be employed to capture images of these different scales. Super resolution microscopy measures a good estimate of the state of the network at the synaptic level, while two-photon microscopy and high-density electrode arrays can be used to identify individual units of the neuronal network through spike sorting of APs, measuring respectively cellular ionic concentration or electrical currents.

It is noteworthy to observe, in this particular case, that the representation of the same function utilises two distinct imaging modalities. Two-photon microscopy probes the inner calcium concentration to deduce the state of the membrane. A photo-sensor detects the fluorescence emission of a molecular probe proportional to the ionic concentration. Under verified hypotheses, peaks in calcium concentrations are assumed to correspond to APs, thus
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: Illustration of how level 1 acts as a standardisation process. With two different modalities (left 2 photon calcium imaging, right micro electrode array), the same concept is measured, characterising the neuronal network state by identifying each cell activity. This is modelled by a raster plot which is the same object for both modalities, one line represents a cell each dot is an AP.

providing information on the cell state, simplified as either AP or non-AP. In contrast, the use of high-density electrode arrays relies on the detection of the AP-induced movements of charges at the surface of the electrode. Under similar hypotheses, the measure of these currents infers the cellular state. These indirect measurements, as previously discussed, necessitate an associated model to allow inference on the object state. This class of model is referred to as a level 1 model, or the model of a unit.

The level 1 model is the fundamental imaging model associated with builds the object of interest or observable. In the context of cell activity imaging, the initial challenge is that the whole state of the cell is dependent on a vast number of degrees of freedom. These degrees of freedom spread across: ionic partial concentration within the cell, surrounding the cell, the quantity of oxygen accessible, genetic and epigenetic expressions, etc. However, due to the dynamic attractor that is the AP, in most applications, one can simplify the neuronal state to the AP alone. In the neuronal integrator model framework, the measurement of an AP is considered a sufficient enough information to study the neuronal assembly. Under this assumption assumption, despite the different imaging modalities, the output of both calcium imaging and electrical spike detection is the same object: a binary time series of spike/no spike. From a functionalist perspective, the two modalities provide the same image of the object based on our understanding of the system. After the level one model, the image of the neuron exists in an abstract space composed of a quantified dimension (ON/OFF), representing a drastic reduction of dimension from hundreds of thousands to millions of degrees of freedom to a single binary value. All imaging modalities are based on this type of model, whether it is explicitly described or not. In the case of functional imaging techniques (such as fMRI and fUS) a key element of the model is the Neurovascular Coupling (NVC) [START_REF] Girouard | Neurovascular coupling in the normal brain and in hypertension, stroke, and alzheimer disease[END_REF]. The NVC serves as the foundation for inferring neuronal state from vascular signals. A tight regulation of metabolites influx, waste removal and buffer maintenance sustains the ionic balance, fuelling fast dynamic behaviours such as synaptic transfers and APs [Iadecola, 2004]. This homeostasis is particularly challenging in the brain, which lacks any storage capacity [Attwell et al., 2010]. It is believed that the brain developed cascaded and redundant mechanisms, utilising the vascular system to ensure balance in these different functions, consuming up to 15% of blood flow and 17% of energy consumption for only 2% of body weight [Dienel, 2019]. The NVC model states that any neuronal activity triggers a signal of vasodilation in the closest capillaries, which is fully described in [START_REF] Rungta | Vascular compartmentalization of functional hyperemia from the synapse to the pia[END_REF]. The higher the intensity of the neuronal signal, the further the dilation propagates up the vascular tree, from the capillary bed (for single unit activation) to pial arteries through arterioles and penetrating arteries. As a direct result, measuring blood flow can yield a relatively direct proxy for neuronal activity, which is one of the main reasons for the widespread use and influence of fMRI in the last decades.
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Most studies also require a level 2 model. Once the object of interest is identified, the next step is to understand how this observable is distributed across a population. This typically involves building a model for the population. The level 1 model provides an image of the individuals in the form of a quantifier of the desired effect. The level 2 model involves
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jcm PhD thesis CRI gathering a collection of such objects to discriminate between two populations and inform the validity of a hypothesis [Frackowiak et al., 2004]. As an example: multiple stimulations must be performed to demonstrate that a cell is activated under specific stimulation conditions. To reach conclusion, the joint probability of activity under the stimulation condition must exceed the chance level, as defined by adapted statistics. The level 2 model serves as a translation of the hypothesis into a testable statistical formulation. Finally, in a general sense, a typical neuro-imaging study (this framework can be generalised) relies on a succession of required steps:

Standardisation: data are processed to "exist" in a common space where they can be compared.

Level 1 model: units level model forming the object of interest. The object of interest must be representative of the subject and projected down to only keep features related to the tested hypothesis.

Level 2 model: population level model on objects of interest collections.

In practice the Standardisation is usually split in two steps:

Data structuring: Uniformisation of data which is detailed in (F)

Registration: Spatial transform of images ensuring that two known voxels share the same coordinate

Summary

In this introduction, the key concepts pertaining to the project were presented. A formalism was established to describe imaging, which outlined the various stages inherent in any standard imaging procedure: it includes the acquisition phase in accordance with physical laws and the processing phase which results in a useful image. The following section (3) specifically applies these two steps to fUS. It illustrates how fUS records brain haemodynamics through the use of ultrasound waves.

In addition to the aforementioned concepts, the significance of data structuring was emphasised. It is the topic of (F). As fUS imaging is a relatively new field, the definition of raw data is not yet established. It will be demonstrated in (12) that specific artefacts had to be addressed by revisiting the raw data. This issue is further exacerbated by the large volume of raw data in this last case. This additional processing resulted in the need to handle more than 200 terabytes of ultrafast images. To address this and in the interest of reliability and modularity, a significant amount of time was dedicated to defining data standards as outlined in (F).

In addition, this general introduction highlighted the specificities of BI, specifically the fundamental distinction between anatomical and functional imaging, as well as the relationship between the two. In the context of this project, this concept is exemplified by the
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jcm PhD thesis CRI registration problem. As registration remains an active area of research, our strategy for neuronavigation and its relationship with fUS and function is discussed in section (13.3). Lastly, the structure of typical BI analysis was presented. It is characterised by two levels of modelling. The concept of NVC was emphasised as being crucial for certain modalities (such as fMRI and fUS), and further discussed in section (4). The measure of blood flow, under certain assumptions, was discussed as a means to quantify the connectivity between different regions of the brain. This builds the functional connectivity Functional Connectivity (FC). FC is the primary focus of this PhD research. It is represented by two primary objects of interest, the Correlation Matrices (CM) and Seed Based Maps (SBM). They both represent different properties of the brain connectome. The first and second-level models used to construct these observables are described in section (5.2).

The introductory part of this thesis concludes with a section on pharmacology. Through the presentation of the various ligands examined and a model of their interaction with neurons, we outline the hypothesised manner in which the treatments evaluated during the course of my experimentation may perturb the network of FC. The objective of my research was to demonstrate, optimise and standardise the assessment of this disruption through the use of the aforementioned observables, and to thoroughly characterise the nature of this perturbation.
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fUS

fUS is a non-invasive imaging technique that was developed in the 2010s at the Physics for Medicine lab at ESPCI Paris [START_REF] Bercoff | Ultrafast compound doppler imaging: providing full blood flow characterization[END_REF]. It is based on the time reversal principle [Fink, 1992] and has been applied to the study of biological systems, particularly in the brain imaging of preclinical models [Macé et al., 2011]. The development of this technique was led by Mickael Tanter and his team at the Physics for Medicine lab, and it has been made possible by the increased computational power available in the late XX th century.

During my PhD, I had the opportunity to use two fUS machines, thanks to the strong partnership between my laboratory and the Physics for Medicine lab. In the following paragraphs, I will detail the concepts behind these apparatus.

Introduction to fUS

fUS is a new imaging technique relying on both an acquisition and a processing cascade. This section explains the different steps resulting in the acquisition of fUS data. This description is oriented in the scope of functional connectivity study in awake mice. There are four main steps of acquisition:

1. Radio Frequency (RF) signal acquisition 2. Beamforming 3. In-Phase and Quadrature modulation and processing

Power Doppler computation

If the global concept is well documented [Macé et al., 2011, Mace et al., 2013, Osmanski et al., 2014, Demené et al., 2015, Deffieux et al., 2018, Deffieux et al., 2021], in this document, each step is detailed to understand their key parameters and their influence on fUS imaging. Some of these parameters are further investigated in the result part of this manuscript. These parameters will be later discussed in (III). First an ultrasonic wave is emitted and scattered back going through the imaged medium. The probe records a RF signal, from which beamforming forms a conventional B-mode image. It is after clutter filtering of a stack of such images that Power Doppler images can be computed. Adapted from [Mace et al., 2013].
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3.2 Acquisition: the RF signal

Ultrasonography

Principle

Ultrasonography is the process of building an image using acoustic waves in the ultrasonic range (> 20kHz) and their propagation properties. An acoustic wave is the pressure oscillations in a solid or a fluid inducing energy propagation. There are two main types of ultrasonic waves: longitudinal waves, which oscillate along the direction of propagation, and shear waves, which oscillate perpendicular to the direction of propagation. The later is used in ultrafast elastography [START_REF] Bercoff | Supersonic shear imaging: a new technique for soft tissue elasticity mapping[END_REF] while it is longitudinal or compression waves that are used for imaging.

Ultrasonography can be found in nature in the echolocation used by a some animals, such as bats [Griffin, 2001] or marine mammals. Ultrasonography relies on two physics principles: the reflection of waves on medium interfaces and its constant speed in homogeneous materials. By emitting a wave and measuring the time it takes to return, the distance from the echo source can be estimated. The shorter the time the echo takes to come back, the closer is the source. This process is made possible because the object reflects the emitted wave, and the distance is linearly linked to propagation time.

In the next few paragraphs, the few physical concepts behind ultrasound imaging are explained. How recent breakthroughs have made possible ultrafast imaging is also emphasised. This section is dedicated to understanding how fUS is implemented and what are the actual sources of the image we produced.
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Acoustic wave

In a more formal way, under specific assumption (no dumping or viscous dissipation) derived from Euler's equation, the propagation of acoustic waves can be modelled as:

( ∂ 2 ∂t 2 -c 2 ∇ 2 )p(r, t) = s(r, t) (1) 
Where p is the acoustic field, c the speed of sound and s a source term. Without entering too much into details, such equation can be solved by the separation of variables and using Fourier formalism. In this framework the general solution is the convolution:

p(x) = (G * f )(x) = R 4 G(x, s)f (s)ds (2) 
Where G is Green's function that solves the impulse case where the source is a Dirac function δ(x-y)δ(t-τ ), here represented for the 4D problem with x and y ∈ R 3 and tandτ ∈ time. Therefore:

( ∂ 2 ∂t 2 -c 2 ∂ 2 ∂x 2 )G(x, y, t, τ ) = δ(x -y)δ(t -τ ) (3) 
Giving:

G(x, y, t, τ ) = 1 4πr δ(t -τ - r c ) (4) 
where r = |x -s| Therefore, G describes a spherical wave propagating at the speed of the sound c = K s /ρ where K s is the medium coefficient of stiffness and ρ its density. In the end, the acoustic field is fully described as the infinite sum of such spherical waves whose sources are defined by initial and boundary conditions.

Reflection

The second physical element behind ultrasonography, after the propagative nature of acoustic waves, stands in the reflection of such beam. The object imaged by ultrasound is a distribution of scatterers. The fact that waves bounce on objects on their path can be formalised with the Huygens Fresnel 's principle. In short, this principle stipulates that all points of a wavefront can be seen as the source of a spherical wave. The interference of these infinite sources allow an interesting formalism for wave propagation. It notably explains interference figures in the far field.

For reflection, the model explains the behaviour of a beam at the crossing of any interface. If no change of speed occurs at the crossing of the interface, the part of the wave that is emitted backward is cancelling off due to far field interferences. In this case the wave continues to propagate in its initial direction. Inversely, if the wave speed is changed part of the retro-propagated wave does survive, splitting the energy radiated by the wave front in two, one part transmitted and the other reflected. The ratio between both intensities is called the reflection coefficient which depends on the mechanical property of mediums on each side of the interface:
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R d = A r A i = ρ 2 c 2 -ρ 1 c 1 ρ 1 c 1 + ρ 2 c 2 (5) 
Where Z 1 = ρ 1 c 1 and Z 2 = ρ 2 c 2 are impedances of respectively the medium before and after the interface. The impedance is defined as the product between the speed of sound and the density. It appears mechanically that if both impedances are equal no energy is reflected as predicted by the model.

To generalise this principle, the acoustic wave interacts with changes in the medium mechanical properties. The reflected wave is measured to infer the distribution of such interfaces. These sources of waves are called scatterers. In Power Doppler imaging the scatterers of interest are the Red Blood Cell (RBC)s (size ≈ 8µm while λ ≈ 100µm). As a result, tissue is usually modelled as a transparent medium for acoustic waves with many unresolved sub-wavelength scatterers. It is this regime called of Rayleigh's that is hypothesised for fUS measurements.
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Piezoelectric emitter/sensor

The probe

Based on the previous considerations, the first crucial component of a fUS machine is the emitter and the receiver of ultrasonic waves. These devices are responsible for the acquisition and encompass all physical considerations of fUS measure. In the case of ultrasonography the probe is used for both emission and reception. The ultrasonic probes are built as arrays of piezoelectric transducers. It is interesting to note that this technology was discovered by Pierre and Jacques Curie in 1880 [START_REF] Curie | Développement par compression de l'électricité polaire dans les cristaux hémièdres à faces inclinées[END_REF] and later developed by Paul Langevin, all at ESPCI a hundred years before the building of the first ultrafast ultrasound machine.

Each transducer acts as the source of an ultrasonic wave but also as the sensor acquiring the image. Based on the piezoelectric effect, ultrasound transducers are made of specific materials (mostly ceramics) which generates electricity proportionally to the stress they are under. This effect being reversible the same material can generate an ultrasonic pulse when submitted to a modulated electronic signal. After emission, it can be turned into a sensor when its electrical potential becomes proportional to the surrounding pressure field. As a result, the signal directly measured by the sensor can be expressed as a pressure in P a.

Emission

Mounted as arrays, multiple transducers are used in different setups. Historically Paul Langevin invented the sonar based on a single emitter and receiver which was sending pulses at 50kHz. When researchers started to look for more information on the medium distribution for biomedical imaging, it appeared that the multiplication of sources and probes were required. It started with movements [Wild andReid, 1952, Howry, 1952] of the probe before the apparition of transducer arrays in the 70s [Campbell, 2013]. It is noteworthy to observe that the same strategy is now being used to develop 3D imaging, by moving a 1D probe.

In the single transducer case (if the transducer is small enough) one can approximate it as a single spherical wave source. In this case, any scatterer position can be inferred only as a distance to the wave source. As explained at the beginning of this section, a time of flight strategy can estimate the distance by measuring the delay for the echo to reach back the probe: [START_REF] Rabut | 4D functional ultrasound imaging of whole-brain activity in rodents[END_REF] where τ is the delay between emission and reception and c the speed of sound. The solution of this problem estimates a sphere surrounding the sensor of possible position of the scatterer.

d = c 2τ ( 
A first solution to increase the system spatial sensitivity is to constrain the emitted ultrasonic beam directionality. This strategy can be seen in radar applications for example. In this case, the beam is created by a usually passive lens (parabolas for radars, mirrors and glass lenses for light houses, plastic acoustic lenses for ultrasonic probes). The lens
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Figure 11: Illustration of the principle of echolocalisation in the 2D case. For a single scatterer case only distance from the probe can be solved with a single transducer. If two sensors are present the exact position can be inferred as the intersection between the two circles centred on the sensors whose radius is proportional to the time the echo took to come back.

concentrates the homogeneously distributed energy emitted by a spherical source to a limited fraction of the space. This strategy improves spatial resolving power and sensitivity at the expanse of temporal resolution. Imaging the same field of view requires scanning due to the focalisation (the lighthouse must focus the light and can be seen from afar although it needs a few seconds to illuminate once all 360 o panorama).

The second possibility is to increase the number of sensors. With two sensors, the incertitude on position estimate is limited to a cylindrical symmetry. Finally, with three unaligned sensors any position in space can be triangulated. In such conditions, the single scatterer case can be fully solved within the limits of thermal noise and diffraction. In other terms, if the back scattered echo amplitude exceeds the one of ambient noise (background acoustic field + electronic noise in the measuring apparatus) the scatterer position can be precisely estimated with a spatial resolution dictated by the diffraction limit. When sources multiply, some incertitude might arise regarding their localisation. By increasing the amount of sensors for detection, uncertainty is reduced by the incoherent summing of non specific signal.

Consequently, the optimal design for an ultrasonic probe is an array that maximises sensitivity while allowing for continuous imaging of the medium being examined. This can be achieved through the use of a passive lens that focuses the energy in the field of view of interest. Based on Huygens and Fresnel 's principle it can be demonstrated the possibility to emit any type of wavefront from such an array.

To precisely control the shape of the wavefront emitted from the array, it is necessary Middle: by the use of a lens, energy can be directed toward the focalisation direction. Right: using an array of transducer, with the proper delays at emission any type of wavefront can be generated: plane with different directions, focalised or divergent.
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to use a dense array of small transducers and to generate a spherical wave from different transducers at the appropriate moments. This can be achieved through the use of advanced signal processing techniques. By optimising the design of the probe in this way, it is possible to achieve high-resolution imaging with improved sensitivity and accuracy. For ultrasonography two types of waves are of typical interest:

focalised waves are used in conventional ultrasound systems plane waves are sent by fUS machines

Although alternative geometries can exist, some of them benefit the signal through nonlinear effects [START_REF] Maresca | Nonlinear x-wave ultrasound imaging of acoustic biomolecules[END_REF]]. This concept of numerical focalisation is detailed in the next paragraph.

In the end, the shape of the fUS emitted wave is one of the fundamental breakthroughs that made ultrafast imaging possible. Conventional ultrasound is based on lines recording. The image is generated by scanning line by line in the vertical direction. Transducers focalise an emission in a single line and estimate the position of scatterers along this line for increased sensitivity. The full 2D image is generated by sending as many pulses as there are columns of pixels in the image. The next section shows how this focalisation can be done numerically in the case of ultrafast imaging. Such computer made focusing removes the need to physically emit focused waves [START_REF] Delannoy | Acoustical image reconstruction in parallel-processing analog electronic systems[END_REF]. As a result, the machine can send plane waves
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jcm PhD thesis CRI that insonicate the whole medium at once. In some cases, divergent waves are sent to increase even further this field of view. Each emission generates one image instead of a line. It is this strategy of plane wave imaging that gives the machine the ability to reach such a fast frame rate around 10kHz [START_REF] Sandrin | Time-resolved pulsed elastography with ultrafast ultrasonic imaging[END_REF].

The final consideration on wave emission is related to the depth of the field of view. One of the main limitations of optical imaging, and more recently optical stimulation with optogenetics, is the low penetration of optic beam in the tissue. Because of the attenuation and the scattering, the signal fast dissipates and limits imaging in a few 100µm depth only. Because the penetration is inversely proportional to the beam frequency such limitation are partially circumnavigated with multiphoton imaging and red-shifted opsins. By reducing the amount of energy required for one detection of stimulation event a lower frequency beam is used that increases the penetration depth. The ultrasound beam is no different. As the spatial resolution is proportional to this frequency, a tradeoff must be made. Typically ranging between 1 -15M Hz, a classical biological system dedicated apparatus achieves a penetrating depth from ≈ 10cm (≈ 4M Hz) down to 1cm (≈ 15M Hz). For imaging deep regions of rodents brain, 15M Hz seems a fair choice as the brain Ventro-dorsal axis doesn't exceeds the centimetre. In addition, 15M Hz allows a maximal resolution around 100µm. Recently, more energetic beams at 40M Hz have proved efficient for such applications with a resolution down to 40µm [START_REF] Li | In vivo visualization of brain vasculature in alzheimer's disease mice by High-Frequency Micro-Doppler imaging[END_REF]. On the other side of the spectrum, for bigger subjects such as non human primates, human neonate or even adult humans a lower frequency is favoured (≈ 3 -6M Hz) [START_REF] Demene | Functional ultrasound imaging of brain activity in human newborns[END_REF], Demené et al., 2021]. To summarise this paragraph, the probe used in fUS imaging for small rodents applications is an array of ceramic transducers (128 elements with a pitch of 110µm) that emits
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Reception

With this probe the recorded signal coming from a single scatterer possess a typical parabolic shape resulting from the projection of a circle on a line. Estimating this scatterer position based on a measured parabola is equivalent to the time of flight strategy described above. Fundamentally, resolution of the inverse problem used the fact that in our regime, the equation of sound propagation is reversible in time [START_REF] Tanter | Ultrafast imaging in biomedical ultrasound[END_REF]. The time required for the wave to reach a scatterer in position (x, z) and come back to a transducer in position x 1 is:

τ (x 1 , x, z) = (z + z 2 + (x -x 1 ) 2 )/c (7) 
When multiple scatterers are present in the medium the superposition of these parabolas gives a signal called RF signal noted RF (x, t). In this case The source distribution is: s(x, z) = probe RF (x 1 , τ (x 1 , x, z))dx 1 (8) This equation is the same as the propagation resolution of a wave emitted by the array with a wavefront having the shape of the recorded RF signal reversed in time. In other terms, as explained above, the process is equivalent to a numerical refocalisation of the recorded back scattered wave. With the same formalism as Huygens Fresnel, in the reconstructed image, each voxel intensity is the interference in far field of recorded signal re-emitted reversed in time. It is called beamforming. This method of imaging is analogous to holography when information of the spatial properties of the medium are encoded in the phase of the backscattered wave and extracted by combination with the source wave, which is synthetic in this case.

When multiple scatterers are present in the medium their back-scattered waves could interfere and reduce by such the image quality. By sending multiple plane waves with different angles this problem is partially solved [START_REF] Montaldo | Ultrafast compound doppler imaging: A new approach of doppler flow analysis[END_REF]. The refocalisation is performed by all tilted planes superposition. This is the so called compound imaging. In this case the equation becomes:

τ (α, x 1 , x, z) = (z × cos(α) + x × sin(α)) + z 2 + (x -x 1 ) 2 )/c s(x, z) = α probe RF α (x 1 , τ (α, x 1 , x, z))dx 1 (9) 
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To summarise this method, multiple pulses are sent with different angles, and the back propagated signal is recorded and saved in the machine RAM memory. When a sufficient number of transmits have been accumulated, the signal in each voxel is estimated by making numerically interfere the recorded RF with a delay depending on the voxel position. In the end, it is as if each voxel is imaged with an insonification composed of the sums of all tilted planes focalising on the voxel.

Comparison with conventional ultrasound

By comparing ultrafast imaging with conventional Power Doppler (PD) [Mace et al., 2013], the advantages of plane wave imaging and coherent compounding appear clearly. The classical sequence is based on line scan imaging. Each line of the image is scanned independently. The same principle as above is applied but the emitted wave is focused. In this case voxel intensities of a single vertical line are estimated with beamforming through z only as x 1 doesn't exist in this problem. Top: conventional imaging scans the image per line, therefore, only a few tenths of samples can be used to estimate the power doppler. Bottom: by imaging with plane waves, ultrafast ultrasound imaging increase by more than 10 the number of sample usable for P D estimate. adapted from [Macé et al., 2011].

In addition, because the wave is focalised, voxels at different depths have different Point Spread Function (PSF) or impulsional response. The further from the focal point a voxel is, wider the PSF. To avoid this limit, it is usual to perform multiple focalisations (classically 4) [START_REF] Montaldo | Coherent plane-wave compounding for very high frame rate ultrasonography and transient elastography[END_REF] for a single line in order to reduce potential inhomogeneity in the signal.

In fine, the acquisition of a single image takes approximately 4 × 128 = 512 pulses.
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jcm PhD thesis CRI While each pulse of ultrafast plane wave imaging can generate a full image. Although, due to focalisation of the energy, the conventional ultrasonography has a higher Signal to Noise Ratio (SNR). The multiplane compounding strategy allows to reach the same sensitivity with around 10 tilted planes [START_REF] Montaldo | Ultrafast compound doppler imaging: A new approach of doppler flow analysis[END_REF], Macé et al., 2011] ensuring a gross gain of in terms of sampling rate. At this step of the acquisition cascade, the image formed represents the spatial distribution of changes in mechanical impedance, or mechanical properties. This mode of imaging is usually called brilliance mode or B-mode characterising how reflective any tissue region is. By increasing significantly the frame rate with plane wave imaging, this modality is not significantly improved, except by potential averaging strategies. It is in the movement detection that ultrafast imaging has proven to be a game changer. To understand this, it is noteworthy to mention that super high frame wave was initially investigated for elastography imaging [START_REF] Sandrin | Time-resolved pulsed elastography with ultrafast ultrasonic imaging[END_REF]. The underlying principle of this technique is to measure propagation of a shear wave with longitudinal waves [START_REF] Gennisson | Ultrasound elastography: Principles and techniques[END_REF]. If the shear wave is slower than longitudinal ones, multiple pulses are required to observe its propagation properties justifying the significant increase in sampling rate underlying fUS. In the end, micro displacements of the medium are measured through little changes in ultrasound phase. It is the detection of such movements that is detailed in the next section.

Acquisition analysis: Doppler Effect and Power Doppler

One advantage of the acoustic signal comes from the well known Doppler 's effect. Discovered in 1842 by the Austrian physicist Christian Doppler, this effect consists in a shift of perceived frequency for a wave emitted from a moving source. This spectral information permits detection of moving scatterers. Described for a continuous recording, we explain in this section how a similar type of frequency shift can be observed for pulsed emissions. The same frequency arise as the same mathematical arguments are used. Although, it is important to remember that apart from the formalism, fUS imaging pulsed Doppler effect has very little to do with continuous Doppler 's effect.

Continuous Doppler Effect

The classical power Doppler can be explained by a difference of referential between the emitter of the wave and the receiver. For an immobile source, the wavelength is expressed as λ = c f where c is the speed of sound and f its frequency. When the source starts to move (toward the receiver for example) the apparent wavelength is shortened and becomes λ v = c-v f 0 , where v is the emitter speed, resulting in a measured frequency of

f v = c λv = cf 0 c-v ≈ (1 -v c
)f 0 for emitter speeds low in comparison to the speed of sound. In the end a shift of frequency called Doppler frequency ∆f = v c f 0 is measured.

Pulsed Doppler Effect

In the case of fUS recordings, pulses are sent and back propagated. Fortunately, there exist a Pulsed Doppler as well. The pulsed Doppler mechanism differ, but from its principle,
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Figure 15: Illustration of pulsed power Doppler principle. A moving scatterer generates a recorded signal which is dephased for each pulse at the P RF . The sampled signal is a dilated pulse at a frequency proportional to the Doppler frequency.

Let's take a single scatterer moving toward the probe at a constant speed v. Ultrafast imaging consists in measuring the echo reflected by the scatterer at the Pulse Repetition Frequency (PRF). Two time scales are being defined, the fast timing of the acoustic wave itself (f 0 ≈ 15M Hz) and the slow sampling at the PRF. Because the scatterer has moved between two successive acquisition, the in-phase recording of received wave presents some oscillations. The shift of phase between two consecutive acquisitions is ∆Φ = 2πf 0 ∆τ where ∆τ is the travel time removed from the pulse path between the consecutive emissions. Pulse travel path difference is twice (back and forth journey of the pulse) the distance travelled by the scatterer ∆τ = 2v cP RF . Hence a measured frequency for the slow signal of 2f 0 v cP RF . It appears that the pulsed Doppler frequency is proportional to the classical Doppler frequency by a factor depending on the PRF. This frequency allows to estimate the scatterer speed and is usually written:

f D = 2f 0 v c (10) 
It is interesting to note that this equation gives no information on the scatterer direction relatively to the probe. Indeed, if the frequency sign is changed to a negative value, in the case of a scatterer moving away from the probe, it only means a change of phase in the slow signal. A solution to remove such incertitude is found in the modulation of the received signal with the In-Phase and Quadrature compenents (IQ) technique. Instead of measuring
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Power Doppler

Finally, multiple methods exist to estimate the scatterer speed from the pulsed Doppler signal. The most intuitive is probably to get the slow signal spectrum and estimate its maximum to infer the Doppler frequency. This modality, called Colour Doppler is widely used in clinics for big vessels diagnosis. Although, colour Doppler suffers a sensibility to noise that restrains its sensitivity [Bude and Rubin, 1996]. It is why an alternative approach based on the whole power spectrum has been experimentally validated to infer the energy brought by scatterers movement instead of their speed [START_REF] Rubin | Power doppler us: a potentially useful alternative to mean frequency-based color doppler us[END_REF]]. In the end, under the assumption of scatterers low density and uniform geometry, the power spectrum integral of a voxel timeseries has been proven to be proportional to the number of scatterers in this voxel [Mace et al., 2013, Deffieux et al., 2021]. Thanks to Parcival 's equality, there is no need to move into Fourier space and the integral of the squared signal itself is proportional to the Cerebral Blood Volume (CBV). Due to specific properties of the IQ modulation the signal is expressed in 2D as:

I(x, z, t) = ensemble |s(x, z, τ )| 2 dτ I(x, z, t) = 1 N N IQ(t)IQ * (t) (11) 
Where N is the number of ultrafast images required to estimate the power spectrum of a single voxel. The group of ultrafast images used to generate one PD image is called an ensemble or acquisition bloc. Its duration is a key parameter for fUS that defines a tradeoff between speed and resolution/sensitivity. To summarise the different sections above and as explained in [START_REF] Deffieux | Functional ultrasound imaging: A new imaging modality for neuroscience[END_REF]) the signal measured in PD imaging is defined by the following equation if the source of back propagated signal is a single distribution of uniform scatterers:

f us = ⟨|R(f )| 2 ⟩df ≈ N σ 2 |S(f )| 2 df ( 12 
)
Where N is the number of scatterers in the voxel, σ the variance of white noise, R(f ) the power spectrum of the voxel timeseries and S(f ) the power spectrum of a single scatterer. This equation says that the integral of the power spectrum can be switched, as the sum of all scatterers in the voxel, and under the uniform hypothesis shows it is indeed proportional to the number of scatterers in the voxel. The key message of this part, and probably one of the most common misconceptions in the field is that PD doesn't measure speed per se. It detects scatterers and gives an estimate of their numbers in each of the field of view voxels. In addition in Fourier 's space these scatterers can be ranked by speed which is linearly related
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to their Doppler frequency. The next section explains how the machine distinguishes between scatterer types to estimate the fractional volume of blood [Demené et al., 2015].

Acquisition preprocessing: Clutter filter

Ultrasound is used in clinics for tissue imaging. The most common application is probably foetal imaging during obstetric examination [Campbell, 2013]. In this case, the abundant cells of the forming baby are backpropagating the acoustic signal. When the machine switches to PD for brain haemodynamic imaging, the question becomes: «What are the scatterers in the medium ? ». Two main categories are usually defined, cells within the parenchyma or tissue cells, and cells from the blood and more precisely RBC which account for the vast majority of them. As a result, a key feature of the acquisition cascade occurs in the step separating the blood from the tissue. Based on equation ( 12) this separation appears even more critical.

Failing to discriminate both types of sources, the signal would not be guaranteed to represent what it stands for: an indirect measurement of CBV. Hence the need of a filter separating the non blood specific signal contributions from the signal of interest. This separation process is called clutter filter. Classically clutter filters decompose the signal in a basis that optimises the efficacy of source separation. Two main basis have been investigated so far, the Fourier space, through the use of classical temporal filters or the Singular Value Decomposition (SVD) space as detailed below.

Classical Clutter

The classical clutter filter is based on the relative speed of RBC as compared to the surrounding tissue. As RBC move pretty fast (> 1mm/s) a solution is to filter sources slower than this speed. As was presented in 3.3.3 PD can separate scatterers based on their individual velocity in Fourier 's space. In this case, the separation problem is solved by simply removing this noise with a classical temporal filter at the right cutoff frequency [Mace et al., 2013]. This approach has proven to be limited. Temporal filters are intrinsically limited: by Gibb's ringing artefact or phase shifts for example. In addition, temporal filter conceals part of the signal of interest. Mechanically, such a filter can not image small vessels where the blood flow has a speed comparable to surrounding tissue. recordings in the capillaries which represents the most important blood volume in the brain would be highly limited. If optimisation of the filtering process has been up for the three decades before invention of ultrafast imaging [START_REF] Bjaerum | Clutter filter design for ultrasound color flow imaging[END_REF], the increased sampling frequency added a reason to re-evaluate strategies for the clutter filter.

SVD filter

For this reason, a new type of filter has been developed based on both the spatial and temporal structure of the ultrasonogram [Demené et al., 2015]. By looking at the coherence of neighbouring voxels signal, it appears that lower frequency signals (mostly brought by the tissue) are spatially coherent. Because of elastic properties of the tissue, if one part of it moves, the perturbation propagates through viscuoelastic coupling and engenders global and
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Singular Value Decomposition

SVD decomposition has been used for this purpose. The SVD is a generalisation of eigenvalue decomposition for non square matrices where any m × n matrix (we assume M centred) can be decomposed as the product of three matrices M = U ΣV * where U and V are unitary, Σ diagonal and * is the transposed conjugation. In this decomposition U is the left base of singular vector and V the right base. The diagonal of Σ are the singular values of M . The decomposition is not unique and it is always possible to find one with singular value of descending order. It is worth noticing that the SVD is linked to the covariance matrix eigenvalue decomposition as:

M * .M = V ΣU * U ΣV * = V Σ 2 V * (13) M.M * = (M * .M ) * = V * Σ 2 V (14) ( 15 
)
As U is orthogonal. Therefore, M singular values are its covariance matrix squared eigenvalues. While U and V are respectively the eigen-vectors of M M * and M * M the signal covariance matrices. As such they solve the Principal Component Analysis (PCA) problem. The PCA procedure consists in finding the base of vectors that sequentially maximise the explained variance. Given a dataset within a space with n dimensions, principal components are iteratively defined as:

1. The first Principal Component (PC) is the direction allowing to explain most of the dataset variance. In other terms, it is the direction along which the data are most spread.

2. The dataset is then projected in the space orthogonal to the first PC 3. The second PC is computed as being the direction explaining most of the projected dataset variance.

4. The dataset is projected on the subspace orthogonal to the one generated by the first two PC.

5. The process can be continued until the n th PC.

It can be shown that the singular vectors achieved by SVD when ordered by decreasing singular value are the PCs of PCA (under the assumption of centred M ). The underlying principle behind the SVD based clutter filter is that tissue sources, due to their high covariance shall be brought by the first PCs or singular vectors associated with the highest singular values.
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Implementation

In practice, given a stack of ultrafast ultrasound 2D images of size n x × n y × n t , the SVD can be performed after vectorising the spatial information into what is called the Casorati matrix of our signal: S of size (n x ×n z )×n t . S can be decomposed so that S = U ΣV * . In this case the left singular vectors gathered in U are spatial vectors, while the right singular vectors of V are temporal vectors. Each singular value λ i defines what is called through misuse of language a SVD mode. The mode has a spatial extension and a temporal extension U i V i so that any point of the mode can be expressed in space (k in vectorised spatial coordinate) and time

(t) m(k, t) = U i [k] × V i [t].
In the end the signal can be expressed:

S = n i=1 λ i U i V i s(x, y, t) = n i=1 λ i U i [x, y]V i [t] (16) 

Interpretation

In a more physical point of view, these modes have been interpreted as relevant decompositions for coherent sources of energy in the system [Demené et al., 2015, Baranger et al., 2018, Deffieux et al., 2021]. The singular value is usually associated with an intuitive estimator of the energy brought by a collection of voxels (the saptial mode) following the associated temporal structure (the temporal mode). In this sense modes can be sorted by singular values from "high energy" with the first singular values to "low energy" at the end of the decomposition. Temporal cross correlation of singular vectors sorted by "energy" content displays the separation of subspaces in 2 to 3 distinguishable regimes [START_REF] Baranger | Adaptive spatiotemporal SVD clutter filtering for ultrafast doppler imaging using similarity of spatial singular vectors[END_REF]. The highest energies seem to be associated with global signal of slow fluctuations. These high energy modes are believed to originate from the tissue. The lowest energy modes are brought by high frequencies and mainly bear the noise space. Finally the middle space is associated to the blood signal. If the tissue to blood transition has been proven to help significantly improve signal quality [Demené et al., 2015], a proper thresholding strategy for high frequency thermal noise has not been described yet.

This filtering approach has quickly became a standard in fUS applications. Its only potential drawback is the need of integration over multiple ultrafast images for the SVD to properly function and discriminate both subspaces. As the computation of a single PD image requires as well an ensemble, as described in (3.3), both approaches can be implemented as a pair without altering temporal resolution.

Ultrafast ensembles require a few hundreds ms integration for the estimation of blood volume. the duration is usually optimised to go over a few cardiac cycles (600bpm in awake mice) and reduce possible aliases and artefacts from systolic effects. In this case, tissue/blood separation is first performed on this ensemble by computing its SVD and projecting it on the blood subspace. The remaining data are then squared and integrated to give the PD [START_REF] Tiran | Transcranial functional ultrasound imaging in freely moving awake mice and anesthetized young rats without contrast agent[END_REF].
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SVD filter fixed threshold

The first implementation of this clutter filter defined the blood space as a fixed size subspace generated by the first 60 singular modes [Demené et al., 2015, Osmanski et al., 2014]. At the moment most publications use this filter or a derivative (combination with temporal filter: [Brunner et al., 2020], [Nunez-Elizalde et al., 2022]).

But based on the considerations from [START_REF] Baranger | Adaptive spatiotemporal SVD clutter filtering for ultrafast doppler imaging using similarity of spatial singular vectors[END_REF], Laszlo, 2021], filters adaptatively defining the tissue space size are beginning to emerge.

SVD filter adaptative threshold

The underlying principle of adaptative threshold is motivated, mainly, by the peculiarly noisy signal of awake imaging [Tiran et al., 2017, Rabut et al., 2020a]. The fixed threshold approach considers that there is no change in the dimensionality of both tissue and blood spaces on the scale of the whole acquisition. The assumption is even generalised between independent recordings across different subjects. Although, the demonstration of this filter efficiency is based on recordings performed in trepanated and anaesthetised animals, as kidneys or newborns [Osmanski et al., 2014, Demené et al., 2015]. The sources of noise in moving small rodents might be different and potentially more diverse. It rises concern regarding the validity of the filter features in the regime we use.

Indeed, moving animals present spontaneaous movements of the eyes, the mandibular muscles (3.5), as well as the neck that can propagate to the brain. These various sources induce different types of tissue movements. A direct consequence of such mobility is expected to be an increase in the tissue related energy in PD signal [START_REF] Baranger | Adaptive spatiotemporal SVD clutter filtering for ultrafast doppler imaging using similarity of spatial singular vectors[END_REF]. This increased energy is associated with enriched signal spatio-temporal information content.

Both phenomena suggest an increase in the tissue space dimensionality and because of the fixed size of the overall space, a contraction of the blood space to a more limited amount of singular vectors. Because the precise description of such filters is beyond the scope of this work we won't go much further in the theoretical function and validity of these methods. Although one of such filter has been tested and is discussed in (13.1.2), while all other results have been achieved with a conventional fixed threshold SVD filter.

Applications and limitations

By combining together all these steps: emission, reception, compounding, clutter filter, power doppler estimation; the PD image is formed. In the end, the whole process defines the acquisition of a single image whose voxels intensity is proportional to its content in RBCs. As a result, fUS imaging is a great tool to image brain perfusion over time. In this section are presented the different limitations and concepts to keep in mind in order to avoid wrong interpretations of data and potential perspectives in the field.

Beam limitations

The imaging beam inhomogeneity must not be neglected. The image is 2D, each voxel is jcm PhD thesis CRI a volume integrating information over the whole 500µm of its thickness. But within a voxel, the central region along yaxis concentrates most of the emitted energy. The array shape of the emitter/receiver engenders lobes of intensity. In the end, the impulsion response of a single scatterer is more complex than the spherical case introduced in this document as first approximation, for the sake of illustration.

Because the acoustic field is not homogeneous the resolution and sensitivity is not the same for all voxels. In first approximation, all voxels are considered as equivalent, although, due to attenuation, sensibility is reduced with depth. The same way, due to the appodisation and the tilted planes the best resolved and sensitive voxels are in the middle of the image. For the sake of simplicity all these effects are neglected. Nonetheless, the physical reality behind the image shall be kept in mind.

In addition, these acoustic beam more advanced properties create opportunities for further imaging modalities based on non linear features for example.

Apodisation

During awake imaging, the animals was observed chewing, and consequently contracting the mandibular muscles. These muscles are among the most powerful of the body. Their contraction induces a strong lateral artefact. The artefact is probably due to vascular surges in the muscle fibers. Potential saturation of the sensors during these artefacts make imaging of cerebral blood vessels irrelevant, as neuronal hyperaemic signal is completely overrun by the nuisance. As they are surrounding the imaging field, in absence of specific considerations, imaging is made worthless in presence of these artefacts [Tiran et al., 2017]. It is why for awake imaging, apodisation is required to avoid non specific lateral signals from entering the beamformer and pollute ultrafast images first, and finally PD estimation. The apodisation consists in convolving the gate structure of the beam by a continuous envelop that removes lateral regions while ensuring continuity of the acoustic field.

Sensitivity

Increasing sensitivity can be done in two ways with direct drawbacks. By increasing the number of transducers the machine sensitivity is improved. Although, electronic coupling between the probe elements, as well as overheating of the probe, makes it harder to reduce the pitch between two elements (which increase element density). The pitch is currently limited to 100µm. The same problem with 2D matrices limits the possibility of full 3D + T imaging. The increased density of elements due to 2D neighbouring obliges to reduce the transducer power [START_REF] Bertolo | Xdoppler: Cross-correlation of orthogonal apertures for 3d blood flow imaging[END_REF].

As a result, current implementations of matrix arrays, while tempting, remain a few order of magnitudes less sensitive than 1D linear probe. Alternatively, the number of tilted planes or the power sent by the probe can be increased. As motioned earlier, increasing the number of planes either sacrifices partly the sampling rate or increases the temperature of the medium. The same way increasing the probe voltage ends up warming the system. If implications in vivo are not fully understood yet, it is believed that the current parameters ensures proper conditions for awake imaging of PD, while leaving potential margin for future improvements.
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Anisotropy

The Doppler effect is strictly dependent of the wave propagation, as well as the scatterer direction. As a result in the case of plane wave ,Doppler imaging is only sensitive to the vertical component of scatterer speed. PD associated with tilted plane wave imaging, tends to mitigate the effect but it was demonstrated that a significant drop in intensity occurs for sources moving parallel to the probe [Mace et al., 2013]. More recent processing of RF data could resolve completely this limitations [START_REF] Tang | Functional ultrasound speckle decorrelation-based velocimetry of the brain[END_REF]. Our setup does not perform this type of imaging. Due to the structuring of blood vessels inside the brain this can become a real challenge for some studies. For example, if penetrating arterioles are the source of interest, in temporal cortex as they go along the horizontal plan their signal is much weaker.

Ensembles Clutter VS Power Doppler

Classical fUS relies on multiple types of ensembles: In the most classical implementation ensembles of the same kind are mutually exclusive and complete. For example, all tilted planes are used to generate an image, 11 tilted planes engender 1 ultrafast image and two distinct ultrafast images come from two different sets of tilted planes. Although, mixing ensembles is possible as they are independent. It is the case for ultrafast ensembles analysed with a sliding window [Dizeux et al., 2019]. In this case the ensemble size is constrained by the cardiac cycle duration (200 ultrafast images), although the sampling rate of PD can be artificially increased by computing the PD image on overlapping ensemble [Nunez-Elizalde et al., 2022]. The first PD image is computed over ultrafast images [1 -200], the second over [11 -210] etc. Because two following PD images share some content by their common ultrafast images substract, the sampling rate increase is not raw amelioration. Auto-correlation effects must be taken into consideration. This approach can help smoothing data for oversampling in a more informed manner than any model based kernel (gate function or gaussian).

Finally, Clutter ensemble and Ultrafast ensemble are the same by default in our setup. This can be changed if needed. The clutter filter can be applied to 10000 samples while PD computed on 200 filtered ones. The only constrain is to remove tissue signal before computing PD as the main hypothesis ensuring [START_REF] Tiran | Transcranial functional ultrasound imaging in freely moving awake mice and anesthetized young rats without contrast agent[END_REF] estimates CBV, is that scatterers responsible of the back-propagated signal are RBCs.

Motorised spatial extend
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The fUS machine intrinsically measures 2D images whose key parameters are the dimensions: X × Z. Although, potential movements of the probe, if known, allow to estimate PD in 3D at the expense of temporal resolution. A tomography approach can engender full 3D volumes based on multiple fields of views whose joined information pave the space. This approach can be incoherent, by summing PD contributions:

s(x, y, z) = pos K pos (x, y, z, x 1 , z 1 )dx 1 dz 1 ( 17 
)
Where pos is the position of the probe and K represents the coupling between imaged voxels and reconstructed ones. The simplest method consist in classical interpolation, in this case:

K pos (x, y, z, x 1 , z 1 ) = δ((x, y, z) ∈ F ield pos )s pos (x 1 , y 1 )κ(x, y, z, x 1 , z 1 ) (18) 
Where δ((x, y, z) ∈ F ield pos ) is the Dirac function returning 1 if the voxel (x, y, z) is in the field of view of the probe at position pos and else 0, s pos is the signal measured in position pos, κ is any interpolation kernel. C.4.2 describes how this technique can be used to measure angiographic scans that are used as anatomical reference.

In addition, the model can be complexified. The image can be sharpened using Wiener deconvolution of the PSF as is used for tomographic scans [Demené et al., 2015]. Finally, coherent interpolation can be implemented. In this last case, for each position of the probe, voxels in the field of view are stored. [START_REF] Macé | Whole-brain functional ultrasound imaging reveals brain modules for visuomotor integration[END_REF] becomes:

τ (pos, x 1 , x, y, z) = d(pos, x 1 , x, y, z)/c s(x, y, z) = pos δ((x, y, z) ∈ F ield pos ) probe RF pos (x 1 , τ (pos, x 1 , x, y, z))dx 1 ( 19 
)
Where pos is the probe position (translations and angular), d(pos, x 1 , x, y, z) is the distance between the transducer in position x 1 and a voxel in position (x, y, z) of space based on a cinematic model, δ((x, y, z) ∈ F ield pos ) is the Dirac function returning 1 if the voxel (x, y, z) is in the field of view of the probe at position pos and else 0, and RF pos the RF signal indexed by position. Such an approach is used in clinics where the physician probes a tumor in 3D by moving gently the probe, computing a posteriori the volume.

Contrast agents

All the above descriptions are dedicated to RBC imaging. Although, the latest developments in ultrasonography are probalby associated with contrast agent in the blood stream [START_REF] Demeulenaere | In vivo whole brain microvascular imaging[END_REF], Renaudin et al., 2022]. Contrast agents are objects or substances increasing contrast during bioimaging. They have been used extensively in fMRI (1 over 3 scans in clinics) with the most common one being probably the gadolinium [MacManus and Bashir, 2012]. For ultrasound a convenient object are microbubbles [START_REF] Couture | Ultrafast imaging of ultrasound contrast agents[END_REF].
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As is presented in (3.2.1), being a raw interface between air and water, microbubbles possess a very high reflection coefficient. As a result, the amplitude of the backpropagated wave emitted by a micro-bubbles is much more intense than the one of a RBC. Such reporters of vascular presence are valuable [Errico et al., 2016]. For functional application their use is more challenging [START_REF] Maresca | Acoustic biomolecules enhance hemodynamic functional ultrasound imaging of neural activity[END_REF]. Indeed, the presence of contrast agents in the medium breaks the validity of eq (12). In the case of a very high concentration, the uniformity argument can eventually be extended to a bimodal distribution of scatterers. Given the much higher reflectivity of microbubbles, they would become the main source of back-scattered energy, and the signal could stay proportional to CBV. Although, microbubbles have a much shorter life time in the blood stream of alive animals and disappear in a few minutes. Therefore, to maintain the hypothesis true, the contrast agent must be perfused continuously [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF]. In addition, having so many microbubbles (≈ 1 000 to 10 000/mm 3 ) can challenge the physiological role of blood. As a result the contrast agent is used with a much lower density.

In this case the (12) does not stand anymore as bubbles are scarce. Voxels with microbubles have a much higher intensity. As a result, the quantitative value of PD signal is lost. But an alternative analysis has been proven revolutionary for non-invasive brain imaging for anatomical purpose first in [Errico et al., 2015], and more recently for functional purpose [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF]. Indeed, microbubbles scarcity can be used as an advantage. Super resolution imaging, as demonstrated in optics [START_REF] Hess | Ultrahigh resolution imaging by fluorescence photoactivation localization microscopy[END_REF], relies on such stochastic signal. Microbubbles are much smaller than the diffraction limit ≈ 3µm wide [START_REF] Tu | Estimating the shell parameters of SonoVue microbubbles using light scattering[END_REF]. If a peculiarly high intensity echo is recorded as a spot, while the density of microbubbles statistically ensures a single agent is present in the spot vicinity, the exact position of the source can be extrapolated as the centroid of the recorded signal. This concept was awarded the Nobel prize in chemistry for the invention of superesolution fluorescence microscopy in 2014. It was applied to neuroimaging ultrasonography in 2015[Errico et al., 2015] ] under the name Ultrafast Localisation Microscopy (ULM). As for classical PD, enhanced contrast images intrinsically require integration of multiple events before covering the whole field of view. ULM images need few minutes for microbubbles to probe the whole vascular tree of a typical 2D coronal slice. In practice, bubbles are tracked and allow estimation of blood vector flow in all directions [START_REF] Demené | Transcranial ultrafast ultrasound localization microscopy of brain vasculature in patients[END_REF].

ULM has been proven useful for neuro vascular applications, to measure occlusions during stroke [START_REF] Hingot | Early ultrafast ultrasound imaging of cerebral perfusion correlates with ischemic stroke outcomes and responses to treatment in mice[END_REF], but also vessels properties [START_REF] Demené | Transcranial ultrafast ultrasound localization microscopy of brain vasculature in patients[END_REF], or blood flow micrometric features [START_REF] Demeulenaere | In vivo whole brain microvascular imaging[END_REF]. Very recently synchronisation of microbubbles localisation and sensory stimulation allowed to add function in the scenery of ULM applications [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF]. Using this technique, the NVC can be investigated more precisely at the blood flow level and cerebral function at the microscopic scale.

Another advance in the field of contrast agents came with alternatives to microbubbles. In 2014 was discovered a new type of agent in the shape of genetically encoded gas vesicles [START_REF] Shapiro | Biogenic gas nanostructures as ultrasonic molecular reporters[END_REF]. These protein shell encapsulating air opened the gates of the nanoscale (≈ 200nm) for ultrasound imaging [START_REF] Rabut | Ultrasound technologies for imaging and modulating neural activity[END_REF], while allowing all sort of genetic manipulation. Associated with specific promoters these vesicles could generate genetically triggered fUS signal. This discovery moved the ultrasound field a step closer to the already
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jcm PhD thesis CRI well advanced optic realm. Indeed all GFP based microscopic study could be reproduced in vivo, non-invasively by tethering gas vesicles to cells under genetic expression control [START_REF] Bourdeau | Acoustic reporter genes for noninvasive imaging of microorganisms in mammalian hosts[END_REF], Farhadi et al., 2019]. In addition, for functional imaging, this agent shall be more biocompatible and eventually mice strains endogeneously expressing these proteins in there blood stream could become reference strains for fUS [START_REF] Maresca | Nonlinear x-wave ultrasound imaging of acoustic biomolecules[END_REF].

Summary

In fine, fUS is a new promising technology. It allows measurement of blood flow through the quantitative recording of CBV variations. Below are summarised all the steps of acquisition described in this part.

The machine emits plane waves in the form of 1µs pulses at 15M Hz with a linear probe made of 128 transducers. Each plane wave insonicates the medium all at once allowing ultrafast imaging as opposed to conventional line scanning. When the wave propagates in the medium it bounces back on scatterers made of mechanical interfaces. The back propagated echo is recorded in the form of a RF signal. By sending multiple waves with various angles it is possible to refocalise numerically with an higher SNR through coherent compounding. The machine sends 11 pulses between -10 o and 10 o to generate one ultrafast image every 2ms with a penetration depth of 10mm. The ultrafast images are gathered together in ensembles of 400ms to estimate the spectral content of each voxel timeseries over a duration longer than a few cardiac cycles. On the ensemble, the coherent sources brought by the first 60 modes of the SVD decomposition are filtered out as expected to be tissue signal. The remaining signal bears the vascular information and the number of RBC is estimated by integrating the squared filtered signal. The image obtained is 2D and composed of 128 × 91 voxels, limited by the diffraction limit of ≈ 50µm, with a resolution of 110µm × 100µm while an acoustic lens focalises the beam in elevation with a -6dB domain 500µm wide at its focal point. A delay can be left between two successive ensembles, reducing the PD acquisition rate which theoretical maximum is therefore 2.5Hz. Finally the probe is mounted on a motorised holder allowing precise positioning down to the 1µm following translation along the three spatial axis (x-axis y-axis z-axis) and rotation around the vertical one (z-axis).

The physical acquisition consists in emission and scattering of the ultrasonic wave. The illumination source is the transducer array and the field of interest is the mechanical medium composed of some gel, the skull, the brain tissue and the vascular system interacting with the acoustic wave. At this stage optimisation consists mainly in optimising coupling using the gel and moisturising all interfaces, trying to adapt as much as possible the impedance on the path of the wave. The underlying idea is to maximise the amount of energy reaching the scatterer of interest and propagating back to the sensor.

The sensor is the same array that emitted the wave, but switched in recording mode. It collects RF data which are transient. For some applications RF can be considered as raw data. But because they are enormous it is rarely the case. Therefore acquisition preprocessing consists in beamforming to generate IQs. In our case, as we will see in ((B.4.3) and ( 12)) IQs are considered as the rawdata, but for most applications the computed PD images are the only data to keep. This is a challenge for any data management plan and is later addressed in (F). At this stage the image parameters must be set. Optimised values were already mentioned above, the best parameters for each type of recording are presented again in (C.4). Finally, the acquisition analysis consists in clutter filtering, as well as PD extraction from timeseries power spectrum estimate. Optimisation occurs here in the filter choice. We will see that wrong choice of IQ processing can induce very strong artefacts and bias completely FC perturbation interpretation.

The brain is a very complex collection of cells. As explained in (2.3), the star among them are probably the neurons. Computational processes are believed to be sustained by neural cells activity. It is noteworthy to observe that this belief has grown while cellular counts estimated between 10 and 50 times more glial cells than neurons in the parenchyma [START_REF] Hilgetag | Are there ten times more glia than neurons in the brain?[END_REF]. Ironically, while recent re-evaluations of these numbers suggest a ratio glia to neurons closer, and potentially smaller than 1 : 1 [START_REF] Azevedo | Equal numbers of neuronal and nonneuronal cells make the human brain an isometrically scaled-up primate brain[END_REF] (with around 86.1±8.1 billions neurons for 84.6 ± 9.1 billions glial cells in the human brain), the importance of the glias becomes more and more predominant. From a status of «neuronal glue »their active role in the reorganisation of neuronal networks [START_REF] Schafer | Microglia function in central nervous system development and plasticity[END_REF], neuronal plasticity [Allen, 2014] and eventually active messaging [START_REF] Bazargani | Astrocyte calcium signaling: the third wave[END_REF]] becomes more acknowledged. Although, all these cells still represent only a fraction of the brain volume.

The Blood Brain Barrier (BBB) at the capillary level has been estimated to represent 150 -250cm 2 /g of brain [Crone, 1963]. A human brain would benefit from 20 -30m 2 of interacting surface between the parenchyma and the vascular system which spread over ≈ 650km [Zlokovic, 2005]. There is around 300m of circuits every cm 3 of brain. This massive interface is believed to act as a key component to maintain brain homeostasis as the organ lacks reserve of any kinds, such as adipocytes that could be found in other part of the body.

The exact mechanisms involved in cross talk between brain cells and blood vessels are among the most debated topic in brain science [Iadecola, 2017, Schaeffer and[START_REF] Schaeffer | [END_REF]. Although, these mechanisms implication could influence our understanding of physiopathologies such as Alzheimer 's disease [de la Torre, 1994] but also interpretation of most neuroimaging experiments. It results in a collection of inspirational quotes emphasising this complex and pivotal role:

"We show that stimulation of single cortical interneurons, depending on sub-type, can constrict or dilate cortical microvessels" Bruno Cauli "Although intuitively appealing, a direct link between energy state and blood flow is not universally accepted, and the physiological basis of neurovascular coupling still remains uncertain." Elisabeth Hammel "Concepts of how neuronal activity controls the vascular supply of glucose and O2 are changing rapidly." David Attwell "However, despite their importance for the interpretation of various functional imaging techniques, the spatial-temporal sequence of these vascular events remains unclear." Ravi Rungta " The relationship between sensory-driven neural activity and the vascular dynamics in sensory areas are well-captured with a linear convolution model. However, depending on the behavioral state or brain region, the coupling between neural activity and haemodynamic signals can be weak or even inverted." Patrick Drew "Consistent with this picture is evidence that, under certain circumstances, increased neuronal activity can lead to vasoconstriction rather than vasodilation." David Kleinfeld Despite these uncertainties, a lot is known about this peculiar system and the many interactions that occur within and around it. As usual in the field of neuroscience, com-
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jcm PhD thesis CRI plexity has been divided in subsystems whose mechanisms begin to be well understood. For neuroimaging, these complex considerations could be hidden behind a unifying model of neurovascular coupling in the form of the canonical haemodynamic response whose predictive power proved to generalise in many applications. This section is presenting what is known about the different components of the neurovascular interaction, we will see how this knowledge can be integrated in two different models with limitations in their validity domain and finally how we can rely on one of them in the context of resting-state functional connectivity.

Global principles

The brain is among the most energy consuming organ of the body. It is estimated that for 2% of body weight, 15 -20% of the energy is spent [Attwell et al., 2010]. What is even more surprising is that given this energy expenditure the brain possesses no reserve or whatsoever to maintain its function [Buxton, 2010]. As a result, a very fast and efficient network has developed to maintain locally the homeostasis of neural cells and and their vicinity [Girouard andIadecola, 2006, Schaeffer and[START_REF] Schaeffer | [END_REF]. A unifying model crystallised all observations on NVC by formalising the Neurovascular Unit (NVU) in the following year of the first Stroke Progress Review Group meeting of the National Institute of Neurological Disorders and Stroke of the National Institutes of Health in the early 2000s [Iadecola, 2017]. 20 years later additional findings led to a generalisation of this simplified view with the transition toward a neurovascular complex [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. First described in 1890 [START_REF] Roy | On the regulation of the blood-supply of the brain[END_REF] the idea that the brain regulates its blood supply in order to maintain homeostasis of its oxygen and glucose supplies has barely changed. Its main two underlying mechanisms : autoregulation and hyperaemia are now well accepted [START_REF] Muoio | The neurovascular unit -concept review[END_REF].

Autoregulation refers to feedback control of the systemic vascular tone. The target value of blood flow stands between 50 and 160 mmHg. Outside this window the brain fast fails in its functions. By regulating diameters of vessels accordingly to the blood pressure, the brain can adapt pressure changes exerted by an individual rising from a sitting posture for example.

Hyperemia refers to local control of the perfusion. Whenever neuronal activity is triggered, a fast (≈ 1 -5s) increase of blood flow occurs in the vicinity of the activation area. Many mechanisms relying on multiple feedback loops are in play and result in preserved function in the activated neuron vicinity.

These two global principles are maintained by the accumulation of redundant systems [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. These systems arise from the brain organisation at both the neuronal and vascular level. The NVU models this entanglement in a simple and unified way to go beyond the classical view [Iadecola, 2017]. Indeed, for a long time it was believed that passive maintenance of the vascular function could be enough to sustain the brain activity [Friedland and Iadecola, 1991]. With the accumulation of evidences for vascular origins of many diseases thought to be only relevant to neurons, the holistic nature of brain function forced its way in the debate. The next section is showing the diversity of components
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Anatomy

As usual the question of physiology is intrinsically linked to its underlying anatomical structure. The following paragraphs are showing the bricks building the bridge between brain and blood from the cellular scale up to the organ one.

Neurovascular unit

The exhaustive list of celullar elements of the unit is currently uncertain. From the canonical triade of "neurons, astrocytes and Smooth Muscle Cells (SMC)" [Cauli andHamel, 2010, Kugler et al., 2021] the list can reach two digits number including immune cells from the perivascular space [Iadecola, 2017, Császár et al., 2022]. If the NVU concept seemed to reach a consensus in the need to bridge together neuronal cells and vascular ones it appears that a diversity of configurations depending on the location in the brain, the stage of development or the investigated disease justified the need of a recent evolution in its description [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. We expect the following list to encompass for most of observations made in studies related to NVC.

The endothelial cell

As a part of every single blood vessel, it is probably the main element of the nvu. Endothelial cells maintain the blood outside of the parenchyma. Stick together in a dense paving, they form the vessel lumen. Transversally, they are the main BBB monitoring agent, controlling any trafficking between the blood and the parenchyma [START_REF] Yazdani | Endothelial cell barriers: Transport of molecules between blood and tissues[END_REF]. Endothelial cells regulate transmembrane flux with different passive or active strategies [START_REF] Barar | Blood-brain barrier transport machineries and targeted therapy of brain diseases[END_REF]. Lipophilic small proteins, oxygen and carbon dioxyde can freely diffuse through the endothelial membranes. Hydrophilic proteins can diffuse through inter-cellular space whose permeability is controlled by tight junctions [START_REF] Stamatovic | Brain endothelial cell-cell junctions: how to "open" the blood brain barrier[END_REF]. Other molecules require specific transporters to carry them through the membrane. It is the case of glucose carried by GLUT1 transporter. Tangentially, they vehiculate signals through GAP junctions [START_REF] Rungta | Vascular compartmentalization of functional hyperemia from the synapse to the pia[END_REF]. This last feature is of key importance for the retro-propagation of the dilatory signal that follow neuronal activation. This mechanism is later detailed. In addition, endothelial cells participate in the regulation of vessels diameter under nitric oxyde or prostaglandine stimulation [START_REF] Andresen | Endothelial influences on cerebrovascular tone[END_REF].

The smooth muscle cell

The smooth muscle cell is one of the two active components of the vessel wall with pericyte.

Together they are called mural cells [START_REF] Armulik | Pericytes: Developmental, physiological, and pathological perspectives, problems, and promises[END_REF]. Smooth muscle cells are involved in the active control of the vascular flux. Expressing actomyosin complex they can contract or dilate under Ca 2+ derived myosin phosphorilation. This phosphorilation can be induced by
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jcm PhD thesis CRI norepinephrine release for example. Smooth muscle cells are the main control of penetrating arteriol diameter and therefore, they are responsible for more than 70% of brain resistivity [Iadecola, 2017]. They can pile over multiple layers in the case of big arteries [START_REF] Girouard | Neurovascular coupling in the normal brain and in hypertension, stroke, and alzheimer disease[END_REF]. As later detailed they transition toward pericytes deeper we go inside the parenchyma. The exact moment of the transition is part of a century long debate in the field.

The pericyte

The pericyte might be the brain cells whose definition is the least consensual [Iadecola, 2017, Rungta et al., 2018]. They appear, for some at least, to be contractile cells with the expression of α -SM A and myosin [START_REF] Armulik | Pericytes: Developmental, physiological, and pathological perspectives, problems, and promises[END_REF]. Although, some claim that not all pericyte would exert this contractile power. It is explained later that depending on the depth in the vascular tree, pericytes might act differently. Under the contractile hypothesis, a consensus exists over their control of pre-capillaries arterioles diameter, while acting as gating agent at the transitional segment before the capillaries [START_REF] Zambach | Precapillary sphincters and pericytes at first-order capillaries as key regulators for brain capillary perfusion[END_REF]. Others suggest it could even be controlling the diameter of capillaries themselves while reacting to calcium waves in which case they could be enslaved by astrocytic signals. Another potential microvessels regulation by pericytes is a response to glutamate release that would induce prostaglandine E 2 pathway mediated dilation of capillaries [Nortley andAttwell, 2017, Kugler et al., 2021].

The astrocyte

First glial cell to be observed and described, this stellar cell accounts for around 40% of brain cells [START_REF] Nortley | Control of brain energy supply by astrocytes[END_REF]. hey were initially thought as a support to sustain neurons. It has been proven that they actually have a great role in synaptic function and neuroplasticity while being a key element of the NVU [START_REF] Zonta | Neuron-toastrocyte signaling is central to the dynamic control of brain microcirculation[END_REF]. Some of the astrocyte processes encapsulate many synapses where they control the cleft content while they also have a polar feet that ensheath blood vessels. Furthermore, they play an important role in vessels density and branching during development [START_REF] Kugler | The "Neuro-Glial-Vascular" unit: The role of glia in neurovascular unit formation and dysfunction[END_REF]. This link with the vascular system is maintained through time as it is estimated that around 99% of vessel surface is covered by astrocytes endfeet [START_REF] Barar | Blood-brain barrier transport machineries and targeted therapy of brain diseases[END_REF], making it a cornerstone of vascular sensing and regulation. The synaptic processes are believed to probe the neuronal activity. They would trigger an astrocytic blood flux modulation [START_REF] Iadecola | Glial regulation of the cerebral microvasculature[END_REF]. The famous calcium waves navigating through the astrocytic network could be a key regulator of vascular tone. These waves would restore a resting state after neurally driven dilation through the emission of potent vasoconstrictor such as arachidonic acid. Some propose a cascade of regulation from the neurons to vessels through the astrocyte with an oscillatory maintenance of vascular tone [START_REF] Mateo | Entrainment of arteriole vasomotor fluctuations by neural activity is a basis of blood-oxygenationlevel-dependent "resting-state" connectivity[END_REF]. This interesting cascade of regulation might explain the following model proposed as a potential source for Resting state Functional Connectivity (rsFC). Finally, as their feet express a lot of aquaporine they are believed to be a key monitor of water concentration [START_REF] Nielsen | Specialized membrane domains for water transport in glial cells: high-resolution immunogold cytochemistry of aquaporin-4 in rat brain[END_REF].
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The neuron

Neurons are primary afferents of the NVC. Although, most of their role appears to be indirect [Iadecola, 2017]. If diffusion of excitatory neurotransmitters such as glutamate, or inhibitory ones such as GABA 1 , influence constriction of surrounding vessels, direct contacts from synapses to vessel with the release of nitric oxide and prostaglandines appear negligible compared to astrocytic massive ensheathing [Iadecola, 2017]. Interneurons are believed to play a key role in regulating vascular tone [START_REF] Lecrux | Neuronal networks and mediators of cortical neurovascular coupling responses in normal and altered brain states[END_REF]. In addition, pyramidal excitatory neurones would be source of local hyperemia. Some specific excitatory long range neurons from the Trigeminal Ganglion (TG) and basal forebrain also participate massively in superficial arteries contraction [Hamel, 2006].

The microglia

Probably the last add-on to the NVU, the microglia is mostly known for its role in the immune response [Iadecola, 2017]. Nonetheless, direct contact with vessel has been observed while its role in the monitoring of NVU seems to be better detailed [Bisht et al., 2021]. For now, its purinergic actions seems to be of importance in the hyperemic signal, but also under hypoxia conditions [START_REF] Császár | Microglia modulate blood flow, neurovascular coupling, and hypoperfusion via purinergic actions[END_REF]. Put together these cells build an efficient network ensuring transport of key molecules for the cerebral function. The mechanisms evolve can be elicited by following the blood flow from the main arteries to the largest veins.

Superficial arteries

Arteries are characterised by a structure allowing massive active control of the CBV. Like all vessels the blood circulates in a lumen surrounded by a layer of endothelial cells. In arteries the lumen is expected to measure more than 50 -100µm [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. The difference arises in the capacity to regulate tightly their diameter with multiple layers of SMC connecting to the endothelial layer through an elastic lamina. Further one goes downstream thinner is the SMC layer [Iadecola, 2017]. It suggests a hierarchical structure in the control of the flow. For big vessels a Poiseuille's flow regime can be hypothesised which under constant pressure (for the sake of the example) allows the arteries to control the flow by modulating their diameter [START_REF] Hirsch | Topology and hemodynamics of the cortical cerebrovascular system[END_REF]. In this case, upstream arteries are main controller of the volume distributed in the network. They are also believed to be of key importance for the mechanism of autoregulation [Hamel, 2006].

Main perfusing arteries

The main entry points of the brain vascular territory are four big arteries ( left and right carotid and vertebral arteries) branching from the aortic arch [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. Before penetrating the skull, the vertebral arteries connect together to form the basal artery. The basal artery after entering the skull cavity branches with what became the internal carotides through the posterior communicating artery forming the well known and identifiable structure that is the Circle of Willis [START_REF] Xiong | Precise cerebral vascular atlas in stereotaxic coordinates of whole mouse brain[END_REF]. From this polygon, Figure 17: Illustration of the vascular system. Atlas of the vascular system [START_REF] Xiong | Precise cerebral vascular atlas in stereotaxic coordinates of whole mouse brain[END_REF], in red is displayed the main arteries in blue the main veins.

the main 6 perfusing arteries rise inside the brain targeting sub cortical regions and on the surface of it for the cortical vascular territory. Among those, it is worth noticing:

The Anterior Cerebral Artery: which perfuses the hypothalamus, the striatum, the olfactory bulb and some dorsal parts of the cortex.

The Middle Cerebral Artery: which perfuses roughly all parts of the cortex but also some hypothalamic, striatal and amygdalar regions.

The Anterior Choroidal Artery: which perfuses mainly the thalamic regions and some posterior parts of the Amygdala.

The Posterior Cerebral Artery: which perfuses the midbrain and hippocampus but also the superior colliculus and some caudal parts of the cortex.

Pial arterioles

From this superficial (in terms of parenchyma) main perfusion channels, a dense network spreads along the surface of the brain in the subarachnoid space below the dura matter and above the pia matter [START_REF] Blinder | Topological basis for the robust distribution of blood to rodent neocortex[END_REF]. The pial arterioles, surrounded by Cerbro-Spinal Fluid (CSF) are consequences of successive branching of the main arteries resulting in homogeneous distribution of blood across all the surface of the brain.

This network is one illustration of the self-similarity of the vascular system [Gleick, 1996]. This successive branching is happening at different scales (arteries, arterioles, capillaries)
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Figure 18: Illustration of the vascular structure. Schematic of the arterial vascular hierarchy [START_REF] Xiong | Precise cerebral vascular atlas in stereotaxic coordinates of whole mouse brain[END_REF].

and is one of the key features of the vascular tree. This geometrical feature creates a dense paving of the 3D space. Thanks to self similarity, blood vessels which are 1D can perfuse the whole parenchyma. Whether this structure is fractal or not is debated. Some suggest it would be the case. This self similarity could give passive filtering properties of the vascular system. In this case, this branching pattern is fast dumping the heart generated vascular wave distributing in an efficient manner the pressure wave across the whole network and ensuring a roughly homogeneous flow at the capillary level [Gleick, 1996]. This model of course must be completed by all elastic and active components of the network, but it gives an interesting insight on how the structure itself of the network ensures its function and potentially its sustainability against the aggressive 24/7 beating of the cardiac pump.

Around the pial arterioles are stacked a few layers of SMC entangled with innervation coming from peripheric ganglions (superior cervical, sphenopalatine and otic gaglia or TG) [Hamel, 2006]. This "extrinsic innervation" sends different types of messengers [START_REF] Girouard | Neurovascular coupling in the normal brain and in hypertension, stroke, and alzheimer disease[END_REF]]. The sympathetic system through the superior cervical releases norepinephrine and neuropeptide Y . The parasympathetic nerves originating from the sphenopalatine and otic gaglia release vasoactive intestinal peptides, nitric oxide or nitric oxide synthase. Finally the TG in addition to afferent signal is the only sensory probing of the brain vasculature. It releases Calcitonin gene-related peptide (CGRP), substance P, neurokinin A and pituitary adenylate cyclase activating polypetides to regulate the arterial tone. The sympathetic system is believed to protect the brain from increased pressure through its contractile action. Conversely, the trigeminal ganglion, after sensing this contraction restores vascular tone through the release of potent dilator CGRP [Iadecola, 2017]. This last feature makes of TG a favoured target for drug treatment against migraine and will be subject for further discussions later in this thesis (12).
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Intraparenchymal vessels

Once uniform distribution is achieved the pial arterioles make a 90 o turn and penetrate perpendicularly in the tissue [START_REF] Girouard | Neurovascular coupling in the normal brain and in hypertension, stroke, and alzheimer disease[END_REF]. It is important to keep in mind that these changes are gradual and easy distinction between types of vessels is not systematic [START_REF] Hirsch | Topology and hemodynamics of the cortical cerebrovascular system[END_REF]. This challenging distinction between cell types and vessel identification (when does an arteriole becomes a capillary ?) probably initiated conflicting results due to divergent terminologies. It emphasises again the importance of proper terminology. At this stage the subarachnoid space with the disappearing of Virchow-Robin space space is replaced by the perivascular space surrounded by the endfeets of astrocytes as well as vessel associated microglias [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. It is also when penetrating the tissue that innervation of the vessel switches from the "extrinsic innvervation" regulated by peripheric ganglions to the "intrinsic innervation" whose central sources as neurons or glial cells [Hamel, 2006].

Penetrating arterioles

The penetrating arterioles end up with a very slim SMC layer which finally reaches the critical monolayer thickness at the deepest [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. The penetrating arteriole can reach between 10 and 30µm of diameter. Its superficial part is surrounded by a perivascular space that can be filled with multiple types of cells ensuring immune responses (perivascular macrophages, Mato's cell or mast cells) [Iadecola, 2017]. The deeper the arteriole the thinner the perivascular space until contact between the glial membrane and muscular membrane. At this level arises the "neuronal-astrocytic-vascular" tripartite unit which for some forms the "canonical" NVU [START_REF] Kugler | The "Neuro-Glial-Vascular" unit: The role of glia in neurovascular unit formation and dysfunction[END_REF]. Classically, two pathways are believed to dominate blood flow at this depth. On the first hand, direct activation of the vascular cell due to perivascular release of neurotransmitter can induce contraction (through 5 -HT 1B for example) or dilation (in presence of acetylcholine or nitric oxide) [START_REF] Girouard | Neurovascular coupling in the normal brain and in hypertension, stroke, and alzheimer disease[END_REF]. On the other hand, it was shown that astrocytes direct contact on the vessel basal lamina participates in the regulation of brain microvessels tone. More recently, some studies have suggested that microglia could participate in the regulation of blood flow through purinergic contacts [START_REF] Császár | Microglia modulate blood flow, neurovascular coupling, and hypoperfusion via purinergic actions[END_REF]. It is believed that most innervation on penetrating arterioles are due to local interneurons and long range projection from brainstem nuclei, namely the basal forebrain cholinergic nuclei, the locus coeruleus and the raphe magnus. Downstream in the vascular network, the penetrating arteriole loses its SMC ensheathing layer. SMC are replaced with pericytes [START_REF] Armulik | Pericytes: Developmental, physiological, and pathological perspectives, problems, and promises[END_REF]. It marks the transition toward the capillary bed [START_REF] Zambach | Precapillary sphincters and pericytes at first-order capillaries as key regulators for brain capillary perfusion[END_REF].

Capillaries

The true definition of capillary is still uncertain as the pericyte contractile action remains debated [START_REF] Armulik | Pericytes: Developmental, physiological, and pathological perspectives, problems, and promises[END_REF]. There seems to be a partial consensus, in mice, that capillaries are vessels whose diameter is below 10µm with most of them ≈ 5µm. At this scale the viscosity becomes non negligible in modelling blood flow [START_REF] Grutzendler | Cellular control of brain capillary blood flow: In vivo imaging veritas[END_REF]. This reduced space forces RBCs to squeeze in order to go through some capillaries lumen [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF]. As a result, capillarian stream is expected to present high non linearity. Using two-photon microscopy, a flow of about 0.1 to 1mm/s was measured, with
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As a result of non-linearities, in this regions, RBC concentration is not necessarily well represented by CBV. Although, this criticism is targeted to capillary diameter as a surrogate of RBC count. By transitivity the precision of oxygen perfusion in neighbouring tissue is also questioned for microscopic measurements. For fUS the signal is assumed to directly infer the amount of RBCs. While contractile pericytes surround partially the penetrating arteriole, a specific kind of pericyte marks the entry of the capillary bed [START_REF] Zambach | Precapillary sphincters and pericytes at first-order capillaries as key regulators for brain capillary perfusion[END_REF]. Observation of sphincters at the entrance of some microvessels suggests a ON/OFF type of mechanism. Together with the finding of nanotubules connecting microvessels and dictating non used vessels to constrict when a neighbouring vessel dilates [Alarcon-Martinez et al., 2020], a smart referral system emerges at this scale of the network. The underlying model can be shortly described as follow: the sphincters open the gate for blood to penetrate a part of the capillary network when needed, while shutting the unused neighbouring area. This smart network could tune precisely which region to perfuse at any given time under constant blood volume constrain.

Passed these sphincters, capillaries are sorted by numbers of node to cross from an arteriole (1 st order capillary, 2 nd order etc...). This highly branched network of small vessels, thought to represent around 80% of CBV [START_REF] Kaplan | Neuronal regulation of the blood-brain barrier and neurovascular coupling[END_REF] is what truly gives 3D reach to the neurovascular network [START_REF] Ji | Brain microvasculature has a common topology with local differences in geometry that match metabolic load[END_REF]. As a result, the distance between any neuron and the closest blood vessel is estimated to be between 15 and 40µm. Most exchanges between the brain and the blood is expected to occur through these walls. The capillary network is inhomogeneous and slightly anisotropic. The main source of anisotropy comes from white matters track along which the vascular tree tends to flow parallel [START_REF] Ji | Brain microvasculature has a common topology with local differences in geometry that match metabolic load[END_REF].

The distribution of vessels is believed to match the metabolic need of tissue [START_REF] Ji | Brain microvasculature has a common topology with local differences in geometry that match metabolic load[END_REF]. Consequently, the main density is expected to be found close to synapses that are known for being the most energy demanding part of the neuronal network.

Venules

The veinous system, and more precisely veinules are probably the least studied component of the brain vascular network. As for pre-capillary arterioles, the distinction between capillaries and veinules is undetermined. Veinules are post-capillary veins. They lack perivascular cells and have a diameter around 14µm. In most descriptions, they play the role of passive filters of the vascular signal. This view is defended by the absence of contractile tissue around them, and builds the basis of the balloon model where passive veinules act as a reservoir controlled by active pre-capillaries arterioles and transition segment sphincters [Buxton et al., 1998]. Such «balloons »would be an important locus of CBV having a central role of reservoir, damping active components fast dynamics. The canonical Hemodynamic Response Function (HDR) is therefore described as a two phase phenomenon with a fast arterial activation followed by a slow veinous activation. More recently this balloon model has been partly challenged with the active hypothesis over the capillary bed [Iadecola, 2017]. 

Superficial and extracranial veins

The main brain draining system gathers a collection of veins and sinuses. As mentioned in the previous section very little atlases exist for the veinous system as most work focuses on arterial inflow. As a result the veinous nomenclatura as well as associated territories are less documented [START_REF] Xiong | Precise cerebral vascular atlas in stereotaxic coordinates of whole mouse brain[END_REF]. In addition, differences between murine and human anatomies are non negligible [START_REF] Mancini | Head and neck veins of the mouse. a magnetic resonance, micro computed tomography and high frequency color doppler ultrasound study[END_REF]. Generalisation of findings from one model to the other [START_REF] Kılıç | Anatomy of cerebral veins and sinuses[END_REF] are consequently hasardous. Due to the lack of veinous tone, the diameter of veins is bigger than feeding artery. Their average diameter is around 250µm. The mouse cerebral outflow network is similar to the human brain for its dorsal structure but differs when it comes to the ventral part [START_REF] Mancini | Head and neck veins of the mouse. a magnetic resonance, micro computed tomography and high frequency color doppler ultrasound study[END_REF]. Three extracranial vein pairs drain blood out of the brain:

External Jugular veins: main output of the brain, drain most of cortical, hippocampal and thalamic regions

Internal Jugular veins: drain part of the medial part of the brain Vertebral veins: drain the midbrain, the plexus regions and the cerebellum Inside and at the periphery of the skull big veins and sinuses, due to their size (the External Jugular Vein (EJV) is 2mm thick) are important landmarks for fUS. From rostral to caudal the Olfactory Sinus drains into the Rostral Rhinal Veins. This structure circles around
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jcm PhD thesis CRI the olfactory bulb branching on the Superficial Temporal Veins laterally and the Superior Sagittal Sinus (SSS) for its posterior section. The SSS drains the frontal and parietal lobes of the brain into the Confluence Sinuum where it meets: the Straight Sinus draining the deep brain veinous system from Hippocampus and Thalamus through the Inferior Sagittal Sinus and below the Galeno vein and the Transverse Sinus collecting the Posterior Superficial Vein, the Superficial Cerebellar Vein and Petrosquamous Sinus from posterior regions. The Transverse and Petrosquamous sinuses find their way across the complex structure of skull cavities to the EJV and the Internal Jugular Vein through the Sigmoid Sinus. Noteworthy for the awake fUS signal, in parallel, the Cavernous Sinus drains into the Superior Petrosal Sinus splitting in two, the main branch joining the EJV through the Sphenoid Bone and the small one meeting the Sigmoid sinus. Outside of the skull the EJV branches in three facial veins: Posterior Facial Veins, Anterior Facial Vein and the Maxillary Vein. Downstream both pairs of jugular veins branch before joining the cave vein.

Couplings

With this pipe network, through the diversity of mechanisms involved at different scales and depths of the vascular network, the notion of «Neuro Vascular Unit »is now being revised. Indeed, the simplistic view that a single neuron, astrocyte, mural cell unit reproduced everywhere in the network seems outdated [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. Costantino Iadecola proposed recently an evolution in terminology with the Neuro Vascular Complex. This complex would be a collection of vascular modules whose role depends on the type of stimulation and the scale at which it happens. Below are discussed the different kinds of coupling that were described among the aforementioned structures and mechanisms.

Feedforward VS feedback hypotheses

It is now well accepted that NVC occurs in order to maintain a balance between supply and consumption. The coupling is believed to sustain metabolic needs [Attwell et al., 2010]. If the exact nature of what is maintained is unsure, because the brain substrates of energy are known to be oxygen and glucose, they are believed to be the main quantities to be regulated [START_REF] Muoio | The neurovascular unit -concept review[END_REF]. Although, evidences suggest that other functions are sustained by the NVC. For example: the ionic balance maintenance or heat transfer are modulated by the NVC [START_REF] Zhu | How the body controls brain temperature: the temperature shielding effect of cerebral blood flow[END_REF]. Based on this sustaining role, a feedback hypothesis on the sources of hyperemia emerged as a naturalistic way to describe an efficiently enslaved system [Buxton et al., 1998]. Direct observations challenge this feedback hypothesis. A stimulus driven increase in CBV is 2 to 4 times more intense than the change of metabolic rate of oxygen [START_REF] Muoio | The neurovascular unit -concept review[END_REF]. Although, thermodynamical consideration can justify the need of saturating the system with high partial fractions of O 2 to maintain dynamical efficiency of the retroactive system. The same model proves that pO 2 would be the only quantity justifying a fast mechanism ∼ 1s to be established. This feedback hypothesis relies on other compounds clearance. Indeed, some metabolic induced by-product tend to act as vasodilators as it is the case for adenosine, CO 2 or lactate.
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More recent findings also question the solely feedback hypothesis [Attwell et al., 2010]. As variations in pO 2 represent only 5% of its baseline value, a mechanism solely dedicated to its balance is questionable [Drew, 2019]. In addition, hyperemia occurs also in absence and excess of energetic substrates like glucose and oxygen [START_REF] Attwell | The neural basis of functional brain imaging signals[END_REF]. From these observations some concluded that additional mechanisms must partially drive the overall coupling. The feed-forward hypothesis models vasodilation induced by pre-synaptic by-products such as K + nitric oxide or prostanoids.

Both models most certainly co-exist in the highly redundant network of the cerebrovascular system [Iadecola, 2017]. A fast action can be related to the feed-forward hypothesis and account for quick hyperemia in response to local pre-synaptic release of neurotransmitters. This fast effect is probably amplified and accelerated by astrocytic endfeet rich machinery. A slower component would require integration by third parties. This slow component can be associated to autoregulation phenomenons, whether they are due to local interneurons or distal excitatory inputs from Raphe Nucleus or TG. These signal role would lead to restoration of all variables closer to some physiological target values. This bimodal model explains the first overshoot after stimulation which tends to mitigate after a while with a transition from one regime to the other. Another way to summarise this description could be to see the brain vasculature at rest as a dissipative system at the equilibrium requiring constant slow feedbacks. This feedback would require low power to maintain balance. Any focal activity would trigger local exagerated counter measures. These hyperemic events would transiently dominate but their propagation would dissipate in the feedback mechanisms.

From all these studies emerged the idea that the target values might depend on the localisation with metabolic needs of different magnitudes between brain regions. This model requires parameters fitting to be regions specific [START_REF] Rungta | Diversity of neurovascular coupling dynamics along vascular arbors in layer II/III somatosensory cortex[END_REF].

Direct hyperemia

We call hyperemia the fast surge of blood following a local neuronal activity [START_REF] Muoio | The neurovascular unit -concept review[END_REF]. It starts by an AP emission from a neuron. The neuron activation sends messages all the way to pericytes [Iadecola, 2017]. At this stage, the diversity in this cell type results in different responses depending on the vascular tree depth. For pericytes surrounding the capillaries if a debate exists on their active role in capillary bed dilation, they at least modify local elastic characteristics facilitating this dilation [START_REF] Mishra | Astrocytes mediate neurovascular signaling to capillary pericytes but not to arterioles[END_REF]. For precapillary pericytes they play an active role in the opening of the pipes of interest. With calcium imaging, a delay has been observed between sphincters opening and downstream pericytes [START_REF] Rungta | Vascular compartmentalization of functional hyperemia from the synapse to the pia[END_REF]. These precapillary cells seem to dilate before their capillary fellows while being further from the activation source. As a result a back propagated signal has been hypothesised to fast transport the command upstream through gap junctions of endothelial cells.

Based on this description, an activation in any focal point of the brain induces two propagating signals, one upstream where the command must reach the feeding precapillary arterioles which are the first to dilate. Depending of the command and its magnitude, if needed, this signal can reach up to the pial arteries. Upstream opening of blood influx propagates down to the capillary of interest guided by the network of sphincters. Finally,
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jcm PhD thesis CRI in the capillary, a facilitated dilation occurs. This dilation maximises the amount of oxygen released to restore physiological state and clear extra amount of waste through the veinous network [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF]. This retropropagatory signal has been finely observed in the olfactory bulb where timings of activation are sharp and compartmentalisation robust [START_REF] Rungta | Vascular compartmentalization of functional hyperemia from the synapse to the pia[END_REF]. In the cortex such a succession of events was not found [START_REF] Rungta | Diversity of neurovascular coupling dynamics along vascular arbors in layer II/III somatosensory cortex[END_REF]. Even though more recent observations mitigate the absence of compartmentalisation [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF]. This last contradiction confirms the regional diversity of mechanisms. The retropropagation also highlights possible loss of sensibility in respect to the origin of a vascular burst. Because all the downstream network is perfused by activation of the uppest point reached by then endothelial signal, imaging technique would overestimate the size of any responding area [START_REF] Schaeffer | Revisiting the neurovascular unit[END_REF].

As summarised in [Drew, 2019] there is no single pathway linking neuronal or astrocytic activation to induce dilation at any depth of the vascular tree. Whether it is direct release of neuronal (nitric oxide or neuropeptides) or astrocytic (calcium signaling) vaso-controlling signals that mainly drive hyperemia appears now irrelevant given the amount of competing literature. Although, some generalities start to emerge. It appears that interneurons are the main drivers of the neuronal part of the coupling [Cauli andHamel, 2010, Nunez-Elizalde et al., 2022]. On the other side, if astrocytes have an influence on hyperemia [START_REF] Zonta | Neuron-toastrocyte signaling is central to the dynamic control of brain microcirculation[END_REF] they don't seem required [Iadecola, 2017].

The haemodynamic response model

If the exact nature of NVC appears far from simple, an overall observation remains universal and relatively clear: neuronal activation, in some ways, induces local increase in perfusion. From this initial and reproducible observation, a simple model is defined based on the convolution of a canonical Haemodynamic Response Function (HRF). This kind of model very well applies for regression analyses [Friston et al., 1995a].

At this stage, it is important to remind that such models are not explaining the mechanisms involved (which we have seen are numerous) but quite the opposite. As it is universally the case, modelling is not an explanation of the system studied. Modelling is, under assumption, an estimate of the system state. Because the model should be fitted it could suggest that it gives the mechanistic explanation of how the system behaves. Although it is the strict opposite that occurs. The actual explanation stands in the hypothesis. The model is only a tool generating observables. In our case these observables serve to verify the hypotheses. If the hypotheses are already verified, the model can be used to predict future observations with an estimated error.

On the first level the HRF can be modelled by a simple gate function. In this case, the assumption can be translated as: «perfusion is higher when neurons activate ». From this statement one can test multiple hypotheses: «what region is associated with visual stimulus ? »can be answered by identifying voxels whose timeseries is higher during stimulation [START_REF] Petersen | Positron Emission Tomographic Studies of the Processing of Singe Words[END_REF], Belliveau et al., 1991]. It is interesting to see that the gate function already gives good inference in many cases. This model is still used extensively in fUS literature [START_REF] Gesnik | 3D functional ultrasound imaging of the cerebral visual system in rodents[END_REF], Provansal et al., 2021[START_REF]Ultrasound localization microscopy and functional ultrasound imaging reveal atypical features of the trigeminal ganglion vasculature[END_REF], Droguerre et al., 2022] INSERM-IPNP jcm PhD thesis CRI as well as other domains. Advantages and weaknesses of this hypothesis rely on the absence of temporal structure refinement. The exact shape of the hrf is debated. Chosing arbitrarily a hrf could lead to biased conclusions. Conversely, reduction of hypotheses guarantee some robustness in the observed effect. Although it mechanistically reduces the statistical power.

Overall it consists in a good first approximation. This is probably why many studies show the auc estimates to compare baseline and stimulation conditions for example. Area Under the Curve (AUC) is a direct derivative of this model. Given all the knowledge accumulated on NVU it would have been a shame not to refine this first level function [START_REF] Friston | Analysis of functional mri time-series[END_REF]. Without entering in the details: this stimulus induced HRF was initially explained with a Poisson function h(τ ) = λ τ e -λ /τ !. It later evolved as a gamma function usually characterised by three parameters:

• RH the response height encoding intensity of the response.

• TTP the time to peak first observed around 6s in the case of BOLD.

• FWHM the full width at half height giving an idea of hrf duration around 5s as well.

Because at the time, the reference imaging technique was fMRI, the model has been tuned to represent variations in haemoglobin oxygenation measured in BOLD signal. Fitted parameters translated this modality signature. The model was later refined to also consider an initial dip thought to represent initial consumption of oxygen in the activated area neighbourhood. A long term (∼ 30s) undershoot was also added. This method, with the generalisation of Generalised Linear Model (GLM) analysis, soon made the model refinement a minor issue in respect to robustness observed in block designed experiments (when conditions last for a few seconds) [START_REF] Handwerker | The continuing challenge of understanding and modeling hemodynamic variation in fMRI[END_REF]. Although, quick enough, researchers started to tackle the procedure limits with the spreading of event related designs looking for faster changes in the signal. In the late 90s models encompassed non linearity with the use of Volterra series expansion [START_REF] Friston | Nonlinear event-related responses in fMRI[END_REF]]. These observations were gathered in a unifying mechanistic model, the already introduced «Balloon model » [Buxton et al., 1998]. Both Volterra's extensions and the Balloon model proved to be mutually explaining [Friston et al., 2000]. The strength of this model is the possibility be robust in the linear regime while maintaining validity in the non linear case where it keeps physiologically relevant parameters. A main criticism comes from the little direct experimental validation, while its generalisation remained astonishing as it could predict oscillatory phenomena as the ones reported in RsFC.

For more than a decade, this theoretical framework has been widely accepted even though some tried to refine some components. As any unifying model, some criticisms have accumulated over the years while most studies currently just assume its validity. It is probably because the typical reported timings did fit the fMRI resolution that the model found such a consensus in the community [Handwerker et al., 2012, Polimeni andLewis, 2021]. Although with technical improvements fMRI data increased quite significantly its temporal resolution with the possibility to acquire full volumes in less than 400ms. Consequently some now report the possibility to detect sub 100ms differences in hyperemia initiation, beyond the canonical HRF possibilities. In addition, all the recent discoveries of the NVC field described in the previous sections, mainly driven by 2-photons imaging, bring new arguments toward new

INSERM-IPNP

jcm PhD thesis CRI models reducing the gap between haemodynamics signal and its neuronal source [START_REF] Polimeni | Imaging faster neural dynamics with fast fMRI: A need for updated models of the hemodynamic response[END_REF].

To summarise, most mechanistic principles behind the «Balloon model »have been mostly debunked in the last 30 years. As an example the role of venules as a volume reservoir, the absence of capillary recruitment [START_REF] Handwerker | The continuing challenge of understanding and modeling hemodynamic variation in fMRI[END_REF] etc... Although, as the fundamental principles that motivated this formalism (the notion of reservoir itself, active and passive components etc...) maintained the practical validity of the model [START_REF] Boynton | Linear systems analysis of functional magnetic resonance imaging in human v1[END_REF]. Moreover, because the linear regime seems to be sufficient for most studies this reference framework remain in most cases relevant and practically useful. Although, recent advances call for the revision of these principles. Because we saw the complexity that emerged from the investigation and deconstruction of the NVU, alternative unifying models are probably out of grasp. Like for all models, the HRF must be used in its regime of validity. Experimenters and analysts shall at least keep in mind the limitations but also opportunities brought by non-linearities [Friston et al., 2000]. It is critical to acknowledge the great variability of the HRF across individuals, brain regions but also sometimes conditions [START_REF] Handwerker | The continuing challenge of understanding and modeling hemodynamic variation in fMRI[END_REF]. For example, recently, conflicting results were brought in the fUS community during the fUS brain 2022 conference. In this case two similar experiments, one in mice [Nunez-Elizalde et al., 2022] and the other on in monkeys [START_REF] Claron | Covariations of cerebral blood volume and single neurons discharge during resting state and behavioral visual cognitive tasks in nonhuman primates[END_REF] opposed respectively a uniform transfer function to reversed coupling in neighbouring regions. In this case a single model can not make such a leap.

Vasomotion and the resting state functional connectivity

As explained in the previous section, from a coupling integrated in the balloon model, random neuronal sources can induce oscillations in the 0.1Hz range which are the basis of rsFC [Friston et al., 2000]. Although, other patterns around this frequency occur in the brain at the neuronal scale. As described by [START_REF] Mateo | Entrainment of arteriole vasomotor fluctuations by neural activity is a basis of blood-oxygenationlevel-dependent "resting-state" connectivity[END_REF] two additional mechanisms arise spontaneously around at infraslow rhythms. Vasomotion is the spontaneous oscillation observed in arteries and arteriole walls in the brain but also other organs. This tone wave oscillates along the whole vascular tree around 0.1Hz. Finally, the famous γ-band of neural oscillation is believed to be tightly connected to vascular hyperaemia [Niessing et al., 2005]. It is the envelop of these spontaneous cortical oscillations which fluctuates in the infra slow band around 0.1Hz.

Based on these observations, [START_REF] Mateo | Entrainment of arteriole vasomotor fluctuations by neural activity is a basis of blood-oxygenationlevel-dependent "resting-state" connectivity[END_REF] hypothesised that there is a coupling between the γ-band envelop oscillations and vasomotion signal. They stipulate that local coherence in the γ-band could trigger a pull on vasomation and locally phase-lock their oscillations. In this model, the increase of coupling is indirectly observed in RsFC. The claim is supported by strong experimental observations, as they prove that artificial stimulation of a γ-band neuronal oscillations induced phase lock between the envelop and arterioles diameter. They also show that this coupling is local as it drops below chance level at 1.4mm distance but reappears distally in cortical regions which are known to be connected through the callosal corpus while disjoint vascularly (d > 5mm). They finally demonstrate that the phase locked dilation influences tissue oxygenation [START_REF] Mateo | Entrainment of arteriole vasomotor fluctuations by neural activity is a basis of blood-oxygenationlevel-dependent "resting-state" connectivity[END_REF].

Altogether in accordance with an increasing part of the literature reporting links between
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jcm PhD thesis CRI calcium waves [START_REF] He | Ultra-Slow Single-Vessel BOLD and CBV-Based fMRI spatiotemporal dynamics and their correlation with neuronal intracellular calcium signals[END_REF], γ band oscillations and blood signal [START_REF] Bergel | Local hippocampal fast gamma rhythms precede brain-wide hyperemic patterns during spontaneous rodent REM sleep[END_REF] an alternative part of the NVC more related to a basal activity due to intrinsic oscillations of the vascular tree strt to emerge.

Vasoneuronal coupling

More anecdotally, for now, the unidirectionality of neurovascular coupling has been recently challenged. Indeed, due to its critical role in the maintenance of brain function it is clear that disruptions in the vascular system (ischemia, stroke etc...) have influence on neuronal processes. Moreover, in recent years, its implication in the development of neurodegenerative diseases has been emphasised, showing vascular impairment, years and sometimes decades, before cognitive defects [de la Torre, 1994]. These discoveries open new ways into the early diagnosis of these illnesses, but also potential therapeutic windows, as causal links are envisioned. In the lab, we recently showed that after a Cortical Spreading Depression (CSD) a refractory period of complete neuronal inactivity is associated with the massive CSD induced hyper perfusion [START_REF] Bourgeais-Rambur | Altered cortical trigeminal fields excitability by spreading depolarization revealed with in vivo functional ultrasound imaging combined with electrophysiology[END_REF]. In this case, neurons significantly perturb their surrounding ionic balance through a enormous discharge of K + . The subsequent Local Field Potential (LFP) activity is down regulated as long as the blood has not restored the homeostasis. These two examples suggest a modulatory effect of the vascular system on neuronal function. These examples deal with an influence occurring in perturbed states of the system. Although, some started to question the relatively weak correlation of hyperemia to metabolic need while it fits so well the functional activity of neurons and astrocytes. [START_REF] Moore | The hemo-neural hypothesis: on the role of blood flow in information processing[END_REF] proposes a functional hypothesis of the vascular tree complex structure and dynamics. The main message is to consider the vascular system as an active member of the mechanisms underlying brain function, namely computation. He proposes hypothetical mechanisms such as blood borne messenger or mechanotransduction to surrounding neurons. This polemic idea and the last hypothesis have gained some experimental basis when was published a direct evidence of neuronal response to changes in arterial pressure. [START_REF] Kim | Vasculo-neuronal coupling: Retrograde vascular communication to brain neurons[END_REF] shows evidence of an intercellular communication when intraparenchymal arteriole pressure is increased. The pressure increase results in a down-regulation of pyramidal neurons activity. The effect is reverted and increased pressure induces calcium signal measured in astrocytes preceding the neuronal inhibition.

Altogether these considerations probably open a new domain of NVC coupling. They perpetuate the long standing question of the link between anatomy and function in the brain. After glial cells, the other components of the NVU could be associated with active contribution to the brain computation. This model goes in the direction of an holistic description of biological systems and the interdependence of different organs thought to be independent in the past. This approach resonates with the recent Gut Brain Axis increasing influence in the field of medicine and neuroscience [START_REF] Morais | The gut microbiota-brain axis in behaviour and brain disorders[END_REF].

Summary

To summarise this part, it was shown that far from the original description of a slave system sustaining neuronal activity, a complex interaction exists between the vascular network and the neuronal network. If CBV has an obvious role in maintaining homeostasis it appeared that the simple «buffer of oxygen debt hypothesis »does not hold and many paralleled pathways link neuronal activity and vascular dynamics. It is probably the emergence of non invasive methods for probing brain activity, through this coupling, that triggered a fast development of the NVC field. In this sense, fMRI has been for sure a fundamental driver for a better understanding of BOLD signals generative mechanisms.

We presented the many cells and compartments participating in NVC as well as the debated theories behind their functions. To simplify once again the model of vascular dynamics of the brain, we identify here three different levels.

Independently of neurons, the vascular system possesses its own oscillatory pattern. This local vascular network oscillation would be driven by signalling waves at the endothelial level. If this oscillatory pattern possesses some spatial and temporal coherence, in absence of central control, the different vascular network components don't show any particular peculiar synchronicity.

Under neuronal or astrocytic coherent activity a central drive can arise. Because of weak coupling of large phenomena, activities such as the travelling calcium waves or propagating γ-oscillations locally pull the ∼ 0.1Hz vascular tone toward a phase-locked pattern. This locking explains partly the spontaneous fluctuations of CBV.

In addition, strong coupling of weak events tune the CBV to extreme events such as APs or assembly activations. In this case, a feedforward signal triggers a fast response of local hyperemia potentially mitigated by stronger and slower feedback controls.

In fine, on the one hand, direct control of neurons seems restricted to large and rapid vasodilation with a back propagation up the vascular hierarchy and passive or mildly active recruitment of capillary bed. On the other hand astrocytes as well as specific deep structures and some ganglions (sphenoic, trigeminal etc.) would maintain global balance of the system active on slower scales for the first, and systemic variables for the later. Models of this system under the influence of the neuroimaging field quickly formalised a backbone. This reference model is still in use today while some of its hypotheses have been proven obsolete. Nonetheless, its application appears relevant as its predictions are still valid. Finally, from the role of a nursing system, the vascular tree is now hypothesised by some to be an active component of the computational function. Past the still limited amount of formal evidence, these claims raise interesting considerations regarding the indirect nature of vascular based neuroimaging techniques. This conceptual leap gives an additional value to haemodynamic signal, passed its neuronal slave component.

The next section shows how, independently of this large event of the direct neuronal NVC, the discovery of robust infra-slow rhythms allow the building of an abstract level in haemodynamic modelling that almost completely overcomes the problem of uncertainty in NVC mechanisms. By evaluating second order statistics FC allows to reduce the hypothesis beyond the mechanisms involved. The model relies only on the existence of a coupling to infer common sources of variability.

As we described earlier, the field of neuroimaging inherits from late XIXth century advances in physiology and neurosciences. It relies on successive fundamental findings in the physiology of brain cells, coupled with technological advances that allowed to measure their activity. These advances have highlighted the existence of an integrative neuronal network whose understanding bloomed during the XXth century. This sections presents how, from the network essence of the brain structure, functional connectivity has been operatively defined as the measure of covariance in haemodynamic signals [START_REF] Friston | Functional connectivity: The principal-component analysis of large (pet) data sets[END_REF].

Principle

The neuronal network

In its lectures from the 30s, [Sherrington, 1934] describes the neuronal organisation complexity. In this description, the brain and its constitutive neurons are the centre of movement control and sensory integration. Sherrington argues that a combination of excitatory and inhibitory neurons entangled in a complex fashion gives rise to the diversity of behaviours observed in animals. A key component in Sherrington's description is the «patterned »nature of neuronal network. One century ago, in his own terms, the dynamical essence of neuronal networks is already described. Sherrington describes a vast collection of excitatory and inhibitory neurons whose rule of connection and its evolution in time is the source of behaviour.

Later on, neurophysiologists focused on understanding the rules which govern the neuronal network. A main actor in this effort has been Donald Hebb with his famous Hebbian law. This law can be stated as: «What fire together wire together». This concept underlies most of the work on neuronal plasticity. It remains a central concept in the study of memory. By this description, Hebb gives an insight of how the coupling strength between nodes in the network encodes information. With such a simple rule, and its implications at connectome level, Hebb paved the way to memory consolidation or loss explanation through the integrative properties of the network.

Another seminal piece of work, comes from Vernon Mountcastle whose description of network structure and dynamics is summarised in [Mountcastle, 1979]. In this review, after introducing the evolutionary meaning of such constructs, Mountcastle describes the cortical column as the functional unit of the neocortex. Microcolumns are vertical juxtaposition of neuronal cells across layers. This architecture results in a cylinder of ∼ 30µm diameter for a 2500µm height (it builds a volume containing approximately 110 cells). He demonstrates based on data from the different cortical regions that the cortex is composed of a mosaic of such microcolumns which reproduce the same circuit. Mountcastle stresses out that they must not be seen as isolated one from the others, but as an horizontally connected network. Although, vertical connections prevail. In the end, the micro columns can be clustered together into minicolumns (∼ 500µm of diameter) that are commonly associated to function. Without going too much in the details of his findings, a key message Mountcastle gives in his discussion is about the modular structure of brain network. By describing the cortex as this assembly of parallel processing units, he defines the brain as a distributed network. The previously mentioned scale invariance of the integrative model (see (2.3)) is at the heart of this description. Micro modules build mini modules which make cortical areas. Once again, he concludes by highlighting the dynamical nature of this network. [START_REF] Gerstein | Neuronal assemblies[END_REF]] integrates these three historical physiological breakthroughs, and others, to define the concept of «neuronal assembly ». In his review he emphasises the abstraction level of this concept. It is such abstractions which are well vulgarised in [Changeux, 2006], where concepts and percepts interact in their physical substract that is the neuronal network. This framework is also formalised in [START_REF] Getting | Emerging principles governing the operation of neural networks[END_REF]. Here, a hardwire hypothesis is used, which stipulates that physical connections, or the anatomical network, is assumed fixed. This anatomical network is build at the smallest scale by building blocks (typical connections between 2 to 3 neurons). Getting argues that from the same network, multiple functions can arise based on modulation of the building block. By tuning the activity of the building blocks, the same elemental bricks can behave differently at the network level. For him, it justifies the efficiency of such an architecture in engendering complex behaviours in an economic way. Modulation of the network defines modes. «Each mode represents the functional organisation of the network that gives rise to a function or task ». Finally, in this set of interconnected neurons within a specific mode, at any given time (where the timescale must be defined), the activated part of the network defines a state. Past this formal description, [START_REF] Getting | Emerging principles governing the operation of neural networks[END_REF] also describes the practical aspect of measuring neuronal assemblies. This work, with all the studies it inspires from, describes the fundamental bases of modern brain connectomics.
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The functional network

Based on the Hebbian principle, if two neurons possess some synchronicity in their firing pattern, one can assume that they are connected. Formally [START_REF] Gerstein | Neuronal assemblies[END_REF]] defines belonging to a neuronal assembly by the correlation in neurons firing pattern. The measure of this synchronicity is called the functional connectivity. As an extension, the connection direction can be assessed by looking at delays in the correlation. In this framework, effective connectivity is defined by a weight matrix W such as x j = i W ij x i where x i represents the activity of a single neuron. It is precised in [START_REF] Gerstein | Neuronal assemblies[END_REF]] that W is usually non symmetrical for brain processes.

In [START_REF] Friston | Functional connectivity: The principal-component analysis of large (pet) data sets[END_REF] the operational limit of this framework is presented. Indeed, recordings of neuronal spike trains are intrinsically limited in terms of number of units that can be recorded together. As a result, intermediary polysynaptic pathways are missed or can only be hypothesised. For Friston, the principle is generalised and functional connectivity defined as «the observed temporal correlation between two electro/neurophysiological measurements from different parts of the brain ». In this case PET signal is used to observe coactivation of different regions of the brain. In this article Friston uses the PCA to investigate networks of functional connectivity.

This method parallels the development of task based activation as mentioned in (4.3.3). By controlling the experimental condition, the brain is forced to get into a specific state. Based on correlation criteria, statistical tools such as Statistical Parametric Map (SPM) allow to identify regions significantly associated to this state. From this seminal work of Karl Friston, functional connectivity describes such statistical maps which are order two statistics. In this case networks are intrinsically associated to a task.

In [START_REF] Biswal | Functional connectivity in the motor cortex of resting human brain using echo-planar mri[END_REF], for the first time, the study focuses on inter task period. Investigating MRI noise features, Biswal completed the classical task based (finger taping task) scheme with rest periods. After filtering out physiological confounds (respiratory and cardiac), a strong correlation is found between bilateral regions timeseries during resting periods. In this article, the observed signal is compared to contemporary results from rats [START_REF] Golanov | Spontaneous waves of cerebral blood flow associated with a pattern of electrocortical activity[END_REF]. Spike trains in the rats cortex phase lock oscillations in the same frequency range (∼ 0.1Hz). This initial observation was made in the motor cortex. In the following years Biswal confirms these findings in other regions, and other teams replicate the results [START_REF] Lowe | Functional connectivity in single and multislice echoplanar imaging using resting-state fluctuations[END_REF], Xiong et al., 1999]. Overall, researchers converge to establish a physiological relevance for studying neuronal processes in this resting state functional connectivity patterns [Lowe, 2010]. In a bit more than a decade, this connectivity pattern during rest condition became a reference method to evaluate brain functional networks.
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The Default mode network

In the early 2000s [START_REF] Raichle | A default mode of brain function[END_REF] report a consistently deactivated cluster of regions during tasks. They integrate previous findings from their team [START_REF] Shulman | Common blood flow changes across visual tasks: II. decreases in cerebral cortex[END_REF] with other reports [START_REF] Friston | Functional connectivity: The principal-component analysis of large (pet) data sets[END_REF] of regions whose activity increases at rest and disappears during tasks. This observation is confirmed in multiple cases (visual, acoustic, rest with eyes open or close) [Fransson, 2006]. It give rise to the concept of default mode network which designs this specific cluster (containing the posterior and ventral anterior cingulate cortex (P CC, vACC), the precuneus P C and the medial prefrontal cortex mP F C). Coupling the RsFC approach with this new finding, [START_REF] Greicius | Functional connectivity in the resting brain: A network analysis of the default mode hypothesis[END_REF] shows that these regions also exert strong connectivity at rest. Together these findings are interpreted as follow [START_REF] Greicius | Functional connectivity in the resting brain: A network analysis of the default mode hypothesis[END_REF]]:

1. P CC, vACC, P C and mP F C, parts of this anatomical network, appear strongly connected together.

2. Under rest condition, when the brain tunes to default mode, this connectivity can be measured with fMRI in the form of a strongly coupled ∼ 0.1Hz oscillation.

3. This network deactivates when brain shifts states toward a task driven mode.

In Greicius terms it provides «the most compelling evidence to date for the existence of a cohesive, tonically active, default mode network. »

We can now affirm that this Default Mode Network (DMN) is only one of multiple networks identified during resting state. In humans, [van den Heuvel and Hulshoff Pol, 2010] reviews the main networks found in (a) [START_REF] Biswal | Functional connectivity in the motor cortex of resting human brain using echo-planar mri[END_REF], (b) [START_REF] Beckmann | Investigations into restingstate connectivity using independent component analysis[END_REF], (c) [De Luca et al., 2006], (d) [START_REF] Damoiseaux | Consistent resting-state networks across healthy subjects[END_REF], (e) [START_REF] Salvador | Neurophysiological architecture of functional magnetic resonance images of human brain[END_REF], (f ) [van den Heuvel et al., 2008]. 8 main networks associated to resting state are identified and mostly related to somatosensory regions (see: (Fig. 21)): primary motor, primary visual, extra-striate visual, insular-temporal/ACC, left parietal-frontal, right parietal-frontal, default mode network and frontal network. These are usually referred to as Resting State Networks (RSN).

Researchers started to question the function of such covarying regions. The overlap with known function (visual regions, motor cortex...) is interpreted as anatomical relevance [van den Heuvel and Hulshoff Pol, 2010]. The main model suggests that the underlying neuronal network imposes physical connection between regions far apart. During activity, task related regions show correlation related to the task. Outside of the stimulation the physical link remains. As a result, spontaneous activations of neurons favourably propagate within this sub-network. The covarying oscillation observed around 0.1Hz would be triggered by this spontaneous propagation of information in the brain, channelled in specific resting states networks. A potential mechanisms underlying these fluctuation has been presented in (4.3.4), where spontaneous vasomotion which oscillates with short distance coherence is tuned to local neuronal activity. The coactivation of neurons along these subnetworks would synchronises vascular tone along these axes and engender rsFC patterns [START_REF] Mateo | Entrainment of arteriole vasomotor fluctuations by neural activity is a basis of blood-oxygenationlevel-dependent "resting-state" connectivity[END_REF].

The default mode network is a typical example and one of the most studied RSN. Due to its peculiar functional role associated to rest, it has been a key target to understand the need of such an energy expending mechanism where rest would suggest energy saving. [START_REF] Greicius | Functional connectivity in the resting brain: A network analysis of the default mode hypothesis[END_REF] shows reduced connectivity within the DMN in the case of Alzheimer 's disease patients. The salience network, composed of the dorsal anterior cingulate, bilateral orbitofrontal and insular cortices has been demonstrated to be of importance in behaviour control [START_REF] Pievani | Brain connectivity in neurodegenerative diseases-from phenotype to proteinopathy[END_REF]. Alternatively, the frontoparietal network is involved in memory, language and perception [START_REF] Pievani | Brain connectivity in neurodegenerative diseases-from phenotype to proteinopathy[END_REF]. It is now well accepted that these RSNs can be used as biomarkers of neurodegenerative diseases [Filippi et al., 2019].

Dynamic functional connectivity

As we mentioned, the classical analysis of these patterns consists in extracting low-frequency oscillations (< 0.1Hz) from the BOLD signal and study their covariance at the voxel or regional scale. The underlying hypothesis is the stationarity of these covarying structures. This method measures what is called static functional connectivity. [START_REF] Damaraju | Dynamic functional connectivity analysis reveals transient states of dysconnectivity in schizophrenia[END_REF] describes a recent shift in methodology studying the non stationarity in these correlation patterns. Calhoun identifies the first explicit mention of dynamic functional connectivity in [START_REF] Sakoğlu | A method for evaluating dynamic functional network connectivity and taskmodulation: application to schizophrenia[END_REF]. In this article, a clustering approach is applied on connectivity patterns computed on short windows (44s). Their evolution in time is studied. The resulting clusters are associated to connectivity states. The temporal evolution of these states can be analysed as a dynamical system. In [START_REF] Damaraju | Dynamic functional connectivity analysis reveals transient states of dysconnectivity in schizophrenia[END_REF], it is shown that connectivity [START_REF] Damaraju | Dynamic functional connectivity analysis reveals transient states of dysconnectivity in schizophrenia[END_REF]. Diseases have been associated to perturbations at both levels. More recently, in the follow up of dynamic functional connectivity, some teams focused on a way back to first level statistics. By identifying non stationary features of FC, dFC highlights the interest in looking at transient phenomena explaining potential quick shifts in connectivity. [START_REF] Tagliazucchi | Spontaneous BOLD event triggered averages for estimating functional connectivity at resting state[END_REF] proposes to define events in resting state signal

Coactivation Patterns
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jcm PhD thesis CRI by identifying peaks of BOLD fMRI. By doing so, usual RSN can be identified as the mean activation pattern during peaks of a seed signal. As detailed in (5.2.2), usual RSN identification method relies on voxel wise correlation to a seed signal. Tagliazzuchi shows that this correlation map overlaps with the average BOLD image taken from local maxima in the seed signal. In [START_REF] Liu | Time-varying functional network information extracted from brief instances of spontaneous brain activity[END_REF]] the same approach is followed to study transient sources of non-stationnarity in the timeseries. As previously, a seed signal is extracted. For each local maxima of this signal the whole frame is extracted. Then, all selected frames are classified. The centroid of each cluster defines a state assimilated to each CAP. [Gutierrez-Barragan et al., 2019] applied this method to mice fMRI in an unbiased fashion by removing frame selection. In this case they show that clustering all frames yields to the same results in terms of CAPs definition. In other terms, by clustering all frames of a recording they found the same CAPs as by selecting frames based on local maxima. By analysing the dynamics of these occurrences, organised fluctuations are found. They demonstrate that CAPs follow a sequential activation pattern tuned on the global signal. It is worth mentioning that the causality of these occurrences remain uncertain. In their framework, the brain would visit in a periodic fashion different states. The period is determined by the global signal. It suggests an activation wave which propagates through the different regions. These results were lately confirmed in awake animals [Gutierrez-Barragan et al., 2022]. The same CAPs were found, but the dynamic was different between awake and anaesthetised animals. In this article they show that different CAPs dominate the signal during each conscious state. In this case, CAPs can inform on state transitions in the system.

Summary

To summarise the framework of functional connectivity, the brain is considered as a volume of organised complex matter. This system can be modelled as a network whose nodes are elemental units of computation considered to be the neurons. Each neuron is acting as an integrator of the information it collects through numerous connections. The structure of the network is believed to be organised with some scaling properties. From these connections arise sub-networks that make the neuronal assemblies at the different scales. From this relatively fixed structure, tuning of the activity elicits some modes from which function arises.

Based on the Hebbian principle, functional connectivity is the measure of synchronicity between two nodes which represent the strength of their link. From this perspective, the brain is a dissipative system coupled with the environment. Interactions with this environment are perceived as energy influx, such as sensory inputs, which propagate along the functional network engendering an output, like behaviour. This behaviour is the result of the combination of both internal states and information content coming from the outside, both encoded in the functional connectivity.

As the brain possess no energy reserve, it relies on a systemic delivery of energy through a particularly intricate vascular system and developed a tight coupling to maintain its homeostasis by a fine spatiotemporal regulation of blood supply. By transitivity, this neurovascular coupling creates a window, where synchronous haemodynamics are expected to represent a proxy for underlying functional connectivity. As such vascular signals can be measure in a non invasive fashion at an adequate spatiotemporal resolution with magnetic resonance imaging, this method has become the gold standard to make inference on brain network features.

INSERM-IPNP jcm PhD thesis CRI

The first investigations were mostly interested in the sensory processing and the crystallisation of brain modes under stimulation. These studies were framed under the term task-based fMRI. Soon after was discovered an intrinsic patterned organisation of fMRI recordings by looking at the order two statistics of the haemodynamic signals. A finite number of resting states network have been identified whose modulation and interactions are believed to well represent the brain states. The classical way to observe these patterns is to compute these order two statistics over windows of typically 5 -20min. This type of analysis is called static functional connectivity. Alternatively, if the window is reduced, stationarity of the signal stands no more and gives access to dynamical evolution of the synchronous patterns. This kind of analysis is called dynamic functional connectivity. Alternatively, many other tools have been developed to study the brain connectivity as measure by fMRI. One interesting attempt is the coactivation pattern methods that demonstrates dynamical organisation of first order statistics which are the mechanistic sources of functional connectivity. These objects give access to another type of dynamical descriptors of the network properties, and therefore potential quantitative observables of the brain state.
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Analysis pipelines

The investigation of FC in the neuroimaging community has converged towards a standardised data analysis. The principles of network synchronisation and neurovascular coupling, among others, have been formalised in terms of mathematical terms first and then digital tools. However, the diversity of available methods remains a significant challenge for reproducibility of results. Despite efforts to unify analytic practices with open-source toolboxes such as SPM, FSL, ANTs, fMRIPrep, and RABIES, it is not uncommon for each laboratory to have its own pipeline. This highlights the complexity of the signal being analysed the fact that data analysis must be tailored to the specific study it is meant for. In our team, our fUS-oriented pipeline has been designed based on the SPM architecture, with most modules implemented in Python based on the nilearn library. 

Registration

INSERM-IPNP jcm PhD thesis CRI

The registration problem is formally described in [START_REF] Klein | elastix: a toolbox for intensity-based medical image registration[END_REF]. Taking one reference image called the fixed image or I F and one image to be registered called the moving image or I M , the registration is solved by finding the optimal geometrical transform T μ, parameterised with μ, aligning I M on I F . Formally we look for the set of parameters μ such as:

μ = argmin µ {C(T µ , I F , I M )} ( 20 
)
Where C is a cost function defining the «distance»between I F and I M . In order to solve this problem, one must chose properly: the reference image, the family of transform, the cost function and the most adapted optimiser.

For the reference image, common templates can be found in the case of fMRI: [START_REF] Mazziotta | A probabilistic atlas and reference system for the human brain: International consortium for brain mapping (ICBM)[END_REF] for humans, [START_REF] Ma | A three-dimensional digital atlas database of the adult C57BL/6J mouse brain by magnetic resonance microscopy[END_REF] for mice. These templates are averages over tens to hundreds of co-registered images which represents a canonical image. These templates are expected to possess all the features required for the registration algorithm to converge to it, starting from any other image. Each template defines a referential. Once an image is registered on the template, each voxel can be identified as part to known brain structures. These maps are called parcellations. These notions are furthered discussed in (13.3).

Without going too much in the details of transforms, two classes are usually distinguished. «linear »transforms are opposed to «non linear »transforms. Intuitively the linear class is the one that preserves straight lines, the different types of transforms are illustrated in (Fig. 23). The members of this first class are usually referred to as affine transforms, even though projective transforms could fit as well. The non linear class is usually referring to general diffeomorphisms which allow local deformation of the image.

Similarly, for the cost function various options are available. The cost function is usually based on a distance like L 2 euclidean distance. It can also be correlation based of other similar metrics. The most common one is probably the mutual information.

M I(I

F , I M ) = i∈I,j∈J P (I F ,I M ) (i, j)log( P (I M ,I F ) (i, j) P I M (i)P I F (j) ) (21) 
Where (i, j)∀i ∈ I, ∀j ∈ J are values of paired voxels, P (I F ,I M ) is the join probability mass function and P I M (i), P I F (j) are the respective intensity probability for each image. For the choice of optimisers see [Klein et al., 2007] where the main algorithms are compared in the case of non linear transform and mutual information function.

In practice, the direct transform is not computed. The transform from the fixed image to the moving image is preferred and later inversed. Because images are finite, the risk of the direct transform would be to lack antecedent in the moving image. In other sense, by mapping the moving image on the fixed image, some voxels would be missing. This risk is minimised by performing the inverse transform [START_REF] Klein | elastix: a toolbox for intensity-based medical image registration[END_REF]. The efficiency and domain of validity of our registration procedure is later discussed in (13.1.1).
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First Level

The first level analysis has already be conceptually introduced in the first section of this document. Here are reminded the hypotheses we make, the objects we use and their formal definition.

Functional connectivity is the measure of second order statistics of the haemodynamic signal. After registration the timeseries can be extracted at the voxel or regional level. The aim for the level 1 model is to keep only the component of CBV timeseries supposed to bear FC information.

It was demonstrated that infra-slow oscillations of the CBV timecourse is the ideal spectral window to measure the FC. Moreover, during acquisition, many confounds have been identified. These artefactual signals bias the estimate of FC. In the end, the first part of the model we make at the first level is that the signal of interest can be decomposed as:

y = y F C + y conf ounds + ϵ ( 22 
)
Where y is the signal, y F C the neuronally driven FC oscillation in the infra-slow band, y conf ounds a linear combination of coherent artefactual sources and ϵ some incoherent noise term. In other terms, we hypothesise that it is possible to extract a good estimate of neuronally driven vascular fluctuations by removing confounding nuisances and filtering in the infra-slow band. It is why developing optimal methods for nuisance removal has become a main subfield of neuroimaging. This question is later discussed in (12.2.1). In the meantime it is worth mentioning that the main nuisance removal strategies are: detrend for removing slow drifts expected to come from hardware sources [START_REF] Liu | The global signal in fMRI: Nuisance or information?[END_REF], cardiac and breathing regression [START_REF] Bhattacharyya | Cardiac-induced physiologic noise in tissue is a direct observation of cardiac-induced fluctuations[END_REF], Shmueli et al., 2007, Liu, 2016], motion regression [START_REF] Friston | [END_REF], the global signal regression [START_REF] Power | Sources and implications of whole-brain fMRI signals in humans[END_REF], principal component based regression [Behzadi et al., 2007], censoring of artefactual frames or scrubbing [START_REF] Power | Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion[END_REF].

Finally, given y F C we hypothesise that the measure of covariance in two signals is proportional to, or at least monotonous in, the underlying functional connectivity of the regions it was extracted from. In our case we mostly used the Pearson's correlation coefficient:

c(i, j) = < y i , y j > √ < y i , y i >< y j , y j > (23) 
Where y i and y j are two signals respectively extracted from region i and region j if y i and y j are centred (null mean).

Under validity of the model, by combining these two steps we can infer the connectivity between two regions. In practice two canonical objects are used to gather these properties of the brain. With correlation matrices Region of Interest (ROI)s are defined, either based on the brain anatomy or functional criterion (identification of regional clusters or ICA based). The signals are extracted from these ROIs. The connectome or FC network, is encoded in a correlation matrix which represents pair wise correlation. Each column and each row
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jcm PhD thesis CRI of this matrix is associated to a ROI. The matrix value at the intersection between a row and a column represents the correlation between the two ROIs. Alternatively we can define one signal of reference. A map can be drawn by measuring the correlation of every voxel timeseries with this seed. The seed signal is usually extracted from a ROI in the image. In this case the ROI is called seed. We then refer to the voxel wise correlation distribution as seed based map. Alternatively, the reference signal can be artificial (model of the expected timeseries) in which case the object is an activation map.

Alternatively to correlation based connectomes, a general linear model (GLM) can be used. The GLM allows to apply these processing steps all at once. The idea is to leverage 22 linear property to infer directly the covariance structure of each voxel. Using this method [START_REF] Friston | Movement-related effects in fmri timeseries[END_REF], multiple regressors can be regressed at ones. In addition, the residual term can be modelled to remove autocorrelation structure from the observed effect for example. As a result the GLM can be used to compute seed based maps or activation maps. In this case 22 becomes:

y = i β i y i + ϵ (24)
Where y i are the different regressors used for the regression. Usually a single regressor is associated to a seed of interest, while the other represent noise. By introducing a family of cosine regressors, high pass filtering can be performed simultaneously. In the end, the measure of covariance with the seed is given by the β coefficient associated to this regressor.

In the end both the CM or SBM are objects of reduced dimensions (respectively ∼ 10 2 , ∼ 10 4 degrees of freedom) as compared to the initial timeseries (10 7 degrees of freedom). The level 1 analysis effectively reduces the dimension of our problem. It does so by selecting the information of interest in the covariance structures.

Second Level

As we illustrated in the introduction, the further we go in the analysis, the more options are available. Consequently, there is no way to get even close to an exhaustive list of potential second levels. We will therefore only remind the fundamental concept which is shared with most other scientific areas. From the first level we obtain a descriptor of each individual in the shape of correlation matrices or a seed based maps. The question we ask at the group level is whether two such collections are different, and if it is the case what are these differences. The classical methods for correlation matrices and seed based maps rely on mass univariate approaches. All voxels are independently compared between the two groups. This method has pitfalls which are detailed in (D.4.1). Alternatively multivariate analysis could be used like PCA for example.

In the end, the method to use depends on the question asked. It is the real translation of the working hypothesis in terms of statistics. If the effect is expected to have multilinear basis, an other GLM could be used. With the advances in machine learning and related tools, it becomes more common to use predictors and classifiers to perform such second level statistics.
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Summary

We showed here how the concepts introduced in the previous chapter could be translated into mathematical formulations. Neuroimaging methods allows the measure of blood flow properties which ultimately is digitalised. From these formalised images, a succession of programs and algorithms permit to apply the fundamental principles of functional connectivity. By this succession of transforms, the image is output as simple objects that can be studied in the frameworks of classical statistics. The description of our implementation is detailed in the appendix (D).

A final point to the analysis consists in results display. If this question can seem trivial, we stress out the importance of data visualisation. This importance is emphasised in appendix XVI, where the amount of results from imaging studies can become overwhelming. Some SBMs and CMs, but also derived statistical results are displayed in the following parts. We encourage the reader to familiarise with these displays detailed in (D.7).

Introduction to pharmacology

Pharmacology is the branch of science that investigates «the interaction of chemical agents with living material » [Leake, 1961]. These interactions have been present since the beginning of life, initially through nutrition and later for medicinal purposes. The fundamental principle underlying pharmacology is homeostasis. Homeostasis refers to the maintenance of physiological equilibrium within an organism. This equilibrium is maintained through a complex network of chemical messengers. Messengers that regulate various physiological parameters, including temperature and chemical concentrations. A disease state is characterised by this equilibrium perturbation. The goal of pharmacology is to understand the mechanisms through which chemical compounds interact with this network. Pharmacology also aims at finding how these mechanisms can be used to restore equilibrium and alleviate the symptoms of diseases. Modern therapeutics are based on this principle. Drugs are being used to mitigate the impact of disease on the organism's ability to maintain homeostasis. The role of pharmacology as a science is to study this network of chemical interactions and identify the most effective drugs for treating specific diseases.

The term «pharmakon »in Greek, which translates to both "drug" and "poison," highlights a key principle of pharmacology. A compound's effect on an organism has a dosedependent nature. This principle is rooted in the concept of homeostasis and its associated balance. Depending on their concentration, all compounds have the potential to have both beneficial but also detrimental effects on the organism. This observation leads to the concept of the therapeutic window. The therapeutic window is defined as the range of doses at which a compound is safe and can be effectively administered without causing harm.

An additional challenge in the research of illness treatments is the non-specific nature of the compounds being used. A single molecule can have various effects on different parts of the living tissue. Historically, the appropriate dosage estimation, of primarily plant-based extracts, has been done through trial and error. While this approach has led to many valuable discoveries that are still in use today, it is generally agreed that the birth of modern pharmacology and its rise as a science occurred during the 19th century, during the positivist
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The advancements in organic chemistry, specifically the development of methods for compound purification and synthesis, enabled the systematic study of pharmacological interactions. According to [Leake, 1961], the credit for the first isolation of a pure chemical drug goes to Friedrich Sertuner who discovered morphine and determined its optimal dose. Leake notes that this work was paralleled by the efforts of Joseph Louis Gay-Lussac and François Magendie. This pioneering work led to the development of the first pharmacopeial formulary based on pure chemical agents. These discoveries paved the way for a more quantitative approach in pharmacology. An early example of this approach can be found in the work of [Trevan, 1927], who optimised toxicity assays using statistical formulation. The application of the Mass Action Law, first proposed in [Hill, 1910], provided a fundamental understanding of the behaviour of molecules within living tissue, further advancing the study of pharmacology. Hill gave a fundamental background in the study of molecular faith inside living tissue with this equation.

y = N k ′ + kN -M
Where y is the drug response, N the concentration of active compound, k and k ′ two constants and M a threshold. Two competitive forces are identified which define the two main concepts of pharmacology:

Pharmacokinetics: studies how drugs are absorbed, metabolised, and excreted.

Pharmacodynamics: studies the effect of drugs on the physiology.

On one side, the effect a given quantity of molecules engenders when it contacts its target is investigated. On the other one, the probability this molecule has to reach this target is evaluated. The concept of targets, first demonstrated by Claude Bernard and Alfred Vulpian in their research on the role of curare on nerves [Cousin, 2002], has been shown to exist at the cellular scale, specifically at the motor endplate of neural cells in this case. The origin of the receptor concept is placed by [Rang, 2006] in the simultaneous works of [Clark, 1926] and [Gaddum, 1926]. If neither of them used the term, the concept of active surface of the cell was clearly mentioned with a model of activation based on compound concentration modulated in the presence of an antagonist. Later, [Schild, 1947] drawing inspiration from Clark 's work, standardised the description of the active compound/living tissue interaction. Schild introduces the concept of affinity and describes a method to reliably measure it. The model was further improved by [Stephenson, 1997] by adding a term in the equation referred to as the receptor efficacy. The underlying idea, in contrast to Clark 's initial model, is that not 100% of receptors need to be activated to reach maximal effect. [Rang, 2006] presents two models that explain efficacy in the study of pharmacological interactions. The first model, known as the graded activation model, suggests that different ligands have varying levels of influence on receptor configuration changes, resulting in different levels of response. The second model, known as the two-state model, proposes that receptors exist in two states: resting or activated, and that ligands induce conformational changes to switch from one state to the other. Without delving into the specifics of both models, Rang argues that the discovery of G-Protein Coupled Receptor (GPCR) suggests a shift in our understanding of receptors from the two-state model towards the graded activation model. Rang suggests that the two-state model seems to fit well with data from simple ligand-gated ion channels such as GABA receptors or acetylcholine receptors. However, more complex behaviours such as the desensitisation requires the addition of at least one additional «desensitised state».

GPCRs are the largest family of membrane proteins in eukaryotes [GPC, ]. They play a crucial role in a wide range of physiological processes and are involved in most known pathologies [START_REF] Gurevich | GPCR signaling regulation: The role of GRKs and arrestins[END_REF]. This makes them a major target for the development of new drugs. They account for around 34% of the Food and Drug Administration (FDA) approved drug targets [START_REF] Hauser | Pharmacogenomics of GPCR drug targets[END_REF]. In the studies conducted during my PhD, all three receptors we investigated were [GPC, ].

GPCRs act as switches on the membrane. When a ligand binds to the receptor, it induces a conformational change. This change ultimately releases an active G-protein (α or βγ subunits). The active G-protein can then interact with other proteins on the membrane to activate second messengers [GPC, ]. One of the challenges in the study of GPCRs is that the activation of a single G-protein can lead to the activation of multiple second messengers. These second messengers subsequently modulate cellular mechanisms. The cellular regulation by GPCRs involves 4 steps that can regulate its couplings. Ligand binding can depend on local mutations of the transmembrane protein. Different conformational changes can result in different properties of the activated receptor. The active receptor shape can influence the G-protein binding properties and can result in recruitment of different types. The receptor instant features can also favour more or less their activation. Finally, the G-protein interaction with «primary effectors »can activate various second messenger cascades. From this complex cascade of events emerges a potentially rich phenomenon whose every detail is not yet fully understood. As such, the study of GPCRs is among the most active fields in pharmacology.

Overall, this model of the receptor allows to define the main terminology of ligand/receptor links:

• An agonist is a compound that activates a receptor, it can be either:

-Full agonist if it elicits the maximal response of the receptor.

-Partial agonist if it activates with partial efficacy the receptor.

-Selective agonist if it is specific to a single type of receptor.

-Co-agonist if it requires a second molecule to activate the receptor.

-Biased agonist it it binds to receptor but activates another pathway as the one of the main agonist.

• An antagonist blocks a receptor function, it can be either:

-Competitive antagonist if it binds to the receptor without activating it and blocking the main agonist from doing so.

jcm PhD thesis CRI -Non competitive antagonist if it blocks the agonist to bind on the active site of the receptor.

-Inverse agonist if it binds to the receptor without activating it but downregulating a constitutive activation.

In addition to the Mass Action Law, the concept of receptor modulations allow us to establish a causal link between an effect and its receptor. By varying the concentrations of the compounds, we can dynamically assess the linear dependence between the compound and the receptor. And by blocking the receptor, we can demonstrate the causal link underlying its activation. These tools are used to assess the pharmacological relevance of the different effects we will present.

In summary, we have seen that the organisation of living tissue is mediated by chemical messengers. For a long time, the study of the influence of external compounds on the organism was conducted through trial and error. Since the 19 t h century, the use of advanced scientific methods such as organic chemistry for the synthesis of new compounds, analytic chemistry for their detection, and crystallography to decipher their structures have enabled systematic investigation of cellular mechanisms. These investigations have led to the development of interaction models. One of the most famous one is the receptor model. This concept is of particular interest for the development of new treatments. In this framework, receptors and specific protein states are determined by ligand binding. The receptor state leads to a cascade of actions that activate cellular mechanisms. Among these receptors, a vast class, the G-Protein Coupled Receptors (GPCRs) follow a specific mechanism to monitor cellular activity. This mechanism is complex as modulations can occur at many levels. The understanding of these receptors is currently a matter of great interest as a better understanding of their activation cascade could elicit the mechanisms of many disease states and indications for therapy. All the compounds that we studied are believed to act mainly on GPCR.

Opioids

The opioid receptors are a family of 3 GPCRs: µ, δ and κ. They play an important role in the modulation of pain, hormonal function and mood [START_REF] Contet | Mu opioid receptor: a gateway to drug addiction[END_REF]. Their exogenous ligands have been known and used for centuries [Brownstein, 1993]. Although, it is only after the opioid receptors discovery, and the receptor interaction with antagonists during modulation of naive pain response that the idea of an endogenous opioid pathway was demonstrated [START_REF] Lord | Endogenous opioid peptides: multiple agonists and receptors[END_REF]. It is believed that this endogenous opioid pathways regulate the sensation of pain in naive individuals. The different opioids, such as morphine or fentanyl, by binding to this receptor would substitute to this endogenous activity and regulate the sensation of pain. It makes of opiates the main analgesic used in clinics. All three receptors have analgesic properties but µ-opioid Receptor (MOR) is the most potent of them [START_REF] Waldhoer | Opioid receptors[END_REF]. Hence the clinical success of specific MOR agonist such as morphine and fentanyl. In the mice, the activation of the µ-opioid receptors has been reported to induce: analgesia, muscle contraction and hyper-locomotion [Semenova et al., 1995].

If opioids are potent analgesics, they also induce severe side effects. Among these non desired effects, respiratory depression is probably the most deleterious. Moreover, opioids are associated to addiction and subject to tolerance. The interaction of these two effect engenders a vicious circle that is the basis of what is known as the «The Opioids Crisis »: an epidemic wave of opioid induced overdose in the United-States. A liberalisation of these drugs prescription for chronic pain or mood disorders has ended up with millions of users in Northern America. Because of the consumption induced tolerance, the doses must be increased, together with the addiction to the drug it resulted in many patients over dosing and ultimately their death due to respiratory depression. This epidemic has brought opioids and the understanding of their action to the front light. It motivated an active research to better understand its mechanisms of action and hopefully develop new treatments for analgesia with reduced risks of addiction and death. Recent failures in such drugs development [START_REF] Hill | The novel µ-opioid receptor agonist PZM21 depresses respiration and induces tolerance to antinociception[END_REF], Viscusi et al., 2019], showed the misunderstanding of fundamental mechanisms associated to MOR function.

To summarise, opioids are potent analgesic drugs which main targets are three GPCR. Their action is modulated at all the levels of classical GPCR machinery. This complex action on the central nervous system induces adverse effects with the most notable ones being tolerance and respiratory depression. Together, these effect resonate which resulted in an epidemic wave of opioid related death. Better understanding the role of these drugs at the whole brain level appears crucial in order to identify the source of both effects and find in the future more appropriate therapeutic targets.
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Cannabinoids

Similarly to opioids, cannabinoids have been used extensively before the discovery of an endocannabinoids pathway [Crocq, 2020]. Exo-cannabinoids are active substances extracted from the cannabis plant. Historically, the plant has been used for its anti-inflammatory properties, but also psychoactive effects. In the 80s the characterisation of the first cannabinoid receptor (CB1 receptor (CB1R)) [Devane et al., 1988] opened the way for the study of the Endocannbinoid System (ECS), with the first identified endocannabinoid being anandamide [Devane et al., 1992]. The CB1R is among the most expressed GPCR in the central nervous system [START_REF] Kendall | Cannabinoid receptors in the central nervous system: Their signaling and roles in disease[END_REF]. As a result it appears crucial in almost all aspects of the brain function and is involved in various mechanisms. Overall it is believed to be a global inhibitor, with this underlying idea that it could act as a filter. By inhibiting synaptic transfer of information upon activation, the CB1R reduces noise propagation by making the synapse more selective [START_REF] Silva-Cruz | Dual influence of endocannabinoids on long-term potentiation of synaptic transmission[END_REF]. In addition, there exist a CB2 receptor (CB2R) receptor [START_REF] Munro | Molecular characterization of a peripheral receptor for cannabinoids[END_REF], considered «peripheral », since expressed mostly in immune cells. In the mice, the CB1R receptor activation has been characterise as a tetrade with: hypo-locomotion, hypothermia, catalepsy, and analgesia [START_REF] Metna-Laurent | Cannabinoid-induced tetrad in mice[END_REF].

Because of their psychoactive properties, cannabinoids have been left aside the clinics for quite a while. With advances of research on the cannabinoid function in the brain, but also the gradual legalisation of its recreative consumption, a regain of interest has emerged in the last decades with notably the first FDA approved compound for the treatment of epilepsy [START_REF] Stehling ; Abu-Sawwa | Epidiolex (cannabidiol) primer: Frequently asked questions for patients and caregivers[END_REF]. Epidiolex ®is a drug based on cannabidiol (CBD) the second most present cannabinoid in cannabis. ∆9-Tetrahydrocannabinol (T HC) is the main active compound of cannabis and induces potent psychoactive effects. T HC is a partial agonist of CB1R, but also binds to CB2. T HC is believed to have therapeutic potential for the treatment of spasticity and chronic pain. Although, T HC is associated with adverse effects, like increased risk of psychosis [Di Forti et al., 2019]. The association between cannabis use and schizophrenia seems reliable, although, its comprehension is still uncertain and cannabis induced psychosis could be limited to sub-population of high risk patients [START_REF] Hamilton | Cannabis and psychosis: Are we any closer to understanding the relationship?[END_REF]. Alternatively, the CBD mode of action is less clear. Its anti epileptic properties are believed to be mediated by three mechanisms: the antagonism of GPCR 55, the desensitization of transient receptor potential vanilloid type 1 (T RP V 1) channels, and the potentiation of adenosine-mediated signalling [Franco et al., 2021]. In addition, it has also been hypothesised that CBD could down-regulate the T HC negative effects (anxiety, psychosis and cognitive deficits) by antagonising CB1R [START_REF] Laprairie | Cannabidiol is a negative allosteric modulator of the cannabinoid CB1 receptor[END_REF]. Overall CBD is widely used for its anxiolytic properties which are thought to be linked with this T HC antagonisation. More recent findings seem to mitigate the interpretations of [START_REF] Laprairie | Cannabidiol is a negative allosteric modulator of the cannabinoid CB1 receptor[END_REF] initial report [START_REF] Boggs | Clinical and preclinical evidence for functional interactions of cannabidiol and ∆9tetrahydrocannabinol[END_REF].

To summarise, the ECS is an important gear in the brain machinery. Present all over the brain, the CB1R seems to act as a network regulator. Although, this general presence results in influencing various mechanisms with potential diverging effects. For the same reason CB1R appears a therapeutic target of interest due to its great reach. Despite the many unknowns, CBD is already used in the clinic, while T HC presents a great potential. Moreover, the interaction between both drugs recently brought a lot of attention. Overall a better understanding of both compounds and their associated receptors appears critical to move forward in a broader application for therapies.

Psilocybin

The hallucinogenic drugs are a part of psychoactive drugs. Hallucinogenics are associated with altered states of consciousness [Vollenweider, 2001], they are usually divided in three types: psychedelics (psilocybin), dissociative anaesthetics (ketamin) and entactogens ( 3,4-Methylenedioxymethamphetamine (M DM A)). «Psychedelics are a class of hallucinogenic drugs ("hallucinogens") that produce mind-altering and reality-distorting effects, known as hallucinations, once ingested » [START_REF] Lowe | The therapeutic potential of psilocybin[END_REF]. Psilocybin is the pro-drug of psilocin. If psilocybin is naturally biologically inert, it quickly transforms into psilocin in the body. Psilocin is a potent serotoninergic agonist modulating notably sensory perception, behaviours such as aggression, appetite, sex, sleep, mood, cognition, and memory [START_REF] Nichols | Serotonin receptors[END_REF]. It makes of psilocybin the most studied psychedelic to investigate the potential therapeutic application of psychedelics [START_REF] Geiger | DARK classics in chemical neuroscience: Psilocybin[END_REF]. Psilocybin is part of the tryptamine family and targets specifically the 5HT -2A receptor. In mice the main influence of 5HT -2A receptor activation is the head-twitch response assumed to be a surrogate of psychedelic experience [START_REF] Halberstadt | Characterization of the head-twitch response induced by hallucinogens in mice: detection of the behavior based on the dynamics of head movement[END_REF]. Due to the high societal impact of psychedelics, their research has known already 3 «renaissances » [START_REF] Lowe | The therapeutic potential of psilocybin[END_REF]: the discovery of LSD by Albert Hoffman in 1938, the characterisation of mescaline in 1957 and finally the first modern clinical study on psilocybin in 2004. Research on psychedelics has suffered from more than 45 years of ban following the democratisation of its recreative use in the 60s. During the last decade hundreds of teams across the world have initiated a joint effort to study this very promising class of drugs. Indeed, psychedelics and psilocybin in particular have shown very encouraging results for the treatment of psychiatric diseases. [Carhart-Harris et al., 2016] showed that in a cohort of 12 treatment resistant patients inflicted with severe symptoms of depression, a single dose of psilocybin with psychological support resulted in no patient with severe symptoms one week after the treatment (and 66% symptoms free), while only one patient was having severe symptoms 3 months after the treatment (50% symptom free). These preliminary results probably explain why psilocybin approved by F DA as «breakthrough »treatment in 2018. In addition to depression, psilocybin is believed to have potential application in addiction treatments, cluster headache, and as as an adjunctive pharmacotherapy to assist psychotherapeutic interventions [START_REF] Tagliazucchi | Enhanced repertoire of brain dynamical states during the psychedelic experience[END_REF], Lowe et al., 2021, Dodd et al., 2022].

As a recent finding, most mechanisms are still unknown. Although, it has been suggested that increased synaptic plasticity could be a potential mechanism to explain such long term effects. In this framework, the drug would open a window by inducing neuronal plasticity after acute treatment. This increased plasticity would be congruent with observed synaptogenesis [START_REF] Ly | Psychedelics promote structural and functional neural plasticity[END_REF]. During this plastic window, psychotherapy could orient the subject towards beneficial long term effects. This model fit the «good trip/ bad trip»dichotomia reported by recreative users and in accordance with the environment interactions. An other great question of the field relies on the necessity of the psychedelic experience, which can we investigated with lisuride, a non hallucinogenic 5HT -2A agonist.
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Overall, these findings, past the therapeutical opportunities which are now demonstrated, engendered many questions on the potential of psychedelics for psychiatric use. It is where we expect that fUS recordings of brain activity could give relevant insights on the mechanisms involved.

Summary

During my PhD all three families of drugs have been investigated. In the framework described in this whole part we expected the different agonists to bind to their respective receptors following their own pharmacokinetics. From these binding from their own pharmacodynamics and based on the previous description of each drugs effects, we anticipate that each compound would modulate at the synaptic, cellular and assembly level information transfer in the brain. As we saw, opioids would shut down the processing of pain input, cannabinoids would filter transfer of information and psilocybin increase the plasticity. We hypothesise that these cellular alterations should integrate at the network level resulting in shifts of FC. We believe these shifts of FC patterns to be drug dependent and therefore build a drug specific fingerprint on FC. Finally, we expect these fingerprints to inform us on mechanisms underlying the various drugs actions. On the long run, in a simplistic model applied to the opioids, the aim of our approach would be to identify within the fingerprint of opioids: a pattern for analgesia, one for respiratory depression and potentially one associated to addiction. Ultimately, this approach could result in a quantitative prediction of new compound effects at little expense.In this thesis I demonstrate the possibility to measure such fingerprints for all three families of compounds. For the sake of readability I focus on the fingerprint of opioids (IV), our most completed project. However, details on cannabinoids and psilocybin fingerprints can be found in the appendices (see resp. (H) and (I)).

In this introduction, we provided a formal description of the imaging process. We used an example to identify the various components of imaging, including the physics of the modality and the relationship between scientific hypotheses and the analysis pipeline. We then took an inverse approach. We began with how the images are acquired, examining how functional ultrasound (fUS) recordings can be utilised to measure brain neurophysiology. We delved into the physics of fUS machines to understand how they generate images. We demonstrated that, under certain assumptions, the fUS signal is proportional to cerebral blood volume (CBV). Later on, we discussed the notion of neurovascular coupling (NVC), the physiological mechanism that enables haemodynamic studies to infer on brain function. After that, we presented a network-based model of the brain which underpins the concept of functional connectivity (FC). From this framework, we described advancements in the description of brain organisation at the haemodynamic level over the past three decades, which have led to the development of additional layers of abstractions (resting state, default mode network, co-activation patterns, dynamic functional connectivity....). Finally, we briefly discussed how pharmacological treatments can interact with this network and focused on the three compound families discussed in the manuscript: opioids, cannabinoids and 5HT -2A agonists.

From the discussed principles, a model can be developed to examine the impact of drugs on functional connectivity. It hypothesises the existence of a stationary network, which can be measured using fUS by analysing second-level statistics of CBV signals across the whole brain. We assume that the basal state of the brain connectome when the animal is at rest and naive can be associated with a reference organisation of this network. It is further proposed that pharmacological treatments, through specific or non-specific binding on a collection of receptors, may influence this organisation of the network. This influence is expected to follow the classical pharmacokinetics and pharmacodynamics of the compound in question. In other words, we expect a potential alteration of the brain connectome representing the internal state of the animal, particularly its phenotypic expression (such as analgesia for opioids or catatonia for cannabinoids) for a given dose and duration. This drug-dependent alteration of the functional connectivity is referred to as the «fingerprint »of a pharmacological treatment. To confirm that this fingerprint is pharmacologically relevant, it must be demonstrated that it is: specific to the drug in question, dependent on the dose and duration of administration, reversible by antagonist pre-treatment, and absent in mice that do not express the associated receptor.

This framework of FC-based fingerprint must be viewed in a sequential manner. As a first step, the fingerprint can be used as a quantitative indicator of the state of an animal. Then, by investigating the structure of the fingerprint, further insights can be gained about the drug itself. Additionally, as previously mentioned, it is believed that neuropsychiatric disease states are associated with similar FC perturbations. The next steps would involve determining whether FC fingerprints can aid in predicting the appropriate drug and method of treatment for a well-characterised impairment. Finally, with the advent of precision psychiatry and personalised medicine, it is expected that the fingerprint of individuals, diseases, and treatments could be used to optimise treatment outcomes and improve patient well-being.

INSERM-IPNP jcm PhD thesis CRI

Using quantitative measure of individual brain state with functional connectivity could help tune the treatment to fit the patient specific need. Currently, the focus of this work is on the first two steps: utilising fUS to measure, characterise, and investigate perturbed states.

To achieve this goal, a full platform dedicated to the imaging of awake mice was developed. Efforts were made to standardise each step from acquisition to analysis for the purpose of reproducibility and the potential application for systematic screening of pharmacological treatments. A key example of this standardisation effort can be found in (F). This appendix presents an effort to standardise the structure of fUS datasets in order to facilitate internal transfer and curation of data between, first, experimenters and analysts, and more importantly, across labs to encourage sharing of datasets and leverage the efforts of researchers at the field level. In line with this standardisation approach the next part of my thesis, (II) demonstrates that the animal preparation for awake mice imaging allows for reproducible transcranial recording during more than 2 months after implantation. It is also showed that 10 days of habituation are recommended for the mice to present a reproducible behavioural state at the beginning of fingerprinting studies. Additionally, the main limitations of this preparation and cases where alternatives may be favoured with their own constraints are discussed. In the following part (III), we discuss the nature of fUS signal and the validity of the analysis pipeline. There, the main source of artefacts in awake mice fUS recordings is introduced. The nature of this exotic signal is presented, as well as the strategy used to remove its influence from our estimate of FC patterns. This example leads to a discussion on the nature of global signals, and distinctions, as well as similarities, that exist between fMRI and fUS signals. Furthermore, this part ends with a justification for the pipeline parameters we used based on an example of fingerprints from our opioids study.

Then, we show how this platform allowed to study the fingerprints of opioids on vigile mice FC patterns (IV). We gathered all the arguments presented in this introduction to demonstrate the pharmacological relevance of this fingerprint. We identify a reproducible network associated to opiate state. We show that the emergence of this particular connectivity pattern is preceded by a vascular surge. We argue that in addition to modulation of covariance among fixed nodes of a network, the opioids fingerprint on functional connectivity is associated with a spatial reorganisation of functional nodes of the network and a perturbation of brain dynamics. The same type of results are found in appendices for cannabinoids (H) and psilocybin (I).

As we already mentioned, in addition to and in a complementary way with these main results, details can be found in the appendices. The experimental setup is thoroughly described in (B). This description encompasses for the required apparatus for any fUS experiment, how we added components to our rigs, but also the formal organisation between experimenters and analysists which motivated (F) principles. In (C) we detail the experimental methods behind our results. The different drugs preparation but also experimental protocols are detailed. For each step we emphasise on how to maximise signal quality and handle datasets. If some comments might seem trivial, we recommend any experimenter willing to reproduce our results to follow these guidelines. (D) presents the full practical description of our analysis pipeline implementation, it describes the analysis of FC but also first order statistics and periexperimental data. (E) details our animal related protocols. For mice, the surgery and the habituation are intensively described. In addition, anaesthetised thinned-skull preparation
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jcm PhD thesis CRI in rats is presented as it was used for the dataset of our functional territory validation study (13.4.1). Then, extended results for our three studies are presented: opioids (G), cannabinoids (H), psilocybin (I). The description of these fingerprints relies on selected results, a systematic display of these studies results can be found in (Appendix P ). Across all this thesis we show the absence of differences that were relevant to our argumentation. Although, most result figures present significant disconnections which are the target of our studies. This extended display gives a better idea of the distribution of our effects. We gathered all these results together to compare fingerprints across multiple treatments in (K). This final validation of our method confirms that the three drug families can be distinguished based on fUS based fingerprints. We also show that within families differences between compounds occur. Finally, a preliminary analysis of co-activation patterns is given in (L). These results participate in our final conclusion as an opening towards dynamic functional connectivity. The reader will find more details regarding our CAPs implementation in this part.

The main parts have been thought independently. These results are presented as our publication scheme. (II) relates to [Bertolo et al., 2021a]. The following discussion is planned to make an other methodological article focused on habituation and signal quality following transcranial preparation. (III) presents a last methodological article expected to discuss the multiple steps of fUS FC analysis. Additional data, based on simulations, must be added still. The main results of my PhD come from the opioids study presented in (IV). These results are ready for submission. In addition, an other article is in preparation for the psilocybin project, whose behavioural results are now ready. For the cannabinoid project, genetic controls must be imaged still. The comparison between fingerprints study presented in (K) is still preliminary. We would like to add a machine learning based classification to quantitatively address similarities and common features identified between the different fingerprints. This work is led by Samuel Diebolt, a PhD student of the lab. Finally (F) presents a BIDS extension proposal that was submitted to the BIDS consortium and is under revision for joining the ecosystem.

Part II

Preparation for awake imaging

Functional imaging of awake animals is an important area of research, and optimising signal quality as early as during the acquisition is crucial for accurate results. Previous studies have shown that fUS imaging can be successful in awake, freely moving mice with an attached probe [Tiran et al., 2017]. Although, completely freely moving preparation in mice can result in important movement artefacts. For rats, the increased size of the skull and more secure implantation leads to reduced movement artefacts [Sieu et al., 2015, Bergel et al., 2018, Matei et al., 2022]. To address this issue in mice, we used the Mobile Home Cage (MHC) from Neurotar to record data from awake, behaving mice in head-fixed condition. In this setup, the mouse's head is fixed while the rest of its body can move freely within a lightweight, air-cushioned cage. This apparatus allows the mouse to move while keeping its head steady, minimising movement artefacts. To use this setup, mice must be implanted with a head-fixation device and habituated to behaving in the cage.

I dedicated a great amount of time during the beginning of my PhD in optimising the experimental protocols for awake imaging in head-fixed mice. These optimisations concerned mostly the surgical procedure as well as the habituation protocol. I based my work on previous protocols from our team and collaborators [Rabut et al., 2019, Ferrier et al., 2020]. The main improvement concerned the design of a larger implant with Neurotar, which allows to image over the whole cortex and regions below. The surgery had to be adapted to this implant and signal quality was improved by detaching the temporalis muscle, widening the numerical aperture of the imaging window. Finally, we gradually increased the habituation duration to ensure reproducibility of experimental conditions. Both protocols have been described in [Bertolo et al., 2021a], included below. They are further discussed in the following sections. Whole-Brain 3D activation and functional connectivity mapping in mice using transcranial functional ultrasound imaging is a methodological paper on how to record tomographic 3D imaging with fUS. In this article, collaborators and us converged in order to propose a standard protocol for awake transcranial imaging with fUS. My contribution to this article concerns the part 2., where both surgical and habituation protocols are presented. An extended and improved version of these protocols can be found in (E), with additional experiment oriented observations. The validity of these protocols are discussed below in respect to experimental data.

Introduction

Over the last two decades, neuroimaging has become an important tool for studying brain function and organization, enabling researchers to make important discoveries in the field of neuroscience. Today, functional magnetic resonance imaging (fMRI) has become the gold standard clinical neuroimaging technique to assess task or drug-evoked brain activation and to map functional connectivity at rest.

While human fMRI has high reliability and sensibility, mouse fMRI remains technically challenging for numerous reasons 1 .

First, fMRI has a poor spatial and temporal resolution.

The small size of the mouse brain necessitates the use of strong magnetic fields using expensive scanners to achieve reasonable spatial resolution. Second, maintaining stable physiological parameters within the narrow range allowing efficient neuro-vascular coupling is very difficult in anesthetized mice. Finally, the blood oxygen level dependent (BOLD) signal on which fMRI studies rely has relatively poor sensitivity, leading to low signal-to-noise ratio when applied to mice and often requires repeated stimulus presentation over long acquisition to detect small variations. The mouse being the most widely used animal model in biomedical preclinical research, these limitations are partly responsible for the translational gap in neuropsychiatry, hindering new promising therapeutic targets on the bench to be transposed into effective treatments on bedside.

Functional ultrasound (fUS) is a recently developed neuroimaging technique based on ultrafast doppler 2 . By directly sampling cerebral blood volume, this technique allows probing brain activity in real-time through the neurovascular coupling. Compared to other neuroimaging techniques, fUS yields a spatial resolution of 100 µm and a temporal resolution in the tens of milliseconds. This technique allows whole-brain imaging of complete coronal sections of the mouse brain, completely non-invasively. Furthermore, it is fully compatible with conscious and behaving animals 3 , 4 , 5 . One of the main current limitations of fUS is its 2D feature, allowing to record a single coronal plane at the same time. While volumetric 3D fUS using 2D matrix array transducers has already been successfully demonstrated in rats 6 and confirmed in mice 7 , its current lack of sensitivity requires a full craniotomy as well as averaging an important number of trials to detect a slight change of activity. Alternatively, linear transducers can be stepped across multiple positions and perform functional imaging plane by plane to cover the whole brain. However, this technique requires numerous experimental paradigm repetitions and as such long acquisition times (3-4 hours for the mouse brain) 8 , 9 .

In the present work, we describe a robust experimental platform including a commercially available functional ultrasound scanner and a fast plane-switching linear transducer with procedures to acquire 3D fUS data in anesthetized and awake mice, allowing volumetric and transcranial functional mapping of the mouse brain, noninvasively, without contrast-agent and within short acquisition times. We illustrate this feature by mapping somatosensory cortex activation following whisker stimulation as well as resting-state functional connectivity. Aside from animal preparation and data collection, we also describe the procedure for visualization, atlas registration and analysis of real-time fUS signals.

Protocol

All the procedures presented here have been performed in Adult mice (male C57BL/6 Rj, age 2-3 months, 20-30 g, from Janvier Labs, France) were housed 4 per cage with a 12h light/dark cycle, constant temperature at 22 °C and food and water ad libitum. Before the beginning of the experiments, animals are given a one-week minimum acclimatization period to housing conditions. 1. Weigh the mouse.

2. Prepare a mixture of ketamine and xylazine at 10 mg/mL and 2 mg/mL, respectively, in sterile saline. Administer 0.2 mL of the ketamine/xylazine solution intraperitoneally using a 26 gauge needle and 1 mL disposable syringe. After a few minutes, position the animal onto the stereotaxic frame, making sure that the head is flat.

3. Administer a second volume of anesthetics to reach a total dose of 100 mg/kg ketamine and 20 mg/kg xylazine (taking the initial dose into account). NOTE: Anesthesia should last for 1 h. To maintain a steady sedation for a longer time, inject 0.05 mL of the ketamine/xylazine mixture every 30 min intraperitoneally.

Animal preparation for anesthetized imaging session

1. Apply some eye ointment (e.g., Ocry-Gel) to the mouse eyes to avoid any cataract formation during the imaging session. Shave the mouse head using a trimmer. Apply some depilatory cream and rinse after a couple of minutes. Repeat until the hair is completely removed. [START_REF] Macé | Whole-brain functional ultrasound imaging reveals brain modules for visuomotor integration[END_REF] and allowing to perform transcranial 3D tomographic scans or 4D acquisitions. 3a. Servo-Motor driving the whisker stimulator (3b.) The servo-motor is controlled by an arduino uno card which is interfaced with the Iconeus One system [START_REF] Macé | Whole-brain functional ultrasound imaging reveals brain modules for visuomotor integration[END_REF] in order to synchronize stimulation patterns with imaging sequences. 4.a. Syringe pump controller. 4.b. Syringe holder.

5.a.

Temperature plate monitor controlling the heating plate. 5.b. Heating plate and rectal thermometer interfaced with the temperature plate monitor (5.a.). 6. Ultrasound gel placed between the animal's head and the ultrasound probe, providing acoustic coupling between them. 7. 15 MHz ultrasound probe. 8. Probe holder linking the probe [START_REF] Brunner | A platform for brain-wide volumetric functional ultrasound imaging and analysis of circuit dynamics in awake mice[END_REF] to the motor module (2). 9. Iconeus One equipment and software, allowing programing different imaging sequences and controlling the motors module (2) driving the probe [START_REF] Brunner | A platform for brain-wide volumetric functional ultrasound imaging and analysis of circuit dynamics in awake mice[END_REF]. Please click here to view a larger version of this figure. CAUTION: Be careful to not apply cement inside the frame window as it greatly diminishes signal quality.

Animal preparation for awake head-fixed mice experiments

Cover the skull with a thin layer of surgical glue to protect the bone and seal the wounds on the side of the imaging window.

5. Remove the animal from the stereotaxic frame after the cement is dry and reverse the anesthesia by a subcutaneous injection of atipamezole at 1 mg/kg. A prophylactic administration of meloxicam (5 mg/kg/ day, s.c.) is administered for post-operative pain.

6. Place the animal in a recovery cage on a heating pad (37 °C). The mouse can return its home cage with littermates within a few hours. Place a magnetic 3D-printed cap (polyactic acid material with magnet inserts) over the headplate for protection (Figure 2A). Leave the mouse to recover for 4 to 6 days before the beginning of the habituation to the mobile home cage (MHC).

NOTE: The total weight of the cap and the headplate is 2.8 g.

2.

Handling and habituation 1. On day 1 post-recovery (PR), gently hold the mouse in hand for 5-10 min several times a day.

2. On day 2 PR, repeat handling as in day 1 and leave the animal for 5-10 min exploring freely MHC.

NOTE: Playing some background music in the room can help reduce animal's stress. 6. On the day of the experiment, proceed as described above. Then, humidify the imaging window with saline and apply some ultrasound gel. Start the tracking of the animal and proceed to the probe positioning (see below).

NOTE: Clamping in the MHC may also be done by wrapping the mouse in a rag. In that case, mice need to be habituated to the wrapping procedure before head-fixation. A description of a complete experimental setup for awake imaging is provided in 

Probe positioning

Angiographic scan and atlas registration

Brain Positioning System (BPS)

1. In the IcoStudio software, make sure that the angiographic scan and its .bps file (generated in step 4.4) are loaded. Adjust the display parameters for visualization. Export the activation map as a .h5 file for off-line analysis.

NOTE: Activation is estimated using a generalized linear model (GLM) approach with the stimulus convolved by a default mouse hemodynamic response (HRF).

Alternatively, activation can be visualized directly by estimating the Pearson correlation between the stimulation pattern and the hemodynamic signal from each voxel. 

4D functional connectivity

Representative Results

This protocol describes the 3D quantification of cerebral hemodynamic variations transcranially in the mouse brain, at rest or in response to sensory stimulation. Whisker stimulation, a standard paradigm to map brain functional activation in rodents, has been selected as an example of sensory stimulation-evoked response. The same paradigm has been applied in a head-fixed behaving mouse in the mobile homecage using the awake preset of IcoScan. 

Discussion

Whole brain imaging methods are crucial tools to better understand brain physiology and pathology. The method described here allows the precise quantification of hemodynamic signals in the living brain directly at the bench.

The unmatched sensitivity and spatio-temporal resolution of functional ultrasound is particularly well suited for the mouse physiology. Functional responses and resting-state networks can be mapped within short acquisition times, longitudinally and without having to average trials or subjects to obtain a reliable measure. The relevant combination of high sensitivity ultrasonic linear probes and fast motorized setups enables one to perform transcranial volumetric fUS imaging in mice within reasonable acquisition times. This protocol can be performed either on anesthetized or awake mice using a mobile home cage.

Whisker stimulation, the sensory stimulus used as an illustrating example in this manuscript, is a standard functional activation paradigm in rodents and a reliable read-out to study sensory processing, neurovascular coupling and their alterations 5 , 6 , 10 , 11 . While coarse manual brushing of the whiskers may be preferred for its ease of use, this method lacks spatial and temporal precision. The use of an automatic stimulator, such as the one described here triggered with the fUS imaging scanner, allows for a better control of several parameters including the time of onset, the amplitude displacement, the frequency as well as the angle of the Q-tip/comb, resulting in a better inter-animal reproducibility.

Additionally, a more precise timing of stimulation enables the modeling of the Hemodynamic Response Function (HRF) by determining the time to onset and time to peak parameters 12 , 13 . To ensure better precision on the number of whiskers deflected during the stimulation (and thus the area of the activated region), more sophisticated stimulators can be adapted to this protocol. Many other stimuli such as light 8 , sound 14 or odor presentation 15 can be implemented using the same protocol.

The compatibility of functional ultrasound with awake and behaving animals is an important advantage compared to other neuroimaging techniques, enabling functional activation mapping without the anesthesia bias. Using an air-lifted mobile homecage is a good alternative to other existing headfixed apparatus such as linear or spherical treadmills. While being firmly head-fixed, the motion of the homecage gives the mouse the illusion to navigate the environment, allowing a wide-range of behavioral testings to be coupled to fUS imaging 16 . However, the habituation procedure to head-fixing constitutes an important step to decrease stress, especially for experiments where it can be considered a confounding factor. The procedure detailed here (6-days of handling and habituation to head fixation) gives robust results for sensory stimulation and resting-state functional connectivity.

However, it might be necessary to extend the habituation period for more refined behavioral tests 17 .

Disclosures

Jeremy Ferrier and Bruno-Félix Osmanski are employees of Iconeus. Thomas Deffieux, Zsolt Lenkei, Bruno-Félix Osmanski, and Mickael Tanter are co-founders and shareholders of Iconeus.

The protocols described in [Bertolo et al., 2021a] have been further optimised in the scope of pharmacological treatments fingerprinting. Details on the protocols we used in our studies can be found in (E).

Habituation

To summarise: the animal is first habituated to the environment for two days. It allows to identify them, mark them and prepare all the following sessions accordingly (rejection of outlier based on weight etc). Then, a surgery is performed to implant the metallic frame which allows head fixation. After two days of recovery and follow-up and two additional days of rest, the animal starts to be trained for the experimental conditions. The habituation purpose is for the animal to achieve almost natural behaviour while being clamped. During this training the duration in the clamp is gradually increased, while all experimental aspects are added one after the other. At the end of the training, recording sessions are performed to define an anatomic reference and a functional one, it marks the transition between the habituation and the experiment. The overall preparation can be described as follow:

Beginning During all these steps it is recommended to gather as much information as possible on the animal. The weight must be monitored as often as possible. In addition it is recommended to take pictures of the imaging window and the posture of the animal. Whenever the animal is clamped, it is possible to track its mobility activity (B. 3.2). We recommend to record habituation tracking as all these data can help future inference and give objective and reliable criteria for exclusion.

Surgery

Briefly: the implantation surgery consists in a mildly invasive procedure, under general analgesia and anaesthesia with a pre-treatment of meloxicam (4mg/kg 10mL/kg) and injection jcm PhD thesis CRI of ketamine/xylazine (100/10mg/kg 10mL/kg) as well as local analgesia with subcutaneous injection of lidocaine (2% 0.2mL). A metallic frame is attached to the skull. To reduce the risk of detachment of the implant two holes are drilled in the skull. The holes are superficial: a specific care must be given not to penetrate the skull. In addition, the skin on top of the imaging window is removed. Indeed, the fur traps bubbles, while the skin / implant contact region if the skin is kept tends to host infections. A protective layer of glue is poured on the imaging window. The surgery should not last more than 1h, being 30min on average for an experimented surgeon. Animals shall recover in the following day. If the recovery is longer than 2 days, specific veterinary care must be given.
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Results

Animal preparation, depending on the protocol chosen, can take from a quarter, up to half the experiment duration. We investigated the outcomes of animal preparation in order to ensure validity of the used protocols. The main objective of this preparation is to maximise signal quality. Alternatively animal behaviour variability must be reduced. Here we show the different results regarding the surgery, and the habituation outcome.

Preparation

We analyse in this section the surgical procedure aftermath. By doing so, we characterise the expected duration and the different yields of peri-operative actions.

Survival rate

Our surgical procedure outcome in terms of animal survival are as follow:

Opioids: For the opioids project, a total of 118 mice have been implanted across 5 strains: 60 C57BL/6, 11 M OR -KO, 12 DBA2, 12BALBc and 13 M OP f lox (conditional knock-outs for the µ-opioids receptor). Out of which:

• 8 died during surgery (7 × C57BL/6, 1 × DBA2). Out of them 5 deaths could be related to human error independent from surgical procedure.

• 2 removed their implant during habituation.

• 5 died due to one compound injection during imaging.

It results in a 4.6% loss that can be directly imputed to the surgical procedure or its outcome (most cases are related to ketamine/xylazine anaesthesia). In addition 4.6% additional loss can be imputed to the experimental procedure and more precisely intraperitoneal injection in head fixed condition.

Cannabinoids: 48 × C57BL/6 mice have been used for the cannabinoid project. No mouse died unexpectedly during this project.

Psilocybin: For the psilocybin project, 135 × C57BL/6 mice have been implanted. Out of which:

• 14 died during surgery.

• 3 died after an injection.

It results in a loss of 10.4% that can be imputed directly to the surgery, while 2.2% are related to injections.

Overall, improvement of the surgery and handling ended up by the total disappearance of implant removal cases. It can be related to better attachment with glue and cement (Fig. 115).

In addition, transition in clamping strategy from a wrapping strategy to an implant grasping method significantly reduced the mechanical stress on implant fixations. Indeed, Neurotar initial protocol [Juczewski et al., 2020] consisted in wrapping the mouse in a towel to constrain the animal the time for the experimenter to put it in the clamp. More recently, they suggested a faster and less stressful technique for both the mouse and the experimenter (see (E.2.3)).

In addition, thanks to a minimally invasive procedure and proper sterile conditions, no surgery induced complications like infections of the wounds was ever observed post-op (time after the surgical follow-up and before the first imaging session). In the end, all surgery related deaths seem to be imputable to the anaesthesia.

To summarise, the surgery resulted in 8.6% of loss, while RsFC imaging and injection 3.2%. Strategies to further reduce these figures are given in (11.1).

Recovery

In order to evaluate the animal recovery, the mice are weighted: on a daily basis right after the surgery and during the habituation, and regularly after that. This is illustrated here based on data from the psilocybin project animals (n = 125). Weights follow-up is displayed in (Fig. 27). On these curves the percentage of body mass change relatively to the weight prior surgery is given. As expected, the animals lose weight immediately after the surgery. It appears that they reach back a regime of steady linear weight increase as soon as 4 days after the surgery. (Fig. 27) on the right displays the evolution of the window aspect over the days. With
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jcm PhD thesis CRI time, the windows gets a pink tint which indicates that the window surface is sane. The wound, on the sides, dries over the days until it stabilises. In the absence of any scratch on the window, a proper preparation can last for multiple months. Although, keeping an animal that long can induce loss in signal quality (10.1.4). It has been observed that in the absence of regular imaging sessions, the wound tends to close on the imaging window. With time, in absence of specific care, the scar moves up, ultimately closing the window. This migration reduces the imaging aperture over the brain. In this case, the two gutters migrate back to the top of the skull. For this reason it is believed that regularly imaging an implanted animal allows to slow down migration of the wound and maintains cleanness of the window. Regularly imaging the animal, or at least cleaning the window preserves the signal quality. To test how long the transcranial preparation for head fixed condition could last, a cohort of 22 animals is selected among the ones which received only vehicle or saline. This cohort is used to follow-up surface status in accordance with our experimental endpoints. Out of these, 8 animals are imaged on a weekly basis. Animals are sacrificed if one experimental endpoint is reached or if the image quality becomes too poor for imaging. The two main reasons in discarding an animal from imaging are: apparition of a scratch on the window or beginning of an infection on the surrounding scar.

Window Stability

123
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Even very small scratches tend to damage intensively the image quality by introducing aberration in the acoustic field. If the scratch is on top of a ROI, it is usually impossible to rescue the animal. Once the protective layer on top of the skull is breached, the situation tends to worsen very fast. A local inflammation usually appears at the site of breach, which propagates in a few days. (Fig. 28, Left) displays an example of a scratch on the imaging window. Inflammation of the scar is the main preoccupation for the experimenter. It usually evolves quickly towards a broad infection. In the case of surface scratch, when the tissue tends to inflame, the situation can only deteriorate. Propositions to reduce the risks are given in (11.3). (Fig. 28, Middle) shows an example of inflammation beginning.

(Fig. 28, Right) displays the result of this longitudinal study. The first animal to be discarded was 36 days after surgery. Conversely, 77% of animals survived 2 months past the surgery (87.5% of imaged animals).

Signal quality stability

In order to evaluate the signal stability in time, 5 animals have been recorded systematically for 30min every week during 7 weeks. ( 29) shows the evolution of different descriptors of signal quality along these sessions. The first session was recorded 1 month after surgery. decaying with a significant drop of 19% between the 2 nd and the 7 th sessions. The ROIs in the 7 th session is on average 27% less intense than on the first session (cortex loses 34%, hippocampus 25%, ventral thalamus 16%). (Fig. 29, Bottom) displays this intensity decay across sessions as the average image over the 5 animals. If the intensity drop can be seen, the overall distribution of signal is conserved. (Fig. 29, top right) shows the influence in terms of functional connectivity. Loss of contrast in the connectivity matrices can be observed. Not all regions are equally affected. VThal-L bilateral connectivity drops from r = 0.82 down to r = 0.55, for hippocampus bilateral connectivity drops from 0.71 to 0.62 while cortex bilateral connectivity rises from 0.66 to 0.72 and connectivity with the lateral cortex increases from 0.3 up to 0.47. In the end all these changes are non significant. Moreover, the structure of the SBM shows steadiness with time. As is shown with the different fingerprints detailed below, the drug induced perturbations of the connectome are of other orders of magnitude. Although it is important to keep in mind that more than 2 months after surgery, the sensitivity to connectivity changes might be reduced due to intrinsic loss of FC contrast.

The Habituation

To verify how well our training procedure was adequate, as soon as possible, the animals were tracked during the habituation to obtain quantifiable behavioural descriptors of habituation level. These descriptors are displayed in (Fig. 30). As explained in E.2.2 the first habituation session long enough to get relevant information (> 1min) is H5. In order to have comparable descriptors across sessions, it was decided to analyse 5min long periods of tracking recordings. Tracking of the habituation sessions between H5 and H9 are illustrated. On the left, the habituation is shown, on the right the imaging sessions. Descriptors are quantified for the first 5min and the last 5min of the session (for H5 the two periods are identical) to see a potential change during the session. In total, 36 animals were recorded during the habituation, and 54 were analysed on all 3 imaging sessions.

The main descriptor derived from tracking data is the mobility (D.6) defined as the percentage of movement during a recording. (Fig. 30) informs us that the habituation protocol ends with a significant mobility reduction of locomotion: respectively 17.2% and 13.4% relatively to H5. It is interesting to notice that H8 (the first session during which the imaging window is covered with gel) is associated with the biggest drop of mobility, below the final value of convergence. Beyond absolute values, mobility during the beginning and the end of the imaging session confirms that after the habituation no changes are detectable in behaviour. This stability of behaviour descriptors suggests a successful habituation of the animals. All behavioural descriptors are in accordance with this observation.

Among the additional descriptors, the average speed, which is proportional to the total distance travelled, has a fluctuating pattern during habituation and seems to have converged with a steady value around 8mm/s across all 3 imaging sessions. Time spent in the centre has two conflicting interpretations, on the first hand it can measure exploration of novelty, as such it should decrease with time as the animal loses sense of novelty. On the other hand, it can be interpreted as an animal stress quantifier. In this last case, the underlying idea is that the animal must be comfortable to explore the open area which is the middle of the cage. This second interpretation can be questioned in our case, as the probe above the animal reduces significantly the impression of openness.

Summary

Overall, these results demonstrate that our surgery allows implantation of the animals with a reasonable success rate (< 10% loss). After surgery, the animals seem to recover normally and come back to a normal state in just a few days. Based on behavioural read-outs, our habituation protocol ensures reproducibility of animal states across conditions as far as 1 week apart. In addition, the mice are expected to be imageable for 1.5 months (15 -60 days after surgery). After this period, decay in signal quality is observed which seems to influence the FC read-outs.

The Field of view

The awake transcranial preparation is associated with a restrained field of view. We argue that the advantage of wakefulness exceeds the loss of spatial extend. We show in this part how the implantation procedure reduces per se the field of view, and how this restriction is further worsened during the awake state. 

The shadow cones

Spatial extension of the field of view is a real challenge for fUS imaging. On the one hand, 2D limitation intrinsically reduces the effective field of view. On the second hand, the skull is a source of aberrations for the acoustic field. Therefore, transcranial imaging is associated with multiple shadow cones distributed over the field of view below the imaging window inhomogeneities (mainly the sutures and the wound). This effect is further amplified in the awake state as the midline shadow is absent in the anaesthetised image. (Fig. 31) shows the different artefacted regions. In orange is illustrated the main area of low SNR. This shadow zone is below the Bregma suture. This shadow hides partially the striatum. It is particularly penalising as the striatum is a main hub of FC. In blue the shadow cone below the sagittal suture is illustrated. Again, loss of signal in this specific region is unfortunate as for our plan of interest (∼ Bregma -1.8mm): the retrosplenial cortex (part of DMN) is partially hidden. Similarly, the periacqueductal gray, a brain region involved in the opioid pathway is partly covered. In green, the regions influenced by the temporalis ridge and mandibular muscles are shown. The green area hides the temporal and entorhinal cortex for example. Finally, the amygdala appears in a dark area, potentially induced by the ventricular system.

For the sake of comparison, one volume from an anaesthetised mouse is also displayed
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As is detailed in (E.3), by opening the imaging window wide enough when detaching the temporalis muscles, image quality can be improved. Although, lateral parts of the image always show less signal, as the bone becomes parallel to the wave direction. This mechanistically increases the bone thickness to cross. Finally, the angle between the wave direction of propagation and the skull surface makes some energy bounce and leak far from the probe sensors. This effect can be seen in the anaesthetised mouse (see (Fig. 31)) as the most temporal regions appear darker as well.

Overall, the imaging window in transcranial awake imaging is limited: in the back and the front by the implant, on the side by the temporalis muscle and the temporal ridges (the suture between parietal and temporal bones). In addition, bone sutures induce shadow cones beneath them. As the suture is a complex entanglement between two bones frontiers, its mechanical structure is inhomogeneous and increases aberrations. For some unknown reasons, this phenomenon is amplified during awake imaging. In fine, the operational field of view extends between ∼ AP -4mm and AP + 4mm the medial area (∼ 500µm) contains limited information content, while the bregma region (AP -1mm to AP + 1mm) is almost completely dark. It is worth noticing that the exact geometry of shadow areas is mouse dependent.

The implant angle

The probe positioning does not allow full coverage of the brain for fast temporal resolution with a 2D imaging system. The motorised platform only permits to solve the 2 points problem (there is no guarantee to be able to image a plane defined by three points or more). With this constrain, only planes parallel to the zaxis can be imaged. This limitation results in a localisation problem and the question of a reference space as illustrated in (Fig. 32). While dense modality like fMRI can registered their data in a reference space independently of potential variability in angular positioning of the brain, this is not the case for fUS. Because only scarce planes are imaged (with big steps in the case of pd3dt, or worst in the case of single slice, as for us), a non null pitch angle between two images results in the impossibility to compare them (Fig. 32, Bottom Right). This angular constrain imposes the experimenter to be extremely careful in ensuring that all acquisitions are done with the same pitch angle for the sake of comparison. In other words, the pitch angle defines a space in which data can be compared. If two images pitch angles are too far apart, no comparison can be achieved at the voxel level. It raises the question of which reference space to use.

(Fig. 33, Left) shows the main three candidates:

1. In the field of mouse neuroanatomy, the Allen Brain institute has defined a popular reference space. They did so by sharing a precise atlas based on more than 1700 systematic histological investigation of mouse brain structure [Wang et al., 2020]. As a result they propose a Common Coordinate Framework whose last iteration is the third version (CCF v3). Because this space is usually defined as the mouse reference, we chose the absolute horizontal as this referential antero-posterior direction. Due to histological practices, this direction corresponds to the brain weight distribution geometric midline.

2. Before hand, the field of stereotaxic surgery already define a similar reference space based on fewer individuals (26) [Paxinos and Franklin, 2008]. The problem motivating this atlas genesis was the reproducibility of stereotaxic surgeries, like injections in various brain nuclei. This problem is the exact same as the probe positioning constrain. Because stereotaxic injections use micromanipulators calibrated on the vertical direction, a pitch angle during animal positioning would result in mis-injection in deep regions. The procedure proposed to standardise this practice is to align in a horizontal plane two reference points easily identifiable on the skull of the animal: the lambda (λ) point at the intersection between the occipital and both parietal bones, and the bregma (β) point at the intersection of the frontal and both parietal bones. Fortunately, for anaesthetised fUS recordings, the animal is also placed in a stereotaxic frame. Therefore, this space can be used to compare recordings in this preparation as the pitch angle is guaranteed by the stereotaxic positioning. We measured a 12 o angle between this Paxinos' horizontal (βλ axis) and the Allen's horizontal.

3. Finally, implantation in the case of awake imaging imposes another angle. In this case, the morphology of the mice and the geometry of the implant deterministically define the pitch angle. Thanks to our efforts in standardising the surgical procedure by anchoring the back of the frame in the most caudal point of the occipital bone, we could reduce the variability to the mouse skull morphology alone. By sticking to a single strain with the same age, variability in the pitch angle is controlled and allows voxel wise comparison. We reliably measured this angle across multiple datasets at ∼ 18 o . (Fig. 33) illustrates these three spaces and their angular differences. As detailed in (C.4.1) we also define a reference point based on vascular landmark. To benefit from the fast acquisition rate of pd2d we decided to limit our studies to a single plane (at the exception of the
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jcm PhD thesis CRI multiplane study (G.6)) that we identified thanks to a particular vascular structure easily recognisable by the experimenter. We called our reference landmark the vascular bregma (VB : the branching point between the internal carotide and the anterior choroidal arteries), whose position incertitude is 100µm. As this point is bilateral we ensure the unicity of our plane of interest by solving the two points problem with a pitch angle imposed by the implantation. Ultimately, this guarantees the reproducibility of our recordings. (Fig. 33, Bottom Right) shows the position of the awake VB slice in the Allen's space. Our plane of interest stretches across 5 usual slices of the Allen's brain atlas. This stretching results in an unnatural aspects of the regions observed in the same plane, which are usually seen on far apart slices. As anticipated, the comparison with Allen based data is rendered tedious. It is clear that representing our data in this space is unpractical. For this reason, we developed a registration ontology based on our own awake space. This method is later detailed in (13.3). In the last months of my PhD with the improvement of our registration tools, we finally projected our space back in the Allen's one. Without solving the unusual aspect of our slice, this effort gave us the possibility to precisely locate in the brain the different effects we observed.

In practice, the Allen space inclination of the brain surface (Fig. 33) is sub optimal for fUS imaging. This inclination increases the amount of reflection, as well as the thickness of bones to cross, which attenuates the acoustic wave. It is why, in absence of craniotomy, we don't recommend experimenters to use this space as a reference. Alternatively, from the experimental considerations aforementioned (stereotaxic and implantation), two spaces naturally arise for the sake of comparison across datasets in the case of fUS data. For anaesthetised preparation, careful application of stereotaxic directives would allow easiness in coregistration of datasets in the Paxinos' space. In the case of awake recording, by following our surgical protocol, we guarantee a reproducibility of the pitch angle across experimental conditions, making possible potential comparison of results at the voxel levels across different datasets. We propose in (13.3) two vascular templates for these spaces, computed on angiographic scans from respectively 45 and 72 sessions, as well as the visualisation of Allen's parcellation in these two spaces.

Summary

Overall, we showed in this section that the implantation procedure has an influence on signal quality and achievable field of view. Awake imaging shows reduced signal quality as compared to anaesthetised preparations. In general for fUS, some regions of the brain present reduced signal (shadow cones). This phenomenon is amplified in the awake case. In addition, any regions below the implantation boundaries present no signal at all. The ability to image lateral regions (typically the temporal cortex) is reduced by this limitation. Natural sutures (mainly the sagittal and bregma sutures) are main sources of shadow cones in the awake state. It results in a very poor signal in the midline plan for coronal images and almost no signal in the vicinity of the striatum. These dark regions must be accounted for in any experimental plan. For studies mainly interested in striatal regions, as we discuss below, alternative preparations to transcranial must be envisioned. Finally we showed the inherent difficulties for fUS images to be visualised in a reference space such as the Allen's CCF v3 coordinate system. To solve this problem, we propose two alternative spaces to use as a reference. This notion of reference space was proven critical in the case of fUS imaging as this constrain applies at the acquisition stage, when the experimenter defines the pitch angle. We believe a convention across users to align on the experimental practices, such as the use of such spaces, might allow voxel-wise comparisons across datasets and leverage further the data acquired by each lab.

Based on these results, we put our protocol in perspective with alternative strategies such as Polymethylpentane (PMP) replacement of the skull to evaluate margin for improvement. We also discuss the boundaries of awake transcranial imaging validity and when alternative preparations might be more suitable.

Survival rate

The surgery we presented follows the standard of head fixation procedures [START_REF] Barkus | Refinements to rodent head fixation and fluid/food control for neuroscience[END_REF]: specific care to aseptic condition, pre and post surgical care, habituation before surgery and post-op rest. Because all surgeries are different with their own complications, it is complicated to estimate the acceptable death rate following a procedure. Our procedure falls into what is to be expected in all surgical implantation with < 10% loss imputable to surgery. [Juczewski et al., 2020] is the reference article for the use of MHC apparatus. They report a 3.6% loss during surgery while they use isoflurane anaesthesia which is known to be more stable than ketamin/xylazin. It matches our best survival rate during the opioids project. We conclude that during surgery around 3 -4% death rate appears unavoidable. As complications can occur, 10% appears as a margin to expect for experimental planning. Below 90% of surgery survival, the experimenter shall question the surgical preparation and procedure.

Anaesthesia and analgesia

We emphasise here the importance of anaesthesia and analgesia in improving survival and animal well-being [START_REF] Barkus | Refinements to rodent head fixation and fluid/food control for neuroscience[END_REF]. For refinement of the procedure, pre-operative and post-operative analgesia could be complemented with buprenorphine injection. Because of our study object we considered the advantage of additional analgesia not worth the risk on potential deleterious effect on our results. Although, it is known that buprenorphine reduces post operative stress [START_REF] Goldkuhl | Effect of subcutaneous injection and oral voluntary ingestion of buprenorphine on post-operative serum corticosterone levels in male rats[END_REF] and could yield better survival rate and increased animal well-being. Alternatively, xylazine can be advantageously replaced by metedomidine which is known to have a longer lasting effect [START_REF] Connell | Comparisons of α2-adrenergic agents, medetomidine and xylazine, with pentobarbital for anesthesia: Important pitfalls in diabetic and nondiabetic rats[END_REF]. If some claim that dexmetedomidine could have benefits as compared to metedomidine, the clinical advantage of the first is not consensual [Burnside et al., 2013]. In all cases, it is recommended to reverse anaesthesia with atipamezole to accelarate recovery of the animal and reduce risks of hypothermia. Nevertheless, atipamezole also reverses xylazine or metedomidine analgesia and therefore adaption of the analgesic protocol should be envisioned in this case [START_REF] Richardson | Anaesthesia and post-operative analgesia following experimental surgery in laboratory rodents: are we making progress?[END_REF]. Finally, some advocate the use of isoflurane [START_REF] Szczesny | Long-term anaesthesia using inhalatory isoflurane in different strains of mice-the haemodynamic effects[END_REF] whose use has increased in the last decades [START_REF] Richardson | Anaesthesia and post-operative analgesia following experimental surgery in laboratory rodents: are we making progress?[END_REF]. This gaseous anaesthesia main advantages are easier monitoring and fast reversion ∼ 1min, which allow better control during surgery while ensuring long lasting and stable anaesthesia ∼ 6h. The difficulty in our case is the handling of nose cone when the frontal screw is very rostral.
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Implant removal and injection

The main source of animal loss reported in [Juczewski et al., 2020] is implant removal ∼ 14%.

We showed in our case that by improving fixation with our big implant, this risk has been reduced to 0%. In our case, the main source of post surgery death during experiments is due to injection in head-fixed condition. These events occur for both saline and treatment injections.

As a result, it appears that misdosage is not the main source of death. Intraperitoneal injection in headfixed condition seems to induce stress which can be fatal for the animal (∼ 3%). Further improvement in the habituation, such as habituation to intraperitoneal injection before head-fixed condition might improve the procedure success.

Habituation

[ Juczewski et al., 2020] shows that even after 25 days of habituation the corticosterone level of head fixed mice is still significantly higher than control mice. Although, it also shows that the level stabilises after 10 days, which coincide with body weight stabilisation. In addition, they show no change after 5 or 25 days in behavioural tests between head fixed and control mice. They conclude that at the exception of stress related studies, a 5 -10 days habituation protocol seems a reasonable choice for MHC apparatus.

Our results seem to converge with these findings. Using their arbitrary threshold of 7mm/s we find a similar mobility: 21% on average over 90min to compare with 20% over 2h in their case. After two weeks, all our locomotion based read-outs are stabilised. If stress level of mice is higher than controls, we demonstrate that no change is to be expected from basal variance across sessions. As for fUS, movement is a concern (see (12.2.1)), our protocol seems to discard habituation as an additional source of variance.

For body weight follow up, results are more divergent. In [Juczewski et al., 2020], data of post surgical follow up are not presented. Their habituation starts 1 week after implantation. They show marginal changes in control mice weight (< 2%) while data from Jackson laboratory suggest an expected increase of 9% over this period. Conversely they show a marginal decrease (< 4%) of weight associated to habituation reaching a minimum 10 days after the beginning of habituation. In our case, the only decrease observed is due to surgery and cancelled out after 4 days. After 4 days, during habituation, the mice weight increases of 13.2% in three weeks while Jackson laboratory data predict 9.5% over the same period. The differences are most probably due to difference in ages (8 weeks in our case against 13 weeks in [Juczewski et al., 2020]).

Overall our two weeks protocol seem to fit minimal standard of the field [START_REF] Kislin | Flat-floored airlifted platform: A new method for combining behavior with microscopy or electrophysiology on awake freely moving rodents[END_REF] where 70% of teams use less than 5 days protocol [START_REF] Barkus | Refinements to rodent head fixation and fluid/food control for neuroscience[END_REF]. This extended duration seems needed in our case. Indeed, we gradually increased our habituation duration across projects (5 days for opioids, 10 days for cannabinoids and 2 weeks for psilocybin). (Fig. 34) shows average mobility distribution across different conditions (one point is the average mobility on all ∼ 10 animals of conditions (W T M 10, W T T HC10, P silo5T 0...) for each habituation duration). It appears that 5 days of habituation results in an increase dispersion of mobility across cohorts confirming that at least 10 days of habituation should be recommended. 

Window preparation

Different preparations

fUS imaging for small animals has been done after different types of preparation. First studies in rats were performed with anaesthetised trepanated animals ( [Macé et al., 2011, Bercoff et al., 2011]). This preparation was later refined to reduce invasiveness with a thinned skull preparation ([Urban et al., 2014a, Osmanski et al., 2014]). Thinned skull allowed chronic imaging up to 7 days without alteration of the image quality. Finally, the skull was replaced with a cranial window of ultrasound transparent PMP. This preparation opened the way for awake imaging [Sieu et al., 2015, Sieu et al., 2016, Bergel et al., 2020]. PMP preparation increased the amount of time during which the animal was imageable. Currently, all preparations are still in use depending on the application, with recent papers still using trepanated rats [START_REF] Nayak | Imaging the response to deep brain stimulation in rodent using functional ultrasound[END_REF], Provansal et al., 2021].

For mice, the literature in anaesthetised state is still limited, with applications in vascular imaging for stroke [START_REF] Hingot | Early ultrafast ultrasound imaging of cerebral perfusion correlates with ischemic stroke outcomes and responses to treatment in mice[END_REF], but also some FC studies [START_REF] Vidal | Pharmaco-fus for characterizing drugs for alzheimer's disease -the case of thn201, a drug combination of donepezil plus mefloquine[END_REF], Grohs-Metz et al., 2022a]. The main advantage of mice is the possibility to image transcranially [Tiran et al., 2017] and access to the various genetic murine models [Martinez de Paz and Macé, 2021]. This possibility to image through the skull and the skin allowed to skip the skull thinning step. Alas, unpublished concerns have been raised during conferences for older mice whose signal appears poorer. The skull thickness has been hypothesised as a potential source of signal decay as perfusion per se seems quite stable in time [START_REF] Wei | Age-Related alterations in brain perfusion, venous oxygenation, and oxygen metabolic rate of mice: A 17-month longitudinal MRI study[END_REF]. Skull thinning might prove valuable in such cases. In murine model, transcranial imaging quickly motivated brain observation in awake animals with minimal invasiveness. First was proposed a freely moving strategy, where the probe is attached to the frame with magnets [Tiran et al., 2017]. Due to movement artefacts and other complications (wire management) it was decided to move towards an intermediary situation where the animal is head-fixed [Ferrier et al., 2020]. Alternatively, skull replacement has been developed for mice as well [START_REF] Macé | Wholebrain functional ultrasound imaging reveals brain modules for visuomotor integration[END_REF], Kılıç et al., 2020, Tournissac et al., 2022]. If this preparation has been used with sedated mice [Boido et al., 2019], most its applications were targeted toward awake imaging. This preparation, like for rats, allowed to couple fUS with other methods, such as optogenetics [START_REF] Sans-Dublanc | Optogenetic fUSI for brain-wide mapping of neural activity mediating collicular-dependent behaviors[END_REF], electrophysiology [Nunez-Elizalde et al., 2022] or optical imaging [START_REF] Aydin | Transfer functions linking neural calcium to single voxel functional ultrasound signal[END_REF].

As it could be expected, the optimised preparation depends on the desired application. As an example, our lab is interested in structural plasticity. In this case, craniotomy, perturbing the whole parenchymal mechanical structure would induce great doubts over conclusions brought after this preparation. It seems more natural in this case to look at the brain in the intact skull shell. On the other side of the spectrum, some collaborators are interested in the striatum. As we saw in (10.2) and (13.3.1), transcranial imaging in awake condition displays a radical loss of signal under the bregma suture where the striatum is located. In this case, craniotomised imaging seems more adequate.

A final consideration influencing the preparation choice concerns time management. Because of surgery and habituation, a single implanted mouse for transcranial imaging requires a few weeks investment for 6h of work in total. If awake state is not required, it appears much more efficient to study anaesthetised mice (∼ 20min preparation). Conversely, once implanted the mouse can be image much quicker (no need to prepare anaesthesia), in the case of repetitive protocols implantation could prove beneficial. Due to a more complex surgery, a PMP implantation can last a few hours as opposed to 30min for transcranial imaging. Implanting a 10 animals cohort can require a week instead of a day. Such constrain must be considered in the experimental plan and weighted before choosing the preparation.

Transcranial Imaging

As already mentioned, we oriented our research towards transcranial awake imaging. Our findings on signal quality associated to this preparation and how to optimised experimental design in consequence are summarised in this section.

Strain dependency

First, independently of anaesthesia, we observed a significant signal quality difference between various strains.

(Fig. 35) illustrates how signal quality evolves across the different strains and ages. Images are displayed in dB relatively to their maximum intensity. Below the average images (mean of singla individual pd2dt along time), we show the voxel intensity distributions inside the parenchyma. For the sake of readability, this distribution shows negative dB values for low intensity voxels. Most images are associated with a gaussian left peak representing the The signal intensity decays between 70 and 280 days old mice. This decay illustrates that fUS is more suited for young mice (∼ 8w). Then, comparing signal quality between the wild type strain (C57) and mutants: the signal can be similar (M ORKO) or reduced (10ST A). This first observation highlights one challenge for transcranial imaging regarding strains morphology variability. One specific mutation of the MOR can damage the signal through potential non specific influence on bone thickness, while others leave it unchanged. A signal quality hierarchy can be found across the 4 different lines we imaged: C57 > BALBc > SW ISS > DBA2. This observation questions the possibility of comparison between strains. One could argue that affected signal quality appears at the first order (signal intensity). This difference should have little influence on second order statistics such as FC (covariance). The causality behind this assertion is quite complex to demonstrate as in this case, potential differences in connectivity itself could mask the effect. In fine, 10ST A and wild type DBA2 seem unfit for transcranial imaging. To conclude, it appears necessary to check signal quality when imaging a new strain. Even with similar backgrounds, small mutations can induce significantly different signals to the point of no signal.

Signals enhancer

From (Fig. 35), finding ways to increase SNR appears critical. (Fig. 36) shows multiple strategies to improve the SNR. All examples are given for anaesthetised recordings. Due to experimental design constrains the microbubble image comes from a different anteriority. The PMP example is imaged after a bolus of isoflurane followed by a perfusion of metedomidine [Tournissac et al., 2022], the thinned skull condition is imaged under ketamin/xylazin (resp. 100mg/kg and 10mg/kg, 10mL/kg) induced anaesthesia, immediately after the surgery. Isoflurane and microbubbles images are recorded under isoflurane anaesthesia: 4% bolus decreased at 1.5% after induction. In addition, because the microbubbles and thinned skull images were acquired in unimplanted animals the imaging window is wider. This comparison is given as an illustration, these images have not been acquired with the purpose of this comparison making quantitative interpretation dubious. We use this example for the sake of the argumentation. Whether it is a simple frame (Isoflurane) or a full cranial window (PMP), implantation induces signal loss in the temporal part of the brain. This is well illustrated in terms of shadow areas in narrow windows.

For PMP, a shadow cone can be seen in the middle left part of the image. It is most probably due to bone regrowth. This shadow illustrates potential complications that could arise in the border regions. Overall, the PMP image has a very high quality with great details in the cortex, the hippocampus and the thalamus. The intensity distribution confirms intensitities in higher values (right tail of the distribution). Although, a gaussian peak for low intensity voxels is still present. This peak can be associated to both lateral dark patches under the window borders and the shadow cone. The isoflurane signal appears much better
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The thinned skull preparation displays a poorer signal quality. If the right tail is quite wide showing that the contrast is improved, most voxels are dark. This effect could be explained by the preparation itself which is believed to cool down the brain resulting in potential vasoconstriction [START_REF] Roche | In vivo imaging with a water immersion objective affects brain temperature, blood flow and oxygenation[END_REF]. For this approach, it is recommended after surgery to cover the preparation with agarose gel and image the animal only a few days after surgery [Urban et al., 2014a]. Finally, contrast agents injection gives the best average signal. In this case the distribution is very wide showing intensities in all ranges. This distribution fits the expected vascular distribution of the brain. Despite being located in the posterior striatum, under the bregma suture, the image is still highly resolved and contrasted.

The microbubble preparation is particularly interesting for its implication on signal distribution. Indeed, this image is obtained by integrating the bubble distribution over time in the power doppler space without identifying centroids. In first approximation, up to a convolution factor, the signal is proportional to the probability for a bubble to visit this voxel during the acquisition duration. In the end, this signal gives a valuable estimate of the blood volume from PD signal (averaged over a long period). This estimate is independent of bubble tracking and microscales considerations. Due to its high sensitivity, this distribution of intensity can be seen as ground truth, and we expect that non artefacted signal shall converge toward this wide spread distribution up to a multiplicative constant.

Transcranial limitations and recommendation

We conclude that the minimally invasive transcranial preparation can not be applied for all applications. We showed 10.2.1 that some regions of the brain are masked with this preparation. Aiming for such regions, specific care should be applied when imaging. The probe itself can be specifically oriented for these applications (to avoid the surface bouncing loss). Alternatively, the acoustic wave direction can be tuned to maximise the signal quality. In addition, some strains present little to no signal. In cases were optimisations were not enough to rescue the signal, we showed that alternative preparation exist to increase SNR and avoid shadows. These methods rely on a tradeoff between invasiveness, ease of implementation and signal quality. From these considerations we can derive a set of recommendations:

• In terms of implementation, preparation follow this hierarchy from easiest to most complicated:

Acute: in the case of single recordings (acute protocols, terminal procedures etc), implantation is not recommended: • For anatomical scans which don't require awake state of the animal, it is recommended to image non implanted mice under isoflurane anaesthesia at least and potentially perfused with a contrast agent.

• For FC analysis, microbubbles might interfere with the second order statistics. In this case, thinning of the skull could be a good alternative, but it requires proper dealing with brain thermoregulation [START_REF] Roche | In vivo imaging with a water immersion objective affects brain temperature, blood flow and oxygenation[END_REF] and the use of agarose gel window for chronic imaging.

• Finally, to circumnavigate suture induced shadow cones and improve signal quality in awake state, replacement of the skull by PMP window is recommended.

Preparation expectancy

We showed in (10.1.3) that our preparation can effectively last for 2 months after surgery. This duration fits most pharmacological applications. For comparison, at Boehringer Ingelheim, usual electrophysiology assays are expected to last 2 weeks before tissue cicatrisation perturbs the signal too much. It confirms that the transcranial preparation is a promising tool for many applications.

We expect the 2 months period to be extendable at little expense. These various points are given based on unpublished observations which require further investigation for validation:

• Evenly spreading the protective layer of glue can be highly beneficial, delaying window quality decay.

• Thorough maintenance of the surface by regular cleansing has shown promise of increased imaging window viability.

• Protective overcaps [Bertolo et al., 2021a] can reduce the chance of window scratches. Specific care for the enclosed volume between the skull and the cap shall be given to avoid any infection in this case.

• Reducing the number of littermates decreased risks of complications.

Part III

Awake rs-FC with fUS

We have seen that for fMRI, FC estimates are generated through extensive processing of initial data (5). This is also true for fUS signal. Indeed, both techniques rely on the measurement of perfusion to infer infraslow oscillations. Therefore, many fMRI principles and tools can be applied to fUS processing with minimal adjustments. However, there are certain limitations to this approach. One key difference between fUS and fMRI is the physical nature of the signals being measured. fMRI detects the BOLD signal. BOLD reflects the combination of local perfusion and oxygenation of haemoglobin through the recording of magnetic spin de-excitation. In contrast, fUS infers blood volume fluctuations through the estimation of the number of red blood cells detected by ultrasound. This distinction ultimately necessitates the adaptation of certain processing steps.

Additionally, the use of awake, head-fixed animals in fUS research introduces uncommon sources of artefact that require specific attention in order to effectively analyse the data. An example of such an unprecedented signal is presented in the first section. This nuisance highlights the intrinsic differences between the fMRI BOLD and fUS CBV signals. The plausible physiological sources of this exotic signal are also discussed. Finally, the concept of global signal (GS) in the context of fUS is explored. These discussions highlight the margin for further improvement in signal quality and a reduction of processing-induced bias in the study of GS with fUS.

In this section, we also present a benchmark study that evaluates the impact of different parameters used at various stages of the analysis pipeline on the detection of our pharmacological fingerprints. Specifically, we examine the influence of alternative strategies (for example filtering on different frequency windows) on the final FC read-outs, using for example the sensitivity to opioids fingerprint. As there is no established ground truth or simulation of expected FC shifts, we provide a qualitative discussion of the choices for our final pipeline.

Furthermore, in the last section, we delve into the anatomy-function dichotomy by describing the various neuroanatomical tools developed for these studies on functional perturbations. We present a strategy for generating a template for registration and neuronavigation purposes. We also present a custom auto-parcellation algorithm for data-driven definition of ROIs. Overall, these technical developments, validations, and discussions are crucial for the successful implementation of our analysis pipeline, as well as the reliable interpretation of fUS data.

The pipeline used in our study, is detailed (D). All along this part this description is considered as the reference. We then modify each step independently to observe its influence on FC read-outs. Here is summarised the pipeline architecture:

1. We use a fixed threshold clutter filter on masked IQs (voxels outside the brain are
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2. Images are registered on a custom template.

3. Timeseries are centred and normalised voxel wise (removing of the mean divided by the standard deviation).

4. Artefacted frames are labelled and put to the mean.

5. Timeseries are decomposed on singular vectors and the first mode is removed (regression of the first SVD mode).

6. Timeseries are bandpass filtered between [0.01, 0.1]Hz.

7. Artefacted frames are removed before computing Pearson's correlation.

The main challenge we faced during the analysis of awake state head fixed mice has been the presence of global signal artefacts. In this section, the nature of this fUS specific artefact is introduced. We show that, if initially associated to movement, we were able to target more precisely its source which seems to be extracerebral. We identified its potential origin in the trigeminal ganglion (TG). We show how this signal interfere with our measurement of pharmacologically induced fingerprints and how we managed to reduce its influence on the presented results.

Results

The study of the TG artefact is the reason that motivated us to mask IQ data before the clutter filter. In this section FC analyses are displayed with a modified pipeline from the one described in (D.3.2). In particular, no scrubbing is applied. Two types of signals are analysed, the signal without masking prior to clutter filter, and the same signal with masking before clutter filter.

12.1.1 High intensity high frequency basal artefact (Fig. 37, Top) displays raw global signal at the session level either during a session where saline or morphine (30mg/kg) is injected. The raw global signal is extracted after minimal pre-processing. For each subject, the PD without prior masking is used, the signal is centred to extract percentage signal change voxel-wise by subtracting and dividing by the average signal over the last 2min of baseline. After this, the signal is averaged over all voxels and all individuals. This raw global signal gives an indication of the cohort level signal evolution. The dispersion of data around a baseline value can be read by the apparent trace thickness.

The saline raw global signal shows a gradual decay with time. The signal dispersion, while remaining high, appears steadily decreasing as well. For morphine condition, the baseline follows the same dynamics. Although, immediately after injection, the signal seems stabilised around a non stationary trend. The study of this non stationary trend is detailed in the next part as CBV component of the opioid fingerprint. The interesting feature we investigate here is the change in dispersion. Indeed, from this first observation two regimes are identified. At baseline and after saline injection, the signal presents high frequency and high amplitude peaks in the raw global signal. This high amplitude, high frequency signal disappears after morphine injection. In addition, looking at the SBM without prior masking, the saline and baseline are associated with a surprising connectivity pattern. During this basal state, when the seed signal comes from the cortex, the FC shows two different modes. In red a global positive correlation can be observed in the whole vascular tree (voxels with high PD intensity). This network is opposed to a negatively correlated continuous background. This type of bimodal distribution of connectivity between high PD voxels and low intensity voxels seems unnatural and suggested to us that the minimal pre-processing fails to prepare the data well enough for FC analysis.

When we look at maximal intensity projection, it appears that the most intense source of signal can be found outside the brain in two lateral regions below the amygdala. This source of signal is absent after the injection of morphine. It is interesting to notice that the second most intense source of signal is located in the echo above the cortex. These last observations suggest the presence of a global signal in high intensity voxels, whose potential source would be the region below the brain. After referring to peers, we arrived to the conclusion that this source of signal is potentially the TG [Réaux- [START_REF]Ultrasound localization microscopy and functional ultrasound imaging reveal atypical features of the trigeminal ganglion vasculature[END_REF]. This last statement is still hypothetical and currently under investigation. Other candidates and implications are further discussed in (12.2.2). For the sake of clarity, from now on, this region is called the TG and the associated nuisance, the «TG artefact». Altogether these observations suggest the existence of a high frequency, high amplitude artefact in the signal. Because the spikes can be found in all voxels we make the assumption that the mechanism from which it originates, comes either from the acquisition per se or the acquisition processing. Because the clutter filter is a spatio-temporal filter its output in each voxel is a linear combination of signals from all other voxels. Moreover, the SVD is particularly affected by outliers. As a result, we make the assumption that the signal in the TG presents some pulsating and intense spikes. These spikes are believed to shift the clutter filter out of its nominal regimes. In other words, because of the high intensity in the TG, the clutter filter SVD would be biased toward these outliers. As a result, the SVD would fail to discriminate the blood from the tissue. To palliate this effect a simple solution consists in masking the data before applying the clutter filter, a procedure also called skull striping, in order to remove the outlier and potentially maintain the filter in a regime of efficacy.

(Fig. 37, Bottom masked) displays the same SBM after this processing. It seems that the TG-artefact is significantly reduced. The SBMs appear more natural, with connectivity at baseline mainly present in bilateral regions. This result, if failing to invalidate our hypothesis, does not alone demonstrate causation of our model. Although, based on these evidences, and because reduction of potential nuisance sources before applying a filter is a valid justification, we decided to systematically apply the masking procedure with the aim to reduce the TGartefact.

Influence of pharmacological treatments on TG

In the scope of measuring FC, it is now recommended to remove the TG from the signal as early as possible in the cascade of analysis. Although, the influence of morphine on this raw global signal dispersion motivated us to investigate further the TG signal under the influence of our various treatments. (Fig. 37, Left) shows the average peak after injection of either saline or morphine. First row represents the percentage signal change extracted from the TG. In this case, the signal
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jcm PhD thesis CRI is necessarily unmasked. Peaks are identified with the find_peaks function from Python module scipy.signal. 20min of signal are used and prominence parameter is set to 0.5 to identify enough peaks in all conditions. After saline injection, 194 peaks were identified, the average peak reaches almost 300% change. Its duration is 1 data point long. It confirms the presence of a high amplitude and high frequency signal in the TG during basal state. After morphine injection, 41 peaks were identified, the average height is below 80%. It is interesting to notice the bimodal distribution of morphine peak. Conversely, after saline injection the peak seems isolated. It suggests a richer temporal structure in the morphine condition, with potentially some peaks of high intensity and high frequency, but also others with extended temporal coherency. Such temporal extend suggest an auto-correlation structure and spreading in terms of spectrum. Alternatively the saline peak looks more like a temporally incoherent noise. The second row displays the same signal in the cortex. On the same period, 195 peaks were found in the signal, the aspect of the peak is very similar to the one found in the TG with lower amplitude ∼ 100%. After morphine injection, peaks in the cortex present the typical aspect of an autocorrelated signal. In other terms, it seems that peaks in the cortex possess a rich temporal structure where values at the maximum are dependent on past signal. Finally, the third raw represents the peaks in the cortex after masking data before the clutter filter. It appears that masking uniformises the peaks shape between saline and morphine condition (n = 85 and n = 79) while saline peaks shows some traces of bimodal distribution.

Overall these observations confirm the existence of a high amplitude, high frequency signals in the TG. This signal is reduced after morphine injection. The same type of pattern with a milder amplitude is observed in the cortex. The similarity between cortex and TG matches the hypothesis of noise propagation in absence of a priori masking. Finally, applying a mask before the clutter filter reduces the amplitudes in cortical peaks. It also increases their temporal coherence. This spectral spread could be expected from physiological peaks. We interpret these results as an additional encouragement to apply masking prior to clutter filter. It also confirms the influence of morphine on TG signal.

Based on the aspect of (Fig. 37), we decided to measure dispersion of TG signal as a proxy for the high intensity high amplitude signal. We extract bilateral TG signal as percentage signal change and estimate individual dispersion over 10min window as the standard deviation. (Fig.38,Right,Bottom) shows the influence of morphine and psilocybin on TG signal dispersion. Morphine induces a quick and massive reduction of signal dispersion. For W T M 30, the dispersion is reduced by 90% as compared to baseline and 58% from saline control for p = 6e -4 . P silo5T 0 displays a drop of 92% as compared to baseline resulting in a difference of 80% with saline p = 4e -4 . The same drop is observed after T HC injection: 95% as compared to baseline and saline p = 8e -4 . Finally CBD is the only drug for which the dispersion drop in the TG is not significant resulting in a 50% drop as compared to baseline p = 1.5e -2 .

This effect is surprising as it is non selective on the compound injected. It also rises concern as (Fig.38,Right,Top) shows that the same source is present at almost all anteriorities below the cortex. We can hypothesise that the TG might pollute recording for most of the possible planes that can be imaged.
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Summary

To summarise, we identified a source of artefact that we believe comes from the TG. This signal presents high amplitude and high frequency and lasts over two successive frames at most. The physiological nature of this signal is debatable given its very transient nature.

More interestingly, it seems to be modulated by the action of pharmacological treatments of very different nature, as morphine and psilocybin activate two completely separated pathways. The nature of this phenomenon is further discussed in (12.2.2). To our understanding masking the brain before clutter filtering reduces significantly its influence on the evaluation of FC observables. It is why this processing is systematically applied for the rest of this thesis.
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Discussion

Motion artefact

A main distinction between fUS data and fMRI data can be found in the so called «motion artefact». We show in this section and the following ones, how motion has an intrinsically different influence in fUS signal. We discuss that the same phenomenon can result in quite different effects, while the tools to deal with it stay the same. Finally, it is argued why motion doesn't seem to interfere with our measure of FC patterns and how this nuisance can be generalised in our case as the fUS specific «clutter artefact». These considerations open the way to physiological considerations on the source of our observations.

From fMRI... artefacts associated to movement were identified from the early history of MRI. These artefacts influence on intrinsic patterns came to light around 2010 with the parallel studies of [Van Dijk et al., 2012, Power et al., 2012, Satterthwaite et al., 2012]. In mid 90s [START_REF] Friston | Movement-related effects in fmri timeseries[END_REF] describes the different effects of motion on fMRI timeseries. Two distinct effects can be discriminated.

The first class of movement artefact consists in actual motion of the brain which is associated with macroscale displacements of the image intensity distribution. As a result of such displacements, activation in a voxel does not necessarily come from an underlying increase in BOLD signal, but potentially the displacement of an intense source inside this voxel at a given time. This nuisance is fairly easy to deal with by the application of realignment algorithm [START_REF] Friston | Spatial registration and normalization of images[END_REF]. These programs register all frames of an image to a reference one (typically the first frame or the average one).

The second class of movement, dealing with the essence of fMRI signal, is more pernicious. Head movements within the scanner induce alteration of the magnetic field resulting in instability of the measure. This movements induces memory effects of the spin, notably in regions neighbouring inhomogeneities such as the skull [START_REF] Friston | Movement-related effects in fmri timeseries[END_REF]. Without entering in the details, motion of the brain induces correlated shifts in the recorded phase of the signal. This coherent artefact would be the source of a covarying signal among regions impacted by the same movement. This motion was particularly investigated in the case of task based fMRI and regression of movement estimators (based on realignment) yielded good results in its mitigation [START_REF] Friston | Movement-related effects in fmri timeseries[END_REF].

It seems that the observations of [Van Dijk et al., 2012, Power et al., 2012, Satterthwaite et al., 2012], in the case of FC this time, come from such a second class artefact. They demonstrate that SBMs are polluted in presence of head motion. They also show that the artefact is not homogeneously distributed. All three studies report increased local connectivity and reduced long range correlations. They explain this inhomogeneity by a favoured pitch movement due to head/neck articulation.

This discovery was particularly troublesome as the exact opposite effect had been observed between children and adult connectomes [START_REF] Van Dijk | Intrinsic functional connectivity as a tool for human connectomics: theory, properties, and optimization[END_REF]. This reduced local synchronicity, to the benefit of long range connectivity with age, was interpreted at the time as a biomarker of ageing, or more precisely the natural evolution of connectivity architecture associated with maturation of the brain network. Although, under the scrutiny of motion artefact, this connectivity shift appeared as a potential confound. Indeed, children are known to be more agitated during fMRI sessions than adult. This controversy motivated further investigation on signal corrections. This investigation led to the introduction of the scrubbing [START_REF] Power | Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion[END_REF] method (censoring of artefacted frames). This motion artefact influence was shown to be modulated by the processing used in the analysis [START_REF] Jo | Effective preprocessing procedures virtually eliminate distancedependent motion artifacts in resting state FMRI[END_REF] and the order of processing steps [Carp, 2013].

... To fUS

This particular history of fMRI suggested many comments regarding our results. We argue here that fUS signal, without being absent of motion related nuisance, due to its very specific acquisition cascade presents a different type of such noise. The argumentation is focused on awake imaging, although some rationale could be generalised to other cases. For example attached probe in the freely moving preparation [Tiran et al., 2017] could raise additional concerns, and quiet others.

As a first comment, relatively to the first class of motion artefacts, we expect the head fixation to significantly reduce macro movements of the brain. The head fixation of Neurotar systems has proved to leave way for very reduced movement of the tissue. This is illustrated for optical imaging which don't always require any realignment [Krogsgaard et al., 2022, Shi andRodríguez-Contreras, 2022]. Registration to the first or averaged frame for these microscopic measurement appears not required for this preparation. This micrographs stability suggests tissue movements around or below the 10µm scale. In addition, for fUS, all attempts in realignment methods to deal with potential below voxel displacement failed. This failure can be imputed to the particularity of PD intensity distribution. Typical transient PD bursts tend to overtake basal intensity of PD. Because realignment algorithms rely on intensity distribution, these burst tend to induce aberrant registrations. In other terms, burst of CBV are associated to brain movements by the algorithm, while they only consist in increased number of activated voxels independent of macroscale movements. Applying a realignment algorithms ends up inducing more movements than correcting them. These observations have been shared with other fUS users during the fUS brain 2022 conference. In the end, based on fMRI literature and the risks of displacement confounds, it seems crucial for the fUS community to find an efficient method of realignment in the future. In the meantime, based on our observations, we expect potential confounds to be marginal as compared to our next point, the clutter artefact.

Regarding the second class of motion induced artefact, distinctions between modalities is higher. This statement is justified by a simple argument. fMRI motion artefact is associated with a great variability of signatures, with positive but also negative and mixed effects [Power et al., 2014]. In fUS signal, to our knowledge, only bursts of positive signal have been reported. On a more mechanistic point of view, co-displacement of the tissue is intrinsically filtered in the case of fUS. As we saw in (3.4), the clutter filter role is to discriminate signal from the tissue and signal from the blood. In this case, the motion associated covariance of fMRI phase signal should be found in ultrafast ensembles signal (IQ) as well. Although, this signal source is expected to be dealt with as tissue clutter. If we saw that such movement could be a problem for temporal based filters which only separate tissue and blood space based on velocity, we can expect the SVD based filter to remove any signal presenting spatial coherence. In the end, under the assumption of proper clutter filtering, fUS signal should be exempt of this artefact. The coherent shift of backpropagated wave phase could potentially shift the spectrum of IQ signal, but not change its area. Based on (12) the fUS signal shall remain unchanged.

Nevertheless, as we saw with the TG-artefact, nominal regime of the clutter filter is not always guaranteed, notably in the case of awake imaging. The formulation of second class artefact becomes non linear in the case of fUS. As long as nominal regime of the clutter filter is maintained, the signal shall remain proportional to the CBV. Although, whenever an artefacted ultrafast ensemble results in failure of the SVD to separate the blood space from the tissue space (usually associated with outlier frames and often motion), the generated frame presents massive clutter artefact with positive signal in most voxels. In fine, the second class artefact observed in fUS appears less linear than the one observed in fMRI for which regression of movements parameters give relatively good correction. The artefact is also more general as it is not always associated with physical movement. This artefact is framed under the classification clutter artefacts and is present in all frames associated with failure of the clutter filter. This failure can be linked either to motion or other sources like the TG (both possess potential colinearities). At the moment, similarly to what [START_REF] Power | Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion[END_REF] presents, scrubbing appears to be the only alternative for correcting these non linear artefacted frames. However, research on more effective acquisition filters (adaptative clutter filters), currently underway, gives the promise of ameliorated stability of fUS signal in the future.

These arguments remain for the moment speculative. Projects in the lab and with collaborators are currently aiming at more causal demonstrations to converge towards improved processing pipelines. We discuss in the next section the possible implications of motion to our FC read-outs.

Implication for awake pharmaco-fUS

To estimate the influence of motion on FC we present here some connectomes, in parallel with mobility and regional perfusion estimates acquired at the same time. We recommend to refer to the different fingerprints detailed description found in the appendices ((G), (H), (I)) in order to put this illustration in perspective. For the sake of clarity (Fig. 39) summarises the diversity of effects we observed during these studies. (Fig. 39, Top Left) shows 4 typical correlation network associated with different fingerprints (see (K)). From the reference connectome obtained after saline injection, treatments shift FC pattern either towards negative effects associated with reduced absolute values of correlation, or to positive effects with increased absolute values of correlation and a distribution of positive and negative correlation. Finally, an hyper connected state is also observed transiently in some cases. As it shows synchronicity over the whole network without any contrast between regions it is suspected to be artefactual. This specific state is discussed in this section. We also ask if locomotion or perfusion could be confounds explaining either positive or negative effects. Indeed, as illustrated in (Fig. 39, Bottom Left), different treatments also influence locomotion or (Fig. 39, Right) perfusion. We demonstrate here that no specific trend exist implying a causal role of locomotion or hyper perfusion as the main driver of FC shifts. This argument is extended in (IV) where we demonstrate the existence of a two steps influence of opioids on PD, with a vascular burst which precedes the FC shift. Nonetheless, we also show examples and specific cases where caution must be taken in the interpretation of the results. (Fig. 40) shows that motion is decorrelated from the shape of FC patterns. Here are displayed all combinations of mobility and connectome characteristics. Methadone is associated with a high mobility and a positive network (see (Fig. K)), similarly, cocaine has an increased locomotion at P 3 but its effect on the connectome is considered negative with reduced absolute values of correlation. Conversely, CP induces hypomobility in the mice while it increases significantly the absolute values of correlations in the brain connectome. Finally, psilocybine, with similar reduced locomotion induces a negative effect on the connectome. From this opposed effects for different mobilities, we conclude that motion does not reliably influence functional connectivity under different pharmacological treatments.

Nevertheless, it is worth mentioning the case of buprenorphine (see (IV)). Under its in- fluence mice are moving more than 55% of the time for more than an hour (Fig. 39). One can wonder if in such pathological cases estimation of FC is not biased. This bias could explain the absence of any buprenorphine induced positive influence on the connectome which distinguishes this compound from the other opioids. Although, if mobility could have an influence in this specific case, the observation is quite different from the effect described in [Van Dijk et al., 2012, Power et al., 2012, Satterthwaite et al., 2012]. They all describe a reproducible increased local connectivity and reduced distal one, while buprenorphine presents a global loss of synchronicity. Finally, the transition state observed in some treatments can also raise some concerns regarding potential interactions with increased mobility. (Fig. 41) displays multiple treatments for which injection is immediately followed by a strong increased connectivity across the whole network (fentanyl, buprenorphine, ketamine and isoflurane). For comparison, methadone is displayed as its injection is followed by a massive hyper-perfusion absent of the hyper connected state. This hyper connected state only lasts for the first 10min. The pattern is usually uncorrelated with following FC. For fentanyl, buprenorphine and ketamine, the burst is associated with an increased locomotion concomitant with an increased perfusion. This increased correlation can be interpreted as potential covariance explained by the vascular burst common to all regions. The burst induced correlation fits observations on isoflurane. For isoflurane, the hyper connected state occurs at both anaesthesia induction and animal wakening. The induction can be associated to movement (see (J.3.1)). Animals react to the isoflurane mask for 1 -4min before reaching immobility. Conversely, wakening is absent of any increased mobility. As a result, isoflurane induces a massive perfusion step in all regions at both inhalation onset and termination. The hyper connected state occurs for both steps, but it does so regardless of movement. In the end, a succession of events can be identified.

The injection induces increased mobility. The movement seems to be correlated with a vascular burst. Finally, this vascular burst, after processing, would be in the range of our temporal filter window. The processing would transform global hyperperfusion (first order) into global covariance across the whole network (second order). This propagated vascular step would be interpreted as FC synchronicity. Isoflurane suggests that the vascular burst itself (whether it is upstep of downstep) is sufficient to induce the seemingly hyper connected state, independently of movement. Conversely the methadone example demonstrates that the presence of focal increased locomotion and perfusion can be exempt of the hyper connected state, mitigating the causal link.

The isoflurane case demonstrates that the hyper connected state does not require movement to exist. Aternatively, ketamine/xylazine (see (J.3.1)) condition and morphine injections (G)) induce similar vascular bursts without showing the hyper connected state.

To summarise three models can be proposed:

• The isoflurane burst and the others are non related. Fentanyl, buprenorphine and ketamine induce movement independently of the vascular burst. The movements induce clutter filter artefacts non dealt with the overall pipeline resulting in artefactual hyper
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• Whether it is through movement or vasodilation, vascular bursts can occur independently of neuronal function. This state is associated with neurovascular decoupling. Depending on the vascular burst dynamics it sometimes survives the different processing steps resulting in vascular induced estimated hyper connectivity.

• Finally the vascular burst is causally induced by neuronally driven synchronicity across the whole brain. The state is associated with drug induced state transition (whether it is upstep or downstep). The transitioning brain induces increased locomotion in some cases.

Overall, the first model could be discarded based on a parcimoni argument. Indeed, it suggests different mechanisms for the same observation. In addition, other hyper mobility states like the methadone follow up lack this hyper connectivity state, ruling out the purely clutter artefact source of this pattern. From this argument, the vascular burst seems a requisite. Whether this vascular burst represents an actual neuronally driven event or a systemic vascular one remains an open question. To test this causality, additional recordings, like concomitant electrophysiology and fUS recordings [Nunez-Elizalde et al., 2022] could bring key information regarding such kind of events.

To conclude this part and open the discussion in this sense, these considerations start to tackle the question on neuronal substrate of the observed phenomenons. In this case, whether FC represents actual increased synchronicity in the network or not remains an open question. On the perspective of pharmacological fingerprinting, the observation can still be of interest. Based on considerations like the ones described in the introduction on the vasoneuronal coupling (4.3.5), there is no doubt that the drug induced, hyper mobile, hyper perfused brain is in a peculiar state. More investigations are still required to decipher its role and its precise physiology. Although, whether the first, second or third model best explain these observations, this state seems characterisable and precedes longer terms shifts in connectivity patterns whose causality are less challenged. In fine, it calls for further improvements of fUS processing and better demonstration of its causal link with underlying neuronal activity. The current state of the technology already allows to clearly identify the phenomenon and to lay the future hypotheses to be tested.

The TG hypothesis

To finish our journey from processing artefacts to physiological read-outs, it is interesting to look at the main source of nuisance we identified during my PhD, the TG-artefact. First its potential vascular interactions are discussed. These considerations open the discussion toward global signal, its dual nature and the way we decided to regress it.

Anatomy

As presented in (12), we identified a source of global signal in two regions positioned symmetrically, below the brain. These regions can be tracked and follow the brain as displayed in (Fig. 38). In addition, recent findings with fUS imaging [Réaux-Le-Goazigo et al., 2022] showed that the TG is densely perfused and presents strong responses to facial pain stimulations in rats under anaesthesia. Unfortunately, if for rat atlases, the TG is included in the parcellations, like in the Waxholm's atlas [START_REF] Papp | Waxholm space atlas of the sprague dawley rat brain[END_REF], to our knowledge, no available mouse atlas labels this region. In absence of this last information, we can't reach final conclusions linking our signal to the TG. Although, (Fig. 42,(i.)) shows that VB matches anteriorities in the rat where the TG can be observed.

The trigeminal ganglion gathers the cell bodies of the sensory root of the trigeminal nerve which branches there in three divisions (see (Fig.42,(ii.))): the mandibular division innervates the jaw, the maxillary division innervates the skin over the midface and finally, the ophthalmic division innervates most arterioles penetrating the brain [START_REF] White | Trigeminal nerve control of cerebral blood flow: A brief review[END_REF]. As a result, the TG appears as a key hub between peripheric and central nervous system. On the one side, it is the first integrating node for all facial sensory processing, notably whisker sensation (one of the main sensory pathway of rodent [Leiser andMoxon, 2007, Diamond et al., 2008]). On the other side, in addition to conveying this signal to midbrain before thalamic and cortical processing, it also innvervates the dura matter [START_REF] Terrier | The trigeminal system: The meningovascular complex-a review[END_REF]. This last function seems to be bidirectional as well. The TG would be involved in nociception of dura matter but also some arteries, highlighting its role in migraine. By the release of substance P , CGRP or neurolikin A [Hamel, 2006] the TG plays also an active role in systemic brain vasodilation. In this case the main identified function is control of vessels tonus to dampen potential pressure bursts and protect both vessels and neurons from these events. The understanding of the TG role grew with time, and its function remains understudied [START_REF] Terrier | The trigeminal system: The meningovascular complex-a review[END_REF], from this brief overview of identified mechanisms it is certain that more is to be found.

To conclude on anatomical considerations, there exists a thick nerve fiber (see (Fig. 42, (ii.))) that connects facial innervations like the sensory projections in the whisker follicles, but also dura matter, to the brainstem. This innervation is principally constituted of bipolar cells [START_REF] Terrier | The trigeminal system: The meningovascular complex-a review[END_REF] whose body is located inside the TG. It seems that the ganglion itself is located next to the white matter fiber as seen in the fMRI sections in (Fig. 42,(ii.)). It is believed that this ganglion is the most perfused region of the trigeminal pathway, which fits with the most intense signal in VB. More surprisingly, we see the same vascular bursts in all anteriorities where only the white matter remains. This structure could correspond to congruence between vascular and nervous systems [START_REF] Oh | Establishment of neurovascular congruency in the mouse whisker system by an independent patterning mechanism[END_REF], where the main white matter bundles are paralleled by blood vessels. From this perspective, the signal we measure would originate from the richly perfused ganglion and the vascular projections along the fiber.

Function

In our case, the dual sensory and vascular function of the TG is particularly interesting. Indeed, given the observed signal, both mechanisms could bring plausible explanations to our spikes. As a reminder, the signal we observed affects all voxels, although its maximum is reached in the TG. The second most affected region is the echo above the cortex and neighbouring voxels which could be assimilated to superficial pial arteries. The signal is really sharp, lasting most of the time less than 1s. Overall this characteristic once again questions the causation, but also the distinction between physical artefact and physiological signal of interest. This signal was significantly down modulated by almost all treatments injected (×2 -20, with most treatments in the range or ∼ ×10). Investigating the tissue motion during the ultrafast ensembles, we demonstrated that TG during artefactual frames is subject to actual movement of the tissue. In other terms the TG itself is moving during the burst. This displacement could come from external mechanical force (contraction of the white matter bundle) or potentially a sponge effect (due to the rich perfusion, vascular pulses could induce local displacement of the tissue).

We can propose 3 simplified models to illustrate plausible explanations for the TG bursts:

• The most conservative model is agnostic in terms of function. The source of signal would not come from neuronal activation but tissue movement, explaining the short duration of the burst. As it was observed in [Tiran et al., 2017] chewing of the mouse during awake state contracts the temporal muscle. As it is innervated by the mandibular branch of the trigeminal nerve, muscular contractions could propagate along the fiber. In this case, actual movement of the tissue in the range of few 100ms would
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• Alternatively, activation of the ganglion under sensory stimulation (whisker or other facial terminations) could be associated to a specific type of neurovascular coupling. This model suggests a local haemodynamic function in the TG much faster than any other reported so far. The particular vascularisation of the ganglion and its proximity to main vascular compartments (jugular vein and carotide artery) motivate this hypothesis. In this case, the high intensity of this potential vascular event would induce clutter filter failure propagating in all voxels.

• Finally, the last hypothesis relies on the perfusion control function of the TG. In this case the ganglion responding to a change in blood pressure might induce vasodilation in pial arteries, and potentially some penetrating arterioles. This activation would require activation of the TG itself while increasing perfusion at the whole brain scale. Again, it suggests a particularly fast hyperaemic coupling in the TG itself. Although, this could explain a global signal in absence of physical artefact. The idea here is that systemic regulation of vascular tone could explain transient non specific signal.

These models gather the main hypotheses behind the TG-artefact that we tried to present in these sections. The burst of activity could be mechanical. The source of contraction could come from the temporalis muscle. Alternatively, as a relay of whisker sensory signal, the burst activity could be associated to active whiskering or passive detection of the MHC walls for example. In these first two cases the signal is necessarily associated to failure in the clutter filter. The last one suggest active effect of the TG and defends that the measured spikes are true vascular effects at the whole brain scale. We currently lack evidence favouring any explanation over the others.

The main criticism of a mechanical source for the high frequency high amplitude signal comes from its interaction with pharmacological treatments. If this hypothesis is true it suggests that, whatever the treatment, it has an influence on chewing behaviour of the mouse or any stereotypical tissue displacement that is observed. To our knowledge such an intense and non specific effect has not been reported so far. The second model could explain the pharmacological influence on our nuisance. Indeed, the TG cells seem to express: cannabinoid [START_REF] Price | Modulation of trigeminal sensory neuron activity by the dual cannabinoid-vanilloid agonists anandamide, n-arachidonoyl-dopamine and arachidonyl-2-chloroethylamide[END_REF], opioid [START_REF] Liu | Peripherally acting opioids in orofacial pain[END_REF] and serotonin [START_REF] Supornsilpchai | Involvement of pro-nociceptive 5-HT2A receptor in the pathogenesis of medication-overuse headache[END_REF] receptors. If this demonstrate the possibility for all the binding compounds to interact with the ganglion itself, the opposing reported effects (inhibition for CB1 and µ-opioid receptors opposed to excitation for 5HT -2A receptor) does not permit simple explanation of the overall massive downregulation observed. Although, the transient nature of this signal weakens the neurovascular hypothesis. Beyond the direct pharmacological influence in this source of signal, the indirect cause can be an argument of interest. In this case, we clearly distinguish two states of the animal. The basal state is associated with the presence of this sharp and fast signal, while any cases of altered consciousness due to a drug, shows absence of these bursts. Within this framework, the TG-artefact, independently of a mechanistic explanation appears as a marker of active arousal. Due to its important role in whiskering, one of the main senses for rodent, this basal state of arousal could be assimilated to active exploration. Any treatments would perturb this state whether it is through stereotypical movements as observed under the influence of opioids, catatonic state for cannabinoids or potential hallucinogenic like states as described for psychedelics. By inducing altered consciousness, all compounds would induce loss of the active exploration which characterises the unaltered brain function.

Beyond these speculations, this example highlights the difficulty to distinguish between potential physical artefacts, true vascular events and neuronally driven haemodynamics. It resonates with other reports at the neuronal scale [START_REF] Allen | Global representations of goal-directed behavior in distinct cell types of mouse neocortex[END_REF]. In this case, the authors report global calcium activations associated with goal directed task. They argue that while we seek for focal sources for complex behaviour, they observe solicitations across the whole network. In our opinion this point gives leverage to the third model, and potentially expends it, suggesting that global events are not necessarily artefactual. In other sense we described the TG signal as a nuisance, source of covariance across all voxels. Although, they show that neuronal broad activation could be a main driver of brain synchronicity in unrestrained animals. In this case a global activation pattern is not necessarily to be ruled out from our observations. From all these arguments we can summarise fUS signal as the interaction between physical artefacts, vascular driven signals and neuronally driven haemodynamics.

General model of nuisance

In fine we can summarise the fUS signal as the superposition of 3 sources:

• The expected signal measures neurovascular coupling and relies on a nominal regime of the clutter filter.

• Vascular bursts can happen. They are expected to occur at the global level. These bursts must be interpreted as neurovascular decoupling. They still inform on physiological state, and based on vasoneuronal coupling arguments, they can be considered as interesting for brain function inference.

• Physical artefacts for fUS consist in clutter filtering failures whether it is due to outlier distribution of perfusion or actual tissue movement. In terms of signal processing it results in colonisation of the blood space (SVD decomposition) by the tissue space during filtering.

Physical and vascular artefacts, based on this model, are expected to possess the same signature engendering global signal variations across all voxels. As we have no way at the moment to distinguish between both, we decided to consider them as a whole. It is the main reason we decided to use Global Signal Regression (GSR). As we described, simple regression is not sufficient for potential non linearity and a second layer of cleaning must be added in the form of scrubbing. In this sense our approach is a perfect parallel of the one presented in [START_REF] Power | Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion[END_REF]. The main distinction comes from the TG-artefact which survived both processings. To deal with this nuisance, we worked on the generation step of PD signal. We found a way to stabilise the clutter filter nominal regime. We finish this discussion on fUS
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On the global signal regression

From the beginning of this thesis, the global signal has always been considered as a nuisance to be regressed. There is growing evidence in the fMRI field that beyond nuisance, some physiological information are hidden [START_REF] Liu | The global signal in fMRI: Nuisance or information?[END_REF]. This GS could have potential neuronal substrate with implications on the data interpretation. The GS definition is itself a subject of debate. Indeed, it is formally defined as the average timecourse of all voxels present in the brain [START_REF] Zarahn | Empirical analyses of BOLD fMRI statistics[END_REF]. Although, it is unclear whether or not pre-processing should be applied before its estimation. Indeed, the information content of GS is not the same whether or not other confounds have already been removed from the timeseries. [START_REF] Liu | The global signal in fMRI: Nuisance or information?[END_REF] lists multiple sources of potential contributors to the GS: from scanner parameters drifts (temperature, magnetic field etc) to respiration, cardiac rhythm or motion. If the last point has already been discussed earlier, cardiac rhythm is an interesting confound to look at in the case of fUS. Indeed, there is a consensus in the fUS literature that the PD signal is averaged over at least two cardiac cycle to remove potential cardiac confounds [Mace et al., 2013, Osmanski et al., 2014, Rabut et al., 2020a]. If the principle is beyond doubts, the actual argument can be questioned. Indeed under reasonable hypotheses (constant volume and hematocrite), the PD signal in a single voxel is proportional to the number of beats acquired during a single ultrafast ensemble acquisition (∼ 200 ms). In the rat case ( [Mace et al., 2013]), with a normal rhythm of 400bpm it is expected to record 2.67 beats per ensemble on average. Due to the discrete nature of heart rhythms, where most of the volume is located in the systolic event which accounts for only 10% of the full cycle, from one PD image to the next, a single voxel signal can see a change of 33% of its value whether it is integrated over 2 or 3 beats. In the scope of global signal, this cardiac induced expected quantisation of PD shall be systemic. Under these assumptions, the cardiac signal would generate a broad artefactual global signal. It is noteworthy to mention that no study currently reported any such confound. It suggests more complex models (constant volume hypothesis not verified) where dumping of the vascular wave actually smooths the flow, stabilising estimates of sampled volume. On a practical point of view, a simple way to mitigate this effect would be to synchronise recordings on the electrocardiogram as is done for other reasons in [START_REF] Bourquin | In vivo pulsatility measurement of cerebral microcirculation in rodents using dynamic ultrasound localization microscopy[END_REF]. Although, this solution is only partial and does not sustain non stationary cardiac rhythms. Alternatively identifying systolic events in ultrafast ensemble could help to deal with such putative artefacts.

Nevertheless, following [START_REF] Zarahn | Empirical analyses of BOLD fMRI statistics[END_REF] arguments, which itself is inspired by the PET community [START_REF] Friston | [END_REF], the GSR became a standard procedure for the removal of artefacts expected to be spatially coherent at the scale of the whole image. From this simple regression, additional methods brought refinements. One of such is CompCor that uses principal component analysis to extract regressors. First Mode Regression (FMR) is the specific case of tCompCor with one single component estimated out of all voxels signal. [START_REF] Muschelli | Reduction of motion-related artifacts in resting state fMRI using aCompCor[END_REF] shows that tCompCor based methods can further improve the efficacy of regres-sion. It is in [START_REF] Murphy | The impact of global signal regression on resting state correlations: are anti-correlated networks introduced?[END_REF] that the main criticism of GSR emerged. They show that mathematically, GSR skews the correlation coefficient distribution towards negative values. From this observation a long debate emerged regarding whether or not negative correlation could be interpreted in terms of physiology. This question is further addressed in (13.1.5). Beyond this debate, addressing the aforementioned question on the motion signal, the neuroimaging community investigated thoroughly the GS. By doing so it was demonstrated that GS helps inference on brain states. [START_REF] Schölvinck | Neural basis of global resting-state fMRI activity[END_REF] demonstrates the correlation of LFP fluctuations with the GS. This correlation is particularly high in the γ band associated to a lag of 5 -6s. A second band of lower frequencies correlates in phase with the GS. It led to simultaneous fMRI and Electroencephalography (EEG) studies aiming at measuring vigilance coupled GS. [Wong et al., 2016] clearly links the concerns regarding GSR influence on FC interpretation with their report of anticorrelation between vigilance and GS. This vigilance model was leveraged with the advent of dFC. With the study of information propagation within the brain, the role of GS as a clock for these wave has been researched. It resulted in a model linking global signal to arousal. The GS, linked with oscillating arousal state, would synchronise subsequent oscillatory patterns [START_REF] Bolt | A parsimonious description of global functional brain organization in three spatiotemporal patterns[END_REF]. Using co-activation pattern analysis (CAPs) [Gutierrez-Barragan et al., 2019] shows that recurrent brain states are organised alongside the GS oscillations. Some state (CAPs) are favourised at the peaks of GS and others at its minimum or phase quadrature. [START_REF] Bolt | A parsimonious description of global functional brain organization in three spatiotemporal patterns[END_REF], using complex-PCA, gathered these argument under a unifying description of the brain function using both stationary waves and propagatory signal where GS is a central element. All these studies recognise the benefits of GSR in terms of signal processing which increases contrast in FC patterns. Although, they demonstrated that this signal also correlates with important features, like vigilance or arousal, which are potential key drivers behind the measure of FC.

The causation of this claim remains unclear. For example, it is expected that CAPs are the main drivers of brain dynamics [START_REF] Tagliazucchi | Enhanced repertoire of brain dynamical states during the psychedelic experience[END_REF], Gutierrez-Barragan et al., 2019]. In this case, the GS can be seen as the sum of these individual patterns. With this perspective the GS is not the clock synchronising CAPs occurrence, but the passive results of activation chains. The influence of timeseries orthogonalisation relatively to GS on individual CAPs has not been described yet. Similarly, the presence of a GS CAP even after GSR was not discussed yet. The same argument can be generalised to the other model mentioned on the role of GS. Overall it questions the GS as a source, or the result, of complex interactions among distant regions.

To summarise this section, the problem of GS was introduced as a physical nuisance associated with a regression method. We introduced a main concern regarding cardiac signal. Cardiac induced systemic effect on PD, currently expected to be dealt with clutter filter, could be one important source of such GS nuisance observed in fUS. Finally, we showed that the strict non physiological nature of GS has been challenged with increasing comprehension on FC structure. The most recent models on brain connectivity which highlight its dynamical structure, and pivotal role as internal clock, raise legitimate concerns on the process of GSR. In this framework, the signal is seen as a main synchrony source among other propagating signals. Finally, from our results on GS influence on FC measure, it appears that fUS signal falls into the scope of [START_REF] Power | Sources and implications of whole-brain fMRI signals in humans[END_REF]. PD seems to be still polluted by hardware, motion and potentially cardiac, but also more exotic nuisances like the TG-artefact. These signals together make a strong source of covariance that obliges us to perform GSR. Given some of our results with global signal CAPs (L), we don't expect GSR to perturb much the brain physiological synchrony measurements. Although, this last point remains to be proven. We consider for our study, that the observed benefits of this method outweigh its theoretical risks.

Conclusion

fUS signal is affected by a different type of global signal pollution as compared to fMRI. We have shown that the observed artefactual patterns are not related to the amount of motion and that there is a source of nuisance at basal states that hinders the quantification of functional disconnection in fUS. This nuisance can be removed using classical fMRI toolkits such as regression and scrubbing, but also needs fUS-specific processing at the clutter filter level. By masking the data before applying the clutter filter, we were able to stabilise the efficiency of the filter and optimise our analysis pipeline. Altogether it allowed the quantification of functional disconnectivity in awake state. This example perfectly illustrates the similarities as well as the fundamental differences between fUS and fMRI signals. We showed that the same tools can be used for analysis, while they deal with different mechanisms underlying the main artefacts in each modality.
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Analysis Benchmark

Beyond the global signal regression, we optimised a full fUS dedicated analysis pipeline in the scope of investigating pharmacological treatment fingerprints. The pipeline is inspired by SPM structure implemented as a custom Python module mainly adapted from nilearn library for fUS images. In this section we look at the different steps of the analysis pipeline and investigate the influence of the main parameters on our final results i.e. FC patterns.

Results

This section addresses each step of the analysis. The main parameters are varied to justify the validity of the ones we chose for the final pipeline used to compute FC. This study was led in absence of ground truth on FC pattern and magnitude of disconnection which does not exist. As a result it can be seen as a variational approach where we identify the influence of each parameter modification and argue on the optimal choice based on known physiology and expected behaviour of the system. We will complement this study in the future with simulated signals were the ground truth is known to validate our hypotheses. Despite the unavoidable circularity, we use the morphine fingerprint, for which physiological arguments detailed in (IV) validate the relevance, as a case example to see how alternate processings modify the observed disconnection.

Registration

In this section, the registration success rate is screened systematically. 10 images are chosen randomly to be registered on another reference image. 96 sets of parameter are assessed for non-rigid transforms, and 24 sets of parameters for affine transform are tested. Efficiency of the registration is graded by an operator. (Fig. 43, Left) shows the example of 6 registered images superimposed with the reference image. The output is sorted in two classes by the operator. The registration fails if the image is massively distorted, like in (Fig. 43, Left). The registration succeeds if the image can be used. Given the numerous degrees of freedom as compared to the number of parameters, multiple transforms can be considered satisfactory. Some results favourise the cortex registration and others the thalamus for example. The operator must subjectively compare the two results. From these considerations, three regimes can be identified in the space of parameters.

1. In the rejection region, the registration tends to systematically fail. An illustration is given in (Fig. 43, Left).

2. In the transition zone, failure arises episodically, i.e. the registration can work but in some initial conditions it diverges from the satisfactory output.

3. In the good match region, all registrations succeed. The perfect match can be subjectively defined as the set of parameter that maximises the result quality. There is no guarantee that one set of parameters can fit all needs. In the end, a single set of parameters, one for affine transforms, one for bspline transforms was chosen based on this study. These parameters are detailed in (D.8).

Using these parameters and a selection scheme (see ( 92)), we obtain a success rate of ∼ 98% based on subjective criteria. (Fig. 44) shows the effectiveness of our procedure. 50 sessions were randomly chosen to illustrate this paradigm efficacy.

The average image shows blurriness when images are not registered. After registration, details of the vascular tree can be seen on the average image with increased contrast. Some line scan profiles illustrate how individual brains align after registration. By computing the average cross correlation between these profiles, it appears clearly that the registration improves significantly the alignment between images. V -Lef t and Hb are the lines displayed on the template. In addition, their symmetric values are also given.

Clutter filter

As explained in (12.2.1), tuning of the clutter filter seems of uttermost importance in the case of awake transcranial imaging. To investigate the influence of this filter on our analyses results, we compare three different methods and observe their influence on the final read-outs of our analyses. SV D60 refers to the conventional clutter filter [Demené et al., 2015] with a threshold fixed at 60 SVD modes. The adaptative clutter filter [START_REF] Baranger | Adaptive spatiotemporal SVD clutter filtering for ultrafast doppler imaging using similarity of spatial singular vectors[END_REF] is noted DynSV D. This filter is described in (D.1.1) and reduces the probability of clutter artefacts (mis-separation between tissue and blood). A better clutter removal should reduce significantly non physiological global signal. This hypothesis is tested by comparing the influence of FMR after applying the different filters. DynSV D should reduce the need of such global signal regressions. This study uses data from the opioids project. The control condition consists in 47 sessions during which the subjects are injected with saline. The positive condition is composed of 10 sessions during which subjects are injected with morphine (70mg/kg). FC is computed at P 5, over a 10min window, 40min after the injection. Because recomputing IQ data is computationally challenging, not all 47 saline sessions could be recomputed in absence of a priori masking. As a result, for the sake of comparison, the saline condition is not shown and is only compared relatively to morphine FC patterns. (Fig. 45) displays the influence of the various clutter filters and their interaction with FMR on final FC readouts. When looking at the correlation matrices after injection of morphine, CMs after SV D60 filter in absence of FMR shows a striking pattern. With or without mask, the CM are highly skewed toward positive correlations. This correlation shift suggests the existence of a strong GS which biases the whole FC estimation. This global positive correlation is absent for DynSV D. We can conclude that, as expected, DynSV D does remove part of the artefactual global signal. DynSV D mitigates the positive correlation structure observed in raw PD signal. When looking at the influence of FMR on DynSV D output, a strong loss of FC contrast is observed. The loss is treatment independent, observable after saline or morphine injections. Overall, the morphine condition CM structure is preserved across all processings. Some contrast variation can be seen: DynSV DM askN oReg > SV D60M askReg ∼ SV D60N oM askReg > DynSV DM askN oReg. The main distinction between SV D60M askReg and SV D60N oM askReg is a shift towards positive values. Finally, when looking at the significant differences between morphine and saline conditions, the most similar patterns are SV D60M askReg and DynSV DM askN oReg. The later processing presents higher values of disconnection. This last point is quite surprising as matrices structure between saline and morphine for DynSV DM askN oReg seem closer. Conversely, for SV D60M askReg a structural change is noticeable. Finally, DynSV DM askReg detects very little difference between both conditions.

The SBM gives an additional explanation on previous the observations. The global connectivity observed with SV D60 in absence of regression appears as a single correlation mode representing a correlation between all voxels of the vascular tree. The high contrast observed for DynSV DM askN oReg seems less informative than initially thought. Whether it is after saline of morphine injection FC seems systematically structured as an opposition between two networks. This observation fits what we previously observed with the TG artefact. Overall the only two processings whose results seem interpretable are SV D60M askReg and DynSV DM askReg. FC patterns are similar for both processings. Although, the contrast is reduced after applying adaptative filtering. As for the CMs SV D60N oM askReg presents a similar pattern as SV D60M askReg with a global positive shift.

To summarise, for SV D60 the absence of regression results in a monomodal distribution of correlations shifted toward high positive values which suggests the presence of a strong global signal artefact. In the absence of regression, DynSV D presents a bimodal distribution of correlation with high contrast. Despite these structural biases, some seemingly relevant differences between saline and morphine can be observed. This reliable observations suggest that the artefact is reproducible across conditions and can be removed by a differential approach. Overall, these results highlight the importance of regression for removal of an important global covariance. This question is further addressed in the following section. When regression is applied, contrast is significantly reduced for DynSV D. Independently of contrast, the structure of CMs and SBMs is similar between DynSV D and SV D60. We interpret this observation as an over filtering in the case of DynSV D. In other terms, as expected, DynSV D restores informative content from data highly influenced by a global signal. Although, adding a second layer of processing results in over processing and removes information of interest. We believe that further investigating processing could result in finding a better method tuned for DynSV D in the future. For now, in order to increase contrast and expected sensitivity in FC shifts, conventional SV D60 clutter filter is used for the following analyses. Regarding the difference between SV D60 with and without prior masking, we confirm here that masking per se removes part of the global signal. A priori masking conserves the correlation structure but spreads the values towards less positive ones.

Regression

Based on the previous results, we compare here the influence of different regressors on the final FC read-outs. The interaction with different scrubbing strategies is also studied. The potential capacity for scrubbing alone to counterbalance the absence of regression is assessed. The difference between regression of the first temporal mode of SVD decomposition (FMR) and the global signal (GSR) is displayed as well. Finally for the scrubbing, we compare DV AR estimator to the systematic removal of the 30% most intense frames. We compare the saline cohort of opioids (n = 47) with mice treated with morphine (70mg/kg) at P 3 (between 20min and 30min after injection). For these two cohorts, DV AR based scrubbing censored respectively: for saline between 2% and 24% of frames with an average of 14%; for morphine between 0% and 32% of frames with an average of 19%. (Fig. 46) displays the different CMs and SBMs after both treatments and their significant differences. We confirm that the absence of regression is associated with a massive shift toward positive correlation. From both CMs and SBMs DV AR alone fails to remove the global correlation from the data. We interpret these results as a confirmation for the need of regression.

The differences between GSR and FMR regression are mild. We measured on average (after fisher transform) 98% correlation between both regressors for basal condition and 95% for morphine. As it is reported in the literature [START_REF] Murphy | Resting-state fmri confounds and cleanup[END_REF], GSR tends to shift FC towards negative values. What we can see here is that FMR mitigates this effect. If differences are marginal we still favourise FMR for this reason. Indeed, FMR by adding a spatial weighting in the estimation of covariance is expected to improve the regressed signal relevance. Although, it shall be kept in mind that both methods are almost identical. As a result, we also expect FMR to introduce negative correlations (see (12.2.4)).

Regarding scrubbing strategies, DV AR seems to reduce further the TG artefact. This can be seen in the saline condition SBMs. The effect can seem mild. Although, for the cortical seed for example, the negative background is almost completely removed by adding censoring to the analysis. Systematic removal of the 30% most intense frames results in the same disappearance of the nuisance. Although this processing reduces contrast in all FC
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To summarise, from all the reported results, regression seems required for the analysis of awake transcranial fUS. For other adjustments, in absence of ground truth no final conclusion can be brought. Overall this study gives a better idea of the influence of each step on our final results. We rely on these observed mechanisms to infer our choice of processing. We show that the more stringent the scrubbing, the less contrasted the FC measures. Alternatively a complete absence of scrubbing results in maintenance of background artefact believed to be associated with remaining TG artefacts. GSR pulls all correlations towards more negative values. If FMR also reports negative correlations, the effect is mitigated. As a results we advocate FMR associated with DV AR based scrubbing as a relevant choice for the analysis of FC patterns.

Temporal Filter

Functional connectivity is associated to a narrow bandwith with canonical reported values between [0.01, 0.1]Hz (see (5.1.3)). Nevertheless some variability in filtering parameters exist in the literature with low pass frequencies as high as 0.8Hz. For the lower frequency no real limit other than the Nyquist's frequency can be found. It is why we investigate here the influence of our temporal filter bandwidth on FC readouts. The models underlying this spectrum decision are discussed in (13.1.5). In this section we present FC observables for various frequency bands. 6 bands were chosen. [0.01, 0.1]Hz is the reference. It is compared with one decade lower [0.001, 0.01]Hz and almost one higher (limited by Nyquist criterion) [0.01, 0.8]Hz. Finally, we looked at wider band encompassing these values. We investigate if additional features can be observed for: [0.001, 0.1]Hz, [0.001, 0.8]Hz and [0.01, 0.8]Hz. As previously, we compare the saline cohort of opioids (n = 47) with mice treated with morphine (70mg/kg) at P 3.

(Fig. 47) displays the FC patterns obtained from the different parts of the spectrum. [0.01, 0.1]Hz is the window resulting in the most contrasted averaged FC patterns. The upper band [0.1, 0.8]Hz is less informative than the lower band. For high frequencies, the CM structure is barely distinguishable. In terms of SBMs the same loss is observed. At [0.1, 0.8]Hz the only connectivity is found with voxels within the seed ROI. Even though, these voxels correlation value remain below r = 0.2. For low frequencies, the differences between saline and morphine conditions is surprising. For morphine condition, SBMs show an important background noise. Only a mild correlation is found with [0.01, 0.1]Hz patterns. Saline patterns are better resolved. A noisy background is perceivable in this case. Although, potential tendencies can be observed, like the correlation between the hippocampus and the most superficial part of the cortex, or an increased correlation in the cortex. The difference between both treatments at lower frequencies is further discussed in (13.1.5). The comparison of these three bands suggest that most of the FC source is brought by the central band between [0.01, 0.1]Hz. Some features survive in lower frequency. Conversely, high frequency are informationless through the lens of correlation analysis. Finally, the only band showing contrasted patterns leading to statistical differences between both treatments is [0.01, 0.1]Hz.

For larger spectral windows, the only band preserving the statistical difference is [0.01, 0.8]Hz. Although, the most contrasted FC is found for [0.001, 0.1]Hz. We interpret these results as follow. Due to the absence of synchronous structure in higher frequency, the only effect of increasing the window is to reduce the effect size. This reduction preserves significance, but reduces FC shifts as illustrated by reduced difference of correlation coefficients observed both in the hippocampus and the ventral thalamus. On the other side of the spectrum, the low frequencies pattern dominates in [0.01, 0.1]Hz band. It results in a noisy morphine FC pattern which explains the loss in significant differences.

Overall these results validate our temporal filter upper limit. It appears that no specific synchronous structure exist in higher frequencies. For lower frequencies, FC patterns are not completely absent. Although, spreading the bandwidth of one decade towards low frequency results in loss of contrast for the morphine induced FC pattern. For this reason, the rest of our results are computed on this spectral band of [0.01, 0.1]HZ. Nevertheless, specific analysis of lower frequencies might yield interesting results. The spectral content of fUS signal is further addressed in (13.1.5).

Correlation coefficient stability

Most our results rely on the evaluation of CBV covariance through the Pearson's coefficient estimate. We show here how this coefficient estimate classically evolves depending on the length of the signal it is computed on, and its sample size. A cohort of 10 animals (W T SC11) from the opioids project (PD sampling rate 2Hz) is used for this study. The analysis is based on 20min of recordings 30min after saline injection. This period is considered the most reliable for basal state studies. Here we questioned the optimal duration to be used to estimate correlation between two time courses in the case of classical RsFC in awake animals. The effect of variable window size is estimated on a 20min long signal acquired at 2Hz. Classical custom preprocessing is performed (see (D.3.2)) before computing connectivity measurements. While the typical temporal window on which FC is usually estimated is 10min, here this duration is made varying between 30s and 20min. We make the assumption that FC measured as the Pearson's correlation coefficient of two CBV time series is stationary at the scale we estimate

Window size
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jcm PhD thesis CRI it. In other terms, we expect FC to have one ground truth value in the one computed on 20min (the longer the window better the estimate), which we call the limit. (Fig. 48) shows how the correlation coefficient converges with increasing window size. All 4 ROIs displayed show fast convergence of the estimator towards a limit value. With the hypothesis that the limit is given by the correlation computed over 20min, using a Cauchy like criterion, the convergence point can be defined as the first point for which the difference between the estimator and its limit is below the estimator variance. In this case, on average (over all edges, or ROIs pairs), the median correlation coefficient convergence time is 9min. If we take an arbitrary threshold of ∆r = 0.05 difference between the estimator and its limit the convergence goes down to 6min. Finally, if we take a statistical criterion, in 82% of the time the difference between the estimator and its limit is below inter individual variance for windows as short as 30s. It is interesting to notice that 6min were also reported as the stabilisation time of FC estimates in humans [Van Dijk et al., 2010].

These values are confirmed by both the CMs and SBMs aspect. No sensible change can be identified after 5min. Below, for 30s to 2min the main features can be identified (bilateral connectivity), but the FC SNR appears pretty low, with a background noise clearly identifiable. Individual level timecourse of the estimator suggest a saltatory behaviour, where local events influence the correlation which remain stable for a few minutes afterwards. That could suggest state transitions. Although, wrongly filtered artefacts might generate such patterns as well.

In the end, the 10min windows seem justified. In this condition the average variance over all edges is 0.23 ± 0.009(95%CI) in Fisher 's space.

Sample size One confound from the previous study is whether the observed dynamics is due to a scale effect imputable to the signal structure itself, or whether it is solely due to the correlation coefficient estimate per se which requires a certain number of data points to converge. To tackle this question, the same study was performed on the same dataset. In this case, the number of samples used to compute the correlation coefficients was made varying. The samples were randomly chosen over the same 20min window.

(Fig. 49) shows the same displays as in (13.1.5). It appears that convergence is faster and smoother. Smoothness can be seen as the estimator variance is a third of the one obtained by varying the window. As a result, based on the Cauchy criterion of convergence using estimated variance, the convergence is reached only after the number of sample is equivalent to 11min30s while the arbitrary criterion ∆r = 0.05 estimates convergence for sample size equivalent to 1min. Finally in 97% of cases estimator is within inter individual variance range for sample size equivalent to 30s. Once again these values are well represented in the CM and SBM, where changes are barely observable in our objects of interest.

Summary

Overall, these results suggest that the correlation coefficient estimator requires less than a 100 samples to converge while the intrinsic variance of the signal might require a few minutes to stabilise. It appears also that the correlation coefficient is quite stationary, even though some saltatory events might suggest either instantaneous shifts at the individual level of FC patterns or still mis-filtered data. These events don't influence much FC estimator at the population level relatively to the already high inter individual variance.

Summary

Our benchmarking strategy suffers the lack of ground truth to bring final conclusions to our studies. We expect in the future that simulations strategies will strengthen this approach. In the meantime, the «one size fits for all »processing appears illusory. The amount of processing tools available is immeasurable, we tried here to bring arguments justifying our choices as arbitrary as they might seem. From these evidences we conclude that awake transcranial fUS signal is polluted by a strong global signal which biases strongly correlation analyses toward positive correlations. This observation suggests that the TG artefact is probably not the only cause of artefacts. Alternatively this artefact might not be dealt with fully by a priori masking of IQ data. In this later case it would suggest that the beamforming could participate in the propagation of TG induced nuisances. Nevertheless, we proved that masking data prior the clutter filter reduces global signal. From our trials we also demonstrated that global signal regression is required for any subsequent FC analysis. We showed that improved adaptative clutter filter seems to partially solve the problem by enriching FC information content of non

INSERM-IPNP

jcm PhD thesis CRI processed data. This solution remains sub-optimal for the moment. We have not found yet the balance of processing leveraging advantages of the adaptative clutter filter.

Past the principle of regression, refining parameters of this regression or additional scrubbing methods proved to be of little influence on the results. We observed that the parameters modify the final results. Nonetheless, the modification doesn't influence the structure of the final read-outs and therefore, their interpretation. Finally, the investigation of Pearson's correlation coefficient validate 10min windows as a sensible choice to compute our estimator on. Additionally, it opens the way of potentially increased temporal resolution for static functional connectivity down to 5min windows.

Conclusion

Based on the last observation and in absence of a ground truth, we decided to chose our parameters based on the arguments developed in the past sections. This decision stands between experimental observations and model based considerations. It allows us to crystallise our pipeline as follow:

1. The clutter filter is chosen conventional, with fixed threshold removing the first 60 components of the SVD decomposition of the ultrafast image ensemble after masking of the voxels outside of the brain.

2. PD signal is regressed using the first temporal mode of its SVD decomposition.

3. The regressed signal is scrubbed using a DV ARs based estimator of frames to reject.

4. The signal is temporally filtered on a [0.01, 0.1]Hz band. 

Templates and ROIs

As explained in (D.2.1) and ( 13.1.1), our pipeline relies on co-registration of the various images that we acquire. A great part of our analysis relies on voxel-wise comparisons which intrinsically demand properly aligned volumes. This topic is under on-going investigation [START_REF] Nouhoum | A functional ultrasound brain gps for automatic vascular-based neuronavigation[END_REF], Vidal et al., 2021, Lambert et al., 2022]. In absence of validated tools to transform our data in the Allen Brain Institute's space, and thanks to the high redundancy and reproducibility of our datasets, we developed a custom ontology for brain positioning based on a data driven approach. In other terms, we focused on our plan of interest (see (C.4.1)). For multiple reasons we decided to define our space agnostically:

• As explained in (10.2.2), our reference plane is split across 5 coronal planes of the Allen's coronal atlas. There are less advantages to represent data in such unaccustomed space.

• Due to the different artefacts (see (Fig. 10.2.1)) and particular distribution of intensity in fUS data, co-registration with already existing modality is not straight forward. This problem is made worst from 2D to 3D.

• There are some technical challenges in ensuring the exact localisation with dedicated softwares like Brain Positioning System (BPS), while optimisation of this tool is beyond our research scope. As other teams are working to solve this problem, we decided to stick to a simpler solution restricted to our plane of interest.

As a result, we acted sequentially. In order to advance in our analyses, we defined a template of our plan of interest. Because more than 95% of our data are imaged in this plane, we further developed the pipeline to deal with this specific situation. We built our registration procedure to solve registration in the 2D case for PD images. Then, we generalised the method for other 2D planes. Finally, we applied the template method to 3D images based on anatomical scans (pd3d). It is only recently, with improvement in co-registration methods and our results with 3D templates, that we estimated our relative position within the Allen Brain Institute's coordinate system (CCF v3) [Wang et al., 2020].
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Templates

We list here the different templates that were used for registration of all the datasets. All these templates are built following the procedure detailed in (D.2.1). To generate a single reference template of our plane of interest three datasets (opioids, cannabinoids and psilocybin) were merged to select 526 imaging images acquired in this plane. These sessions were recorded over 206 individual mice resulting in some mice imaged multiple times. To remind the procedure detailed in (D.2.1), all images were first affine transformed to a single reference image, then split along the midline to create symmetrical images left-left and right-right. By pair, these images were registered one on the other. The average image builds the first template on which all symmetrised images are registered once more using bspline transform to generate the final template.

Plane of Interest

(Fig. 51) shows the plane of interest template as compared to individual pd2d image. This image allows to better identify the multiple structures present in the slice as compared to a single animal recording. The same plane has been imaged again independently in a multiplane study (n ∼ 34 sessions) (Fig. 52). The template is smoothed by increasing the number of subjects. The resulting image represents the probability of intense signal in the voxel. The apparent loss of contrast due to increased smoothness is believed to facilitate registration convergence by introducing gradients of intensity. It also leaves some generalisation margin toward the convergence point. Conversely, increased details found in templates generated
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In the end, the template allows to distinguish vascular regions like the medial thalamus or the lateral geniculate nucleus in this case. These regions are not discernible at the single session level. The same algorithm has been used for each plane of the multiplane study. In this case, the number of images used to build the template is limited between 25 and 34 images per plane (see (G.6.1)). For coronal slices, the symmetry is enforced. As mentioned for VB template, the coregistration results in relative generalisation of the template. Because the amount of session is still low, some high spatial frequencies remain. As a result, we expect the registration to be less precise in this case. The expected influence is a potential loss of contrast in SBMs as voxels would not perfectly overlap.

Multiplane

This spatial extension highlights once more the presence of shadow zones. It is particularly striking in sagittal planes. There, almost no signal is found in the striatum. It justifies the 3.5mm step between the VB plane and the frontal one. Some anatomical regions can be identified directly in the vascular tree. The cortex is the most intense region in all planes. It can be explained by the attenuation of the acoustic field which reduces sensitivity for deeper regions. Although, in the caudal plane for example, strong PD signal is measured even in the hypothalamus. Vascular territories can be identified. It is the case for the frontier between the cortex and the hippocampus. This region, rich in white matter, is expected to be less vascularised. Vascular domains extend across slices. The medial thalamus, which can't be clearly distinguished at the individual session level, presents a continuity between the caudal and the VB slices.

Finally, the main landmarks across the whole brain are arteries. In VB the anterior arachnoid artery acts as the main landmark. In the caudal slice, the circle of Willis projection can be seen at the base of the brain. The same structure is present in sagittal planes. Due to high inter individual variability, notably in deeper regions, such landmark are not necessarily present in all images. By averaging over whole cohorts they appear as reliable landmarks. Although, this variability explains the difficulties in solving the coregistration problem for fUS data.
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jcm PhD thesis CRI 3D template awake Using the pd3d anatomical scan from the psilocybin project, we were able to apply the template algorithm to full isotropic volumes in order to generate a 3D reference. (Fig. 53) displays this volume at 18 anteriorities identified relatively to the VB. The template has been computed over 72 sessions. Each session consisted in 10 pd3d. Some deformations in the cortex seem to indicate potential instabilities of bspline registration resulting in a dilation of the cortex. This effect can be imputed to a strong echo on top of this region. In the 2D case a priori masking reduces this effect particularly present in the awake state.

(Fig. 53) displays this volume at 18 different anteriorities spanned over 7mm. It highlights further the regions where PD loses intensity. This template gives a good estimate of regions that can be imaged during awake transcranial studies. As we already mentioned, studies should favourise posterior regions where signal is well distributed across the image. In frontal region, the skull bone gets thinner between the bregma and the suture separating the frontal bone from the nasal bone. Underneath this suture runs the Rostral Rhinal Vein. It appears on the template (V B + 4.6mm) that the sinus pollutes the superficial cortical layer. At the same anteriority, ocular muscles and potentially lacrimal glands generate an artefact on the side of the image. We stress out again, that imaging in these regions requires the field of view to be narrowed down to avoid these artefactual sources. Removing the sides increases the SNR in the brain at the center.

We expect this volume to be useful as a reference for future studies. Indeed, the current 2D registration procedure is initialised on a single image. At the moment, one image of the dataset is used for this purpose. Initialising the registration on the equivalent slice of this volume could improve reproducibility of the registration process paving the way toward a reference fUS space.

3D template anaesthetised

Thanks to our collaborators at Boehringer Ingelheim, we also applied our template generation procedure to an anaesthetised mice dataset. Preparation of these animals follow the procedure as described in [Grohs-Metz et al., 2022a]. Anaesthesia is induced with Isoflurane (4% decreased to 1.5%) which is replaced gradually by a perfusion of metedomidine. Due to the vasodilation properties of isoflurane, it results in a very high SNR in terms of CBV distribution which is ideal for anatomical studies. (Fig. 54) shows the volume at different anteriorities relatively to the VB. The volume is computed over 45 sessions in 26 independent mice acquired transcranially across the skin after shaving of the animals. Because the mice are not implanted, the field of view is longer, spanning over 8mm. As a result the full surface of the cortex can be imaged from β -5mm to β + 3mm.

The amount of details is impressive as compared to awake imaging. It confirms the SNR reduction observed in awake state. Although, both volumes share some landmarks in the regions where the signal is high in awake state. It is worth mentioning that a difference of 6 o relatively to the horizontal plane exist between both volumes. Therefore, an immediate frame wise comparison can be misleading. It is notably the case for the shape of arteries which run across multiple slices of both volumes. This effect can also be seen in a vertical dilation factor depending on local structure and relative to the inclination.

It is striking how artefactual zone shadows are significantly reduced in the anaesthetised condition. Details in the striatum and below the midline are clearly identifiable. Although, some regions remain darker. From front to back, it is the case of the motor cortex at V B + 4.2mm and V B + 3.7mm. The shadow then propagates from lateral to more medial regions, where it covers part of the caude putamen between V B + 2.8mm and V B + 2.4mm.

After that, it vanishes and remains only located at the comissure between the cortex and the thalamus from V B + 1.5mm to V B + 0.7mm. Around V B -0.6mm the shadow migrates back to the sides. The signal disappears little by little in the sides at V B -1.9mm. In addition, the amygdala appears globally as a dark region from V B + 1.5mm to V B -0.2mm.

Finally, for all slices, the most lateral parts of the brain have always a weak signal. If this last shadow can be associated to vertical bone, the complex shape of the striatum-comisureamygdala shadow is surprising. It does not look like the one observed in awake state which fits the sutures structure through a vertical projection. The intricated shape suggests that in addition to reduced sensitivity, potential local hypo perfusions might explain these shadows.

Another source of reduced signal can be imputed to white matter. It is notably the case of slim dark patches on the side of the thalamus at V B + 0.7mm which follows the anterior choroidal artery in V B + 0.2mm. They suggest respectively the internal capsule and the optic tract and associated nerve fibers. Finally ventricles are also expected to locally result in reduced PD. The fourth ventricle is clearly identifiable at V B -0.2mm. The 3 rd ventricle appears as a grey region in V B + 2.8mm. The lateral ventricles could explain the comissural disappearance of signal between V B + 0.7mm and V B -0.6, while its medial section appears surrounded by vessels between V B + 2.4 to V B + 1.5mm.

Altogether, the spatial distribution of PD signal seems to be dictated by interactions between perfusion per se which is function of the tissue type (grey or white matter, tissue or ventricle). On top of this distribution, acoustic properties modulate the signal. Between V B + 4.2m and V B + 3.3m the signal appears screened below the sagittal sinus while we can wonder if the same phenomenon is not at play at V B -0.2mm. The causality of such signal distribution shall be addressed as it could be an interesting feature to perform volumetric measurements based on PD signal. In addition, it is legit to question the relevance of functional signal coming from dark regions. Even though, as we saw in the introduction (5.1) using second order statistics allows to partially overcome these considerations. Fluctuation measure are more resilient to intensity variations. Nevertheless, it is expected that with reduced SNR, the estimation of covariance could be biased.

In the end, the template based on this anaesthesia preparation displays a signal of high quality. It results in a richly detailed volume with many anatomical landmarks perfectly suitable for registration. We can see this volume as a reference. As we will see in the next section this volume is a useful tool for neuronavigation. 
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Coregistration with Allen's space Both 3D volumes were recently aligned on the Allen's space. To do so, a high resolution Allen Brain Institute template was used (resolution: 0.025 × 0.025 × 0.025µm 3 ). In absence of publicly available reference data for PD signal distribution in the mouse, registration was performed manually to best match the main anatomical features. Our space is less resolved than the reference template of Allen brain institute (100µm VS 25µm). The Allen's parcellation had to be downsampled. In the case of the full parcellation with 839 regions, downsampling methods tend to pollute the readibility of the atlas. Smallest regions tend to vanish after downsampling while intermediate ones might be deformed by interpolation. For this reason we used a restricted parcellation from [START_REF] Coletta | Network structure of the mouse brain connectome with voxel resolution[END_REF]. This parcellation was initially designed for mice fMRI. This parcellation is restricted to 162 regions (81 bilaterals). If the parcellation is scarcer, it ends up with a good compromise for inferring regions without having after downsampling ROIs limited to a few voxels.

(Fig. 55) shows the superposition of our PD template (in red) with the Allen's histological one (in grey). The histological signal represents grey matter in white and white matter as darker signal. As expected, part of the white matter fits with darker regions, it is notably the case of the corpus callosum which separates the cortex from the hippocampus. Similarly, the lateral ventricle and the internal capsule fit with the darker region from V B -0.7mm to V B -0.6mm. Although, no such structure can explain reduction of the signal in the lower cortex around V B + 2.8mm and V B + 2mm, nor the amygdal regional darkness. It leaves the possibility of hypo perfusion to explain reduced PD. Alternatively, the vascular system in these region could be more anisotropic, running in vessels parallel to the probe and reduced intensity. Finally, the skull structure or possible other mechanical disturbances could alter locally the signal.

Conversely, many main arteries and big vessels, don't overlap with the white matter bundles but sometimes follow them, running alongside the vascular tree. It is the case of the anterior choroidal artery following the optic tract. In the other direction, the anterior cerebral artery follows the optic nerve.

Finally, the highly resolved anaesthetised volume allows to validate the registration as all main components of the vascular tree fit the histological structures. The posterior cerebral artery and anterior choroidal artery runs between the thalamus and the cortex. They both delineate the sub cortical regions as highlighted by (Fig. 56). They both surround respectively the midbrain and the thalamus. The medial and anterior cerebral areteries run along the surface of the brain. The anterior and posterior striate arteries acts the same way for the striatum, marking the frontier between the cortex and the caude putamen. Our registration strategy generated multiple templates. As presented in (13.1.1), these templates are a key element for the registration of our recordings in a common space. We implemented the registration routine based on the Allen Brain Institute's histological template procedure (sequential registration enforcing symmetry). As all Allen Brain Institute's parcellations are symmetrical, we decided to enforce symmetry to later match these parcellations. By doing so, we increased our yield in solving the 2D problem of registration. We defined our agnostic system based on our favoured imaged plane as well as a new terminology more adapted to fUS with the vascular bregma as a reference point. Once this approach was validated, we applied the symmetrical template generation on 3D volumes. We first generated an awake state reference atlas. This tool increased the understanding on our localisation. Given the success of this neuronavigation tool, we finally applied the method to an high SNR dataset in anaesthetised state. It allowed us to coregister the constructed fUS space with the Allen Brain Institute's reference space based on anatomical landmarks.

This step is fundamental to link our ontology with the rest of the literature. This approach is not necessarily straightforward due to the angle imposed by fUS imaging (10.2.2). In the end, we are now able to represent our plan of interest in the Allen Brain Institute's space (Fig. 57). This coregistration allows us to list below the main brain regions present in our VB slice as given by the Allen's ontology and labelled in (Fig. 58). For the sake of readibility, the small parcels inside the cortex and some thalamic nuclei have been clustered together following Allen's brain ontology, resulting in 55 hemispheric regions. 

Parcellation

All our analyses use custom ROIs computed out of clustering from voxel wise connectivity matrices. For connectome analyses, one parcellation is computed per analysed slice (D. 3.4).

The full analysis of these functional territories is beyond the scope of this thesis, even though our preliminary results are discussed in (K.4). Here we present the first validations of our approach and its application to our planes of interest. The main hypothesis which is made here is that there exist some spatially and inter-individually coherent regions. If the hypothesis is true, after clustering the voxel-wise correlation matrix, the clusters should represent such territories. We expect these clusters to fit anatomical ROIs.

Validation on anaesthetised data

For validation of our data-driven automated parcellation strategy, we decided to use a dataset recorded on rats under anaesthesia. The underlying idea comes from [START_REF] Barttfeld | Signature of consciousness in the dynamics of resting-state brain activity[END_REF] and [START_REF] Coletta | Network structure of the mouse brain connectome with voxel resolution[END_REF], where it is suggested that anaesthetised state is associated to a connectome matching more closely the anatomical neuronal network. Conversely, awake state induces richer hierarchies. The size of the rat brain gives another advantage for this study. 44 recordings of 20min baseline FC were used to compute the parcellation. First, all data are processed following the custom pipeline (D.3.2). The voxel wise connectivity matrix is computed resulting in a 11214×11214 matrix per session. The average matrix is estimated in the Fisher space. The vectors of the average matrix are clustered using the kmean algorithm from Python sklearn module. (Fig. 59, Top) displays the evolution of clustering results depending on the number of cluster parameter of kmean. The method converges between 12 and 21 clusters toward a relatively fixed number of territories. The first detected clusters are bilateral. By increasing further the number of clusters, the algorithm splits bilateral clusters in left and right regions. Further increasing the number of cluster ends up by subdividing existing ones. If the number of clusters is further increased, noise regions are randomly attributed to new clusters. This mechanisms results in a plateau of new regions discovery, where the algorithm split from bilateral to individual cluster. For coronal slices, this plateau is the targetted regime as with symmetrisation, it results in preserved parcellation shape, suggesting convergence toward the desired clusters set.

The automatic parcellation second step consists in removing artefactual regions. A first absolute criterion consists in removing clusters outside of the brain. Then, for the sake of this example, only connected clusters are kept. In other terms we keep only clusters Which are fully connected. In addition, clusters contacting the sagittal sinus are also removed. Finally, as explained in (D. 3.4), ROIs are deflated to reduce registration mismatched errors. Any disconnected components appearing after deflation is removed. The parcellation is symmetrised by duplicating and flipping the left half (left choice is arbitrary).

(Fig. 59, Bottom) shows the final result when selecting 21 clusters and a comparison with the Paxinos's rat brain atlas [START_REF] Paxinos | Achestained horizontal sections of the rat brain in stereotaxic coordinates[END_REF] in the estimated slice (see (10.2.2) as the acquisition angle might introduce deformations as compared to the reference atlas).

The first observation we can make on the raw results of clustering is, at the exception of the thalamus, whatever the number of clusters, the regions are connected, which comforts in the relevance of the convergence point. In addition, the clusters seem to fit anatomical regions with clear distinctions between cortical and hippocampal regions. For the thalamus and hypothalamus, almost no subdivisions are found. The pivotal role of thalamus under anaesthesia [Alkire et al., 2000] can probably explain the reduced functional content (in terms of diversity of functional units) observed here. Then, observing the remaining ROIs, the apparent similarity with anatomically defined regions from Paxinos' atlas is a final validation. Cortical organisation matches histologically based subdivisions. The similarity is most striking in the hippocampus, where the CA1 and CA3 regions are well delineated while a third region seems to englobe white matter tracts prolongating towards the fornix. Finally, the dorsal thalamus cluster seems robustly preserved when we make the number of clusters vary.

Overall, these initial observations comfort us in the validity of our hypothesis. It confirms the relevance of using a data-driven approach to define functional ROIs. In an initial absence of a precise estimate of our position in the brain (13.3), we favoured this technique.

Stability at basal state

After a first validation, we apply the method to awake state in order to define the ROIs to be used for our FC studies. In this case 90 sessions from both the opioids and psilocybin projects are analysed. Only signal from the baseline (last 10min window of the baseline) are used to generate the parcellation. We used the same procedure as previously. (Fig. 60) shows the different results obtained by computing the parcellation on the basal state of awake mice. The top row displays parcellations obtained by randomly choosing 10 individuals out of the 90 sessions. Some variability exist between the different parcellations. Although, some features are well conserved across the different trials. For example, the structure of brain meta-regions (cortex, hippocampus, thalamus and hypothalamus) is well preserved. Some variability within each region is observed with potential shifts in ROIs separation. The main observed differences are seen in the cortex, where functional territories are the most unstable. Similarly, the hypothalamus has apparently different structures even though medial part of the hypothalamus seems well conserved. Under our hypotheses, this variability could have two explanations:

• Slight differences in terms of probe positioning and subsequent registration could induce modification in the position of the functional region.

• Intrinsic variance of functional territories across animals could induce modification in cluster estimates.

To summarise, meta regions are well resolved while segregation within these meta regions appear variable with some conserved features. By extracting the parcellation out of the whole
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jcm PhD thesis CRI dataset, this observation is confirmed. The final parcellation seem to average all the preserved features. The most surprising element of the parcellation computed over the whole dataset is the hippocampal subdivision. This region is split in what resemble CA1 and CA3 regions, which are absent in all trials made of 10 sessions only. This distinction seems to arise from the larger dataset.

To further validate the functional relevance of these clusters we computed a voxel wise global connectivity map. (Fig. 60)b. image encodes in each voxel, the overall connectivity with the rest of the network. Each voxel intensity is proportional to the sum of the absolute correlation with all other voxels of the image. If the hypothesis is true, such a map should display patches corresponding to the different functional territory. We expect the transition from one region to the other to be encoded topographically in the map. To observe this topographic changes, (Fig. 60)c. displays the laplacian of the global connectivity map. This spatial derivative presents sharp transitions separating seemingly functional territories. (Fig. 60)d. shows that, as expected, the clusters of our parcellation fit within the border of laplacian defined functional territories.

We interpret these result as a validation of our initial hypothesis. We conclude that the clustering approach that we applied highlighted functional territories that can be used as data driven ROIs for our FC analyses. Finally (Fig. 60)a. show that our cluster are not particularly fitting specific high intensity regions in the average signal. In other terms the territories appear more related to the functional content than the raw intensity of each voxel. Finally, we superposed the parcellation on the VB slice in the Allen Brain Institute's

Reference VB parcellation
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• In the cortex the 3 regions match in the left hemisphere from left to right the somatosensory cortex (referred to as lateral cortex), the visual cortex (referred to as cortex) and the retrosplenial cortex (referred to as medial cortex).

• The hippocampus is split in two with the CA1 and CA3 prolongated inside the dendate gyrus.

• The dorsal thalamus is superimposed on top of the lateral posterior thalamus, the lateral thalamus fits on the auditory radiation and the medial geniculate complex, and the ventral thalamus stands on top of the posterior complex and the ventral posteromedial nucleus of the thalamus.

• Finally, the hypothalamic region covers part of the substancia nigra and projections from the zona incerta. Once again, delineation between meta regions seems preserved. Although, some surprising ROIs are identified. For example, in the lateral slice, a ROI overlaps with the ventricle. Similarly the frontal cortex ROI spreads beyond the tissue. However it has been extensively reported that the Allen's atlas frontal regions are not reliable for in vivo imaging. As the Allen Brain Institute template comes from ex vixo preparations, the overall brain morphology is altered. The brain morphology in vivo is constrain by the cranium. The absence of this stress results in a modified geometry. Due to these discrepancies, co-registration with the Allen atlas had to be manually adapted for sagittal slices. Potential mismatches should be further investigated. This appears particularly influential for the olfactory bulb, where ROIs tend to exceed the brain frontier. Conversely, in the sagittal case, the template generation suffers more from potential aliasing. In absence of reliable vascular landmark, probe positioning is less acurate. In addition, reduced signal quality due to the vast shadow zones below the bregma suture (see (Fig. 13.3.1)) further complexifies perfect coregistration in the sagittal case. This visualisation also highlights the lateral loss of signal in the frontal slice.

Multiplane parcellation

Past these challenges, some ROIs seem reliably identified by the automatic parcellation algorithm. The dorsal hippocampus can be clearly distinguished in all slices where it is present. In both coronal slices, the cortex delineation is well preserved. Nevertheless, as observed at VB, the shadow cone induces a lack of functional territory along the midline in these coronal cases. In both sagittal slices the thalamus is split in dorsal and ventral regions. Finally, in the rostral parts of both sagittal slices, the infralimbic region (Prefrontal Cortex (PFC)) overlaps perfectly with the atlas.

Summary

Overall, this section demonstrates how automatic parcellations are promising tools for the analysis of connectomes spatial substrates. We validated the relevance of a data-driven delineation of meta regions such as the cortex, the thalamus or the hippocampus. The anaesthestised rat parcellation showed how accurate cortical delineation could be while the absence of functional territories in the thalamus highlighted the functional relevance of the approach. The basal state of awake mice demonstrated the stability of parcellation at the meta regions level. We demonstrated with the global connectivity laplacian that cluster based ROIs fitted the notion of functional territory while it seemed not influence by the first order intensity distribution. Finally the good fit between functional territories and Allen Brain Institute anatomical parcellation further confirmed the relevance of data driven parcels. The concept and application of these functional territories is further discussed in (K.4).

Conclusion

We have highlighted the limitations of awake transcranial fUS imaging for FC analysis methods. We have described an unusual signal that appears to arise from the trigeminal ganglion and causes global signal nuisance. We have characterised this signal and found that it is modulated by pharmacological treatments, thereby revealing a potential interest for inferring brain function. These observations have sparked a discussion on haemodynamic nuisances in the brain and the tools available to alleviate them. We have demonstrated that while fUS nuisances differ fundamentally from those seen in fMRI, they share conceptual features that allow the rich fMRI toolkits to be utilised to alleviate them. We have illustrated how the methods can be used and how their parameters influence the estimation of FC and its interpretation. Our pipeline has been detailed, and its main settings have been justified using the examples provided. We have also addressed the issue of neuronavigation and have shown how our registration tools can be leveraged to precisely identify our location in the brain. Furthermore, we have presented an automatic parcellation method based on FC data-driven clustering and have used anatomical arguments to support its usefulness. We will apply all these tools in the subsequent sections to investigate the influence of pharmacological treatments on the brain function of behaving mice.

Part IV

Opioid fingerprint Fingerprint of opioids on functional connectivity in awake behaving mice using functional ultrasound is the main article I wrote as first author during my PhD. We expect to submit these results for peer-review in the next few weeks. This article describes the fingerprint of opioids on the functional connectivity of awake behaving animals. It demonstrates the pharmacological relevance of the observed fingerprints. We suggest a two step model of drugs fingerprint: starting with focal vascular bursts followed by a shift in connectivity. We demonstrate that this shift in connectivity is mechanistically associated to a spatial reorganisation of functional territories and a change of dynamical structure of connectivity.

The opioid project is subdivided in 6 studies which together tackle our main question :

Can we observe a pharmacologically relevant fingerprint of opioid action on the brain with functional ultrasound in awake mice ?

In order to answer this question, we determined that a pharmacological fingerprint must:

• Show anatomical relevance,

• Depend on the injected dose,

• Follow the known pharmacokinetics,

• Be inhibited with antagonist pre-treatment,

• Not appear in knockout mice,

• Be drug specific,

• Be modulated with tolerance.

Introduction

The lack of a precise understanding of drug effects on brain function poses a significant challenge in the development of new drugs that act on the central nervous system. Neuropharmacological development traditionally relies on two methodologies: high-throughput screens in cell cultures and behavioral neuroscience. However, the reliability of results from cell cultures in predicting drug effects on the brain is notoriously poor. Behavioral studies, on the other hand, while informative, are time-and animal-consuming and provide limited insight into the underlying neuronal mechanisms.

These limitations have hindered the development of improved antipsychotics and highly effective analgesics without detrimental side effects [START_REF] Yekkirala | Breaking barriers to novel analgesic drug development[END_REF], particularly in light of the opioid crisis.

Extensive research has shown that cognition and behavior rely on the integration, synchronization, and coordination of large-scale sensory and motor networks. The large-scale organization of neural networks and drug-induced changes in network connectivity and activation may provide valuable testable hypotheses regarding the neural underpinnings and pharmacological accessibility of brain function and behavior. Brain imaging approaches, particularly functional magnetic resonance imaging (fMRI), can bridge the knowledge gap between cellular and behavioral levels by providing Draft a readout of brain activation and functional connectivity (FC) through the neurovascular coupling.

As such, "pharmaco-fMRI" (phMRI) has been proposed as an interesting tool for both preclinical and clinical drug development [START_REF] Carmichael | The role of fMRI in drug development[END_REF][START_REF] Wandschneider | Pharmaco fMRI: Determining the functional anatomy of the effects of medication[END_REF].

However, the preclinical use of phMRI is strongly limited by the requirement for immobilization or anesthesia and low sensitivity, particularly in mice, a major preclinical rodent model. Anesthesia use is particularly problematic in analgesia research, since cortico-thalamic connectivity, an essential building block of sensory-motor integration, is difficult to capture even with highly-sophisticated fMRI technology under anesthesia [START_REF] Grandjean | Structural basis of large-scale functional connectivity in the mouse[END_REF]. Medetomidine, the standard anesthetic agent in fMRI studies, has been shown to interfere with cortico-thalamic connectivity even at low doses, affecting regions expressing high levels of beta-2 adrenergic receptors [START_REF] Nasrallah | Detection of functional connectivity in the resting mouse brain[END_REF][START_REF] Fukuda | Effects of the α-adrenergic receptor agonist dexmedetomidine on neural, vascular and BOLD fMRI responses in the somatosensory cortex[END_REF][START_REF] Grandjean | Optimization of anesthesia protocol for restingstate fMRI in mice based on differential effects of anesthetics on functional connectivity patterns[END_REF]. Notably, a recent pioneering pharmaco-fMRI study of opioid (oxycodone) action on mouse brain connectivity, which also used medetomidine anesthesia (Nasseef et al. 2019), did not report notable changes in the cortico-thalamic network, which is intriguing for an analgesic agent. Consequently, novel technologies that allow large-scale and highly-resolved network and perfusion imaging in awake mice are required to unleash the power of brain imaging in neuro-pharmacological research.

Recently, a novel technique based on Ultrafast Functional Ultrasound (fUS) and has been adapted

for imaging brain perfusion, activation and functional connectivity (FC) in rodents (Osmanski et al. 2014). The fUS method offers unmatched sensitivity, spatiotemporal resolution (sub-millisecond time resolution and ≃ 100µm in-plane spatial resolution), and operating simplicity as compared to fMRI. Through the use of fUS, previously unexplored aspects of brain function can be accessed. We have specifically adapted fUS for imaging task-related responses and FC in awake mice (Ferrier et al. 2020). The high spatial resolution of fUS enables the measurement of functional changes through local cerebral blood flow, thus holding significant potential for the study of neurovascular coupling at increasingly fine spatial scales. Our recent proof-of-concept study has demonstrated that fUS can provide specific imaging of pharmacologically-induced changes in brain activation and connectivity in the awake mouse brain, and is therefore a promising tool for neuropharmacological research (Rabut et al. 2020).

Here, we investigated whether clinically relevant opioids, which act on the µ-opioid receptor (MOP), lead to similar and reproductible changes in regional brain activation and connectivity.

Specifically, we asked whether we can obtain a robust, dynamic and pharmacologically relevant fUS fingerprint of opioid action through the intact skull, in awake and behaving mice. A pharmacologically relevant opioid fingerprint should be independent from movement related artifacts, should be dose-and time dependent and sensitive to pharmacological and genetic inactivation of MOP. In addition, it should display habituation/tolerance following chronic treatment. For this pioneering study, we hypothesized that we will be able to measure significant changes of FC between neocortical, hippocampal and thalamic regions, by recording on a single, easy-to-localize coronal slice, which contains these brain regions. In order to improve the sensibility of our functional fingerprinting, we defined individual functional regions-of-interest inside of these brain regions in a data-driven way.

Finally, in addition to establishing the pharmacological relevance, we have further paralleled the measured FC changes with behavioral (locomotion, analgesia) and functional (MOP phosphorylation)

readouts. Together, our results validate a specific fingerprint for a drug family with high medical and societal impact and lay the foundation for a new approach in the development of new highly-effective pain relievers and other neuropsychiatric drugs, with the potential to identify compounds with improved pharmacological profiles.

Results

Pharmaco-fUS in awake mice

For imaging pharmacologically-induced changes in brain activation and connectivity the awake and behaving mouse brain, we have adapted the imaging protocol from our previous work (Ferrier et al. 2020). The mouse is fixed (Fig. 1a-c), following several days of habituation, through a chronically implanted small metal frame, into the Mobile HomeCage ® , an air-lifted light carbon cage (Bertolo et al. 2021), that allows continuous tracking of the animal movements. Our standard coronal imaging plane corresponds approximately to Bregma-1.8mm level, encompassing the somatosensory cortex, the retrosplenial area, the dorsal hippocampus and thalamus (Fig. 1d). Our raw imaging data displaying the vascular structure, through the detecting moving red blood cells in the movementfiltered Power Doppler signal, we have chosen this region because it contains our major regions of interest and the typical forms of the anterior choroid artery and the carotid arteries (Fig. 1e) facilitate reproducible localization of this region in and between mouse cohorts. The imaging plane (Fig. 1d) is perpendicular to the metal frame fixed on the mouse skull, displaying 6 o of angle difference with the Paxinos Paxinos and Franklin (2008) and 18 o of angle difference with the Allen (Wang et al. 2020) mouse brain atlases. We registered our images. Our treatment protocol consisted of a 20 minutes baseline period divided into two 10 minutes long subphases (BP 1 -BP 2), followed by a 60 minutes post-injection "drug phase" period, divided again into 10 minutes long subphases (SP 1 -SP 6). In order to maximize the sensibility of our functional fingerprinting, we defined 18 bi-lateral individual functional regions-of-interests (ROIs) in a data-driven way (Fig. 1h).

Injection of 30 mg/kg morphine resulted in a significant averaged (n = 10) change in brain connectivity patterns as compared to the baseline. Starting from 20min minutes post-injection, decreased cortical-subcortical connectivity was accompanied by increased intra-cortical, hippocampothalamic and intra-thalamic connectivity, as shown on the connectivity/significance matrix (Fig. 1i), on the significance correlation network (Fig. 1j) and on the seed based maps (Fig. 1k). These results suggest that morphine leads to significant redistribution of both intra-and inter-regional connectivity patterns in the awake mouse brain, with a major effect of disconnection between cortical and subcortical regions.

Pharmacological fingerprint of morphine

Next, we started to test the pharmacological relevance of these findings. Saline injection did not lead to notable change in FC. However, increasing doses of morphine lead to an increasingly earlier onset of the morphine-induced connectivity reorganization, likely reflecting increasingly earlier passage of the critical level of MOP receptor occupation (Fig. 2a-b). In parallel, the strength of the connectivity changes increased also with higher morphine doses, displaying a potential saturation effect at 30 mg/kg. Strikingly, even the highest dose of morphine (70 mg/kg) was not sufficient to induce similar connectivity changes in MOP -/-knockout mice (Fig. 2a-d). Similarly, pretreatment with naloxone, the specific MOP-antagonist, significantly reduced the effects of 30 mg/kg morphine (Fig. 2a, sixth row). These results suggest that morphine exerts a saturable and dose-dependent effect on region-wide FC patterns, specific to MOP activation.

To further test whether the above reported MOP-specific effects of morphine are shared by other MOP acting ligands, we have tested the brain effects of injecting fentanyl, methadone or buprenorphine, three therapeutically important drugs (Fig. 3). We have measured the dose-dependent effect of fentanyl, a rapidly-acting MOP agonis, and the effects of single doses, 10mg/kg for methadone or 3 mg/kg buprenorphine, respectively. Similarly to morphine, increasing doses of fentanyl led to an increasingly earlier and more contrasted change in FC, showing a similar interregional dysconnectivity pattern (Fig. 3). This pattern was also found, with intensity differences well-correlated with Draft differences in MOP agonist efficacy, with methadone and buprenorphine, a full and a partial MOP agonist, indicating the functional relevance of the opioid-induced and MOP-specific FC fingerprint.

Behavioral effects on FC patterns

Behavioral effects of opioids, such as analgesia, euphoria and sedation show tolerance after repeated administration. Consequently, over time, patients or drug consumers need to take higher and higher doses of the drug to achieve the same level of response, with potentially serious consequences, such as increased risk of side effects like respiratory depression, constipation, addiction and potential overdose. We asked whether morphine and fentanyl induced changes in FC patterns show a similar tolerance effect (Fig. 4). We have chronically treated mice, by using an implanted osmotic pump, with morphine and fentanyl for one week, leading to significant habituation for analgesia, as measured by the hot plate test [START_REF] Fritzwanker | HA-MOP knockin mice express the canonical ¯-opioid receptor but lack detectable splice variants[END_REF]. Notably, this protocol led to a significantly reduced changes in FC patterns following a subsequent single injection, as compared to the injection of the same dose in non-chronic treated animals (Fig. 4).

Injection of brain-targeted drugs typically leads to local neuronal activation, which is usually detected by localized perfusion changes through the neurovascular coupling in pharmaco-fMRI studies. In addition, morphine injection also leads to a stereotyped locomotion behavior in C57BL/6J

but not in BALB/cJ mice [START_REF] Oliverio | Experience modifies morphine-induced behavioral excitation of mice[END_REF]Semenova et al. 1995). Interestingly, while morphine injection led to the expected dose-dependent change in movement of our C57BL/6J cohorts (Fig. 5) accompanied by a similar and regionally heterogenous change in brain perfusion, the kinetics of these changes was not temporally correlated with the changes in functional connectivity. Notably, similar connectivity changes were found in BALB/cJ mice (Fig. 5b). Interestingly, the morphineinduced patterns of regional CBV changes was still present in this strain, although with lower intensity, suggesting that locomotion and regional CBV changes are not strictly correlated either.

These results, by showing that the kinetics of locomotion and regional CBV changes is relatively similar while FC changes are delayed to these two parameters, suggest that morphine-induced connectivity reorganization is a relatively slow effect. Importantly, morphine-induced analgesia, measured in the hot plate test, showed a kinetics similar to the FC changes, indicating that FC is a better read-out than regional activation, measured by the CBV, for this therapeutically important parameter (Fig. 5c). Interestingly, these relatively slow patterns of FC and analgesia changes were also well-correlated with changes in the morphine-specific phosphorylation of MOP at S375 (Fig. 5c), which indicates a late phase of G-protein coupled receptor (GPCR) activation.

Together, our results show that major opioid drugs lead to a significant, pharmacologically relevant and MOP-specific change in region-wide FC connectivity patterns, which is well-correlated with a therapeutically important behavioral read-out, analgesia, in timing, dose-dependence and chronic drug-exposure induced tolerance.

Discussion

By developing a novel, highly-sensitive and minimally-invasive method to measure drug-induced functional changes in the awake rodent brain, we report that major opioids induce a highlyreproducible dysconnectivity pattern, i.e. an "opioid fingerprint". This pattern is dominated by disconnection between cortical and subcortical regions in the tens-of-minutes time scale, well correlated with, thus potentially underlying, the development of analgesia, the major therapeutic effect of opioids.

Methodology

In this pioneering study we have focused on robustness and reproducibility, by accepting several technological trade-offs, which can be easily overcame in following studies. The first trade-off in awake animal fUS imaging is between invasiveness an sensibility. Imaging through the intact skull leads to an overall loss of the fUS signal, slight in general but more pronounced in regions under skull sutures. Craniotomy, with an eventual plastic prothesis ( 

Opioid-induced dysconnectivity

To our knowledge, up-to-date only a single team has investigated the acute effect of MOP agonist on functional connectivity in pre-clinical models, by measuring the influence of oxycodone (2 mg/kg) on BOLD activation and FC patterns in mice anaesthetized with dexmedetomidine (Nasseef et al.

2019)

. Their ICA analysis identified 71 components establishing a connectivity network at the whole brain scale. Notably, they mainly report an overall reduced connectivity. In addition, they show region-specific increased perfusion, which correlates with MOP-enriched clusters (periaqueducal gray, substancia nigra, caudate putamen and nucleus accumbens). Both effects are absent in MOP knockout mice. Notably, in contrast to our results, this study does not report opioid-induced cortical-subcortical connectivity, which is known to be affected by anesthesia (Alkire et al. 2000).

The validity of our findings is reinforced by the findings of an awake human fMRI study, where morphine-and alcohol-induced connectome changes were compared to (Khalili-Mahani et al. 2012).

Using an advanced model based on 8 canonical resting-state networks, the most significant effect they observe is a disconnection (an induced anticorrelation) between the somatosensory cortex and the hippocampus, similarly to our findings. In addition, fMRI imaging of heroin maintained outpatients showed that acute injection of heroine, a pro-drug of morphine, induces cortico-thalamic disconnection [START_REF] Denier | Abnormal functional integration of thalamic low frequency oscillation in the BOLD signal after acute heroin treatment[END_REF]. Finally, several studies report disconnections between the cortical and subcortical regions (Ma et al. 2010;Jiang et al. 2011). In conclusion, we propose that our fUS-based imaging of cortico-subcortical disconnection, as the main effect of morphine, is a major and clinically valid result. In the future, with mouse opioid fingerprinting extended at the whole-brain scale, as discussed above, back-translation from mouse to humans will be possible due to the functional similarities between BOLD and fUS imaging, both measuring changes in brain perfusion patterns.

Opioid-induced CBV changes

Our results also show MOP-induced local CBV changes in several regions following opioid injection.

This effect is bi-phasic, consisting of a hyperperfusion followed by hypoperfusion, with a kinetics showing important dependence from agonist type and dose. Previous studies have also reported BOLD signal changes following acute injection of oxycodone in awake restrained mice (Moore et al. 2016) and in awake rats (Iriah et al. 2019) as well as of buprenorphine in awake rats (Becerra et al. 2013). The activation and deactivation patterns reported in these pharmaco-fMRI studies show considerable variability . Due to the dose-dependence and bi-phasic nature of the response, we think that it's important to have high time resolution and longitudinal follow-up perfusion changes.

Indeed, in a clinical study longitudinally following BOLD intensity changes following a fentanyl analog, region dependent local activations showed a rapid kinetics lasting typically only a several minutes (Leppä et al. 2006), similarly to our results. In our case, the technical advance of multimodal imaging allowed us to show that the dynamics of perfusion changes is well correlated with one behavioral read-out, hypermobility, but not with the clinically more important read-out of analgesia.

This difference in dynamics and the relatively late changes in functional MOP effects are particulary interesting in the light of the functional selectivity hypothesis [START_REF] Urban | Functional selectivity and classical concepts of quantitative pharmacology[END_REF], which suggests that different opioids can selectively activate specific signaling pathways through the MOP, leading to distinct downstream effects. Future research using the multimodal fUS analysis pipeline in mouse strains with targeted inactivation of individual components of the MOP signaling pathway will enable functional dissection of these effects.

Conclusion

In conclusion, we report the development of a novel multimodal pre-clinical brain imaging approach to quantitatively follow the establishment of drug-induced functional "fingerprints"; of brain activation an connectivity in the awake mouse brain. We show that the main feature of the MOP-specific fingerprint is disconnection between of cortical and subcortical regions, temporally correlated with the development of analgesia. We think that our approach may help to close the explanatory gap between neuronal mechanisms at the cellular/microscale and large-scale neural dynamics underlying behavior. Understanding the correlations between molecular mechanisms, behavior and functional signatures that control the opioid-and side-effects will provide precious insight into alternative therapies for opioid use for treating pain, tolerance, addiction/dependence, withdrawal and respiratory depression. In the future, this approach will enable better prediction of the effects and therapeutic windows of newly developed drugs and will help to select the application area according to the ratio of analgesia and acceptable side effects.

Draft

Sanofi-Aventis, Frankfurt, Germany), buprenorphine hydrochloride (3mg/kg; Indivior, Mannheim, Germany) and naloxone hydrochloride (2mg/kg; Ratiopharm, Ulm, Germany). For chronic infusion with Alzet osmotic minipumps (1007D), fentanyl citrate salt (2mg/kg/day) and morphine sulphate salt pentahydrate (17mg/kg/day) were obtained from Sigma-Aldrich (St. Louis, MO). Drugs were diluted in phosphate-buffered saline for acute injections or dissolved in sterile water and then diluted in phosphate-buffered saline for osmotic pump delivery.

Behavior studies

For consistency, one experimenter and a dedicated assistant performed all in vivo drug administrations and behavioral testing. All testing was conducted between 7 a.m. and 4 p.m. in an isolated, temperature-and light-controlled room. Mice were acclimated for at least 2 weeks before testing.

Only the experimenter and assistant had free access to the room and entered the room 30 min before commencement of testing to eliminate potential olfactory-induced changes in nociception.

Animals were assigned to groups randomly before testing. Mice were excluded from the study if they displayed any bodily injuries from aggressions with cage mates. The experimenter was blinded to treatment and/or genotype throughout the course of behavioral testing. All drugs were given to the experimenter in coded vials and decoded after completion of the experiment.

Hot-plate test

Opiate effects on paw withdrawal latencies were assessed as the time to response (licking or flicking fore or hind paw(s)) after placement on a hot-plate maintained at 56 o C (Ugo Basile SRL, IT) [START_REF] Kliewer | Phosphorylation-deficient g-protein-biased -opioid receptors improve analgesia and diminish tolerance but worsen opioid side effects[END_REF]. To avoid tissue damage, we used a 30-s cut-off. The hot-plate test was carried out 15 min (fentanyl) or 30 min (morphine) after drug administration and expressed as percent maximum possible effect (% MPE), calculated as follows: 100 × [(drugresponselatencybasalresponselatency)/(30s -basalresponselatency)]. For time courses antinociception was determined at various time points after treatment. All calculations were performed using GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, CA).

Tolerance paradigms

Acute effect of 70 mg/kg morphine or 0.3 mg/kg fentanyl were recorded. To induce opioid tolerance, mice were implanted with Alzet osmotic minipumps containing the same drug that was used in the acute dose. Osmotic minipumps delivered total daily doses 17 mg/kg morphine or of 2 mg/kg fentanyl at a rate of 0.5 µL/h. On day 7, mice were again treated using a repeated acute dose with morphine or fentanyl.

Osmotic pump implantation

A single 1007D Alzet osmotic minipump (Charles River Laboratories, DE) was subcutaneously implanted on the left limb of each mouse under light isoflurane anesthesia and meloxicam analgesia.

A small incision was made in the skin on the mouse's left flank with a scalpel, a small pocket was formed just beneath the skin, and the minipump was inserted. The incision was closed using 7-mm wound clips (Charles River Laboratories).

Surgical procedure and preparation for imaging

The mice were prepared following a previously published protocol (Bertolo et al. 2021). The procedure consists in the surgery for the implantation of a metallic headplate (Neurotar, Finland) and the habituation protocol to head fixed condition before imaging sessions.

Headplate surgery

The mouse was pretreated with Meloxicam (4 mg/kg) before surgical ketamine/xylazine (100 mg/10 mg/kg) anesthesia. After the depth of anesthesia was verified the mouse was position onto the stereotaxic frame. The body temperature at 37 o C was maintained by a heat blanket during the complete duration of the procedure. Lidocaine (2%, 0.2 mL) was administered subcutaneously under the scalp skin before incising the skin. After removing the skin from behind the occipital bone to the beginning of the nasal bone, to obtain an imaging window of 13mm × 21mm, the skull was carefully cleaned with iodine solution to remove the remaining periosteum. The temporalis muscles were detached to obtain the widest imaging window possible. By using the headplate as a template, two superficial holes (1mm diameter) were drilled in the front and the back of the skull to position the anchoring screws. A specific care is given to avoid drilling through the skull. Afterwards the headplate was screwed to the skull and the screws fixed with fast solidifying surgical cement (Superbond C&B) to firmly attach the implant. Finally, the skull was protected by a thin layer of surgical glue (Vetbond, 3M, USA) to protect the bone and to close the wounds surrounding the imaging window. The animal was removed from the stereotaxic frame after the cement dried and left to recover in an individual heated chamber.

Handling and Habituation

After surgery the animal was left for 4 to 6 days to recover and then was daily handled and trained to get used to head fixed condition in the Mobile HomeCage ® (MHC) as described as follows. During the first 2 days the animal is handled in the experimental room for habituation to the environment and the experimenter. On the 3 rd day the animal is left 5 -10 min to freely explore the MHC. After the fourth day the animal is clamped daily increasing the duration of head fixed condition of 5 min per day until reaching 30 min. On the 7th day some gel is poured on the imaging window without imaging. On the 8th day the probe is lowered down. On the last day the animal is imaged to obtain an anatomical reference of its brain vascular tree.

Pharmaco-fUS imaging protocol

The mouse was weighted and clamped to the MHC apparatus. The imaging window was humidified with saline and ultrasound gel was applied on top of the skull. After the probe was lowered down until it contacted the ultrasound gel, the machine was turned on in live view for positioning the probe above the reference plane based on the anatomical vascular landmarks. In general, recordings last 20 min of baseline followed by multiple 30 min recordings (typically 2 for 1h follow-up). After each acquisition period, data was transferred to avoid saturating memory, leaving 5 min of dead time between two recordings. Injections were performed between two consecutive recordings to avoid injection-induced movement artefact during the recording. The animal was injected subcutaneously while being head-fixed. Tracking was recorded using MHC Tracker software (Neurotar, Finland). Finally, all images (Left-Left + Right-Right) are non rigidly transformed on this second template. The average image builds the template used as fixed image for coregistration. Registration was performed by using Elastix (Klein et al. 2007). Rigid and non rigid transform parameters were systematically investigated to find the optimal set for both (see supplementary materials). A scrubbing strategy (Power et al. 2014) has been applied to reject artifactual frames from the analysis. A DVARs (Power et al. 2014) and tCompCor (Behzadi et al. 2007) based predictor of rejected frames has been designed.

DVARs was computed on the first 5 temporal singular vectors of the centered timeseries and all frames above 0.5 standard deviation in this signal are considered artefactual, as described below:

Let's A being the 2D matrix of timeseries reshaped along spatial and temporal dimensions (nvox x T). The singular value decomposition results in three matrices U,S,V so that:

U × S × V T = A
Explaining covariance structure in terms of spatial (U i is the base of spatial singular vectors) and temporal (V i is a base of temporal singular modes) modes, and S is diagonal whose spectrum are the singular values λ i ordered in decreasing order. DVARs is computed on the first 5 temporal singular vectors:

d = ∑ 5 i=1 (v i (t + 1) -v i (t))
. Any frame associated with a d(t) higher to 0.5 standard deviation is considered artifactual.

Data were first centered and normalized voxel wise. All rejected frames were considered as null to reduce potential Gibb's rebounds during temporal filtering. The first temporal singular vector of the timeseries was regressed out, corresponding to refined global signal regression. This regression of the first singular vector is the specific case of tCompCor (Behzadi et al. 2007) where all voxels (100% of variance) are used and only the first component is regressed. The signal is filtered with an order 6 zero-phase butterworth filter ([0.01, 0.1]Hz). Finally, the censored frames are scrubbed from the signal.

Automatic parcellation

In order to focus on connectivity changes in regions that show the highest level of connectivity at the baseline, an automatic parcellation approach has been used. A voxel wise correlation matrix was computed (seed is taken in the voxel of interest and all surrounding voxels n = 9). The matrix rows were then clustered using the Kmean algorithm from scikit.learn for n = 21 clusters. Clusters intersecting with the midline or the border of the image were considered artifactual and rejected. In the case of coronal slice, the parcellation is symmetrized by mirroring the left half along the midline.

Each ROI was deflated of 1 voxel to reduce the influence of potential voxel mis-registration from one parcel to another. Details on the procedure and its validation are given in the supplementary materials.

Correlation Matrices

The resulting temporal signal was averaged over the pixels contained in each ROIs. The temporal Pearson correlation coefficient r between each pair of ROIs was computed over 10 min windows and represented in a correlation matrix (Ferrier et al. 2020;Rabut et al. 2020) • All p-values are gathered and corrected for multiple comparison using the Benjamini-Hochberg step-up procedure with a FDR set at 0.05.

In correlation matrices, quantities are displayed using colorcet Python module perceptually uniform colormaps (Kovesi 2015). Averaged Pearson's correlation coefficients were computed in Fisher space before being transformed back in r-space where they are displayed with the blue-red (coolwarm) colormap (saturation -1, 1). Only effects which reached significance after Benjamini-Hochberg correction for multiple comparisons (FDR = 0. 05) are displayed, showing the difference between the average in the experimental condition and the reference cohort in green-violet (gwv) colormap (saturation -0.5, 0.5). For seed based maps, the significance is displayed on top of the slice template.

Networks

Correlation networks are another representation of correlation matrices. We distinguish between average networks in blue-red and significance networks in green-violet. In average networks, each node represents a ROI and each edge the averaged Pearson correlation coefficient between two nodes.

The value for both nodes and edges is represented as increased opacity in red for positive correlations and blue for anti-correlations. For better readability, weak edges for correlation whose absolute value is below 0. 

FC index

The functional connectivity index was established by using the maximal morphine dose as a reference (70mg/kg). Correlation matrices are estimated individually for each animal on the eight 10 min windows. A principal component analysis is performed on the average matrices of the full cohort using the singular value decomposition of standardized pixels (inferior left triangle of the average matrix) across windows (n edges xn phases = 153 × 8). The first principal component reliably represents the morphine effect (see supplementary materials). We calculate the FC index by projecting the individual correlation matrices on the first spatial (in terms of ROIs pairs or matrix edges) component.

The index unit is arbitrary but can be compared across experimental conditions, by dynamically representing the intensity of the morphine fingerprint for each individual animal.

Tracking

During the acquisition of resting state fUS, the animal movements are tracked using the Neurotar Mobile Home Cage tracking system Juczewski et al. (2020). The system estimates the animal position through the movements of the cage at a sampling rate of 100Hz and a precision < 1mm. Mobility of the mice is resampled on fUS sampling rate and instant speed is computed as the absolute value of first order derivative of the resampled position. Based on a meta analysis on 186 recordings at baseline, we defined the threshold of movement as the elbow of the distribution of speed. The animal is considered as moving when its speed exceeds 3.6mm/s.

CBV

The Power Doppler (PD) signal is proportional to CBV. To represent the perfusion time course at the cohort level, recordings from the same session are concatenated and each voxel value is normalized based on the last 2min of the baseline which results in ∆CBV = (PD-< PD >)/ < PD > where < PD > is the average value over the last 2min of baseline. ∆CBV is represented at the regional level by averaging all voxels of the ROI. The cohort level perfusion is represented as the average perfusion across all individuals for each timestamp in the form of a carpet plot whose saturation is [-0.5, 0.5].

MOP in vivo phosphorylation assay

HA-MOP knock-in mice [START_REF] Fritzwanker | HA-MOP knockin mice express the canonical ¯-opioid receptor but lack detectable splice variants[END_REF] were either treated with agonists or received no treatment. Mice were anesthetized with isoflurane, killed by cervical dislocation, and brains were quickly dissected, excluding the cerebellum. Brain samples were immediately frozen in liquid nitrogen. Brains were transferred to ice-cold detergent buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), containing protease and phosphatase inhibitors), homogenized, and centrifuged at 14,000 × g for 30 min at 4°C. The supernatant was then precipitated with Pierce™ Anti-HA Magnetic Beads (Thermo Fisher Scientific, Germany) for 60 min at 4°C. Afterwards the receptor-beads-conjugates were separated from the supernatant using a special magnetic device (DynaMagTM-2, life technologies) and washed 3 times. Proteins were eluted from the beads with SDS-sample buffer for 25 min at 43°C

and then resolved on 8% SDS-polyacrylamide gels. After electroblotting, membranes were incubated with the rabbit polyclonal phosphosite-specific MOP antibodies against pT370-MOP (7TM0319B), pS375-MOP (7TM0319C), pT376-MOP (7TM0319D), and pT379-MOP (7TM0319E) (7TM Antibodies GmbH, Jena, Germany) [START_REF] Fritzwanker | HA-MOP knockin mice express the canonical ¯-opioid receptor but lack detectable splice variants[END_REF], followed by detection using a chemiluminescence detection system. Blots were subsequently stripped and incubated again with the phosphorylationindependent antibodies rabbit monoclonal anti-HA antibody (Cell Signaling, Frankfurt, Germany) and anti-MOP antibody UMB-3 (Epitomics, Burlingame, CA) to confirm equal loading of the gels [START_REF] Fritzwanker | HA-MOP knockin mice express the canonical ¯-opioid receptor but lack detectable splice variants[END_REF]. Films exposed in the linear range were then densitized using ImageJ 1.37v. 
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Discussions

In the next few sections we discuss further the results shown in the article. First we introduce the previous publications in Pharmaco-fMRI (ph-fMRI) for both clinical and preclinical research. By doing so, we highlight how our study fits in this existing corpus. This overview also stresses the main limitation of our work, the spatial extend of fUS and more precisely the impossibility to image the striatum. Despite this limited coverage, we could relate the vascular burst we observed with previous reports in both rats and mice. More surprisingly, it appears that our study is the first one to investigate systematically the longitudinal influence of opioids on such a long period (1h), when previous work focused on the acute 15min following the injection. Thanks to this extended recordings we could identify the two steps model of functional connectivity shift preceded by a vascular burst. Finally, we extend our conclusions by showing preliminary results regarding both spatial and dynamical features of the opioids fingerprint, before discussing what could be the next steps of this project based on our current results and recent technological advances. 

Pharmaco-fUS
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To recapitulate the opioid fingerprint (see (Fig. 63)):

• We identified a vascular burst following the injection of all opioids. The vascular event is global, even though some distinctions are observed in terms of amplitude and brain location. Different opioids show non-identical spatial and temporal patterns.

• Following the first burst of perfusion, we identified a shift in FC structure. We demonstrated for morphine and fentanyl that the pattern is dose and time dependent.

• We showed that the effect is mostly mediated by the MOR, as it is blocked in presence of MOR antagonist naloxone and absent in MOR knock-out mice.

• We observed for both morphine and fentanyl a down regulation of the fingerprint in mice where tolerance was induced by chronic perfusion of the compounds.

• The spatial localisation of similar connectivity networks could be identified in morphine, fentanyl and methadone. It involves dominantly an hyper connected cortex, anticorrelated with an hippocampo-thalamo-hypothalamic network. This connectivity shift and spatial organisation is absent in buprenorphine treated mice that present an overall disconnection.

After detailing the current litterature on neuroimaging investigations on opiates influence on brain function, we discuss in the following sections how functional disconnection induced by opioids seem to extend beyond a change of weight in a fixed network as defined for static FC. By leveraging our automatic parcellation method, we demonstrated that the functional territories (i.e. nodes of the network) are reshaped upon treatment (see (K.4)). Finally we identify dynamical patterns in the processed data explaining apparent anticorrelation as part of a complex sequence of out of phase correlation structure (see (15.6)).

Pharmaco-fMRI

To our knowledge, in terms of pre-clinical models, a single team has already investigated the influence of MOR agonist acute effect on functional connectivity. [Nasseef et al., 2019] shows the influence of oxycodone (2mg/kg) on BOLD activation and FC patterns in mice anaesthetised with dexmetetomidine. They use ICA to identify 71 components establishing a connectivity network at the whole brain scale. Surprisingly in respect to our results, they mainly report an overall reduced connectivity. In addition they show a region specific increased perfusion which nicely correlates with MOR enriched clusters (periaqueducal gray, substancia nigra, caudate putamen and nucleus accumbens). They elegantly show that both effects are absent in the knock-out mice for the MOR. The MOR enriched cluster activation resonates with previous publications: from their team, with the same models in awake restrained mice [Moore et al., 2016] or other models: [Iriah et al., 2019] investigates the same regions in awake restrained rats under acute and repeated oxycodone injections, [Becerra et al., 2013] reports the same activation pattern in awake restrained rats injected with buprenorphine, which is also compared with induced BOLD increases in humans. One other surprise comes from the absence of deactivated regions in [Nasseef et al., 2019] which were described in [Moore et al., 2016, Iriah et al., 2019, Becerra et al., 2013]. This discrepancy could be explained by a different preparation, suggesting a richer pattern in awake state.

In the end, Ph-fMRI for opioid studies is dominated by activation patterns analysis. This probably comes from early impulses in the field, as the first discoveries in human displayed nicely resolved anatomical differences in timecourses of pharmacologically induced BOLD activation across different regions [Leppä et al., 2006]. This article shows that cortical regions respond sharply to remifentanil injection, which is followed by a milder and slower hippocampo-thalamic wave. Although, more recently, following the technical advances of fMRI, functional connectivity started to be more widely investigated. Unfortunately for us, most studies are oriented toward clinical applications focusing on advanced psychological implication in dependent patients [START_REF] Upadhyay | Alterations in brain structure and functional connectivity in prescription opioid-dependent patients[END_REF], Schmidt et al., 2014]. These effects are difficult to put in perspective with our more basic investigation. In addition, a lot of studies discuss about regions outside our field of view: [Ma et al., 2010] describes dysconnections between the amygdala and the prefrontal cortex, [Jiang et al., 2011] also describe disconnections in prefrontal regions.

Although, some results present interesting perspectives. The only study we found investigating the direct effect of morphine on human FC [Khalili-Mahani et al., 2012] compares its fingerprint with alcohol induced connectome. Using advanced model based on 8 canonical RSNs, the most significant effect they observe is an induced anticorrelation between the somatosensory cortex and the hippocampus. More distantly, as they image heroin maintained outpatients, [START_REF] Denier | Abnormal functional integration of thalamic low frequency oscillation in the BOLD signal after acute heroin treatment[END_REF] demonstrate that compared with placebo or healthy patients, acute injection of heroine, a pro-drug of morphine, induces mostly a cortico-thalamic disconnection. Although, the observed effect is the result of a model based approach investigating for cortico-thalamic disconnections.

On First order statistics

From what we presented, there is a consensus of fast BOLD increase following opioids injection. Its transient nature is emphasised, as rare are the studies following the effect for more than 20min. For example: [Nasseef et al., 2019] limit their observation at 5 -10min after oxycodone injection. [Becerra et al., 2013, Moore et al., 2016, Iriah et al., 2019, Nasseef et al., 2019] agree on a cluster of regions responding more importantly to the opioid action, targeting cortical areas, thalamus, hippocampus, periaqueductal gray regions. Although, not all studies agree on the exact location of opioid induced increased BOLD response nor deactivated regions. (64) shows the diversity of regions that were proved to respond either positively or negatively to oxycodone injection. [Moore et al., 2016] shows a MOR specific activation mostly located in caudal regions opposed to deactivation in frontal regions. In addition, they show some non specific deactivation in MOR knock-out mice. [Nasseef et al., 2019] only shows activation in the anaesthetised mice, while [Iriah et al., 2019] shows an activated network, a deactivated network, and mitigated effect regions in the awake rat brain. As a comparison, we only reported increased perfusion following opioids injections, even though long term global hyper perfusion was observed in the case of morphine. Our main increase was observed in the cortex followed by the dorsal hippocampus and less intense thalamic effects, mostly located in its dorsal part. We can expect that behaviour and increased locomotion can From left to right: [Moore et al., 2016] displays regions activated and deactivated in terms of regional BOLD following acute injection of oxycodone in awake restrained wild type and mu-opioid receptor knock-out mice, [Nasseef et al., 2019] shows activation induced by oxycodone for anaesthetised wild type and mu-opioid receptor knock-out mice, [Iriah et al., 2019] activated and deactivated clusters as well as mixed effect in olfactory and basal ganglia regions following injection of oxycodone in awake restrained rats.

explain this lack of specificity in the post injection hyper perfusion pattern. As we show in a short investigation on conscious states ((J)), in absence of movement, more subtle timings could be identified in the regional CBV signal. Overall, the restrained preparation can be seen as an advantage for the follow up of pharmacologically induced activation by first order statistics. This last point resonates with our comment on [START_REF] Allen | Global representations of goal-directed behavior in distinct cell types of mouse neocortex[END_REF] (see (12.2.2)) which suggests that behaving animals are more prone to general activation of the network.

Our global hyper perfusion, beyond vascular confounds associated to increased locomotion, could suggest a broader influence of initial targets due to underlying higher connectivity in the behaving network. In this behaving case, local activations as seen in restrained states would propagate across the whole network due to higher excitability. Nonetheless, on a more translational perspective, [Leppä et al., 2006] description of regional specificity following remifentanil injection, seems to fit the surprising bimodal distribution of perfusion that we observed in our fentanyl study. (Fig. 65) shows between the human profile and murine perfusion. This phenomenon is observed in two similar compounds with particularly high affinity with the MOR and fast action. The biphasic elevated BOLD increase following opioids injections is also described in preclinical models for remifentanil [START_REF] Liu | Remifentanil administration reveals biphasic phMRI temporal responses in rat consistent with dynamic receptor regulation[END_REF]. Although, in this case, deactivation is presented as part of the model even in the cortex at the anteriority of VB. Beyond the putative over excitable state of behaving mice, distinctions between BOLD and fUS could explain the lack of deactivation. and murine models. Left: [Leppä et al., 2006] shows two different types of activation with fast and high amplitude cortical BOLD activation followed by a slower and lower amplitude hippocampal and thalamic wave following remifentanil injection. Similarly, in mice, we found a fast activation in the cortex immediately after fentanyl highest dose injection which is followed by a slower and less intense hippocampal and thalamic wave.

Their model is nonetheless interesting and could explain the opposing timing we noticed between the cortical and subcortical event. As also mentioned, the same type of propagating wave from the cortex to the hippocampus can be seen in our perfusion analysis following methadone injection. It is an encouraging result towards potential translational implications of our findings. Finally it mitigates our other observations on global activation observed with the other compounds (morphine and buprenorphine), highlighting the possibility for head fixed mice awake imaging to resolve regionally and temporally specific patterns.

To conclude this paragraph, while our preparation was not aiming towards first level statistics and activation analysis, it appears that pharmaco-fUS in awake behaving animals is able to recapitulate findings from gold standard fMRI, as we showed with the fentanyl example. It appears also that specificity within our coronal plane to decipher subregions under acute injection is not comparable to dedicated restrain studies in both rats and mice. Although, many reports suggest that our focal increase of perfusion could be related to MOR specific regions [Moore et al., 2016, Nasseef et al., 2019], which in its turn was associated to the «pain matrix ». Finally adaptation to the restrain preparation to investigate this specific effect appears reachable, opening new possibilities to further investigate our two steps model of focal perfusion preceding connectivity shifts.

On second order statistics

As we explained at the beginning of this section, preclinical studies of opioid treatments influence on the brain connectivity are very few. In addition to the previously mentioned pioneering work on mice, it is worth mentioning [START_REF] Withey | Fentanyl-induced changes in brain activity in awake nonhuman pri[END_REF] that investigates corticostriatal-thalamo-cortical circuit under the influence of fentanyl in 4 squirrel monkeys. They report a decreased connectivity between the nucleus accumbens and other regions, at the exception of other striatal regions with which connectivity increased after the treatment. If we observed disconnection of the frontal cortex from posterior regions under morphine injection, our multiplane study fails to show both the nucleus accumbens and the striatum. Nonetheless, both sagittal planes present a reduced connectivity which is associated with reorganisation of functional patterns and could hypothetically be mediated by these frontal regions disconnection. Their study does not report the bimodal cortex network anticorrelated to hippocampo-thalamo-hypothalamic network that we observed. [Nasseef et al., 2019] also presents a global disconnection in the network under anaesthesia, in the case of oxycodone injection. The periaqueductal gray and nucleus accumbens are identified as key effectors on the network. They both disconnect from main regions of the pain matrix like the amygdala. Overall, the oxycodone fingerprint resemble the buprenorphine observation we made of strong disconnection across the whole network. If the role of anaesthesia in these findings must be addressed, it could also suggest that through the variety of opioid receptor combinations, multiple dynamics are segregated. Although, similarly to what we showed, [Nasseef et al., 2019] proves that his fingerprint is MOR mediated, as no effect is present in the MOR knockout mice. Overall these animal results are puzzling, indeed we observe anteroposterior disconnection, but the main effect in our VB plane is clearly one of increased connectivity which is seen in multiple anteriorities and multiple compounds. This last feature is not reported by these other studies, whose main criticism we can address concerns the sample size for the monkeys, and the anaesthesia for the mice. In addition, [Nasseef et al., 2019] estimates FC on reduced time window (7 -12min) right after the injection. It results in a little number of datapoints in a potentially non stationary period that could influence the estimate of FC.

As we mentioned already, the human literature is denser. If most publications focus on frontal regions, and the striatum, we found 2 articles interested in the thalamo-cortical and hippocampo-cortical connectivity under opioids influence. The advantage of both is that they use a very similar design to ours, allowing proper comparison in respect to translation. (Fig. 64) shows the different disconnection patterns between cortex and respectively hippocampus [Khalili-Mahani et al., 2012] and thalamus [START_REF] Denier | Abnormal functional integration of thalamic low frequency oscillation in the BOLD signal after acute heroin treatment[END_REF]. [Khalili-Mahani et al., 2012] shows anticorrelated activity between somatosensory cortex and the hippocampus that matches our strong cortico-hippocampal anticorrelated network in the mouse. The cortical hyper connectivity appears broader in the mouse. This can be imputed to a reduced relative resolution in murine imaging. [START_REF] Denier | Abnormal functional integration of thalamic low frequency oscillation in the BOLD signal after acute heroin treatment[END_REF] demonstrates a specific response of thalamus to heroin injection, using three different metrics. With Regional Homogenity and Amplitude of Low Frequency they show a local synchronisation in the thalamus which matches our dorsal thalamus seed effect, with a very focal and sharp bilateral connectivity pattern in the same region. Finally, looking at FC, they show that this region presents reduced connectivity with the cortex as compared with placebo, similarly as what we show in show increased connectivity in the thalamus in heroine users after acute injection. The effect can be seen in Regional Homogeneity and Amplitude of Low Frequency while a seed in the hippocampus shows increased intra thalamic connectivity and reduced connectivity with the cortex between heroine treatment and placebo. Right: comparison with our SBM in thalamus after injection of morphine.

the mice.

Summary of the static analysis

The reduced literature in preclinical neuroimaging confirms the difficulties of such an approach. It validates the relevance of a new imaging technique allowing in depth measurement of brain function. The lack of preclinical FC studies encourages the novelty of our findings with strong and significant shifts in awake mice connectivity patterns. Conversely, the limitation of 2D imaging is emphasised here, as despite our multiplane study a lot of regions could not be imaged together, limiting our possibility to compare past publications with our results (amygdala and prefrontal cortex connectivity for example). Nevertheless, some consensual patterns arise. The regional equivalence between humans and animal models makes translation quite difficult sometimes. Although, [Becerra et al., 2013] showing the similarity of activation between rats and humans confirms the validity of rodent models for the study of opioid pathways. First order statistics show opposite effects, with most studies presenting an overall in-
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jcm PhD thesis CRI creased BOLD response mostly located in the pain matrix and MOR enriched cluster. A reliable decrease has been observed in frontal regions. This has been explained by dopaminergic induced vasoconstriction [Moore et al., 2016]. The vascular burst that we observed seem to fit the BOLD activation, with a lesser spatially resolved specificity. Although, in the case of fentanyl and methadone, a biphasic signal initiating in the cortex and propagating in the hippocampus and thalamus could be resolved. This spatio-temporal pattern could be related to observations in humans [Leppä et al., 2006]. More advanced models like the one presented in [START_REF] Liu | Remifentanil administration reveals biphasic phMRI temporal responses in rat consistent with dynamic receptor regulation[END_REF] could demonstrate the presence of a deactivation hidden in our global positive effect. Second order statistics remain limited in preclinical studies. The diversity of compounds and the lack of truly whole brain coverage in our case renders comparison with our results quite challenging. Studies in monkeys and mice present overall disconnections. The main focus of both studies was outside our field of view identifying the periaqueductal gray and the nucleus accumbens as main hubs of disconnection. Our limited recordings in sagittal planes do present a similar disconnection between anterior and posterior regions, but a full parallel is dubious. Moreover the complete absence of cortical or thalamic hyperconnectiviy is surprising. Conversely, this observation fits the different fingerprint of buprenorphine as compared to other opioids we studied. Although, this last model would suggest different mechanisms of actions from compounds similar in both their pharmacological targets and therapeutic actions. Furthermore, our main opioid fingerprint feature could be related to two human studies which present cortico-hippocampal and cortico-thalamic disconnection as a main characteristic of morphine action. How both observations coexist in a unified model still requires further investigation. In fine, our results confirm this important role of corticohippocampal and cortico-thalamic connection, seemingly associated with disconnection of frontal regions without being able to causally involve the nucleus accumbens.

The same controls as [Nasseef et al., 2019] were used in our study. They similarly displayed absence of both hyper perfusion observed in naive animals and shift of functional connectivity. This absence confirms the consensus that most clinical opioids action goes through the activation of the MOR. In addition to most studies reviewed, we demonstrated in naive mice that both activation and functional shifts are almost absent or at least significantly reduced after pre-treatment with naloxone. Nevertheless, [Moore et al., 2016] shows that non specific activation induce increased in dorsal regions but most significantly decreased BOLD in the medial amygdala and the hippocampus. The different compounds we tested bind to numerous targets within a pharmacological network of receptors. In the future, such network level interactions should be investigated as we hypothesised that the buprenorphine discrepancy could find its source in such cross-talk. In order to investigate the dynamical structure of FC fingerprints, we used GLM based SBMs (see (D.3.3)). Lagged correlation structures were investigated by including delays between the signal and the seed. The seed signal is extracted a ROI and one SBM is computed per lag value (lag ∈ [-20, 20]s). For this analysis, the GLM approach is required to maintain the signal causal structure. Indeed, our classical pipeline scrubbing strategy results in datapoints removal prior to the correlation estimate which perturbs the temporal equivalence when lags are introduced. To illustrate this method (see (Fig. 67,Top)), for a lag of -2s, the seed signal is translated by 2s negatively, and the SBM is computed with the signal at t 0 . In this case, the seed is compared with a signal 2s in the past. Consequently, regions whose tscore is positive are regions for which the seed at t 0 correlates with the signal at time t 0 -2s. In fine, one can interpret an activation for lag -2s as a region which explains the seed signal 2s earlier, it is a source for the seed or its «past». Inversely a SBM at lag +2s represents regions that are explained by the seed, they are its «future».

Lag Analysis

(Fig. 67, Bottom) represents such a lag analysis for a seed placed in the cortex. The baseline is always on the top row for the sake of comparison. 2s are added between each image either positively or negatively. We can identify our classical fingerprint in the bottom left corner as the zero-lag SBM. Looking a the baseline condition first, we recognise the strong bilateral connectivity in the cortex. It appears that the connectivity is maximal for zero-lag which means that both hemispheres are in phase. Now, in addition to this classical pattern when we look at different lags it appears that the signal is temporally structured. As we saw with the TG spikes (12.1.2), temporal structure is associated with auto correlation. We can see this structure here with maintenance of the SBM pattern with both positive and negative delays. What is more surprising is the re-apparition of the pattern, in negative activation if the delay is increased (∼ ±20s). In this case, it suggests an oscillatory phenomenon whose half period is around 20s which places it in our FC band ([0.01, 0.1]Hz). The lagged SBM shape is not exactly the same for positive and negative delays, which suggests some irreversibility in the signal. The cortical signal is not completely periodic. We can interpret the overall dynamic as: first a co-deactivation of the cortex precedes activation of the cortex opposed to a deactivation of the ventral thalamus. It is followed closely by the activation of the dorsal thalamus, which fades toward a deactivation of the hippocampus fist, propagating to the cortex. The main feature remain roughly an oscillatory phenomenon in the cortex.

When we look at the same dynamic after treatment some additional features arise. At lag-zero we recognise the opioids fingerprint and its hippocampo-thalamo-hypothalamic network anticorrelated with an hyperconnected cortex. Once again the cortex seed seem to be preceded and followed by cortical deactivation. Although this time, the frequency is much shorter with a half period of ≤ 10s. The absence of reactivation of the cortex for increased delays suggest a short coherency. What is interesting now is that the opioid network is positively correlated with the seed with a delay of ∼ 10s. It gives an interesting read-outs on the negative correlations that we observed previously. The anticorrelation seems to be explained an oscillatory phenomenon between two networks which appear in opposition of phase. Interestingly, when we look at the thalamic region which is in the network opposed to the cortex, coherence of the signal seems higher and the dynamics richer.

(Fig. 68) displays the same analysis with a seed in the dorsal thalamus. The baseline shows maximal connectivity at lag-zero with very short coherency this time. No oscillation can be deciphered. As anticipated, after injection of morphine, the pattern is much richer. The dorsal thalamus seed activation is preceded by a mild cortical activation propagating to an intense medial correlation which later propagate laterally (t 0 + 10s) while the cortex reactivates more widely. At t 0 + 10s the anticorrelated network (hippocampus-medial thalamus-hypothalamus) is clearly distinguishable. The medial thalamus appears as a strong actor in this anticorrelated network. Finally, for longer delays the cortex is deactivated again (t 0 + 20s). In the end, the cortex presents again a 0.1Hz oscillation ((Fig. 67)) with longer coherency. This oscillation starts with a mild lateral activation, followed by a global deactivation, and later by a propagatory signal from lateral to dorsal to medial regions associated with lateral deactivation.

In fine the GLM based lag analysis gives an interesting window on dynamical processes occuring accross regions in the VB plane. Similarly to what is described in [START_REF] Bolt | A parsimonious description of global functional brain organization in three spatiotemporal patterns[END_REF], we observe both: stationary oscillations, like with the seed in the cortex; but also propagative phenomena like with the seed in the dorsal thalamus. These results are preliminary, but they give a new insight on the negative correlations that we observed so far which seems to be associated with phases of an oscillation. What we can conclude from this study is that morphine injection not only disrupts the zero-lag correlation. Opioids fingerprint is also associated with a complex dynamical pattern, where the medial part of the thalamus plays a crucial role, as a source of patterns which propagate through the hippocampus and the cortex. Regarding the cortex itself its dynamic seems more stationary with a striking shift in frequency from a slow oscillation around 0.05Hz to a more coherent one at 0.1Hz after injection of morphine. This last observation brings us to our last point on spatio-temporal organisation of FC, investigating the spectral distribution of CBV.

Spectral analysis

Based on the previous observations we looked at the spectral distribution of PD. The signal is extracted from the seed after voxel wise normalisation (mean is kept, only the amplitude is normalised respectively to the standard deviation). The seed average is extracted and its spectrum is computed using welch function from the Python module scipy.signal. The spectrum is normalised by its integral subject wise and the average is displayed with its 95% interval.

(Fig. 69) shows the spectrum for two morphine conditions (10mg/kg and 70mg/kg) compared to the saline condition. Both spectra are computed over a 10min window sampled at 2Hz, 40min after the injection. The saline spectrum displays three regimes. For very low frequencies the signal can be seen as a white noise (slope in loglog display is 0), which corresponds to a low frequency catastrophe which might come from Welch's algorithm missing data for estimation on the border of the periodigram. It is followed by a scale invariant transition, the famous «1/f »signal characteristic of FC. This frequency band is displayed as two dark lines. For higher frequencies the signal goes back to a white noise regime. This characteristic was to be expected. It confirms that the spectral content of our signal fits the canonical 1/f distribution of haemodynamic signals.

Under the influence of morphine, an additional bump is found in the spectrum. This peak is present for high frequencies of the FC band. The associated local maximum is reached around 0.08Hz for both low and high dose. For the highest dose, the average spectrum leaks beyond our low pass cut off frequency. This observation can be related to our benchmark of the temporal filter (see (13.1.4)) where the morphine fingerprint is more resilient for the higher frequency band ([0.01, 0.8]Hz). It suggests that some part of the signal of interest could be lost during the temporal filtering. Although the saline spectrum regime transition seems to confirm the validity of 0.1Hz as a higher limit.

Summary of dynamic analysis

To summarise these results, it appears that the fingerprint of morphine possesses a rich spatio-temporal structure, which beyond the anticorrelation between two networks shows an intricate wave propagation along the different structures that we identified. Overall this process is associated to a shift in frequency from the low to high region of the FC band.

Limitations and perspectives

If we already mentioned many pitfalls of fUS imaging, such as nuisances and pre-processing, here are addressed additional points which appear crucial. In our opinion these issues are the last barriers to wide application of fUS imaging. Fortunately, we also show that these problems are being actively investigated and promise in a short while further technological improvements with which our results might resonate.

3D

The field of view constrain is by far the most challenging limitation of fUS imaging at the moment. Indeed, the fact to image in 2D increases the operational complexity. In this case, a priori registration becomes a requisite to properly place the probe. Unfortunately, this approach is confronted to intrinsic and unsolvable problems. Even in the ideal situation, where the registration algorithm is optimal, non linear differences of morphology across animals prevent this strategy to systematically succeed. Indeed, there is no guarantee that two brains actually possess comparable planes as imposed by the pitch angle. This problem is worsen in the case of awake imaging by the angle imposed by the implant during surgery (10.2.2). In general, the multiple degrees of freedom to control to ensure exact reproducibility of the imaged plane add an additional layer of potential variability. From this ideal case, the registration procedure further reduces the imaging reproducibility. We saw already that fUS signal distribution was not necessarily optimal for the resolution of the registration problem, adding an additional source of variance for 2D imaging as the registration problem is ill-posed. In practice, optimisation of surgical procedure, in addition to reliable landmarks identification allows to mitigate this effect. Nonetheless, the almost entirety of these procedures could be removed by the possibility to image in 3D.

Furthermore, the limited spatial extends of 2D slices limits the outcome of any study. We show in (IV) that comparison with previous results obtained with other modality is highly impaired due to the limited field of view. We focused during my PhD on the VB single plane as the purpose of our research was to confirm the existence of the observed effect before looking for its spatial extend. As an example, to reproduce the multiplane study with the same precision as our dose response one (1h follow up), requires one additional month of work per imaged slice. This approach was chosen in [START_REF] Matei | Global dissociation of the posterior amygdala from the rest of the brain during rem sleep[END_REF] resulting in an unprecedented coverage of the rat brain at the expense of the cohort size limited to n = 3 animals. In this context, whole brain studies appear highly challenging as long as 2D imaging is a limiting factor. We detail below current and future alternatives opening the way to 3D imaging with fUS.

Multiplane

The easiest way to extend spatial coverage of FC is through independent recordings in different probe positions. This approach permitted to discuss functional connectivity within slices of independent anteriorities. In addition, by imaging sagittal planes we could observe the influence of morphine on the antero-posterior axis. Although, this method could not give us any information on in-between slices connectivity. This practice is probably more
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jcm PhD thesis CRI suited for task based activation imaging. It was used to probe 3D networks involved in the visual [START_REF] Gesnik | 3D functional ultrasound imaging of the cerebral visual system in rodents[END_REF], Macé et al., 2018] or auditory [START_REF] Rau | 3D functional ultrasound imaging of pigeons[END_REF], Bimbard et al., 2018] pathways. These high resolution 3D activation maps could benefit from the short time required to record a single stimulus (on the order of ∼ 10s) and the assumed independence of the signal between all voxels. Because of the second order statistics required for FC, adapting this method for functional connectivity requires rotation of the probe to ensure any two voxels to be in the same imaged plane at once. In addition, we showed that FC requires a few minutes of recordings to be estimated. In this case reconstruction of a single whole brain connectome would require more than 500 imaging sessions, which appears critical. We currently recommend multiplane recording for reaching independent spatial extension while leveraging the high temporal resolution of fUS. Alternative methods seem much more suitable for dependent recordings starting with tomographic 3D, as already available, at the expense of the time resolution. As we saw present in (C.4.2), it is possible to increase the spatial reach of fUS imaging by moving the probe between two successive PD images (??). This movement is a double sacrifice, as the temporal resolution is divided by the number of frames, while PD frame rate must be reduced to leave time for the probe to move. (Fig. 70) illustrates the effect of such down sampling on FC fingerprint sensibility. It appears clearly that FC contrast decreases with the number of imaged planes resulting in a loss of SBM level disconnection sensitivity

Tomographic 3D
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jcm PhD thesis CRI as soon as 3 different planes are imaged. Here, probe movement duration was not taken into consideration, rendering this effect even more deleterious. In this aspect fUS imaging suffers the comparison with fMRI that can image 12 planes at a rate of 1Hz. Nonetheless, we demonstrated in [Bertolo et al., 2021a] that multislice 3D functional connectivity could be done and resulted in informative FC readouts at the single mouse level. Such procedure was recorded for the fingerprinting of opioids and cannabinoids, although adaptation of the registration pipeline for these 3D volume is not complete yet and no results were obtained that would confirm the sensitivity to known perturbation of the connectome. Finally, despite the loss of information, tomographic 3D fingerprinting of pharmaco-fUS seems achievable. More recently, the Physics for Medicine lab (INSERM U1273) developed a stacked probe (Fig. 71, Left) whose first results (fUS brain conference 2022, fENS 2022 ) are very promising. This technology promises a good alternative in terms of field of view extension. It does so while limiting the required amount of data transfer from the probe to the machine, which as we show below is a constrain for matrix probes imaging. The stacked probe is composed of 4 parallel linear arrays resulting in 4 slices imaged at once without the need of any additional hardware adaptation. This technology could give access to whole brain coverage in two motor positions, resulting in a 8mm long filed of view with 8 equally spaced slices at a 0.8Hz sampling frequency. Alternatively, it could image 4.5mm long regions in a dense fashion (no sparcity) at the same rate. First results presented at the fUS brain 2022 (not published yet) showed high resolution ULM images of the whole brain giving valuable insight of fine vascular features that could increase the precision of our coregistration with the Allen Brain Institute's atlas. In addition, 3D FC connectivity maps in awake mice were presented that will soon increase significantly the scope of pharmaco-fUS.

Stacked probe

Matrix arrays

The stacked probe has been designed following the development of matrix arrays and subsequent 3D imaging. Developed at Physics for medicine lab, the method relies on the exact same principle as 2D imaging resulting in 10kHz ultrafast sampling rate for full volume. It allows PD imaging in vivo, as demonstrated in [Provost et al., 2015]. This method was later applied to brain imaging in anaesthetised trepanated rats [Rabut et al., 2019] (Fig. 71, Middle). This modality results in an isotropic voxel of 85×85×85µm for an actual resolution of 240×240×180µm due to a 9M hz probe. The main challenge for this matrix array consists in data transfer. While a single 2D image represents ∼ 16GB of raw data the same 3D volume requires 650GB. The increased information content shifts the bottleneck of acquisition in the data transfer [Rabut, 2019]. The sampling rate must be slowed down to 1.5s leaving 1.15s for data transfer. Finally, the total duration is limited to 3 -6min by the memory, as processing is performed post hoc. In the end, the sensitivity is also affected due to a reduced power and more spaced transducers to manage risk of overheating of the probe. As a result, this modality does not presently permit transcranial imaging in absence of contrast agent. After craniotomy [Rabut et al., 2019] demonstrated the possibility of task evoked recording, with the first ultrasound imaging of the full brain volume at once. They also show whole brain connectome based on 4 recordings. The method was extended to awake restrained mice using PMP preparation in [Brunner et al., 2020]. In these conditions, they demonstrated the sensibility to detect a single whisker stimulation after averaging over 50 stimulations. To date no FC study has been published with this preparation, but it opens opportunities notably for pharmaco-fUS. Although, the high cost for reduced sensitivity appears as a drawback for the generalisation of these systems.

XDoppler

In order to simplify the system, physicists from Physics for Medicine investigated ways to reduce the number of elements required to image a volume [START_REF] Sauvage | Ultrafast 4D doppler imaging of the rat brain with a large aperture row column addressed probe[END_REF]. By using Row-Column arrays, the superposition of two perpendicular 1D array with longer tranducers (see (Fig. 71, Right)), [START_REF] Bertolo | Xdoppler: Cross-correlation of orthogonal apertures for 3d blood flow imaging[END_REF] demonstrated the possibility to acquire full 3D volume with only 2N = 256 transducers instead of N 2 . The underlying principle consists in emitting with one array while receiving with the second one. With complex compounding strategies, the full volume can be scanned. Once again this operation is performed at the expense of contrast but results in a system similar to the one used in conventional 2D fUS. In [START_REF] Bertolo | Xdoppler: Cross-correlation of orthogonal apertures for 3d blood flow imaging[END_REF] the method is demonstrated for PD imaging in the anaesthetised trepanated rat. To date no paper demonstrated functional application for this kind of probe. Although it could leverage 3D imaging at a lesser expense than matrix arrays in the near future.
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Summary

To summarise this section, the current main limitation of fUS for FC but also other applications is probably one of the most investigated one. We saw that multiple technologies currently exist and have already been demonstrated in experimental conditions. The multiplane procedure is promising for task based imaging, but offers little additional information for connectivity measures. Tomographic 3D imaging offers a much better perspective for the investigation of FC patterns but is confronted to temporal resolution limitations which should be partially solved by the stacked probe. We already expect multiple tomographic studies to be published in a very short term, ours included. For stacked probes their use shall expend when more fUS users will access the device. If matrix arrays seem interesting at first sight, we expect the cost and reduced sensitivity to remain a limiting factor, notably for preclinical neuroimaging. An important point concerning all the presented results arise from the population level observations. All the connectivity patterns that we observed could only be resolved by averaging over ∼ 10 animals. (Fig. 72) represents the individual SBMs with a seed in the hippocampus and respective CMs. It occurs that inter individual variability is quite high. The fingerprint per se is identifiable at the individual level, some individual specific trends can be identified. Moreover, the high variability at baseline that we observed across the different cohorts is illustrated here as well. From our perspective, two main points can be made from this observation. First we can wonder how much of this variability can be imputed to experimental variability, and nuisances, and how much actually comes from «ground truth »FC, that could be imputable to fingerprints of individual mice. For this second component, the physiological basis of these connectomes could be leveraged in a predictive manner. Indeed, at the post treatment stage, we can wonder if the animals presenting a better contrasted fingerprint also presents a more extreme phenotype, like increased analgesia in this case. If that was proven true, it would be a tremendous argument in favour of our fingerprinting approach. Based on our model of fingerprinting, it would demonstrate some kind of linearity of the fingerprint with phenotypic traits, paving the way towards complementarity with disease fingerprints. We can also wonder if the strength of post injection fingerprint could be predicted from pre-injection fingerprint. If even more speculative, this approach would be of great interest in the scope of pharmacological precision treatments, where the doctor could tune the therapy based on quantifiers of patient states. If these consideration are highly hypothetical at the moment, they surely build interesting directions for the future of this project.

Interindividual variability

Regarding the first point, we can refer to [START_REF] Horien | The individual functional connectome is unique and stable over months to years[END_REF]. They show in humans that FC individual networks are identifiable across 4 different datasets for multiple years. They were able to identify individuals, way above chance level, for almost 3 years in some cases. They also highlight that bilateral edges of the network were the least instructive regions for discriminating invidividuals, while edges from the fronto-parietal network were informative in respect to individuality. We can now wonder how much these results could be extended in mice. These observations also possess some logical implications as we based our whole method on the idea that there exist a reference connectome at the population level which would be perturbed by our treatments. Given the limited degrees of freedom on which we observed the effect (few restricted clusters seem to explain most of each treatment fingerprint), the two models are not necessarily exclusive. Although this source of variability must be taken into consideration to avoid over processing of the data. In addition it could also help to better estimate the fingerprints by proper modelling of inter-individual variability.

From our data, it appears that adding the individual component to the model induced more problems than solutions, partially addressing the second point. Indeed, as we already mentioned, the pharmacological fingerprint seems to be a very strong attractor. By initially implementing a statistical dependent design comparing post-treatment windows with baseline ones in the same individual, we could not resolve the significant effect that are now observed at the voxel level. Indeed, instead of removing interindividual varibility, it seems that this approach injected it where the post treatment variability was lower. In other terms, the fingerprint that we observed seems not to be a perturbation of the individual connectome, but rather a distinct connectome with its own reduced variance. In a more formal way while we initially pictured the treatments effect as:

c i,j = c i,j + ϵ → c ′ i,j = c i,j + δc i,j + ϵ (25) 
Where c i,j is basal state edge of the connectome between node i and j, is our estimation of the connectome, c ′ i,j the same edge after treatment, δc i,j the drug effect, and ϵ individual error. We observed a phenomenon closer to:

c i,j = c i,j + ϵ → b i,j = c ′ i,j + ϵ ′ ( 26 
)
Where b is a different connectome associated to the drug state, which from the evidence we have could be independent of c the initial state and ϵ ′ < ϵ in most cases. By applying the first model, our dependent testing (P 3 -B2 instead of P 3 treated -P 3 saline ) resulted in measuring mostly the variance at the baseline.

To summarise this section, we demonstrated that there exist a fingerprint of opioids at the population level. It appears that the same fingerprint can be identified at the individual level. Although, we could see that inter-individual variability is non negligible. From [START_REF] Horien | The individual functional connectome is unique and stable over months to years[END_REF]], it appears that FC shall present individual features. We wonder now how to include these features in our simplistic model, as this could open ways for extremely interesting applications notably in the fields of psychiatry and pharmacology. We argue that based on our results, simple linear models of perturbation should be ruled out. Once again, this last argument is a function of how much of inter-individual variability comes from actual nuisance sources.
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Resolution

In the field of neuroscience the characteristic distance is ∼ 1µm, and the characteristic time is 1ms, corresponding to the typical scale of neuronal processes. It is why optical microscopy remains the reference imaging technique for its ability to resolve individual neurons. As usual in imaging, there exist a trade-off between resolution and penetration, limiting optical microscopy to surface measurements. This limitation was partially solved with the development of multiphoton microscopy [Denk et al., 1990] which increased the resolution, and to focal illumination methods such as confocal microscopy [START_REF] Kerr | Imaging in vivo: watching the brain in action[END_REF]. It resulted in deeper imaging depths by increasing the required wavelength for fluorophores excitation. Maximal imageable depth is now around ∼ 1mm for this technique. This depth still limits studies to brain superficial layers of the cortex in rodents. Alternatively, imaging windows inside the cortex and prisms implantation increased the reach of these techniques at the cost of invasiveness [START_REF] Gulati | Multi-layer cortical ca2+ imaging in freely moving mice with prism probes and miniaturized fluorescence microscopy[END_REF]. In this sense, microscopy is currently intrinsically limited by the physics of its signal itself.

It is why ultrasound imaging has been seen as a promising modality. Indeed, inversely to microscopy, ultrasound has been greatly ignored in the past decades despite its possibilities for deep tissue imaging and fine theoretical resolution ∼ 100µm. As we saw in the introduction, it is because of the improvement of computational power that its potential was re-discovered with ultrafast imaging for example. It resulted in a field where the physics remains under exploited and opportunities for further developments numerous.

As we saw in the introduction, PD generation is made in two steps, first the clutter filter separate blood from tissue, then the CBV is estimated by computing the integral of the squared signal. If in the machine, both are done at the same time, we highlighted the separation of the two processes. By computing the PD on a sliding window the sampling frequency of PD can be increased. This process induces autocorrelation, but still permits increased temporal resolution. It is what has been used in [Dizeux et al., 2019, Bergel et al., 2020] to study the propagation of fUS signal at the 10ms scale. These examples are of particular interest. Indeed, as the fMRI field also gets faster [START_REF] Polimeni | Imaging faster neural dynamics with fast fMRI: A need for updated models of the hemodynamic response[END_REF], the authors show that short term parameters of the NVC could be estimated increasing the relevance of inferred features. By studying haemodynamics at higher frame rates, we can expect to observe interesting proxies of Excitation/Inhibition balance (E/I) for example.

The other current resolution limitation stands in space, with ultrasound imaging resolution limited by diffraction around 100µm. As we saw in the introduction (3.5), in the last very few years fUS field has been shaken by the apparition of ULM and the promise of micrometric scale imaging. Through the use of microbubbles and inspiring from the optical imaging techniques, ultrasound technology successfully breached the diffraction limit notably for neuroimaging applications [Errico et al., 2016]. Since then, the method was extended, allowing fine observations of TG and its characterisation for PD imaging [Réaux- [START_REF]Ultrasound localization microscopy and functional ultrasound imaging reveal atypical features of the trigeminal ganglion vasculature[END_REF] for example. This modality proved valuable for the study of neurological diseases like stroke [START_REF] Hingot | Early ultrafast ultrasound imaging of cerebral perfusion correlates with ischemic stroke outcomes and responses to treatment in mice[END_REF] or spinal chord injuries [START_REF] Beliard | Ultrafast doppler imaging and ultrasound localization microscopy reveal the complexity of vascular rearrangement in chronic spinal lesion[END_REF]. Although until recently this modality was limited to anatomical description of the vascular tree, which, even though it was performed transcranially and in 3D, remained static [START_REF] Demeulenaere | In vivo whole brain microvascular imaging[END_REF].
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More recently, [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF] demonstrated the possibility to perform functional imaging at the micrometric scale, studying the increase in brain perfusion induced by whisker and visual stimulations: functional Ultrasound Localisation Microscopy (fULM). As we described in the introduction, ULM generates vector fields of the blood flow at the micrometric scale. This modality usually requires a few minutes to accumulate enough information (probability distribution for a microbubble to visit each voxel) and build an image. Functional imaging was achieved by accumulating recordings of the speed vector fields at each phase of the stimulation pattern. In [START_REF] Renaudin | Functional ultrasound localization microscopy reveals brain-wide neurovascular activity on a microscopic scale[END_REF] accumulation of 20 repeated stimulations were used to evaluate blood flow evolution at the capillary level during stimulation. They show the profile of dilation, and microbubbles speed in arterioles and venules following whisker and visual stimulation. They recapitulate results from the olfactory bulb [START_REF] Rungta | Vascular compartmentalization of functional hyperemia from the synapse to the pia[END_REF] in the cortex which are discussed in respect to the debate regarding the cortical vascular compartmentalisation [START_REF] Rungta | Diversity of neurovascular coupling dynamics along vascular arbors in layer II/III somatosensory cortex[END_REF]. As a result, they demonstrate similar sensitivity as 2-photons microscopy, a milestone for ultrasound imaging.

Based on probabilistic arguments, the same methodology could be applied to functional connectivity. Indeed, recent CAP results [Gutierrez-Barragan et al., 2019, Gutierrez-Barragan et al., 2022] show us that we can postulate the activation patterns to be a strong proxy for second order statistics. CAPs recapitulate most of FC patterns [START_REF] Tagliazucchi | Spontaneous BOLD event triggered averages for estimating functional connectivity at resting state[END_REF]. As a result, under the good approximations, the dynamic of joint probability of micro bubble detection could give an interesting readout of functional connectivity at the micrometric scale. Second order statistics on the microbubble distribution would allow to infer first order statistics on the blood flow to give insight on the second order statistics in neuronal processes.

[ Dizeux et al., 2019] demonstrated the possibility to image cortical layer propagation patterns with fUS, while [START_REF] Bimbard | Multi-scale mapping along the auditory hierarchy using high-resolution functional UltraSound in the awake ferret[END_REF] presents a functional resolution of 300µm for tonotopy. Our functional territories show transition between functional regions of the same scale (see laplacian of (Fig. 60)). Although, these reports are reaching the very limit of conventional PD imaging in terms of spatial resolution. Leveraging a micrometric scale FC measure could validate these different claims and potentially increase the number of degrees of freedom we could envision (richer cortical details of functional connectivity for example).

To summarise, the ultrasonic blossom following fUS development gives high hope regarding the evolution of both time and space resolution achieved with ultrasound systems. The initial frustration of PD integration which from kHz signals resulted in 2.5Hz CBV is already shifting towards faster techniques which permit to follow the propagation of transient phenomenons at the 10-100ms scale. In terms of space, ULM and now fULM promise in the next few years further details with potential increased resolution for our fingerprints. Finally, while fMRI has recently demonstrated the feasibility of direct neuronal activation recording [START_REF] Toi | In vivo direct imaging of neuronal activity at high temporospatial resolution[END_REF], advances in the field of elastography might very soon bridge this new gap between the two techniques [Rabut, 2019]. Together, both modalities are expending the means to study the brain and get every day closer the «Graal of neuroimaging »: following at the millisecond scale each individual cell state.

Perspectives

From this brief overview of the next developments of the field we can hypothesise the next milestones to be reached for pharmaco-fUS, and more precisely the investigation of opioids influence on brain function. Increasing the brain coverage is probably our first priority to bring our results at a better level of comparison with previous fMRI studies. At short time scales this will be investigated using 3D tomographic imaging (15.9.1). This will assess if the loss of temporal resolution due to probe movements are as critical in terms of FC sensitivity as we anticipate. We also expect soon to be able to test the stacked probe, which in the worst case scenario will restore our temporal resolution for ×4 the spatial coverage, and in the best one, will give us the first dense whole brain opioids fingerprint. Although, this new imaging modality won't change the reduced field of view associated with the transcranial preparation. At the moment, the only way to palliate this nuisance is by removing the skull using the PMP preparation (11.3.2) at the expense of increased invasiveness. Although, past the complexified preparation, the SNR gain [START_REF] Macé | Wholebrain functional ultrasound imaging reveals brain modules for visuomotor integration[END_REF] could also result in reduced need of pre-processing and increased sensitivity to FC shift. Consequently, this research path seems quite promising and could result in reduced cohort sizes. Finally, on a longer time scale, adoption of dense 3D recordings will probably change significantly the way we process data, making of PD signal the strict equivalent to BOLD one. All the complexity induced by slice imaging will be removed simplifying significantly the registration problem (10.2.2). Concomitant with potential fULM connectivity, this imaging modality will result in whole brain imaging at an unprecedented resolution in vivo. In this case, by synchronising fULM on the GS as shown in [START_REF] Raut | Global waves synchronize the brain&#x2019;s functional systems with fluctuating arousal[END_REF] we can expect to follow FC waves with a resolution of 25µm × 25µm × 25µm × 10ms. This super high spatial resolution might bring back problems associated with registration as the vascular tree presents variability at the individual level. This challenge could reduced the effective resolution by introducing smoothing kernels, as is routinely done in fMRI. Alternatively, investigations at the individual level of FC also open a way to tackle such issues. Finally on the analysis point of view the advances in understanding mechanisms underlying FC will probably expand the interpretation of our results. By multiplying the types of analyses (static, dynamic, first and second order etc) a better understanding of the observed perturbation meaning can be foreseen.

Part V

Conclusions

Throughout my PhD project, I have focused on developing and validating a complete pipeline for the acquisition and analysis of functional connectivity in the context of pharmacological studies, utilising functional ultrasound in murine models. The goal of my work has been to establish reliable fingerprints of various compounds in the connectome of awake, behaving animals. To accomplish this, I applied a novel technology developed at the Physics for Medicine lab INSERM U1273, which enabled the recording of brain activity in small rodents. Using this technique, I could extract connectivity maps and demonstrate their pharmacological relevance. I expect this work could be useful for basic research, but also have potential industrial applications for the systematic screening of therapeutics. These findings build upon prior proof of concept studies from our labs and collaborators. My contribution was mostly about scaling up the acquisition process and validating a dedicated processing pipeline inspired by the gold standard magnetic resonance imaging.

The present study describes a comprehensive pipeline encompassing all steps from animal care to the analysis of functional connectivity patterns, with a focus on conventional static functional connectivity patterns. Our preprocessing procedures were thoroughly validated, which allowed for the implementation of state-of-the-art methods for dynamic modelling of functional imaging data. The main contributions of this work can be summarised as follows:

This pipeline encompasses all steps from animal care to the analysis of functional connectivity patterns. Our preprocessing procedures were thoroughly validated, which opens the way for future development in dynamic modelling of functional imaging data. My main contributions can be summarised as follows:

• I identified and addressed limitations in transcranial imaging in behaving animals by optimising the implantation procedure, improving signal quality, and ensuring stability of the preparation over a period of at least 2 months. We gradually increased the duration of habituation to minimise variability in animal behaviour during imaging.

• I designed a comprehensive architecture for the acquisition and handling of functional ultrasound data. This architecture is based on careful data standardisation inspired by the Brain Imaging Data Structure for magnetic resonance imaging, for which I propose an extension dedicated to functional ultrasound imaging. We anticipate that this standard should facilitate experiment planning, data sharing, and transparency.

• I applied this acquisition pipeline to gather three main datasets comprising over a thousand sessions of resting state functional connectivity, of which 649 have been fully analysed for the results presented in this manuscript. We plan to make these datasets available to the research community in the near future.
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• I thoroughly investigated the various steps of the acquisition and analysis process to maximise the outcome of functional connectivity studies. This analysis resulted in an improved sensitivity in detecting pharmacologically induced perturbations of the brain connectome using conventional methods.

• I identified an exotic source of signal in the trigeminal ganglion, which highlighted one of the main challenges for awake imaging with functional ultrasound. By characterising this signal, I could propose a simple strategy to improve the stability of clutter filters and enhance our understanding on potential nuisances.

• The analysis of the three datasets resulted in the characterisation of static functional connectivity fingerprints for three classes of compounds, a cross comparison validated these findings.

• Finally, by leveraging our processing pipeline, we implemented additional methods to better understand the mechanisms involved in functional connectivity in general and our fingerprints in particular.

Over the course of four years, I encountered doubts about the validity of quantifying certain aspects of our data. After extensive discussions and collaborations with numerous colleagues, I gained insight into these challenges and am now confident in our findings. While some doubts remain, I believe that the evidence presented in this manuscript is strong enough to ensure the reproducibility of our procedure. I hope that our methods and protocols will be useful for future investigations into the mechanisms of action of pharmacological treatments, as well as for pharmaceutical companies to systematically screen the effects of new and existing drugs. Despite the advantages of functional ultrasound, it is important to acknowledge the limitations associated with our preparation and analyses. However, I am excited by the possibilities presented by our latest results, and the numerous questions they have inspired.

To conclude, I would like to summarise our findings regarding the morphine fingerprint by bringing together the various pieces presented throughout this manuscript.

In this study, we investigated the influence of morphine on the awake brain connectome by establishing a static fingerprint. The connectome was represented as a network, and its reorganisation after morphine injection was compared to a basal state. The differences between the two networks were mapped at the voxel level using a co-registeration scheme. These maps allowed us to identify two anticorrelated clusters opposing the cortex and a hippocampo-thalamo-hypothalamic network. We found that regions in other anteriorities were also impacted noticing a loss of antero-posterior global connectivity. We demonstrated the significance of this effect at the voxel level. We also demonstrated the pharmacological relevance of this fingerprint by showing its dose dependence and time dependence fitting the pharmacokinetics of the compound. We linked this fingerprint to the µ-opioid receptor, the main target for morphine, responsible of its analgesic properties. The absence of this fingerprint was shown after blockade of the receptor by a specific antagonist and in mice that don't express the receptor. We also found that this pattern was not only a change of weight in the network coupling but could also be associated with a reconfiguration of the functional territories in our imaged plane. Additionally, we demonstrated that this reconfiguration is not only observable in the covariance of the signal but also in the raw activation of the brain. Finally, we illustrated how these activations are organised both in time and space in an intricate but cyclic fashion. Overall, we believe that our findings can provide useful tools and protocols for researchers to investigate the mechanisms of action of pharmacological treatments and for pharma companies to systematically screen the effects of known and new drugs.

Therefore, we gathered enough data to answer our initial question. We conclude from all these results that morphine has a fingerprint on functional connectivity and that the establishment of this fingerprint is mediated by the µ-opioid receptor. By induction, we can now establish models for future deductions:

• The analgesic properties of morphine are mediated by the establishment of a bimodal oscillator opposing in phase cortical regions from a subcortical network.

• The transition from basal state to morphine state is established by the activation of the receptor all around the pain matrix which induces a transient hyperperfusion required to reach the morphinic state.

• The oscillation induced by morphine spreads the brain activity among numerous coactivation states. The trajectory among these states is highly organised and could be described as dynamical attractor altering the processing of noxious stimuli.

Finally, the biggest question I have leaving the lab is about the exact nature of the high frequency, high intensity signal that was detected in the basal state. Based on current evidence, it is highly probable that the signal is associated with the trigeminal ganglion, which could signify a significant interaction between the peripheric and central nervous system. However, it is also possible that the signal is a result of chewing or whisking behaviour of the mice, and further investigation is needed to confirm its true origin. This allows me to emphasise the holistic nature of the brain and how its neuronal activity is intricately linked to the vascular system, rendering them inseparable. After more than a century of a neurally centred description of the brain, I believe that the many reports highlighting the influence of other cells, other systems and other organisms on the way computation is performed and information flows throughout the body are inducing a shift in our perspective of how our mind work. If the relevance of our indirect measurement can be questioned, I argue here that we measure directly the brain activity, even though it is not the neural one.

The complexity of the project and the diverse aspects that it covered presented numerous challenges, but the collective efforts of the team and collaboration with the functional ultrasound community as well as the more established frameworks of neuroimaging helped overcome these obstacles. The findings of these studies demonstrate the potential of functional ultrasound as an imaging modality and its unique advantages. Nonetheless, it is essential to oversee this technique in conjunction with already well proven methods to fully realise its benefits. Overall, these results bring a novel perspective on brain activity measurements and highlights the importance of interdisciplinary collaboration to advance our understanding of the brain. [Friedland and Iadecola, 1991] Friedland, R. P. and Iadecola, C. (1991). [START_REF] Roy | On the regulation of the blood-supply of the brain[END_REF].
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jcm PhD thesis CRI 32 Illustration of the slice comparison problem for fUS imaging. Due to probe imaging, scarcity of the data coupled with an angular shift between two images prevent to use the classical registration on a reference scheme used in fMRI for example. Top: typical fMRI registration scheme, because the volume is dense it can be registered to a reference space, independently of tha acquisition angle with the horizontal, without loss of data exceeding the interpolation factor. Bottom: in the case of fUS the scarcity of data induced by the 1D probe imaging generate aliasing of the images once registered in a reference space (right: shows the resulting image where the fUS slice is spread across multiple slices of the reference space). . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 33 Illustration of the preparation influence on the effective field of view. Left:

Three spaces can be defined depending on the angle between the perpendicular direction to the imaged plan (fixed by the motorised platform and probe direction) and the horizontal direction of the brain. From Top to Bottom: The reference direction is defined by the Allen Brain Institute's CCF v3 [Wang et al., 2020] and correspond to histological practices where the horizontal represents the geometrical midline of brain weights. The anaesthetised preparation is associated with stereotaxic positioning of the brain where λ and β points are aligned it makes a 12 o angle with CCF v3 horizontal direction.

For implanted mice the angle is imposed by the skull shape and the implant geometry which results in a reliable 18 o angle with CCF v3 horizontal direction. Right: Top: The two spaces used for fUS are represented with their respective angles in the Allen space. Bottom: Representation of VB plane (the main one used in our studies) of a single animal in the Allen space, the implantation clearly induces the 18 o angle with the CCF v3 vertical in this case.130 34 Illustration of the habituation duration influence on mobility stability. Distributions of mobility during first 10min of recording after respectively, 5 days, 10 days or 2 weeks of habituation. In green the registered image is overlayed on top of the reference image in purple. On the right an illustrative diagram is given. Three regimes are identified, systematic misregistration, parameters working sometimes and a region of good match were the registration works but different results must be compared in terms of overlap of ROIs. . . . . . 164 44 Illustration of the registration results. Left: Top: from left to right are displayed, the template, the average image before registration, the average image after registration. Bottom: intensity profiles are extracted from the two lines overlayed on the template. Each column represents the profile of one image of the dataset. Comparison between before and after registration is given. Right: Quantification of overall similarity in the profiles before (red) and after (blue) registration. Averaged cross correlation between all profiles is given, vertical bar represents standard deviation, all changes are significant after Wilcoxon (p < e -9) and Bonferroni correction. V -Lef t and Hb are the lines displayed on the template. In addition, their symmetric values are also given. 165 ter filter strategies are compared: conventional SV D60 without prior masking, SV D60 with prior testing and dynamic clutter filter with prior masking. For each clutter filter signal is regressed or not using FMR. Left: correlation matrices for saline reference and after morphine treatment (70mg/kg) at P 5 and significant differences depending on the different processings. Right: SBMs after both treatments and significant differences depending on the different processings with seeds placed in 3 different regions: Ctx -L, Hip -CA1 -L and V T hal -L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166 46 Illustration of the effect of different regressions and scrubbing strategies on FC read outs. Absence of regression (N oReg), FMR and GSR are compared. In addition absence of scrubbing, DV AR based scrubbing and removal of 30% most intense frames are also applied. Left: correlation matrices for saline reference and after morphine treatment (70mg/kg) at P 5 and significant differences depending on the different processings. Right: SBMs after both treatments and significant differences depending on the different processings with seeds placed in 3 different regions: Ctx -L, Hip -CA1 -L and V T hal -L. . . . 168 47 Illustration of the effect of the temporal filter bandwidth on FC readouts.

6 bands between 0.001 and 0.8Hz were tested. Left: correlation matrices for saline reference and after morphine treatment (70mg/kg) at P 5 and significant differences depending on the different processings. Right: SBMs after both treatments and significant differences depending on the different processings with seeds placed in 3 different regions: Ctx -L, Hip -CA1 -L and V T hal -L.170 [Moore et al., 2016] displays regions activated and deactivated in terms of regional BOLD following acute injection of oxycodone in awake restrained wild type and mu-opioid receptor knock-out mice, [Nasseef et al., 2019] shows activation induced by oxycodone for anaesthetised wild type and mu-opioid receptor knock-out mice, [Iriah et al., 2019] activated and deactivated clusters as well as mixed effect in olfactory and basal ganglia regions following injection of oxycodone in awake restrained rats. . . 224 65 Illustration of regional diversity of opioid response timecourses in both humans and murine models. Left: [Leppä et al., 2006] shows two different types of activation with fast and high amplitude cortical BOLD activation followed by a slower and lower amplitude hippocampal and thalamic wave following remifentanil injection. Similarly, in mice, we found a fast activation in the cortex immediately after fentanyl highest dose injection which is followed by a slower and less intense hippocampal and thalamic wave. Middle: [START_REF] Denier | Abnormal functional integration of thalamic low frequency oscillation in the BOLD signal after acute heroin treatment[END_REF] show increased connectivity in the thalamus in heroine users after acute injection. The effect can be seen in Regional Homogeneity and Amplitude of Low Frequency while a seed in the hippocampus shows increased intra thalamic connectivity and reduced connectivity with the cortex between heroine treatment and placebo. Right: comparison with our SBM in thalamus after injection of morphine. . . . The analysis server gets its data from the storage server, and analysts can access it from anywhere through a VPN and run analyses on it. . . . . . . . 85 Illustration of the data handling procedure. Three types of structure exist with increasing complexity and stringent directives. Inversely the requirements for operator role in structuring diminishes downflow. The output of machines must be translated to a more structured dataset with some modularity still in the animal facility. It is then transferred for analysis in the bioinformatic room where it finds its final form as FUS-BIDS. . . . . . . . . . . . . . . . . 86 Images of the different probe positioning steps. Top: First rough positioning is achieved with a 0.5mm step precision. The live view is started. Then the image is roughly (0.5mm steps) aligned along the xaxis. After that, the probe is lowered for zaxis pre-positioning. Then, the probe is moved along yaxis to get close to the plane of interest. Bottom: finally, precise refinements (0.1mm steps) allow to precisely find the vascular Bregma. One line per region (clusterised along meta-regions) is representing the CBV relatively to last 2min of baseline with saturation of the colormap at 50%. vertical bars represent the timing of injections or transition between consecutive recordings. Right: regional timeseries relatively to saline injection, profile of a single line of the raster plot, thick line is the smoothed average, patch is the 95% confidence interval, each curve represents either a dose or a ROI, the vertical bar represents the injection. Bottom: graph represents regional activation maps averaged over 10min windows. . . . Bottom: represents the significant difference between the reference (Top) and the treatment (middle). Only voxel which experienced a change between the reference and the treatment are represented. The difference of correlation coefficient is displayed and the colormap is saturated at -0.5 and 0. ) the animal is put on the stereotaxic frame (ii.) an incision is cut in the skin along the midline (iii.) the skin is cut clean and the periosteum is removed. (iv.) the temporalis muscle is detached down to mandibula (v.) som eexcess glue is poured to cover the whole surface (vi.) the glue excess is removed to have smooth and thin protective layer which forms a gutter at the interface with the muscles. . . . . . . . . . . . . . . . . 447
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jcm PhD thesis CRI 115 Images of the different steps for cement deposition. Left: first, when the cement is still liquid a few drops are applied to flow along the screw in the hole. Middle: then, additional cement is poured to fill the space between the implant and the skull (white arrows). Right: Finally, when the cement becomes thick additional material is added to consolidate the fixation (yellow arrows). . . . 
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jcm PhD thesis CRI 123 Illustration of perfusion evolution after injection of morphine. Left: Raster plot of CBV for the 5 conditions. Middle: regional map of hyperperfusion at P 1 and P 2, hyper perfusion is mainly localised in the cortex. Right: timeseries of percentage signal change relative to baseline in 3 regions. The signal is filtered with Savitski-Golay filter (1min window, order 2), 95% confidence interval is given, dotted line represents 50% increase relatively to saline. . Top: follow up of regional CBV after injection for all 5 compounds, from top to bottom, left to right: buprenorphine, methadone, CP 55, 940, cocaine and ketamin. Bottom: timeseries of brain perfusion in Ctx-L, Hip CA1-L, VThal-L. 138 Illustration of different pharmacological treatment on awake brain function.

Left: functional connectivity pattern for all 5 compounds. Right: significance network at P 1, P 3, P 5, Right: SBM and significance differences relatively to saline control for all 5 compounds at P 5 in Ctx Lat-L, Hip CA3-L, VThal. .
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jcm PhD thesis CRI 139 Illustration of the acute injection of opioids influence on awake brain function after chronic induction of tolerance. i.: follow up of regional CBV, before or after tolerance induction, after acute injection of saline or: Left: morphine (70mg/kg), Right: fentanyl (0.3mg/kg). ii.: Correlation networks at P 1, P 3 and P 5 for all 8 conditions, as well as significant network at P 5 for the 4 morphine conditions and P 3 for the 4 fentanyl conditions. Bottom: SBM in 

Part VI

Appendices Appendices

A Articles

In the next two sections are presented two additional papers I participated in the writing during my PhD. Here are detailed my role for each of them.

Article 3 Microglia modulate blood flow, neurovascular coupling, and hypoperfusion via purinergic actions aims at demonstrating the active role of microglia in the neurovascular coupling. Part of the demonstration rests on showing an altered whisker stimulation induced hyperemia after depletion of microglia. We induced microglia depletion by giving the diet described in the article to a cohort of mouse, that we compared with naive wild type mice. We adapted our imaging protocol for the whisker stimulation under anaesthesia. Finally we demonstrated that the haemodynamic response associated with whisker stimulation in control mice is disrupted in microglia depleted mice. This result comes in validation of a laser speckle study performed under the same paradigm. The results are presented in the figure 2.h. I performed both the acquisition with Andrea Kliewer and the level one analysis for these results. 

Introduction

Microglia are key regulators of inflammatory processes in the brain and altered microglial activity is linked to the development of common brain diseases [START_REF] Colonna | Microglia function in the central nervous system during health and neurodegeneration[END_REF][START_REF] Prinz | Microglia and brain macrophages in the molecular age: From origin to neuropsychiatric disease[END_REF]. The contribution of microglia to diverse physiological processes, including brain development, synaptic plasticity, learning, or memory is also emerging [START_REF] Thion | Microglia and early brain development: An intimate journey[END_REF][START_REF] Wolf | Microglia in physiology and disease[END_REF]. Communication between microglia and other cell types is mediated by motile microglial processes, through which microglia perform dynamic surveillance of their environment [START_REF] Davalos | ATP mediates rapid microglial response to local brain injury in vivo[END_REF][START_REF] Haynes | The P2Y12 receptor regulates microglial activation by extracellular nucleotides[END_REF][START_REF] Nimmerjahn | Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo[END_REF]. In addition to the well-documented microglia-neuron interactions, microglial processes are recruited to blood vessels and cells of the neurovascular unit (NVU), although the function of these interactions has remained vaguely defined [START_REF] Benyo | Endocannabinoids in cerebrovascular regulation[END_REF][START_REF] Dudvarski Stankovic | Microglia-blood vessel interactions: A double-edged sword in brain pathologies[END_REF][START_REF] Zhao | Microglial interactions with the neurovascular system in physiology and pathology[END_REF]. Microglia-vascular interactions are present in the brain from early development into adulthood, through which microglia regulate blood-brain barrier (BBB) permeability, leukocyte extravasation, and angiogenesis [START_REF] Dudvarski Stankovic | Microglia-blood vessel interactions: A double-edged sword in brain pathologies[END_REF][START_REF] Jolivel | Perivascular microglia promote blood vessel disintegration in the ischemic penumbra[END_REF][START_REF] Lou | Purinergic receptor P2RY12-dependent microglial closure of the injured blood-brain barrier[END_REF]. In fact, microglia and microglial processes are closely associated with developing blood vessels in the neuroepithelium or in the ventricular zone, while Pu.1 -/-mice or Csf1 op/op mice that lack microglia and macrophages display impaired angiogenesis in the retina [START_REF] Arnold | The importance of microglia in the development of the vasculature in the central nervous system[END_REF][START_REF] Dixon | The contribution of microglia to the development and maturation of the visual system[END_REF][START_REF] Dudvarski Stankovic | Microglia-blood vessel interactions: A double-edged sword in brain pathologies[END_REF][START_REF] Penna | Development of the neuro-immune-vascular plexus in the ventricular zone of the prenatal rat neocortex[END_REF]. In the adult brain, CD206-positive perivascular macrophages (PVMs) remain closely associated with blood vessels, while CD206negative microglial cell bodies occupy the brain parenchyma isolated by the glia limitans [START_REF] Goldmann | Origin, fate and dynamics of macrophages at central nervous system interfaces[END_REF][START_REF] Kida | Perivascular cells act as scavengers in the cerebral perivascular spaces and remain distinct from pericytes, microglia and macrophages[END_REF][START_REF] Ransohoff | The anatomical and cellular basis of immune surveillance in the central nervous system[END_REF] associated with hypertension, via promoting BBB permeability [START_REF] Faraco | Perivascular macrophages mediate the neurovascular and cognitive dysfunction associated with hypertension[END_REF]. However, little is known about the possible contribution of microglia to cerebral blood flow (CBF) or perfusion deficits in the adult brain. Microglia respond to vascular injury, as seen in experimental models of stroke, Alzheimer's disease, or multiple sclerosis [START_REF] Dudvarski Stankovic | Microglia-blood vessel interactions: A double-edged sword in brain pathologies[END_REF][START_REF] Zhao | Microglial interactions with the neurovascular system in physiology and pathology[END_REF], and microglial processes are recruited to sites of BBB leakage within minutes [START_REF] Davalos | Fibrinogeninduced perivascular microglial clustering is required for the development of axonal damage in neuroinflammation[END_REF][START_REF] Jolivel | Perivascular microglia promote blood vessel disintegration in the ischemic penumbra[END_REF][START_REF] Lou | Purinergic receptor P2RY12-dependent microglial closure of the injured blood-brain barrier[END_REF]. However, we could not detect major differences in the extent of BBB injury after experimental stroke in the absence of microglia [START_REF] Szalay | Microglia protect against brain injury and their selective elimination dysregulates neuronal network activity after stroke[END_REF]. Interestingly, changes in microglial process dynamics around capillaries are proportional to the level of CBF reduction during transient ischemia [START_REF] Masuda | Capillary blood flow around microglial somata determines dynamics of microglial processes in ischemic conditions[END_REF], suggesting a possible role for microglia-vascular interactions beyond vascular injury.

We have recently identified specific sites on neuronal cell bodies through which microglia shape neuronal responses via purinergic mechanisms [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF]. Because microglia interact with both neurons and blood vessels [START_REF] Szalay | Microglia protect against brain injury and their selective elimination dysregulates neuronal network activity after stroke[END_REF] and neuronal activity-dependent changes in CBF are precisely controlled via multicellular interactions in the NVU (Iadecola, 2017), we argued that microglia are ideally positioned to sense and influence neurovascular responses under normal conditions or when the balance between oxygen/nutrient demand and blood supply is disturbed. Supporting this, inflammatory changes and altered microglial activity together with impaired CBF and neurovascular coupling often precede symptom onset in common neurological disorders (Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF]. Here, by using microglia depletion, transgenic mice, and pharmacological interventions, we identify microglia as important modulators of CBF during neurovascular coupling, hypercapnia-induced vasodilation, and adaptation to hypoperfusion in the cerebral cortex.

Results

Microglia form dynamic purinergic contacts with cells in the NVU that regulate CBF We first investigated the formation and dynamics of microglia-vascular interactions using in vivo two-photon imaging. Intravenous FITC-dextran administration in CX3CR1 tdTomato microglia reporter mice allowed threedimensional (3D) reconstruction of penetrating arterioles in the cerebral cortex down to 600 μm below the dura mater (Fig. 1 a). In vivo imaging revealed microglia ensheathing arterial bifurcations at the level of first-, second-, and third-order vessels and identified contacting microglial processes at all levels of the vascular tree (Fig. 1, a andb; and Video 1). The average lifetime of contacts ranged from 5 to 15 min, and microglial processes frequently recontacted the same sites at both arterioles and microvessels, suggesting that specific sites for microgliavascular interactions may exist in the brain. Next, we studied the formation of physical contact between microglia and other cells in the NVU, using the microglial marker P2Y12 receptor (P2Y12R), which is not expressed by any other cells in the brain [START_REF] Butovsky | Identification of a unique TGF-beta-dependent molecular and functional signature in microglia[END_REF]. Surprisingly, we found that processes of parenchymal microglial cells were extended beyond glial fibrillary acidic protein (GFAP)-positive perivascular glial endfeet at the level of penetrating arterioles, directly contacting smooth muscle actin (SMA)-positive smooth muscle cells (Fig. 1 c) and endothelial cells in both large vessels and microvessels as evidenced by both confocal laser scanning microscopy (CLSM) and immuno-electron microscopy (immuno-EM; Fig. 1, d ande). 3D analysis of Z-stacks recorded by CLSM revealed that 85% of blood vessel segments are contacted by microglial processes and 15% of the endothelial cell surface is covered by microglial processes (Fig. 1 f). The vast majority of pericytes (83%) also received direct microglial contact (Fig. 1, g andh). ATP (and ADP) is a major chemotactic factor for microglia via P2Y12R [START_REF] Haynes | The P2Y12 receptor regulates microglial activation by extracellular nucleotides[END_REF], and purinergic signaling in endothelial cells and pericytes markedly influences CBF [START_REF] Lohman | Mechanisms of ATP release and signalling in the blood vessel wall[END_REF]. We have recently shown that clustering of microglial P2Y12R occurs at sites of somatic ATP release in neurons, through which microglia sense and influence neuronal activity and mitochondrial function [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF]. To study whether ATP released at the perivascular compartment could also act as a chemotactic signal for microglial processes, we turned to 3D electron tomography. Importantly, we found contacting P2Y12R-positive microglial processes in close apposition with endothelial mitochondria, while immunogold particles were enriched at the interface (Fig. 1 i). Unbiased immunofluorescent analysis revealed 214% higher TOM20 immunofluorescence (a mitochondrial marker) in endothelial cells at microglial contact sites (Figs. 1 j and S1 d). Importantly, immuno-EM also confirmed the direct contact between P2Y12R-positive microglial processes and endothelial cells in the human brain (Fig. 1 k). The perivascular endfeet of GFAP expressing astrocytes contribute to CBF regulation [START_REF] Howarth | A critical role for astrocytes in hypercapnic vasodilation in brain[END_REF]. We found that 93% of astrocytes were contacted by P2Y12R-positive microglial processes, while microglial cell bodies were found directly attached to 18% of astrocytes (Fig. 1 l; and Fig. S1, a andb). To visualize perivascular astrocyte endfeet, aquaporin-4 (AQP4) immunostaining was used, showing that microglial processes directly contact endothelial cells at sites void of the AQP4 signal (Fig. S1 c) or by extending through the astrocytic endfeet layer (Fig. S1 e). Combined immunogoldimmunoperoxidase labeling and EM confirmed the direct contact between microglial processes and parenchymal astrocytes or perivascular astrocytic endfeet (Fig. 1 m). Similar observations were made in the human cerebral cortex from both aged and middle-aged patients who died in nonneurological conditions: P2Y12R-positive microglial processes established contact with both perivascular astrocyte endfeet and the endothelial monolayer of small arterioles and capillaries (Fig. 1, n ando; and Fig. S1 f). Furthermore, we found that individual microglial cells contact multiple microvessels and nearby neurons simultaneously in the brain (Fig. 1 p). Thus, not only do microglial processes directly contact cells in the NVU along the vascular tree (Fig. S1 g), which are known to shape CBF (Attwell et al., 2010;[START_REF] Hall | Capillary pericytes regulate cerebral blood flow in health and disease[END_REF]Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF][START_REF] Takano | Astrocyte-mediated control of cerebral blood flow[END_REF], but simultaneous contacts with neurons and vascular structures may provide an ideal platform for microglia to influence neurovascular responses. 

Microglia contribute to neurovascular coupling via P2Y12Rmediated actions

In our previous studies, we could not detect major alterations in the number or morphology of endothelial cells, astrocytes, or pericytes after elimination of microglia by CSF1R blockade [START_REF] Szalay | Microglia protect against brain injury and their selective elimination dysregulates neuronal network activity after stroke[END_REF]. To investigate whether prolonged absence of microglia could compromise overall vascular architecture or metabolism, we performed HMPAO-SPECT and FDG-PET measurements [START_REF] Apostolova | Brain perfusion SPECT in the mouse: Normal pattern according to gender and age[END_REF][START_REF] Tai | Applications of positron emission tomography (PET) in neurology[END_REF] after microglia depletion by PLX5622 [START_REF] Elmore | Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, unmasking a microglia progenitor cell in the adult brain[END_REF]. No significant changes in HMPAO or FDG uptake were observed in any brain areas after microglia depletion (Fig. S1, i-k). To investigate the role of microglia in CBF responses to physiological stimuli, we turned to the whisker-stimulation model, which is widely used to study the mechanisms of neurovascular coupling in mice [START_REF] Tarantini | Treatment with the mitochondrial-targeted antioxidant peptide SS-31 rescues neurovascular coupling responses and cerebrovascular endothelial function and improves cognition in aged mice[END_REF] and performed laser speckle contrast imaging (LSCI), optimized to assess changes in the microcirculation through the intact skull bone in real time [START_REF] Dunn | Laser speckle contrast imaging of cerebral blood flow[END_REF]. Whiskers on the left side were stimulated under mild ketamine-medetomidine sedation, allowing stable and reproducible CBF responses to be observed (Fig. 2, a andb). Surprisingly, the absence of microglia resulted in impaired functional hyperemia, as evidenced by a significant 15.3% reduction in CBF response in the right barrel cortex compared with that seen in control mice after a series of stimulation (six series of stimulations for 30 s each; Fig. 2, b andc; and Video 2). In addition, a 17% smaller CBF response to whisker stimulation was seen after acute microglial P2Y12R blockade by a specific P2Y12R inhibitor, PSB0739, injected into the cisterna magna 40 min before LSCI measurements [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF]. Because only microglia express P2Y12R in the brain [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF][START_REF] Fekete | Microglia control the spread of neurotropic virus infection via P2Y12 signalling and recruit monocytes through P2Y12-independent mechanisms[END_REF], this way we could also validate the specificity of microglial actions on CBF responses.

To extend these observations with genetic P2Y12R blockade, another series of measurements were performed, using manual whisker stimulation followed by a set of electromechanically controlled stimulations. We found reduced CBF responses to whisker stimulation in both microglia-depleted and P2Y12R knockout (KO) mice, irrespective of the type of stimulation used (Fig. 2, d-f). Given the pivotal roles of NO in vasodilation, and specifically in neurovascular coupling (Attwell et al., 2010;Iadecola, 2017), we investigated the relationship between microglia depletion and nitric oxide synthase (NOS) blockade by L-NAME. Interestingly, we found that both L-NAME and microglia depletion significantly decreased the CBF response to whisker stimulation compared with control mice, while L-NAME combined with depletion had an additive effect (Fig. 2 g). These results suggest that in addition to microglial modulation of vasodilation in response to somatosensory stimulation, a microglia-independent NO-based component is also involved.

Finally, to confirm the role of microglia in neurovascular coupling with an alternative approach, we turned to functional ultrasound (fUS) imaging, which detects hemodynamic changes in the brain based on cerebral blood volume (CBV; [START_REF] Mace | Functional ultrasound imaging of the brain[END_REF]. We found that the absence of microglia resulted in significantly smaller (by 28%) CBV increases in the contralateral barrel cortex in response to whisker stimulation compared with that seen in control mice (Fig. 2, h-j). Thus, microglia-mediated and microglial P2Y12R-mediated actions are important to maintain normal blood flow responses to somatosensory stimulation in the cortical microcirculation, which is partially independent of NO.

Changes in whisker stimulation-evoked neuronal responses do not explain altered CBF responses after microglia manipulation

To test whether substantial shifts in neuronal responses to whisker stimulation could explain the effect of microglia manipulation on functional hyperemia, we repeated these experiments while recording neuronal activity from the contralateral barrel cortex, using either chronically implanted tetrode electrodes or in vivo two-photon calcium imaging. We isolated n = 42, n = 41, and n = 61 putative single units from two electrophysiological recordings each of control, microglia-depleted, and P2Y12R KO mice, respectively (n = 5). This allowed us to test baseline firing rates in the stimulus-free periods as well as stimulus-induced firing responses of individual neurons. We found significantly increased baseline firing rates of barrel cortex neurons in both microglia-depleted and P2Y12R KO mice compared with controls (Fig. 3, a andd). However, using either electromechanically controlled automated whisker stimulation or manual stimulation, we did not detect differences in the extent of stimulus-evoked neuronal responses (Fig. 3 e).

Then, we turned to in vivo two-photon measurements, using electromechanical whisker stimulation, which was repeated two times with 40-s intervals (Fig. 3 f). Only neurons in the contralateral barrel cortex that specifically responded to both stimuli were selected for analysis. We found that somatosensory stimulus-induced increases in the neuronal GCaMP6s signal in Thy1-GCaMP6s mice did not reveal significant differences between control and microglia-depleted mice microglia (m, P2Y12R-immunogold, cyan) directly contacting endothelial cells (e, magenta) in human neocortex. z1-z3 panels show the contact on three consecutive ultrathin sections; arrows mark the edges of direct membrane contact. (l) CLSM image shows microglia (P2Y12R, cyan) contacting the cell body of an astrocyte (GFAP labeling, green) and astrocytic endfeet (arrowheads). (m) EM images show direct contact between microglial (m, cyan) and astrocytic (a, green) processes. e, endothelial cell, magenta; lum, lumen. (n) CLSM images in human neocortex reveal P2Y12R + microglial processes (cyan) contacting perivascular astrocytes (GFAP, green) on astrocyte endfeet (white arrowheads) and endothelial cells (tomato-lectin, magenta, white arrows), with astrocytic endfeet directly touching the endothelial monolayer (empty arrowheads). (o) CLSM image and fluorescent intensity plots show microglial process (m) contacting the endothelial layer (e) within the astrocytic layer (a). (p) To reveal 3D connections of individual microglial cells, a CLSM maximum-intensity plot was generated. Microglia (cyan) contact several microvessels (lectin, magenta; AQP4, green) and neurons (Kv2.1, ochre) simultaneously. For appropriate visualization of neuronal cell bodies, Kv2. (Fig. 3 g and Video 3). Thus, while the absence (PLX5622 depleted) or dysfunction (P2Y12R KO) of microglia may shift baseline neuronal activity as expected [START_REF] Badimon | Negative feedback control of neuronal activity by microglia[END_REF][START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF], stimulus-evoked neuronal responses do not explain the marked differences in CBF changes observed after microglia manipulation.

Real-time chemogenetic modulation of microglial activity results in impaired functional hyperemia

To explore the effect of real-time chemogenetic microglia manipulation on CBF changes, we generated a novel mouse line by crossing Cre-dependent hM3Dq DREADD mice with CX3CR1-CreERT2 mice [START_REF] Ginhoux | Fate mapping analysis reveals that adult microglia derive from primitive macrophages[END_REF], named MicroDREADD Dq mice. Tamoxifen (TMX) administration resulted in specific recombination in 95.3% of microglia (Fig. 4 a). Recombination based on the weak mCitrine signal is still likely to be underestimated, because using the identical CX3CR1-CreERT2 driver line, virtually 100% of Iba1/P2Y12R double-positive microglia were found to express tdTomato in the cerebral cortex of CX3CR1 tdTomato reporter mice (see Materials and methods and Fig. S1 h). HM3Dq DREADD agonists 1 μM clozapine-N-oxide (CNO) or 1 μM Compound 21 (C21; [START_REF] Thompson | DREADD agonist 21 is an effective agonist for muscarinic-based DREADDs in vitro and in vivo[END_REF] induced rapid increases in intracellular calcium levels in microglia derived from MicroDREADD Dq mice, which was completely absent in TMX-untreated cells (Fig. 4 b; and Fig. S2, a-e). Single chemogenetic activation led to the blockade of microglial process motility within a few minutes, while microglia showed reduced calcium responses to repeated C21 stimulations (Fig. 4, c andd; Fig. S2, a-e; and Videos 4 and Video 5). Chemogenetic stimulation also resulted in altered microglial morphology and branch structure in vivo (Fig. S2 f). Importantly, C21 stimulation markedly impaired responses of Micro-DREADD Dq microglia to 10 μM ATP (Fig. 4, e and f), suggesting that chemogenetic priming disables the recruitment of microglial processes to ambient ATP released in the NVU during functional hyperemia [START_REF] Pelligrino | Purinergic mechanisms in gliovascular coupling[END_REF].

To investigate microglial calcium dynamics and the effect of chemogenetic activation in vivo, we crossed MicroDREADD Dq mice with Cre-dependent CGaMP5g-tdTomato mice (i.e., both constructs could be induced by TMX using the same CX3CR1-CreERT2 driver line). Interestingly, we found that microglial processes interacting with arterioles and microvessels in the cerebral cortex showed dynamic calcium fluctuations, as assessed by in vivo two-photon imaging (Fig. 4 g). Chemogenetic activation in MicroDREADD Dq × CGaMP5g-tdTomato mice resulted in an average of 18% increase in microglial somatic CGaMP5g signal within 15-30 min, leading to the temporary detachment and withdrawal of a population of perivascular microglial processes, which was most apparent around arterioles. As a likely compensatory response, 1 h after chemogenetic activation, microglial process coverage increased around endothelial cells (P = 0.001) and smooth muscle cells (P = 0.026), whereas a nonsignificant trend was observed in process coverage of pericytes (Fig. 4 h). Importantly, we found that chemogenetic modulation of microglia 30 min before LSCI measurements resulted in a similar degree of CBF reduction to both manual and electromechanical whisker stimulation (Fig. 4, i-k), as seen after microglia depletion (Fig. 2, e andf).

Microglia modulate hypercapnia-induced vasodilation in a P2Y12R-dependent manner

To further investigate the mechanisms through which microglia modulate CBF, we turned to hypercapnic challenge to induce vasodilation independently of direct neuronal stimulation. Hypercapnia is considered to induce primarily endothelium-driven vasodilation, including actions of astrocytes and other cells [START_REF] Faraci | Acidsensing ion channels: Novel mediators of cerebral vascular responses[END_REF][START_REF] Hamilton | Pericyte-mediated regulation of capillary diameter: A component of neurovascular coupling in health and disease[END_REF][START_REF] Howarth | A critical role for astrocytes in hypercapnic vasodilation in brain[END_REF][START_REF] Meng | Regulation of cerebral autoregulation by carbon dioxide[END_REF][START_REF] Yoon | pCO 2 and pH regulation of cerebral blood flow[END_REF]. In vivo two-photon imaging revealed a population of dynamic microglial processes that readily changed their morphology at both arterioles and microvessels in response to vasodilation induced by 2-min inhalation of 10% CO 2 under normoxic conditions (Figs. 5 a;and S3 a). Around arterioles, SR101-labeled perivascular astrocyte endfeet were also dynamically contacted by microglia (Fig. 5 b), and the number of contacting phylopodia at the end of microglial processes increased in response to hypercapnia (Fig. 5 b). Confirming the rapid effect of hypercapnia on microglial process dynamics, we also found that perivascular microglia responded rapidly (within 1-2 min) to hypercapnia with calcium pulses as assessed in CX3CR1 CGaMP5g-tdTomato mice with in vivo twophoton imaging. Calcium pulses were apparent in both phylopodia and large processes (Fig. 5 c and Video 7). Importantly, stimulus (stim.; white rectangle indicates the barrel field). Time course of stimulus-evoked CBF responses is shown in the right of b. Scale bar, 1 mm. (c) Absence of microglia or acute blockade of P2Y12R reduces the maximum of evoked CBF responses compared with controls. n = 7 control, n = 7 depleted, and n = 6 PSB-0739 injected mice; *, P < 0.05, one-way ANOVA followed by Dunnett's multiple comparison test (control versus depleted, P = 0.0191; control versus PSB-0739, P = 0.0243). (d) Protocol of manually and electromechanically controlled whisker stimulation. (e and f) Representative CBF traces and quantification show impaired neurovascular coupling response in the absence of microglia and in P2Y12R KO mice. n = 7 control, n = 6 depleted, and n = 7 P2Y12R KO mice (e and f); n = 10 control, n = 11 depleted, and n = 6 P2Y12R KO mice; **, P = 0.0075 (e); **, P = 0.0058 (f), one-way ANOVA followed by Dunnett's multiple comparison test (e: *, P = 0.0378, control versus depleted; **, P = 0.0052 control versus P2Y12R KO; f: *, P = 0.0311 control versus depleted; **, P = 0.0047 control versus P2Y12R KO). (g) Representative CBF traces and graph show changes in neurovascular coupling response in L-NAME-treated mice in both the presence and the absence of microglia. n = 9 control, n = 10 depleted, n = 8 L-NAME-treated, n = 9 L-NAME-treated depleted; P < 0.0001, one-way ANOVA followed by Tukey's multiple comparison test (**, P = 0.005, control versus depleted; **, P = 0.0049, control versus L-NAME; **, P = 0.0026, L-NAME versus depleted + L-NAME; ***, P = 0.0008, depleted versus depleted + L-NAME). (h) fUS imaging reveals reduced CBV responses compared with controls in the ipsilateral (ipsi) and contralateral (contra) barrel cortex. Representative traces of 10 subsequent stimulations (30 s each) are shown for control and microgliadepleted mice. (i) Peak trace averages of the contralateral side in control and depleted mice, with 95% confidence intervals. (j) Averaged AUC distribution for each group, as shown in pink window in i. Data are presented as mean ± SEM; n = 30 and n = 40 stimulations from three control and four depleted mice, respectively (j); **, P = 0.0093, two-way ANOVA followed by Sidak's multiple comparisons test. Data are presented as mean ± SEM. LSCI data have been pooled from two to three independent experiments.
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in vivo two-photon imaging revealed significantly impaired hypercapnia-induced vasodilation in meningeal and penetrating arteries (Fig. 5 d), which paralleled smaller CBF responses in microglia-depleted mice as assessed by LSCI (Fig. 5, e-g). To exclude the potential effect of α2 adrenergic blockade via the cardiovascular system during ketamine-medetomidine anesthesia [START_REF] Janssen | Effects of anesthetics on systemic hemodynamics in mice[END_REF], we repeated hypercapnic challenge after the administration of atipamezole, an α2 receptor antagonist [START_REF] Pal | Ablation of vitamin D signaling compromises cerebrovascular adaptation to carotid artery occlusion in mice[END_REF]. Hypercapnia-induced CBF response was similarly reduced in microglia-depleted mice compared with controls in the presence of atipamezole (Fig. 5 h). Importantly, baseline and hypercapnia-induced pCO 2 and pO 2 levels and pH in blood samples taken from the femoral artery were not altered by microglia depletion (Fig. S3 b). Similar to that seen after microglia depletion, decreased CBF response to hypercapnia was also apparent in P2Y12R KO mice compared with controls as measured by LSCI (Fig. 5 i). In vivo two-photon imaging also revealed 37% smaller hypercapnia-induced vasodilation in the absence of microglial P2Y12R (using CX3CR1 GFP/+ × P2Y12R KO mice), compared with control (CX3CR1 GFP/+ ) mice (Fig. 5 j and Video 6). Supporting the important role of microglial process interactions with the vasculature, formation of perivascular phylopodia was also significantly reduced after hypercapnia in P2Y12R KO mice (Fig. 5 k). In contrast, neuronal activity did not differ between control, microglia-depleted, and P2Y12R KO mice during hypercapnic challenge (Fig. 5 l). Finally, we investigated the possible links between microglial P2Y12R and NO in hypercapnia-induced vasodilation. NO functions, including vasodilation, are mediated by cGMP, which is directly activated by NO [START_REF] Toda | Cerebral blood flow regulation by nitric oxide: Recent advances[END_REF]. To achieve precise timing of hypercapnia, we prepared neocortical acute slices from mice and induced hypercapnia by bubbling 14.6% CO 2 under normoxic conditions for 15 min before measuring cGMP immunoreactivity on rapidly fixed brain slices. Hypercapnia induced a robust increase of cGMP levels (to 311% of control values) in CD13-positive cells, a marker known to homogeneously label both smooth muscle ensheathing and thin-strand/ mesh pericytes from large vessels to capillaries [START_REF] Smyth | Markers for human brain pericytes and smooth muscle cells[END_REF]. Importantly, increases in cGMP levels were markedly inhibited by the blockade of microglial P2Y12R with PSB0739 (Fig. 5 m). Confirming that indeed the NO-sGC-cGMP pathway caused the large increase of cGMP levels, the NO donor sodium nitroprusside (SNP) resulted in marked increases in identical anatomic structures, which was not affected by P2Y12R blockade (Fig. S3 f). Hypercapnia also increased cGMP in CD13-positive profiles in vivo (Fig. S3 g).

Stimulus-specific release of purinergic metabolites by NVU cells parallels microglial modulation of brain pH and hypercapnia-induced adenosine production

Hypercapnia drives vasodilation in the brain mainly through reducing brain pH [START_REF] Yoon | pCO 2 and pH regulation of cerebral blood flow[END_REF]. To further investigate the mechanisms through which microglia shape CBF, cortical blood flow (by laser Doppler) and tissue pH (by pH-selective electrode) were simultaneously assessed during hypercapnia. Surprisingly, baseline brain pH was significantly lower in depleted mice, while the relative amplitude of the hypercapnia-induced negative pH shift was not different in control versus depleted animals (Fig. 6, a and b), suggesting that microglia contribute to modulation of brain pH. As seen previously with LSCI (Fig. 5, e-g), laser Doppler flowmetry confirmed significantly smaller hypercapnia-induced CBF elevation in the absence of microglia (Fig. 6 c).

We next asked whether hypercapnia-induced negative pH shift leads to the production of specific purinergic metabolites (e.g., ATP or ADP) in astrocytes and endothelial cells that may drive microglial process recruitment, as suggested by clustering of microglial P2Y12R at endothelial contact sites near mitochondria (Fig. 1, i andj) and by MicroDREADD Dq experiments (Fig. 4, e and f). Hypercapnic challenge reduced both extracellular and intracellular pH (Fig. S3, c andd) and triggered rapid ATP and adenosine production by cultured astrocytes, while ATP and ADP were produced by endothelial cells (Fig. 6 d), as assessed by HPLC. In contrast, hypoxic challenge resulted in endothelial ATP, but not ADP, production, while astrocytes released mainly ADP (Figs. 6 f and S3 e). Importantly, hypercapnia, but not hypoxia, triggered a robust, 10-fold increase in microglial adenosine production (Fig. 6 d), and hypercapnia-induced adenosine levels were attenuated by microglia depletion in vivo (Fig. 6 e). Collectively, these experiments suggest that hypercapnia and hypoxia lead to rapid production of different purinergic metabolites, with high levels of adenosine, a potent vasodilator, produced by microglia in response to hypercapnic challenge.

Selective elimination of microglia augments hypoperfusion after common carotid artery occlusion (CCAo)

Stimulus-specific release of purinergic mediators by different NVU cells suggested that microglial effects on CBF are likely to be important for the maintenance of sufficient cerebral blood perfusion, which is compromised in diverse vascular diseases including stroke, chronic hypoperfusion, or vascular dementia, among others (Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF][START_REF] Wolters | Cerebral perfusion and the risk of dementia: A population-based study[END_REF]. To study the actions of hypoperfusion-primed microglia taken from time-lapse sequences show that cell membrane ruffling is ceased upon treatment with DREADD agonists, and the cells acquire a flattened morphology. Scale bars, 5 μm, upper panel; 10 μm, lower panel. See also Video 4 and Video 5. (e and f) Analyses of calcium curves reveal an attenuated responsiveness to ATP in MicroDREADD Dq+ cells previously responding to C21. See details in Fig. S2. n = 64 for MicroDREADD Dq+ , n = 73 for MicroDREADD Dq-; ****, P < 0.0001, Mann-Whitney U test (f). (g) Microglial processes interacting with blood vessels show dynamic [Ca 2+ ] i fluctuations (arrowheads) in the cerebral cortex of MicroDREADD Dq × CGaMP5g-tdTomato mice in vivo. Microglial responses have been investigated before (baseline) and 30 min after administration of the DREADD agonist deschloroclozapine (DCZ) around arterioles (a, lumen of the arteriole is shown) and microvessels (n = 4 mice). Scale bar, 10 µm. (h) 1 h after chemogenetic activation, microglial process coverage (Iba1, green) of endothelial cells (lectin, blue), smooth muscle cells (SMA, magenta), and pericytes (PDGFRb, white) was assessed on perfusion fixed brain sections. Scale bar, 10 µm. n = 263 blood vessels, n = 66 SMA-positive vessels, and n = 291 pericytes were measured from n = 3 mice; ****, P = 0.0001 endothelium versus control and *, P = 0.026 SMA versus control, Mann-Whitney U test. [START_REF] Masuda | Capillary blood flow around microglial somata determines dynamics of microglial processes in ischemic conditions[END_REF] on subsequent CBF changes, we developed a model by performing repeated transient unilateral CCAo and reperfusion three times (Fig. S4, a and b). Redistribution of blood flow to the ipsilateral cortical circulation requires vasodilation [START_REF] Polycarpou | Adaptation of the cerebrocortical circulation to carotid artery occlusion involves blood flow redistribution between cortical regions and is independent of eNOS[END_REF], and unilateral CCAo does not cause cerebral ischemia [START_REF] Nishijima | Impaired collateral flow compensation during chronic cerebral hypoperfusion in the type 2 diabetic mice[END_REF][START_REF] Polycarpou | Adaptation of the cerebrocortical circulation to carotid artery occlusion involves blood flow redistribution between cortical regions and is independent of eNOS[END_REF], making this model ideal to study vascular adaptation responses during hypoperfusion in the absence of neuronal injury, which is influenced by microglia manipulation [START_REF] Szalay | Microglia protect against brain injury and their selective elimination dysregulates neuronal network activity after stroke[END_REF]. In vivo two-photon imaging revealed rapid microglial process response to CBF reduction, as shown by increased process motility of blood vessel-associated microglia immediately after CCAo (Fig. 7 a). High-resolution automated analysis demonstrated that alterations in microglial process morphology are maintained up to 24 h after CCAo (Fig. 7 b). Importantly, LSCI measurements showed markedly impaired adaptation to reduced cortical perfusion after CCAo in the absence of microglia. This was evidenced by lower baseline-corrected CBF values after 5 min CCAo and subsequent reperfusion for 5 min, which effect gradually increased as CCAo and reperfusion were repeated two more times (P < 0.0001, two-way ANOVA; Fig. 7, c andd; and Fig. S4, a andb). In fact, average CBF values by the third occlusion reached only 79% of baseline in microglia-depleted mice, as opposed to 89% in control mice in the ipsilateral hemisphere (Fig. 7 d and Video 8). Interestingly, the absence of microglia also markedly impaired CBF recovery after repeated CCAo in the contralateral hemisphere (P < 0.0001, two-way ANOVA, Fig. 7 d, and Video 8), indicating that microglial actions are involved in normalizing CBF responses during reperfusion. Impaired CBF recovery was also evident in both hemispheres between the second and the third reperfusions in microglia-depleted mice (2.8-fold larger reduction compared with control mice both ipsilaterally and contralaterally, P = 0.042 and P = 0.048, respectively, unpaired t test). Selective elimination of PVMs by intracerebroventricular (ICV) administration of clodronate without an effect on resident microglia (Fig. 7, e and f) did not influence blood flow responses after repeated CCAo (Fig. 7, g and h), suggesting that microglia sense and influence CBF changes differently in this model of hypoperfusion than other brain macrophages.

The effect of microglial actions on CBF is mediated via P2Y12R signaling during hypoperfusion Our HPLC studies demonstrated that both ADP and ATP are released rapidly by NVU cells in response to hypercapnia and hypoxia. ADP, which can rapidly form upon ATP hydrolysis by ectoATPases, is the main ligand for microglial P2Y12R expressed by microglial processes [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF], among other cells. To this end, we tested whether an inhibition of microglial P2Y12R using either genetic deletion of P2Y12R or acute pharmacological blockade by PSB0739 injected into the cisterna magna [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF] alters CBF responses after repeated CCAo. Importantly, we found that blood flow recovery was markedly impaired after both genetic and pharmacological P2Y12R blockade in the ipsilateral and contralateral hemispheres (Fig. 8, a-c), similar to that seen in microglia depletion studies (Fig. 7). Thus, these results collectively suggest that both microglia and microglial P2Y12R are essential for normalizing CBF responses during adaptation to reduced cortical perfusion after CCAo.

Discussion

Here, we identify microglia as a novel cell type modulating blood flow in the brain. Using three different experimental models, we show that the presence of functional microglia is essential to intracortical injection of SR101 to visualize astrocytes. The number of phylopodia formed at the end of contacting microglial processes (arrowheads) increased in response to hypercapnia. n = 5 mice; *, P = 0.0316, Mann-Whitney U test. Scale bar, 20 µm. (c) Perivascular microglia respond rapidly to hypercapnia with [Ca 2+ ] i pulses in small (arrowheads) and large processes as assessed in CX3CR1 CGaMP5g-tdTomato mice. Individual processes were followed with in vivo twophoton resonant (31-Hz) imaging; see also Video 7. Scale bar, 10 µm. n = 4 mice; ***, P = 0.001, Mann-Whitney U test. (d) In vivo two-photon imaging reveals impaired vasodilation at the level of penetrating arteries in the absence of microglia. n = 22 and n = 18 vessels from eight control and six depleted mice; **, P = 0.0013, unpaired t test. The experimental protocol shown for hypercapnic (hyp.) challenge was identical for in vivo two-photon imaging (a-d and j-l) and LSCI (e-i). (e) Difference images show reduced CBF response in microglia-depleted mice to hypercapnic challenge (ROIs are labeled with arrowheads). Scale bar, 1 mm. (f) The average kinetics of hypercapnic responses show difference in depleted mice compared with controls. n = 14-12 ROIs from seven control and six depleted mice, two ROIs/mouse (f and g); ****, P < 0.0001, Mann-Whitney U test (f); *, P = 0.0472, unpaired t test (g). (g and h) Hypercapnia-evoked CBF response is markedly decreased in the absence of microglia under ketamine-medetomidine (Ket./med.; g) or Ket./med. (h) anesthesia after administration of atipamezole (Atip.). n = 12-10 ROIs from six control and five depleted mice, two ROIs/mouse; *, P = 0.0436, unpaired t test. (i) Hypercapnia-evoked CBF response is markedly decreased in P2Y12R KO mice as assessed by LSCI. n = 16 control, n = 13 P2Y12R KO; *, P = 0.0131, unpaired t test. (j) In vivo two-photon imaging reveals that elimination of P2Y12R impairs hypercapnia-induced vasodilation in double transgenic (CX3CR1 GFP/+ × P2Y12R KO) mice compared with P2Y12R-competent CX3CR1 GFP/+ mice. n = 8 and 8 vessels from n = 5 control and n = 5 P2Y12R KO mice; *, P = 0.0104, Mann-Whitney U test. Scale bar, 20 µm. (k) The number of phylopodia formed at the end of perivascular microglial processes in response to hypercapnia is significantly reduced in P2Y12R KO mice. n = 5 control and n = 5 P2Y12R KO mice; **, P = 0.003, Mann-Whitney U test. (l) During hypercapnic challenge, neuronal activity did not differ between control, microglia-depleted, and P2Y12R KO mice. n = 49 single units in control, n = 44 in depleted, and n = 61 in P2Y12R KO group; P = 0.4852, Kruskal-Wallis test with Dunn's multiple comparison. (m) Single image planes for CLSM imaging show small blood vessel segments from the second to third layer of the neocortex in acute brain slices. Lectin (blue) outlines the vessels, CD13 labels contractile elements (pericytes and smooth muscle cells), microglial P2Y12R is orange, and cGMP signal can be seen in green. cGMP levels were measured within areas (outlined by white dashed line) masked based on CD13 staining. A low level of basal cGMP levels can be seen under control conditions, while hypercapnia induced a robust increase in vascular cGMP levels. Preincubation with the P2Y12R inhibitor PSB0739 abolished hypercapnia-induced cGMP elevation. As a control, application of the NO donor SNP also induced robust cGMP production. Scale bar is uniformly 15 µm. n = 3 mice; ***, P < 0.0001, Kruskal-Wallis test. Data are expressed as mean ± SEM (b-d and f-l) and median ± IQR (m). LSCI data have been pooled from two to three independent experiments.

Császár et al.

Journal of Experimental Medicine maintain optimal CBF responses to physiological neuronal activity and hypercapnia and during cerebrovascular adaptation to reduced cortical perfusion after CCAo. These actions are dependent on microglial P2Y12R signaling, clearly discriminating microglial responses from those mediated by PVMs or other brain macrophages [START_REF] Prinz | Ontogeny and homeostasis of CNS myeloid cells[END_REF].

While microglia produce several vasoactive or inflammatory mediators, including IL-1β, TNF-α, NO, PGE2, or ROS [START_REF] Wolf | Microglia in physiology and disease[END_REF], that may modulate cerebral perfusion (Iadecola, 2017;[START_REF] Zhao | Microglial interactions with the neurovascular system in physiology and pathology[END_REF], the potential contribution of microglia to CBF has been largely neglected to date. Instead, research has focused on their role in BBB function, extravasation of leukocytes, and angiogenesis from embryonic stages into adulthood [START_REF] Dudvarski Stankovic | Microglia-blood vessel interactions: A double-edged sword in brain pathologies[END_REF]. Because microglial cell bodies are located in the brain parenchyma, while the endothelial basal lamina is surrounded by a second, glial basement membrane [START_REF] Engelhardt | The blood-brain and the bloodcerebrospinal fluid barriers: Function and dysfunction[END_REF], we first asked whether a direct contact between microglia and endothelial cells exists in the adult neocortex. We found that microglia dynamically contact different levels of the vascular tree in vivo and establish direct, purinergic contacts with endothelial cells, periarterial smooth muscle cells, pericytes, and astrocytes in both the mouse and the human brain, which regulate blood flow. These observations suggested that purinergic mediators, such as ATP or ADP may be released from NVU cells to recruit P2Y12Rpositive microglial processes during vascular adaptation responses or perfusion changes, even under physiological conditions.

To investigate whether microglia could influence CBF responses to physiological neuronal activity, we turned to the widely used whisker stimulation model. Neurovascular coupling is a dynamic functional change in CBF in response to local neuronal activity, which involves different cell types within the NVU, including astrocytes, vascular smooth muscle cells, pericytes, and endothelial cells (Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF]. However, a role for microglia has not been previously established. During functional hyperemia, dilation of arterioles propagates at high speed in a retrograde direction to upstream arteries, including branches of pial arteries, with both arteriolar and capillary dilation playing a role in increased O 2 delivery [START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF]. Our LSCI and fUS studies revealed significantly smaller CBF response to whisker stimulation in the barrel cortex in the absence of microglia, or microglial P2Y12R, which was not explained by altered neuronal responses in the barrel cortex as assessed by in vivo electrophysiology or two-photon calcium imaging. While neuronal activity during hypercapnia was not different between control, P2Y12R KO, and microgliadepleted mice either, it remains to be investigated whether microglia-dependent effects may also influence CBF through changing baseline activity of neurons that control blood flow in the brain [START_REF] Badimon | Negative feedback control of neuronal activity by microglia[END_REF][START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF][START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF]. To test the specificity of the microglial actions observed, we developed a mouse model allowing selective chemogenetic targeting of microglia in real time in vivo, which disrupts normal microglial process dynamics and renders depolarized cells less responsive to ambient ATP. Smaller CBF responses to whisker stimulation upon chemogenetically induced microglial dysfunction suggest that sustained microglial sensing of purine metabolites and directed process recruitment are required to modulate functional hyperemia in the cerebral microcirculation. These experiments also indicate that even temporary impairment in the dynamic communication between microglial processes and the vasculature could have marked impact on CBF and tentatively on other vascular responses, which has broad implications to any pathological conditions that are associated with altered microglial phenotypes.

We next tested whether microglia-mediated mechanisms influence vascular responses to hypercapnia. Hypercapnia induces vasodilation via complex actions that involve NO release from the endothelium, relaxation of smooth muscle cells and pericytes, release of astrocytic prostaglandin E2, and other processes [START_REF] Faraci | Acidsensing ion channels: Novel mediators of cerebral vascular responses[END_REF][START_REF] Hamilton | Pericyte-mediated regulation of capillary diameter: A component of neurovascular coupling in health and disease[END_REF][START_REF] Howarth | A critical role for astrocytes in hypercapnic vasodilation in brain[END_REF][START_REF] Meng | Regulation of cerebral autoregulation by carbon dioxide[END_REF][START_REF] Yoon | pCO 2 and pH regulation of cerebral blood flow[END_REF]. Importantly, while perivascular microglial processes rapidly responded to hypercapnia with calcium pulses and generation of new phylopodia, the absence of microglia markedly inhibited increases of CBF (as demonstrated independently by both LSCI and laser Doppler flowmetry) and vasodilation (as shown by in vivo two-photon imaging). This was independent of arterial blood pH, pO 2 , and pCO 2 levels, which were not different in microglia-depleted mice. Surprisingly, we found that absence of microglia reduced brain pH, while microglia rapidly produced adenosine in response to hypercapnia. Supporting this, recent findings showed that microglia represent a key source of adenosine in the brain, which modulates neuronal responses at synapses [START_REF] Badimon | Negative feedback control of neuronal activity by microglia[END_REF]. Hypercapnia drives vasodilation mainly via reduced extracellular pH, which is a major regulator of cerebrovascular reactivity and acts directly on cerebrovascular smooth muscle cells to cause relaxation, mediating the effects of increased CO 2 levels [START_REF] Yoon | pCO 2 and pH regulation of cerebral blood flow[END_REF]. Microglial P2Y12R-mediated Ca 2+ signaling, migration, and cytokine production are also pH dependent [START_REF] Jin | Inhibition of interleukin-1β production by extracellular acidification through the TDAG8/cAMP pathway in mouse microglia[END_REF][START_REF] Langfelder | Extracellular acidosis impairs P2Y receptor-mediated Ca 2+ signalling and migration of microglia[END_REF]. Because adenosine is a potent vasodilator in the cerebral circulation [START_REF] Pelligrino | Purinergic mechanisms in gliovascular coupling[END_REF], we suggest that lower brain pH in the absence of microglia may partially compensate for the loss of microglial vasoactive mediators, with a net effect of reduced vasodilation during different vascular adaptation responses. It should be investigated in future studies whether microglial loss or dysfunction could induce compensatory actions in other NVU cells, such as promoting adenosine production by astrocytes [START_REF] Macvicar | Astrocyte regulation of blood flow in the brain[END_REF].

To further investigate the mechanisms through which microglial P2Y12R may modulate vascular responses, we investigated the possible links with NO, a key mediator of vasodilation (Attwell et al., 2010;Iadecola, 2017;[START_REF] Toda | Cerebral blood flow regulation by nitric oxide: Recent advances[END_REF]. The observation that the absence of microglia and NO blockade by L-NAME had an additive effect to reduce the coupling response upon somatosensory stimulation, strongly suggests that P2Y12Rpositive microglia regulate the CBF response to somatosensory stimulation through signaling mechanisms that are, at least in part, additional to NO-mediated vasodilation. This may have broad physiological and pathological consequences given the complexity of CBF regulation in health and disease (Attwell et al., 2010;Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF][START_REF] Toda | Cerebral blood flow regulation by nitric oxide: Recent advances[END_REF].

These conclusions are extended further by our hypercapnia studies. NO functions, including vasodilation, are mediated by cGMP synthesized through soluble guanylyl cyclase, a hemecontaining enzyme, which is directly activated by NO [START_REF] Toda | Cerebral blood flow regulation by nitric oxide: Recent advances[END_REF]. Rapid response of microglia to hypercapnia as demonstrated by calcium fluctuations and generation of perivascular phylopodia, which was P2Y12R dependent in vivo, together with inhibition of hypercapnia-induced cGMP by P2Y12R blockade in CD13-positive, contractile elements (smooth muscle cells and pericytes) ex vivo, suggest that contacting microglial processes may interfere with vasodilation via tentatively different cell types and mediators, which may include NO and adenosine. It should be noted that hypercapnia also increased cGMP in CD13-positive profiles in vivo, but the extent of this response was heterogeneous, most likely due to the difficulties with precise timing of tissue collection and the rapid hydrolysis of cGMP by phosphodiesterases, which we were able to block effectively in acute brain slices [START_REF] Szabadits | NMDA receptors in hippocampal GABAergic synapses and their role in nitric oxide signaling[END_REF]. It will also need to be investigated further in future studies how microglial modulation of NO actions could interact with the production of adenosine or other vasoactive mediators by microglia and other cells in the NVU.

We finally asked whether microglia sense and respond to cerebral hypoperfusion. CBF is controlled by feed-forward and feedback mechanisms that maintain or re-establish optimal oxygen and nutrient supply of neurons in case disturbances of the cardiovascular system occur [START_REF] Colonna | Microglia function in the central nervous system during health and neurodegeneration[END_REF]. Adaptation to reduced cerebral perfusion requires vasodilation [START_REF] Zaharchuk | Cerebrovascular dynamics of autoregulation and hypoperfusion. An MRI study of CBF and changes in total and microvascular cerebral blood volume during hemorrhagic hypotension[END_REF]. Unilateral CCAo is an established model of cerebrovascular adaptation to the reduction of perfusion, which is mediated primarily by the activation of feedback pathways through the collateral circulation [START_REF] Polycarpou | Adaptation of the cerebrocortical circulation to carotid artery occlusion involves blood flow redistribution between cortical regions and is independent of eNOS[END_REF], while it does not induce neuronal death or BBB injury in rodents [START_REF] Nishijima | Impaired collateral flow compensation during chronic cerebral hypoperfusion in the type 2 diabetic mice[END_REF][START_REF] Polycarpou | Adaptation of the cerebrocortical circulation to carotid artery occlusion involves blood flow redistribution between cortical regions and is independent of eNOS[END_REF]. Since the cell types in the NVU contacted by microglia regulate CBF (Attwell et al., 2010;Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF], we argued that microglia primed by hypoperfusion during the first occlusion would interfere with subsequent vascular adaptation responses, and hence elimination of microglia may alter CBF after repeated CCAo. As supported by previous results showing that microglial process responses around microvessels change proportionally to the level of CBF reduction [START_REF] Masuda | Capillary blood flow around microglial somata determines dynamics of microglial processes in ischemic conditions[END_REF], we found that microglial processes rapidly respond to CCAo. Importantly, absence of microglia and both genetic and pharmacological blockade of microglial P2Y12R resulted in impaired adaptation to reduced cortical perfusion during repeated CCAo, which strengthens their different roles compared with P2Y12Rnegative PVMs [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF][START_REF] Fekete | Microglia control the spread of neurotropic virus infection via P2Y12 signalling and recruit monocytes through P2Y12-independent mechanisms[END_REF], as also confirmed by the lack of an effect of PVM depletion.

The importance of ATP signaling in the vasculature has been demonstrated under both homeostatic and pathological conditions [START_REF] Lohman | Mechanisms of ATP release and signalling in the blood vessel wall[END_REF]. Microglial processes are recruited to sites of ATP release via P2Y12R, which primarily sense ADP produced by ATP hydrolysis or cleavage by NTPDase1 expressed on the microglial membrane, among other cells [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF][START_REF] Davalos | ATP mediates rapid microglial response to local brain injury in vivo[END_REF][START_REF] Haynes | The P2Y12 receptor regulates microglial activation by extracellular nucleotides[END_REF]. Our electron tomography studies revealed an accumulation of P2Y12R on microglial processes contacting endothelial cells in the vicinity of endothelial mitochondria, where ATP release may recruit microglial processes to the vasculature in response to CBF changes [START_REF] Lohman | Mechanisms of ATP release and signalling in the blood vessel wall[END_REF]. Similar interactions are seen at somatic purinergic junctions [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF], through which microglia sense neuronal mitochondrial activity and modulate neuronal responses via purinergic signaling. ATP derived from astrocytes is also known to constrict vascular smooth muscle cells and regulate blood flow [START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF]. Importantly, our HPLC studies demonstrated that endothelial cells and astrocytes release different purinergic metabolites in response to hypoxia and hypercapnia, both of which occur during hypoperfusion. While we found rapid alterations in microgliaendothelium and microglia-astrocyte interactions after CCAo and hypercapnia, hypoxia and hypercapnia also triggered different purinergic responses in microglia. Although the mechanisms through which different purinergic mediators are released in the NVU remain to be explored, pannexin-1 (PANX1) channels are likely to be involved, which is also suggested by reduced hypercapnia-induced CBF responses in PANX1 KO mice (Bisht et al., 2021). Thus, cell-and stimulus-specific production of vasoactive metabolites may provide means for different vascular adaptation responses, during which microglia may alter CBF via actions on different cell types in the NVU or protect against mild hypoxia-induced vascular leakage [START_REF] Halder | A critical role for microglia in maintaining vascular integrity in the hypoxic spinal cord[END_REF]. Our in vivo two-photon imaging data also indicate that individual microglial processes may perform functionally distinct tasks to influence vascular (and other) responses in given microdomains, which is largely supported by the high level of functional autonomy of calcium signaling in microglial processes [START_REF] Umpierre | Microglial calcium signaling is attuned to neuronal activity in awake mice[END_REF].

Because all experimental models have their limitations, we made efforts to use alternative approaches wherever possible during these complex studies. For example, prolonged (7-wklong) treatment with PLX5622 has been found to affect the choroidal vasculature and alter angiogenic growth [START_REF] Yang | CSF1R blockade induces macrophage ablation and results in mouse choroidal vascular atrophy and RPE disorganization[END_REF]. However, the structural/cellular integrity of blood vessels was not found to be disturbed in the neocortex after 3 wk of depletion in the present study, as also seen earlier [START_REF] Elmore | Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, unmasking a microglia progenitor cell in the adult brain[END_REF][START_REF] Szalay | Microglia protect against brain injury and their selective elimination dysregulates neuronal network activity after stroke[END_REF]. This is also confirmed by our [ 99m Tc]-HMPAO SPECT and [ 18 F]-FDG PET measurements, which are widely used noninvasive methods to assess regional perfusion and glucose metabolism changes, respectively [START_REF] Apostolova | Brain perfusion SPECT in the mouse: Normal pattern according to gender and age[END_REF][START_REF] Tai | Applications of positron emission tomography (PET) in neurology[END_REF]. Another possible confounder could be that CX3CR1 (used as a promoter in the CX3CR1 CreERT2 driver line to generate MicroDREADD Dq mice) may also be expressed by other brain macrophages apart from microglia [START_REF] Kim | A binary cre transgenic approach dissects microglia and CNS border-associated macrophages[END_REF]. It is theoretically possible that in addition to microglia, other brain myeloid cells such as meningeal macrophages or PVMs could have contributed to shaping vascular responses in the present study. However, in line with the very high specific recombination rate of microglia in CX3CR1tdTomato microglia reporter mice and MicroDREADD Dq mice, we demonstrated that all parenchymal CX3CR1-positive cells were P2Y12R-positive microglia. Importantly, the contribution of microglia to CBF regulation has been confirmed with a number of independent strategies in all three experimental models, including pharmacological and genetic blockade of P2Y12R, which is specific for microglia in the central nervous system [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF]. Effective blockade of microglial P2Y12R by PSB0739 injected into the cisterna magna has also been characterized in detail in our previous study [START_REF] Cserep | Microglia monitor and protect neuronal function via specialized somatic purinergic junctions[END_REF].

Clinical significance

We believe that the implication of these data is far-reaching. Altered microglial activity and impaired CBF or neurovascular coupling precede symptom onset in common brain pathologies such as Alzheimer's disease, Lewy body dementia, idiopathic Parkinson's disease, chronic hypoperfusion, and amyloid angiopathy (Attwell et al., 2010;Iadecola, 2017;[START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF][START_REF] Wolf | Microglia in physiology and disease[END_REF]. Thus, dysfunction of microglia could contribute to disease pathophysiology by modulating CBF via endothelial cells or other cells in the NVU. Interestingly, homozygous missense mutations of TREM2 (a microglial receptor) are linked with increased risk of dementia, while Trem2 p.T66M knock-in mice display an age-dependent reduction in microglial activity, CBF, and brain glucose metabolism [START_REF] Kleinberger | The FTD-like syndrome causing TREM2 T66M mutation impairs microglia function, brain perfusion, and glucose metabolism[END_REF]. In patients with risk factors for stroke, carotid stenosis, aneurysm, hypertension, chronic vascular inflammation, or transient ischemic attack, altered microglial activity may impact clinical outcome merely via modulating Császár et al. cerebral perfusion or adaptation to reduced perfusion. As such, microglia could also contribute to ischemic preconditioning, vasospasm after subarachnoid hemorrhage, or the "no reflow phenomenon" after cerebral ischemia [START_REF] Kloner | No-reflow phenomenon in the heart and brain[END_REF], while microglial surveillance is likely to be disturbed during hypoxia or ischemia, as evidenced in the developing brain [START_REF] Eyo | Effects of oxygen-glucose deprivation on microglial mobility and viability in developing mouse hippocampal tissues[END_REF][START_REF] Masuda | Capillary blood flow around microglial somata determines dynamics of microglial processes in ischemic conditions[END_REF].

In conclusion, our data demonstrate that microglia should be considered an important modulatory cell type involved in physiological and pathological alterations of CBF. Understanding their actions may facilitate the discovery of novel treatment opportunities in common neurological disorders.

Materials and methods

Mice

Experiments were carried out on 11-17-wk-old C57BL/6J (RRID: IMSR_JAX:000664); P2Y12R -/-(B6;129-P2ry12 tm1Dgen /H P2Y12R KO); CX3CR1 GFP/+ (RRID:IMSR_JAX:005582), CX3CR1 GFP/+ / P2Y12 -/-, CX3CR1 GFP/GFP , CX3CR1 tdTomato , and Thy1-GCaMP6s (C57BL/6J-Tg[Thy1-GCaMP6s]GP4.12Dkim/J, RRID:IMSR_JAX:025776; [START_REF] Dana | Thy1-GCaMP6 transgenic mice for neuronal population imaging in vivo[END_REF]; MicroDREADD Dq , CX3CR1 CGaMP5g-tdTomato Generation of CX3CR1 tdTomato , MicroDREADD Dq , MicroDREADD Dq × CGaMP5g-tdTomato, and CX3CR1 CGaMP5g-tdTomato mice CX3CR1 tdTomato , MicroDREADD Dq , CX3CR1 CGaMP5g-tdTomato , and MicroDREADD Dq × CGaMP5g-tdTomato mice were generated by crossing TMX-inducible CX3CR1 CreERT2 mice (B6.129P2[C]-CX3CR1 tm2.1[cre/ERT2]Jung/J , RRID:IMSR_JAX:020940; [START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF] with a mouse line expressing Cre-dependent tdTomato (B6;129S6-Gt[ROSA]26Sortm9[CAG-tdTomato]Hze/J, RRID:IM-SR_JAX:007905), hM3Dq DREADD (B6N;129-Tg[CAG-CHRM3*,-mCitrine]1Ute/J [START_REF] Zhu | Cre-dependent DREADD (designer receptors exclusively activated by designer drugs) mice[END_REF], RRID:IMSR_JAX:026220), or CGaMP5g-tdTomato (B6;129S6-Polr2a Tn[pb-CAG-GCaMP5g,-tdTomato] Tvrd /J; [START_REF] Gee | Imaging activity in neurons and glia with a Polr2a-based and credependent GCaMP5G-IRES-tdTomato reporter mouse[END_REF]; RRID:IMSR_JAX:024477). To induce tdTomato, hM3Dq DREADD, or CGaMP5g-tdTomato expression in microglia, Cre recombinase activity was induced by two i.p. injections of TMX (2 mg/100 μl, dissolved in corn oil; #T5648; Sigma-Aldrich), 48 h apart in 3-4-wk-old male mice, shortly after weaning. 4 wk after TMX induction, 95.3% of microglia expressed hM3Dq receptors, as confirmed by anti-GFP (goat anti-GFP antibody, 1:300; #600-101-215; Rockland) and anti-P2Y12R immunostaining, to detect mCitrine and microglia, respectively [START_REF] Zhu | Cre-dependent DREADD (designer receptors exclusively activated by designer drugs) mice[END_REF]. Using CX3CR1 CreERT2 mice, microglia show constant Cre-dependent expression, while most peripheral macrophages/monocytes expressing CX3CR1 are replaced by the end of the fourth week after TMX induction, owing to their rapid turnover [START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF]. Therefore, all experiments were carried out at 11 and 12 wk of age. Microglial responses were modulated in real time either by i.p. CNO (0.5 mg/kg; #4936; Bio-Techne Corp.) or i.p. deschloroclozapine (1 µg/kg; #HB9126; HelloBio) administration, via the activation of hM3Dq DREADD [START_REF] Alexander | Remote control of neuronal activity in transgenic mice expressing evolved G protein-coupled receptors[END_REF].

Characterization of CX3CR1 tdTomato microglia reporter mice 4 wk after TMX induction, virtually 100% of microglia in the cerebral cortex expressed tdTomato, as assessed by P2Y12 and Iba1 immunostaining. In the whole population, 94% of Tomato-positive cells coexpressed both P2Y12 and Iba1, 2.4% of the cells were only Iba1-positive, and 3.6% of tdTomato cells did not express either Iba1 or P2Y12. tdTomato-positive cell bodies and processes were analyzed in the somatosensory cortex on high-resolution CLSM stacks (CFI Plan Apochromat VC 60XH oil-immersion objective, 0.1 µm/pixel, Z-step: 2 µm) with homogeneous sampling (Fig. S1 h). Cell nuclei were identified by DAPI.

In vivo two-photon imaging

Cranial window preparation in CX3CR1 GFP/+ , CX3CR1 tdTomato , CX3CR1 GFP/+ × P2Y12 -/-, Thy1-GCaMP6s CX3CR1 CGaMP5g-tdTomato , and MicroDREADD Dq × CGaMP5g-tdTomato mice was performed above the primary somatosensory or the barrel cortex. Blood vessels were labeled with either Rhodamine B-dextran or FITC-dextran (70,000 mol wt). 3 wk after cranial window surgery, microglia-vascular interactions in response to 3× CCAo or hypercapnia (ketamine-medetomidine anesthesia, i.p. 30-0.1 mg/kg) and neuronal intracellular Ca 2+ ([Ca 2+ ] i ) in response to whisker stimulations (in ketamine-medetomidine anesthesia) were imaged in body temperature-controlled animals. For microglia process motility measurements in response to 3× CCAo, the galvo-scanning light path with 16× waterimmersion objective (Nikon CFI75 LWD 16× W, NA 0.8) was used to acquire four-image Z-stacks with 8.5-µm step size, 150-200 µm below the dura, at 500 × 500-pixel resolution. For measuring vascular responses to hypercapnia, after obtaining 1 min at baseline, a 2-min hypercapnic episode (inhaling a 10% CO 2 -containing air mixture) and 1-min posthypercapnic period were imaged with the resonant light path at 32.7521 Hz. For in vivo [Ca 2+ ] i imaging in control and microglia-depleted Thy1-GCaMP6s mice, the right whiskers were stimulated, and neuronal [Ca 2+ ] i transients were imaged in the left barrel cortex at 920-nm wavelength using the resonant scanner at 180-250-µm depth below the dura, under ketamine-medetomidine sedation. The stimulation protocol consisted of 5-Hz square pulses for 15 s, repeated 6 times with 40-s intervals. Measurements were performed at 32.48 Hz using a Nikon 16× water-immersion objective. Imaging was performed by a Femto2D-DualScanhead Császár et al.

microscope (Femtonics) coupled with a Chameleon Discovery laser (Coherent). Data acquisition was performed with MESc software (v. 3.5.6.9395SLE;Femtonics), and data were analyzed in MES software (v.5.3560;Femtonics).

Tissue processing and immunostaining

Under terminal (ketamine-xylazine) anesthesia, mice were transcardially perfused with 4% paraformaldehyde, and brains were dissected. Brain samples were postfixed and cryoprotected for 24 h, and 25-µm-thick coronal sections were cut using a sledge microtome (Leica). Immunostaining was performed on free-floating brain sections, blocked with 5% normal donkey serum (Jackson ImmunoResearch). The following primary antibodies were used: rabbit anti-P2Y12R (1:500; #55043AS; AnaSpec), chicken anti-GFP-tag (1:500; #A10262; Invitrogen), goat anti-GFP (1:300; #600-101-215; Rockland), rat anti-CD206 (1:200; #MCA2235; AbD Serotec), and biotinylated tomato lectin (1:100; #B-1175; Vectorlabs). After washing, sections were incubated with the corresponding secondary antibodies (from Jackson ImmunoResearch): donkey anti-rabbit A647 (1:500; #711-605-152), donkey anti-chicken A488 (1:500; #703-546-155), donkey anti-goat A488 (1:500; #705-546-147), donkey anti-rat A594 (1:500; # 712-586-153), and streptavidin DyL405 (1:500; #016-470-084). Slices were mounted with Fluoromount-G (SouthernBiotech) or Aqua-Poly/Mount (Polysciences). For high-resolution CLSM and EM assessments, 50-µm-thick vibratome sections were washed in PB and TBS, followed by blocking with 1% human serum albumin (HSA). Sections were then incubated in different mixtures of primary antibodies: rabbit anti-P2Y12R (1:500; #55043AS; AnaSpec), chicken anti-GFAP (1:500; #173 006; Synaptic Systems), goat anti-PDGFR-β (1:500; #AF1042; R&D Systems), rat anti-CD206 (1:200; #MCA2235; AbD Serotec), rat anti-PECAM-1 (1:500; #102 501; BioLegend), mouse anti-αSMA (1:250; #ab7817; Abcam), guinea pig anti-AQP4 (1:500; #429 004; Synaptic Systems), mouse anti-TOM20 (1:500; #H00009804-M01; Abnova), guinea pig anti-Iba1 (1:500; #234 004; Synaptic Systems), mouse anti-Kv2.1 (1:500; #75-014; NeuroMab), and biotinylated tomato lectin (1:100; #B-1175; Vectorlabs). After washing in TBS, sections were incubated in the corresponding mixtures of secondary antibodies (from Jackson ImmunoResearch): donkey anti-chicken DyLight405 (1:500; #703-474-155), donkey anti-chicken A488 (1:500; #703-546-155), donkey anti-chicken A647 (1:500; #703-606-155), donkey anti-rabbit A647 (1:500; #711-605-152), donkey anti-rabbit A488 (1:500; #A21206; Invitrogen), donkey anti-rat A594 (1:500; #A21209; Invitrogen), donkey anti-rat A647 (1:500; #712-606-153), donkey anti-mouse A594 (1:500; #A21203; Invitrogen), donkey antimouse A647 (1:500; #715-605-150), donkey anti-guinea pig Dy-Light405 (1:500; #706-476-148), donkey anti-guinea pig A594 (1:500; #706-586-148), donkey anti-guinea pig A647 (1:500; #706-606-148), streptavidin DyL405 (1:500; #016-470-084), and streptavidin A594 (1:500; #S11227; Invitrogen). Incubation was followed by washing in TBS and PB, then sections were mounted on glass slides with Aqua-Poly/Mount (Polysciences). Immunofluorescence was analyzed using a Nikon Eclipse Ti-E inverted microscope (Nikon Instruments), with a CFI Plan Apochromat VC 60× oil-immersion objective (NA 1.4) or a Plan Apochromat VC 20× objective (NA 0.75) and an A1R laser confocal system. The following lasers were used: 405, 488, 561, and 647 nm (CVI Melles Griot). Scanning was done in line serial mode. Image stacks were obtained with NIS-Elements AR 5.00.00 software.

Pre-embedding immuno-EM After extensive washes in PB and TBS (pH 7.4), vibratome sections were blocked in 1% HSA. Then, they were incubated with rabbit anti-P2Y12R (1:500; #55043AS; AnaSpec) alone or mixed with mouse anti-GFAP (1:1,000; #G3893; Sigma-Aldrich) in TBS for 2-3 days. After several washes, sections were incubated in blocking solution (Gel-BS) containing 0.2% cold water fish skin gelatin and 0.5% HSA for 1 h. Next, sections were incubated with 1.4 nm gold-conjugated goat anti-rabbit Fab-fragment (1:200; #2004; Nanoprobes) alone or mixed with biotinylated donkey anti-mouse (1:500; #715-065-150; Jackson ImmunoResearch) antibodies diluted in Gel-BS overnight. After extensive washes, sections were treated with 2% glutaraldehyde for 15 min to fix the gold particles into the tissue. For the combined immunogoldimmunoperoxidase reactions, this was followed by an incubation in avidin-biotinylated HRP complex (Vectastain Elite ABC kit; 1:300; Vector Laboratories) for 3 h at room temperature (RT) or overnight at 4°C. The immunoperoxidase reaction was developed using 3,3-diaminobenzidine (Sigma-Aldrich) as chromogen. To develop the immunogold reaction, sections were incubated in silver enhancement solution (SE-EM; Aurion) for 40-60 min at RT. The sections were then treated with 0.5% OsO 4 in PB, at RT, dehydrated in ascending alcohol series and in acetonitrile, and embedded in Durcupan (ACM; Fluka). During dehydration, sections were treated with 1% uranyl acetate in 70% ethanol for 20 min. For EM analysis, tissue samples from the somatosensory cortex (S1) were glued onto Durcupan blocks. Consecutive 70-nm-thick (for conventional EM analysis) or 150nm-thick (for electron tomography) sections were cut using an ultramicrotome (Leica EM UC6) and picked up on Formvarcoated single-slot grids. Ultrathin sections for conventional EM analysis were examined in a Hitachi H-7100 electron microscope equipped with a Veleta charge-coupled device (CCD) camera (Olympus Soft Imaging Solutions). 150-nm-thick electron tomography sections were examined in FEI Tecnai Spirit G2 Bio-Twin TEM equipped with an Eagle 4k camera.

Electron tomography and analysis

Before electron tomography, serial sections on single-slot copper grids were photographed with a Hitachi H-7100 electron microscope and a Veleta CCD camera. Serial sections were examined at lower magnification, and P2Y12R-positive microglial processes contacting the vasculature were selected. After this, grids were put on drops of 10% HSA in TBS for 10 min, dipped in distilled water (DW), put on drops of 10-nm gold-conjugated Protein-A (#AC-10-05; Cytodiagnostics) in DW (1:3), and washed in DW. Electron tomography was performed using a Tecnai T12 BioTwin electron microscope equipped with a computercontrolled precision stage (FEI; CompuStage). Acquisition was controlled via Xplore3D software (FEI). Regions of interest (ROIs) were pre-illuminated for 4-6 min to prevent further Császár et al. shrinkage. Dual-axis tilt series were collected at 2°-increment steps between -65 and +65°at 120 kV acceleration voltage and 23,000× magnification with -1.6 to -2 µm objective lens defocus. Reconstruction was performed using the IMOD software package (Kremer et al., 1996). Isotropic voxel size was 0.49 nm in the reconstructed volumes. After combining the reconstructed tomograms from the two axes, the nonlinear anisotropic diffusion filtering algorithm was applied to the volumes. Segmentation of different profiles was performed on the virtual sections using 3Dmod software.

Postmortem human brain samples

Postmortem human brain tissue was obtained from one 60-yrold female, one 73-yr-old male, and one 27-yr-old male, without any known neurological disease as also confirmed by neuropathological examination (ETT TUKEB 31443/2011/EKU [518/PI/ 11]). Informed consent was obtained for the use of brain tissue and for access to medical records for research purposes. Tissue was obtained and used in a manner compliant with the Declaration of Helsinki. Brains of patients who died of nonneurological diseases were removed 4-5 h after death (Table S1). The internal carotid and the vertebral arteries were cannulated, and the brain was perfused first with heparin containing physiological saline, followed by a fixative solution containing 4% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid (vol/vol) in PB. The hippocampus was removed from the brain after perfusion and was postfixed overnight in the same fixative solution, except that glutaraldehyde was excluded. Blocks were dissected, and 50-µm-thick sections were prepared on a vibratome (VT1200S; Leica).

LSCI

CBF was measured by a PeriCam PSI High Resolution LSCI system (Perimed AB) at 21 frames/s frequency in a 10 × 10-mm field of view. Perfusion responses were expressed as a percentage of baseline CBF. Uniformly, a 1-min-long baseline was set in all experiments, registered at the beginning of the measurements. Three adjacent ROIs were placed (denoted as MCA1-3) over the middle cerebral artery (MCA) territory both to the ipsilateral and to the contralateral hemispheres to assess microglia-mediated effects on gradual perfusion changes ranging from the MCA core region to the midline. During whisker stimulation, ROIs were placed over the contralateral barrel cortex, while during hypercapnic challenge, ROIs were placed over the left and right hemispheres excluding venous sinuses. CCA occlusion experiments were performed under ketamine-xylazine (i.p. 100 to 10 mg/kg) anesthesia, while the whisker stimulation protocol and hypercapnic challenge was performed under mild ketamine-medetomidine (i.p. 30 to 0.1 mg/kg) sedation [START_REF] Lecrux | Impact of altered cholinergic tones on the neurovascular coupling response to whisker stimulation[END_REF].

Cisterna magna injection for drug delivery into the brain and i.p. drug administration

To block P2Y12R-mediated microglial actions, a P2Y12R antagonist, PSB-0739 (dissolved in 0.9% saline, 40 mg/kg in 5 μl volume; #3983; Bio-Techne Corp.) was injected into the cisterna magna 35 min before imaging, while vehicle (0.9% saline) injection was used as control. Cisterna magna injections were done under 1-1.5% isoflurane anesthesia. L-NAME, a nonselective NOS inhibitor (#0665; Tocris) was injected i.p. (30 mg/kg dissolved in 0.9% saline) 5 min before imaging.

SPECT and PET imaging SPECT and PET studies were carried out on mice anesthetized with 2% isoflurane [START_REF] Apostolova | Brain perfusion SPECT in the mouse: Normal pattern according to gender and age[END_REF]. SPECT measurements were performed using the [99mTc]-HMPAO ligand (hexamethylpropylene amine oxime; Medi-Radiopharma). The acquisition started 3 min after the i.v. injection of the radiotracer via the tail vein (injected activity: 99.22 ± 9.33 MBq). The measurements were performed on a NanoSPECT/CT PLUS device (Mediso) equipped with multipinhole mouse collimators. Measurements were reconstructed with 0.25-mm isovoxels, and the results were quantified as units of radioactivity (MBq/ml). After SPECT acquisition, [ 18 F]-FDG PET measurements were performed. PET acquisition started 20 min after i.v. [ 18 F]-FDG injection (2-deoxy-2-(18F)fluoro-D-glucose, injected activity: 12.05 ± 1.93 MBq; Pozitron-Diagnosztika) with an acquisition time of 10 min using a microPET P4 (Concorde Microsystems). A maximum a posteriori algorithm was used to reconstruct the data with 0.3-mm isovoxels. After reconstruction, manual coregistration and atlas-based ROI measurements were done using VivoQuant software (InviCRO) in the cerebellum, cerebral cortex, and whole brain. For microglia-depleted and control groups, mean [ 18 F]-FDG and [99mTc]-HMPAO standardized uptake values were analyzed by using two-way ANOVA followed by Sidak's post hoc test (GraphPad Prism 7.0) and a permutation t test in R 3.5.1 (R Foundation for Statistical Computing).

Whisker stimulation protocol

Whisker stimulation was performed manually and electromechanically (with a bending actuator, #PL112-PL140; PICMA; bender connected to a piezo amplifier, #E-650 Amplifier, Physik Instrumente). For manual stimulation, an earpick was used (at 4-5 Hz frequency) according to the following protocol: left whiskers were stimulated for 30 s, repeated 6 times, 60 s apart. During electromechanically controlled stimulation (5 Hz), whiskers were stimulated for 15 s, repeated 10 times with 40-s intervals. Stimulation-evoked CBF responses in the contralateral barrel cortex were recorded. CBF measurements were carried out under ketamine-medetomidine sedation (30 to 0.1 mg/kg dissolved in 0.9% saline, i.p.). All coupling experiments performed were time-matched from the time of anesthetic injection to ensure comparable results across different experiments. fUS fUS acquisition was done with a 15-MHz probe of 128 elements (Vermon SA) connected to a prototype ultrafast research ultrasound scanner (hardware and software functionally analogous to the Iconeus One system; Iconeus). Recordings were performed through the skull while the animal was anesthetized with ketamine-medetomidine (i.p. 30 to 0.1 mg/kg). The head of the animal was shaved and fixed into a stereotactic frame. The probe was positioned using a built-in software based registration to the 3D Allen Brain Atlas (2015 Allen Institute for Brain Science, Allen Brain Atlas API, available from brain-map.org/ api/index.html). Doppler images were obtained as described earlier (Tiran et al., 2017). 11 tilted planes were insonificating the medium at 5,500-Hz pulse repetition frequency to compute one compounded image every 2 ms. Of a block of 200 images, a Power Doppler image was obtained by removing the 60 first modes of SVD decomposition to extract the blood signal [START_REF] Demene | Spatiotemporal clutter filtering of ultrafast ultrasound data highly increases Doppler and fUltrasound sensitivity[END_REF] from tissue clutter at a 2.5-Hz sampling rate. Acquisition started and ended with a 5-min baseline followed by 10 phases of 30-s manual stimulation of the whiskers (Ferrier et al., 2020) with 1 min of resting in between. A fourthorder polynomial detrending of the data was applied to remove drifts of baseline (Rabut et al., 2020).

In vivo electrophysiology

Surgical procedures, microdrive construction, and implantation have been described previously [START_REF] Kvitsiani | Distinct behavioural and network correlates of two interneuron types in prefrontal cortex[END_REF]. Briefly, custom-built microdrives with eight nichrome tetrodes (diameter, 12.7 µm; Sandvik) and a 50-µm core optic fiber (outer diameter, 65 ± 2 µm; Laser Components) were implanted into the right barrel cortex: anteroposterior, -1.4; mediolateral, 3.0; and dorsoventral, 0.75-2.0 mm. Although photostimulation was not applied here, the optic fiber is part of our typical drive design as it also provides mechanical support for the tetrodes. The microdrive contained a moveable shuttle, allowing more precise targeting. The custom-built microdrives were implanted under deep anesthesia. The stereotaxic surgery was followed by a 3-dlong resting period. Tetrodes were lowered (40-120 μm based on the estimated electrode positions and the presence of single units) between recording sessions to collect neuronal activity from different dorsoventral positions. The experiment was repeated two or three times, with a 2-d gap between sessions. Every session started with a 5-min recording without stimulation, defined as basal activity. Automated whisker stimulation epochs lasted for 15 s with 5-Hz frequency, followed by a 40-slong interstimulus period. Stimulation was repeated 10 times. The entire protocol was repeated with the stimulator positioned close to the whiskers without touching them, to provide a sham stimulation condition that allowed us to exclude possible contaminations from electric noise from the stimulator circuit in our recordings. Next, manual whisker stimulation was applied (15-s stimulation with 40-s interstimulus period, repeated two times). Finally, changes in neuronal firing were measured during a 2-min-long hypercapnic challenge, by inhalation of a 10% CO 2 containing air mixture (21.1% O 2 and 68.9% N 2 ) under normoxic conditions. Data acquisition was conducted with an Open Ephys (open source data acquisition system, hiv4) board, synchronized with the electromechanical whisker stimulator through a pulse generator (PulsePal 1102; Sanworks; [START_REF] Siegle | Open Ephys: An open-source, plugin-based platform for multichannel electrophysiology[END_REF]. Data analysis was performed in Matlab R2016a (Math-Works). Spike sorting was carried out using MClust 3.5 (A.D. Redish). Only neurons with isolation distance >20 and L-ratio <0.15 (a cluster quality measure based on Mahalanobis-distance; [START_REF] Schmitzer-Torbert | Quantitative measures of cluster quality for use in extracellular recordings[END_REF] were included.

Primary microglial cell cultures

Primary cultures of astroglial cells were prepared from neonatal mouse brains, as described earlier [START_REF] Kornyei | Humoral and contact interactions in astroglia/stem cell co-cultures in the course of glia-induced neurogenesis[END_REF]. In brief, meninges were removed from postnatal day 0-2 whole brains and tissues were chopped. The tissue pieces were digested with 0.05% wt/vol trypsin and 0.5 mg/ml DNAse I (#T4549, #DN25; Sigma-Aldrich) in PBS for 10 min at RT. Cells were then plated onto plastic surfaces coated with poly-L-lysine (#P1524; Sigma-Aldrich) at a cell density of 3-4 × 10 5 cell/cm 2 . The cultures were grown in minimal essential medium (#21090022; Thermo Fisher Scientific) supplemented with 10% FBS (#FB-1090; BioSera), 4 mM glutamine (#G3126; Sigma-Aldrich), and 40 μg/ml gentamycin (Sandoz). The culture medium was changed twice a week. For the hypoxia/hypercapnia experiments, the primary cultures were passaged and plated at 1.5 × 10 5 cell/cm 2 density into poly-L-lysine-coated 48-well plates and used within 96 h. Astrocytes no older than 6-8 days in vitro were used. Primary microglia cells were isolated from astroglia/ microglia mixed cultures derived from the whole brains of C57BL/6J newborn mouse pups. Microglia isolation was performed between days 21 and 28 of culture maintenance, by mild trypsinization [START_REF] Saura | High-yield isolation of murine microglia by mild trypsinization[END_REF]. For the in vitro hypoxia and hypercapnia experiments, the isolated cells were seeded at 1.5 × 10 5 cell/cm 2 density into poly-L-lysine-coated 48-well plates and used within 48 h.

Primary microglia cell cultures and calcium imaging

Primary microglia cells were isolated from astroglia/microglia mixed cultures (described above) derived from the whole brains of MicroDREADD Dq newborn mouse pups. Half of the mixed cultures were treated repeatedly with 2 µM 4-hydroxy TMX (#H6278; Sigma-Aldrich) for 1 wk before microglia isolation, which was performed between days 21 and 28 of culture maintenance, by mild trypsinization [START_REF] Saura | High-yield isolation of murine microglia by mild trypsinization[END_REF]. The cells were seeded onto poly-L-lysine-coated glass coverslips at cell density of 40,000 cell/cm 2 and used for imaging within 2-3 days. Phase-contrast time-lapse images to assess microglia process motility were captured on a Zeiss Axiovert 200M microscope at 20× magnification (20× Plan-Neofluar Ph2 objective), with a frame rate of 0.2 fps. For calcium imaging, the cells were loaded with 1 µM Oregon Green 488 BAPTA-1 AM (#O6807; Invitrogen) or 5 µM Calbryte 590 AM (#20701; AAT Bioquest) dyes in the presence of 2,000× Pluronic F-127 (#P6866; Invitrogen) or 100× PowerLoad Concentrate (#P10020; Invitrogen) for 30 min at RT. During imaging, the cells were perfused with ACSF (125 mM NaCl, 2.5 mM KCl, 8 mM NaHCO 3 , 1 mM MgCl 2 , 2 mM CaCl 2 , 20 mM Hepes acid, and 10 mM glucose) with a flow rate of 1 ml/min at RT. In some experiments, no perfusion was used. The cells were treated by DREADD agonists CNO (1 µM or 100 nM; #6329; Bio-Techne Corp) or C21 (1 µM;#HB6124;HelloBio). In experiments related to Fig. S2, the cultures were repeatedly treated with 1 µM C21 for 1 min, 10 min apart, followed by a single application of 10 µM ATP. Calcium imaging was performed either on a Nikon A1R confocal laserscanning system built on a Ti-E inverted microscope, at 60× magnification (60× Plan Apo VC WI objective, NA = 1.2), with a frame rate of 20 fps, or on a Nikon Ti2 microscope equipped with a CoolLed pE-4000 illumination system and a Hamamatsu ORCA-Flash 4.0 camera, at 40× magnification (40× Apo WI λS objective, NA = 1.25), with a frame rate of 2 fps. Signal extraction 

Induction of hypercapnia in vivo

Hypercapnia was induced by inhalation of a 10% CO 2 -containing air mixture (21.1% O 2 and 68.9% N2) for 2 min under normoxic conditions under mild ketamine-medetomidine (i.p. 30 to 0.1 mg/kg) sedation, followed by a 2-min-long posthypercapnic imaging period. In a group of control and microglia-depleted mice, before the hypercapnic challenge, 0.01 µg/g atipamezole (Revertor, 5 mg/ml; CP-Pharma) was administered i.p. to withdraw α-2-agonistic effects of medetomidine. 3-5 min were allowed to get the effect of atipamezole established, before recording baseline CBF and induction of hypercapnia.

Acute slice hypercapnia experiment and cGMP immunolabeling

Mice were deeply anesthetized with isoflurane (n = 3) and decapitated, brains were removed, and 300-µm-thick horizontal hippocampal slices were cut on vibratome (VT1200S; Leica). Slices were placed into an interface-type incubation chamber that contained standard ACSF at 35°C that gradually cooled down to RT. Slices were preincubated for 20 min with 1 ml of modified ACSF (mACSF) containing 1 mM 3-isobutyl-1-methylxanthine, 10 µM BAY 73-6691 phosphodiesterase inhibitors (to avoid cGMP hydrolysis), and 0.2 mM L-arginine (the substrate of NOS). L-arginine (0.2 mM) alone had no effect on NOS activity and cGMP levels [START_REF] Garthwaite | NMDA receptor activation induces nitric oxide synthesis from arginine in rat brain slices[END_REF]. For selective blockade of the microglial P2Y12R, 2 µM PSB 0739 (in mACSF) was used. After preincubation in mACSF or mACSF + PSB, slices were gradually subjected to hypercapnia by elevating the CO 2 level from 5% to 14.6% with bubbling. 200 µM SNP (NO donor) was used as a positive control. After 15-min hypercapnia, the slices were immediately fixed with ice-cold 4% paraformaldehyde for 48 h at 4°C. After washing with 0.1 M PB, slices were embedded to 4% agar and 50-µm-thick vibratome (VT1200S; Leica) sections were cut followed by an immunofluorescent labeling. Sections were incubated in the following primary antibody mixture: sheep anti-cGMP (1:4,000;[START_REF] De Vente | cGMP-Lmmunocytochemistry[END_REF], rat anti-CD13 (1:500; MCA2183EL; Bio-Rad), biotinylated tomato Lectin (1:500, B-1175; Vectorlabs), and rabbit anti-P2Y12R (1:2,000, 55043A; AnaSpec) diluted in PBS for 48 h at 4°C. After subsequent washes in PBS, sections were incubated in a mixture of corresponding secondary antibodies (all from Jackson Im-munoResearch): donkey anti-sheep Alexa Fluor 488 (1:500; 713-546-147), donkey anti-rat Alexa Fluor 647 (1:500; 712-606-153), streptavidin Dylight405 (1:500; 016-470-084), and donkey anti-rabbit Alexa Fluor 594 (1:500; 711-586-152) diluted in PBS. Sections were mounted onto glass slides, coverslipped with Slowfade Diamond antifade mountant (S36972; RI: 1.52; Invitrogen) and Menzel-Glaser coverslip (#1). All steps were performed below 4°C. Fluorescent images were acquired using a Nikon Eclipse Ti-E inverted microscope (Nikon Instruments Europe B.V.), with a Plan Apochromat VC 20× objective (NA 0.75) and an A1R laser confocal system; scanning was done in line serial mode, and pixel size was 0.31 µm. Image stacks were obtained with NIS-Elements AR. 3-Isobutyl-1-methylxanthine), BAY 73-6691 (1-(2-chlorophenyl)-6-[(2R)-3,3,3-trifluoro-2-methylpropyl]-1,5-dihydro-4H-pyrazolo [3,4-d]pyrimidine-4-one), L-arginine, and SN) were purchased from Sigma-Aldrich and PSB0739 from Tocris.

Simultaneous measurement of CBF and brain pH during hypercapnia

Electrophysiological variables (DC potential, brain pH) and local CBF (by laser Doppler) were simultaneously monitored after craniotomy using ion-sensitive microelectrodes connected to a custom-made dual-channel high-input impedance electrometer (including AD549LH; Analog Devices) via Ag/AgCl leads and associated filter modules (NL106 and NL125; NeuroLog System; Digitimer). Ion-sensitive microelectrodes were prepared according to [START_REF] Voipio | Interstitial PCO 2 and pH in rat hippocampal slices measured by means of a novel fast CO 2 /H + -sensitive microelectrode based on a PVC-gelled membrane[END_REF]. In each experiment, a pHsensitive microelectrode was lowered into the cortex with a micromanipulator, together with another glass capillary microelectrode (tip diameter, 20 μm) filled with saline to serve as reference. The tips of the two electrodes were positioned as near as possible. The reference electrode acquired slow cortical or DC potential. An Ag/AgCl electrode was implanted under the skin of the animal's neck to be used as common ground. The voltage signal recorded by the reference electrode was subtracted from that of the pH-sensitive microelectrode by dedicated differential amplifiers and associated filter modules (NL106 and NL125; NeuroLog System; Digitimer), which yielded potential variations related to changes in H + ion concentration. The recorded signals were then forwarded to an analogue-to-digital converter (MP 150; Biopac Systems). Electric signals were continuously acquired at a sampling frequency of 1 kHz using the software AcqKnowledge 4.2.0 (Biopac Systems). Extracellular pH changes were expressed in millivolts to be translated into pH units offline, using least squares linear regression. The laser-Doppler flow signal was digitized and displayed together with the DC potential and pH signals (MP 150 and AcqKnowledge 4.2.0; Biopac Systems). Surgical preparations were done under 1.5-2% isoflurane, and pH and laser-Doppler flow measurements were performed under medetomidine anesthesia (initiation: i.p. 0.5 mg/kg, repeated 5 min later for maintenance) in a Faraday cage. After 15-min baseline acquisition, 2 min hypercapnia was imposed by CO 2 -enriched gas inhalation (9.7% CO 2 , 21% O 2 in N 2 ; Messer) at spontaneous respiration, which was repeated after a 5-min resting period.

Primary endothelial cells

Primary endothelial cultures were prepared from 6-8-wk-old C57BL/6J mouse brains as described earlier [START_REF] Deli | N,N-diethyl-2-[4-(phenylmethyl)phenoxy]ethanamine increases the permeability of primary mouse cerebral endothelial cell monolayers[END_REF], now performed with modifications [START_REF] Lenart | Cultured cells of the bloodbrain barrier from apolipoprotein B-100 transgenic mice: Effects of oxidized low-density lipoprotein treatment[END_REF]. In brief, mouse forebrains were collected to PBS, and the meninges were removed using sterile chromatography paper. The tissue was cut into small pieces by scalpels and was enzymatically digested in a mixture of Collagenase II (CLS2, 1 mg/ml; #C6885; Sigma-Aldrich) and DNase I (0.025 mg/ml; ∼50 U, #D4513; Sigma-Aldrich) in DMEM-F12 (#10-103-CV; Corning) for 55 min at 37°C. Using a 20% BSA (#A7906; Sigma-Aldrich, in DMEM-F12) gradient (1,000 g, 20 min; three times), microvessels were separated from the myelin. The collected microvessels were further digested using a mixture of Collagenase/Dispase (1 mg/ ml; #11097113001; Sigma-Aldrich) and DNase I (0.038 mg/ml; ∼75 U; #D4513; Sigma-Aldrich) for 35 min at 37°C. Digested cerebral microvessels were washed three times with DMEM-F12, then seeded to plates coated with Collagen type I (#354236; Corning). During the first 4 d, puromycin [START_REF] Perriere | Puromycin-based purification of rat brain capillary endothelial cell cultures. Effect on the expression of blood-brain barrier-specific properties[END_REF][START_REF] Perriere | A functional in vitro model of rat blood-brain barrier for molecular analysis of efflux transporters[END_REF]4 µg/ml, #P7255; Sigma-Aldrich) selection was applied in the primary medium (15% PDS [#60-00-850; First Link] for seeding, 10% for cultivation, 1 ng/ml bFGF [#F0291; Sigma-Aldrich], 100 µg/ml heparin [#H3149; Sigma-Aldrich], 100× ITS [#41400045; Gibco], and 4 µg/ml puromycin in DMEM-F12) to selectively eliminate non-P-gp-expressing cells. After reaching confluency in 5-6 d, the cells were passaged to 48-well plates coated with Collagen type IV (100 µg/ml; #C5533; Sigma-Aldrich) and fibronectin (25 µg/ml; #F1141; Sigma-Aldrich) at a cell density of 15,000 cells/well and used for in vitro hypoxia or hypercapnia experiments in Passage 1.

In vitro hypoxia and hypercapnia Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) equipped with O 2 /CO 2 gas controllers was used to maintain 1% O 2 /5% CO 2 / 94% N 2 (hypoxia) or 15% CO 2 /85% air (hypercapnia) levels at 37°C. Endothelial or astroglial cells grown in 48-well plates to confluency or microglia were placed into the reading chamber of the instrument for 5 min (hypercapnia) or 10 min (hypoxia), after taking the lids off. To avoid medium change-induced release events, cell culture medium was replaced with 400 µl complete fresh medium 16 h before the onset of the experiments. To follow the build-up of hypoxia at the cellular level, some cultures were loaded with 5 µM Image-iT Green Hypoxia Reagent (#I14834; Invitrogen) for 30 min at 37°C. The Hypoxia Reagent begins to fluoresce when atmospheric oxygen levels drop below 5%. Fluorescent images taken with Cytation5 (10× magnification) at 0/10 min were analyzed with Fiji software (v1.53; NIH), measuring mean gray values in 10 × 10-pixel ROIs of n = 50 individual cells from three independent experiments. Changes in medium pH during hypercapnia were measured by Phenol Red absorbance at 415 and 560 nm using the Cytation 5 Multi-Mode Reader (BioTek; [START_REF] Michl | Evidence-based guidelines for controlling pH in mammalian live-cell culture systems[END_REF]. Measurements were taken from 400 μl complete cell culture media in 48-well plates at 37 °C (n = 10). The ratios of the 415-and 560-nm peaks were analyzed against a calibration curve obtained from 10 mg/ liter phenol red and 10% FBS containing PBS formulations at different pH, in the range of pH 5.5-8. Changes in the intracellular pH during hypercapnia were determined by fluorescence intensity readings of glial cells labeled with pHrodo Green AM (#P35373; Invitrogen) on a Cytation 5 Multi-Mode Reader (n = 4). Intracellular pH calibration was performed by incubating the pHrodo Green AM-labeled cells in ACSF set to different pH values of pH 5.5-7.5 and supplemented with 10 µM nigericin and 10 µM valinomycin (#431; #3373; Bio-Techne Corp.) for 5 min.

Quantification of nucleotides and nucleoside

Released concentrations of adenine nucleotides (ATP, ADP, and AMP) and adenosine (Ado) from culture media and tissue homogenates were determined using HPLC by Shimadzu LC-20 AD Analytical System using UV detection (Agilent 1100 VW set at 253 nm). Concentrations were calculated by a two-point calibration curve using internal standard method. The data (n = 4 or 5 in each group) are expressed as nanomoles per milliliter. Briefly, the medium (400 μl) was transferred into a cold Eppendorf tube that contained 50 μl of 0.1 M perchloric acid with 10 µM theophylline (as an internal standard) solution, then samples were centrifuged (at 3,510 g for 10 min at 0-4°C) and the supernatants were kept at -20°C until analysis. The weighed frozen tissue was homogenized in the same solution as the media, and the precipitated protein content was removed by centrifugation at 3,510 g for 10 min at 4°C. The pellet was saved for protein measurement according to [START_REF] Lowry | Protein measurement with the Folin phenol reagent[END_REF]. A 4-M K 2 HPO 4 solution was used to neutralize the supernatant, and the centrifugation step was repeated. The extracted purines were kept at -20°C until analysis. Online solid phase extraction coupled to the column-switching technique was applied to quantification of the nucleotide content of samples. HPLC separation was performed by Shimadzu LC-20 AD Analytical System using UV (Agilent 1100 VW set at 253 nm) detection. The phenyl-hexyl packed (7.5 × 2.1-mm) column was used for online sample enrichment and the separation was completed by coupling the analytical C-18 (150 × 2.1-mm) column. The flow rate of the mobile phases (phase A, 10 mM potassium phosphate buffer with 0.25 mM EDTA; phase B contained additional components such as 0.45 mM octane sulphonyl acid sodium salt, 8% acetonitrile [vol/vol], and 2% methanol [vol/vol], pH 5.55) was 350 or 450 μl/min, respectively, in a step gradient application [START_REF] Baranyi | Chromatographic analysis of dopamine metabolism in a Parkinsonian model[END_REF]. The sample enrichment flow rate of buffer A was 300 μl/min during 4 min, and the total runtime was 55 min. Concentrations of the homogenates were calculated by a twopoint calibration curve using internal standard method. The data (n = 4 or 5 in each group) are expressed as picomoles per milligrams protein or nanomoles per milligram.

Blood gas analysis

Arterial blood from the femoral artery under ketaminemedetomidine anesthesia (30 to 0.1 mg/kg ± 0.1 μg/g atipamezole) was sampled to glass capillaries and measured with a blood gas analyzer (ABL90 FLEX PLUS; Radiometer Medical) to determine arterial blood gas tensions (pO 2 , pCO 2 ) and pH.

Repeated, transient CCAo

Transient, repeated unilateral CCAo was performed to induce hypoperfusion without causing ischemia or cellular injury to the brain. The CCA was temporarily pulled away with a silk suture for 5 min, followed by a 5-min-long reperfusion period. The protocol consisted of repeating these steps three times (3× CCAo) on anesthetized (ketamine-xylazine, i.p. 100 to 10 mg/kg dissolved in 0.9% saline) mice. During CBF measurements, the core temperature of mice was maintained at 37 ± 0.5°C using a homeothermic blanket.

Elimination of microglia or PVMs C57BL/6J mice were fed a chow diet containing the CSF1R inhibitor, PLX5622 (1,200 eliminate microglia from the brain [START_REF] Szalay | Microglia protect against brain injury and their selective elimination dysregulates neuronal network activity after stroke[END_REF], or with control diet for 3 wk. PVMs were depleted by a single dose of clodronate-containing liposomes (70 µg/mouse in 10-μl volume; #F70101C-N-2; FormuMax Scientific) injected into the left ventricle (ICV) as described earlier [START_REF] Faraco | Perivascular macrophages mediate the neurovascular and cognitive dysfunction associated with hypertension[END_REF]. 3 d later, at maximal efficacy of depletion, LSCI was carried out.

Quantitative analysis

All quantitative analyses were done in a blinded manner. For the measurements of microglial process coverage of endothelial surface or pericytes, microglial process coverage was measured on confocal Z-stacks acquired with a step size of 300 nm. On single-channel images, lectin-positive vessels were selected randomly. The surface of these vessels was calculated by measuring their circumference on every section multiplied by section thickness. The length of microglial process contacts was measured likewise. Continuous capillary segments (<6 µm) were also randomly chosen, and the presence of microglial process contacts was examined. All labeled and identified pericytes (PDGFRβ-positive) were counted when the whole cell body was located within the Z-stack. 3D reconstruction of CLSM and two-photon imaging stacks was performed using the IMOD software package (Kremer et al., 1996). TOM20 fluorescent intensity profiles were analyzed using a semiautomatic method (Fig. S1 d). Confocal stacks with triple immunofluorescent labeling (P2Y12R, TOM20, and Lectin) were collected. The image planes containing the largest diameter of longitudinal or crosscut vessels were used to trace the outer membrane of endothelial cells based on the Lectin labeling. This contour was then expanded and narrowed by 0.5 µm to get an extracellular and an intracellular line, respectively. The intensity of fluorescent labeling was analyzed along these lines (TOM20 intensity along the intracellular, P2Y12R labeling along the extracellular line). After normalizing and scaling, microglial contacts were identified along the membrane of the endothelial cell, where microglial fluorescent intensity was over 20% of the maximal value, for at least along a 500-nm-long continuous segment. Then the contact area was extended 500 nm on both sides, and TOM20 fluorescent intensity within these areas was measured for contact value. TOM20 fluorescent intensity outside these identified contacts was considered noncontact.

For the analysis of GFAP + astroglial cell body contact frequency, CLSM stacks with double immunofluorescent labeling (GFAP and P2Y12R) were acquired from mouse cerebral cortex. All labeled and identified astrocytes were counted when the whole cell body was located within the Z-stack. To assess microglia process motility, baseline (28 min) and after 3× CCAo (49 min) two-photon image sequences were exported from MES software v. 5.3560 (Femtonics) and analyzed using Fiji (version 2.0.0; NIH). The acquired hyperstacks were motion corrected using the StackReg plugin, then individual perivascular microglia processes (30 processes/image/plane) were tracked using the Manual Tracking plugin of Fiji. Based on the obtained XYZ coordinates, process motility speed was calculated. To study the effects of 3× CCAo on microglial morphology, 3-3 C57BL/6J mice were randomized into two groups: CCAo or sham surgery. 24 h after 3× CCAo, mice were transcardially perfused and processed for automated microglial morphology analysis. In both cases, 100-µm-thick sections with microglia (Iba1) and cell nuclei (DAPI) labeling were imaged with CLSM (0.2 µm/pixel, Z-step of 0.4 µm). Obtained confocal stacks were processed with the Microglia Morphology Quantification Tool [START_REF] Heindl | Automated morphological analysis of microglia after stroke[END_REF]. For LSCI recordings, venous sinuses were excluded from the analysis. LSCI generates relative perfusion values (arbitrary units); therefore, CBF was expressed as percentage change over baseline values in the 3× CCAo experiments. For the CCA occlusion experiments, a 1-min long period (typically 250 datapoints), recorded at the beginning of the imaging session, was averaged and considered as baseline. Then, every occlusion and reperfusion event was normalized to baseline. To assess the plasticity of the cerebrovasculature in response to repeated hypoperfusion, normalized occlusion or reperfusion events were averaged and compared between experimental groups. To demonstrate the CBF kinetics of individual animals, every 20th image was extracted, and CBF values were presented on a scatter plot (Fig. S4 b). Quantification of P2Y12R immunostaining in control and microglia-depleted tissues or P2Y12R and CD206 immunostaining in control and clodronate-treated mice were performed in at least three randomly selected fields of view within the cortex on three different coronal planes in each mouse. Data obtained from every mouse brain were averaged and compared between experimental groups.

To investigate microglial actions on hypercapnic vasodilation, two-photon image sequences were exported from the MESc software v. 3.5.6.9395 (Femtonics). After motion correction using the StackReg plugin of Fiji, the extent of vasodilation was measured and expressed as percentage of baseline at maximal vasodilation using Fiji. Obtained data were averaged and compared between control and microglia-depleted or between CX3CR1 GFP/+ and CX3CR1 GFP/+ × P2Y12R KO mice. The hypercapnia-evoked CBF responses (2 min long) were normalized to the baseline, then maximum values of individual responses were averaged per animal and compared between control and microglia-depleted groups. For the analysis of cGMP fluorescence, a systematic random sampling of parenchymal vessels based on Lectin staining was performed. These vessel segments were numbered, and their lumen diameter was measured. This was followed by masking the CD13 + profiles of these vessels, and automated cGMP intensity measurement was performed within these masks. Measurements were done using ImageJ software. Concentrations of released cellular purine nucleotides in response to hypoxia or hypercapnia were calculated by a two-point calibration curve, using internal standard method. The obtained values were averaged and compared with baseline ones.

For neurovascular coupling experiments (manual and electromechanical whisker stimulations) the stimulus-evoked responses were normalized to baseline and were expressed as CBF increase (% change). The evoked CBF responses were averaged per mouse. The magnitude of evoked CBF responses was compared between experimental groups. Before and after L-NAME injection, whiskers were stimulated, and the difference between the two sets of stimulations was analyzed and compared between the experimental groups. GCaMP6s signals of individual neurons were collected with MESc software v. 3.5.6.9395 (Femtonics) and imported into the MES software v. 5.3560 (Femtonics) curve analysis module. The individual cellular [Ca 2+ ] i traces were normalized to the baseline GCaMP6s signal, and data were expressed as relative fluorescence intensity change (ΔF/F). Then area under the curve (AUC) was calculated for each response, and AUC values were compared between experimental groups. During electrophysiological assessment, the baseline frequency of individual units was determined by averaging a 5min-long period at the beginning of registration, when whisker stimulation was not applied. Only those units were selected for further analysis, which responded to electromechanical stimulations. Then the stimulus-evoked responses were corrected to baseline frequencies (called as baseline-corrected response frequency), and the magnitude of responses was compared between experimental groups. Signal extraction from the microglial [Ca 2+ ] i time-lapse series in response to ATP treatment was computed in Fiji. In brief, the mean fluorescence intensity values were determined in 10 × 10-µm ROIs (each representing an individual cell) and were used to calculate dF/F values (dF/F = [F -F0]/F0, where F0 is the average baseline fluorescence in a 300-s time window before drug application and F is the backgroundcorrected fluorescence intensity value at a given time point). The data were further analyzed with Clampfit software (pClamp10 suite; Molecular Devices), manually determining the peak time and amplitude parameters and using the built-in functions to calculate peak amplitude, half width, and peak area.

Statistical analysis

Animals were randomized for in vivo experiments using GraphPad Random Number Generator. Sample size was determined by a priori power calculation using G*, Power 3.1.9.2 with mean differences and 20-25% SDs based on pilot studies (power 80%, α = 0.05). Data were analyzed by GraphPad Prism 7.0 software, unless stated otherwise. Data were assessed for normal distribution using the D'Agostino-Pearson normality test or the Shapiro-Wilk W test to determine parametric or nonparametric analysis. For comparing two or more groups with normal distribution, unpaired t test with Welch's correction and either one-way ANOVA with Dunnett's multiple comparison test or twoway ANOVA with Tukey's or Sidak's multiple comparison test was used. For unevenly distributed data, the Mann-Whitney U test and either one-way ANOVA with Dunnett's multiple comparison test or two-way ANOVA with Tukey's or Sidak's multiple comparison test was used. Refer to the figure legends and the results section concerning the actual study design. All data needed to evaluate the conclusions in the paper are presented in the paper and in the supplementary material. Additional data related to this paper may be requested from the authors.

Online supplemental material Fig. S1 presents further details on cellular anatomic interactions of microglia with astrocytes, pericytes, endothelial cells, and immunohistochemical characterization of microglia in CX3CR1 tdTomato mice, supporting findings in Fig. 1; confirmation for the efficacy of microglia depletion; and associated HMPAO-SPECT and FDG-PET measurements in relation to Fig. 2. Fig. S2 shows characteristics of in vitro-recorded microglial [Ca 2+ ] i responses and in vivo morphology changes in response to chemogenetic activation by C21 in connection with data presented in Fig. 4. Fig. S3 depicts in vivo two-photon imaging examples of microglial process dynamics around small capillaries in response to hypercapnia. For characterization of the hypercapnic challenge both in vivo and in vitro, measured blood gas parameters, extra-and intracellular pH values are provided, complementing results in Figs. 5 and6. Fig. S4 shows the characteristic blood flow changes during CCAo as measured with LSCI in selected ROIs placed over the territory of MCA in line with results of Figs. 7 and8. Effects of hypercapnia or microglial P2Y12R blockade on cGMP fluorescent intensity changes are also presented. Fluorescent intensity changes of Hypoxia Green have also been validated during in vitro hypoxic conditions. Video 1 demonstrates microglial process dynamics in CX3CR1 tdTomato mice corresponding to Fig. 1 b. While Video 8 represents perfusion changes during CCAo, Video 2 demonstrates the neurovascular coupling response in control and microglia-depleted mice recorded with LSCI. Video 3 provides in vivo two-photon imaging examples of neuronal [Ca 2+ ] i responses during whisker stimulation recorded in control and microglia-depleted Thy1-GCaMP6s mice related to Fig. 3, f and g. Videos 4 and 5 display in vitro microglial [Ca 2+ ] i dynamics and process motility changes in response to treatment with the C21 DREADD agonist corresponding to the results in Fig. 4. Video 6 recorded in CX3CR1 GFP/+ × P2Y12R KO and CX3CR1 GFP/+ mice show vasodilation during hypercapnia depicted in Fig. 5 j. Video 7 displays microglial [Ca 2+ ] i changes during hypercapnia-induced vasodilation as measured in CX3CR1 CGaMP5g-tdTomato mice using in vivo twophoton imaging depicted in Fig. 5c. Video 8 shows the third occlusion-reperfusion period in microglia-depleted and control mice. Table S1 provides information on patient data and the processing of postmortem human brain tissues shown in Fig. 1.

Neurobiology of Disease

Altered Cortical Trigeminal Fields Excitability by Spreading Depolarization Revealed with in Vivo Functional Ultrasound Imaging Combined with Electrophysiology Laurence Bourgeais-Rambur, 1,2,3 Laurianne Beynac, 1,2 Jean-Charles Mariani, 1,4 Mickael Tanter, 5 Thomas Deffieux, 5 Zsolt Lenkei, 1,4 and Luis Villanueva Spreading depolarization, usually termed cortical spreading depression has been proposed as the pathophysiological substrate of migraine aura and as an endogenous trigger of headache pain. The links between neurovascular coupling and cortical craniofacial nociceptive activities modulated by SD were assessed by combining in vivo local field potential (LFP) recordings in the primary somatosensory cortex (S1) with functional ultrasound imaging of S1 and caudal insular (INS) cortices of anesthetized male rats. A single SD wave triggered in the primary visual cortex elicited an ipsilateral, quadriphasic hemodynamic and electrophysiological response in S1 with an early phase consisting of concomitant increases of relative cerebral blood volume (rCBV) and LFPs. A transient hypoperfusion was then correlated with the beginning of the neuronal silence, followed by a strong increase of rCBV, whereas synaptic activities remained inhibited. LFPs and rCBV recovery period was followed by a progressive increase in S1 and INS baseline activities and facilitation of cortical responses evoked by periorbital cutaneous receptive field stimulation. Sensitization of cortical ophthalmic fields by SD was bilateral, occurred with precise spatiotemporal profiles, and was significantly reduced by pretreatment with an NMDA antagonist. Combined high-resolution assessing of neurovascular coupling and electrophysiological activities has revealed a useful preclinical tool for deciphering central sensitization mechanisms involved in migraine attacks.

Introduction

Although the exact pathogenesis of migraine remains to be determined, several clinical neurophysiological studies suggest the existence of a hyperexcitable state characterized by abnormal cortical processing that can be detected interictally [START_REF] Aurora | The brain is hyperexcitable in migraine[END_REF][START_REF] Coppola | Is the cerebral cortex hyperexcitable or hyperresponsive in migraine?[END_REF]. Spreading depolarization, also known as cortical spreading depression, has been proposed as the pathophysiological substrate of migraine aura and as a possible endogenous trigger of headache pain [START_REF] Charles | Cortical spreading depression and migraine[END_REF][START_REF] Noseda | Migraine pathophysiology: anatomy of the trigeminovascular pathway and associated neurological symptoms, CSD, sensitization and modulation of pain[END_REF][START_REF] Dreier | The stroke-migraine depolarization continuum[END_REF][START_REF] Brennan | A systems neuroscience approach to migraine[END_REF]. Spreading depolarization, which in animals can be induced by focal stimulation of the cerebral cortex, is a slowly propagating wave of neuronal depolarization and glial activation [START_REF] Piilgaard | Persistent increase in oxygen consumption and impaired neurovascular coupling after spreading depression in rat neocortex[END_REF][START_REF] Dreier | The stroke-migraine depolarization continuum[END_REF][START_REF] Parker | Non-canonical glutamate signaling in a genetic model of migraine with aura[END_REF]. Early functional imaging studies during migraine attacks showed a propagation of cortical oligemia followed by hyperemia, involving widespread areas of the cortex [START_REF] Olesen | Timing and topography of cerebral blood flow, aura, and headache during migraine attacks[END_REF][START_REF] Woods | Brief report: bilateral spreading cerebral hypoperfusion during spontaneous migraine headache[END_REF]. Also, a temporal correlation has been observed between changes in blood oxygenation level-dependent (BOLD) signals of the occipital cortex and the aura perception [START_REF] Hadjikhani | Mechanisms of migraine aura revealed by functional MRI in human visual cortex[END_REF]. These studies strongly suggest a neurovascular link between migraine aura and SD, but its influence on migraine headache triggering remains unclear.

Animal studies suggest that SD waves trigger bottom-up mechanisms by the release of pro-inflammatory mediators, enhancing meningeal nociceptors excitability following local neurogenic inflammation [START_REF] Bolay | Intrinsic brain activity triggers trigeminal meningeal afferents in a migraine model[END_REF][START_REF] Zhang | Activation of meningeal nociceptors by cortical spreading depression: implications for migraine with aura[END_REF]. SD also regulates the activities of medullary trigeminovascular neurons that convey messages to thalamocortical areas involved in headache processing via top-down descending cortico-trigeminal modulation originating in primary somatosensory (S1) and insular (INS) cortex [START_REF] Noseda | Changes of meningeal excitability mediated by corticotrigeminal networks: a link for the endogenous modulation of migraine pain[END_REF]. S1 and INS cortices are major targets of medullary trigemino-thalamic nociceptive afferents [START_REF] Noseda | Central nervous system networks involved in the processing of meningeal and cutaneous inputs from the ophthalmic branch of the trigeminal nerve in the rat[END_REF][START_REF] Vierck | Role of primary somatosensory cortex in the coding of pain[END_REF][START_REF] Craig | Topographically organized projection to posterior insular cortex from the posterior portion of the ventral medial nucleus in the long-tailed macaque monkey[END_REF] and have been involved in migraine attacks [START_REF] Borsook | The insula: a "hub of activity" in migraine[END_REF][START_REF] Youssef | In child and adult migraineurs the somatosensory cortex stands out ... again: an arterial spin labeling investigation[END_REF][START_REF] Jia | Altered functional connectivity of the insula in a rat model of recurrent headache[END_REF]. However, the precise role of peripheral versus central sensitization mechanisms in migraine headache processing remains to be determined.

Here, we examined simultaneously the impact of SD on bottom-up and top-down craniofacial trigeminal processing by assessing hemodynamic and synaptic mechanisms at the S1 and INS levels. For this, we used in vivo functional ultrasound (fUS) imaging of relative cerebral blood volume (rCBV) with high spatial and temporal resolution (Deffieux et al., 2018) for detection of transient hemodynamic changes in the brain (Macé et al., 2011;Sieu et al., 2015;Boido et al., 2019). We paired these neurovascular changes with local field potential (LFP) recordings to evaluate cortical excitability within the ophthalmic trigeminal field of S1 while percutaneous calibrated stimulation is applied in its peripheral receptive field (contralateral periorbital region). We found an NMDA-dependent mechanism linking SD-induced changes of rCBV and electrophysiological markers of cortical excitability. These findings may contribute to understanding the role of central sensitization mechanisms in migraine headache triggering.

Materials and Methods

Experimental design

Adult male Sprague Dawley rats (Janvier Labs) weighing 200-350 g were used in this study. All protocols were approved by our animal ethics committee at Paris V University (Authorization of Projects Using Animals for Research 24492 No. 202004211454660 v1), conducted in accordance with directives of the International Association for the Study of Pain [START_REF] Zimmermann | Ethical guidelines for investigations of experimental pain in conscious animals[END_REF].

Rats were anesthetized with 3% isoflurane (Vetflurane, 1 Â g/ml solution; Virbac) mixed in a vaporizer with 100% room air delivered at 0.5 l/min. Once the animals were deeply anesthetized, cannulas were inserted into the trachea and a jugular vein. After the animals were intubated, 2% isoflurane in 100% room air was delivered at a rate of 100 ml/min. Rats were paralyzed by intravenous injection of gallamine triethiodide (10 mg/h; Sigma-Aldrich) and artificially ventilated at a rate of 52 strokes/min. A normal acid-base equilibrium, respiratory frequency, end-tidal, inspired, and expired CO 2 , O 2 , and isoflurane levels were monitored and maintained using a compact monitor (Datex-Ohmeda, GE Healthcare) through a catheter inserted in the trachea. A heating blanket was placed under the animal during surgery to maintain the body temperature at 37°C (ATC1000 Temperature Controller, World Precision Instruments). Each animal was fixed in a stereotaxic frame, the head was shaved and then the scalp removed over the entire dorsal skull. The skin was trimmed laterally, and the temporal muscles were gently detached from the bone on both sides of the skull. For coronal imaging, a bilateral thinned skull was performed over the S1/INS cortex region (bregma À2.00 to À4.00 mm and 65.00 mm lateral to the midline) according to Paxinos atlas coordinates [START_REF] Paxinos | The rat brain in stereotaxic coordinates[END_REF] using a low-speed dental drill and a 1.4 mm burr (Fig. 1). For sagittal imaging, only the right hemisphere bone was removed from bregma 14.00 to À8.00 mm and laterally from 2.00 to 5.00 mm. To avoid overheating of the brain, cold Ringer lactate (CMD Lavoisier) was added continuously during the drilling sessions. A second 1.00-mm-diameter craniotomy was performed on the right lambdoid suture for KCl (1 M) topical application on the dura surface over the primary visual cortex (V1) region (bregma À9.00 mm, 3.00 mm lateral to the midline). Special attention was paid to avoid damaging the meninges.

Electrophysiological setup

Once the surgical procedures were finished, the level of anesthesia was lowered to 1.5% isoflurane. One hour after the end of the surgery, extracellular single units and LFPs were recorded using quartz-insulated, platinum tungsten microelectrodes, custom ground to impedances of 2-4 MV. Five electrodes were positioned 300 mm apart in the anteroposterior axis on the right S1 cortex (bregma À3.60 mm, 7.00 mm lateral to the midline with a coronal angle of 16°) and advanced independently using a five-channel Eckhorn mini matrix microdrive system to allow recordings in the somatosensory receptive fields over a large extent in the coronal plan (Thomas Recording). This device allows smooth movements performed with independently adjustable electrodes that are quite thin (60 mm shaft, 10 mm tip diameter) but strong enough to penetrate the dura, thus reducing the damage to the neural tissue [START_REF] Eckhorn | A new method for the insertion of multiple microprobes into neural and muscular tissue, including fiber electrodes, fine wires, needles and microsensors[END_REF]. Once S1 neurons driven by periorbital receptive fields were identified, a layer of 2% Ringer's lactate-agarose was applied to cover the coronal or sagittal craniotomy. Microelectrode signals were amplified, digitized, and notch filtered. Raw electrophysiological signals were played through an audio speaker, displayed on an oscilloscope for additional inspection and recorded with Spike 2 software (version 7, Cambridge Electronic Design). Waveforms were stored on a computer for off-line analysis.

fUS imaging procedure

The fUS imaging was performed using a custom 15 MHz ultrasonic probe prototype (15 MHz,128 elements,0.110 mm pitch,Vermon) connected to an ultrafast research ultrasound scanner (128 channels, 62.5 MHz sampling rate) with real-time Neuroscan neuroimaging software (Technological and Research Accelerator in Biomedical Ultrasound, Institut National de la Santé et de la Recherche Médicale U1273 and Iconeus). The prototype implements real-time transcranial functional ultrasound imaging. Briefly, each single CBV image was obtained from recording 200 compounded ultrasonic frames acquired at a 500 Hz frame rate, each frame consisting of the coherent summation of backscattered echos from 11 tilted plane wave transmissions separated by a 2°angle (À10, À8,À6,À4,À2, 0, 2, 4, 6, 8, 10°) acquired at a 5500 Hz pulse repetition frequency. Imaging sessions were performed by real-time continuous acquisitions of successive blocks of 400 ms of compounded plane wave imaging with no dead time. Each block was processed using a SVD spatiotemporal clutter filter (Demené et al., 2015) to separate tissue from blood flow signals using a cutoff value of 60 and then time averaged to obtain a new power Doppler image. The combination of ultrafast imaging, coherent compounding, and spatiotemporal clutter filtering allows high spatial (less than 100 mm  100 mm in the imaging plane, slice thickness of 400 mm, penetration depth .2 cm) and temporal (start at ;0.3 s and peak at ;1 s in response to ultrashort 300 ms stimuli) resolution imaging of CBV changes measured with fUS (Macé et al., 2011;Deffieux et al., 2018;Boido et al., 2019). fUS images were acquired at 1 Hz during electrical stimulation periods, whereas a frequency of 2.5 Hz was used during SD acquisitions.

All images were processed online and stored on a computer for offline analyses.

The ultrasound probe was mounted on four motors (three translation plus one rotation, Physik Instrumente) for easy positioning and was oriented either in coronal or sagittal planes according to the craniotomy. A layer of isotonic gel (Uni'Gel US, Aspet InMed) ensured acoustic coupling between the probe and the brain.

Rats were imaged without contrast agents on an antivibratory table (TMC).

Single SD wave induction SD was induced by a topical application of 50 ml of 1 M KCl on the dura over the right V1 cortex. KCl was cleaned and washed with Ringer's lactate 30 s after detection of the first electrophysiological burst triggered by SD. We confirmed previous findings [START_REF] Parker | Non-canonical glutamate signaling in a genetic model of migraine with aura[END_REF] showing that in all our experiments, this procedure elicits only a single SD wave. No systematic in vivo studies of diffusion mechanisms following topical meningeal application of KCl have been reported. However, because the dural membrane is not primarily a lipid barrier, relevant mechanisms involve probably a concentration gradient diffusion process. This is supported by our early trials showing the triggering of multiple spreading depolarization waves (;5 up to 10 spreading waves in a 90 min period) when the KCl solution was left over the dura without washout. It could be assumed that in addition to its molecular shape, lipophilicity, and degree of ionization, the transdural transfer of KCl is due mainly to diffusion gradients, with a strong, early impact on superficial cortical layers. Moreover, control experiments using the topical application of saline on the dura over the V1 cortex showed a lack of effects on both baseline periorbital-evoked hemodynamic and synaptic activities over a 90 min period after saline application.

Percutaneous periorbital stimulation and rCBV images acquisition

A first search of cell clusters responding to tactile stimulation of the ophthalmic dermatome of the trigeminal nerve was performed. Once these clusters were encountered, a systematic search was performed for neurons responding to electrical stimulation through a constant current generator (DS3, Digitimer) using two needle electrodes inserted under the periorbital skin. Once a cell cluster responding to periorbital stimuli was found, a 10-20 min resting period was left, allowing the neurons to return to their steady-state baseline activity. This protocol is suitable for accurate measurements of control baseline activities.

For combined fUS imaging and electrophysiological data recordings (Fig. 1), each trial consisted of a 30 s prestimulus baseline recording period followed by a 30 s percutaneous, periorbital stimulation period (1 ms square pulse width, 1 Hz) and finally a poststimulus fUS period of 30 s, resulting in a total duration of 90 s. A 5 min recovery period was left after each trial. Three trials of control responses at 3 mA intensity were obtained before cortical application of KCl. Post-SD tests of leftand right-side periorbital stimulation of cutaneous receptive fields at different time windows were applied during a 150 min period as shown in Figure 1D.

LFPs, somatosensory evoked potentials, and rCBV signals, off-line analysis

Electrophysiology. Raw data were downsampled at 1 kHz, bandpass filtered at 0.1-120 Hz with Spike 2 software for specific LFP analyses. This bandpass was chosen based on the literature showing that hemodynamic signals are more strongly coupled to LFP activities than to firing rates [START_REF] Mathiesen | Temporal coupling between neuronal activity and blood flow in rat cerebellar cortex as indicated by field potential analysis[END_REF][START_REF] Logothetis | Neurophysiological investigation of the basis of the fMRI signal[END_REF][START_REF] Lauritzen | Neuronal inhibition and excitation, and the dichotomic control of brain hemodynamic and oxygen responses[END_REF]. LFPs do not reflect the action potentials carried by the output neurons but rather varied aspects of the input signal within the recorded area. As reviewed by [START_REF] Logothetis | Interpreting the BOLD signal[END_REF] LFPs reflect primarily a weighted average of synchronized dendrosomatic components of the synaptic signals of a neuronal population, including after potentials and voltage-gated membrane oscillations. At the cortical level, LFPs include local intracortical processing mediated by the subthreshold signals of interneurons. In general, as also observed under our experimental conditions, LFPs and multiunit activities vary in a similar manner; hence, at those sites where LFPs predict the BOLD response, the multiunit does too. This is likely to be the case in most studies of bottom-up sensory processing where both afferent and efferent activity increase proportionally [START_REF] Logothetis | Interpreting the BOLD signal[END_REF]). However, even in such cases there is a tendency for the LFP-based estimate to perform better than the multiunit. Also, the best match of LFPs and hemodynamic signals during visual processing has been found in the gamma frequency range of the LFPs [START_REF] Kayser | A comparison of hemodynamic and neural responses in cat visual cortex using complex stimuli[END_REF]Niessing et al., 2005).

A direct validation of neurovascular coupling under similar experimental conditions as the present work has been shown by Urban et al. (2014). fUS was revealed to be sensitive enough to detect hemodynamic and neuronal responses in S1 evoked only by a single pulse of percutaneous electrical stimulation applied on the hindpaw. Moreover, when measuring the rCBV response function following repetitive percutaneous electrical stimuli, ranging from 1 (200 ms) to 25 pulses (5 s), rCBV parameters including the peak amplitude, time-to-peak, full-width at half-maximum, and the spatial extent of the activated area are confined to S1 hindpaw representation, which increases with stimulus duration. Important also, RLFPs (the sum of LFPs), representing the product of LFP amplitude response, was proportional to the number of pulses, as expected from the literature.

Other proofs of concept of the usefulness of assessing neurovascular coupling using simultaneous EEG and fUS recordings was reported by Sieu et al. (2015) in awake mobile rats. They found a high spatiotemporal resolution/correlation between fUS and electrophysiological cerebral hemodynamics in a behavioral study on theta rhythm activation in a maze running task and a disease-related study on spontaneous epileptic seizures. More recently, Provansal et al. (2021) showed the possibility to detect deep optogenetic activations in anesthetized rats expressing the red-shifted opsin ChrimsonR in V1 cortex using fUS imaging. They demonstrate the optogenetic specificity of these activations and their neuronal origin with electrophysiological recordings.

As illustrated in the individual examples of spontaneous LFP recordings in Figure 2, A1-A2, thresholding of spontaneous LFP amplitude changes to .5 SDs was set for detecting changes in cortical baseline activity. This activity was counted during 60 s recording periods at different times after KCl infusion. The negative peak frequency was normalized with regard to the background activity values calculated from a 60 s period before KCl application.

As shown in Figures 1C2 and2B, somatosensory evoked potential (SEP) changes evoked by repetitive periorbital stimuli were measured on the N2 phase as the voltage difference between two dashed lines. SEP amplitude was calculated as the difference between the negative peak and baseline. As control, three trials of 30 s electrical stimulation were applied with the same intensity and then averaged. Post-SD tests were also averaged the same way for each stimulation time. This resulted in single averaged SEP data at each stimulation time in each animal. The sum of SEPs (RSEPs) was then calculated as the product of SEPs amplitude (mV) and the stimulus rate (Hz; [START_REF] Masamoto | Relationship between neural, vascular, and BOLD signals in isoflurane-anesthetized rat somatosensory cortex[END_REF]. The RSEPs values are expressed regarding the mean values obtained on control stimulation sequences, this mean representing 100%.

rCBV signal processing

The rCBV signal was extracted from a 370 pixel regions of interest (ROIs) in right S1, INS, and left S1 and averaged. Because the ultrasonic probe prototype was not large enough to include the whole left hemisphere, it was impossible to record rCBV signals from the left INS. For each animal, ROIs were manually defined according to the most periorbital-activated voxels in the right S1, INS cortices, and left S1 cortex. The area under curve (AUC) was calculated for rCBV signals during the baseline and the stimulation periods (30-60s) for each stimulation time (pre-and post-SD). The AUC values were normalized to the baseline level. For rCBV responses to periorbital stimulation, the baseline corresponded to the 30 s period before electrical stimulation. For the SD imaging, the baseline corresponded to the 30 s period before KCl application.

Pharmacological treatments

We tested the effects of the intravenous injection of the NMDA antagonist Memantine (n = 6) 15 mg/kg in 's lactate, Sigma-Aldrich). To assess the effects of SD induced by KCl, periorbital stimuli were applied before injection, then 1 h after injection, and during 150 min after SD (Fig. 1D).

Statistical analysis

For LFP and rCBV studies, statistical analyses were performed using Prism 8 software (GraphPad). Evoked SEP amplitude and spontaneous LFP negative peak frequency cumulative data are expressed as the mean 6 SEM of the percentage changes of the mean values obtained before SD induction. A D'Agostino-Pearson normality test (omnibus K2) was performed for each dataset. Analyses were performed by comparing preand post-SD scores using one-way ANOVA with repeated measures based on a two-factor general linear model (GLM).

A two-way ANOVA with repeated measures based on the GLM followed by Sidak's multiple comparisons test were used for comparisons between drug treatments. One-way ANOVA with repeated measures based on the two-factor GLM followed by Dunnett's multiple comparisons test was performed to determine significance in RLFPs between control and over a 150 min post-SD period in saline control rats. Statistical significance was defined as p , 0.05.

For rCBV signal analyses, cumulative AUCs of rCBV data were expressed as the mean 6 SEM of the percentage changes with regard to the mean baseline values obtained during the control time. A D'Agostino-Pearson normality test (omnibus K2) was performed for each dataset. To assess variation of rCBV baseline or rCBV responses to periorbital stimulations within the same group, a one-way ANOVA with repeated measures based on a two-factor GLM was applied in case of normal distribution, and a one-way ANOVA with repeated measures based on a Friedman test was applied in case of non-normal distribution. One-way ANOVA test was followed by a Dunn's or a Dunnett's multiple comparisons test.

Two-way ANOVA with repeated measures based on GLM followed by a Sidak's multiple comparisons test were performed to compare baseline activities and activation after contralateral periorbital stimulation before and after SD between right S1 and left S1 cortices and right S1 and right insular cortices. Finally, comparisons of rCBV signals induced by SD between nontreated and treated groups were conducted with a Before SD SD +10min SD +150min Before SD SD +10min SD +150min two-way ANOVA with uncorrected Fisher's least significant difference. Statistical significance was defined as p , 0.05.

Results

SD originating from V1 cortex triggers neurovascular waves spreading in the cortical pain matrix High spatiotemporal resolution images of the brain microvasculature with fUS imaging allowed us to assess the spatial spread of SD waves in lateral and sagittal directions, including S1 and INS (Fig. 3A).

As previously observed [START_REF] Dreier | The stroke-migraine depolarization continuum[END_REF][START_REF] Sawant-Pokam | Mechanisms of neuronal silencing after cortical spreading depression[END_REF][START_REF] Parker | Non-canonical glutamate signaling in a genetic model of migraine with aura[END_REF] a calibrated, single SD originating within V1 causes a brief synaptic activation wave followed by a strong depression of basal activity (Fig. 3B). The neuronal SD is accompanied by a hemodynamic wave including four phases (I to IV) of rCBV increases and decreases that propagate in the ipsilateral hemisphere with a velocity of 4.0 6 0.4 mm/min (n = 8), whose effects persisted during the whole 150 min post-SD period of imaging.

The propagation of SD from V1 elicited a brief, moderate increase of rCBV in S1 (126.7 6 5.3%) associated with a strong increase in the number of LFPs (664.4 1 81.8%), which may correspond to the strong depolarization spreading from posterior to anterior cortices (phase I; Fig. 3B). The initial increase was followed by a slight rCBV decrease (À18.2 6 6.2%) of short duration associated with the depression (À68.2 6 11.1%) of electrophysiological activities (phase II). Then, a massive rCBV increase (202.2 6 46.9%) associated with a strong depression of electrophysiological activities (À74.1 6 13.5% of control value) was observed in S1 (phase III; Fig. 3B,C,D). Finally, after the peak of neurovascular uncoupling observed in phase III, the progressive decreasing phase of rCBV was followed by a plateau (phase IV, 170.3 6 32.8%) then a decay coincident with the starting of LFPs recovery.

The SD wave triggered from V1 propagated first to S1 and then spread to caudal INS regions. As shown by the mean latency values of phase III spread, it was found that compared with INS, phase III occurs at a significant shorter latency in S1(221 6 22 s in S1 and 261 6 37 s in INS). Compared with the right S1 cortex, the left S1 was not directly affected by SD during the 600 s that followed KCl application (600 s post-KCl, right S1 cortex, AUC, 18,770 6 573.6 a.u.; left S1 cortex, AUC, 5147 6 425.6 u.a., n = 12).

The rCBV basal signal increased progressively in S1 and INS regions containing the periorbital receptive fields (Fig. 4). Compared with the right hemisphere directly affected by SD, rCBV increases of lower magnitude were observed in the left S1 side (Fig. 4A). Increases of similar magnitude and time course were observed for rCBV and LFPs signals in the right S1 area (Fig. 4B). rCBV increases in INS were of lower magnitude but followed a similar time course compared with S1(Fig. 4C).

Control data obtained following a topical application of CSF (50 ml drop) on the dura mater over the V1 cortex showed no changes in both basal rCBV signal and spontaneous LFPs in S1 cortex during the 100 min that followed its application (10.02 6 0.01%, p = 0.18 and 114.1 6 10%, p = 0.27 of presaline values, respectively; n = 5).

Sustained facilitation of periorbital-evoked hemodynamic and electrophysiological responses in cortical ophthalmic fields after triggering SD from V1 cortex As shown by the individual example in Figure 5, periorbital stimulation applied on the left cutaneous receptive field (Fig. 5C) elicited concomitant increases of rCBV and SEP responses recorded in the right S1 that were strongly amplified following SD triggering in the ipsilateral right V1 cortex. SD elicited progressive changes of rCBV and RSEPs in S1 and INS rCBV with precise spatiotemporal profiles (Fig. 6). SD induced an initial ipsilateral significant reduction of periorbital-evoked rCBV and RSEPs in S1 (Fig. 6C) and periorbital-evoked rCBV in INS (Fig. 6D). Periorbital-evoked S1 and INS rCBV increases reaching values similar to those of controls were observed 40 min after SD, then were significantly facilitated at 70 min, reaching their maximum at 130 min (S1, 290 6 34.6%, *p , 0.001; INS, 254.8 6 58.9%, *p = 0.03; n = 8) and remaining facilitated until the end of the 150 min imaging period. S1 periorbital-evoked RSEPs were also significantly decreased during the first 30 min following SD, with a pronounced drop observed ;10 min (60 6 7% of control value, F (2.725,29.98) = 5,69, p 0.01; n = 11). This large decrease was followed by a progressive recovery of evoked RSEPs, reaching baseline levels ;30 min after SD (Fig. 6C). The RSEPs evoked by periorbital stimuli were facilitated at 70 min (141.9 6 18.6%, F (2.725,29.98) = 5,69, p = 0.04; n = 11) and remained facilitated until the end of the 150 min testing period.

Cortical baseline activity

In the opposite side of SD triggering (left S1), rCBV periorbital-evoked activities were initially unaffected by SD then were significantly facilitated (145.9 6 14.7% of control value at 30 min post-SD, p = 0.015; n = 7) but at a significant lower magnitude compared with the SD triggering side (Fig. 6B).

Cumulative data obtained from a control CSF topical application (50 ml drop) on the dura mater over the V1 cortex showed no changes during 100 min recordings in both periorbital- evoked rCBV and RSEP responses in S1 cortex (À0.8 6 6.8%, p = 0.9 and 112 6 8.1%, p = 0.16 of presaline values, respectively; F (2.406,14.44)=1890 ; n = 5).

Cortical neurovascular activities following SD are modulated by an NMDA antagonist Changes in S1 and INS activities associated with the spread of the SD wave originating in the ipsilateral right V1 cortex were compared with nontreated rats after systemic administration of the NMDA antagonist Memantine (Figs. [START_REF] Brunner | A platform for brain-wide volumetric functional ultrasound imaging and analysis of circuit dynamics in awake mice[END_REF]8,[START_REF] Macé | Whole-brain functional ultrasound imaging reveals brain modules for visuomotor integration[END_REF].

Memantine did not affect the propagating speed of the SD wave (4.0 6 0.2 mm/min pre-Memantine; 4.3 6 0.4 mm/min post-Memantine, p = 0.61; n = 5) and phases I and III. In contrast, it blocked the hypoperfusion occurring during phase II and the plateau observed during phase IV (Fig. 7A,B).

Before SD induction, Memantine did not affect significantly S1 basal rCBV signals (60 min post-Memantine, right S1 cortex, À0.6 6 8.5% of pre-Memantine values, p = 0.95, F (1,5) = 0,004; n = 6). In contrast, Memantine significantly reduced basal LFPs activities recorded in S1 (À31,2 6 9,5% of pre-Memantine values, p = 0.02, F (1,5) = 10.8; n = 6).

Before SD induction, both spontaneous LFP-(Fig. 7C1) and rCBV periorbital-evoked responses (Fig. 7C2) were reduced by Memantine in S1 cortex (60 min post-Memantine; SEP, À48.8 6 7.3% of pre-Memantine value, p = 0.03; rCBV, À30.7 6 6.9% of pre-Memantine value, p = 0.006; F (1,5) = 20.99; n = 6).

After SD induction, Memantine blocked SD-induced increases in basal rCBV in S1 and INS cortices (Fig. 8A1,C1) and SD-induced basal LFP increases in the right S1 (Fig. 8A2).

Changes elicited by SD in rCBV and SEP periorbital-evoked responses were compared in rats with and without Memantine administration.

A significant increase of S1 rCBV periorbital-evoked responses was observed 70 min after SD in nontreated rats, outlasting the whole 150 min recording period (Fig. 8B1). In Memantine-treated rats an increase of rCBV periorbital-evoked activity in the right S1 was observed 80 min after SD but occurred at significantly lower levels compared with control nontreated rats during the whole stimulation time (increases at 150 min post-SD, 264.8 6 21.3% in nontreated rats, n = 8; 180.4 6 23.5% in Memantine-treated rats, p = 0.005, F (1,12) = 10.92, n = 6). In contrast, the increases in S1-evoked RSEPs elicited by periorbital stimulation after SD (Fig. 8B2) observed in nontreated rats were not reduced by Memantine administration (increases at 150 min after SD, 192. The increase of INS rCBV basal responses by SD was abolished by Memantine injection (Fig. 8C1; 150 min after SD, 1159.3 6 7% of pre-SD value in nontreated rats, n = 8; 196.3 6 7.7% of pre-SD value in Memantine-treated rats, n = 6; p = 0.0003, F (1,192) = 222.8). The increase of INS rCBV periorbitalevoked responses in nontreated rats was also blocked by Memantine (150 min after SD, 254.8 6 58.8% of pre-SD value in nontreated rats; 115 6 24.6% of pre-SD value in Memantinetreated rats; p = 0.001, F (1,12) = 12.42; Fig. 8C2).

In the left hemisphere (opposite to SD triggering; Fig. 9) before SD induction, Memantine administration did not modify S1 basal rCBV signal (60 min post-Memantine, À8.9 6 9.75% of pre-Memantine value, p = 0.40, F (1,5) = 0,8, n = 6) and significantly decreased the rCBV periorbital-evoked responses (60 min post-Memantine, À39.3 6 12.8% of pre-Memantine value, p = 0.04, F (1,4) = 9.4, n = 6). In contrast, Memantine blocked the basal rCBV activity increases in S1 elicited by SD (Fig. 9A). On the other hand, SD-evoked rCBV increases in periorbital-evoked activity in the left S1, opposite to SD triggering, were unaffected by Memantine administration (Fig. 9B).

Discussion

Sequential changes of hemodynamic and sensory cortical activities elicited by SD Our findings show that a single SD wave originating in V1 triggers a cascade of time-locked hemodynamic and sensory changes affecting S1 and INS ophthalmic fields.

The quadriphasic time course and global profile of the early changes observed on cortical basal activities are similar to those reported in previous studies [START_REF] Piilgaard | Persistent increase in oxygen consumption and impaired neurovascular coupling after spreading depression in rat neocortex[END_REF][START_REF] Chang | Biphasic direct current shift, haemoglobin desaturation and neurovascular uncoupling in cortical spreading depression[END_REF]. Immediately after SD, it was possible to detect an early phase of neurovascular coupling in S1, consisting of concomitant increased LFPs and oligemia. Such post-SD oligemia is closely associated with changes in the capillary bed associated with constriction of pial capillaries as well as penetrating arteries [START_REF] Anzabi | Optical coherence tomography of arteriolar diameter and capillary perfusion during spreading depolarizations[END_REF]. Similar rCBV decreases were detected before the large rCBV increase following SD in an fUS study (Rabut et al., 2019). Phases I and III were unaffected by the previous administration of the NMDA antagonist Memantine. In contrast, phases II and IV depend on NMDA-related activities as rCBV changes were blocked by Memantine, reducing the time for recovery from phase IV. Memantine was probably too weak to counteract the large rCBV increases observed in phase III because of its uncompetitive NMDA antagonist profile with moderate affinity, strong voltage dependency, and rapid unblocking kinetics [START_REF] Parsons | Memantine is a clinically well tolerated N-methyl-D-aspartate (NMDA) receptor antagonist-a review of preclinical data[END_REF]. It is also possible that the large CBV signals detected in phases III and IV are caused by a mixture of initial strong neuronal depolarization followed by glial activation, not depending only on glutamate signaling. The possibility to antagonize simultaneously, in a preventive fashion, metabolic and neuronal mechanisms triggered by SD is complex as our findings show that NMDA antagonist action on neurovascular versus electrophysiological responses is not always unidirectional. As suggested by previous studies, the early phase of strong depolarization and the 
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Figure 8. SD triggers spatiotemporal changes in hemodynamic and neuronal activities that are modulated by the intravenous injection of 15 mg/kg Memantine, an NMDA antagonist. A, Basal rCBV (A1) and spontaneous LFP (A2) counts in S1 following an ipsilateral SD in controls (red plot) and pretreated rats with Memantine (black plot). Memantine significantly blocked the basal increases of hemodynamic and neuronal activities elicited by SD. B, Periorbital-evoked rCBV (B1) and RSEP amplitudes (B2) in S1 following an ipsilateral SD in controls (red plot) and pretreated rats with Memantine (black plot). Memantine administration significantly decreased the periorbital-evoked hemodynamic response increases following SD but did not affect the neuronal evoked responses. C, Basal (C1) and periorbital-evoked (C2) rCBV activities following a SD in ipsilateral V1 cortex in controls (red plot) and pretreated rats with Memantine (black plot). Memantine administration significantly blocked the periorbital-evoked increases of hemodynamic responses. rCBV data are expressed as mean 6 SEM of the percentage changes with regard to the mean value obtained before KCl infusion (*, $p , 0.05; **, $$p , 0.01; ***, $$$p , 0.001; ****, $$$$p , 0.0001). Asterisks indicate statistical significance between the before and after SD values. Dollar signs indicate statistical significance between S1 and INS cortices.

neuronal silence that follows are probably interdependent phenomena caused by excessive release of glutamate, involving complementary presynaptic and postsynaptic mechanisms [START_REF] Sawant-Pokam | Mechanisms of neuronal silencing after cortical spreading depression[END_REF]. This results in strong local energy needs, as shown by the long-lasting increases observed in hemodynamic phases III and IV, probably resulting from astrocyte buffering action aimed at counteracting the dramatic changes in ionic gradients involved in excessive neuronal depolarizations at the origin of SD [START_REF] Dreier | The stroke-migraine depolarization continuum[END_REF]Parker et al., 2020). Attempts to suppress SD by simultaneous NMDA and glial activity antagonism might thus produce the opposite action, namely, an increase of SD because of impaired clearance of glutamate by astrocytic blockade. SD, cortical ophthalmic fields sensitization, and its possible relationship with migraine headache A crucial question remains about how to establish a direct link between migraine, visual aura, and the resulting trigeminovascular dysfunction that generates headache pain. Our findings show that the sequential sensitization process underlying facilitation of cortical activities of the ipsilateral (right) hemisphere directly affected by SD differ from those observed in the opposite one. After SD, significantly larger increases in both the magnitude and progression of rCBV baseline activities occur in the right hemisphere, with similar time courses for increases in basal LFPs in S1 and rCBV in S1 and INS. An initial immediate reduction of S1 rCBV, SEP, and INS rCBV periorbital-evoked responses was only observed on the SD triggering side, probably mediated by a direct action of the SD wave. A 30 min recovery period was followed by a progressive facilitation of S1 RSEPs elicited by periorbital stimuli, with significant increases starting 70 min after SD. Interestingly, facilitation of periorbital rCBV-evoked responses starting on similar 70 min time frames was observed for both S1 and INS, suggesting a common, precise sequential process of central sensitization. According to the literature [START_REF] Noseda | Migraine pathophysiology: anatomy of the trigeminovascular pathway and associated neurological symptoms, CSD, sensitization and modulation of pain[END_REF] this increased responsiveness could correspond to a late phase of nociceptive sensitization reaching third order thalamocortical neurons, relevant to the typical delay between the onset of visual aura, the onset of migraine headache, and the central sensitization that follows.

Rodent studies suggest that the hemisphere directly affected by SD triggers bottom-up signaling mechanisms via the release of pro-inflammatory mediators that activate and sensitize meningeal nociceptors [START_REF] Bolay | Intrinsic brain activity triggers trigeminal meningeal afferents in a migraine model[END_REF][START_REF] Zhang | Activation of meningeal nociceptors by cortical spreading depression: implications for migraine with aura[END_REF], followed by a sensitization spread to cutaneous periorbital nociceptors, then medullary and thalamocortical neurons located in the opposite hemisphere [START_REF] Noseda | Migraine pathophysiology: anatomy of the trigeminovascular pathway and associated neurological symptoms, CSD, sensitization and modulation of pain[END_REF]. Such bottom-up mechanisms could mediate the enhanced basal and periorbital-evoked activity observed in the left S1 (contralateral to SD). Mirror-like transcallosal connections established between S1 and INS ophthalmic fields (Noseda et al., 2010, their Suppl. Fig. 3) could also contribute to modulate left S1 excitability.

The strong sensitization observed in the right cortices could be triggered by crossed, descending corticotrigeminal outflow from INS and S1 ophthalmic fields to left medullary Sp5C neurons. SD initiated within S1 or INS ophthalmic fields elicits inhibition and facilitation of meningeal over cutaneous nociceptive inputs onto Sp5C neurons, respectively. Also, SD initiated in V1 interrupts earlier S1 and then INS activities, eliciting inhibition followed by enhancement of meningeal-evoked responses of Sp5C neurons [START_REF] Noseda | Changes of meningeal excitability mediated by corticotrigeminal networks: a link for the endogenous modulation of migraine pain[END_REF]. Interestingly, the present study showed that SD affects first S1 then INS activities, suggesting that such lateralized corticotrigeminal outflow could contribute to specific tuning of headache pain during a migraine attack.

The bilateral effects of SD observed in the present study would thus result from complex interactions between top-down corticotrigeminal influences acting as modulators on Sp5C neurons, once the triggering of migraine pain was produced by bottom-up direct activation of meningeal nociceptors.

We used here percutaneous periorbital instead of meningeal stimulation for avoiding sensitization of meningeal nociceptors by the surgical procedures necessary to access to the dura. This stimulation procedure was also chosen because animal and human studies showed that the progressive increases of responses of thalamic neurons to periorbital and extracephalic skin stimulation reflect an index of central sensitization related to sustained headache pain [START_REF] Burstein | Thalamic sensitization transforms localized pain into widespread allodynia[END_REF]. The preventive effects of the NMDA antagonist Memantine on rCBV increases elicited by SD also support the idea that these changes could represent a relevant marker of central sensitization of nociceptive origin as this phenomenon is dependent on glutamatergic transmission [START_REF] Basbaum | Cellular and molecular mechanisms of pain[END_REF][START_REF] Latremoliere | Central sensitization: a generator of pain hypersensitivity by central neural plasticity[END_REF]. This is suggested also by our findings showing that before SD. Memantine is unable to modify basal rCBV, but it fully antagonizes the increases in basal S1 and INS activities after SD. Memantine reduces also periorbital-evoked rCBV increases in S1 and INS elicited by SD. S1 RLFP increases in basal activities by SD were also completely antagonized by Memantine. These findings suggest that facilitation of basal and periorbital rCBV-evoked activities in both S1 and INS by SD are highly dependent on NMDA-related mechanisms. On the other hand, the effects on neuronal periorbital-evoked activities have been revealed to be more complex. Before SD induction, SEP periorbital-evoked activities were reduced by Memantine in S1, in agreement with the well-known NMDA-dependent neuronal activation following repetitive percutaneous electrical stimulation [START_REF] Basbaum | Cellular and molecular mechanisms of pain[END_REF][START_REF] Latremoliere | Central sensitization: a generator of pain hypersensitivity by central neural plasticity[END_REF]. However, after SD, Memantine administration was unable to depress the increases in periorbital-evoked SEP activities. This could be because of its uncompetitive NMDA antagonist profile with moderate affinity [START_REF] Parsons | Memantine is a clinically well tolerated N-methyl-D-aspartate (NMDA) receptor antagonist-a review of preclinical data[END_REF] or to the emergence of additional, non-NMDA sensitization mechanisms that are probably brought into play.

Memantine was chosen for its inhibitory effects on SD onset in the neocortex [START_REF] Peeters | Effects of pan-and subtype-selective N-methyl-D-aspartate receptor antagonists on cortical spreading depression in the rat: therapeutic potential for migraine[END_REF] brainstem of rats [START_REF] Jansen | Apnea associated with brainstem seizures in Cacna 1a mice is caused by medullary spreading depolarization[END_REF] and isolated chick retina [START_REF] Kertesz | Deramciclane improves object recognition in rats: potential role of NMDA receptors[END_REF]. Clinical studies showed that compared with other NMDA antagonists, Memantine is well tolerated in preventive trials and significantly reduces aura and migraine headache with few side effects [START_REF] Charles | Memantine for prevention of migraine: a retrospective study of 60 cases[END_REF][START_REF] Bigal | Memantine in the preventive treatment of refractory migraine[END_REF][START_REF] Afridi | A randomized controlled trial of intranasal ketamine in migraine with prolonged aura[END_REF][START_REF] Noruzzadeh | Memantine for prophylactic treatment of migraine without aura: a randomized doubleblind placebo-controlled study[END_REF]. Also, the recent use of Memantine for NMDA antagonism targeting SD inhibition in brain slices and in a clinical case suggest that Memantine could be considered for future clinical trials as an alternative to ketamine in brain injury patients because of its lack of ketamine side effects limiting its use [START_REF] Reinhart | Memantine improves recovery after spreading depolarization in brain slices and cans be considered for future clinical trials[END_REF].

Cortical pain matrix sensitization following SD appears here as a sequential maladaptive plasticity process that progressively turns trigeminovascular nociceptive networks into a novel, dysfunctional state. Although the single SD wave triggered from V1 exhibits a unilateral spread, our findings show that its effects in cortical plasticity are bilateral but not identical, involving NMDA processing mechanisms. It is possible that during migraine headache a complex interplay occurs between bottom-up peripheral activation and top-down cortical modulation mechanisms. As previously argued [START_REF] Dreier | The stroke-migraine depolarization continuum[END_REF], such complexity and the clinical observations make a simple causeeffect relationship between SD and migraine headache further unlikely.

Our findings support the operational usefulness of combining fUS imaging with electrophysiological studies as a tool for assessing nociceptive maladaptive plasticity mechanisms at different levels of the cortical pain matrix. This model provides a widespread observation post for assessing craniofacial neurovascular coupling and uncoupling mechanisms involved in headache signaling. Further studies in awake rodents are necessary for avoiding artifacts introduced by the acute surgical procedures and general anesthesia used here, and experiments including neuronal, glial manipulation, females, and genetic models of migraine are also necessary.
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B Setup

Once the preparation and habituation of the animal is finished, experiments can begin. As mentioned in the introduction (2.3), fUS experiments require multiple apparatus to function in parallel to measure as much information as possible to help understand and decipher the signal. The complexity induced by such parallel architecture can be challenging to handle.

It is why we focused on building such an architecture alongside with a routine to make it standard and modular as well as easy to use for the experimenter and convenient for the analyst. Indeed, if the architecture substrate is hardware, which is presented in this section, it fast translates in terms of software and data management which is the topic of (F). We believe that no real distinction shall be made between both.

B.1 Introduction

Being the first step in the acquisition and analysis pipeline, the setup is a key element of the overall data flow. Because of the low SNR in haemodynamic recordings, Neuro-Imaging (NI) experiments require as much information as may be given to help infer the sources of noise or signal features. As a result, experiments quickly get overwhelming connecting together the multitude of components that make any fUS study. It can be a challenging part of the experimenter role. As a result, a significant amount of my PhD duration has been dedicated to setting up both awake animal recording rigs that we possess at IPNP. In this section are explained the different components of the setup and the logic behind their connection. During my PhD years I developed many tools to help experimenters in their tasks. We called this toolkit Optimised Collection of Tools Organising functional Ultrasound (OCTOfUS). This chapter describes most of OCTOfUS. First, the minimal configuration allowing recording of fUS data is presented. Such a configuration can be used for anaesthetised recordings. Then, how apparatuses can be added is explained. The different hardware pieces are also detailed as some were added over the years to help us make better sense of our signal. Finally, the complete setup is summarised and the most relevant imaging protocols are presented, the ones for awake head-fixed mice functional connectivity.

B.2 The minimal setup

The minimal setup is only composed of the fUS machine. It could be used for many recordings, mostly in the anaesthetised state. In our case, awake imaging requires the MHC from Neurotar. Although, with the democratisation of awake animals harnesses, one could envision a simplified experimental setup in this context. As the machine is disconnected from the internet, an additional computer is used as a data relay before sending any dataset on the storage server. This computer is called the sending terminal. If, in our case, this central computer was made necessary due to circumstances, as it is later illustrated we recommend this architecture.

B.2.1 The machine

The machine is a prototype of the ICONEUS one setup developed by a Physics for Medicine engineers team in the context of the INSERM projects: Accélérateur de recherche technologique. It is built upon a Vantage system from Verasonics, dedicated to the emission and reception of ultrasonic waves. This conventional echographic system is controlled by a computer equipped with graphic cards. This additional computational resource can process ultrafast stream of frames through online numerical beamforming refocalisation (see:3.2.2).

The computer also controls a motorised platform for translation along three axes x, y, z and a rotation around zaxis. The motorised platform is attached to a potence parallel to the horizontal surface. With this motorised plateform, the probe can image any set of two points in the space it can reach (see (B.4.2)). The resting position is used between recordings when the machine is not used. It allows to reduce the risk of hitting the probe during handling around the imaging area such as clamping of the animal. During imaging the motorised platform is rotated of 90 o to place the probe at the vertical of the imaging window (see (Fig. 105)). The ultrasound system is a Verasonics vantage 256 linked to a Vermont sucre probe (15M Hz, 128 elements, pitch 110µm) allowing acquisitions with a maximal PRF > 10 000Hz [START_REF] Bourgeais-Rambur | Altered cortical trigeminal fields excitability by spreading depolarization revealed with in vivo functional ultrasound imaging combined with electrophysiology[END_REF]. It is associated with a motorised probe holder from Physics Instrument allowing translation along all three axes (1µm precision) and rotation around the vertical axis down to the (0.1 o precision). The machine accepts a trigger input to automate acquisition start and triggers an output signal of 1µs every sent pulse for synchronisation with potential other devices (monitoring or stimulation) [START_REF] Grohs-Metz | Functional ultrasound imaging of recent and remote memory recall in the associative fear neural network in mice[END_REF]. The
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jcm PhD thesis CRI main limit of the system is its reduced memory of 350 GB allocated for online storage of the acquisition. It results in a limited 1h and 15min maximal recording. As data transfer is in itself a time consuming bottleneck, repeated recordings induce additional limitations. A 1h15 recording transfer through USB 3.0 on conventional externally powered hard drive takes around 9min, during which no pd2dt recordings can be initiated. In such case, if an experimenter wants to perform a longer recording (typically > 1h) it might be more suited to split the recording in shorter ones of 30min to allow data transfer while initiating the following pd2dt recording. Another solution to increase acquisition duration consists in reducing the sampling frequency.

B.2.2 The sending Terminal

Because the machine has no access to the common institute network, an additional computer has to be added as a relay within the animal facility. Data are first gathered on this sending terminal before transferring them on the storage server. This step has been proven useful as the sending terminal serves as backup storage. For the sake of safety, a first copy of the dataset is kept in the animal facility. Moreover, we use the transferring step as an occasion to check data quality. At the moment, mismatch identification in names and file numbers are performed routinely. We also started to detect file size estimation for discrepancies detection and plan in the near future to generate first experimental brief reports, so the experimenter might know in advance, as soon as the evening after the recording, if some experiments must be repeated.

As the machine is protected, no script can be used online, for this reason the sending terminal can be used to process data semi-online. For example, during resting-states recording under anaesthesia, some initial 10min recordings are acquired, sent to the terminal and processed quickly with a SVD algorithm. The amount of symmetrical spatial modes acts as a proxy for anaesthesia depth and brain state stability. Such process can be repeated until enough modes are symmetrical ensuring proper stage of anaesthesia allowing the beginning of the actual follow-up of brain patterns (see C. 4.5).

Finally, in the case of parallel peri-experimental data measurements, the sending terminal acts as a hub. All additional machines are plugged on the sending terminal which gathers the data in a single structure. This process is done with the help of the Westron software detailed below.

B.3 The peri-experimental setup

Once the minimal setup was installed in the institute animal facility, quickly, additional modalities were added to the equation. For awake recording, the Neurotar MHC for head fixed recordings was chosen. With the apparatus comes a tracking device that intrinsically complexifies the acquisition. The simple setup introduced above must adapt to these additional channels that have to be recorded and stored. requirement for any experiment. More complex the experiment grows more device can be added, they shall all be interfaced with the sending terminal which is the hub of data. On this computer the Westron software gather automatically all data to generate a dataset suitable for analysis, informing the experimenter on potential mistakes and data quality.

Figure 76: Diagram of the setup data network. Circled in green the minimal setup is dedicated to simple PD recording. In addition the machine sends a TTL signal to an Arduino microcontroller which dispatches the signal accross all recording devices. Finally data are sent to the sending terminal on which it is checked and structured before relaying it to the server. Additional links could be made for other applications.

B.3.1 Synchronisation

The key concept here is the synchronisation among clocks. It is this condition that allows parallel recordings. To do so two strategies are possible:

A priori : all machines are set for a given recording duration letting them wait for a triggerin signal, it supposes that no drift or whatsoever occurs during the experiment A posteriori : a centralised clock is used and recorded by all machines, all recordings are realigned in time a posteriori.

Because the setup is undergoing regular updates and most machines and software are still in their prototype version, the second method appeared more robust to us. As will be detailed later, this strategy proved right and allowed to deal with unexpected problems.

The machine TTL duration is 1µs which makes it quite uneasy to detect with regular acquisition boards. A solution was found in Physics for medicine that we adapted to our setup using an Arduino board as a clock reader. Using the interruption detection method of the board it is possible to detect such transient signals and spread it over a few ms. In the end, the setup uses a common clock based on the fUS machine which triggers out this signal. It is propagated across the network of parallel devices which record both the clock and their own modality. Finally, as before, acquired data are sent to the sending terminal at the end of the acquisition.

B.3.2 The tracking

The first modality we added on the initial setup has been the MHC which allows awake animal behaviour during recordings. This device comes with an embedded tracking device [Juczewski et al., 2020]. The MHC requires pressurised air flow for a thin carbon cage to levitate. The animal is clamped by its implant and free to move in the cage [START_REF] Kislin | Flat-floored airlifted platform: A new method for combining behavior with microscopy or electrophysiology on awake freely moving rodents[END_REF].

Whenever it decides to move toward a direction, the air cushion allows the cage to move in the opposite direction of the mouse. Because its head is clamped, the animal can move with the illusion of displacement while the brain remains at the exact same position under the probe. Magnets hidden within the cage floor can be tracked with high precision by sensors within the air dispenser. It gives a good proxy of the mouse movements with a rate of 80 -100Hz and a precision < 1mm. With such a method, the mobility behaviour down to the single step analysis can be monitored. The machine measures the positions and derived data (instant speed, angular positions etc. . . ) and sends them to an acquisition board that also integrates the clock output from the micro-controller. The board is controlled by a commercial software MHC Tracker which remains at the prototype grade with a significant upgrade every 6 months. Data are stored in .tdms files that can be later open with any custom python or MATLAB scripts (resp nptdms or TDMS reader from MATLAB file exchange). Data are finally resampled on the fUS signal timings for the analyses.

Because of little shifts in timestamps, the resampling is performed from non linearly spaced steps. As the machine output trigger signal is not fully stabilised by the microcontroller, detection of ON periods requires some processing. The envelope of ON signal must be estimated as detailed in the appendix. It results in a 20 -30ms drift over a 30min period which remains much lower than the typical fUS frame acquisition duration ≈ 400ms.

In the end we have two applications for the tracking signal:

• Tracking per se allows us to monitor the animal behaviour to estimate the influence of our different compounds. In this case the raw data is analysed.

• We can also compute regressors or masks by binarising the resampled data to reject for example frames with movement based on a simple threshold criterion.

The most limiting factor in MHC use comes from the source of compressed air which ends up being a mitigated effect, with beneficial perspectives. As the lab comes from a physics department, compressed air was accessible from a centralised pipeline "out of the wall" system in the whole building. As a result, the MHC appeared as a natural device to use. Although, moving to a brand new animal facility at IPNP required to find a way to feed the system with a nominal flow around 150ml/min, 2.9psi. To do so an external pump must be added to the regular MHC. The device generates a constant noise around 60dB. On the one hand, this constant noise can feel quite annoying for the experimenter after a full day of imaging. On the other end, the level remains quite reasonable creating some kind of acoustic insulation of the mouse. As a result, after training, we expect the mouse to be habituated to the ambient noisy environment while being less subject to uncontrolled external stimuli such as slamming doors or fire alarms in neighbouring buildings. Unfortunately, the pump also generates quite some heat. This effect accumulates during a full day of recordings. Here is presented the temperature curve in the experimental room when the pump is being ON the whole day. One can see an increase of up to 4 o C. This increase can create concerns as thermoregulation is a key factor of the vascular system and potential temperature induced vasodilation can be non linearly associated with increased SNR but also potential neurovascular decoupling. If regular ventilation of the room, additional heat extraction pipes or other hardware solutions have shown to mitigate the effect and could be more systematically applied, a proper model of the influence of temperature on fUS recordings shall be envisioned. As the pump is not the only source of warmth, this question is further addressed in the discussion part.

B.3.3 The cameras

Because tracking does not give all information on mice behaviour, cameras were added to better infer the animal state. Indeed, the tracking correlates well with the global signal of cerebral perfusion (average of the signal over all voxels), although some overshoot persist without movement. To better investigate these phases we filmed the animals during the acquisition, aiming to decipher reasons of these CBV surges.

Cameras are built from Raspberry Pis 4 Model B. Because a dark atmosphere is kept to reduce the stress level of the animal during the recording of resting state phases, the Pi Camera Module 2 No InfraRed filter (NoIR) has been connected to the board, complemented with a custom Infra Red (IR) illumination composed of one directional LED per camera. Two cameras per setup have been installed to reduce the possibility for the mouse to remain in an uncovered area. The raspivid library allowed to use the video for two applications when the system is on:

• A stream feed is sent to the network. The experimenter can keep an eye on the animal by streaming the video flux on the sending terminal, limiting the interaction and subsequent experimental disturbances.

• The video is saved on the board memory and can be transferred through the network at the end of the day or later if needed.

B.3.4 The Octofus Den

More recently a last piece has been added to OCTOfUS in a continuous will to keep improving the quality of mice resting state recordings as well as to increase reproducibility. Indeed, one of the natural criticisms toward resting state connectivity in vigile animal appears in the capacity to ensure that the mice are resting. Naturally curious and exploratoring animals, it appears illusory to claim certainty in the rest state of the animal. Although, it seems legitimate to ascertain that reducing the amount of interactions with any distractive external cues maximises the probability of proper rest occurrence. Consequently, sources of external sensory stimulation that could break any kind of animal resting state are kept as few as possible. Unexpectedly, as it was described above, the pump used to maintain the air cushion under the cage proved to be efficient in isolating the mouse from any acoustic source of dissipation. In addition, we maintained the mice in a dark atmosphere as they seem more at ease in such conditions. To push a step further we designed an isolation bell for the whole setup allowing to significantly reduce the amount of interaction between the mouse and the whole external environment. Unfortunately, due to sanitary policy within the animal facility, we could not quantitatively address the efficiency of such an add-on yet. Although we greatly encourage practitioners to move toward this direction. As mentioned earlier, the number of nuisances in the kind of experiments we are describing are numerous enough to try as early as possible to remove unnecessary sources of variance.

B.4 The complete setup

The next section is describing how the different devices are used in an experimental context. Here is first a summary of how the different pieces of the puzzle interact together. The experimental setup is a centralised architecture which is based on a posteriori validation of signal. This centralised design is two folds: first in terms of hardware synchronisation which was developed in the previous few sections, then in terms of data structure which is emphasised in (F).

B.4.1 Overall description

This choice is believed to be more robust, as it implements redundancy and relies on a hierarchy of risks. Because fUS signal is the most important one and the ecosystem centre, all other devices are enslaved to its clock. Indeed, there is no point in recording anything if there is no PD. Other signals are considered of lesser importance. If for some reason synchronisation is lost the recording exists per se but it does not impact the rest of the devices. Most importantly, if any other apparatus does fail it doesn't influence other recordings.

The main weakness of this architecture is the synchronisation relay, i.e. the Arduino microcontroller whose failure induces systematic loss of all peri-experimental data. Because over three years it happened only once, resulting in the loss of 5 tracking recordings over 649 while the tracking software failure per se induced the loss of at least 67 files, we consider the risk manageable. The use of data quality management standards as described in the following section might reduce even more the risks.

For the illustration sake the alternative strategy is to synchronise starting points and duration of all setups recording. This approach could facilitate in the future the experimenter work, allowing to launch all acquisitions at once through triggers. We consider for now the risk to be too high as it is distributed over the network of apparatuses. Both approaches are not respectively exclusive, as even if the setup starts at a given time, a channel can still be dedicated to record centralised clock and detect potential missed samples a posteriori. Whenever the tracking and cameras software are considered as stable enough, such a development could be made.

B.4.2 The softwares

Each device uses its own software to record the signal. Here are described their respective features.

Neuroscan

It is the machine's software. It is a prototype version of Iconeus' Icostudio. Neuroscan is developed by the ART team. The software is MATLAB based and controls both the Verasonics system and the motorised platform. It allows recording of all mentioned modalities (3.5). The interface is relatively intuitive with one main tab controlling all modes. Its use is conditioned by a Iconeus acquisition pipeline based on an additional navigation software [START_REF] Nouhoum | A functional ultrasound brain gps for automatic vascular-based neuronavigation[END_REF]. Due to our prototype setup the software we used is actually named BPS. It is now commercialised under the name Brainplan.

With the software comes a suggested experimental paradigm which is based on a priori registration. The concept is to start any session with a reference angiographic scan. This volume is registered with BPS on a reference volume. The reference can be custom : creating a reference based on the last habituation sessions (E.2.2), or absolute from the software. Iconeus made a reference based on a mouse coregistered on fMRI and the Allen's brain atlas [Wang et al., 2020]. Once the current image is registered, BPS can translate any couple of coordinates (only the two points problem can be absolutely solved, due to the motorized platform limited with 2 horizontal translations and 1 rotation) into a set of final motor coordinates. These coordinates can be entered in Neuroscan to position the probe over the desired slice in the Allen space. Unfortunately, if proven quite efficient in anaesthetised mice, we failed to use BPS effectively in awake rodents imaging. With a failure rate (> 20%) in a pilote study, we favourised a manual positioning (C.4.1), for the sake of time management (C.4.1).

In addition to the aforementioned 4 modalities whose effective protocols are detailed in (C.4) the machine proposes a live view mode during which the machine displays on the screen the current slice under the probe, a 1 -3s delay exists between the probe recording the image and the machine displaying it. It allows to move the motor while observing the underlying structure and is the basis of our positioning paradigm (C. 4.1). Neuroscan also proposes to draw ROIs whose signal can be extracted online, while additional analysis dead time at the beginning of each recording. To have a rough estimate, the experimenter must wait ∼ 1min before a live view, 3min30s before a 30min recording at 2.5Hz and up to 6min before a 1h recording. To imagine, for follow-up of drug treatment the experimenter must launch the acquisition and wait 5min before injecting the compound. With transfers issue, this time can be increased by up to 15min. Finally, Neuroscan is quite unstable. If handled with care and following known paths it has little to no influence on the experimenter. It is why we developed a precise protocol and set of rules to minimise the risk of failure during an experiment. For the sake of illustration rules are motivated as follow. If during the liveview loading, the motor menu is opened, the software systematically crashes. When a numerical value is typed, it happens sometimes that it is written 10 times instead, which results in a step of a few km instead of 100µm, which the machine tries to perform. Because there is no software limitation on motor movements when the motor reaches the end of its physically achievable course the probe coordinate is decoupled from the software estimate position as the machine trusts the command while the probe stopped mid-way. For all these reasons it is recommended to :

• Always wait to see the consequence of an action before starting another one.

• Always have live view on before moving the probe in order to be sure that the probe is where the experimenter believes it is.

• Always validate that the entered value has been entered.

These rules, if apparently limitating are crucial in a context where the probe moves 1mm above the animal head in a busy space. I like to think that thanks to them, in four years jcm PhD thesis CRI of intensive use, no damage was done to the probe. I also believe that outside of Neuroscan application they can be the basis of good experimental practices.

Neurotar Tracker

The Neurotar Tracker software is also a prototype version. The last release greatly improved the reproducibility of experiments. As mentioned earlier, recorded signal presents missed stamps which induce a drift in the expected signal. Except these mis-steps negelectible on the scale of a recording (< 100ms), the software allows to record very precisely the position of the mouse in the MHC. In addition, it proposes a lot of options for behavioural experiments. It is possible for behaviour experiments to trigger rewards (water in addition to deprivation) and punishment (air puffs) for conditioning. The software also has online tools for analysis.

The raw signal tracking consists in following the position of two magnets embedded in the MHC, which are sensed by the big pad through which the air flows. A cinematic model inverses the signal to extract the relative position of the mouse in the cage. On top of it, orientation of the mouse as well as additional metrics are derived from the raw signal.

R is the radial position of the mouse in polar coordinates.

phi is the angular position of the mouse in polar coordinates.

alpha is the angle between the mouse axis and cage axis.

w is the angle between the relative position of the mouse and the radial axis of its position.

Speed is the instantaneous speed of the mouse. omega angular speed of the mouse.

TTL_inputs TTL status of the acquisition board inputs.

TTL_outputs TTL status of the acquisition board outputs.

Keys gives the status (pressed or not) of the keyboard arrows.

In our case, only the position of the mouse is used in addition to the TTL signal for synchronisation purpose. Although, through the keyboard, the experimenter could interact with the software to record precise events of interests for the experiment.

The software has two modes a live view where the position of the mouse appears on the screen in real time. Whenever desired, the experimenter can start the recording and finally stop it. The output format relies on a suffix which we can associate to a sessions in our case (see (Fig. 83)), for example: sessioName. Whenever the user stops a recording a folder is created in the MHC output main directory. The folder name starts with the session suffix prolongated with the date to the second in a regular format, for example: sessionName-[YYYY-MM-DD-hh-mm-ss]. Within the export folder can be found the tracking data in TDMS format from national instrument alongside with data having the extension .tdms and metadata .tdms_index. The metadata are not compulsory and only accelerate data opening by dedicated softwares. Finally, some figures are plotted by default (probability density of the mouse position etc.) and exported by default in the output folder. As discussed in (F) it is worth noticing that Neurotar favourises a single level hierarchy by structuring along recording as opposed to the additional layer that forms the sessions in Neuroscan.

Camera interface

We currently are lacking a proper camera interface. As explained already, and like the other modalities, the camera can either stream a live view mode which allows the experimenter to monitor the animal when it is in the cage, without interfering with it and perturbing the «resting state». In addition the experimenter can record in parallel of the live view with another script. Both require the experimenter to connect through ssh on the camera and launch the script at the beginning of the recording.

For live view the experimenter must open VLC media player and read from the network flux in order to view the video online. A 3 -5s delay applies between the recording of an image and its display. In the case where data are stored, the script automatically saves all the frames in a movie encoded with the format MP4 and h264 codec under the extension .h264. The file name possesses a prefix video1 or video2 depending on the camera. The file is save in an output directory named with the prefix followed by a formated date to the second. At the end of the day, data must be transferred through ssh on the sending terminal. In this case, the structure to save is manually generated by the experimenter with one folder per session. Then, all videos are manually transferred to the right folder. To conclude, the process is completely manual. A first structure exists on the camera. Initially much similar to the tracking software, during transfer, data are moved in a structure closer to the one of the fUS machine.

In the end, recording the videos, in the absence of a proper graphical interface, is the least comfortable modality to acquire. One can see the advantage of a piloting software like Neuroscan. Although, with training the recording is quite handy and requires a minimal effort. It is peculiarly the case for serial recordings when 6 to 7 animals are recorded per day as is the case during a big imaging campaign.

Westron

In the end, all three devices used during awake imaging export in different types of structures, with different formats on different computers. It can become quickly a mess with risks of corrupting or losing files. To avoid such situation we decided to centralise data. As was shown in (B.4.2) doing all transfers manually remains the simplest option. It was done initially, as a result a great variability in datasets was observed. Indeed, depending on the level of training and habit of the experimenter, the amount and types of mistakes was variable. Morevoer traceability of mistakes soon became a nightmare when multiple experimenters participated in the same dataset or analyses were repeated with different analysts. As a result we introduced a first level of data standardisation and quality assessment by using a software to detect naming mistakes and perform transfers without any risk.

While its motivation and details are discussed in (F), data from the experimental room are formatted in a standardised structure called FDS. It is recommended to translate on a daily basis, at the end of each experiment for both machines, the collection of files in a central dataset. Intrinsically the machines output creates per se a datastructure that can be associated to the latent film (2.1) of our introduction example. This datastructure is transient and imposed by native architecture of all apparatuses of the setup. We call it the RAW structure. The Westron software is a MATLAB script which translates automatically this RAW structure into FDS. Because the machine is disconnected from the common network, the first step at the end of the experiment day is to transfer the machine output structure on the sending terminal with a transfer hard drive. Then, the experimenter selects all three sources of data and Westron checks whether all expected files are present. The software detects discrepancies between what is expected and is present and informs the operators. Once everything is as expected, the transfer is performed. this step can be seen as a buffer. Westron is not expected to be a fixed software, it shall adapt to different experimental paradigms. In other terms, in the checks it performs, the experimental plan is encoded. Whenever someone changes a part of the protocol potential changes must be made.

As is discussed in (F) the different data structure can be viewed as levels of formalism. Whenever one level is passed the structure become more complex and less modular. As a result higher levels are rich in metadata and strict in directives. Westron is a very modular level of structuring and allows to deal with a great devices diversity.
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B.4.3 Dataflow

Before summarising the overall dataflow associated to the complete setup, it is worth noticing two additional points. First, in (2.1) is introduced the question of rawdata which is further addressed in (3.6). This question has been crucial in the evolution of my PhD. The whole architecture is thought and designed for a regular user for whom the rawdata shall be PD. Although, soon enough, due to the promise offered by adaptive clutter filtering of IQ data [START_REF] Baranger | Adaptive spatiotemporal SVD clutter filtering for ultrafast doppler imaging using similarity of spatial singular vectors[END_REF] and the possibility of sliding window analysis [Dizeux et al., 2019], it was decided to store IQ in the case it could be useful in the future when these methods would be implemented on a larger scale. In this section the special process used to deal with them is detailed. It is strictly limited to this exploratory work and should prove in a near future irrelevant. Indeed, when optimal filter will be accessible directly online all this process shall occure directly on the machine. Finally, a little introduction of downflow i.e. the analysis environment is required to fully understand the whole architecture.

Figure 84: Illustration of the data flow architecture across the whole institute. After being dealt with in the animal facility either on a separate hard drives fleet for IQs either through the sending terminal, data are sent to the storage server, on which: dataset structuring is finalised, IQs are recomputed, data are registered. The analysis server gets its data from the storage server, and analysts can access it from anywhere through a VPN and run analyses on it.

Data management of IQ data

As it was explained in (2.1), most of steps in the cascade of imaging techniques rely on dimension reduction. In the end, there is a clear advantage in keeping only the data as downstream as could be. As comes with the ultrafast qualifier, fUS rawdata consists in massive blocks of images at the kHz rate. It results in large amounts of information to be This underlines the need for a storage capacity in the 100T B magnitude for typical pharmacological study. Magnetic bands are clearly the densest and most robust way to store data at this scale. The IQ data flow was therefore designed in parallel of the regular PD to avoid any unnecessary jamming of computers memory. Because of the machine disconnection form the network, it was decided to use a fleet of hard-drives as intermediary storage. The idea is to keep one hard-drives connected to the machine and transfer IQ files at the end of each recording in order to avoid saturating the machine's memory (B.2.1). This way, the experimenter manually reproduces a FDS structure on distributed hard drives. The direct result of this strategy is the need of one hard drive to be always plugged to the machine as an external IQ storing device. In addition it is recommended to always have a device (hard drive or high capacity USB stick) for transfers between the machine and the sending terminal cf (B. 4.3).

Using such a distributive approach can be dangerous. The dataset is split over multiple entities. It is recommended to keep a precise track of which data goes on which hard-drive. A hard-drive should not be used for multiple tasks and any additional transfer without back-up should be forbidden until data are stored on magnetic bands. As is described in (G), transfer through this fleet was the reason of most of our data loss/corruption.

When PD data must be recomputed, the desired hard-drives shall be plugged on the server and data transferred for re-processing. It is this server architecture that is described in the following section.

Storage and analysis servers

Once acquired and structured following FDS directives, PD files and their metadata are sent to a storage server for offline analyses. Indeed, a clear separation exists between the animal facility and the bioinformatic room in the institute. While the first is dedicated to experimental work, the later is dedicated to the analysis of their result. A physical link exist between both, through the network where data transit. This strategy ensures at all time the existence of three copies of the PD data. The first copy is kept on the machine itslef. The second is stored on the sending terminal while the last is kept on the server. When the full dataset is finished to be acquired, a copy is made on hard drives before being transferred to magnetic band. Only then, data can be removed from the machine.

In practice the bioinformatice room has two servers. The first one is mostly dedicated to storage. With the need to recompute IQ, the computer was given a big storage capacity of 36T B. On this computer the first steps of the analysis are performed. As is detailed in At the end of the dataset recording when all planned sessions are acquired, the FDS is transferred through the network on the storing server where the analysis can start.

At the beginning of the analysis when it applies, IQ data are transferred from their hard drive to the storage server to be recomputed and merged in the dataset of interest.
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C Acquisition

After the surgery and the habituation, begins the actual experiment. At this stage the animal is used to the apparatus. The next section discusses among other things the notion of experimental plan. Briefly, once the question of interest is defined, a set of experiment is designed whose data, after analysis should bring enough evidence to bring conclusions to validate or not the initial hypothesis. In our case this set of experiment consists in imaging sessions during which individuals parts of cohorts are recorded in different conditions. It is these different conditions and practical aspects related to imaging that are discussed in this section.

C.1 Introduction

Most of the results presented in this manuscript come from longitudinal follow-up of drugs action on the brain of behaving mice. Multiple protocols with some variable parameters exist that allowed us to reach conclusions relatively on the influence of these compounds on the mice connectome. At the very practical level, the parameters and exact protocols used for each imaging modality during all imaging campaigns are presented in (C.4). But first the concepts and considerations behind these experiments are mentionned.

C.2 General considerations

For the sake of clarity all details are developed for each compound in the (G). This section gives a first oversight of the practical aspects in a more general context. Exceptions are explained at the end of this section. For all conditions we imaged cohorts of 10 mice. Due to data handling and image quality rejection this number can be reduced for some conditions. Additionally, some data could be unexpectedly rescued resulting in more animals for these cohorts. In terms of animal handling, a cohort refers to cage littermates. A session refers either to an imaging session or a set of 10 animals associated to a protocol. For the sake of randomisation, animals from the same session can come from different cohorts. For example for the imaging of P silo5T 0 we could use 5 animals from cohort DRC -1 and 5 animals from cohort DRC -3.

All cohorts are imaged once under saline injection. All session starts with 20min (opioids and cannabinoids) or 30min of baseline. Both conditions are considered as basal state.

A conventional longitudinal follow-up of drug treatment session is as follow:

1. First recording of 20 -30min of basal state (Baseline)

2. Injection 3. Second recording of 30min -1h (Phase 1)

4. Thirs recording of 30min -1h (Phase 2)

In order to estimate the dose dependence of the fingerprint, 3 -4 sessions are imaged of various doses. For opioids and cannabinoids the same cohort has been imaged across the 3 -4 sessions. Because opioid tolerance in mice requires fast repetition of the acute injecition a minimal refractory period of 2 days was left between two injection. This period was usually 1 week. Cannabinoids tend to induce a stronger tolerance effect. The minimal refractory period was 1 week with an aim of 2 weeks. Finally for Psilocybin, one of the study question was whether we could measure long term perturbation of the connectom, in this case mice were injected only once with either compound.

For each study one antagonist was used to address the question of receptor specificity. For opioids, we blocked the morphine MOR mediated effect by a pre-treatment with naloxone. Because naloxone is a fast acting compound, during the dead time between Baseline and P hase1 naloxone was first injected. 5min later morphine was injected before the beginning of the recording. As the effect of naloxone is not expected to last more than 30min, no P hase2 were recorded in this case. For cannabinoids, T HC effect on CB1R was blocked with AM 251. AM 251 is a slow acting compound, we left a 30min infusion time (P hase1) before injecting T HC (P hase2). Finally, for psilocybin the same design was chosen, the antagonist in this case was M DL.

To date a single genetic control has been performed as we are still waiting for a CB1-KO colony. M OR -KO mice were used to control the specificity of MOR mediated opioid fingerprint. The same design as regular C57BL/6 was used.

Finally, for morphine and fentanyl we investigated the influence of tolerance in both basal state FC and acute response. In this case a two sessions protocol is repeated (1 session of saline, 1 session of morphine) after an induction phase during which the compound is perfused continuously with the use of an implanted osmotic minipump. Induction lasted for 2 weeks at a rate of: morphine 17mg/kg/d, fentanyl: 2mg/kg/d.

Due to the previously mentioned machine limitation in terms of recording duration (B.2.1) and because of factorial designs for controls (pre-treatment/treatment design) the second phase can be split over multiple recordings and our experiment ends up with 2 to 3 recordings. A summary is given in (C.2).

C.4 Protocols

Here is a collection of all protocols used during the imaging sessions. Once the image appears on the screen, the image must be centred by steps of 0.5mm first along the xaxis using the sagittal sinus as landmark, then along the zaxis placing the skull ∼ 1mm from the top line of voxels (Fig. 86).

(c) Finally the vascular bregma shall be found along yaxis with steps of 0.1mm.

Gel penetration

Contact with the gel can be critical for image quality. Indeed, because the gel is quite viscous, bubbles can form at the interface between the probe and the gel. Such bubble formation can happen if the probes moves too fast in the gel and/or if the surface of the gel is not parallel to the probe at the contacting interface. Proper moisturising of the probe is believed to reduce this risk as well as slower penetration speeds. The transducer must be fully covered in gel before being turned on. Due to the big difference of impedance between the transducer and air, in absence of gel the acoustic wave is fully reflected to the ceramic element and temperature can fast increase, resulting in element deterioration. If it has been proven that damage remains mild, it is considered good practice not to send any pulse before ensuring full coverage of the surface to maximise probe life expectancy. As explained in (E.2.3), after pouring the gel, its surface shall be ∼ 1cm above the skull surface. It is recommended to penetrate 1 to 2mm inside the gel to ensure proper coverage of the array. achieved with a 0.5mm step precision. The live view is started. Then the image is roughly (0.5mm steps) aligned along the xaxis. After that, the probe is lowered for z -axis pre-positioning. Then, the probe is moved along y -axis to get close to the plane of interest. Bottom: finally, precise refinements (0.1mm steps) allow to precisely find the vascular Bregma. White arrows highlight the separation between the anterior choroidal artery and the internal carotide artery.

Imaging parameters

As shown in (Fig. 81) parameters for imaging are as follow:

• First emission transducer is the address of the first emitting transducer. It is set to 1 which is its minimal value by default. This parameter shall be adapted depending on the desired window width (see(C.4.1)). For awake mice coronal imaging in our plane of interest (C.4.1) it is set to 31.

• Last emission transducer is the address of the last emitting transducer. It is set to 128 which is its maximal value by default. This parameter shall be adapted depending of the desired window width. For awake mice coronal imaging in our plane of interest it is set to 98.

• Depth 1 (mm) is the distance from the probe to the highest line of voxels. This parameter is usually unchanged. It leaves a 1mm space between the probe and the image, limiting near field phenomena and keeping a safety margin for probe movements (see (C.4.1)).

• Depth 2 (mm) is the distance from the probe to the lowest line of voxels. This value is usually unchanged. Although from observations of the artefactual zone one might
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• Probe type is set by default to SUCRE which is the only type of probe we have in the institute.

• Ultrafast Angle Sequence (°) encodes the different angle values used for multiplane wave compounding. Its default value is [- 10 8 6 4 2 0 2 4 6 8 10] resulting in 11 angles. The default value is usually kept. Increasing the number of angles shall increase sensitivity and the temperature while increasing the value of the angles reduces the sensitivity on the side of the image. With other values at default no more than 20 angles shall be fired after which the machine has difficulties to keep the rate steady.

• Ultrafast accmulation multiplies the number of planes sent per angle. It's default value is 1. It is kept usually. Increasing its value shall increase the sensitivity and the temperature. As for angles its value shall be tuned with care as passed a certain threshold it can alter steadiness of sampling rate.

• Transmit Frequency (MHz) is the bearing frequency of the acoustic wave. It is 15.625M Hz by default which is the nominal value for the SUCRE probe. Modifying this value reduces the performance of the probe.

• DutyCycle

• Number Half Cycles

• Number of Frames is the number of ultrafast imagei used to compute a single PD image. The default value is 200. It is usually not modified. Increasing its value increases sensibility at the expanse of sampling rate. Some published values are lower, one must keep in mind that the number of frames over the frame rate shall remain above the cardiac pulse period.

• Frame Rate (Hz) is the frame rate of ultrafast images. Defalut value is 500. It is not changed usually. For ULM 1000Hz is prefered, although above this value the machine becomes unstable influenceing the steadines of PD frame rate.

• UF block Doppler accumulation is the number of ultrafast images ensembles used to compute a single PD image.

In addition to these displayed parameters, the experimenter can also change the values of the hidden tab HW Settings.

• svd threshold is the fixed threshold for clutter filter. Its default value is 60, this values is usually not changed.

• Power is the probe voltage. Its default value is 15V . For thinned skull or craniotomy this value can be kept, and not increased above 20V . For transcranial imaging it can be increased up to 30V . Finally, for craniotomised ULM the power shall not exceed 8V above which bubbles tend to burst.
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Field of view

As demonstrated in the results, the field of view is a critical parameter for imaging. As a fundamental physics of the measure principle, acquired data shall be limited to the strict necessary. Indeed any non informative voxel can only propagate noise in the regions of interest through the acquisition analysis. In this scope, width and depth of the field of view are a powerful tool to limit a priori noise in the image. The experimenter shall limit to the smallest rectangle containing the full imaged brain slice.

The width has been mainly adapted to the situations. For the sake of the analysis, in absence of a proper analysis pipeline, it is not recommended to adapt this value for each recording, but more at the strain and anteriority level (for the sake of registration for a given dataset the experimenter should stick to one value). For anaesthetised rats the parameter is kept at 1. The rat brain is slightly wider than the field of view. As a result, all voxels should be informative. In addition, the anaesthetised state reduces significantly lateral aretefacts from the mandibular temporalis muscles in the case of coronal slices. For anaesthetised mice the parameter shall be adapted to the strain and anteriority but maximal width should be around 10mm. In awake state the widest field of view should not exceed 9mm as the most lateral voxels tend to be noisy due to the bone structure, main vessels orientation, muscles and other factors. In our plan of interest we reduce the window down to 6.9mm by setting the first element to 31 and the last one to 98.

The depth has been neglected for a while. Given the observation of powerful extra cerebral sources of signal below the brain in awake state, it is now recommended to reduce the depth. For rats the default value shall work for most anteriorities. It could be worth reducing it for frontal regions. For mice, maximal depth can be as low as 7mm at anteriorities where the brain is the deepest, and drops to 5mm for frontal regions.

Regarding the distance between the probe and the skull, no clear indication exists. Three arguments shall forge the decision. The image of interest shall not be in the near field domain, with λ ∼ 0.6mm the 1mm margin plus a few voxels (100µm) shall ensure a distance far enough, but under this constrain, the further the better. On the other side focalisation in the elevation direction (passive lens) maximises the sensitivity around 8mm from the probe which shall be in the middle of the image. In addition, the exponential decay of the propagating acoustic wave should motivate to reduce the distance from the probe. In the end, a distance between 0.5 and 1.5mm is observed among users. Note that for the sake of registration it is valuable to keep this value homogeneous for a given dataset.

Vascular Bregma and brain localisation

As an alternative to automatic positioning described in (B.4.2) it is recommended for the experimenter to manually position the probe. A robust landmark can be found at the branching of the internal carotide artery and the anterior choroidal artery. This anteriority is marked on the image by the separation in two points of the anterior choroidal artery (see (Fig. 86)). It was noticed that this point can be identified with an incertitude of 100µm. The slice defined by this landmark includes many regions of interest with the associative cortex, parts of the barrel somatosensory area of the cortex, the dorsal part of the hippocampus, dorsal and ventral nuclei of the thalamus and parts of the hypothalamus. Because of its high reproducibility and anatomical interest, it is this slice that was chosen as our plane of interest, and was named «vascular bregma». From this position, given the implant positioning, the most caudal imageable slice is 1.5mm behind. This caudal the most slice is used as the origin for 3Dscans.

As explained in (10.2) transcranial imaging suffers a spatial limitation. A part of the image is polluted by a «shadow zone»which is due to inhomogenity at the bregma and sagittal sutures. Depending on the animal, bregma induced region starts 1 to 1.5mm afront the vascular bregma. The frontal part of the imageable area starts 2.5 to 3.5mm ahead of the vascular bregma. The sagittal induced shadow zone depends on the anteriority. In our plan of interest a ∼ 1mm wide band is affected in the image center. The shadow zones are variable from one animal to the other. At the population level it is recommended not to consider signal from these regions. Alternative preparations, at the cost of invasiveness, can paliate this contrain by replacing the skull with a polymer transparent to ultrasounds (polymethylpentene also refered to as TPX ) [Tournissac et al., 2022].
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C.4.2 3Dscan

Once the probe is located above the vascular bregma 3Dscan images can be acquired as follow:

• The live view mode is stopped.

• The experimenter opens the 3Dscan tab.

• Fast scan tick box is checked and parameters are set (see (C.4.2)).

• The acquisition is launched.

• Once the acquisition is finished, data are exported.

• As described in (B.4.3) if necessary IQ data must be transferred to the IQ hard-drive. For localisation purpose even in behaving animals, a single 3Dscan is enough for coregistration with the reference volume acquired on the last session of habituation. For anatomical purpose movement can be a problem. Indeed, in case of intense movement of the animal, frames could be corrupted. The solution consists in multiplying acquisition in order to cancel the effect through integration and mean or median filtering. The first option is to use accumulation of PD images UF block Doppler accumulation. In this case the risk is that
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movement is temporally coherent if the artefact is present for the whole duration of accumulation. Alternatively multiple scans can be repeated, in this case the probability of movement is distributed over the multiple recordings. In the first case accumulation of 10 blocks has been proven to work relatively well for a total recording duration of 14min. For the repeated scan, 4 repetitions stabilise the signal relatively well. It is worth noticing that the accumulation is more a rule of thumbs as no quantified optimisation has been made so far. Finally, no tracking is usually recorded during 3Dscans. If needed, one shall proceed as described in (C.4.3).

3Dscan parameters

It is recommended to keep imaging parameters as described in (C.4.1). Our usual parameters for 3Dscan is a total length of 7mm which from the most caudal slice allows to image until mid olfactory bulb. We use a step of 100µm to obtain seemingly isotropic pd3d. Alternatively, a 500µm step can be chosen as maximal step ensuring dense imaging of the volume. With these parameters the acquisition lasts for ∼ 1min30s with a ∼ 1min dead time at the beginning of the recording.

jcm PhD thesis CRI

C.4.3 2DfUS

For pd2dt imaging in awake condition, once the probe is located above the slice of interest, the experimenter shall proceed as follow:

• The cameras are turned on and the streaming only script is launched to check that the field of view is well adapted.

• The camera streaming script is stopped and recording script is started as described in (B.4.2).

• The tracking recording is started as described in (B.4.2).

• The 2Df U S tab is opened and parameters set as described in (C.4.3).

• At the end of the recording the tracking recording is stopped.

• The cameras recording are stopped.

• The PD data are exported.

• If necessary IQ data are transferred to the IQ hard drive. It is recommended to keep imaging parameters as described in (C.4.1). Our usual parameters for 2Df us are a duration of 1200s, 1800s or 3600s while maximum value is ∼ 4500s, a delay of either 0.1s for 2Hz recordings and 0s for 2.5Hz. As mentioned in (B.2.1) a 1800s recording results in 3min30s dead time before the actual beginning of the recording while 3600s needs > 6min to start.

C.4.4 3DfUS

For pd3dt imaging in awake condition, once the probe is located above the origin slice, and the relative coordinated of the volume of other slices are known, the experimenter can proceed exactly as for (C. 4.3) with the exception of the parameters (C.4.4). It is worth noticing that Neuroscan does not allow to synchronise tracking or videos during pd3dt images as the trigger is off for this imaging mode. This problem is solved in the commercial system. In practice one must be extra careful with the 3Df U S imaging mode of Neuroscan. Indeed, the end of the recording is defined based on total duration. As a result the probe can stop at any anteriority of the last spatial cycle. Although, the probe position is kept at the origin slice. As a result, first movement of the probe after a 3Df U S should account for the shift in theoretical position.

3DfUS parameters

It is recommended to keep imaging parameters as described in (C.4.1). Our usual parameters for 3Df us are a duration of 1200s, 1800s or 3600s. As opposed to pd2dt the maximum duration is much longer ∼ 11000s as more dead times occurs between PD images. As a result, data are sparser and the memory allows longer recordings. For our recordings a 400ms delay are required to allow a maximum displacement of 4.5mm resulting in 3 imaged planes in a 0.56Hz repetition time.

C.4.5 Anaesthesia

Some data presented in the results section come from a study performed on anaesthestised rats. As the datails of this preparation falls beyond the scope of this thesis protocols associated to anaesthetised rats are presented given in the appendices (E.4).
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Psilocybin

The Psilocybin project is the last imaging campaign of my PhD. As such it benefited from all the methodological improvements and experience built upon previous projects. DRC T0 is composed of 4 sets of ∼ 10 sessions acquired on 40 wild type C57\BL6 mice (10 per condition). Its aim is to investigate the dose dependency of Pslocybin (Psilo) fingerprint. Each session consists of 1 pd3d for anatomical purpose and 2× pd2dt : 30min of baseline followed by an injection and 1× 60min of follow up. Injections are as follow:

• VHT0: injection of psilocybin vehicle.

• Psilo1T0: injection of psilocybin 1mg/kg.

• Psilo5T0: injection of psilocybin 5mg/kg.

• Psilo10T0: injection of psilocybin 10mg/kg. DRC T7 is composed of 4 sets of ∼ 10 sessions acquired on 40 wild type C57\BL6 mice (10 per condition). Its aim is to investigate the dose dependency of long term Psilocybin fingerprint. Each session is a follow up of DRCT0 7 days after the first session and consists of 1 pd3d for anatomical purpose and 1× pd2dt : 30min of baseline. Recordings are performed without injections:

• VHT7

• Psilo1T7

• Psilo5T7

• Psilo10T7 LM T0 is composed of 6 sets of ∼ 10 sessions acquired on 60 wild type C57\BL6 mice (10 per condition). Its aim is to investigate in factorial fashion the difference in fingerprint between psilocybin and lisuride in presence or absence of the 5HT 2A receptor antagonist M DL or its vehicle. Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 30min of baseline followed by a first injection of pre-treatment (either vehicle or M DL) followed by 30min of follow up, followed by an injection of treatment (either psilocybin, lisuride, or their vehicle). Injections are as follow:

• VHVHT0: first injection of vehicle, second injection of vehicle.

• VHPsiloT0: first injection of vehicle, second injection of psilocybin 5mg/kg.

• VHLisT0: first injection of vehicle, second injection of lisuride 0.8mg/kg.

• MDLVHT0: first injection of M DL 0.5mg/kg, second injection of vehicle.

• MDLPsiloT0: first injection of M DL 0.5mg/kg, second injection of psilocybin 5mg/kg.

• MDLLisT0: first injection of M DL 0.5mg/kg, second injection of Lisuride 0.8mg/kg.
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jcm PhD thesis CRI LM T7 is composed of 6 sets of ∼ 10 sessions acquired on 60 wild type C57\BL6 mice (10 per condition). Its aim is to investigate in factorial fashion of the difference in fingerprint on the long term between psilocybin and lisuride in presence or absence of the 5HT 2A receptor antagonist M DL or its vehicle. Each session is a follow up of LMT0 7 days after the first session and consists of 1 pd3d for anatomical purpose and 1× pd2dt : 30min of baseline. Recordings are performed without injections:

• VHVHT7

• VHPsiloT7

• VHLisT7

• MDLVHT7

• MDLPsiloT7

• MDLLisT7

D Analysis pipeline

Once a dataset is well formated, analyses can be performed. As was shown in the introduction, analyses can always be seen as a path in a directed network of successive transform, in other terms a pipeline. It results, in a tree like object where branches or edges in the network are processes, and the dataset is its root. In this section are described three main pipelines, the analyses for locomotor activity and CBV timeseries have been superficially studied to infer the relevance and predictive features for the subject of interest in my PhD, the functional connectivity.

The many caveats and supportive arguments motivating choices for each step of the analysis process are further discussed in the results and discussion parts of this manuscript.

Here are mainly detailed the practical aspect as well as precise methods used for our final analysis pipeline that served to generate the results for all projects that were investigated during these 4 years.

Following the cascade of processing developed in the introduction, the path of data will be followed across the 3 remaining steps following standardisation, namely registration, level 1 and level 2. Before we start this journey a first step must be precised to understand the specificity of our analysis relatively to previous publications in the field. The true motivations of this initial step are detailed in (??).

D.1 IQ masking

As we already mentioned in (C. 4.1) it is crucial to keep as early as possible only informative voxels in order to minimise the chance of pollution through the different steps of processing. This can be done during the acquisition by apodisation or limiting the field of view. Although, for awake imaging a specific source of nuisance was identified. Because the source seems to be located in the very close vicinity of the brain itself it was still present in most of our data when this observation was made. In addition, as argued in (12.1.2) this source might be more distributed than initially thought.

To summarise: a source of signal was found as close as a 1 -2 pixels away from brain tissue immediately below and above the brain. A partial solution appeared in masking the brain as early as before clutter filter. This process can be done automatically in the acquisition pipeline thanks to the a priori registration strategy. In our case it is applied a posteriori by manually drawing masks of the brain for each session.

This process requires the establishment of a IQ dedicated data flow (B.4.3). As a result, all our awake imaging data had to be reprocessed with prior masking of ultrafast images. Adaptative filtering was also employed to compare performances with fixed threshold clutter filter (13.1.2). In the end, our acquisition analysis consists in masking IQ manually and apply a classical SVD based clutter filter top remove the 60 first modes of 200 images ultrafast ensembles (3.6).
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D.1.1 Adaptive clutter filter

The idea behind optimising the threshold estimate and adapt it to each ultrafast ensemble energy content is, as usual in this kind of optimisation problem to find better invariant in the signal. The main hypothesis here is that no change in the energy content of the blood space shall occur at the scale of a single recording. In other terms, if additional sources of signal shall arise it should come from the tissue. Therefore for each ensemble, the threshold should be adapted so that the blood space shall keep the same optimised energy. At an order zero, fixed threshold solves this problem under the assumption that the energy of the blood space is proportional to the number of singular vector in the low energy subspace. The refinement of the adaptive threshold consists in estimating the energy by the singular values instead [START_REF] Baranger | Adaptive spatiotemporal SVD clutter filtering for ultrafast doppler imaging using similarity of spatial singular vectors[END_REF]. Therefore, the implementation we used estimates the size of blood space based on the lowest energy ensemble [Laszlo, 2021]. This block is assumed to be the closest to the anaesthetised state, where the fixed threshold model is valid. The value of λ 60 0 for the most quiet block is considered as the size of blood space. Then, for each block, blood space is considered to be brought by all singular values < λ 60 0 .

D.2 Registration

On one side, the registration problem in our case, with 2D images, is simplified in comparison to the 3D registration classically performed in fMRI studies (5.2.1). On the other side, the distribution of intensities in fUS imaging is probably more variable across subjects and eventually across sessions. It also possesses much more high spatial frequencies in images due to the tree like structure of vasculature, and most importantly a more fussy distribution, as vessels shape between two different mice can differ quite significantly.

D.2.1 Implementation

After multiple trials, we decided to use Elastix software in order to solve our registration problem. As a reminder the registration problem consists in finding the transform for each image in a reference space to project images in a universal coordinate system. In other words, we seek equivalence of any paired image voxels. Because the animal has the head fixed in respect to the probe, we assume that no movement occurs during a recording (see (12.2.1)).

As a result, the image can be averaged to increase the spatial resolution. With the exception of multiplane, this problem can be solved at the session level as the probe doesn't move between two successive recordings. The registration problem becomes one of pd2d images.

As explained in the introduction, solving this problem relies on identifying: the reference image, the family of transforms, the cost function and the most adapted optimiser. If the last three components were found in the Elastix package, the question of reference image must be adapted to our specific problem.

Inspired from the fMRI field we decided to build a data based template representative of our plane of interest. The idea is to coregister all images of a dataset and use the centroid as a template. This approach can be iterative [START_REF] Vidal | Inter-subject registration and application of the SIGMA rat brain atlas for regional labeling in functional ultrasound imaging[END_REF]. It is shown in (13.1.1) that we did not succeed in stabilising convergence, and that a single iteration was enough to 5. All Right-Right images are affine registered on their Left-Left counterparts (see (D.2.3)). {( ÎI 0 ,i,L-L , ( ÎI 0 ,i,R-R ) ÎI 0 ,i,L-L ), i ∈ [1, N ]} 6. A first affine template is generated by taking the mean of all images of the last collection. T 1 7. All images are bspline registered to

T 1 . {(( ÎI 0 ,i,L-L ) T 1 , (( ÎI 0 ,i,R-R ) ÎI 0 ,i,L-L ) T 1 ), i ∈ [1, N ]}
8. the final template T 2 is obtained by averaging the last collection.

In fine, for each image in the dataset, registration is performed by transforming both affine and bspline images. Registration is performed session wise on the template computed from its images. From these two registrations, only the best of both registered images is kept. This last selection is performed by an operator. If neither affine, nor bspline resgistrations are satisfactory, the image is discarded. 

D.2.2 Best image

Best images should be considered in terms of common features and template optimisation.

The best image of a dataset is not necessarily the best looking one. It must possess most shared features in order to maximise the chance of registration convergence for all images. This step is probably automatable, as it is beyond the scope of our work we kept operator driven choices. In the end, the best image must be symmetrical (for coronal slices), relatively «smooth »so that images with imperfections could find a gradient to converge toward absolute minimum and cleared of any aberration.

D.2.3 Symmetrisation

In the case of coronal slice the template is regularised by symmetrisation. If the internal symmetry of brain organisation is debated, it appears that, at least its borders and rough structure possess symmetry. Moreover, for rsFC, the bilateral connectivity concept makes of symmetrisation a required feature for some quantifications. Some suggest, as our data seem to confirm that the presence of bilateral networks can be used as a quality control criterium [Grandjean et al., 2022].

Fortunately, the symmetrical structure of the brain arise naturally without enforced symmetrisation. Although, in absence of such correction, as shown in (Fig. 92), one can see that imperfections of the initialisation image are amplified.

D.3 Level-1

As presented in (5.1), RsFC refers to a limited fraction of the signal. It requires projection of the signal in a specific subspace to ensure emergence of the specific infraslow oscillations associated with functional connectivity. This whole process models our fundamental hypothesis.

At this stage the hypothesis can be formalised as:

• RsFC can be defined in the covariance of infraslow oscillation of CBV timeseries.

• A source of covariance exists in all voxels timeseries that is not related to RsFC.

• The covariant signal estimation is biased by extreme and sparse sources of signal.

We translated these hypotheses in mathematical terms to transform fUS signal in exploitable signal for quantification of RsFC. First, extreme events must be removed. To do so, data are censored or scrubbed. The frames which are considered artefacts are removed. Then, confound signals are regressed to remove non RsFC related sources of covariance. Finally covariance is quantified in the form of correlation or β parameters of GLM. This last distinction resulted in two implementations.

To summarise, two pipelines were defined. Their purpose is to measure the brain connectome based on a fUS image. From this quantification of connectivity state we aim at identifying fingerprints for different pharmacological treatments, in a reliable and predictive fashion. Having two parallel and relatively different pipelines gives the opportunity to reject any processing overfitting in the observed effect. In other words, we expect that observing the same effect with two different processing shall reinforce the confidence in our results.

The next sections describe, first the methods to compute, given a fUS signal, each of our level-1 objects of interest. The level-2 processing methods are then detailed. Finally, the different graphical representations we used for each of these objects are described. In absence of a specific mention, all RsFC are computed on 10min windows.
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Correlation Matrices

First we compute the CM. In this case, timeseries from each ROI is extracted and the Pearson correlation coefficient is computed between each ROI pairs. This coefficient can be represented as a matrix. The CM represents the weights of connection in a network whose nodes are the ROIs.

Because the correlation coefficient is a commutative operator, this matrix is symmetrical. Because all signals are perfectly correlated to themselves, the diagonal of the matrix is 1.

For the sake of clarity only zero lag correlation is displayed here. The temporal structure of correlation as well as potential lag analysis are discussed in (15.6).

Sparse correlation matrices

In addition to CM sparse covariance matrices are computed.

Seed-Based Maps

Finally, SBM are computed to better represent spatial distribution of altered connectome. The seed based map consists in the collection of an image composed of voxel wise correlation with a seed signal. The same ROIs are used for the seeds as for the CM. From the seed ROI is extracted a reference signal. Each pixel of the SBM represents Pearson's correlation coefficient between the signal in the equivalent voxel of the image and the seed signal.

D.3.3 GLM

As presented in 5.2.2 GLM was implemented based on nilearn Python module. It is an equivalent to the SBM approach as a seed signal extracted from one of the aforementioned ROI is used as regressor on which the contrast is computed. In addition, filtering is performed with a family of cosines.

In the end, the model regressors are:

• The constant.

• The global signal.

• The sample mask.

• A family of drifted cosine.

• The seed.

It is relevant to highlight the main distinction with the custom SBM pipeline. Instead of a sequential application of transforms, the GLM applies all processing steps at once by modelling the confound, the scrubbing and the filter as regressors of a linear model. It also considers the signal auto-correlation structure.
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5. If the slice is coronal, ROIs are symmetrised to match the template.

6. ROIs are re-ordered to structure correlation matrices in meta regions (see (D.7.3)).

ROI rejection

The k-mean algorithm outputs a dense space paving. As a result, outside of the brain voxels, as well as in artefactual zones are assigned a cluster as well. No signal relevant to the brain function can be found in such regions. Keeping them for functional study purpose would reduce statistical power by introducing an informative less degree of freedom in the system. As a result, all voxels contacting the image border or the midline are considered respectively as outside the brain or in the shadow zone. Thererfore, they are discarded.

ROI deflation

Deflation consists in removing the voxels in the inner boundary of a binary image. The idea is to shrink the ROIs to leave an interstitial space of 1 voxel at least between two ROIs. As the seed was extended of 1 voxel for smoothness consideration, the deflation allows to mitigate the effect of systemic mis-registration. If a voxel in the ROI border is mis-registered within a margin of 1-2 voxel, deflation ensures that it wont be attributed to the neighbouring region due to incertitude.

D.4 Level-2

At the end of level-1 analysis, 4 different object of interest can be output:

• Correlation matrices,

• Seed-based maps,

• Sparse correlation matrices,

• Z-maps.

As a reference to the framework described in the introduction [START_REF] Deffieux | Functional ultrasound neuroimaging: a review of the preclinical and clinical state of the art[END_REF]. Each of the pipelines building these objects of interest are different paths in the network of analyses. As expected this number can only increase with the next step. Once the whole dataset has been processed through and each image is transformed into an object of interest counterpart it becomes possible to address our hypothesis in statistical terms. The level -1 model transformed the image into a mathematical object encompassing our hypotheses (D.3). CMs represent the signal covariance while temporal filtering selected only infra slow oscillations and regression removed non specific sources of correlation. From these mathematical observables, distribution can be drawn and the final hypothesis «does the treatment affect significantly the connectome at the population level»tested.
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As explained in (5.2.3), it is the formulation of level 2 statistics. In this part are described two tests for our collections of correlation coefficients or zscores.

Following the same logic as for the previous section, first is presented an implementation similar to what is found in the fUS literature. This method is based on a mass univariate approach (typically parallel t-testing) with correction for multiple comparisons. This method is later applied to compare correlation coefficient distributions. Second a GLM is presented following SPM approach. If it is also based on mass univariate approach, the method allows to model additional sources of variance. Naturally, this second method is later used to perform second level analysis of z-maps obtained from the first level GLM.

D.4.1 Parallel t-testing

The underlying idea behind this method is to consider the different components of the object of interest, whether its is a CM pixel or a SBM voxel, as independent. In this case, the null hypothesis can be spread across them all. A null hypothesis is tested element wise. The difference between two distributions of correlation coefficient is usually tested. From this test a tvalue is output. The tvalue can be translated into a pvalue whose threshold, in absence of prioir knowledge on the system can be arbitrarily defined at 5%. Interpreting this parallel testing requires corrections for multiple comparisons (D.4.1). The Benjamini Hochberg permits to control the false discovery rate [START_REF] Benjamini | Controlling the false discovery rate: A practical and powerful approach to multiple testing[END_REF]. After this step significance is given element wise. For example CM significant changes between two conditions is given in the form of a matrix whose pixels are binary value. The value informes if the CM pixel has changed significantly in respect to overall distribution of the changes.

As an example, most classically, the connectome of a group of 9 mice after drug injection is compared to the connectomes of a group of 11 mice after saline injection. If the connectome is defined as a correlation matrix between 10 ROIs, a test is performed for each edge of the network or pixel of the lower triangle of the matrix (n test = n vox (n vox -1)/2 = 45 tests). Each test compares the coefficients at the same position in the matrix for all 9 mice for the first distribution, and 11 mice for the second distribution. A tvalue is computed to quantify the distance between both distributions. Each tvalue can be translated into a pvalue to infer the chance that both distributions are coming from the same sample given the number of individuals in each group and the values of their coefficient. Because under the null hypothesis, the chance to reject it is proportional to the number of repeated tests, pvalues tend to overestimate the number of discoveries. The p-value must be corrected to control this risk of false discovery (D.4.1). We use Benjamini Hochberg procedure to do so. All significant changes correspond to qvalues < 0.05.

Fischer transform In the case of the Pearson coefficient of correlation all the aforementioned procedures must follow a Fisher transform of the coefficient. Indeed, because the correlation coefficient is included in [-1, 1] its variance is reduced for extreme values. The fisher transform r → arctanh(r) spreads correlation coefficients on R as whole. It does so by giving a distribution almost normal whose variance is independent of r. By using the Fisher transform the correlation coefficient can be handled as a z-vlalue. Nevertheless, one must jcm PhD thesis CRI keep in mind that a Fisher transformed coefficient is not a z-value per se. The space where correlation coefficient are transformed is called the Fisher 's space. For visualisation purposes it is more natural to observe the correlation coefficient in the correlation space (r ∈ [-1, 1]). Therefore, usually, coefficients are first sent in the Fisher space where then can be handled as zscore to be compared or to compute an average before being transformed back on the correlation space for visualisation. Based on [Rahal et al., 2020], «t-test »are based on a decision tree:

Statistical paradigm

• A Shapiro Wilk test is performed α = 0.1

-If the null hypothesis is rejected i.e. distribution is not Gaussian a non parametric Wilcoxon-Mann-Whitney test is performed.

-If the null hypothesis is not rejected variance equality is tested with a Ftest, two-tailed α = 0.05. * If the variances are equal, an equal variance ttest is performed, two-tailed α = 0.05 * If the variances are not equal, an unequal variance ttest is performed, two-tailed α = 0.05

Whatever the object of interest, all its degrees of freedom (individual pixel of the SBM or CM) are tested independently following this procedure. After this step, the collection of p-values are corrected to q-values for multiple comparisons induced false positive rate control (see (D.4.1)). Then, the null hypothesis is rejected with α = 0.05.

Multiple comparisons problem

The problem of multiple comparison is perfectly illustrated in [START_REF] Bennett | Neural correlates of interspecies perspective taking in the post-mortem atlantic salmon: an argument for multiple comparisons correction[END_REF] who identified significant clusters of voxels responding to a visual task in the brain of a dead salmon. The underlying principle rests in the fact that the number of false positives is linearly linked to the number of independent tests performed. For classical neuroimaging studies the number of tests is equal to the number of voxels, in the order of magnitude of ∼ 10 6 (10 4 for 2D fUS).

The most common approach to correct statistical results obtained for parallel testing is Bonferroni's correction method. In this case, the linear increase in false positives is countered by inversely reducing the threshold for T ypeI errors α = α 0 /n where alpha is the single test threshold (usually 0.05) and n the number of tests. Bonferroni's correction is known to be a peculiarly stringent correction as it considers all tests independent, which is not necessarily the case and peculiarly for neuroimaging where correlation structures exist between neighbouring voxels [START_REF] Lindquist | Zen and the art of multiple comparisons[END_REF].

Alternatively, applying the Random Field Theory (RFT) Euler 's characteristic was found a good quantifier to control the Family Wise Error Rate (FWER) which is the α equivalent when multiple tests are performed. Without entering in the details of this procedure the Euler 's characteristic estimates the number of connected clusters above a certain threshold inside an image of a certain smoothness. As a result, using this strategy controls for correlation structure, dealing with clusters instead of independent tests. The RFT assumes that images are discrete sampling of continuous smooth random fields. This assumption is quite bold, to ensure this characteristic, smoothing kernels are usually applied to the images as a required step of pre-processing. Finally, Euler 's characteristic is function of this estimated smoothness of the random field. It was shown for low smoothness, that RFT based FWER is more stringent than Bonferroni's correction [START_REF] Nichols | Controlling the familywise error rate in functional neuroimaging: a comparative review[END_REF].

Finally, two methods have bee proposed to increase power of Bonferroni's correction. Holm's step-down method and Benjamini's step up method or Benjamini-Hochberg procedure [START_REF] Benjamini | Controlling the false discovery rate: A practical and powerful approach to multiple testing[END_REF] use an iterative process over sorted pvalues to refine research for maxima, well suited in the case of correlated tests [START_REF] Nichols | Controlling the familywise error rate in functional neuroimaging: a comparative review[END_REF]. The idea here is not to control the FWER, i.e. the overall number of false positive, but the False Discovery Rate (FDR) i.e. the number of false discovery in the population of tests who rejected the null hypothesis, the ones for which the test is considered significant. For example, with Benjamini's method if we call p 0 < p 1 < ... < p i < ... < p n the set of our n pvalues sorted in increasing values. To correct for a FDR of q = 0.05 (i.e. we want to control that the number of false positive within rejected tests is below 5%), if r is the maximal value so that p r ≤ i n q, then all tests for which p i ≤ p r reject the null hypothesis. As explained in [START_REF] Lindquist | Zen and the art of multiple comparisons[END_REF], any procedure controlling FWER controls the FDR yielding to increased power of FDR, moreover it doesn't assume any a priori informa-
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D.5 CBV

In this section, CBV pre-processing is presented. Raw CBV possesses two main sources of nuisance. High frequency artefacts due to movement, and slow drifts in signal. In the end, only the grand average of the percentage signal change is showed. It consists in incoherent sum of all a group individuals which is assumed to cancel out movement related artefacts as well as animal dependent slow variations. It is expected to represent overall population dynamics.

The processing is as follow:

1. All signals from the same session are concatenated along time.

2. Signals are transformed voxel wise in percentage signal change (removal ∆F/F ) or CBV relatively to the last 2min of signal before injection.

3. The signal average over the group multiple individuals is computed.

It results in a group representative evolution the CBV. 

D.6 Tracking

As explained in B.3.2, tracking data come with a high frequency rate (100Hz) and uneven acquisition step. In addition, the tracking is acquired continuously while acquisition is defined by a TTL channel turning ON when the machine sends pulses. Consequently processing is as follow:

1. Beginning and end of the acquisition are identified based on the TTL signal.

2. The extracted tracking is resampled on fUS sampling rate. Only the position is extracted from the .tdms file.

3. The instant speed is computed out of resampled position (see (D.6.1)) v = dx 2 + dy 2 /dt.

4. Any speed above 5mm/s is considered as movement and exported as a mobility binary signal.

In the results part, rasters of mobility signals are displayed. For population representation, average mobility are presented as well. Average mobility represents the fraction of mice moving at a given time.

D.6.1 Speed estimate

Instant speed computed out of digitised signal is known to be quite an unstable measure. Indeed, being a derivative measure it suffers a lot of uncertainty from measurement which creates quite a high background variance. To mitigate this effect, Neurotar proposes a preprocessed signal after Stavitzki Golay filter of order 25. In our case, we used the resampling to stabilise speed measurement. By downsampling the position of mice we reduce imprecision in instant position of the mouse estimate. By re-estimating the instant speed out of this resampled positions, speed is smoothed out (Fig. 95). In the end, this processing increases the contrast between movement and quiet phases. It is based on this speed distribution that we defined an absolute threshold at 5mm/s (grey dotted line).
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D.7 Results display

Finally, a few graphical representations of these results are explained. This section is a guide to better read these figures. In general, all correlation matrices and seed based maps are displayed with coclorcet CET D1 colormap [START_REF] Glasbey | Colour displays for categorical images[END_REF], Kovesi, 2015] for perceptually accurate representations. Network displays are non quantitative per se and based on two custom colours, changes in intensities are due to alpha and width variations. The mobility signal is usually presented as two plots sharing a common time axis (Fig. 96). The upper graph displays the raster plot of individual mice mobility. Each line represents a mouse: white means no movement while black means movement. Red vertical lines represents transitions between two recordings or the injection timings. The lower graph represents the average mobility. The average value in black is expressed as percentage of moving mice at any given time. As a result this mean mobility is quantisized. In order to better assess the variability, the 95% interval is given in grey based on a binomial distribution. Finally, single mice mean mobility is computed over 10min windows to establish a parallel with rsFC. The mice mean mobility average is represented by a red bar. The 95% confidence interval is displayed and percentage expressed. The raster plot of regional CBV is displayed as an image. Each pixel color represents the amount of CBV relatively to the last 2min of baseline averaged over all mice of the studied cohort. The colormap is saturated at ±50%. A vertical bar represents the injection. The main distinction is either 20min (opioids, cannabinoids) or 30min (psilocybin) of baseline.

D.7.1 Tracking

In some cases the profile of the raster plot in some regions is represented as the regional timseries. The curve represents the average smoothed (Savitzky Golay filter order 2 window 30s) CBV as percentage signal change.

The signal is detrended by substracting the same profile under saline condition. The 95% confidence interval is represented. This display usually compares either different doses for the same region (example illustrated in (Fig. 97)) or different regions for the same dose.

To establish the parallel with rsFC and to better represent the localisation of potential hyper or hypo perfusions average perfusion per 10min windows is given as a regional activation map. Correlation matrices represent the paired ROIs network of correlations. Each row and each column encodes connectivity of one ROI with other ROIs of the network. The pixel at the intersection between row i and column j represents the correlation between ROI i and ROI j. Correlation matrices are represented as images. The colormap is saturated between -1 and 1, positive correlations in red and negative correlations in blue.

As explained in (D. 3.2), due to complete autocorrelation of the signal at 0 lag, its diagonal is filled with ones. Most of the time, ROIs are clustered as meta regions. On the left is presented the automatically computed ROIs (D.3.4) overlayed onto the slice template. Ordering of ROIs gather all ROIs from the cortex in the upper left corner of the correlation matrix. Squares along the diagonal represents the connectivity intra meta regions corresponds. Bilateral connectivity within a region is encoded on the anti diagonal of these squares. The intersection between two squares prolongation represents cross talk between meta regions.

The correlation matrix structure is presented with the example of our main plan of interest. From top to bottom is shown cortex, hippocampus, thalamus and finally hypothalamus. It is interesting to notice bilateral connectivity within regions, the diagonal regional squares are of more intense red as other pixels. On the other side of the spectrum, negative correlation can be seen between meta regions (see (Fig. 98)).

CM evolution is usually displayed as a follow-up on successive 10min windows. In this case the injection is represented by a grey vertical bar. Based on (D.4), group level statistical results can be displayed as well. In this case we talk about significance displays.

For correlation matrices, level-2 analysis results are encoded in significance matrices. The significance matrix has the same structure as the correlation matrix: it is symmetrical, its diagonal is null, its pixels represent the same connection between two ROIs. Functionally, the significance matrix represents the difference between the brain state (for example after treatment) and a reference condition (vehicle). In most cases, the reference condition gathers tens of sessions (60 for the psilocybin project (Fig. 99, Top)). The result of level-2 (D.4.1) comes in two aspects, the effect size: defined as differences of population average features, and its significance: the confidence in the effect given both distributions. The significance matrix encodes both these quantities. Only pixels whose change is significant are displayed. In addition, differences in mean correlation coefficients are displayed. Following (D.4.1) considerations, correlation coefficients are Fisher transformed, averaged and transformed back in the correlation space.

As for CM, the significance matrix can be represented as a network. In this case, the network representation allows to increase the information content. Classically, only the significant changes in correlation are displayed, while node colours encode for the overall change of correlation with the rest of the network. In addition, the edge style informs on the absolute value of connectivity change (Fig. 101). Dotted lines represent loss of connectivity (absolute value of the correlation coefficient), while straight lines show gross increase in connectivity. The underlying idea being that a significant increase from r = -0.7 to r = -0.2
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The surgery is probably the most traumatic experience of the habituation, a full section is dedicated to describing our surgical procedure (E.3). After surgery a few days are left for the mouse to recover. 4 days after surgery starts the head fixation apparatus: MHC training. This training lasts for two weeks after which the animal is considered ready for imaging sessions. Explained in the next section the last habituation sessions are in between habituation and imaging. For this section the reference point in time is the surgery noted D0.
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E.2.2 Protocol

The habituation protocol remains only a standard guidelines. Depending on the animals response, the protocol must vary to keep the animal comfortable [START_REF] Langford | Coding of facial expressions of pain in the laboratory mouse[END_REF].

Figure 104: Schedule for the habituation to the awake head-fixed state. The whole procedure takes 4 weeks from the moment the mouse enters the animal facility. The habituation starts with handling, then the animal is implanted, after some more handling it starts being trained to the head fixed condition. The training finishes with session where the animal are imaged to get anatomical images and a reference angiographic volume. Finally the last official day of habituation consists of an imaging session with saline injection.

D-2

The animal is handled with care 1 -2min and weighted in the experiment room while the pump is off, (see (B.3.2)) to get used to the environment and the experimenter.

D-1

The animal is handled for 5min and weighted, colour marks can be made on the tail for identification purpose(see (E.2.3)).

D0 Surgery: the surgery is performed see (E.3).

D1 Follow-up: the surgery recovery follow-up is performed. The animal must be weighted, re-injected with meloxicam, and the state of the animal must be assessed to detect possible endpoints (see (E.2.3)).

D2 Follow-up: The animal is weighted and its state evaluated based on the score-sheet. The animal must be re-injected with meloxicam if, based on its score, its state requires it.

D3

The animal is left to rest.

jcm PhD thesis CRI D4 The animal is left to rest.

D5 H1

The pump is turned on. The animal is weighted and its state assessed. The animal in the hand for 5min.

D6 H2

The pump is turned on, the animal is weighted and its state assessed. The animal is handled for 10min during which the implant is blocked by the experimenter non continuously for 3min.

D7 H3

The pump is turned on. The animal is weighted and its state is assessed. The animal is handled for 5min during which the implant is blocked in for 3min non continuously.

The animal is put in the MHC to explore for 5min. A reward is given and the animal is left in the MHC with it for an additional 5min.

D8 H4

The pump is turned on. The animal is weighted and its state is assessed. The animal is handled for 5min during which the implant is blocked for 3min non continuously.

The animal is put in the MHC and clamped for 1 -2min (see (E.2.3)). The animal is released from constrain and a reward is put in the MHC. A reward is given and the animal is left in the MHC with it for an additional 5min.

D9 H5

The pump is turned on. The animal is weighted and its state is assessed. The animal is clamped for 5min. Some reward is given and the animal is left in the MHC with it for an additional 5min.

D10 H6

The pump is turned on. The animal is weighted and its state is assessed. The animal is clamped for 10min. A reward is given and the animal is left in the MHC with it for an additional 5min.

D11 H7

The pump is turned on. The animal is weighted and its state is assessed. The animal is clamped for 15min. A reward is given and the animal is left in the MHC with it for an additional 5min.

D12 H8

The pump is turned on. The animal is weighted and its state is assessed. The animal is clamped for 25min. Some echographic gel is poured on top the imaging windows. At the end of the session the gel must be gently removed (see(E.2.3)). A reward is given and the animal is left in the MHC with it for an additional 5min.

D13 H9

The pump is turned on. The animal is weighted and its state is assessed. The animal is clamped for 30min. Some echographic gel is poured on top of the imaging windows. The probe is lowered over the animal to get it used to spatial limitation above its head. At the end of the session the gel must be gently removed. A reward is given and the animal is left in the MHC with it for an additional 5min.

D14 H10 3Dscans

The pump is turned on. The animal is weighted and its state is assessed. The animal is clamped for 30min. Some echographic gel is poured on top the imaging windows. The probe is lowered until it contacts the gel. Following (C.4.1) procedure, the probe is positioned in the origin slice. 10 3Dscans are recorded to habituate the animal of the imaging probe and obtain a reference volume of the mouse brain. At the end of the session the gel must be gently removed. Some reward is given and the animal is left in the MHC with it for an additional 5min. From this point, the animal is considered habituated to the head-fixation for fUS imaging. Additional experimental add-ons can request additional training sessions.

D15

The animal is left to rest.

D16

The animal is left to rest.

D17

In the case of pharmacological follow-up studies it is usual to dedicate the first session to saline injection recordings for controls. Indeed, it habituates the animal to being injected while being clamped which induces stress at the moment of injection. In this case, this last habituation serves as first imaging session also giving the opportunity to get a reference connectome of the mouse.
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E.2.3 Remarks

Marking strategy

A proper marking strategy allows significant improvement in the easiness of experimental procedure. If it can appear a superficial question at first sight, properly identifying individuals can reduce mistakes and improve efficacy as well as reducing stress for the experimenter. This is true along all procedures in which the animal is subject to: habituation, surgery and acquisition.

A pen shall be used to make marks to avoid unnecessary pain for the animal that would induce alternative such as ear marks [Burn et al., 2021]. The mark shall be put on the tail as close to the body as possible to avoid the mouse removing it. The animal shall be re-marked at least every week, ideally every three days. A good marking pattern is as follow for 5 animals cages: Keeping no mark for one mouse is a strategy to avoid as if marks become harder to find no mark creates faster confusion. By combining spatial and colour coding and as Red is the least discernible colour on skin, the spatial distribution of these marks maximises the robustness of this code.

Endpoints Score sheet

It is crucial and obliged by law to assess the animal welfare with the use of a scoresheet. Our scoresheet has 4 sections (Physical appearance, Behaviour, Weight, Surgical planes) which must be assessed as often as possible to guarantee the well being of the animal. One example
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Clamping procedure

The MHC is composed of a large platform spreading uniformly an air flux. A light carbon cage is floating atop of it. A bridge crosses the platform with an horizontal clamp hanging from it. The clamp has springs maintaining it open and two counter screws to block the frame and avoid any movement of the animal's head once the implant is well positioned inside the clamp. the animal is in the box the implant is grasped by the experimenter, the implant is fit inside the clamp while movements of the animal as accompanied manually with the cage, the clamp is hold closed while it is screwed, the animal can move freely.

For clamping, the animal is put in the cage and quickly the implant must be firmly grasped. During the habituation the mouse can develop strategies to make holding of the frame more difficult, such as raising the head to make it harder to clamp. As often, the key is proper training of the experimenter and subsequent speed. If the practitioner is confident, the clamping can be fast, without the mouse being able to resist and stress during the experiment is most certainly reduced. In the end, the habituation doesn't apply only to the animal.

Once the implant is firmly seized, the hand acts as a tether until the frame is positioned in the clamp. During this time with the other hand, the experimenter shall help the cage move so it fits the animal movement. The frame is approached to the clamp until its back section is blocked against it. At this moment the animal is almost in head fixed condition and shall be able to move freely with the MHC countering its movement. With the second hand the experimenter must manually close the clamp before screwing it tightly.
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Ecographic gel

As explained in (3.2.1), echographic gel is used for impedance adaptation for maximising the amount of energy penetrating the brain and increasing the backpropagated signal. It is important to remove any bubble from the gel before imaging. To do so, the gel is put in a 50mL falcon and centrifugated at 5000rpm for 5min. During experiments it is recommended to keep the gel at animal temperature. Although, because through thermoregulation of the mouse and because the probe is releasing heat, once imaging starts (liveview for position or 3Dscan) it is expected for the gel to reach equilibrium temperature around 30 o C in a few minutes. It is an additional reason that all sessions shall start with such recordings (see (C.4)).

During the habituation D10 H8 is probably the most stressful day. Indeed the contact with wet gel is peculiarly disturbing for the animal. For H8, gel doesn't have to be centrifugated as no imaging is performed. If there is no causal demonstration of its efficiency it is recommended to drop a bit of saline on the imaging window before pouring the gel. Moisturising the surface is believed to improve impedance adaptation. In addition when the gel is poured bubbles are more easily evacuated with water contact than dry contact. It is recommended to pour a first bunk of gel on top of the window to ensure perfect coverage for imaging. Then, the experimenter shall quickly fill the side gutter (see (E.3)) until the gel is contacting the frame on the side to ensure a mechanical stability. Side to side contact with the implant reduces the down flow
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After the experiment, the gel should be removed with extra care to avoid damaging the imaging window. To do so, first the bulk of gel shall be removed quickly with a cotton tip used as a spoon. One shall avoid putting too much gel in the animal whiskers or its muzzle. Then, very gently, remaining gel shall be removed with a cotton tip. The window shall not be scratched but the experimenter must feel the surface. Finally, the window shall be cleansed with saline to dissolve potential gel leftover. A specific attention should be paid to the lateral gutters of the window as the gel tends to accumulate there. It results in a white deposite a few hours later, after drying. The experimenter shall keep in mind that the animal will clean themselves. Although, mice tend to enjoy eating the gel, it is important to remove as much as possible to avoid cage mates to damage the window surface while cleaning the last imaged individual.
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E.3 Surgery Mice

As explained in the previous section, an animal must follow three to four weeks of preparation in order to be imaged. After this training and depending on the protocol the animal can be imaged for weeks and even months (see (10.1)). All this work, and its subsequent results are greatly conditioned by the hour or so that the surgery lasts. It is why a great care should be given to this few instants that impact the work of potentially many others [START_REF] Lilley | Lasa 2017 guiding principles for preparing for and undertaking aseptic surgery. a report by the lasa education, training and ethics section[END_REF]. This section presents the stakes of this procedure with a little description of its evolution during my PhD, after which a detailed protocol is given associated with remarks and comments.

E.3.1 Introduction

The head fixation used in our experiments relies on the MHC apparatus presented in detail in (B.3.2). This system was initially designed for in vivo two photons microscopy first and electrophysiology [START_REF] Kislin | Flat-floored airlifted platform: A new method for combining behavior with microscopy or electrophysiology on awake freely moving rodents[END_REF]. It requires a surgery to implant on the animal's head an imaging window, prolonged by a head post for fixation in a clamp. Over the years this kind of apparatus has become standard [START_REF] Barkus | Refinements to rodent head fixation and fluid/food control for neuroscience[END_REF]. Very early, with the first tests on awake imaging for fUS, it was decided to adapt this technology [Rabut et al., 2020a] while a completely freely moving setup was demonstrated for behaving mice [Tiran et al., 2017]. Indeed, head fixation is considered a good compromise in terms of restrain relatively to the removal of movement artifacts [Martinez de Paz and Macé, 2021]. Adaptation from two photons technology proved to be relatively easy, with two major differences:

• The ultrasonic probe and its field of view is much bigger than the microscope objective.

• For awake mice, fUS can image the brain transcranially, hence no need to open or remove the skull.

The first design proposed was a small metallic frame thought to work for both completely freely moving and head-fixed apparatus [Ferrier et al., 2020]. For the freely moving condition, the implant had to be as little as possible and fit the probe very tightly while reducing the weight of the system the animal had to sustain [Tiran et al., 2017]. For the head fixed apparatus, the clamp was the limiting factor. Initially designed for a microscope objective its dimensions are quite small. In the end the implanted animal offered very little margin to move the probe (the window is 21mm × 6.5mm), resulting in a quite limited effective field of view. This limitation could be circumnavigated by implanting the frame at different positions depending on the required ROI. This design required different mice for different anteriorities, which has proven to be quite limiting.

From these observations, several alternative designs were envisioned without success. It is worth mentioning the Y shape design. With a single fixation in the back of the brain the momentum of the animal body and strength resulted in a high rate of detachment. In addition, due to flexibility of the bone itself, even if properly clamped, due to the wide field of view, movement of the brain was observed, which for fUS is associated with reduced sensitivity (3.4). Consequently, between my first and second year of PhD, I worked with Neurotar to design a bigger frame. It required the use of a bigger clamp that Neurotar teams initially prototyped for rats applications. With this new frame (13mm × 21mm) all regions below the cortex can be imaged from the visual cortex to the olfactory bulb. Thanks to two tethering points spread across the skull (caudal and frontal), no macro movement of the brain is observed.

The surgical protocol described below has been extended from previous work of the team and collaborators [Rabut et al., 2020a, Ferrier et al., 2020] and was already partly published in [Bertolo et al., 2021a]. The protocol is here further detailed, while the main add-on consists in increasing the window width. The surgical protocol is quite mild in term of invasiveness as special care must be given not to penetrate through the skull but to keep bone inclusions superficial. The overall procedure is considered moderate as surgery under anaesthesia is performed [START_REF] Smith | Classification and reporting of severity experienced by animals used in scientific procedures: FELASA/ECLAM/ESLAV working group report[END_REF]. The surgery shall last less than 1h and can be as fast as 30min for an experimented surgeon. In addition to the classical care of a sterile environment preservation [START_REF] Lilley | Lasa 2017 guiding principles for preparing for and undertaking aseptic surgery. a report by the lasa education, training and ethics section[END_REF], the attention of the surgeon should be directed to a perfect condition of the skull surface, avoiding any micro-bleeding before pouring the glue protective layer.

E.3.2 Protocol

1. Preparing for surgery (a) The bench and apparatus must be thoroughly cleaned (microscope, lamps, heat pad and all surface that could be touched during surgery) with disinfectant.
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(c) For the preparation area, the following supplies should be prepared and displayed:

• Lubricating ophthalmic ointment,

• Electric trimmer or scissors,

• Iodine solution,

• Anaesthetic and analgesic drugs:

-General anaesthesia is maintained through the use of a mix of ketamine (100mg/kg, 10mL/kg IP) and xylazine (10mg/kg, 10mL/kg IP). -Analgesia is additionally ensured by meloxicam (4mg/kg) injected subcutaneously. (d) For the surgical area, assemble and arrange the supplies needed:

• Heat source as the animal must stay at 36 o C during and after surgery (b) In the case of multiple surgeries, instrument could be re-used without autoclave or repacking, they must be cleaned and dry sterilized at least.

(c) Instruments shall be placed on the sterile part of the surgical area.

3. Preparing the animal for surgery:

(a) Anaesthesia and analgesia:

i. Prior to the surgery the animal is pre-treated with Meloxicam (4mg/kg, 10mL/kg sub-cutaneaously). ii. The animal is put asleep with a mix of ketamine (100mg/kg) and xylazin (10mg/kg) (10mL/kg intra peritoneally): A. The animal receives a first bolus (100% dose). B. After 5min the state of the animal is assessed with occular and interdigital reflexes, in absence of reflexes the practitioner can proceed. C. In case of reflex an additional dose is injected (30%). D. After 10min the state of the animal is re-assessed. E. In case of reflex a final dose is injected (30%). F. After 10min the state of the animal is re-assessed, in presence of reflexes the animal should be left aside. G. Once the animal has reached deep anaesthesia, its status should be continually monitored and the animal must be re-injected (30%) in case of increase of breathing or cardiac rhythms or re-apparition of reflexes.
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iii. Local anaesthetics Lidocaine (2%, 0.2mL, sub cutaneously) is injected on top of the skull 5min before the incision. iv. Local anaesthetic cream (Lidocaine 2%) is poured in the ear of the animals to reduce discomfort during stereotaxic fixation.

4. Surgical preparation of the incision site.

(a) The incision site on the top of the head is shaved with a trimmer or scissors, specific care shall be given to the peri-orbital area.

(b) The shaved area shall be disinfected by surgical scrub application.

5. Positioning in the stereotaxic frame (a) After preparation the animal is brought to the surgical area (b) The head is fixed in the stereotaxic frame. This step is critical, the practitioner must check that the head is firmly attached before continuing as misplacement would induce vibration during drilling that can impact the surgery success while inducing pain for the animal.

(c) The temperature monitoring probe is inserted to monitor body temperature.

(d) The surgical field is placed to separate the surgical plane from the rest of the body.

(e) Some lubricating ophthalmic ointment is poured on the eyes. The status of the eyes is checked regularly, if needed some more ointment can be poured.

6. The surgery (a) Removal of the skin:

i. The surface is cleaned with some iodine solution. ii. Two incisions are made one along the sagittal suture on the antero-posterior midline, between the neck muscle and the masal bone, another media-lateral from one temporalis muscle to the other. Either sharp scissors or a scalpel can be used for the incision. iii. The 4 skin flaps are removed with scissors. Extra attention must be given to the periorbital area where 1mm between the eye and the cut must be kept.

• Depending on the type of stereotaxic frame, the nose cone might block access to the frontal part of the incision. It is recommended to remove the cone during the incision, disinfect it with iodine before placing it back. The cone is only necessary for drilling the back hole and screwing the back screw. iv. Superficial adipose tissue is removed with tweezers and scissors to let the skull apparent. v. Both temporalis muscles are detached down to the mandibula on the side of the temporalis edges. vi. The trapeze muscle is detached from the edges while the occipital bone is cleared and dried. vii. The whole surface shall be cleaned with saline and iodine.

(b) Positioning of the implant i. The implant shall be placed above the skull to mark the two holes to drill.

• The main landmark shall be the occipital bone. To maximize the imageable surface the back hole shall be drilled as much in the back as possible. • Once the back mark is placed the frontal one shall fall on the nasal bone a few mm before the eyes. ii. The back hole is drilled while the nose cone is in position.

A. First penetrate the bone perpendiculary to reach the adapted depth. B. It is important not to drill through the skull but only through the first two hard layers of the bone. The surgeon must not reach the dura. C. The hole can be enlarged by increasing gradually its diameter while checking regularly until the screw fits in.

iii. The nose cone is removed to free the frontal area and the frontal hole is drilled.

• We recommend to validate the hole position with the implant before starting to drill. • One can use a tweezer to replace the nose cone and manully maintain the skull tighlty attach to the stereotaxic frame. ) the animal is put on the stereotaxic frame (ii.) an incision is cut in the skin along the midline (iii.) the skin is cut clean and the periosteum is removed. (iv.) the temporalis muscle is detached down to mandibula (v.) som eexcess glue is poured to cover the whole surface (vi.) the glue excess is removed to have smooth and thin protective layer which forms a gutter at the interface with the muscles.
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ii. The cement is prepared: A. The mortar must be cooled down around 6 o C before preparing the cement. B. A small spoon of cement powder is placed in the mortar. We recommend opaque cement powder as it allows to identify and clean potential leak inside the lateral gutters or on the imaging window. C. 5 drops of monomer are dropped in the mortar. D. 1 drop of catalyst is added and mixed to obtain an homogeneous liquid.

iii. With a brush the cement is applied A. Because the cement has a fast kinetic it shifts in five minutes from liquid to viscous. B. A first drop is applied on the screws while the cement is still very liquid.

With capillarity the cement must penetrate the holes. C. A bit of liquid cement shall be applied on the skin cut bordering the wound. The cement will be applied on top of it to close the wound. D. After waiting a few minutes for the cement to dry, a second, more viscous, layer is applied to fill the space between the implant and the skull. E. Finally, with very viscous cement, consolidation shall be made to ensure proper closing of the wound and positioning of the implant. F. One must be extra careful not to pour cement on the imaging window.

Cement shall be limited to rostral and caudal wounds without entering the lateral gutters.

7. Post-operative recovery (a) Right after the surgery i. The animal is injected with saline (10mL/kg, sub-cutaneously) for rehydration. ii. The animal is placed on a heating pad and its breathing is monitored to assess waking. iii. The animal must be kept isolated until fully woken.

(b) Following days after the surgery i. The animal should be daily monitored the week following the surgery and a score sheet should be filled in order to respect the ethical endpoints. ii. The day after surgery a second dose of Meloxicam (4mg/kg, 10mL/kg subcutaneaously) is injected. iii. Most animals shall recover in less than 24h. An animal presenting signs of distress after 2 days should be source of worries.

E.4 Surgery Rats

For recordings under anaesthesia, the imaging window must be prepared, depending on the model 3 protocols have been used. For anaesthetised mice the animal can be imaged through the skin, or after an incision revealing the skull. For adult rats, it is required to thin the skull. This last preparation is quite invasive, as a result, and for our application it was decided to make it terminal. For chronic preparation of the thinned skull window one can refer to [START_REF] Urban | Chronic assessment of cerebral hemodynamics during rat forepaw electrical stimulation using functional ultrasound imaging[END_REF] where agarose is poured on top of the thinned skull and the animal is imaged a few days after preparation.

E.4.1 Thinned skull window

This protocol is used to study brain connectivity in the anaesthetised rat. The surgery starts with the insertion of a catheter inside the jugular vein to inject intravenously the treatment. This part of the procedure is optional. This surgery is terminal and doesn't require a sterile environment as thorough as (E.3). (b) In the case of multiple surgeries, instruments could be re-used without autoclave or repacking, they must be cleaned with disinfectant.

3. Preparing the animal for surgery:

(a) Anaesthesia and analgesia:

i. The animal is put asleep with a mix of Ketamine (75mg/kg) and Xylazin (7.5mg/kg) (10mL/kg intra peritoneally): A. The animal receives a first bolus (100% dose).
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jcm PhD thesis CRI B. After 5min the state of the animal is assessed with occular and interdigital reflexes, in absence of reflexes the practitioner can proceed. C. In case of reflex an additional dose is injected (30%). D. After 10min the state of the animal is re-assessed. E. In case of reflex a final dose is injected (30%). F. After 10min the state of the animal is re-assessed, in presence of reflexes the animal should be left aside. G. Once the animal has reached deep anaesthesia, its status should be continually monitored and the animal must be re-injected (30%) in case of increase of breathing or cardiac rhythms or re-apparition of reflexes. ii. Local anaesthetics Lidocaine (2%, 0.2mL, sub cutaneously) is injected on top of the skull 5min before the incision. iii. Local anaesthetic cream (Lidocaine 2%) is poured in the ear of the animals to reduce discomfort during stereotaxic fixation.

4. Insertion of the catheter (a) Preparation:

i. The animal is flipped on its back to reveal the incision area below the neck.

ii. The area is shave and cleaned with iodine scrub solution application. iii. An incision is made between the lower neck and the base of the left forpaw. iv. Adipous tissue and muscle are cut clean to reveal the jugular vein. v. The vein is cleaned and gently detached from surrounding tissue. Twizzers can be used to clean the back part of the vein. It is important for the vein to be cleaned down to the branching with cave vein. vi. A first string is passed below the vein and attached to a solid external support.

This first string is partially ligaturing the vein, stopping almost completely the blood flow, while maintaining the vein gently under tension to facilitate the catheter insertion. The attached point should be as close to the head as possible to ensure alternative trials in case of initial failure. vii. A second string is passed lose downflow, close to the branching. (b) Insertion: i. A little hole is pierced in the vein as up in the flow as possible with the micro scissors. ii. The catheter is inserted inside the hole as deep as possible. If the catheter penetrates the vein, it should be able to enter it as far as a few cm in. Some blood shall backflow inside the catheter if it is well positioned. iii. The downstream string is used to tightly block the catheter in. A second knot can be made surrounding both the vein and the catheter upstreasm. iv. The upstream string is detached from its support and finishes to tightly connect the vein and the catheter.
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Thinning surgery:

(a) Preparing for thinning:

i. The animal is flipped back on its belly with peculiar attention given not to detach the catheter. ii. The incision site on the top of the head is shaved with a trimmer or scissors. iii. The shaved area shall be cleaned with iodine scrub solution application. iv. The head is fixed in the stereotaxic frame. This step is critical, the practitioner must check that the head is firmly attached before continuing as misplacement would induce vibration during drilling that can impact the surgery success while inducing pain in the animal. v. The temperature monitoring probe is inserted to monitor body temperature. vi. Some lubricating ophthalmic ointment is poured on the eyes. The status of the eyes is checked regularly, if needed some more ointment can be poured. 
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• Extra care must be given on the frontal part of the edge where it meets the bregma suture not to rip off the bone. C. Both parietal bones can be thinned, taking extra care of the bregma suture where the bone is more friable and can induce intense bleeding.

• The two first superficial layers of bone shall be removed. Good depth of thinning is achieved when the surface becomes soft. • The first layer of bone is hard and dry.

• The second layer is vascularised and can induce haemorrhage. Bone wax shall be used in case of bleeding. D. The temporal bone shall be thoroughly thinned.

• The area is complex to reach due to the vicinity of temporalis muscle and reduced field of view. Although, the image quality is highly influenced by the quality of temporal bone thinning. E. The whole window is properly finished to obtain an even surface. It is important to keep a window surface as smooth as possible for proper wave penetration. (e) Imaging parameters are set for anaesthetised rat recording.

E.4.2 Rat positioning

In absence of rat reference in BPS manual positioning is necessary for rat imaging (B.4.2). Landmarks are less systematic than the vascular bregma (C.4.1). With training it is possible to identify the slice we chose as plane of interest. It is defined by an inflection of the anterior choroidal artery and the lateral hypothalamic artery.

E.4.3 Rat imaging parameters

The rat imaging protocol is inspired by previous publication from 2015 when the machine computational power was still limited. In addition, as is explained in (B.2.1) a possibility to increase recording duration is to reduce frame rate. As a result, most parameters from (C.4.1) are kept unchanged. Only the PD sampling frequency is reduced to 1Hz, allowing recording of 90min and more, and the window width is increased to its maximum: First emission transducer: 1, Last emission transducer: 128.

F Data Structures

This section addresses a crucial concept for scientific studies in general, with specific relevance to the field of imaging and more especially neuroimaging. With the recent advent of big data, data structuring has become increasingly important. A variety of formats and structures have been developed for various applications. In the field of brain imaging, historically drive by fMRI, this development followed on recognised constraints.

• BI images (3D + T ) tends to be massive • BI gathers many different kinds of processing • BI needs multiple modalities to help inference • BI needs a lot of metadata to be stored alongside images for context • Different platforms interact for a given pipeline which requires interoperable communication protocols

• Lot of studies apply to clinics which requires anonymisation with easy data tracking

F.1 Introduction

Addressing these challenges, the community, in a joint effort, worked on developing a common data structure. After multiple attempts, the last implementation seems successful, as BIDS is now well accepted by most research teams and common repositories. Because BIDS principles are universal and modular, other modalities have already branched: EEG, Magnetoencephalography (MEG) and more distant fields such as microscopy or genetic datasets have now standards complying with the master structure. As a result, since its creation, BIDS community is encouraging such extensions. This network builds what is called the BIDS ecosystem and proposes a standardised protocol for extensions proposal (BIDS Extension Proposal (BEP)). This part intends to present: first the concepts behind BIDS for naive readers followed by a proposition for fUS oriented implementation (our fUS-BIDS BEP). To our knowledge it is the first proposal related to fUS imaging in the ecosystem. This BEP is also probably one of the first time that a new technique tries to branch so early in its existence. The immediate advantage of this situation is a simplified way to make a consensus due to the community reduced size. We hope that fUS-BIDS will allow faster exchanges of datasets and pipelines, helping in fast improving the technique and avoid many of the problems the fMRI field and others faced and solved through field wide discussions and the sharing of reference datasets. In addition, we believe it might push manufacturers to align their practices and avoid discrepancies among formats. The main drawback is that nothing is yet fixed in the field. fUS witnesses new discoveries on a monthly basis which opposes the intrinsically fixed concept of standard. Fortunately, we expect the aforementioned universality and modularity of BIDS to greatly favour the advantages in respect to this inconvenience, making of fUS-BIDS: a good habit at worst, a useful tool at best.

F.2 Motivation

In this section, we present a theoretical framework that explores the role of data as a link between induction and deduction in the scientific process. We introduce the principle of circularity of reasoning to emphasise the importance of data reuse in scientific inquiry. Our aim is to highlight the fundamental role of data and to argue that data curation is at least an integral part of good scientific practice, and potentially influencing the way scientific reasoning is performed. We hope that the following points will provide insight into the importance of data in the scientific process and the need for careful data management.

F.2.1 Conceptual principles

Logicians classically oppose inductive reasoning to deductive reasoning. The first builds general conclusions out of a limited number of observations. The second predicts specific results out of general premise. From these two concepts, two points of view emerged to define the «Scientific method » [Murray Jr., 2001].

Naturalists VS Rationalists

The Naturalist doctrine is attached to inductive reasoning. Naturalists rely on explaining nature based on observation, following principles laid by Francis Bacon in the XV IIth century. One historical example is Charles Darwin's theory of evolution as he took birds from the Galapagos islands as a first observation which inspired his hypothesis. After gathering many such additional examples and experimental validations, the hypothesis gained the status of theory [Murray Jr., 2001]. This method main criticisms comes from Hume's paradox of induction. Hume observed incompleteness of induction with his famous example of the white swan observation based assertion: «all swans are white » [START_REF] Helfenbein | Falsifications and corroborations: Karl popper's influence on systematics[END_REF]. This criticism is later formalised by Karl Popper who faced the tautological risk of such reasoning [Peters, 1976]. Building on this criticism, Popper defines what is commonly agreed on as being the scientific method based on falsification. In this framework, for an assertion to be scientifically valid, it must be falsifiable and experimentally non falsified.

This argument identifies deductive reasoning as the scientific reference. Deduction must rely on facts. Once gathered and agreed on, these fact define the relations between observables which paves the road toward experimental confirmation or refutation by additional empirical facts. It is the mean of Albert Einstein's theory which relies on axioms that were established and later confirmed, for some more than a century later, confirming the theory and its implications. The deductive process is usually paralleled to the possibility of mathematical formalisation of the theory [START_REF] Degracia | Inductive and deductive approaches to acute cell injury[END_REF]]. Einstein's formulation, in the vein of Newton's, is solely expressed based on mathematical formulations and has since been validated by many experimenters who confirmed the formalism validity while using it to make new discoveries. Other descriptions of deduction use the wording of top down ap- proach, where from a known theory, deduction by reasoning allows to define an experimental context that is either going to validate or invalidate the initial hypothesis.

On the cycle of reasoning

From this description arises the first bridge between both methodologies, in the sense that truth, passed mathematical context is hardly absolute. It is where Popper theoreticises the concept of falsification [START_REF] Helfenbein | Falsifications and corroborations: Karl popper's influence on systematics[END_REF]. Indeed, the axiomatic can be defined in probabilistic terms of confidence and evidence which can themselves be related to inductive construct. In fine, both deduction and induction generally coexist. A first pool of data based observations lead to an hypothesis (induction). This hypothesis allows to define a necessary dataset to reject or accept the hypothesis (deduction). This translation itself can be based on induction, as tests rely on a null hypothesis which crystallises prior observations. In the end, further deductions are informed by present induction. Alternatively future induction can be fed with the datasets used to verify the deduction.

This example shows the circularity in reasoning. In addition, it demonstrates how a dataset can exist past its original framework. This prolonged life justifies the need of a standard, without which re-use is compromised.

It appears that deduction oriented dataset are in some ways deterministic. The formulation of the question and hypothesis, if well formulated, should mechanistically lead to the minimal set of data required. At this stage proper structuring ensures the framework validity.

For induction what matters is a proper description of the dataset. Structuring datasets as early as possible facilitates its reuse to build better informed hypotheses in the future.
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All together, these arguments justify the special care to data curation and the later described tools that are BIDS and further FUS-BIDS.

Modern implementation and the role of data

Indeed, in recent years, with the emergence of Big Data and Machine Learning (ML) first, and now deep learning, the question of inductive reasoning became intrinsically linked to these new techniques. A more modern wording for the induction/deduction dichotomia is the opposition between Data driven and Hypothesis driven methodologies. Indeed, induction is now tightly linked to correlative description of phenomena, which is the exact task performed by ML algorithms in data-driven techniques. Viewed as such, its power is proportional to the amount of data available. It is what made some claim the end of science as we know it, with the generalisation of data-driven successes [Caroll, 2009] such as Google way of solving automatic translation issue, or more recently the protein folding problems [Callaway, 2020].

Here arises the critical point of this section which gets echos at multiple levels. From these considerations, two types of study can be formalised following the aforementioned dichotomia:

Demonstrative research: would be considered as canonical scientific method based on

Popper 's formalisation of deductive reasoning:

1. Based on a priori known facts (or confident facts in respect of evidences) an hypothesis is made.

2. The hypothesis is applied in the form of an experiment for which observables can be defined.

3. The conjonction of a priori information and known observables allows the translation of the hypothesis into a statistical formulation. The formulation is based on falsification, i.e. the hypothesis must be proven to be falsifiable and evidence should be gathered that it was not possible to prove false.

4. Based on this statistical formulation, experimental design and sample size can be defined.

5. After the experiment is performed, results validate or invalidate the hypothesis.

Observational research: consists in the recently developed data-driven method allowing predictions and features identification based on correlative observations. 1. A dataset is collected containing as much data representative of the problem of interest as possible 2. Inferrence can follow either a supervised or unsupervised approach:

• In the case of supervised learning, data points can be partitioned under known labels, the hypothesis is formalised as existence of evidence of such labels based on data distribution. • In the case of unsupervised learning, the hypothesis refers to the existence of features allowing identification of clusters in the dataset.
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Once again the cycle emerges. On one side: observation preceding demonstration allows to build an hypothesis informed on known potential features. On the other side, demonstration preceding the observation can give model based labels. This point is important in the criticism of the «canonical scientific method »as an answer to Hume and later Popper paradoxes. Indeed due to incompleteness arguments as the ones developed by Kurt Gödel in [Gödel, 1931], deduction relies as well on tautological argument due to intrinsically failed axiomatic. Because axioms are themselves incomplete, any deduction appears as a tautology. Conversely, as predictive as they are, correlative observations lack the explanatory and mechanistic advantage of deduction approaches [Caroll, 2009]. In the end what appears here is a co-dependency of both methods which crystallises with the notion of data.

In this framework, data can be seen as the hub of both formalisms. In fine, whether it is as a validation or an inspiration, data are the common requirements of both philosophies. The distinction becomes whether data are seen as factual or probable. The demonstration approach generates data which are used as verifying facts with no additional use past the experimental conclusion. While the observational research of statistical features describes the data per se. Finally, observations should benefit from demonstration through data re-use. And demonstration requires observations for a priori knowledge. This a priori knowledge exists in the shape of the hypothesis but also the observable. Indeed, the statistical translation of the hypothesis can be done at the only condition that the distribution of the observable is initially known.

What we try to defend here is the overtaking of methodologies associated to the canonical «scientific method »which tend to discard data once the initial hypothesis is validated or not. What we tried to formalise here meets our description of the analysis as a tree like network introduced in the first section of this thesis (2.1) illustrated in (Fig. 2). In this case, the hypothesis is encoded in the network of analysis. Formally, the hypothesis becomes equivalent to all the processes that transform the data into the results. The important point here is that from the same roots which are the data, multiple networks can arise. But because the study is tailored for a given results this generalisation is made complicated and data tend to be restricted to a single application. We argue that scientists tend to limit their reasoning (in terms of data) toward the «first life »of their datasets. We believe that the influence of any study could be leveraged by introducing the circularity of reasoning in the experimental design.

To give a precise example, when doing a resting state study we focus on the brain pattern measured with fUS. In our case, all recordings are done in the same conditions and by comparing a group of interest (injected with some pharmacological compound for example) with the proper control, we can discard part of the experimental conditions as a confound in our study. If all the recordings we do are done in C57BL/6 mice there is no need to consider this factor. But for someone interested in comparing different strains our data could be reused at the only condition that it is mentioned somewhere in the dataset that the recordings were done with C57BL/6 mice. If this example might seem trivial, there is actually no need for us, in the scope of our study to consider this variable of interest. But, by mentioning it in the dataset we leverage its use for further investigations on strain influence in connectivity patterns. The only way to do so, is at the beginning of the study to consider potential further use of the data and incorporate the consequences in the dataset. One could argue that pushing this argument to its extreme makes any experiment impossible as one can not measure all variables of an experiment. In our opinion, it is why agreeing at the community level about which information to collect, store and share is the only way to properly amplify the influence of each study. By having a list of parameters to systematically record, the experimentalist life is actually made easier. This could actually increase the validity of the initial study.

If we had taken the recording starting time during the day instead of strain as an example, the advantage is even bigger. Indeed, we could argue that we are looking for pharmacological effect independently of the time of the day. If all controls and treated animals are recorded at various moments, the hypothesis can still be tested. But by missing this information when we perform recording, we could miss an important confounding factor in our study. Again, this information is not necessary for our initial scientific goal, but adding this little information to our dataset not only can be useful for someone else studying this precise effect in functional connectivity, but in this case improve the quality of our measurements by allowing refinements in our model. We hope that this example shows the importance of proper experimental planning, and how anticipating the data structuring can improve both the validity of a study main target, but also open the way to additional findings independent of its initial goal.

Summary

To summarise this section the question we ask is the role of data in the process of scientific thinking. We opposed the two main types of scientific reasoning to highlight how data are disposable in one case and can be re-used in the second. From this diverging mechanisms a cycle alongside with a data flow was identified. This recycling of data require proper anticipation during the experimental planning and additional effort during the acquisition. Although, it is worth mentioning that as soon as the data exist it is structured per se (F. 3.1). The question becomes: does the experimenter wish for a standardised structure or a custom one. The required effort to fit the standard consists in adapting folder structure, naming routines as well as potentially add metadata. If properly managed this additional effort can be automated which results in actual simplification of the experimental work. It is this simplification that we found in BIDS and that we tried to translate for fUS. Therefore, the BIDS main principles are presented below and fUS-BIDS in (F.4.1).

F.2.2 Conclusion

In addition to this philosophical observation, two additional arguments are worth mentioning:

• [Ioannidis, 2005] famously highlighted what became the reproducibility crisis as reported in [START_REF] Beam | Challenges to the reproducibility of machine learning models in health care[END_REF]. In such condition, the sharing of datasets appears as one tool to face this reproducibility issue. Standardisation of a field can partially answer some of [Ioannidis, 2005] concerns by agreeing on quality criteria and valuing trans-parency. In addition, if new features can be found from data driven approaches, size matters in this case. This is particularly true in terms of representativity of the population [START_REF] Althnian | Impact of dataset size on classification performance: An empirical evaluation in the medical domain[END_REF]. In other terms, to avoid overfitting, diversity in datasets maximises the chance to represent the population. This last point is illustrated by the increasing success of multi-center studies [Grandjean et al., 2022].

• In times of ecological crisis, when the notion of sustainability is at the centre of all policies, the question of data reuse is crucial [START_REF] Wilkinson | The FAIR guiding principles for scientific data management and stewardship[END_REF]. Indeed, research is a substantial investment of public money, human time, intellectual resources and in our case animal lives. As such it stands at the centre of important societal and ethical questions. Knowing that this investment only serves the single purpose of the initial study it was acquired for is a matter of concern. Such data expenditure is, most of the time, related to a lack of standard data structure which mechanistically discourage datasets reuse.

For all these reasons, we believe that Findability, Accessibility, Interoperability, Reuse principles (FAIR) and its implementations such as BIDS are of uttermost importance. These methods actually facilitate on a daily basis the work of researchers. This facilitation occurs at the expense of an initial training, and daily small efforts. If structuring globally is a constrain, its learning curve is usually pretty fast. Therefore, the difficulty to spread what could be considered as a good scientific practice within communities is surprising. To ease this first step, in addition to fUS-BIDS, our standard inspired by fMRI BIDS, we also propose a methodology to simplify its acceptance based on experimental constrains.

F.3 fMRI BIDS

In this section we present the practical aspects of data structuring with the example of BIDS. We expect that following data standard allows [START_REF] Gorgolewski | The brain imaging data structure, a format for organizing and describing outputs of neuroimaging experiments[END_REF] In practice, partitions are shared features of images, or semantic links: subject ID, sex, age etc... In addition to the structure and the partitions themselves, the data standard gives directives for file naming and metadata which increases the precision of each image semantic description. Spatial and temporal structure of data are information of interest to give sense of stored data. It is therefore required to keep a minimal amount of metadata to make later reuse possible. In addition, it is recommended to add as much information, at the expense of redundancy if needed, to ensure that no information is lost in further handling of the dataset. All these directives are gathered in the standard specification.

F.3.2 Introduction to BIDS

One of the purposes of BIDS is to allow batch processing. Instead of a single image to flow through the analysis network we already described (see (Fig. 2)), a bunch of them shall be processed in parallel to analyse a full cohort at once. In this framework the analysis consists of an addressing problem associated to a processing one. BIDS solves the addressing problem. By proposing a unique and unambiguous naming and structure of raw data, the source location can be easily known and parsed. The analysis implementation must reproduce this structure at each node of the network. A processing can be defined as a function taking one or multiple BIDS structures as an input and giving one or multiple BIDS as an output. This way, all possible implemented pipelines are crystallised and exist as successive BIDS dataset on the computer memory. From this core principle comes the typical BIDS architecture: Whenever the original data exist, they must be stored in the sourcedata directory. The BIDS compliant translation of this data collection is stored in the rawdata directory. The succession of derived data should be ordered in a BIDS compliant and recursive way in the derivatives directory.

F.3.3 Common principles

The BIDS directives start with a lexicon as common wordings is probably the first step of standardisation. The first sentence refers to a Request of Comment from the Internet Engineering Task Force, the internet governance body in charge of its protocol standardisation. The RFC 2119 says: «The key words "MUST", "MUST NOT", "REQUIRED", "SHALL", "SHALL NOT", "SHOULD", "SHOULD NOT", "RECOMMENDED", "MAY", and "OP-TIONAL" in this document are to be interpreted as described in RFC 2119. ». After this short introduction, the main concepts are introduced. Below are described the main terms:

Neuroimaging studies shall occur as sessions during which a subject is imaged either anatomically or functionally. Based on the previously mentioned formalism (F. Terms and structures have been chosen to feel as natural as possible. Thanks to the inheritance principle (see (F.3.5)), one can easily define the different layers of the hierarchy as being entities (in the general sense) gathering the lower level ones due to common inherited properties. In easier terms and more as a personal interpretation the hierarchy: Dataset > Subject > Session > Image > Frame > voxel can be define as follows:

The Dataset aggregates all the data related to a single study. The study relies on the observation of multiple subjects that might be imaged one or multiple times. Images of a subject can be gathered as sessions. Typically, recordings acquired during different days can be separated in different sessions. In order to avoid recruiting too many subjects, once she or he is installed, a team might as well want to perform multiple studies on the same subject; recordings acquired the same day can therefore be stored in different sessions as they don't relate one to the other. Finally, during the session, it is recommended to start with an anatomical image. This image modality is different from another data type like functional images. An anatomical image can be precisely positioned relatively to atlases allowing to tell for each frame of the image which voxel is in which region. This classical step of analysis called registration can be simplified for functional data in the presence of an anatomical reference image performed during the same session.

Finally, the different levels of the hierarchy gracefully and spontaneously arise from any typical example of study. What matters for any given analysis, and hopefully across studies, is for the terms to be agreed upon.

F.3.4 Files format and names

The directives also define data format. for fMRI, three types of files are accepted.

Data must be stored in .nii Tabular values must be stored in .tsv Metadata must be stored in json Data shall be stored as NIfTI files [START_REF] Rw | A (sort of) new image data format standard: Nifti-1. presented at the 10th annual meeting of the organization for human brain mapping[END_REF], a format designed for neuroimaging data. The NIfTI format was made to solve a long standing challenge in the field regarding orientation of the data. As a results it stores the data per se as a tensor, or multi dimensional array alongside geometric information mapping each voxel in space and time. Two transforms are used for this mapping, linking the volume to 2 reference spaces. The qform maps each voxel to a «laboratory space»while the sform makes the link with referential spaces like MNI305 [START_REF] Brett | The problem of functional localization in the human brain[END_REF]. Additional fields can be find in the NIfTI files. For full description see .

In addition to raw data, a data structure should include descriptive metedata. One aim of data structuring is: for someone discovering the dataset from scratch to be able to make sense of the data. Features must be given with the data to make them understandable. Because a dataset can be seen as a hierarchical set of listed files, a tabular structure is well adapted to store such additional information. As an example at the tip point of the hierarchy (the func folder for example) all functional recordings of the sessions are stored. In this folder one shall find a list of files. It is suitable to store an additional tabular file for which each row is a recording and each column a feature (ex: time of recording start, duration etc).

For files description themselves, metadata are stored in json files. JavaScript Object Notation is an agnostic file format. It is a text file using conventions that are familiar to programmers in C or Java languages. It is thought as an interchangeable format across different languages. It makes of it a universal tool to describe data. For a full description of the .json format see json introduction. It is based on nested objects which start with { and ends with }. An object is constituted by an unordered set of names/values whose pairs are separated by commas. A typical .json file shall look like this:

{

" key ": " v a l u e " , " key2 ": " v a l u e 2 " , " key3 ": { " s u b k e y 1 ": " s u b v a l u e 1 " } }

The .json file can describe columns of a .tsv file. Alternatively it is recommended to always store a .json file alongside any .nii file for specifying additional metadata to the ones already present in its header.

To solve the addressing problem, the directives also give a description of how to name the different files. The key point here is that all files shall be readable by humans. Moreover, the filename is almost non ambiguous. In other terms, once the file exist its name is almost deterministic. To do so, the filename is defined as a succession of entities, or key-value pairs, a suffix and an extension. Typical examples of entities are subject and session. For a data file that was collected in a given session from a given subject, the filename must begin with the string sub-<label>_ses-<label>. If the session level is omitted in the folder structure, the filename must begin with the string sub-<label>, without ses-<label>. Note that sub-<label> corresponds to the subject entity because it has the sub-"key" and <label> "value", where <label> in an actual name corresponds to a unique identifier of that subject (ex: lena or 0001). The same holds for the session entity with a ses-key and its <label> value. A filename like sub-lena_ses-photoshooting_task-rest_eeg.edf undoubtedly contains resting state data from subject lena measured with eeg. The suffix eeg and the extension .edf depend on the imaging modality and the data format. This data type and extension indicate further details of the file's contents. The exhaustive list of entities and suffixes are given in the directives. Finally, folder and file names shall follow the
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F.3.5 Inheritance principle

As its name suggests, the inheritance principle defines a propagation of feature in a directed way along the structure network. As we saw already, there exist a hierarchical structure within a dataset Dataset > Subject > Session > Image. The idea behind the inheritance principle is that any feature defined at a level of the hierarchy applies to all objects below in the hierarchy, except if it is defined again at a lower level. In case of exception, the lowest definition apply to all objects below. Again, this concept appears quite naturally. If a subject is female, all images contained in this folder can be tagged as female recordings. There is no need to repeat this feature definition in the metadata of all images inside this folder. In this case the female feature would be encoded at the subject level. If all subjects of the dataset are females this feature can be defined at the dataset level. Now, if all functional images of a dataset are expected to last for 10min, this duration can be defined at the dataset level. If for some reason one recording is wrongly set during the experiment and lasts 12min instead, this error can be corrected by setting for this specific recording the field duration at 12min. In this case the feature is defined twice, at the dataset level for which by inheritance it applies to all files, and a second time for one file at the image level which is lower in the hierarchy.

If for some reason the recordings are longer during a whole session the field can be changed at the session level, all other files keeping the 10min value by inheritance.

To enforce this principle file names are used. Shared entities create a link between file. It is why all files associated to a specific subject shall start by a subject entity starting with sub-"key". To quote the directives: for a given data file, any metadata file is applicable to that data file if:

1. It is stored in the same directory level of higher 2. The metadata and the data filenames possess the same suffix At each level of the hierarchy metadata files can be found. These files share the name with the level they apply to. sub-01_ses-01_scans.tsv describes the scans from subject sub-01 and session ses-01. Alternatively, sub-03_ses-02_scans.tsv would be found in /Dataset/rawdata/sub-03/ses-02 and would apply to scans from subject sub-03 and session ses-02.

F.3.6 Summary

To summarise, in this section we emphasised that data structuring is a crucial concept for the scientific process in general, and for neurimaging in particular. We showed that scientific hypotheses can be paralleled to analyses and that datasets have a pivotal role in this framework. We argued that proper data management participate in good scientific practice, and open the way to better leverage the effort developed during experimental work. Finally, we introduced the way the fMRI community tackled this challenge by agreeing on a common standard, namely BIDS, that we consider as an example to follow for the fUS community. The main component of BIDS directives were introduced. We will see in the next section how we translated these principle to fUS specificities.

F.4 fUS BIDS

Two different standards are presented below and the way they interact to bridge the gap between experimenters and analysts, while facilitating both work.

F.4.1 Introduction

As we saw, the data structure can be formalised as a collection of partitions associated with an order. BIDS define three partitions in order: subject wise, session wise and datatype wise. From our understanding, this choice is motivated by the usual practice in hospitals for the randomisation of datasets. In this example the order could be inverted between data type and session for example. It would result in a single folder containing all anatomical sessions and one with all functional ones. In the end the choice is arbitrary, we just have to make one. For the convenience, we decided to align our practices on the master standard. The main motivation behind this choice was the possibility to facilitate adaptation of analysis tools and potentially feed easily fMRI softwares with fUS derived data. In the end this choice would occur to be ideal for the analyst.

Conversely, we observed that this choice was highly impractical for the experimenters. Multiple reasons sequentially occurred:

1. The machine outputs are not .nii files, requiring conversion.

2. Lot of metadata are missing from the native format, requiring manual entries.

3. At the experimental level, the main use of the structure is to identify errors, due to the various depth of the hierarchy and the fact that main features are stored in files, BIDS appeared sub-optimal for this application.

From these considerations it appeared that currently recorded fUS data require a translation step to fit the BIDS directives. This observation is in line with BIDS itself which recommend the use of the sourcedata folder to store native formats from recording devices. It is why we decided to define our own standard dedicated to experimental work to structure the sourcedata folder. This standard was called the Friendly Data Structure (FDS). This standard is very liberal, it leaves room for modularity and mostly deals with the structure itself and file names without defining metadata. In addition, we describe a convention from the lab which allows fast error checks for the experimenter. The directives make data retrieval for the analyst easier. Below we show first how we adapted BIDS directives to fit fUS specificities, then we give the directives of FDS standard and the associated conventions.

fUS-BIDS directives

The adaptation from BIDS to FUS-BIDS is quite straight forward as most principles of fMRI apply for fUS imaging. We note 2 main distinctions:

• The physics behind acquisition are different which results in different acquisition parameters. Therefore, classical metadata must be changed.

• The fMRI images are volumetric data by essence and the scanner is not expected to move. For fUS the probe can be displaced which require a specific scheme of spatial normalisation. In addition, the 2D structure of intrinsic data must be dealt with. In the end, this constrain has little influence, as during translation to .nii, data can be adapted. Although probe positioning had to be encoded in the structure and required the definition of a new entity: pose.

The current version of our BIDS Extension Proposal can be found in (F.5).

Specific metadata

From the acquisition cascade described in (3.6), we derived the following parameters which are illustrated in (Fig. 118 The Motorised case consist in increasing the spatial extend of 3D images by having multiple field of views (mosaic) or create 3D + T imaging out of 2D images The nonmotorised case is a specific case where the acquisition block (full motor cycle) = power doppler block, in such case:

• AcquisitionDuration = PDDuration

• RepetitionTime = PDRepetitionTime Because the probe takes time to move in the motorised case DelayTime > 0 
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Required formats

We decided to accept the same formats as BIDS:

• For data:

-Nifti files (.nii, nii.gz)

• For metadata:

-For description files: JSON files (.json)

-For tabular files: Tab separated values files (.tsv)

Directory Structure

The structure is based on the same data types as BIDS with addition of fus for fUS data. Data types include:

• anat/ contains data without temporal extension. All session SHOULD start with a 3dscan for non ambiguous determination of relative position of the probe to the subject brain.

• beh/ follows the BIDS behaviour modality specific directives. It contains peri-experimental data relating to monitoring of the subject behaviour (tracking, breathing etc. . . ). The beh directory is used when no fUS signal is recorded during the sessions (for example tracking during habituation). Alternatively, behavioural files can be saved alongside the .nii file they relate to in either fus/ or anat/ directories.

• fus/ contains fUS images with temporal extension. Most fUS data and metadata shall be stored in the fus/ directory.
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Pose entity

The image geometric parameters are similar to fMRI and shall be encoded in the NIfTi header. The position in the machine's referential is encoded in the qform field and the transform to potential external template (i.e. Allen Brain Institute's atlas) should be stored in the sform field.

In the case where the probe is moved between consecutive scans (3D image for 1D probe) or images (multiplane protocol), it is recommended to split the machine output file in multiple .nii to avoid potential conflicts of transforms definition and data loss due to resampling. In this case, each file represents a probe position (or slice identification), one can use the pose entity to identify each slice. In the case where all positions are equally spaced, a single .nii file can encode for all data if the Y scaling factor of the transform encodes for this step size. Although, even in this last case it is recommended to separate the different slices with the pose entity due to the data scarcity.

F.4.2 FDS directives

The FDS has been tuned for experimenters use. Because of the youth of fUS technology, we expect evolution in both the modalities and the type of data (development of 3D or ULM see (15.9.1)). In anticipation, and for the sake of modularity, we kept FDS very liberal. The idea is for the structure to be always the same, then for each project, depending on the peri-experimental data required, various contents can be stored. FDS deals with this precise situation. The idea is to buffer variability at the FDS level, while FUS-BIDS is fixed. Because a translator is required anyways for translation to BIDS, modularity in the experimental design can be encoded in this translator. Below are given the directives of FDS and two examples to illustrate the concept.

Data structure FDS is an order two structure (two levels of depth in the folder structure) which collapsed the concept of subject and session as well as datatype and image resulting in this structure: projectName / sub -ses / img -datatype /

From our interactions with various experimenters this structure is quite common. The root directory consists in the project level. Within this directory, one folder is created per imaging session. In other terms, whenever an animal is imaged a subject-session folder is created. Finally, one folder is created per recording. Within this last directory, all the files related to this recording are put at the same level of the hierarchy.

Folder names

The files name directives follow closely the ones defined by BIDS. It is composed of entities separated by '_'. We created two additional required entities for the sake of error detection.

All subject-sessions must be uniquely identified within the dataset. The identifer named expeID must start with one letter identifying the machine followed by a padded number identifying the session in chronological order (by default 3-padded). For example at the IPNP we have two machines: Gimli and Balin, the identifier could be: B666 or G042. All sessions must be dated with the format YYYY-MM-DD. In the end, the sub-ses folder must be written:

expeID_sub-<label>_YYYY-MM-DD_ses-<label>/.

The inheritence principle applies and all img_datatype names must start with its parent name. for the rest of the name, FUS-BIDS entities are used. The img-datatype folder name must be written:

expeID_sub-<label>_YYYY-MM-DD_ses-<label>[_task-<label>][_acq-<label>][_run-<label>]_datatype/.
We recommend to systematically use the optional entities for the sake of errors detection.

File names

The image file is imposed. As there is only one image per folder, following the inheritence principle, the file must have the same name as the folder it stands in. All metadata files can be named as it pleases, but if the file must be translated into the BIDS structure it must finish with a unique identifier called IDext. The underlying idea is that the translator from FDS to BIDS selects the files based on this identifier. In our case videos from the two cameras are respectively video1.h264 ans video2.h264 and tracking is tracking.tdms. In the end, the name of non image files used in the translation must be: From this dataset, the translator only selects the .acq, .info, .tdms, .mp4 files. The .acq file is translated into a .nii file. The .info is read and the metadata stored in adequate .tsv or .json files. Finally videos are saved along side the .nii, while the .tdms is processed as described in (D.6) and saved as a .tsv.
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> projectName / > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1 / > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d / > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d . acq > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -02 _pd3d / > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -02 _pd3d . acq > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -03 _pd3d / > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -03 _pd3d . acq > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -04 _pd3d / > B001_sub -mouse1_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -04 _pd3d . acq > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1 / > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d / > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d . acq > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -02 _pd3d / > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -02 _pd3d . acq > B002_sub -mouse2 -08 -08 _ses -3 dscan1_acq -3 dscan_run -03 _pd3d / > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -03 _pd3d . acq > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -04 _pd3d / > B002_sub -mouse2_2022 -08 -08 _ses -3 dscan1_acq -3 dscan_run -04 _pd3d . acq > G001_sub -mouse1_2022 -08 -10 _ses -stim1 / > G001_sub -mouse1_2022 -08 -10 _ses -stim1_ses -stim1_acq -3 dscan_run -01 _pd3d / > G001_sub -mouse1_2022 -08 -10 _ses -stim1_ses -stim1_acq -3 dscan_run -01 _pd3d . acq > G001_sub -mouse1_2022 -08 -10 _ses -stim1_ses -stim1_task -stim_run -01 _pd2dt / > G001_sub -mouse1_2022 -08 -10 _ses -stim1_ses -stim1_task -stim_run -01 _pd2dt . acq > G001_sub -mouse1_2022 -08 -10 _ses -stim1_ses -stim1_task -stim_run -02 _pd2dt / > G001_sub -mouse1_2022 -08 -10 _ses -stim1_ses -stim1_task -stim_run -02 _pd2dt . acq > G002_sub -mouse1_2022 -08 -12 _ses -stim2 / > G002_sub -mouse1_2022 -08 -12 _ses -stim2_ses -stim1_acq -3 dscan_run -01 _pd3d / > G002_sub -mouse1_2022 -08 -12 _ses -stim2_ses -stim1_acq -3 dscan_run -01 _pd3d . acq > G002_sub -mouse1_2022 -08 -12 _ses -stim2_ses -stim1_task -stim_run -01 _pd2dt / > G002_sub -mouse1_2022 -08 -12 _ses -stim2_ses -stim1_task -stim_run -01 _pd2dt . acq > G002_sub -mouse1_2022 -08 -12 _ses -stim2_task -stim_run -02 _pd2dt / > G002_sub -mouse1_2022 -08 -12 _ses -stim2_ses -stim1_task -stim_run -02 _pd2dt . acq

F.4.3 Summary

To summarise, the experimenter can generate easily a FDS compliant dataset directly from the machine output. The dataset backbone, i.e. the directory structure must be generated first. This can be automatised based on the experimental design. Then, files just have to be moved in the right folder at the end of the experiment. All files related to the same image are put in the same folder. The folder name possesses a chronological identifier and the date. This redundancy allows to easily detect errors by looking at the lab notebook.

Once the dataset is ready, the full structure is automatically translated into FUS-BIDS. The translator can be adapted to each study and extracts the relevant files and metadata to put in the BIDS dataset. In practice, a priori structuring of data can change significantly the pace of analysis. For example, this method has allowed to accelerate by a factor ×126 the time required for a naive operator to perform the same analysis between a non-structured and a structured dataset. For the experimenter, following FDS directives suggest a priori building of the dataset structure. Because of the link between data structure and scientific hypothesis, FDS obliges to define the different groups the number of animals and order of recordings. It favoures a better designed experiment and facilitates randomisation.
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F.5 BIDS Extension Proposal

Here is shown the fUS-BIDS extension proposal. This document is a collaborative work presenting the directives related to fUS datasets structuring. Most of the directives are directly coming from the master BIDS directives. The main distinctions come from the possibility to move the probe which renders spatial and temporal descriptions quite tedious.

We propose here a nw entiti (pose) that allows to deal with such complex data. In addition fUS relevant metadata have been added as explained in the previous sections. Extension moderators/leads: Jean-Charles Mariani <jean-charles.mariani@cri-paris.org>, Samuel Diebolt <samuel.diebolt@iconeus.com>, Thomas Deffieux <thomas.deffieux@espci.fr> Contributors: Contributor 1 <cont1@domain.tld>, ... This document contains a draft for fUS-BIDS. It is a community effort to define standards in data / metadata storage for functional ultrasound imaging. This is a working document in draft stage and any comments are welcome.

BIDS Extension

This specification is an extension of BIDS, and general principles are shared. The specification should work for many different settings and facilitate the integration with other imaging methods.

To see the original BIDS specification, see this link. This document inherits all components of the original specification (e.g. how to store imaging data, events, stimuli and behavioural data), and should be seen as an extension of it, not a replacement. 

Table of contents

Scope of fUS-BIDS

This specification extends the Brain Imaging Data Structure (BIDS) Specification for functional ultrasound imaging of the brain. We expect this specification to standardize any kind of dataset acquired with a functional ultrasound machine defined as being able to measure ultrafast power doppler..

The ultrafast power doppler signal is very similar to fMRI-BOLD images as it measures cerebral blood volume (CBV), prorportional to the amount of red blood cells in a voxel at any given time. fUS-BIDS has been thought to encompass these existing new modalities. Through discussions within the community we expect it to be modular enough to accommodate for potential additional modalities coming from this fast growing field.

[ 2022-11-21] The current status of the BEP takes into consideration functional connectivity in the scope of awake and anaesthetised imaging in 2D, multi slice and 3D imaging.

Goals of fUS-BIDS

After a short decade of fast development, fUS field is now reaching a critical stage where many users start to publish datasets with various structures. In order to uniformise practices among the field we propose a common standard for data structuring. As it has been demonstrated through the use of BIDS, we expect fUS-BIDS to:

-facilitate the experimenters' work by enforcing a non ambiguous and deterministic naming protocol (once the experimental plan is chosen all files can be automatically generated and named), -ease dataset sharing, reducing loss of time for analysts usually associated with restructuration of incomplete datasets, -consolidate the science by increasing reproducibility and allow analysis pipeline validation on common and shared datasets.

The main fUS specificity we expect this BEP is going to deal with is the more complex spatial extension of fUS data as compared to MRI. Because of possible movement of the probe an additional transform shall be intercalated between the laboratory and the subject which is the probe position in the laboratory referential.

As described below we recommend to deal with this peculiarity using NIfTi features. We believe that most applications can be dealt with through a classical use of the .nii format. Other cases can be managed with the help of the pose-<label> entity.

Because fUS is such a young field we hope that this specification might serve as much as possible as guidelines for future experimenters to make acquisition, curation and exchange of datasets more convenient.

Relation of fUS-BIDS to BIDS

Most core principles of the original BIDS-Raw specification are inherited by the fUS-BIDS specification, though some special considerations and additional fields are noted below.

Please refer to general BIDS specification document for context and general guidelines (definitions, units, directory structure, missing values, stimulus and event information, etc.).: https://bids-specification.rtfd.io

The keywords "MUST", "MUST NOT", "REQUIRED", "SHALL", "SHALL NOT", "SHOULD", "SHOULD NOT", "RECOMMENDED", "MAY", and "OPTIONAL" in this document are to be interpreted as described in [RFC2119].

The terminology that will be used is inherited from BIDS and includes the following:

• Subject: A single brain bearer that can be imaged once or multiple times • Session: Group of successive images performed on a single subject • Image: Continuous collection of data acquired by the machine • Scan: subset of an image acquired during a single timestamp • Voxel: scan unit homogeneous to a volume times a duration • Probe: transducer array acting as both source and sensor of an ultrasound wave it can be either 1D or 2D

• Data: collection of information to store • Metadata: collection of information helping inference on the data • Peri-experimental Data: metadata homogeneous to at least one dimension of data (i.e. tracking or reference volume)

Principle of fUS and specific terminology

Here is briefly described the cascade of functional Ultrasound acquisition in order to introduce the terminology that will be found later in this document. For the sake of concision is only explained the main pipeline for power doppler imaging of 2D images. For details see (principle: [START_REF] Montaldo | Coherent plane-wave compounding for very high frame rate ultrasonography and transient elastography[END_REF], Montaldo et al. 2010, Macé et al. 2013 3DT: [Gesnik 2016, Rau et al 2018, Mace et al. 2018, Sauvage et al. 2019, Rabut et al. 2019, Bertolo et al. 2021[START_REF] Brunner | Whole-brain functional ultrasound imaging in awake head-fixed mice[END_REF]], Review: [START_REF] Deffieux | Functional ultrasound imaging: A new imaging modality for neuroscience[END_REF]],Montaldo 2022). The PD signal is the consequence of a cascade of acquisition whose parameters influence the image and must be stored in the different metadata files of a fUS-BIDS dataset. The machine uses an ultrasonic probe for the emission and the reception of ultrasound waves. Depending on the modality different types of waves can be emitted. In conventional echography, focused waves were used to form the image, for ultrafast imaging plane waves or even diverging waves are prefered to image the whole medium at once and increase the frame rate. In this example 1D plane waves are sent for insonification. The probe sends a pulse and the backscattered signal is recorded. In order to restore a high SNR, multiple backscattered signals are combined to numerically focalise the signal. It has been demonstrated that sending planes with various angles before compounding their echo helps in increasing the SNR [START_REF] Montaldo | Coherent plane-wave compounding for very high frame rate ultrasonography and transient elastography[END_REF]]. In the end a classical sequence of PD imaging generally consists in succession of tilted planes (typically 10) sent and beamformed with specific delay laws to generate one ultrafastcompounded image. The frame rate is limited by the time the wave takes to go back and forth from the probe to the medium, and therefore the field of view (and most precisely the imaged depth) and the speed of sound (around 1500m/s); as well as the number of planes used. The theoretical maximal pulse repetition frequency (PRF) is around 77kHz for preclinical imaging (10mm depth) but usually set around 10kHz which after compounding over 10 angles gives an ultrafast frame rate around 1kHz [Macé et al. 2013].

The next acquisition step consists in accumulating data to estimate the voxel wise power spectrum from which is derived the PD. fUS imaging is interested in extracting CBV out of the ultrasound images. To do so the signal is integrated over a few heart bits (typically 0.4s in rodents) and every source non vascular is filtered out. This problem is called removal of clutter and is well described in the literature [Déméné et al. 2015, Barranger et al. 2018]. In the end, classically, a few hundred compound images (typically around 200) compose an ensemble or block on which blood signal is extracted by a clutter filter allowing to compute the CBV over the whole ensemble. As a result the maximal PD framerate is around 2.5Hz.

The last specificity of fUS recording is that the probe is generally 2D and can be moved. As a result, two following doppler image slices (or volume in the case of 3D+T imaging) can be acquired from different parts of the brain [Bertolo et al. 2021]. In the fashion of fMRI, this can generate 3D volumes instead of 2D slices with a single linear probe if the time to move is neglectable as compared to the characteristic time of signal fluctuations. In the most trivial way one can create volume measurements while recording only 2D slices by periodically moving the probe between each slice at the expense of the temporal resolution. Another possibility is to repeat the complete experiment at a given slice (Gesnik 2017, Mace 2018) at the expense of total acquisition duration. This cascade of acquisition is summarised in the following illustrations. -The Multislice case consists in increasing the spatial extent by having multiple field of views (mosaic) or create 3D+T imaging out of 2D images -The continuous 2D case is a specific case where the acquisition block (full motor cycle) = power doppler block, in such case:

-AcquisitionDuration = PowerDopplerDuration -RepetitionTime = PowerDopplerRepetitionTime -Because the probe takes time to move in the multislice case DelayTime > 0

fUS-BIDS

BIDS contains "required", "recommended" and "optional" fields. These are indicated throughout the document:

• REQUIRED: essential to be BIDS compliant (i.e. MUST as per RFC2199)

• RECOMMENDED: gives a warning if not present (i.e. SHOULD as per RFC2199)

• OPTIONAL: no warning if missing (i.e. MAY as per RFC2199) As in BIDS-Raw, the following apply:

1) All specifications of paths need to use forward slashes.

2) The inheritance principle applies: any metadata file (.json, .tsv, etc.) may be defined at any directory level. The values from the top level are inherited by all lower levels unless they are overridden by a file at the lower level. For details see BIDS-Raw (The Inheritance Principle).

File formats for the raw data

Here we discuss the acceptable file formats, or constraints on the choice of format, that will be enforced by fUS-BIDS. There is no existing reference format for fUS data. Although, as mentioned earlier, we expect that most of the datasets should fall under the following formats

Required formats

For data:

-Nifti files (.nii, .nii.gz)

For metadata:

-For description files: JSON files (.json) -For tabular files: Tab separated values files (.tsv) 

Data dimensionality and suffixes

Two constraints influence the data dimensionality in fUS recording. On the first hand the probe dimension itself enforces scan dimensions (1D probes can record 2D scans at most, 2D probes can record 3D scans at most). Then a motorised probe holder can move the probe between two or more positions, allowing spatial extension at the cost of temporal resolution. The same way as for MRI repetitions, a group of 2D scans can be considered as a 3D volume. Consequently, suffixes are proposed to allow systematic identification of the data type contained in the file.

pd2d refers to a power doppler image in two dimensions of space (it could be single 2D scan or the average over multiple 2D scans) pd2dt refers to a power doppler image in two dimensions of space with a temporal extension (succession in time of 2D scans without movement of the probe in between) pd3d refers to a power doppler image with three dimension of space (it could be single 3D scan, the average over multiple 3D scans or a sequence of pd2d images acquired in different positions for which the temporal dimension has been collapsed in a spatial one) pd3dt refers to a power doppler image in three dimensions of space and a temporal extension, two cases exist:

-Sequential acquisition of pd3d scans along time -Sequential acquisition of pd3d images composed of cyclically acquired pd2d scans between which the probe has been moved (multislice imaging).

N.B.1: In the case of pd3dt acquired with a moving probe, two strategies exist depending on the application. If the spatial step is evenly distributed along all three axes (sequential pd3d scans or cyclically acquired pd2d with even steps) data can be stored in a single .nii file, with the step encoded in the dilation term of the sform. Alternatively (if the step is uneven or scarcity of data is high) the file SHOULD be split using the pose entity to preserve the affine transform coherence without loss of data (cf 3.2.3).

N.B.2: It is worth noticing that easy comparison can be made between datasets only in the case of dense recordings or when the probe was pre aligned. 2D or sparse multislice imaging requires experimental constraints (i.e. pre acquisition alignment) to ensure a coregistration scheme allowing voxel-wise comparison.

Probe positions and the pose entity

The position of the dataset within the scanner referential can be encoded in the qform field of the nifti file similarly to MRI. If the acquired data is registered on an external template or atlas, the sform field can be optionally used to encode the affine transform. As requested by NIfTI directives data must be oriented following the RAS+ convention in the world space (space obtained after applying the affine transform). Anatomical orientation of the voxel coordinate system is not imposed. Although, based on current practices in the preclinical neuroimaging field, we recommend the voxel coordinate system to be oriented LSA+. We stress here the importance of verifying data orientation before comparing datasets and specifying the orientation in the metadata.

In the case where all positions are equally spaced, a single .nii file can encode for all data if the Y scaling factor of the transform encodes for this step size. In the case where the probe is moved arbitrarily between positions or if scarcity is high, it is recommended to split the machine output file in multiple .nii to allow transform definition for each probe position. In this case, each file represents a probe position (or slice identification), one can use the pose entity to identify each slice.

Below are given practical examples for the use of the pose entity during two cases of acquisition:

Fig3: Illustration of pd2dt acquisition.

2D+T image with linear array case: the image MUST be stored as a single .nii file. The shape of the image is X x Y x 1 x T. The pose entity is not required.

The affine transform stores: in the qform case the position of the probe relative to the machine referential, in the sform case the transform between the voxels and the reference space. 3D+T image with a 1D probe case: The image is composed of multiple dephased pd2dt images acquired sequentially while the probe is moving (the probe visits periodically each position).

If the positions are arbitrary or the sampling is sparse, the image MUST be stored as Z = n_pose .nii file. Images are indexed by the pose entity and have a size X x Y x 1 x T.

The affine transform of each image stores: in the qform case the position of the probe relative to the machine referential, in the sform case the transform between the voxels of the frame and the reference space. 

Classical metadata files

The following files are majoritarily described in BIDS-raw directives. Some RECOMMENDED keys have been added in the scope of preclinical studies and fUS currently most used practices. Here are listed the keys that are being or could be used. Please note:

-In participants.tsv -the key age appeared irrelevant for some preclinical studies, we RECOMMEND in these cases to prefer date_of_birth and initial_date instead as the common ages of mice could double during the time of a classical experiment -initial_date key is added to infer on the date the subject joined the study -initial_weight key is added as a valuable physiological descriptor for preclinical studies -In sessions.tsv phenotype key seems more general and adapted for preclinical terminology than pathology described in BIDS-raw, its default value is 'naive' , other potential values: 'mu opioid receptor knock out' , 'water deprived' weight key has been added as the most used physiological describer of subject sate in usual preclinical studies treatment key can be used for pharmacological studies to describe the type of treatment the subject is being injected with during a session.

-A poses.tsv file has been added to account for multislice imaging 

species RECOMMENDED string

The species column SHOULD be a binomial species name from the NCBI Taxonomy (for example, homo sapiens, mus musculus, rattus norvegicus). For backwards compatibility, if species is absent, the participant is assumed to be homo sapiens.

sex RECOMMENDED string

String value indicating phenotypical sex, one of "male", "female", "other".

For "male", use one of these values: male, m, M, MALE, Male.

For "female", use one of these values:

female, f, F, FEMALE, Female.

For "other", use one of these values: other, o, O, OTHER, Other.

Must be one of: "male", "m", "M", "MALE", "Male", "female", "f", "F", "FEMALE", "Female", "other", "o", "O", "OTHER", "Other", "n/a". 

Metadata fields

The .json metadata sidecar file purpose is to add any bit of information accessible and easily storable about the data that could not fit in the .nii headers. As described in BIDS-raw multiple types of metadata can be stored (namely: Sequence specific, Scanner Hardware, Modality specific parameters, Institution information, Datatype specific, etc…). For the sake of readability are first detailed the REQUIRED keys for all 4 modalities (in order of relevance: pd2dt, pd3d, pd3dt, pd2d). These keys refer to the core principle of standardisation in space and time of data. 

Timing Parameters

For the sake of standardisation a single scheme of timing encoding is REQUIRED based on VolumeTiming field. For potential compatibility with already existing pipelines the following fields can also be defined. Although, we RECOMMEND not to use multiple schemes to reduce the redundancy and the risk of ambiguity.

RepetitionTime OPTIONAL number

The time in seconds between the beginning of an acquisition of one volume and the beginning of acquisition of the volume following it (TR). This definition includes time between scans (when no data has been acquired) in case of sparse acquisition schemes. This value MUST be consistent with the 'pixdim [4]' field (after accounting for units stored in 'xyzt_units' field) in the NIfTI header. This field is mutually exclusive with VolumeTiming.

AcquisitionDuration OPTIONAL number Duration (in seconds) of the volume acquisition (i.e. one ensemble of ultrafast images). Must be a number greater than 0.

DelayTime OPTIONAL number

User specified time (in seconds) to delay the acquisition of data for the following volume. If the field is not present it is assumed to be set to zero.

Filter description

Clutter filter, based on the literature, is the composition of successive filters used to remove the tissue signal. In this field are described the filters and their parameters to separate the blood signal from the tissue signal. The filters must be described in the order they are applied.

Ex: Composition of a temporal filter to select speed of red blood cells velocities (higher to XXX m/s) and a fixed threshold svd clutter filter rejecting 45 first modes.

{ "ClutterFilter": [ { "FilterType": "Temporal Filter High", "LowCut": 25 }, { "FilterType": "Fixed Threshold SVD", "Threshold": 45 } ] }

FilterType Parameters

Temporal Filter High "LowCut": REQUIRED Low cut frequency in Hz The purpose of this file is to describe timing and other properties of events recorded during a run. Events are, for example, stimuli presented to the participant or participant responses. A single event file MAY include any combination of stimulus, response, and other events. Events MAY overlap in time. Please mind that this does not imply that only so called "event related" study designs are supported (in contrast to "block" designs) -each "block of events" can be represented by an individual row in the events.tsv file (with a long duration).

Column Name Requirement Level

Data Type description onset REQUIRED number Onset (in seconds) of the event, measured from the beginning of the acquisition of the first data point stored in the corresponding task data file. Negative onsets are allowed, to account for events that occur prior to the first stored data point. For example, in case there is an in-scanner training phase that begins before the scanning sequence has started events from this sequence should have negative onset time counting down to the beginning of the acquisition of the first volume.

If any data points have been discarded before forming the data file (for example, "dummy volumes" in BOLD fMRI), a time of 0 corresponds to the first stored data point and not the first acquired data point.

duration REQUIRED number Duration of the event (measured from onset) in seconds. Must always be either zero or positive (or n/a if unavailable). A "duration" value of zero implies that the delta function or event is so short as to be effectively modelled as an impulse.

<matches>_events.json <matches>_recording-tracking_beh.tsv

Tracking convention is based on the neurotar system certification. We RECOMMEND, whenever possible, to align on these guidelines for the sake of standardisation. The minimum content of any tracking system should be timestamps and position, from which almost all other keys are derived from.

Column Name Requirement Level

Data Type description

DataTiming

REQUIRED Array of numbers

Timestamps for each tracker measurement.

X REQUIRED Array of numbers

X coordinate of the mouse in the tracker referential in m.

Y REQUIRED Array of numbers

Y coordinate of the mouse in the tracker referential in m.

speed OPTIONAL Array of numbers

Instantaneous speed of the subject.

R OPTIONAL

Array of numbers

Distance from the centre of the cage.

alpha OPTIONAL Array of numbers

Polar angle between Y axis and the subject position. 

G Opioids fingerprint

All the detailed results related to the opioids study are presented in the following sections:

1. The dose response effect of morphine influence on brain connectivity in wild type C57BL/6 for main feature description, dose dependency and pharmacokinetics description.

2. The acute effect of morphine after pre-treatment with Naloxone and in mice where the µ-opioid receptor was knocked-out for investigating the causal role ofMOR in the observed pattern.

3. The spatial extent of morphine fingerprint by looking at multiple planes across different regions.

4. The dose response effect of Fentanyl influence on brain connectivity in wild type C57BL/6 mice to observe similarities as well as distinctions with the morphine fingerprint.

5. The fingerprint of morphine in wild type BALBc mice for which opioids induce milder locomotor effect.

6. The fingerprint of other compounds (2× opioids with Methadone and Buprenorphine, 1× cannabinoids wit CP 55, 940, 2× alternative compounds with Cocaine and Ketamine)

7. The influence of long-term tolerance for both morphine and fentanyl fingerprints.
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G.1 Methodological considerations

Figure 119: Illustration of the experimental design used for the opioids study. Rectangles represent recordings, when applicable 10min analysis windows are displayed below with their respective abbreviations. Top: classical design for drug treatment follow-up. Middle: design for fast acting naloxone antagonist effect. Bottom: design for multiplane design investigating spatial extend of the fingerprint.

In total, 57 wild type C57BL/6 referred to as W T were used, alongside with 11 µ-opioids knockout refered to as KO and 12 wild type BALBc mice. Mice were all males and aged between 7 and 9-week old at the day of surgery.

G.1.1 Experimental designs

Three different session designs have been used:

• Most classically 3 recordings are performed: 20min of baseline followed by injection and two 30min recordings of follow up.

• For the investigation of naloxone pre-treatment, due to the fast acting kinetic of naloxone, only one follow up of 30min is recorded

• For the multiplane investigation of morphine influence once the animal and probe are in position an injection is performed and 5× 15min recordings are performed with change of the probe position between each recording.
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G.1.2 Technical considerations

All recordings are done at 2Hz. Analysis is usually performed on 10min windows. Baselines are named B1 and B2, follow up windows during Phase 1 and Phase 2 are referred to as P 1, P 2, P 3, P 4, P 5 and P 6. As being the first imaging campaign, not all devices were ready at the time. As a result only one MHC apparatus was on site for the two machines. Therefore, 5 sessions of morphine dose response, and the all sessions from KO and chronics lack tracking data as it was impossible to record at the time. As being imaged in the plane of interest defined by the vascular bregma (see (C.4.1)) all sessions, except for multiplane, have been registered on the vascular bregma reference template (526 sessions) and the rois computed automatically (90 sessions). (Fig. 120) is a reminder of these ROIs and their abbreviations.

G.1.3 Analysis design

Regarding the analysis, for the sake of clarity, all results shown in this section come from the custom pipeline (D.3.2), performed with independent statistics, with comparable timings of a basal state dataset. Indeed, as already mentioned, as a transition between habituation and imaging, all mice are imaged during a session where saline is injected.

This dataset is described in the next section (G.2). As a result, this distribution gathering 47 sessions can be used as a reference, or basal state pattern. Significance is compared to this distribution.
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G.2 Saline Control

As explained in (C.5) during the acquisition of Opioids dataset, all mice have been injected with saline in order to observe basal state of the individuals. This dataset is used as reference for all the statistical tests performed in the opioids project. The basal state of awake mice after saline injection is described in this section.

G.2.1 Data

In total, 47 saline sessions of three pd2dt were analysed and 11 included tracking recordings.

G.2.2 CBV

From the CBV raster plot, a global and monotonous decrease of perfusion can be observed.

The decrease is most important in the cortex where percentage signal change where its goes from 21% down to -18%. Then dorsal parts of the thalamus show most changes (11% down to 7%), while hippocampus, ventral thalamus and hypothalamus remains stable in time.

G.2.3 FC

Correlation matrices also show a slight change in connectivity pattern. The over all structure does not change much with strong intra meta regions connectivity and slight anti correlation between the cortex and subcortical regions during B1 and B2. The only visible change after saline injection consists in a shift toward mild anticorrelation between the thalamus and, both cortex and hippocampus. Overall, the bilateral connectivity is the main feature of awake brain basal state, as illustrated in the network display. It is interesting to notice around this strong basal connectome two divergent behaviour. In the cortex overall connectivity is decaying with time, which is illustrated in the SBM display where the sharp pattern of baseline loses its contrast and becomes blurry with time. In the hippocampus the exact opposite is true. While baseline connectivity is pretty mild and poorly resolved, the pattern becomes sharper with time. This dynamic is confirmed in the correlation matrix where intra meta region tends to uniformise with time. 

G.3 Dose response of morphine

G.3.1 Data

As detailed in (C.5), for investigating dose response dependence of morphine fingerprint, 4 cohorts of 10 animals were imaged for a total of 40 sessions. Animals were injected with : 10, 20, 30 and 70 mg/kg of morphine and are respectively referred to as W T M 10, W T M 20, W T M 30 and W T M 70. For the sake of comparison, an associated saline control is displayed as well, with 10 sessions noted W T SC11.

G.3.2 Tracking

First can be noticed, across the dataset, in different sessions baselines locomotor activity are quite variable. Session wise values are ranging from 7% to 22%. Under saline condition, locomotor activity marks a relative step after injection, before stabilising around 8%. Morphine seems to induce significant locomotor activiy changes. For the lowest dose (W T M 10) after a first decrease immediately after injection, mobility increases to 37% 10min after injection, before stabilising around 30% after 30min. At the individual level, locomotor activity appears highly organised, suggesting a stereotypical kind of movement. For higher doses (W T M 20, W T M 30 and W T M 70) a peak of mobility can be distinguished in the first 10min window after injection. The amplitude of the peak decreases with increasing doses (respectively at 56.2%, 45%, 34.5%). For all three doses mobility seems stabilised for Phase 2 around 20%. Some animals seem to stop moving under the influence of morphine (n = 2 to 3). For the others, mobility seems structured with apparent oscillations, distinct from the random distribution observed after saline injection. Finally, it appears that locomotor activity in Phase 2 or P 4 -6 is quite stable in all conditions. With saline, a global trend can be seen at the baseline, with a slow and constant decrease of perfusion all around the brain which matches the basal state perfusion already described in (G.2). This overall decay seems oddly intense in the cortex, with variability across cohorts, while hippocampus and dorsal parts of the thalamus remain quite constant and homogeneous. After injection of saline, the trend continues with a less steep slope. After injection of morphine, a transient hyper perfusion is observed for all doses. The effect appears longer and more intense in the lateral parts of the cortex (∼ 50%). In the thalamus, the effect is milder and more present in its dorsal part. The time to peak is monotonous but seems non linear in the dose with a plateau effect above 20mg/kg. The same dynamic can be seen in the amplitude which remains relatively stable across doses even though 10mg/kg peak is below and later than for the other doses. (Fig. 124) shows the effect of morphine influence on the mice connectome through the evolution of correlation matrices with time. Three regimes can be identified.

G.3.3 CBV

At baseline some variability exist, but overall the classical pattern that was initially described in (G.2) can be identified. Right after injection a pattern of global hyperconnectivity of the network is observed. If intra meta regions higher correlation persists, with particularly high correlations in bilateral edges of the network, almost all pixels present positive values as well. This positive correlation can be seen in the network display where the network appears highly connected at P 1 with a peculiarly high effect in W T M 10 and W T M 70. This effect is confirmed in the significance matrices where all significant effects consist in increase of correlation. Although, the overall change is not highly significant, except for the highest dose of morphine. Finally, a morphine fingerprint can be identified with clear anti correlations of the cortex with all other regions and hyper connectivity between hippocampus, thalamus and hypothalamus on one side and increase correlation in the cortex. The significance matrices confirm that this shift of connectivity is significative (Fig. 125). Correlation networks show the cortical anti-correlation while bilateral connectivity is maintained.

It is interesting to notice both dose-dependence and time-dependence of the fingerprint establishment. The morphine state seems to occur faster with increasing dose, following CBV dynamics. On the other side, contrast of the correlation matrix (notably cortico-subcortical anti-correlation) seems to increase with the dose, while reaching a plateau between W T M 30 and W T M 70. This observation is confirmed in the significance matrices where the lowest dose shows a different network. The low dose network appears less stable over time, while average matrices are less contrasted. In the end, significant networks for W T M 30 show the typical morphine induced fingerprint, with the two subnetworks apparition: hippocamo-thalamichypothalamic and lateral cortico-cortical network with overall anticorrelation between both.

presents a transient but intense increased correlation with medial thalamus at P 3 which fades while keeping diffuse hyper connectivity with the thalamus. At the same time a stable anticorrelation with the cortex is installed at P 3 and remains until P 6. As a perfect mirror Ctx-L SBM present a transient but significant and intense decrease of correlation with the medial thalamus at P 3 which disappears right after. This anti-correlation is preceded by hyper connectivity within the cortex as early as P 2 lasting until P 6 with maximal bilateral connectivity at P 5. (Fig. 127, Top) gives an idea at P 3 how the significant disconnection is distributed across the different doses. Ctx Lat-L presents a very similar pattern as Ctx-L which appears dose dependent with a plateau at W T M 30. It matches the cortical hyper connectivity previously mentioned. For Hip CA1-L significant changes occur only at the highest does, while the subthreshold pattern that can be seen of the average display is quite different than the one observed with Hip CA3-L. 70mg/kg must be injected before Hip CA1-L correlates with the thalamus. Finally, HY confirms a significant increased correlation with the thalamohippocampus subnetwork anti-correlated with the cortex for doses from 30mg/kg.

To summarise this fingerprint of morphine, three SBM of key components in the middle of Phase 2 at P 5 are showed (Fig. 127, Bottom). The cortex forms a coherent highly correlated network except for its medial part. It appears quite anti-correlated with the medio dorsal thalamus and the medial part of Hip CA3-L. 40min after injection Hip CA1-L finally presents more distinctively than at P 3 the morphine sub cortical connectivity pattern. As already mentioned in the other direction, DThal-L appears as the mirror of Ctx.
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G.3.5 Summary

In conclusion, a complex succession of FC shifts seems to happen in a time-dependent and dose-dependent manner. First appears a strong bilateral positive correlation in the medial thalamus. This correlation is concomitant with increased connectivity within cortex at the exception of its medial part. Both networks appear highly anti correlated at P 3 before their connectivity (in the sense of negative correlation of high amplitude) decays during P 4 -6.

At the same time, an additional mode arises with the specific curvy network of positively correlated hippocampus, medial thalamus and hypothalamus. This sub-cortical network is strongly anti-correlated with the cortex. (Fig. 128,i.) shows the evolution of brain perfusion after injection of different doses of fentanyl. Two main dynamics can be observed. On the first hand, a fast and intense general hyper perfusion can be seen for W T F 01 and W T F 02. As this hyper perfusion is very quick, it is possible that for higher doses (0.25 and 0.30mg/kg) the overshoot could disappear in the deadtime before the fUS machine initiates the recording (B.4.2). This hypothesis seems comforted by CBV timeseries in the cortex (Fig. 128, ii.). On the other hand, a slower dynamics seems to arise in the hippocampus mostly between 10 and 20min after the injection. This second dynamics is mostly visible for the highest dose: W T M 70. Some tendency tends to suggest a dose dependent effect occurring later with increasing dose while its amplitude increases as well. G.4.3 Correlation matrices (Fig.128,iii.) shows the time and (Fig. 129, i.) dose dependence of fentanyl fingerprint at the connectome level. The CMs display typical appearance of the fentanyl pattern. It is fairly similar to morphine fingerprint, with a shift in hippocampal connectivity. The hippocampus disconnects from the cortex while its correlation increases with thalamus and hippothalamus.
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In the thalamus, mostly the ventral part is affected. The overall pattern also has a first component associated with significant but mild increased of intra meta regions connectivity in the cortex (bilateral) and hippocampus. Finally, (Fig. 129, i. right) shows a strong global hyper connectivity of the whole network for W T F 01 at P 1. This pattern is milder in W T F 02 while the already observed fingerprint is already present at P 1 for both W T F 025 and W T F 03. This overall hyperconnectivity matches both what was presented as a transition regime in morphine P 1, as well as the first hyper perfusion timing.

Accordingly with the known pharmacokinetics, the fentanyl effect is faster than morphine fingerprint establishment. Maximum is reached around P 3, while starting to decay immediately after. (Fig. 129,i. right) shows the complex dose/temporal aspect of the fingerprint. First, a non linear behaviour can be seen in the average and significant changes of Ctx Lat-L SBM. Significance networks show such non linearity with more spread and significant changes in the connectome of W T F 025 P 3 than W T F 03 at during the same time window. Although longer term effects can be seen with preserved cortical increased connectivity at P 5, or increased within thalamus correlation.

G.4.4 Seed based maps

(Fig. 129, ii.) shows fentanyl induced fingerprint in SBM with 4 different seeds for W T F 025 at P 3. The cortical seed shows strong anticorrelation with the hippocampus, the ventral thalamus and hypothalamus. Intra-cortical correlation with its lateral part is also increased. The hippocampus confirms this pattern is a significant loss of correlation with the cortex. On the other side, its correlation with thalamus and hypothalamus is increased, while the average SBM displays a pattern similar to the one induced by morphine. The dorsal thalamus only shows mild shift in correlation while the ventral part of the thalamus possess as similar pattern with much higher size effect. VThal-L increased significantly correlation to hippocampus, this network confirms an anticorrelation with cortex. A milder effect is seen with hypothalamus increased correlation.

G.4.5 Summary

To summarize the fentanyl fingerprint, it looks similar to the one observed in morphine, with more non linearity and complexity. It appears that two divergent phenomena occur. A very transient hyperperfusion at the beginning associated with an increased correlation over the whole network. This first part of the fingerprint occurs faster with increased dose, as fast that it probably disappears in the few minutes of deadtime preceding the recording beginning or becomes negligible at on the 10min window. The second and most important as it spans over few tenths of minutes becomes slower with increasing does. The second fingerprint com- ponent appears sequentially: an increase of hippocampo-thalamic-hypothalamic connectivity followed by the apparition of anticorrelation with cortex while the intra-cortical correlation increase. When it reaches its maximum between 20 and 30min the fingerprint shows a strong curvy shape network similar to the one observed with morphine, highly anti correlated with cortex. The effect seems more mitigated in amplitude as well for the highest dose (0.3mg/kg) than middle one (0.25mg/kf ), while it lasts longer and is preceded by atypical increase in hippocampus perfusion. This bimodal connectivity distribution slowly disappears in the last 30min of recording.

G.5 Control for the MOR receptor specificity of the fingerprint

In order to investigate the role of the MOR receptor in the apparition of both morphine and fentanyl fingerprints, both genetic and pharmacological controls have been imaged.

G.5.1 Data

Brain activity is followed in 11 M OR -KO mice after the injection of saline for control: (KOS), of morphine (KOM ) and of fentanyl (KOF ). In addition the same follow-up was made in mice pre-treated with the MOR antagonist naloxone. Naloxone is only used to control for the morphine fingerprint : W T N M (naloxone: 2mg/kg, morphine: 30mk/kg n = 10).

For the sake of visualisation, both W T SC11 and W T M 30 cohorts serve as respectively, negative and positive controls.

For naloxone pre-treatment, the protocol only lasts 50min (Fig. G.1.1). after 20min of baseline is first injected the antagonist. After 5min, right before the recording starts, the morphine is also injected. (Fig. 130, Left) displays the wild type C57BL/6 mobility after both injections of naloxone and morphine. No hyper locomotion is observed. The locomotion is globally decreased from 38% at B2 down to ∼ 10% after the injection.

G.5.2 Tracking
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G.5.3 CBV

The CBV raster plots show the typical general decay of basal state, except for morphine injection. It is worth to notice higher variability at baseline in KO mice. while morphine seems to induce slight hyper positive CBV in the hippocampus. This effect appears non specific. A compromsie between with both morphine and fentanyl pharmacokinetics , and as W T N M recordings stop at P 3, only P 3 is displayed to see the influence of opioids on both KO and pre-treated mice (Fig. 131). Correlation matrices show a diversity of patterns. For KOS and W T N M a very few pixels show significant effect without clear identifiable patterns. For KOF a disconnection between the cortex and hippocampus can be seen, for KOM a slight but significant increase in correlation between hippocampus and thalamus can be seen. All effects are far from the opioid fingerprint here represented by W T M 30. This is peculiarly clear with the network display of both average connectome and significant changes.

G.5.4 Correlation matrices

G.5.5 Seed based maps

Finally, SBM in two different key ROIs of the opioids fingerprint network demonstrate the absence of significant effect in all 4 control conditions. It is interesting to notice a sub-threshold mild effect in W T N M . As an anti correlation pattern between dorsal thalamus/hippocampus and cortex start to emerge.

G.5.6 Summary

To summarise, both KO and W T N M controls indicate that theMOR is required for the opioids fingerprint. Indeed, both bursts of perfusion and shifts in functional connectivity are drastically altered in mice lacking theMOR. It is interesting to notice that some significant changes can be seen at the connectome level in KO mice. Although, these disconnections lack temporal and spatial coherence. Moreover, some of them are already present at baseline. Together, these observations tend to suggest a global difference at the strain level more than a drug induced change. For W T N M , if at the connectome level no tendency can be seen, someSBMs present very mild traces of FC changes. This change could be explained as naloxone antagonist effect shall begin to vanish by 30min after injection.
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G.6 Spatial extend of morphine fingerprint

As explained in G the multiplane study investigates spatial extend of the opioids fingerprint.

To do so the motorised platform is used to image sequentially 5 different planes. This approach has been favourised as compared to pd3dt in order to maintain a high sampling rate and guarantee enough datapoints for FC estimates. The multiplane dataset is different from all others as different slices are imaged. As we saw already, it requires additional templates and ROIs computation. In addition, the reference distribution used as null hypothesis for the different statistical tests is quite reduced (∼ 15 against 47 in opioids and 60 for psilocybin). Finally, because the probe is moved sequentially, each slice represents a different time window, therefore, no CBV analysis is performed.

G.6.1 Data

17 wild type C57BL/6 mice have been imaged in 5 different slices, for 15min each. Acquisitions were made during two sessions: the first, after saline injection and the second after morphine injection (70mg/kg). The succession of positions and timings is as follow, injection time is written as t 0 , position is estimated based on the [START_REF] Paxinos | Achestained horizontal sections of the rat brain in stereotaxic coordinates[END_REF] mouse atlas:

1. Ref erence plan ∼ β -1.8mm is the first pd2dt between t 0 + 5 and t 0 + 20min 2. F rontal plan ∼ β + 1.2mm is the second pd2dt between t 0 + 25 and t 0 + 40min 3. Caudal plan ∼ β -3.1mm is the third pd2dt between t 0 + 45 and t 0 + 1h 4. M edial plan ∼ AP : 0.25mm is the fourth pd2dt between t 0 +1h10min and t 0 +1h25min 5. Lateral plan ∼ AP : 1mm is the fifth pd2dt between t 0 + 1h10min and t 0 + 1h25min

The reference plan is not presented here as we already observed this effect. The overall protocol duration is around 1h30min. Due to the very fast pharmacokinetics of fentanyl, we imaged only the morphine fingerprint. Because the structure of correlation matrices depends on each slice and is quite tedious to describe in para-sagittal planes, for the sake of clarity, only SBMs are displayed.

G.6.2 Seed based maps

Top row of (Fig. 132) shows SBM in the frontal slice for seeds placed respectively from left to right, top to bottom in: the motor cortex, the infralimbic cortex, the olfactory tubercule. Not many significant changes occur between saline and morphine conditions. Only the olfactory tubercule seems to lose global connectivity. While it is initially homogeneously self connected on top of which an anti correlation with the cortex can be seen. Under morphine influence the SBM loses contrast.

Second row of (Fig. 132) shows SBM in the caudal slice for seeds placed from left to right in: The cortex lateral part (somatosensory), the hippocampus CA3, the posterior thalamus, the posterior hypothalamus. The cortical seed confirms hyper connectivity in the cortex with a significantly increased bilateral connectivity in the somatosensory cortex. The hippocampus seed shows strong bilateral connectivity at the baseline, it shifts towards a mild positive correlation with thalamic and hypothalamic regions after morphine injection, while the hippocampus anti-correlates with the cortex as well. Both thalamic and cortical connectivity changes are significant. Base of its SBM, the thalamus contribution to an hippocampal-thalamic-hypothalamic subnetwork is confirmed with a significant increase in correlation with the hippocampus and a significant decrease for correlation with the cortex.

The cortical anticorrelation appears more located in latero-dorsal regions. The hypothalamus is the third brick of the hippocampal-thalamic-hypothalamic subnetwork which was earlier described in the reference plan. a mix effect between hippocampal and thalamic SBM can bee seen. In fine the fingerprint is in accordance with the morphine fingerprint described in the reference plan: hyper connectivity between sub cortical regions which are anti correlated with the cortex. The third row of (Fig. 132) shows SBM in the medial slice for seeds placed from left to right in: somatosensory cortex, hippocampus, orbital lobe (prefrontal cortex), ventral hypothalamus. The somatosensory cortex presents a strong correlation in basal condition with all subcortical regions, at the exception of the region in front of the hippocampus. The somatosensory cortex also correlates positively with the prefrontal cortex and negatively the olfactory bulb. Almost all inter-region connectivity disappears after treatment with morphine. The treatment is associated with an overall loss of contrast in the SBM. Hippocampus also loses globally its connection with the network, while a significative drop of correlation is observed with the somatosensory cortex. This decreased correlation results in a slight anticorrelation between the hippocampus and the dorsal and frontal parts of the somatosensory cortex. While the hippocampus is initially strongly and focally correlated with the prefrontal cortex, this connection almost completely disappears in a dim correlation with the whole frontal regions. Interestingly, a slight anticorrelation with the motor cortex at the basal state disappears in the process. The same way, the prefrontal cortex loses it strong positive correlation with the somatosensory cortex after injection of morphine. The prefrontal cortex anticorrelation with the olfactory bulb also goes to zero after the opioid treatment. Finally, the ventral hypothalamus which is initially positively correlated with the overall network at the exception of the olfactory bulb loses this contrast and ends up focally anti correlated with the somatosensory cortex while the olfactory bulb falls into the global low correlation.

The last of (Fig. 132) shows SBM in the lateral slice for seeds placed from left to right in: the cortex (retrosplenial), the hippocampus, the superior colliculus and the prefrontal cortex. The cortical seed is part, at the basal state, of a positive network with prefrontal cortex and to a lesser extend with the hippocampus and anterior dorsal thalamus. The retrosplenial cortex is anticorrelated with the dorsal part of the frontal cortex which is located in the motor area and the olfactory tubercule at the base of the brain. morphine reduces significantly the correlation between the hippocampus and the prefrontal cortex. In addition, anticorrelation with the olfactory tubercule disappears, in accordance with the frontal slice observations. For the hippocampal seed, loss of connectivity with both the cortex and olfactory tubercule can also be observed. The tubercule anticorrelation is replaced with a significantly higher correlation
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The superior colliculus show no significant changes between both conditions. Although, the tendency displayed in the average SBM confirms a cortical disconnection from subcortical regions. On the contrary, like the hippocampus, positive correlation with the olfactory bulb appears. Finally, the prefrontal cortex matches partly the hippocampus, displaying an increased correlation with the motor cortex and the ventral thalamus. Its self coherence seems decreased with morphine treatment as well as connection with the retrosplenial cortex, while correlation with the motor cortex is significantly increased.

G.6.3 Summary

Overall, the fingeprint initially described at β -1.8mm appears global with dynamic components in almost all the observed regions. The caudal, medial and lateral slices confirm the anticorrelation of cortex with a network composed of the hippocampus, the thalamus and the hypothalamus. In addition, the prefrontal cortex seems to suffer a significant loss of connectivity with the posterior cortex as well, without significant increase with the posterior subcortical areas. While the olfactory bulb and tubercules appears as important nodes in the basal network whose connectivity pattern is perturbed by morphine injection. As a first conclusion regarding the distribution of morphine fingerprint on the whole brain connectome, it seems that the posterior cortex behaves as a hub of correlation at the basal state. This network is split by morphine action which makes it anti-correlated with a subcortical network, identified in the reference plane. Morphine action also disconnects posterior cortex from the prefrontal cortex. Finally, the olfactory bulb acts as a link between frontal and posterior networks with a shift from negative to positive correlation with the hippocampus, a maintained connectivity with medial prefrontal cortex and a loss of connectivity with lateral prefrontal cortex, all induced by morphine injection.
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G.7 Controls in BALBc mice

G.7.1 Data

A single cohort of 12 wild type BALBc mice was imaged during two sessions for follow up of the brain FC after saline or morphine injection. The medium dose of morphine (30mg/kg) was used to avoid saturating effect due to non linearity already described in (G.3). No loss occured during transfer and recomputing. Although, a failure in the machine acquisition board occured during the acquisition of BALBc data. As a result, an artefact pollutes the brain left half. The artefact has little influence on the FC evaluation. For illusration purpose, SBM are taken on the right half of the bran for this study (Fig. 133).

Finally, it is interesting to remark that, as illustrad in (Fig. 133) both strains have morphological differencies. If registration worked relatively well with the common template, a difference in implantation induces introduces an angle around the xaxis. As the reference (vascular bregma) is in the bottom of the brain mostly cortical and hippocampal regions disconnection. Although, significance networks suggest a similar structure in the fingerprint. An hippocampal shift can be observed with disconnection with the cortex medial regions. Both correlation and significance networks confirm a lees important shift in connectivity pattern. Intra sub-cortical connectivity seems the most preserved feature across strains. Finally, hyper connectivity in the cortex is also present in both strains, but C57BL/6 is directed toward lateral cortex, where BALBc have an increased connectivity in medial regions.

G.7.5 Seed based maps

Ctx-R illustrates the functional difference between both strains at baseline. If the difference is non significative, the cortex in addition to bilateral connectivity seems more connected (in terms of absolute correlation) with hippocampal regions for the BALBc, where it connects to medial thalamus in C57. This tendency is present under saline injection as well. Overall morphine has little effect in BALBc for seeds in Ctx-R and DThal. On the opposite Hip CA1-R shows a strong change in connectivity while morphological differences occur between both strains. The same can be said for HY. In the end the same type of sub cortical network anti correlated to cortical network appears, but the shape of the network is quite different between both strains, while keeping global morphological coherence (connection between hippocampus, thalamus and hypothalamus).
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G.7.6 Summary

In conclusion, we confirm that morphine has little influence on BALBc locomotion. In addition, features of the C57BL/6 fingerprint can be identified in BALBc mice, such as transient hyper perfusion, shift of connectivity in the hippocampus with anticorrelation with cortex and high significantly higher correlation with thalamus and hypothalamus. Although, the exact shape observed both in CM and SBM seem different across strains. This effect could be explained by noticed differences in terms of morphology that could have impaired our positioning protocol.

G.8 Influence of different pharmacological treatments

To address the question of the opioids fingerprint specificity, it was decided to image FC after the injection of various compounds. As detailed in C.5 two additional opioids are tested (buprenorphine and methadone). CP 55, 940 is also injected, a cannabinoid known for binding to the µ-opioids receptor as well as its analgesic properties. In addition, two independent drugs are injected, namely: ketamin and cocaine. G.9 Tracking (Fig. 136) displays the mobility for all treatments compared to W T SC11 basal behaviour. Three types of induced locomotor behaviour can be described. CP 55, 940 reduces significantly the mouse mobility. On the contrary, buprenorphine induces sustained mobility (> 1h) and cocaine for 30min with a slow decay during the second 30min recording. Finally, Methadone and Ketamine induce an increase of locomotion right after injection. It is interesting to notice that buprenorphine, in addition to overall increase of mobility also triggers an focal burst of locomotion right after injection with a mobility skyrocketing around 80% during the first 10min after injection. As previously mentioned for for morphine and fentanyl, buprenorphine and metadone tend to structure locomotion with high frequency mobility.

G.9.1 CBV (Fig. 137, Top) half displays the global change of perfusion induced by all 5 treatments, from low to high response. Cocaine induces a very low (< 10%) increase in perfusion which lasts for a few tenths of minutes both for the cortex and hippocampus. CP 55, 940 induces a really low increase of perfusion ≈ 25% as compared to saline. It is interesting to see that the increase starts ≈ 5min after injection. If the raster plot suggests a longer effect in the hippocampus, this observation is mitigated when the difference to saline is computed (timeseries). Buprenorphine present a vascular fingerprint very similar to morphine. A focal increase in perfusion is mostly located in the cortex and the hippocampus (∼ 25%) and lasts for 10min at most. Ketamine presents a huge focal increase in perfusion > 50%. The hyperaemia found both in the cortex and the hippocampus (mostly located in CA1 ∼ 50% relatively to saline). Finally, a massive vascular event happens after methadone injection with a continuous hyper perfusion. It is interesting to notice two different effects, a first rapid and intense increase in the whole cortex (> 50%), maintained in the lateral parts of the cortex for ≈ 30min. This first vascular burst can be seen in the dorsal thalamus as well.

At P 2 a second surge hits mostly the hippocampus while cortical hyperemia vanishes. The second mostly affects the hippocampus as well as the dorsal thalamus.

In conclusion, it is a broad spectrum of possible vascular patterns that appears in the vascular bregma slice. While focal cortical hyper perfusion happens with 3 treatments, sec- The FC also displays a variety of behaviours. Describing significance networks in sequential order : buprenorphine and ketamine both present hyper synchronicity of the network at P 1 as observed before for low dose fentanyl as well as anaesthesia and awakening inductions. A the same time CP 55, 940 shows a mild increase in correlation between hippocampus and hypothalamus. Finally a similar but more intense pattern arises in W T M et10, with stronger disconnection between the cortex and the hippocampus. At P 3 Buprenorphine ketamine and cocaine effects have already vanished with no significant changes relatively to basal state. For methadone some components of the opioid fingerprint can be identified with a shift in hippocampal connectivity. The hippocamus correlation with ventral thalamus increases significantly while correlation with the cortex significantly decreases. For CP 55, 940 main effects is a highly significant reduction of correlation of the dorsal thalamus with all cortical regions. Alternatively, increased correlation among the hippocampus, thalamus hypothalamus can be seen. While bilateral connectivity of lateral cortices is peculiarly increased. Finally, at P 5, buprenorphine displays a pourly significant increase of correlation with the hippocampo-thalamic-hypothalamic network. While methadone shows a very significant effect with anticorrelation to the cortex. CP 55, 940 maintains a intermediary increased correlation while its most significant difference with basal state remains an anticorrelation between DThal and the cortex which bilateral connectivity is increased.

INSERM-IPNP

jcm PhD thesis CRI G.9.3 Seed based maps Finally, the main SBM for the opioid fingerprint network confirm the absence of significant changes 40min after injection of buprenorphine, ketamine or cocaine, with poorly resolved average. On the contrary methadone and CP 55, 940 present massive changes in their FC patterns as compared to the basal state. For methadone, as the significance network showed, the cortical effect is pretty mild. Although, dorsal and ventral thalamus are highly correlated and both correlate significantly with hypocampus. The average SBM present a massive hippocampo thalmaic network mildly anticorrelated with the cortex. CP 55, 940 presents a huge increase in bilateral connectivity of the cortex. This increased correlation is happeings in parallel with a decrease in correlation with dorsal thalamus and CA3. It is confirmed with DThal SBM. There, the anticorrelation delineates the medial cortex in addition to the latera l one. The thalamic network is much less correlated than in methadone state, with most of the disconnection occuring in the dorsal thalamus as opposed to the opioid fingerprint where ventral thalamus connectivity is the most influenced by the treatment.

G.9.4 Summary

Overall these 5 conditions illustrate pretty well the complex relationship between locomotion, CBV and FC. Indeed, huge mobilities can induce both little vascular and connectivity changes as is witnessed with cocaine. On the contrary, apparently mild changes in behaviour are correlated with massive vascular event and huge disconnections, as seen after buprenorphine injection. And similar disconnection patterns can be associated to complete immobility and mild perfusion changes, suggesting that specific fingerprints are not contaminated by movement artefacts.

For the opioid fingerprint, anti-correlation between the cortex and other regions with hyperconnectivity within both networks seem do be the dominant feature. It is present in all compounds with different magnitudes (massive changes in methadone and morphine, more complex behaviour in fentanyl and finally very mild in late stages of buprenorphine fingerprint). Interestingly enough, CP 55, 940 fingerprints shows quite similarities. Main differences being that cortical distribution of the connectivity pattern appears richer (Latero medial correlation) while the network hub is the dorsal thalamus instead of its ventral region.

As already stated, cocaine shows little influence in brain connectivity except loss of contrast in the SBM patterns. Similarly, ketamin at P 5 displays blurry SBM in late stage. Although, it presents an hyper connectivity pattern at P 1 which it shares with buprenorphine, fentanyl low dose and less significantly morphine. This pattern is always associated with an early surge in CBV.

work can be measured. At P 3 and P 5 changes in the fingerprint emerge. The correlation network shows reduced connectivity with dimmer link between the different ROIs of the network. On the right, the significance at P 5 confirm this impression. If the fingerprint is still visible, it appears one order of magnitude lower after tolerance. In other terms, tolerance shifted the 70mg/kg like effect down to a 20mg/kg effect. For fentanyl the effect is even stronger as significance almost completely vanishes at P 3 after tolerance induction.

G.10.4 Seed based maps

As for CBV, SBM in (Fig. 139, iii.) displays in the first active compound injection sessions the known fingerprints of both opioids and morphine. It is worth noticing that in these mice the over all finger print seems dimmer than the one previously described. Although, the curvy thalamo-hippocampic-hypothalamic sub-network is present and anti-correlated with the cortex.

When looking at the SBM the mechanism of FC loss appears clearer. For morphine at P 5, for the cortical seed, an anticorrelation with the curvy hippocampo-thalamic network is still detectable, but the spatial extend of this anticorrelated sub-network is reduced. Hippocampal seed based map show a reduced intra subnetwork connectivity after tolerance. For all thalamic and hypothalamic regions, the contrast is completly lost. For fentanyl the thalamus is probably less impacted with slightly more preserved patterns in SBM whose seed is in DThal or VThal. Although, Hip-CA1-L seems less well connected to the thalamus and anti correlation with the cortex is significantly reduced.

G.10.5 Summary

To summarise these results, it appears that the aforementioned opioids fingerprint is downregulated with tolerance induction after chronic injection of both morphine and fentanyl. All the biomarkers we identified in (G.3) and (G.4) are reduced both in terms of hyperemia and functional connectivity. Amplitude of vascular surges are diminished and FC patterns are losing contrast.

H.1 Methodological considerations

As a short reminder of the experimental environment of this study. In each section, the used data is detailed with the eventual sources of loss and corruption. In total 29 wild type C57BL/6 mice were used during this study. Only males were imaged, they were 7 to 9 weeks old on the day of surgery.

H.2 Experimental designs

Two experimental designs were followed during these studies. For most sessions the classical 20min baseline followed by two recordings of 30min follow-up after injection was used. For the antagonist pre-treatment the protocol had to be adapted to the slow acting AM 251. As a results AM 251 is injected after the 20min baseline, while T HC is injected between the second and third recordings (140). (Fig.142,Top) shows the dose dependency of mobility after injection of all 3 doses of THC. It is interesting to notice that basal values are higher that those seen previously in the opioids while more stable across sessions. Then, T HC systematically reduces mobility in the mice.

The mobility loss seems stable in time with no change over the 1h follow up. Looking at individual traces it seems that all mice are affected. A pateau appears for W T T HC1 and W T T HC3 where mobility stabilised on average around 8%. For W T T HC10 movement is almost completely stopped with values below 1% at P 2 and P 3. In fine it appears that T HC induces a significant reduction of locomotion.

H.4.3 CBV

(Fig. 142, Bottom) displays CBV raster plots for the three doses of T HC. The only apparent effect is a negligible transient hyper perfusion for W T T HC1 and W T T HC3 which disappears for W T T HC10. Although the effect is very mild (maximal value < 6.5%).

H.4.4 Correlation matrices

(Fig. 143, iii.) illustrates the dose dependency of T HC fingerprint at P 6. 1mg/kg induces very mild disconnection in the cortex. At 3mg/kg, the cortical disconnection propagates between cortex and dorsal thalamus and within bilateral connectivity of the thalamus. On the opposite, a slight increase in lateral cortex bilateral connectivity can be seen. In addition, the hippocampus loses correlation with the cortex as well. Hippocampal correlation with the hypothalamus and parts of the thalamus is increased. link and many edges to other thalamic and hypothalamic regions. It is worth to notice that this thalamic-hypothalamic network is much less contrasted than under the influence of opioids.

Overall T HC appears as a dissociative compound at the network level where it reduces significantly bilateral connectivity across regions (Ctx, Hip CA1, LThal ). The main feature of its fingerprint at the connectome level appears to involve the dorsal thalamus and lateral cortex. Regarding the hippocampus a shift can be observed as we already saw before in the opioids fingerprint.

H.4.5 Seed based maps

Like before, SBM gives a better idea of the spatial distribution of the effects we saw at the network level. (Fig. 144) displays the sharp increase in bilateral cortical connectivity and anti-correlation with the cortex. The effect seems transient with a loss of contrast in the cortico-thalamic anticorrelation. The intra cortical increased connectivity appears more stable. Loss of connectivity in CA1 and CA2 is displayed as a contrast loss again. Finally, the central role of dorsal thalamus is confirmed while the dynamic shift between bilateral increased correlation from bilateral to the hippocampus is illustrated in the significance map. It is interesting to notice that the effect is probably due to a shift of the reference as the average SBM displays no such change in hippocampal connectivity. 

H.4.6 Summary

T HC fingerprint can be related to the previously described opioids fingerprint through the shift of hippocampal connectivity. Past this initial consideration, thalamus seems much less influenced than in the case of morphine or methadone for example. The main distinction seems that, when opioids have a huge connectivity influence on the ventral thalamus, T HC seems to act mostly through the role of DThal as a connectivity hub. In other regions T HC seems to act as a dow regulator of connectivity as it reduces correlation in bilateral Ctx, Hip CA1 and slightly LThal. This last effect seems to occure through a global reduction of SBM contrast. Finally, it is interesting to mention that if dose dependence can be observed most of significant effect required a high dose of 10mg/kg to be finely analysed. At such dose, the the connectome appears highly bimodal which can remind the pattern observed under isoflurane anaesthesia.

H.5 CB1R antagonist pretreatment

As was done with naloxone for morphine, the previously mentioned fingerprint was controlled after pre-treatment with AM 251. For this purpose a classical factorial design was used (Fig. 140, Bottom). The animal is imaged for 20min of baseline (B1 -2). Then, AM 251 is injected (3mg/kg), and the animals is imaged for 30min of follow-up (P 1 -3). Finally, the animal is injected with T HC (10mg/kg) the animal is imaged for 30min after the first injection (P 4 -6 -3). Then In red are circled comparable timings after T HC injections represented on the right as significance networks. iii.: evolution of perfusion after AM 251 injection (first grey bar) and T HC 30min later (second grey bar). iv. difference in SBM and its significant shifts 20min -30min after T HC injection with an without AM 251 pre-treatment.

H.5.1 Data 10 animals were imaged for observing T HC fingerprint after CB1 blockade by AM 251 and referred to as W T AM 3T HC10, for a total of 10 sessions. On file was lost during transfer and recomputing. Regarding the tracking 3 files were corrupted. 5 files were registered with the affine transform, and 4 files were registered with the bsplines. For the sake of comparison, W T T HC10 FC results are displayed. It is important to remind that due to the different experimental designs, W T T HC10 first 3 windows (P 1 -3) must be compared with W T AM 3T HC10 last 3 windows (P 4 -6).

present (namely Ctx Lat-L, DThal-L and Ctx-L). All features seem removed by the pretreatment. Anti correlation between the lateral cortex and the dorsal thalamus is replaced by a regular bilateral connectivity in the cortex and the dorsal thalamus with much correlation between both, neither positive, nor negative. Even the increased connectivity between the lateral and medial cortices is absent after pre-treatment with AM 251.

H.5.6 Summary

Overall, pre-treatment with AM 251 fails to prevent hypo-locomotion, one element of the classical cannabinoids behavioural tetrade. Although, the locomotion seems slightly higher than when T HC is injected alone, most notably 20min after the active compound injection.

As AM is known for beeing a slow active drug, this observation is not too surprising. Because on the functional connectivity part, T HC fingerprint is almost entirely blocked. Combination of both compound results in a simplified connectome very close to the basal one, where mostly bilateral features dominate. As for locomotion, it not so surprising to still see some feature like cortical and hippocampal disconnection at P 5, which disapear almost completely at P 6.
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H.6 Dose response of CBD

After identifying a T HC fingerprint, we wondered if the second most important cannabinoid: the CBD, would have similar features the same way we identified similarities in different opioids fingerprints. (Fig. 146, Top) illustrates mobility of mice in the 3 CBD conditions. At baseline, mice are moving between 30 and 40%. CBD injections seemsto have little to no effect on locomotor activity. Although, it is worth noticing a slight reduction for W T CBD2 at P 2 and significant steps down at P 1 for W T CBD6 and W T CBD20.

H.6.3 CBV (Fig. 146, Bottom) presents the regional perfusion over time for the 3 doses. The perfusion profile is similar to saline injection reference. As a short reminder of the experimental environment of this study. In each section, the used data is detailed with the eventual sources of loss and corruption. In total 138 wild type C57BL/6 mice were used during this study. Only males were imaged, they were 7 to 9 weeks old on the day of surgery. 3 experimental designs are followed during these studies. First, the classical acute injection follow-up is implemented. Second, a antagonist study is lead with a classical factorial design. Finally, all conditions followed by a recording 7 days after the first acute treatment to investigate potential long-term effect.

I.2 Experimental designs

For classical acute injection follow-up, the main difference with both opioids and cannabinoids projects is an increase of the baseline duration up to 30min. The baseline recording is followed by one recordings of 1h after the injection is performed. This protocol is referred to as the longitudinal design.
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I.3.1 Analysis design

Regarding the analysis, for the sake of clarity, all results shown in this section come from the custom pipeline (D.3.2), performed with independent statistics, with comparable timings of a basal state dataset. The basal state dataset is composed of 60 sessions and is presented in the next session. It consists of 60 sessions with 60 different mice injected with saline after a baseline of 30min.
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I.4 Saline Control

First is presented the psilocybin project saline condition. The same way as for the opioids project, a session of saline has been recorded for all mice. At the moment ∼ 60% of this dataset has been recomputed.

I.4.1 Data

The psilocybin saline dataset is composed with 105 sessions. For now, 60 fUS sessions have been transferred and recomputed and 101 tracking recordings. Both are a mix of recordings acquired either with the 2 recordings protocol, or with the 3 recordings. In all cases the analysis has been spread over 10min windows. For the factorial design, last window is discarded so all session are analysed over 9 windows. For statistical tests in the next sections, P 7 is made of a mix of longitudinal P 6 and factorial P 7 to ensure similar distributions with other windows. Tracking recordings gather 41 longitudinal sessions and 60 factorial sessions. For fUS, 33 longitudinal sessions were analysed and 27 factorial ones. It is important to remember that longitudinal sessions have only one injection at the end of the first 30min while factorial ones receive two: respectively at 30min and 1h after the recording beginning. 31 sessions were registered with affine transforms and 29 with bsplines.

I.4.2 Tracking

Locomotor activity is displayed here for 101 sessions. As we already saw in with W T SC11 cohort but is now displayed more precisely thanks to a larger sample size, the mice slowly reduce their locomotor activity with time. The data is quite continuous, at the exception of three significant drops: between B1 and B2 (∼ 5.7%), at the end of the first recording between B3 and P 1 (∼ 5.8%), and finally between P 3 and P 4 (∼ 4.1%). The last two drops can be associated with injection and/or discontinuity due to the need to restart recordings. The first drop might be an illustration of mouse habituating to the environment and head fixation at the beginning of all recordings. I. 4.3 CBV (Fig.151,Top) displays the evolution of regional perfusion averaged over 60 sessions. The previously described global decay of brain perfusion is confirmed. As initially observed, the decay of percentage signal change is most prevalent in the cortex. The following hypoperfusion is less intense here than in the opioids cohort. This phenomenon can be explained due to a longer baseline. Indeed, because the decay is non linear along time, due to a 10min longer baseline, the average taken for normalisation (2min before injection) reduces relative hypo perfusion on the long term. 

I.4.4 FC

The middle pannel of (Fig. 151) displays the natural connectome evolution without the influence of any treatment. Once again the observations made for the opioids study are for most confirmed. It is worth mentioning the main similarities:

• Bilateral and within meta region positive correlation is the main feature of the basal connectome.

• Thalamus gradually disconnects from cortex and hippocampus. This effect is mostly present in LThal.

• Cortex presents a loss of connectivity contrast with time.

• Hippocampus, on the contrary is subject to on increase in connectivity pattern contrast with elevated bilateral connectivity.

On the other side, main differences arise as well:

• Psilocybin saline condition is more contrasted than morphine one.

• Basal background artefact seems more present for the cortical seed.

• Thalamic regions are better resolved.

• anticorrelation between cortico-hippocampic and thalamo-hypothalamic networks is more present.

I.5 Dose response of Psilocybin

Now that the reference dataset is described, the psilocybin fingerprint can be detailed. The next few sections display the different components of this fingerprint.

I.5.1 Data

The acute psilocybin DRC study is composed of 41 sessions. 41 different mice have been distributed over 4 cohorts of 10 to 11 animals. Each cohort has been imaged following the longitudinal design after injection of either one of the 3 doses of psilocybin: 1mg/kg, 5mg/kg or 10mg/kg, respectively referred to as P silo1T 0, P silo5T O and P silo10T 0, or its vehicle (written V HT 0) (see (C.3)). No file was lost during transfer and recomputing of fUS data.

Regarding registration, 19 sessions were registered using affine transforms, 22 with bsplines.

For tracking, a connection issue with the microcontroller corrupted 1 file per cohort, which could not be synchronise with the fUS data.

Session Name Aim Recordings Tracking Affines Bsplines Rejection (Fig. 152) displays mobility of mice after injection of either vehicle (V HT 0) or the 3 different doses of psilocybin (P silo1T 0, P silo5T 0 and P silo10T 0). V HT 0 shows a similar behaviour as for saline injection. The mobility is mostly continuous wihth global decay of mobility with time. A small fluctuation at P 5 induces a 6.2% drop at P 6. For psilocybin injections a longer hypomobility seems to be induced by the injection. At P 3 mobility drops from 16.3% at respectively 12.1%, 7.6% and 2.9% for increasing doses of psilocybin while the reference value is expected to be 21%. Overall, psilocybin seem to induce a dose dependent hypo mobility without particular stereotypical movements.

I.5.3 CBV

(Fig. 153, Top) displays raster plots for time time dependence visualisation of brain perfusion for all 4 conditions. In addition, regional perfusion map indicates localisation of the vascular effects at P 2 while at the bottom perfusion profile in the lateral cortex, the hippocampus and ventral thalamus are shown for the 3 doses of psilocybin. Profiles are displayed relatively to vehicle injection to correct for decrease trend.

It is first interesting to notice, as it was already mentioned for psilocybin saline reference cohort, longterm hypo perfusion seems mitigated as compared to opioids cohort. The effect is perculiarly present for V HT 0 where almost no negative value is displayed. For treatments, injection is followed by a transient hyper perfusion. The hyperaemia is dose dependent reaching a plateau after P silo5T 0. CBV culminates in Ctx Lat-L at respectively 22%, 41% and 41% for increasing doses. The timing appears to depend of the dose as well with a broader surge for P silo1T 0 (> 10min) and shorter events for higher doses with a maximum in 3min for P silo10T 0.

As shown in the hippocampus and thalamus, the hyper perfusion is located in the cortex and more precisely its lateral part as opposed to the more global vascular events seen previously for the opioids fingerprint for example. It is followed by a slight hypo perfusion which is observable only for the high doses. (Fig. 154, Top) displays the influence of psilocybin at the connectome level. First row shows the evolution of CM after injection of psilocybin for P silo5T 0. P 1 shows a loss of negative correlation, while over all contrast of the CM is reduced. The increased correlation translates into a significant increase in correlation between thalamus and hippocampus. On the average CM this increase is associated with zero correlation at the exception of dorsal thalmus which transiently display hig positive correlation with hippocampus right after the injection. At P 3 the hippocampal shift continues with more significant increased correlation can be seen with deep regions such as hypothalamus. From P 2 it is associated with signi-

I.5.4 FC

I.6 Antagonisation of Psilocybin and alternative agonist

Similarly to T HC, we tested the specificity of 5HT -2A role in the observed fingerprint by pre-treatment with the M DL specific antagonist. In addition, lisuride, another 5HT -2A agonist was compared with psilocybin.

I.6.1 Data

This lisuride/M DL study is composed of 62 sessions. 62 different mice have been distributed over 6 cohorts of 10 to 11 animals. Each cohort has been imaged following the factorial design (Fig. 148, LM T0) after injection of either M DL or its vehicle as pre-treatment, and psilocybin (5mg/kg) P silo, lisuride (2mg/kg) Lis or its vehicle as treatment. This design results in 2 × 3 = 6 conditions. No file was lost during transfer and recomputing of fUS data. Regarding registration, 34 sessions were registered using affine transforms, 28 with bsplines. Two tracking recordings could not be recorded.

Session Name Aim Recordings Tracking Affines Bsplines Rejection

V HV HT 0 V HV HT 0 shows that, as expected, the vehicle itself has no particular influence on mice locomotion. V HLisT 0 average displays an influence of lisuride on locomotion. Right after the injection mobility is significantly increased. Individual traces show two mice who were not influenced by the treatment. It is worth noticing that these animals were already moving less after the vehicle injection. The mobility follows a linear decay for the 40min of treatment follow up to reach a level comparable to vehicle condition 90min after the recording start.

V HP silo confirms reduced locomotor after the injection of psilocybin (I.5.2). M DLV HT 0 shows a significant mobility step down 10min after the injection M DL. Although, overall the values remain in the basal range. Another step is observed after the injection of lisuride vehicle which was absent in V HV HT 0. Overall the shifts are mild and overall behaviour seems to fit basal state, if M DL as an effect on mobility this effect appears negligible as compared to lisuride of psilocybin ones. M DLLisT 0 shows that M DL pre-treatment has little effect on lisuride induced hyper locomotion. Locomotor is actually overall increased while remaining in V HLisT 0 range. Similarly M DL shows little influence on psilocybin induced hypo mobility. Overall these results suggest a limited antagonist action at the behavioural level. The second step of lisuride fingerprint is much closer to psilocybin pattern. I. 6.3 CBV (Fig.157,Left) displays the influence of all 6 pre-treatment/treatment combinations. Both vehicles have no influence on the brain perfusion. Conversely both treatments are followed by focal increase of CBV in the cortex. V HLis shows increase of perfusion in all regions of the cortex, while as we already saw in (Fig. 153) V HP siloT 0 shows hyper perfusion mostly located in the lateral part of the cortex. M DL injection is followed by a very mild and transient hyper perfusion mostly observable in M DLV HT 0 condition. This increase is predominant in the cortex and at the level of V H variability. As for locomotor activity, M DL pre-treatment seems to have no influence both drugs induced hyperaemia. I. 6.4 FC (Fig.157,Right) shows that all controls have no significant influence of FC patterns. The connectome is presented each time 10min after the injection of respectively (from top to bottom) M DL vehicle, lisuride vehicle or M DL.

(Fig. 158) shows that lisuride fingerprint differs from the one of psilocybin. It is characterised by two steps. There is a first state of connectivity burst. This connectivity burst is quite different than the one observed after ketamine injection for example (G.8). Indeed the later is associated with a global increase in both relative and absolute value of correlation. In the lisuride case, a compartmentalisation of connectivity increase can be seen. The hippocampus for example does not synchronise with the cortex. In addition, hippocampal hyper connectivity seems intra-hemispheric. SBMs in (Fig. 158) confirm this observation, the hippocampal increase in connectivity is localised in medial and lateral parts of the cortex in addition to the hypothalamus. The second step of lisuride fingerprint resemble more to the psilocybin patterns. Global disconnection is observed as shows the average network. The network of significance is almost identical to psilocybin one at P 6 with a strong significant increase of correlation as compared to basal state, associated with a decrease of absolute correlation. Overall this fingerprint looks like the superposition of psilocybin pattern with a transient hyperconnectivity that could originate from another mechanism probably associated to the increased mobility. Although, one can see in the SBMs that the contrast loss associated to psilocybin (most important in the thalamus) is not observable, or highly down-modulated in the case of lisuride. As we already observed in both mobility measures and CBV measures, the M DL pretreatment seems to have almost no influence on the connectivity patterns. The only potential feature of M DL pre-treatment interaction with psilocybin fingerprint is the disappearance of hippocampo-cortical anticorrelation after psilocybin injection. Indeed, this effect is the only positive effect of psilocybin on FC, its downregulation can be seen as potential modulation of 5HT -2A modulation. Past this observation, both at the connectome and SBM levels no differences can be seen except a slight increase in cortico-hypothalamic correlation for lisuride during the connectivity burst which could be imputed to increased locomotion and CBV. 

I.6.5 Summary

To summarise this section, lisuride and psilocybin show some shared features in their respective fingerprints mostly present on long term effect (> 20min). On the behaviour part, lisuride seems to induce hyper locomotor activity where psilocybin reduces mobility of the mice. Both drugs presents similar hyper perfusion mostly located in the cortex. Finally in terms of connectivity their connectomes seem to converge toward similar features while lisuride presents a first step of increased correlation which seems to be more region specific than previously seen patterns. At the SBM level psilocybin disconnection is associated to less contrasted patterns. Finally M DL failed to show any significant modulation of any previously mentionned markers, at the exception of psilocybin cortico-hippocampal anticorrelation down regulation. All recordings are done at 2.5Hz. Analysis is performed on 10min windows. Baselines are named B1 to B3 and consist in awake states baseline. After anaesthesia, anaesthetised state windows are referred to as P 1, P 2, P 3. For the isoflurane protocol wakening state windows are referred to as P 4, P 5, P 6. It is important to notice the gap between 5 and 10min for data transfer between recording 1 and recording 2 (Fig. 159). Isoflurane is turned off at the beginning of recording 2.

As being imaged in the plane of interest defined by the vascular bregma (see (C.4.1)) all sessions, are registered on the vascular bregma reference template (526 sessions) and the ROIs computed automatically (90 sessions). (Fig. 120) is a reminder of these ROIs and their abbreviations.

J.2.2 Analysis design

Regarding the analysis, for the sake of clarity, all results shown in this section come from the custom pipeline (D.3.2), performed with independent statistics, with comparable timings of a basal state dataset. The basal state dataset is described later in (I). It consists of 60 sessions with 60 different mice injected with saline at 30min. These animals are prepared and recorded in the same conditions with the exception of the anaesthesia. In addition, 10 sessions from this dataset are displayed for comparison in the CBV analysis.

The reference distribution used for statistical testing is later presented (I.4). In the meantime, for the sake of comparison, an illustration of CM and network is given in (Fig. 161). K/X and Iso conditions, V HT 0 is given a reference as control cohort. Iso recording shows 30min of baseline, 30min under anaesthesia followed by 30min of recovery. K/X recording shows 30min of baseline followed by 30min after injection of the anaesthetic agent.

. (Fig. 162) shows the mobility of mice during both sessions. For both inductions anaesthesia is characterised by almost complete absence of movement. For Iso it took at most 1min40s for the last mouse to completely stop moving. It is worthy to notice the intense locomotor activity at the moment of induction where more than 70% of mice where moving for a few seconds. The wakening is characterised by a gradual increase in mobility which can start less than 2min after turning the isoflurane off. Although mobility doesn't go back to its initial value and individual mobility traces show that most mice are almost completely immobile for the first 10 to 15min. In the K/X condition injection is also followed by a focal increase in mobility. More mobile events were detected, even though mobility drops at almost 0 at P 2. At the exception these rare events of the top mouse which shows regular events, the last mouse stops moving at 2min40s. The mobile mouse still shows a significant decrease of mobility relatively to baseline. This analysis doesn't allow to discriminate eventual gasping or strong breathing. From the experimental observation and these recordings we conclude that the animal is at least sedated with potential micro wakening during P 3. J. 3.2 CBV (Fig.164,Left) shows CBV raster plot as well as the average over 10 sessions of saline injections to compare with a reference signal.

As expected, Iso presents a massive hyperemia after induction. The increase in CBV is almost instantaneous. The timeseries of relative percentage signal change in different ROIs confirm this massive increase which on average goes above 100% in the hippocampus. Dynamic of the hyper perfusion seems to start with a fast increase (time to max ∼ 7min). The first peak is followed by a relatively linear decay until the signal reaches a plateau (average ∼ 42% in hippocampus). For wakening, the inverse shape of CBV is observed. a massive decrease is first observed, below saline reference value. The minimum is reached in a little more than 9min in the hippocampus. An interesting observation is that the regime of decrease appears almost instant in the hypothalamus, while there seems to be a zero derivative in the Hip CA1-L, and the cortical plateau doesn't break before 90s after Iso is turned off. This observation is in accordance with the signal front displayed in raster plot. This visualisation suggests a wave like pattern of perfusion drop initiating in the ventral thalamus propagating to the hippocampus, the dorsal thalmus and finally the cortex. Another way to see this delayed drop in perfusion would be the superposition of effects. A focal increase in perfusion could add on the expected exponential isoflurane vascular induced decay.

In K/X, A very sharp increase in the perfusion arises a few seconds after injection (peak at 13s) . This first event could be associated with the intraperitoneal injection. It is fast followed by a larger burst (∼ 2min) in both cortex and thalamus, while the hypothalamus presents almost no change. This burst can't be distinguished from the increased mobility event. Interestingly enough, the secondary burst occurs later in the hippocampus with a maximum value occurring 4min after the injection. As we saw already, at this time the mice stopped moving already. When looking at the raster plot, a complex succession of increased perfusion arises after the focal initial burst. The first perfusion occurs in parallel in the INSERM-IPNP jcm PhD thesis CRI in both the average and significance network. At P 2, a different pattern arises. The network becomes highly bimodal. On one side an homogeneous subnetwork in the cortex appears poorly connected to a hippocampo-thalamic-hypothalmic cluster. At P 3 the cortex connects back with the rest of the network. Overall, the connectivity matrix loses a lot of contrast. Even bilateral connectivity becomes barely distinguishable. As a result the only loss of correlation occurs in bilateral connectivity of the hippocampus. Although, this hippocampal loss of synchronicity is of little intensity. At P 4, the wakening is associated with, again, an increase of correlation, as compared to basal state, between the hippocampus and all other subcortical regions. Bilateral connectivity is increased compared to P 3. Finally, at P 6, the network goes back to a more normal regime with still some significant changes in subcortical regions, but overall a connectome much closer to basal state, as illustrated in the significance network.

Overall the connectome follows a complex trajectory with three clearly distinguishable states during anaesthesia. The connectivity goes from basal state to a bimodal network at P 2 to finish in a monomodal network at P 3. As it could be expected, the system recovers back to a normal state at P 6 which goes accordingly with mobility observations. All transitions are characterised by an hyper connected state with regional contrast, while stable anaesthesia is associate with loss of contrast in the correlation matrix.

In (Fig. 164, Right) K/X shows similar effect without positive correlation. The induction is associated with an overall mild positive connectivity across meta regions at the exception of the lateral and ventral thalamus. It is worthy to remind that these regions are also the ones with the least perfusion change after injection. At P 2 and P 3 the network globally disconnects. If the significance matrix highlights again the hippocampo-thalamic connection, the significance network indicates that this significant increase is actually associated with a decreased absolute value of the correlation. As P 3 average correlation matrix and network demonstrate, late anaesthesia is associated with a complete disconnection.

J.3.4 Seed based maps

(Fig. 165) shows how the correlation is distributed spatially in the images with seeds chosen in Ctx Med-L, Hip CA3-L and VThal-L.

For K/X the overall disconnection appears clearly with a loss of correlation along P 1-3. This mechanism is peculiarly well illustrated in the ventral thalamus. Indeed, its basal state still distinguishable in P 1 is a strong bilateral connectivity with mild anticorrelation with the hippocampus. The significant changes observed are a perfect mirror of this basal state, while the average SBM becomes completely blank, starting as soon as P 2.

Regarding the isoflurane, the transition is well illustrated in the hippocampal seed. P 1 shows a global positive correlation pattern with some contrast, like the correlation with medial and dorsal parts of the cortex. This pattern translates into a bimodal distribution of subcortical network anticorrelated to cortex during P 2. Finally, contrast is completely lost at P 3 where the whole brain seems mildly correlated all together. During the wakening a similar pattern to the one found at P 1 emerges. 20min after waking up the connectome goes back to a normal state with simple bilateral connectivity in the hippocampus (see (Fig. 151)). .

J.3.5 Summary

Overall, two different anaesthesia pathways display a great variety of effects in terms of haemodynamics and functional connectivity. We can identify similarity in the loss of constrast in both CM and SBM, while the path to go there is different for both compounds. On the first hand, K/X shows a succession of complex vascular events while its FC fingerprint is quite fast going toward disconnection. On the other hand, isoflurane displays a seemingly simple yet intense vascular event, while its FC goes through at least two states before reaching overall disconnection. It is interesting to see that these transitions seem to go toward simplification of the network connectivity from a complex connectivity pattern to two anticorrelated subnetwork and then one global mode. Finally, follow-up of wakening demonstrates that FC measurement illustrate the anaesthesia reversibility with a final state very close to the awake mice basal connectome.
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K Comparison of various fingerprints

To conclude the presentation of my PhD results, this part presents a comparison between the different fingerprints we observed across the three main pharmacological studies: opioids, cannabinoids and psilocybin. We compare tracking, perfusion, FC at the connectome level and functional territories for each tested compounds. We limited this summary to awake states observations. 11 compounds are compared at a single dose and for functional connectivity, on a single 10min window (the ones that gave the most characteristic fingerprint): 4 opioids (morphine (30mg/kg -P 3), fentanyl (0.3mmg/kg -P 2), methadone (10mg/kg -P 3) and buprenorphine (3mg/kg -P 3)), 3 cannabinoids (T HC (10mg/kg -P 3), CBD (20mg/kg -P 3) and CP 75, 944 (0.75mg/kg) P 3), 2 5HT -2A agonists (psilocybin (10mg/kg -P 3), lisuride (2mg/kg -P 6), cocaine (15mg/kg -P 3) an ketamine (10mg/kg -P 3). In addition, the psilocybin project saline dataset is displayed for the sake of comparison. Details on the full fingerprints can be found in the appendices, opioids: (G), cannabinoids: (H), psilocybin: (I). Three variations of the same protocol have been followed to fit the aims of each study. Morphine, fentanyl, methadone, buprenorphine, ketamine, cocaine and CP 55, 940 consists of three recordings: 20min of baseline followed by two 30min follow-up recordings. For tracking, separation between each recording is represented as a red vertical bar. For perfusion, the injection is indicated as a grey bar. For cannabinoids: T HC, CBD ; the saline controls ; and 5 -HT 2A agonists: psilocybin, lisuride ; the baseline is extended to 30min. Finally, lisuride was recorded in a factorial design study. As a results after 30min of baseline some vehicle is first injected, it is followed by 30min of follow up, after which the compound is injected. The last follow-up recording is extended to 40min. Consequently, the drug injection occurs at the second red bar for tracking and second grey bar for perfusion.

K.1 Tracking

(Fig. 166) displays the different evolutions of mobility after the injection of all 11 treatments, with an exception for fentanyl. One can see the diversity of locomotor responses to various drugs. From all the displayed curves, only CBD shows no significant influence from the injection on the mobility. Most of the drugs induced increased locomotion with a hierarchical order (in terms of amplitude and duration of the increased activity): buprenorphine > cocaine > lisuride > methadone > morphine > ketamine. Cannabinoids and psilocybin showed reduced locomotion: T HC > CP > psilocybin. In most cases, increased locomotion lasted for 10 -20min before coming back to values comparable to saline injections. Cocaine presents a maintained hyper activity for 30min followed by a slow decrease. Lisuride shows a maintained hyperlocomotion for 20min. Buprenorphine presents both a focal increase following injection, followed by a maintained high mobility behaviour for 50min.

K.2 CBV

The saline injection is associated with a global decay of perfusion along time. Most treatments appear to reach the same mild hypo perfusion relatively to the last 2min of baseline. At the exception of T HC and CBD, all drugs present a focal increase of perfusion following the injection. This increase is either located solely in the cortex (psilocybin, lisuride and cocaine), spread to the hippocampus (CP ), or affect the thalamus as well (morphine, fentanyl, methadone, buprenorphine). In terms of intensity, methadone presents the most significant increase of perfusion. After methadone injection, the burst of CBV is found in the cortex, the hippocampus and the dorsal thalamus. The methadone induced hyperaemia goes above 50% for the whole hour of injection follow up in both the cortex and the hippocampus. In addition, after methadone injection, the thalamus perfusion remains above baseline. Buprenorphine injection is followed by a peak above 50% located in the cortex and lasting for 10min only. Similarly, ketamine displays an hyperaemic event of similar duration with an additional component in the hippocampus. Finally, most compounds present a non significant hypo-perfusion 30min after injection, in the range of saline perfusion. Nonetheless, some compounds display more intense hypo perfusion on the long term as can be seen for morphine and CP . (Fig. 167) recapitulates the different fingerprints at the whole network level. The saline

K.3 FC
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jcm PhD thesis CRI network shows a symmetrical structure of basal state FC pattern in the VB slice. 4 subnetworks can be identified as meta-regions: the cortex, the hippocampus, the thalamus and the hypothalamus. For the different treatments, connectomes can be sorted in two classes. One of positive effect with strong positive and negative correlations across the whole network which differs from the basal state (morphine, methadone, fentanyl, T HC and CP ). On the other side of the spectrum, we find networks close to the basal state or hypo connected with few absolute value of correlation above 0.3 (Buprenorphine, CBD, ketamine, cocaine, psilocybin and lisuride). Two main patterns of positive effects can be identified. First: the opioids fingerprint (morphine, methadone and fentanyl) is associated with a strong anti correlation between the cortex and the ventral parts of the thalamus. The opioids fingerprint also displays a strong positive correlation within the cortex, the hippocampus and between a hippocampo-thalamo-hypothalamus network. Alternatively, the cannabinoid fingerprint (T HC and CP ) presents strong anticorrelation between the cortex and the dorsal thalamus.

For cannabinoids, the main positive correlation are found between the lateral parts of the cortex, and the dorsal regions of the thalamus. Regarding the negative effects, buprenorphine, ketamine, CBD and cocaine show only marginal differences with the basal states. For these 4 compounds, an overall reduced absolute value of the correlation is measured. Finally, psilocybin and lisuride present disconnections in the cortex and a global reduction of the absolute value of correlation at the exception of within hippocampus connectivity. This initial observation is further confirmed when we look at the significant differences with the saline control (Fig. 169). For positive effects, the opioids and cannabinoids fingerprints can be distinguished. Opioids present a main increased connectivity between the the one observed between baseline parcellations (see (Fig.13.4.2)). Although a more systematic statistical paradigm is still required to confirm this tendency.

As we observed already in the basal state, all parcellations fit the brain meta regions architecture, respecting: cortex, hippocampus, thalamus and hypothalamus regions. All other features seem to present different expressions depending on the compound.

K.4.1 Regional comparison

Here are listed the region wise comparative observations.

In the cortex, at the exception of CP and morphine, all parcellations respect strictly the separation between visual and somatosensory cortices. This is particularly striking, as the cortex was the most variable territory at basal state. For ketamine and buprenorphine, the visual cortex is affected by the disappearance of its dorsal domain. For cocaine, the visual cortex splits between a dorsal and ventral component. Another feature of the cortex is the propagation of its functional extend toward the lateral parts. From the most extended territory to the least we can list: W T CP 075 > W T F 075 > W T M et10 > W T Coca15 > W T Bue3 > W T Ket10 > Baseline > W T M 30. W T F 075 and W T CP 075 are the two treatments with the most important spreading. This extend is materialised by the apparition of a cluster in the most lateral part of the somatosensory cortex. In the other direction, both methadone and fentanyl lose their medial cortex ROI. The same ROI is split for morphine and buprenorphine, while it is deformed after CP injection. Finally, cocaine and ketamine keep relatively preserved medial cortices.

Similarly to baseline, the hippocampus is one of the most preserved region. More precisely, the hippocampus shape is preserved across most treatment and is different than after saline injection. For all treatments, at the exception of CP and ketamine, the hippocampus territory is a long region encompassing for most of the CA1 with a variable overlap over the CA3. In addition a dentate gyrus ROI can be seen for these treatments. In ketamin condition, instead of dentate gyrus, some degenerate ROIs can be seen over the CA3. The same type of degenerate CA3 ROIs (∼ 2 -4 voxels) is observed for methadone. Finally, CP presents a different hippocampal territory which merges medial CA1 with dendate gyrus. In addition, a second ROI is found more laterally, at the common point between CA1, CA2 and CA3.

The thalamus is subject to important re-organisation across treatments. The dorsal thalamus, which is the most reliable ROI at basal state displays here a rich diversity. The least affected treatments are ketamine and CP which respectively dilate or shrink along the vertical direction. Under cocaine influence, the dorsal thalamus is reduced to its lateral part. The medial part disappears to give place to a lower region overlapping with more ventral thalamus. Finally, all opioids display a migration of the dorsal thalamus toward the medial region. The hierarchy of this effect is as follow: W T M et10 < Bue3 < W T F 03 < W T M 30. Methadone shows a mild deformation towards the ventromedial direction. Buprenorphine effect is mostly due to separation of the main region with a degenerate ROI in the lateral part. Fentanyl displays a split of dorsal thalamus between a small medial part and a bigger lateral part which propagates towards the posteromedial nucleus of the thalamus. Finally, morphine displays a small cluster in the medial part of dorsal thalamus alone. This ROI is located in
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jcm PhD thesis CRI the very close vicinity of the medial habenula. The lateral thalamus evolves with different trajectories depending on the treatment. LT hal is well preserved for ketamine, methadone, morphine and cocaine. For the the other 3 treatments, it tends to spread. For cocaine, the LT hal migration is towards the lateral part of dorsal thalamus. For buprenorphine, the region is split in two, with the lateral half seemingly degenerate. For CP the lateral thalamus connects to the ventral thalamus in an important reorganisation of the thalamic functional territories. The ventral thalamus shows massive changes across the different treatments.

V T hal is almost unaffected by both cocaine and ketamine. Buprenorphine induces shrinkage of the ventral thalamus with little anatomical overlap. With morphine, the LT hal is split in 2 seemingly degenerate sub-regions. With CP , the region is intensively reshaped. First, the ventral thalamus per se is replace by a small region. Its lower lower part connects towards lateral thalamus over and alongside the zona incerta following the ventro posterolateral nucleus of the thalamus. In addition, a new ROI is identified overlapping precisely with the fasciculus retroflexus, one of the main habenular output. Finally, fentanyl and methadone both present a similar propagation of the ventral thalamus towards hypothalamic regions. This spreading overlaps with the ventro posterolateral nucleus of the thalamus. One of the seemingly degenerated ROI replacing V T hal in both CP and morphine are exactly identical.

Similarly to what we observed after saline injections, the hypothalamus presents a diversity of trajectories depending on the treatment. After buprenorphine injection, the region disappears completely. For methadone, the region is partly colonised by the ventral thalamus extension. As a result in the ventral tecmental area is left with a degenerate ROI. The same ventral thalamus effect happens for fentanyl. In this case, a new region appears on top of the ventral tecmental area which propagates down to the medial part of the substancia nigra. In addition, fentanyl engenders a new ROI at the tip of the ventral hippocampus overlapping with the dentate gyrus. For morphine, the hypothalamus shrinks to its medial part over the zona incerta and the field of Forel. For ketamine and cocaine the hypothalamus splits in one ROI over the zona incerta and the field of Forel, and a second one over the ventral tecmental area. This second ROI projects around the supramammilary nucleus. In the case of ketamin, a secondary projection overlaps with the substancia nigra. Finally, for CP , the same migration toward medial part which results in a ROI over the zona incerta and the field of Forel is observed. However CP also induces a degenerateROI on top of ventral substantia nigra.

K.4.2 Pharmacological comparison

Based on the anatomical observations, the different compound can be globally compared one to the other.

The drug maintaining most similarities with basal state is ketamine. After ketamine injection the only differences with the baseline is found with a split of the dorsal thalamus region and the apparition of a ventral tecmental area ROI. Similarly, cocaine has territories matching closely the ones of baseline. After cocaine, only the dorsal cortex seems influenced, while the same apparition of a region over the ventral tegmental area can be identified.

As it was already described for conventional FC observables like SBMs and CMs, the buprenorphine is associated with a global loss of functional connectivity. It is particuliarly striking in the reduction of thalamic functional territories. Despite this loss of functional territories, it shares features with other opioids. This is illustrated by the migration of the dorsal thalamus toward medial regions and the apparition of a lateral geniculate nucleus ROI.

Among opioids, methadone and fentanyl possess particularly similar functional territories with an extended ventral thalamus region toward zona incerta, and the apparition of a lateral geniculate nucleus region. The main distinction with morphine comes from the drastic reduction of the ventral thalamus region after morphine injection. Although, this remaining ventral thalamus region of morphine perfectly fits a similar cluster induced by CP .

CP possesses a unique functional territory distribution, with the largest dorsal thalamus ROI. After CP injection, the ventral thalamus reorganises, building a network with the lateral thalamus following the ventro posterolateral nucleus of the thalamus. An other interesting feature is the apparition of a ROI matching precisely the fasciculus retroflexus. Finally, matching CM and SBM fingerprints (G), CP is the only treatment that fundamentally changes the hippocampal territories with a mediolateral separation.

K.4.3 Summary

On the technical point of view, these observations tend to validate the relevance of parcellation analysis to interprete reorganisation of functional territories under the influence of different treatments. Fitting with the network observations, both ketamine and cocaine territories are the ones with most similarities to baseline. Buprenorphine complete loss of contrast in terms of functional connectivity is associated with a reduction of functional territories. On the interpretation point of view, the functional territories give another description to previously observed networks. The opioids fingerprint main network (hippocampo-thalamohypothalamic network) seems to correlate with rearrangement of both the dorsal and ventral thalamus regions with a migration of the dorsal thalamus ROI toward the center of the brain next to the habenula. This behaviour matches the expected pathways of opioids as the habenula is known to be particularly rich in µ-opioid receptors. Conversely, the cortical hyperconnectivity seems not to be associated with any particular functional territory reorganisation.

K.5 Summary and perspectives

Overall these comparisons confirm the notion of specific fingerprint associated to the MOR, the CB1 receptor and the 5HT -2A receptor. They also highlight a surprising absence of fingerprint in buprenorphine while this compound possess the same therapeutic effects as the other three opioids. This result must be put in perspectives with the significantly increased locomotion. As we discussed in (12.2.1) this extreme behavioural effect could have an impact on FC patterns estimation.

Once again (see (12.2.1)), we illustrate here a variety of combinations between our three
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jcm PhD thesis CRI main observables (namely mobility, perfusion and connectivity). We demonstrated in this part the existence of three classes of fingerprints. We also show how the different treatments can be distinguished among these classes with family wise features that are independent of potential confounds such as mobility. The opioid fingerprint has a positive effect on the whole connectome (anti correlation between the cortex and a hippocampo-thalamo-hypothalamus network) associated to increased mobility. Conversely, the cannabinoids have a distinct positive effect (anti correlation between the cortex and the dorsal thalamus), associated to reduced locomotion. Finally, we confirm that most shifts in connectivity are preceded by a burst of perfusion. This burst occurs whether or not locomotion is increased. This hyperaemic event suggests a two step model of pharmacological fingerprint. First, the injection, and possibly compound binding with their respective target receptors, induce an increased metabolic need. Passed this focal burst of activity, a shift in functional connectome structures is observed. With our preliminary studies on functional territories (K.4) and dynamic functional connectivity (15.6), we showed that the shift of static FC extends beyond simple modification of regional coupling weights. These two studies suggest a spatial reorganisation of the network node and perturbation of dynamic rhythms of coactivations. This phenomenon is also described in our preliminary study of CAPs (see (L)), where dynamics but also CAPs themselves are influenced by various treatments. The putative causation of vascular bursts on FC shifts remains to be proven. However, our data fit the Ph-fMRI observations of a short term specific activation associated to a compound injection. Additionally, they extend significantly the landscape of pharmacologically induced FC patterns.

Thanks to our reproducible preparation in awake mice, we demonstrated in a single plane the possibility to cluster various agonists based on their fingerprint on FC pattern. The next step of this project will be to leverage developments of 3D fUS and use quantitative classifiers based on machine learning and deep learning methods to validate this classification of fingerprints. By increasing even further the list of compounds observed with this technique, as well as the amount of parallel behavioural read-outs, we can expect to verify the causation of phenotypic traits, such as analgesia or addiction, over FC fingerprints.

L Co-Activation Pattern analysis

The CAPs concept has been introduced in (5.1.5). As a reminder, these coactivation patterns are a first order statistics on cerebral haemodynamics. They expect to bridge FC with raw haemodynamic signals, past covariance.

L.1 CAPs relevance

In this framework, the brain is hypothesised to fluctuate between a finite number of states. Individual frames could be associated to such a state based on how intensity is distributed. To do so, all frames are clustered using an algorithm like kmean and for each cluster, the centroid is defined as a state.

As this approach has been proven to explain up to 60% of variance in a reproductive fashion and almost bias free way [Gutierrez-Barragan et al., 2019], it appears as a promising tool in our context. [Gutierrez-Barragan et al., 2022] shows that awake and anaesthestised states differences in terms of CAPs description is three folds.

• The shape of CAPs presents similarities but fine structures show differences which are significant. If the same 6 CAPs could be identified in both state, intensity distribution varied, with dimmer DMN Latero Cortical Network (LCN) associated CAPs in awake state. Conversely, Basal Forebrain (BF) CAPs are significantly more contrasted in awake state.

• CAP occurences relatively to GS fluctuations are also changed. Somatosensory CAPs are synchronised in awake state in phase opposition to GS while they are anticorrelated under anaesthesia.

• Dominance of CAPs in each state is drastically shifted. While anaesthesia is associated with strong DMN LCN oscillations, the dominant states are BF CAPs when the animal is awake. BF CAP is 5-fold more present in awake than anaesthetised state.

From these two pioneering studies, biological relevance of CAP analysis seem well established. The authors succeeded in translating back FC in the realm of first level statistics. The concept ended a circular motion. The first description of RsFC was described as such first level deactivation of regions during inter-task epochs [START_REF] Biswal | Functional connectivity in the motor cortex of resting human brain using echo-planar mri[END_REF]. The discovery of [0.01, 0.1]Hz infraslow oscillations came as a breakthrough, standardising the quantification of FC. Although, the stationnary hypothesis appears now limited. If static FC is undoubtedly one of the most powerful tools discovered in the field of system neuroscience and applications in quantitative cognitive neuroscience, dynamic functional connectivity (dFC) opened the way to a description of underlying mechanisms. The discrete hypothesis is gaining strength as an alternative to continuous description of computational processes. It is toward this states description tools that we oriented our latest efforts to describe brain perturbation as measured by fUS after pharmacological treatment.
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L.2 Pharmaco-CAPs

The previous results prove that CAP analysis is adapted for small rodents FC analysis. The technique is not fully unbiased as CAP choice must be made. Although objective criterions exist based on information theory and anatomical criteria. CAPs analysis appeared perfectly suited when looking for dFC strategy to infer dynamical influence of the different pharmacological treatment. Two main questions have driven our trial on CAPs analysis for pharmaco-fUS.

First, based on apparent shifts in morphological aspect of SBMs, but also functional territories (13.4), we wondered if such perturbation of RSN structure could be identified with an independent method. For most applications, it is demonstrated in the rodent that CAPs appearance is highly preserved. For example, this stability was demonstrated across strains [Gutierrez-Barragan et al., 2019] or conscious states [Gutierrez-Barragan et al., 2022]. We hypothesised that specific CAP morphologies could be modified under the influence of different drugs.

Alternatively, based on current debates in psychedelic studies [START_REF] Tagliazucchi | Enhanced repertoire of brain dynamical states during the psychedelic experience[END_REF], Carhart-Harris, 2018], we looked for characterisation of brain states. Based on increased variance in the hippocampal signal, associated with alteration of its spectral content Robin Carhart-Harris published an interesting review gathering evidence that various psychedelics induce increased entropy in brain states [START_REF] Tagliazucchi | Enhanced repertoire of brain dynamical states during the psychedelic experience[END_REF]. Although the definition of entropy remains elusive and its measures are indirect. To our understanding no direct measurement of the brain entropy has demonstrated this claim so far. We hypothesised that CAPs state could be an adapted substract to estimate brain entropy. We decided to define brain microstates as individual CAPs. By looking at the entropy of such states, we were able to quantify psilocybin, but also morphine and anaesthetised states respective relative entropy.

L.3 Implementation

Two studies were made to answer each of the aforementioned questions. In the first study, CAPs were computed for each treatment to see distribution of co-activated patterns depending on treatments. For the second, two sets of CAPs were computed to represent opioids and psilocybin associated CAPs. In the end, 11 states were defined based on a criterion detailed below. Different treatments were then fitted on this model to study distribution of state for each condition. In the end, the entropy was computed to verify the hypothesis.

L.4 Comparison of pharmaco-CAPs

For comparing pharmaco-CAPs we computed CAPs on various datasets. The procedure is as follow:

1. A dataset is selected. For compounds where dose response acquisition was performed (morphine, fentanyl, THC, CBD, Psilcybin) we gather all doses together, other compounds CAPs can be found below ((Fig. 172)). CAPs are computed over 30min periods activation of the cortex opposed to all subcortical regions, methadone -CAP -6 is more noisy, the cortex is well deactivated but opposition is mainly located in the shadow zone and at the limit of the ventral brain. methadone -CAP -6 shows activation in the dorsal thalamus.

Buprenorphine has the most noisy CAPs of all matching its weakly contrasted SBMs. The first pair buprenorphine -CAP -1 -2 has a small activation in the left cortex. The second pair buprenorphine -CAP -3 -4 is well contrasted and present activation in the cortex opposed to a slim region of dorsal thalamus following the border between ventral hippocampus and thalamus. buprenorphine -CAP -3 -4 slightly resemble f entanyl -CAP -3 -4 -5. Finally buprenorphine -CAP -6 appears very noisy with some activation in dorsal cortex and simingly vascular patches below the thalamus.

Ketamine has only 3 CAPs. The pair ketamin -CAP -1 -2 shows activation of the hippocampus. ketamin -CAP -3 is quite noisy and show predominantly activation in the cortex.

Cocaine shows two pairs the first one (cocaine -CAP -1 -2) is not well balanced between th positive and negative counter part. On the one side, cocaine -CAP -1 shows main activation in the hippocampus which is opposed to thalamic but also cortical regions. On the other side, cocaine -CAP -2 shows, as expected, deactivation in the hippocampus, but is opposed to main activation in the cortex while the thalamus stays at the noise level. The second pair (cocaine -CAP -3 -4) is more noisy and displays activation in the cortex. (Fig. 173) displays the different CAPs observed after different treatments for compounds where multiple doses have been recorded. The first striking observation is the high degree of symmetry found in all CAPs. This is reassuring as symmetry in FC is usually used as quality criterion. If some similarity in patterns can be identified, clear distinctions occur. As opposed to published results, not all CAPs can be paired in couples of positive/negative CAPs. This is emphasized as half of the treatments have an odd number of CAPs. The number of CAPs varies between 5 and 8, a high number of CAPs suggest that variance is spread across the multiple states as they all survived our rejection criterion.

Here are detailed the various observations:

Basal state shows two pairs, the first (saline -CAP -1 -2) oppposes hippocampus and the cortex, the second (saline -CAP -3 -4) displays an hippocampal lateral cortex network opposed to a large thalamus network. The final CAP (saline -CAP -5) represents a global state encompassing the cortex, the hippocampus and the dorsal thalamus.

Morphine Morphine shows a variation of saline -CAP -1 -2 (morphine -CAP -1 -2), the cortex network is larger and more contrasted, which fits the cortical hyper connectivity found in SBM and CM. In addition, the medial part of the thalamus and the hypothalamus are associated to the hippocampal network while the dorsal part of the thalamus is associated to the cortex. Overall morphine -CAP -1 -2 resemble the most to the hippocampo-thalamo-hypothalamic network opioids fingerprint. saline -CAP -3 -4 has no equivalent in morphine CAPs. The second pair of morphine (morphine -CAP -3 -4) presents a network for all the cortex opposed to the medial part of the thalamus which matches the SBM with a medial thalamus seed. Morphine has a third pair of CAPs (morphine -CAP -7 -8) which is not completely symmetrical between morphine -CAP -7 and morphine -CAP -8, whose main feature is strong activation in the medial thalamus. Finally morphine has two independent CAPs morphine -CAP -5 show a degenerate global state with mostly cortical activation and morphine -CAP -6 show activation in both cortex and hippocampus opposed dorsal and lateral thalamus.

Fentanyl has strikingly similar CAPs to morphine. f entanyl -CAP -1 -2 is almost identical to morphine -CAP -1 -2 at the distinction of f entanyl -CAP -1 which displays broader activation around all background. The second pair of fentanyl (f entanyl -CAP -2 -3) present the same cortical activation but the medial thalamus counterpart differs in terms of shape having almost only a few voxel wide superficial layer of thalamus activation. f entanyl -CAP -5 looks like the negative equivalent to morphine -CAP -5 with distinctions in the thalamus. f entanyl -CAP -6 differs from morphine -CAP -6 lacking cortical activation with the hippocampus. Finally, f entanyl-CAP -7 is very similar to morphine-CAP -7 with strong medial thalamus activation but lacks a f entanyl -CAP -8 pair.

THC lacks strong hippocampal activation CAP which fits its dissociative hippocampal CM. As a result negative cortical activation of cortex in T HC -CAP -1 is opposed to background mild activation. T HC -CAP -2 and T HC -CAP -3 appear quite similar to saline -CAP -2 and saline -CAP -3. T HC -CAP -4 has similarities with saline -CAP -4 even though thalamic activation is more concentrated toward dorsal thalamus while the hippocampus is almost completely absent from the CAP. T HC-CAP -5 seems paired with T HC-CAP -4 and together the present similarities with f entanyl -CAP -4 -5 with reduced activation in the cortex, concentrated in the lateral part of the cortex and dorsal thalamic activation more spread in the thalamus.

CBD has the closest CAPs to basal state from all treatments, which fits with its overall FC fingeprint. At the exception of CBD -CAP -1 which presents an increased activation in medial cortex opposed to deactivation in the thalamus which is absent from saline -CAP -1, and CBD -CAP -5 for which hippocampus is absent from global signal deactivation, CBD -CAP -1 -2 -3 -4 -5 are almost identical to saline -CAP -1 -2 -3 -4 -5. In addition, CBD -CAP -6 shows a unique state that present activation of deep regions of cortex and the whole thalamus, opposed to the hippocampus.

Psilocybin similarity with the basal state is limited to its first 4 CAPs. The distinction here is visible in P silocybin -CAP -3 -4 where medial cortex is opposed to central cortex. It matches the only positive effect seen in psilocybin SBM. In addition, P silocybin -CAP -5 is solely showing this activation where medial cortex associated with dorsal thalamus activate in opposition to lateral cortex.

Overall, these observations seem to validate our hypothesis, showing that pharmacological treatments alter CAPs structure. These patterns suggest that drug related states, underlined by activation pattern at the first level statistics of haemodynamic, characterise perturbed brain state collections. This diversity of CAP and their similarity with SBMs presented earlier confirm the close relationship between conventional second order FC descriptors and CAPs. It suggests that modification of correlated networks morphology is associated with an altered activation pattern and confirms further more the importance of CAPs as an essential mechanistic driver of static connectivity measures. CAPs were also computed for other treatments and are displayed in (Fig. 172).

L.6.2 Entropy analysis (Fig. 171) shows the CAPs obtained on the two training datasets. Some states are common to both (CAP -4 and CAP -7 share some features: mainly hippocampal) datasets. Some features of previously seen fingerprints and CAP can be recognised. The hippocampothalamo-hypothalamic network of opioid fingerprint is represented by 2 opioid CAPs while the dorsal thalamus can be seen on CAP 1. For psilocybin CAPs the cortical dissociation between medial lateral regions is recognisable. CAP -11 seems not specific and probably account for basal state.

It is interesting to see the evolution of CAPs distribution with time. Indeed, while the last 10min window of saline is equilibrated with 50% opioids CAPs and 50% psilocybin CAPs, W T M 30 is highly dominated by opioids CAPs, while P silo5T 0 has a slight dominance of psilocybin CAPs ∼ 60%.

When looking at the entropy computed based on these states distribution, divergent trajectory can be observed depending on the treatment. Both saline controls remain stable over the time course of the experiment, with mild variations around 1.0. As expected, anesthestised states (in blue) are associated with lower amount of entropy. It resonates with results in humans FC [START_REF] Barttfeld | Signature of consciousness in the dynamics of resting-state brain activity[END_REF], where sedation induces reduced states variability in accordance with the intuition of brain state cristalisation. For isoflurane cohort, the relative entropy returns to 1.0 after wakening.

More surprisingly morphine treated animals show an increase of relative entropy immediately after injection. W T M 10 is slower the last to shift toward high relative entropy, in accordance with slower pharmacokinetics observed with other FC descriptors. W T M 30 reaches the highest relative entropy which matches the dose plateau observed in FC shifts. This result is counter intuitive given the high level of organisation observed in morphine induced FC patterns. On the other side of the spectrum, psilocybin state is associated with a decrease entropy. This effect appears dose dependent with lowest entropy reached for P silo10T 0. Entropy seems to go back to normal after 40 to 50min.

Overall, these results invalidate our hypothesis. While the saline and anaesthetic sates seem to comfort the approach validity, both treatments behave in a very different manner as expected. For psilocybin, CAP based entropy suggest an opposite dynamic as the one displayed in the literature. It is potentially explained by the absence of direct measurement, while most quantitative measure focus on increased complexity of the signal [START_REF] Muthukumaraswamy | Broadband cortical desynchronization underlies the human psychedelic state[END_REF], Schartner et al., 2017]. If that is the case, a more suitable universe might be defined on the transition instead. Regarding the opoioid state the same argument stands. The stereotypical movements observed in mice suggested to us a reduced number of visited states. Although, the mechanism might be finer. Potentially, what we described as a positive effect of FC (increased contrast) in addition with the stereotypical movement of mice, paralleled with the CAP temporal organisation relatively to GS, all together suggest a strong oscillatory phenomenon. In such a case, the various opioid CAPs would be visited with high reproducibility in a very predictive manner. If the entropy on the states could increase as the system diffuses across all accessible states, the transition space would be more structured with potentially a unique trajectory associated to the opioid state. Finally, our CAP states definition itself deserves a further investigation. Indeed, the space is initially unbalanced toward opioids while our arbitrary criterion can be refined based on non yet published methodology, presented this year at fENS and more recently SfN conferences.

L.7 Summary

These first results with more recent modelling for pharmacologically induced fingerprint are promising. The diversity of CAP patterns match our more classically measured FC fingerprints. Translation toward higher level considerations brought unexpected observations. On the first side, by adding converging descriptors of fingerprints we further validate our initial
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jcm PhD thesis CRI findings. On the other side, CAP analysis brings new insights in the mechnisms involved. It appears at the moment that the functional territory perturbation induced by the different treatments possesses a source in the activation pattern themselves. Although, the intuition of fast translating emerging concepts such as the entropic brain theory into quantifiable measures will require more investigations to reach conclusions. Overall it confirms our belief that by adding diversity in our points of view (classical FC, first order statistics, functional territories), a better image of our effect might arise.
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 1 Figure 1: Illustration of the imaging principle. Is illustrated the path of information in the case of photographic imaging. 1. An illumination source sends an optic wave which 2. interacts with an object and is collected through focalising lens by a camera making the physical acquisition. 3. The optic wave interacts with an argentic latent film for probing. 4. The film is developed to reveal the image and allow log term storage as acquisition pre-processing. 4. The image is finally projected and cropped on a photographic paper to reveal the image of interest and a second development fixes it as a photography which is imaging analysis.

  (a) It is the first fixed image of the object : a raw image 3. Following the principles of physical measure, the image is actually stochastic (a) It is very unlikely that the salt distribution on the final paper can be identical (b) Each physical step is introducing alterations called thermal noise 4. The process rendering the image is called acquisition (a) By setting several parameters (illumination, shutter timing, salt concentration etc. . . ) one controls the features of the image INSERM-IPNP jcm PhD thesis CRI 5.

Figure 2 :

 2 Figure 2: Illustration of fUS imaging pipeline network example. Each arrows represent a type of processing, each square is an image of the previous level image. The network is directed and each additional depth increases the number of potential image.

Figure 3 :

 3 Figure 3: First scientific images of the brain. Left: the base of sheep brain, the circle of Willis, Cerebri Anatome (2), T. Willis -Middle: the cortical fields of the lateral and medial hemisphere surface of man, Comparative theory of localisation of the cerebral cortex presented in its principles on the basis of the cell structure, K. Brodman -Right: Pyramidal cells of layer 5 of the Cerebral Cortex, R. y Cajal

Figure 4 :

 4 Figure 4: Illustration of the brain imaging methods in recent history. a. ventriculography is the first non invasive method for imaging brain anatomy. b. in 1924 Hans Berger publishes his first recordings of brain function, measured by electricity. c. first image obtained with a CT-scan. d. evolution of PET image quality in the 70s. e. in 1992 for the first time, with f M RI both anatomical and functional features of the brain can be recorded at the same time from intrinsic signal.

Figure 5 :

 5 Figure 5: Illustration of the neuron centred model of the brain. The neuron is the elementalunit of computation which integrates inputs from other neurons combine them in function of its internal state which subsequently engenders or not an output. Neurons form a network whose function emerges out of its complex coupling and the result of all neurons operations. The same formalism can apply to the neuron, the brain or its parts, subnetworks that can are classically associated to specific subfunctions.

Figure 7 :

 7 Figure 7: Illustration of level 1 example for fMRI classical GLM analysis. Complex spatio temporal data are projected on a smaller object of interest called statistical map. The statistical map is built based on a model of the experimental environment and the model of knowledge of the HRF. It concentrates information of interest to study the system.

Figure 8 :

 8 Figure 8: Illustration of the successive steps required for ultrafast Power Doppler imaging.First an ultrasonic wave is emitted and scattered back going through the imaged medium. The probe records a RF signal, from which beamforming forms a conventional B-mode image. It is after clutter filtering of a stack of such images that Power Doppler images can be computed. Adapted from[Mace et al., 2013].

Figure 9 :

 9 Figure 9: Illustration of wave propagation. Particle in the medium oscillate along the direction of propagation. At any given moment the pressure in the medium follows a sinusoidal law. The propagation can be observed through a linear shift of phase with time.

Figure 10 :

 10 Figure 10: Illustration of the reflection principle. When a wave meets the interface between two mediums of distinct impedance, respectively Z 1 and Z 2 , the wave is split in two, a first part in the propagation direction, it is the transmitted wave, the other one in the opposite direction, it is the reflected wave. If both are of the same order of magnitude the reflection coefficient ≈ 1/2, if they are far apart reflection increases.

Figure 12 :

 12 Figure 12: Illustration of the different strategies for focalisation. Left: a single transducer emits a spherical wave that dilutes its energy through radiation in all directions.Middle: by the use of a lens, energy can be directed toward the focalisation direction. Right: using an array of transducer, with the proper delays at emission any type of wavefront can be generated: plane with different directions, focalised or divergent.

Figure 13 :

 13 Figure 13: Illustration of the probe. The emitted beam is directed by a lens giving a third dimension extend to the field of view. Each voxel measures 110 × 100 × 500µm 3

Figure 14 :

 14 Figure 14: Illustration of the difference between conventional and ultrafast ultrasound imaging.Top: conventional imaging scans the image per line, therefore, only a few tenths of samples can be used to estimate the power doppler. Bottom: by imaging with plane waves, ultrafast ultrasound imaging increase by more than 10 the number of sample usable for P D estimate. adapted from[Macé et al., 2011].

Figure 16 :

 16 Figure 16: Illustration of the principle of fUS acquisition cascade. The machine acquires RF images at very high frame rate of 5500Hz with different tilted plane waves. 11 tilted pulse are compounded to generate one IQ at 500Hz. Circled in red are the online data which are deleted once the IQ image is computed. 200 images are gathered in a block and after clutter filtering with the SVD algorithm PD is computed. Circled in green are ultrafast images analysis pipeline to generate PD images, depending on the application these data must be stored or not. Circled in purple, PD data represent CBV and are the raw data for FC studies.

Figure 19 :

 19 Figure 19: Illustration of the main brain veinous drains. MRI angiographic scan. In red is represented the brain tissue, in white are the main vessels. Left: caudal view, Middle: Top view, Right: Top: saggital view, Bottom: perspective view of frontal regions.

Figure 20 :

 20 Figure 20: Illustration of the neuronal network from [Getting, 1989]. Left: individual building blocks of the network (triangle: excitation, dots: inhibition). Right: distinction between anatomical and functional networks. Top: Example of anatomical network in Tritonia escape swimming network. Bottom: two examples of functional network, whether C2 is deactivated or not.

Figure 21 :

 21 Figure 21: Illustration of the main resting state networks identified by Independent Component Analysis (ICA) across six different studies from [van den Heuvel and Hulshoff Pol, 2010]. These mode can be identified reliably across multiple cohorts with an unbiased method.

  patterns absent from static analyses appear transiently in diseased states (in the case of schizophrenia). It is the purpose of Dynamic Functional Connectivity (dFC) to elicit these transient patterns. Dynamical approaches open new perspectives as the adaptability of brain function suggests a capacity to reorganise rapidly. From the framework of functional network (5.1.2), transient reorganisation is expected from FC patterns. FC on long periods fails to represent these changes. Once again, the question is based on scaling properties. It highlights how scale dependent invariance is moved from the network structure to the temporal features. Nevertheless, it has been showed that the under specific conditions the stationary hypothesis is valid. Static FC measures in humans stabilise between5 and 6min [Van Dijk et al., 2010]. Overall static FC is believed to represent features of the physical network, while local variation calls for the definition of transient brain states which are the target of dynamic FC

Figure 22 :

 22 Figure 22: Illustration of Coactivation Patterns (CAP)s principle adapted from [Gutierrez-Barragan et al., 2019]. Top: principle of CAPs ecomputation, frames are taken idependently and clustered with kmean algorithm. Each cluster centroid makes one CAP. Bottom: Left: example of typical CAPs in anaesthetised mice, 6 predominant CAP explain ∼ 60% of the signal variance. They can be associated by pair suggesting oscillatory underlying mechanism. Right: phase analysis of CAP occurence relatively to global signal oscillation. Each CAP occur preferably at a certain phase of Global Signal (GS) oscillation.

Figure 23 :

 23 Figure 23: Illustration of registration transform. Left: Different types of geometric transforms. Similarities preserve angles and ratios, affine preserve parallelism, projections preserve colinearities, conformation preserve angles, equiareal transforms preserve the area, homeomorphism preserves neighbourhood and diffeomorphism are invertible bidifferentiable transforms. Right (adapted from https://elastix.lumc.nl/download/elastix-5.0.1-manual.pdf): Example of registration of an fMRI image, top left: the reference, top right the image, bottom left: affine transform of the moving image on the fixed image, bottom right: diffeomorphism solution for the same images.

Figure 24 :

 24 Figure 24: Illustration of the ligands and receptors of the opioid family. Top: 4 opioids were tested during our study on the opioid fingerprint, from left to right: morphine, fentanyl, methadone, buprenorphine. Bottom: structure of the 3 opioid receptors, from left to right: µ [Manglik et al., 2012], κ [on Drug Abuse, ] and δ

Figure 25 :

 25 Figure 25: Illustration of the ligands and receptors of the cannabinoid family. Top: 2 cannabinoids were tested during our study on the cannabinoid fingerprint, from left to right: T HC, CBD. Bottom: structure of the 2 cannabinoid receptors, from left to right: CB1 and CB2

Figure 26 :

 26 Figure 26: Illustration of the ligands and receptor 5HY -2A. Top: 2 serotoninergic compound are imaged for the study on psilocybin fingerprint, from left to right: psilocybin, lisuride. Bottom: structure of the 5HT -2A receptor.

  agreement with the European Community Council Directive of 22 September 2010 (010/63/UE) and our local ethics committee (Comité d'éthique en matière d'expérimentation animale number 59, 'Paris Centre et Sud', project #2017-23).
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 34 Monitor the depth of anesthesia during the complete duration of the experiments (anesthesia induction included). Maintain the temperature of the animals at 37 °C by using a heating blanket coupled to a rectal probe. Monitor the following physiological parameters which are indirect indicators of the depth of anesthesia: Heart rate (220-250 beats per minute -monitored through the electrocardiogram thin electrodes implanted subcutaneously), and Respiratory rate (130-140 breaths per minutemonitored using a spirometer connected to the ECG acquisition system). NOTE: A description of the experimental setup is depicted in Figure 1.

Figure 1 :

 1 Figure 1: Experimental setup for anesthetized fUS experiments. Description of the experimental setup showing all the scientific equipment needed during an anesthetized experiment. 1. Physiological monitoring : live display of both respiratory and cardiac frequencies. 2. Four-axis motor module (three translations and one rotation) monitored by Iconeus One system

(
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 345 On day 3 PR, let the animal freely explore the MHC for 5-10 min. Afterwards, carefully grab the headplate and gently place it in the clamp, moving manually the carbon cage to accompany the mouse. Habituate the animal in the head-fixed position for 5-10 min. Clean the MHC in between training sessions with 70% ethanol solution and rinse with tap water. NOTE: Make sure that the MHC receives a sufficient air flow as recommended by the manufacturer. The height of the head clamp needs to be manually adjusted to provide a comfortable position. On day 4 and 5 PR, repeatedly clamp the mouse MHC and gradually increase the head-fixed time, starting from 5 min and up to 30 min. Apply some saline and ultrasound gel on the imaging window to habituate. On day 6 PR, repeat the protocol from day 4/5 PR and position the probe above the animal's head following step 3.1.

Figure 2 :

 2 Figure 2: Experimental setup for awake fUS experiments. A. Schematic illustration of the headplate magnetic cover protecting the imaging window (created with BioRender.com). During imaging sessions (Left), the cover is removed to scan the brain in the large aperture offered by the head plate. B. Photograph of the experimental setup for transcranial awake imaging in head-fixed freely-behaving mice. 1. Iconeus One system and software, allowing to set up different imaging sequences and controlling the motors module. 2. Four-axis motors module (three translations and one rotation) monitored

1 .

 1 Open the Angio 3D option in the acquisition software. On the preset panel, adjust the scanning parameters (first slice, last slice and step size) in order to scan the whole brain (Figure 3A, B), and start the acquisition. NOTE: When setting up the scan parameters, make sure that the scan will cover the posterior part of the brain 2. Leave the acquisition software open and start the software for data analysis and visualization (e.g., IcoStudio), and load the angio 3D scan. Navigate through the acquisition volume using the 3-views panel and select the Coronal Scan Direction: antero-posterior or postero-anterior. 3. Go to the Brain Registration Panel. Load the mouse reference template that will be needed for the registration process. Register the scan on the Allen Mouse Common Coordinates Framework using the fully automatic or the manual registration modes (Figure 3C).

4 .

 4 Check the result by looking at the superposition of the angio 3D scan and the reference template or by looking at the superposition of the scan and the Allen reference atlas using the Atlas Manager panel (Figure3D). Save the registration as a .bps file.NOTE:The registration file can be reused for any other acquisition performed during the same experiment session.
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 234544 Go to the Brain Navigation Panel. In the Atlas Manager panel, navigate through the mouse Allen brain atlas with the parent/child tree navigator. Find the anatomical targeted regions and select them to superimpose them to your scan in the 3-views. Visualize the targeted regions in the 3-view panel and choose an imaging plane that overlaps the targeted regions for the experiment. To do so, manually set two markers on the coronal position that includes the regions of interest. Click on Brain Positioning System (BPS) to extract the resulting motor coordinates. These coordinates correspond to the probe position which allows to image the targeted plane. Check the preview of the image which is computed from the angio scan. In the IcoScan software, enter the Probe positioning panel and click on Enter BPS coordinates. Apply the coordinates given in step 5.The probe moves and aligns on the targeted imaging plane. 6. Perform a live view acquisition and check that the current imaging plane corresponds to the prediction given in step 5.NOTE: It is also possible to select parasagittal/non orthogonal planes.

Figure 3 :

 3 Figure 3: Fast transcranial angiographic Scan and Brain registration for precise probe positioning. A. Schematic representation of the mouse brain being scanned transcranially by the ultrasonic probe from the first coronal slice (green) to the last coronal slice (blue) during a fast angiographic scan. The current imaged slice (represented in red) moves step by step from the back (green) to the front (blue) of the brain. Created with BioRender.com B. Screenshot of IcoScan acquisition software in the Angio 3D panel. The preset parameters on the right configure the fast scan. The positions in mm of the first slice, the last slice and the step size must be well chosen to scan linearly the whole brain. C. Screenshot of the IcoStudio processing software. The fast Angio 3D scan is automatically registered to a reference template of the mouse brain. The three-views (left) shows the superposition of the vasculature and the mouse brain Allen atlas in the coronal, sagittal and axial views. D. Linear lay-out (montage) of 16 slices (out of 31) from the 3D angio scan, with the registered Allen reference atlas superimposed onto the vasculature. E. Screenshot of the Brain Navigation panel showing the predicted imaging plane corresponding to the motor coordinates computed by the software thanks to the two markers placed at the center of the left and right primary somatosensory cortex, barrel fields region. Please click here to view a larger version of this figure.
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 123 Predefine the stimulation sequence, including time of stimulation, inter-stimulation time and number of repetitions. Run a 3D fUS sequence by defining the total time of acquisition, the number of positions as well as the deadtime between positions. In case of automatic stimulation synchronized with the acquisition system through TTL input, select the Trig-IN option before starting the acquisition. NOTE: For the results presented in this work, stimulation was delivered using cotton swab positioned such as to allow deflection of most of the whiskers in the dorsal/ ventral direction. It was fixed on a servo-motor driven by an Arduino UNO card, linked to the Iconeus One system to ensure synchronization. The recommended parameters for stimulation are 30 s ON, 30 s OFF, amplitude of 20° and 4 Hz frequency. Alternatively, the stimulation can also be delivered manually by deflecting the whiskers at the defined times during the acquisition. Open the acquisition in IcoStudio software and enter the Activation map menu. Fill the activation pattern field with start and end times and compute the activation map.

Figure 4

 4 shows a representative activation map in response to mechanical whisker stimulation in an anesthetized mouse obtained using transcranial fUS imaging. The total trial time was 760 s, with a 60 s baseline (before and after the stimulation), an 80 s stimulation and a 60 s recovery time, repeated 5x. Significant activation was determined with the resolution of a general linear model (GLM) using a default mouse hemodynamic response function (HRF). The activated regions (Z scores with p-value >0.0000006 after stringent Bonferroni correction for multiple comparison) are displayed as color-coded values overlaid onto the Allen common coordinate framework template. Voxel-wise time course of the contralateral primary somatosensory cortex, barrel field region (S1BF) revealed a 15-20% increase of the CBV compared to baseline.

Figure 4 :

 4 Figure 4: Transcranial activation Maps and rCBV time course following whiskers stimulation in ketamine/xylazine anesthetized mouse. A. Activation map showing significantly activated voxels following mechanical stimulation of the right whiskers (80 s ON, 60 s OFF ,5x) under ketamine/xylazine anesthesia. Maps were obtained by computing Z-scores based on general linear model analysis (GLM) with Bonferroni correction for multiple comparison. Z-scores (color coded) are overlaid on the Allen brain 3D template (after registration with the brain positioning system) and displayed in threeviews: coronal (left), sagittal (middle) and axial (right). Anatomical regions from the Allen mouse brain common coordinate framework are displayed for reference. Activated voxels are well located inside the left S1BF cortex. Scale bar: 1 mm. Each sample volume was scanned over 2.8 mm (corresponding to 7 slices in the elevation direction) in 3.85 s allowing to record 20 volumic samples during each functional response. B. 3D rendering of whisker stimulation-evoked relative cerebral blood volume (rCBV) increase compared to baseline level. The anatomical delineation of the S1BF is indicated in blue. C. Time course of CBV variations in the left S1BF (blue) and the corresponding stimulus applied (red). Please click here to view a larger version of this figure.

Figure 5

 5 presents the activation map after a multiple whisker stimulation experiment using the experimental setup described in Figure2. A few posterior and caudal whiskers were stimulated with the following pattern: 30 s baseline followed by five consecutive trials of 30 s ON (4 Hz) and 30 s OFF (Figure5C). Stimulation was delivered using a servo-motor driven by an Arduino UNO card triggering the image acquisition sequence for synchronization. Significant activation was determined with the resolution of a general linear model (GLM) using a default mouse hemodynamic response function (HRF). Multiple comparison correction was performed with the Bonferroni method. Conventional alpha level of 0.05 was normalized by the total number of voxels in the acquisition volume, resulting in a final stringent threshold of 0.000003.

Figure 5 :

 5 Figure 5: Activation Maps and rCBV time course following whiskers stimulation in awake behaving mouse. A. Activation map showing significantly activated voxels following mechanical stimulation of the right whiskers (30 s ON, 30 s OFF, 5x) in an awake mouse in the mobile homecage. Maps were obtained by computing Z-scores based on general linear model analysis (GLM) with Bonferroni correction for multiple comparison (normalization by the total number of voxels). Zscores (color coded) are overlaid on the Allen brain 3D template (after registration with the Brain Positioning System) and displayed in three-views: coronal (left), sagittal (middle) and axial (right). Anatomical regions from the Allen Mouse Brain Common Coordinate Framework are displayed for reference. Activated voxels are well located inside the left S1BF cortex. Scales bars, 1 mm. Each sample volume was scanned over 1.6 mm (corresponding to 3 slices in the elevation direction) in 3.85 s allowing to record 17 volumic samples during each functional response. B. 3D rendering of whisker stimulationevoked relative Cerebral Blood Volume (rCBV) increase compared to baseline level. The anatomical delineation of the S1BF is indicated in blue. C. Illustration of the mouse in the mobile homecage during the right whisker stimulation experiment, during which five 30 s trials were performed for a total acquisition time of 330 s. D. Instantaneous relative CBV time course

Figure 6

 6 Figure 6 shows the temporal correlations of normalized low-frequency (<0.2 Hz) spontaneous CBV fluctuations between 3D brain regions (identified from registration to the Allen common coordinate framework) in a ketamine-xylazine anesthetized mouse. Total acquisition time was 20 min (1200 s). Atlas-supervised analysis revealed strong interhemispheric connectivity patterns, with

Figure 6 :

 6 Figure 6: Transcranial volumetric resting-state functional connectivity of the mouse brain under ketamine/xylazine anesthesia assessed on a 20 min 3D fUS acquisition. A. Correlation matrix based on 3D regions of the Allen common coordinate framework registered on the transcranial functional acquisition. The matrix is obtained by computing the normalized Pearson's correlation of spontaneous low-frequency fluctuations (<0.1 Hz) of the average time signals from all the voxels included in each identified ROI after slice timing correction. Each sampled volume was scanned over 1.6 mm in the elevation direction (corresponding to 4 slices) acquired over 2.2 s. B. Seed-based analysis projected onto a 3D template. The seed was selected within the right dorsal hippocampus at β -2.1 mm. Correlation map is obtained by computing the Pearson Correlation coefficient between the temporal signals of the seed and each voxel of the whole acquisition after slice timing correction. C. 3D correlation map based on seed-based analysis with seed region selected within the S1BF at β -2.1 mm. Scale bars: 1 mm. Please click here to view a larger version of this figure.

Figure 27 :

 27 Figure 27: Illustration of the surgery outcome. Left: percentage of body mass change during the 2 weeks after surgery. Middle: percentage of body mass change during the month following surgery. Right: evolution of imaging window surface over the days after surgery.

Figure 28 :

 28 Figure 28: Illustration of the survival time evolution after surgery. Left: example of windows scratch (red arrow) which ends up polluting the image to the point where it can't be used anymore. Middle: Beginning of inflammation around the eye of the animal (red arrow), the scare is on the verge of infection.

Figure 29 :

 29 Figure 29: Illustration of the longitudinal follow up on signal quality. Top: Left: average intensity in different ROIs along successive sessions (n = 5 per dot). A significant global decay in ROIs intensities is observed. Right: Evolution of average FC along successive sessions (n = 5). Bottom: evolution of average intensity along successive sessions (n = 5).

Figure 30 :

 30 Figure 30: Illustration of the behavioural read-out of mice habituation to the head fixed condition. Left: Top: mobility in the first 5min of recording during habituation (left) and imaging (right) Right: Additional behavioural readout in the same conditions. Top: average speed, Bottom: time spend in the center.

Figure 31 :

 31 Figure 31: Illustration of shadow zones in a typical brain volume. Left: typical 3dscan from an implanted awake animal, Right: For the sake of comparison anaesthetised equivalent field of view. Dotted areas represent regions where the signal can be artefacted. Green area shows regions under the temporalis ridges, Blue area shows regions under the sagittal sinus, Orange areas show the regions below the Bregma suture. Top: 8 coronal slices located relatively to Bregma. Middle: 8 sagittal slices located relatively to midline. Bottom: 8 horizontal slices located relatively to skull top surface.

Figure 32 :

 32 Figure 32: Illustration of the slice comparison problem for fUS imaging. Due to probe imaging, scarcity of the data coupled with an angular shift between two images prevent to use the classical registration on a reference scheme used in fMRI for example. Top: typical fMRI registration scheme, because the volume is dense it can be registered to a reference space, independently of tha acquisition angle with the horizontal, without loss of data exceeding the interpolation factor. Bottom: in the case of fUS the scarcity of data induced by the 1D probe imaging generate aliasing of the images once registered in a reference space (right: shows the resulting image where the fUS slice is spread across multiple slices of the reference space).

Figure 33 :

 33 Figure 33: Illustration of the preparation influence on the effective field of view. Left: Three spaces can be defined depending on the angle between the perpendicular direction to the imaged plan (fixed by the motorised platform and probe direction) and the horizontal direction of the brain. From Top to Bottom: The reference direction is defined by the Allen Brain Institute's CCF v3 [Wang et al., 2020] and correspond to histological practices where the horizontal represents the geometrical midline of brain weights. The anaesthetised preparation is associated with stereotaxic positioning of the brain where λ and β points are aligned it makes a 12 o angle with CCF v3 horizontal direction. For implanted mice the angle is imposed by the skull shape and the implant geometry which results in a reliable 18 o angle with CCF v3 horizontal direction. Right: Top: The two spaces used for fUS are represented with their respective angles in the Allen space. Bottom: Representation of Vascular Bregma (VB) plane (the main one used in our studies) of a single animal in the Allen space, the implantation clearly induces the 18 o angle with the CCF v3 vertical in this case.

Figure 34 :

 34 Figure 34: Illustration of the habituation duration influence on mobility stability. Distributions of mobility during first 10min of recording after respectively, 5 days, 10 days or 2 weeks of habituation. 10 days and 2 weeks present smaller deviation than 5 days.

Figure 35 :

 35 Figure 35: Illustration of the variation of signal quality depending on the imaged strain and age. Top: single animal averaged pd2dt over time, Bottom: distribution of intraparenchymal voxel intensity in dB. From left to right: wild type C57BL/6 aged ∼ 70d, wild type C57BL/6 aged ∼ 280d, C57BL/6 mutant µ-opioid receptor KO, C57BL/6 mutant µ-opioid receptor 10ST A phosphorylated, wild type DBA2, wild type BALBC, wild type SW ISS.

Figure 36 :

 36 Figure 36: Illustration of strategies to increase order 0 SNR. Top: single animal averaged pd2dt over time, Bottom: distribution of intraparenchymal voxel intensity in dB. From left to right: replacement of skull with pmp, use of isoflurane, adding microbubbles, thinning the skull under ketamin/xylazin anaesthesia.

Figure 37 :

 37 Figure 37: Illustration of the TG artefact and its influence on FC measure. Top: incoherent average over all voxels and all individuals of the global signal, Left: after saline injection, Right: after injection of morphine (30mg/kg). Bottom: Left: SBM analysis with a seed place in the cortex with minimal preprocessing for either saline of morphine treatment (Top two lines: without masking prior clutter filter, Bottom two lines: after masking of the data). Right: example in a single animal of max intensity projection (Left: at baseline, Right after injeciton of morphine).

Figure 38 :

 38 Figure 38: Illustration of the analysis of TG signal and its interaction with various treatments. Left: Average peak in the first 10min following injection of saline or morphine, in the TG or Ctx, with or without masking prior clutter filter. Right: Top: Hypothesised positions of the TG based on the awake 3D template (13.3.1) in five different anteriorities. Right: Evolution of data dispersion after different treatments (top row: morphine (last baseline B2), bottom: psilocybin (last baseline B3)), dispersion if measured at the individual level with standard deviation, bar represents the median.

Figure 39 :

 39 Figure 39: Illustration of the reference connectomes, locomotion traces and perfusion raster. Top: Left: 4 different types of fingerprints illustrated as average correlation networks, from Left to Right: negative effect is associated to reduced connectivity, the reference connectome shows basal state connectome, positive effects show high absolute values in both positive and negative correlation, hyper connected state is associated with global correlation for the whole network. Right: perfusion raster for 4 different conditions, from top to bottom: saline is associated with mild decrease of global perfusion principally located in the cortex, ketamine shows in addition a focal hyper perfusion after injection, isoflurane presents a huge increased perfusion after the beginning of inhalation and a sharp decrease after removal of the mask, methadone presents a sharp increase after injection maintained for the whole hour of follow-up. Bottom: Left: T HC induces a quick reduction of locomotion resulting in almost immobile mice, saline injection presents a relative linear decay of mobility followed by a plateau, buprenorphine presents a focal increase of mobility followed by pathologically high locomotion (50%) way above basal values (20-30%).

Figure 40 :

 40 Figure 40: Illustration of the influence of movement on FC. Average mobilities and FC connectomes (computed on the 10min window preceding the second red bar) are displayed for 4 different conditions. The 4 treatments are associated to either high (left) or low (right) mobility while connectomes are either positive (top) (strong absolute values of correlation) or negative (bottom) (low connectivity).

Figure 41 :

 41 Figure 41: Illustration of the transient hyperconnectivity following some treatments injection in respec to regional CBV. Left: Average network for the whole follow up of each treatments connectome. From top to bottom: fentanyl, buprenorphine, ketamine, mathadone, and isoflurane. Grey bar represents treatment injection, for isoflurane, the first bar represents beginning of inhalation and the second one the end. Right: perfusion displayed as a raster plot for all treatments, vertical bar represents respectively the injection or beginning and end of inhalation.

Figure 42 :

 42 Figure 42: Illustration of the trigeminal ganglion anatomy based on multiple techniques. (i.): comparison between TG localisation in rat brain and hypothetical position in mouse brain based on fUS data. From left to right: PD in awake mouse at VB, PD in anaesthetised and craniotomised rat, 3D reconstruction of isotropic tomographic scan (TG: trigeminal ganglion, IC: internal cerebral artery, arrows point to the TG) (adapted from [Réaux-Le-Goazigo et al., 2022]). (i.) photographies of TG after decerebration. Left: localisation of main TG and trigeminal nerve components (1: opthalmic, 2: maxillary, 3: mandibular, 4: 5 th cranial nerve, tg: trigeminal ganglion) and other structures (olf: olfactory bulb, on: optic nerve) in the mouse brain[START_REF] Malin | Production of dissociated sensory neuron cultures and considerations for their use in studying neuronal function and plasticity[END_REF]. Right: Localisation of the TG below rats' brain[START_REF] Sankaran | Histomorphometric study of neurons in the trigeminal ganglia in male wistar albino rats[END_REF]. iii.: experts estimation of TG position in fMRI anatomical scans (red: ganglion, green: nerve).

Figure 43 :

 43 Figure 43: Illustration of the registration efficiency estimation. Left: example of systematic mis-registrations over 6 trials. In green the registered image is overlayed on top of the reference image in purple. On the right an illustrative diagram is given. Three regimes are identified, systematic misregistration, parameters working sometimes and a region of good match were the registration works but different results must be compared in terms of overlap of ROIs.

Figure 44 :

 44 Figure 44: Illustration of the registration results. Left: Top: from left to right are displayed, the template, the average image before registration, the average image after registration. Bottom: intensity profiles are extracted from the two lines overlayed on the template. Each column represents the profile of one image of the dataset. Comparison between before and after registration is given. Right: Quantification of overall similarity in the profiles before (red) and after (blue) registration. Averaged cross correlation between all profiles is given, vertical bar represents standard deviation, all changes are significant after Wilcoxon (p < e -9) and Bonferroni correction. V -Lef t and Hb are the lines displayed on the template. In addition, their symmetric values are also given.

Figure 45 :

 45 Figure 45: Illustration of the effect of different clutter processings on FC read outs. 3 clutter filter strategies are compared: conventional SV D60 without prior masking, SV D60 with prior testing and dynamic clutter filter with prior masking. For each clutter filter signal is regressed or not using FMR. Left: correlation matrices for saline reference and after morphine treatment (70mg/kg) at P 5 and significant differences depending on the different processings. Right: SBMs after both treatments and significant differences depending on the different processings with seeds placed in 3 different regions: Ctx -L, Hip -CA1 -L and V T hal -L.

Figure 46 :

 46 Figure 46: Illustration of the effect of different regressions and scrubbing strategies on FC read outs. Absence of regression (N oReg), FMR and GSR are compared. In addition absence of scrubbing, DV AR based scrubbing and removal of 30% most intense frames are also applied. Left: correlation matrices for saline reference and after morphine treatment (70mg/kg) at P 5 and significant differences depending on the different processings. Right: SBMs after both treatments and significant differences depending on the different processings with seeds placed in 3 different regions: Ctx -L, Hip -CA1 -L and V T hal -L.

Figure 47 :

 47 Figure 47: Illustration of the effect of the temporal filter bandwidth on FC readouts. 6 bands between 0.001 and 0.8Hz were tested. Left: correlation matrices for saline reference and after morphine treatment (70mg/kg) at P 5 and significant differences depending on the different processings. Right: SBMs after both treatments and significant differences depending on the different processings with seeds placed in 3 different regions: Ctx -L, Hip -CA1 -L and V T hal -L.

Figure 48 :

 48 Figure 48: Illustration of the correlation coefficient stability depending on the window size it was computed on. Coefficients are estimated on a cohort of 10 animals 30s after injection of saline. Left: Window size dependence of correlation coefficient between multiple regions. Bilateral hippocampus represents stable high value, Bilateral ventral thalamus represents high but more unstable correlation, Bilateral medial cortex represents unstable low values and Hippacampo-Thalamic represents mild negative value. Right: typical connectome measures associated to specific window durations. Top row: CM, 3 lower rows, SBM with a seed in respectively: Ctx-L, Hip-L and VThal-L.

Figure 49 :

 49 Figure 49: Illustration of the correlation coefficient stability depending on the sample size. Coefficients are estimated on a cohort of 10 animals 30min after injection of saline, all coefficients are estimated over a 20min window sampled randomly with an increasing number of samples. Left: sample size dependence of correlation coefficient between multiple regions. Bilateral hippocampus represents stable high value, Bilateral ventral thalamus represents high but more unstable correlation, Bilateral medial cortex represents unstable low values and Hippocampo-Thalamic represents mild negative value. Right: typical connectome measures associated to specific sample size. Top row: CM, 3 lower rows, SBM with a seed in respectively: Ctx-L, Hip-L and VThal-L.

Figure 51 :

 51 Figure 51: Illustration of the plane of interest and its template. Left: Example of a single session, Right: template averaged over 526 sessions. Averaging smooths the data cancelling too specific high frequency details that would make registration overfit.

Figure 52 :

 52 Figure 52: Illustration of the 5 planes of multiplane study template. Top: from Left to Right: Frontal, VB and Caudal, Bottom: from Left to Right: Medial and Lateral

Figure 53 :

 53 Figure 53: Illustration of PD based fUS 3D atlas in awake state. Each slice location is identified relatively to the vascular bregma. Due to awake state, the field of view is limited in the back by the implant, on the side by the muscles.

Figure 54 :

 54 Figure 54: Illustration of PD based fUS 3D atlas in anaesthetised state. Each slice location is identified relatively to the vascular bregma. The field of view extends over the full cortex. The preparation results in high SNR which allows to identify with precision many anatomical landmarks.

Figure 55 :

 55 Figure 55: Illustration of PD based fUS 3D atlas in anaesthetised state superimposed on the Allen Brain Institute histological template. Each slice location is identified relatively to the vascular bregma. The anaesthetised template high SNR allows to evaluate coregistration fit as it matches the different nuclei structures.

Figure 56 :

 56 Figure 56: Illustration of PD based fUS 3D atlas in anaesthetised state superimposed on [Coletta et al., 2020] mouse MRI targetted parcellation. Each slice location is identified relatively to the vascular bregma. Due to the angle with the probe, the usual fUS coronal slices don't match conventional allen representation. This atlas allows better estimate of each slice positioning and associate the different structures with identified regions.

Figure 58 :

 58 Figure 58: Illustration of the Allen's template and parcellation projected in the awake head fixed reference plane at VB with labelled regions.

Figure 59 :

 59 Figure 59: Illustration of the data driven automatic parcellation procedure based on the clustering of voxelwise correlation matrix. Top: three different clustering results depending on the number of clusters put as parameter of kmean. Bottom: illustration of the parcellation after removing artefacted clusters and symmetrising the ROIs, comparison with the estimated equivalent slice from the Paxinos atlas.

  21 clusters are INSERM-IPNP jcm PhD thesis CRI used and cleaning of the parcellation is automated. All ROIs contacting the image border or the midline (representing the sagittal suture artefact) are systematically rejected and ROIs are deflated by a kernel of 2 voxels.

Figure 60 :

 60 Figure 60: Illustration of automatic parcellation performed on basal state. Top: Example of parcellations obtained with different sets of 10 sessions. Bottom: Left: parcellation obtained witth all 90 sessions, a. superposition of the parcellation with the VB slice template, b. voxel wise sum of absolute correlation with the network, c. Laplacian of the correlation sum, d. superposition of the parcellation with the correlation sum laplacian.

Figure 61 :

 61 Figure 61: Illustration of the automatic parcellation superposed with the estimated VB slice in the Allen's space.

Figure 62 :

 62 Figure 62: Illustration of automated parcellations computed for the multiplane study and superposition with estimated slice in the Allen's space. Top: Left: caudal (AP -3mm), Right: Medial plane (M L + 0.2mm); Bottom: Left: frontal (AP + 1.2mm), Right: Lateral Plane (M L + 1mm).

fUS

  Imaging and PreprocessingA 15 MHz probe of 128 elements, pitch 110µm (Vermon SA, France) connected to a prototype ultrafast research ultrasound scanner (hardware and software functionally analogous to the Iconeus One system, Iconeus, Paris, France) was used. The positioning of the probe above the head of the animal was performed with a motorized probe holder from Physics Instrument allowing translations along all three axes (1µm precision) and rotation around the vertical axis (0.1°precision). An acquisition sequence previously described(Ferrier et al. 2020) was used with 11 tilted plane waves [-10°, 10°] at a PRF = 5500Hz, compounded to generate 500 ultrasound images per second. Images were generated offline, after manually masking the skull in the ultrasound images. The Power Doppler (PD) signal is Draft computed on ensembles of 200 images which are filtered to separate the tissue signal from the blood signal by using a SVD filter which removes the 60 first modes(Demené et al. 2015). A delay of 0.1s is left between two ensembles to reduce the risk of memory saturation for long recordings. It results in a CBV signal which is proportional to PD(Mace et al. 2013) acquired at a sampling frequency of 2Hz.All data were analyzed through a custom pipeline written in Python. The pipeline global structure is inspired by SPM while its different component implementations are mainly designed based on Nilearn. After data format standardization (see supplementary materials), for each imaged slice we computed a template following the Allen Brain Institute methodology(Wang et al. 2020). All images were rigidly registered to a single reference image of the dataset. For coronal images, the image was split in half along the midline and each half was mirrored to obtain a duplicated dataset of Left-Left, Righ-Right images. Righ-Right images are rigidly registered on Left-Left images and an average image was computed making a first template. All images (Left-Left + Right-Right) are rigidly registered on the first template and the average image is computed making the second template.

  3 are not displayed. The node color encodes for the global connectivity, i.e. the sum of the correlation with all other nodes. The global functional connectivity is normalized across nodes to highlight differences in global connectivity correlation. Consequently, if all nodes are opaque the global connectivity is similar independently of its absolute value. In significance correlation networks, edges represent the difference of connectivity between the experimental condition and the reference cohort. Only significant edges are displayed. The edge is represented by a straight line if the difference of the absolute values of correlation is positive and dashed line otherwise. Therefore a significant increase of the correlation coefficient between the experimental condition and the reference, while the value remains negative (i. e. showing anti-correlation) is represented by a dashed violet line. This indicates a loss of connectivity (reduction of the absolute value) while the color represents the significant positive shift. Nodes represent the sum of the connectivity difference independently of the effect significance. The node values are normalized to highlight difference of the effect. Therefore in absence of strong differences all nodes are opaque which represents an homogeneous low difference.
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Figure 2

 2 Figure 2 Dose-and time-dependence function connectivity signatures of morphine. a-c, Pharmacodynamics of the morphine FC pattern. After 20 min baseline recording saline or different doses of morphine was injected in a, b, wildtype (C57BL/6J) or c, d, MOP knockout mice (n = 8 -10). Afterwards, two phases of 30 min each were recorded. Naloxone pre-treatment is followed 5 min later by morphine. Functional connectivity correlation/significance matrices and significance correlation network are shown for each 10 min window (BP 1 -BP 2; SP 1 -SP 6). Statistical significance of the morphine FC pattern is comparing drug phase with saline reference. Correlation matrix in blue-red ([-1, 1]); significance matrix in green-violet ([-0.5, 0.5]); significance correlation network in green-violet ([-0.5, 0.5]).

Figure 3

 3 Figure 3 Comparison of the functional connectivity pattern of different opioids. a, Functional connectivity correlation/significance matrices and significance correlation network of SP 5 (40 -50 min post-injection) for saline, morphine, methadone or buprenorphine injection and SP 3 for fentanyl injection in wildtype (C57BL/6J) mice (n = 8 -10). b, Seed based maps of ROI 2, 8 and 11. Statistical significance of the FC pattern by comparing the drug phase with saline reference. Correlation matrix in blue-red ([-1, 1]); significance matrix in green-violet ([-0.5, 0.5]); significance correlation network in green-violet ([-0.5, 0.5]); seed based maps in blue-red ([-1, 1]); seed based maps significance in green-violet ([-0.5, 0.5]).

Figure 4

 4 Figure 4 Functional connectivity pattern of morphine tolerance. a-d, Functional connectivity correlation/significance matrices and significance correlation network of BP 2 (10 -20 min baseline), SP 2 (10 -20 min post-injection), SP 3 (20 -30 min post-injection) and SP 5 (40 -50 min post-injection) after acute saline, morphine or fentanyl injection in wildtype (C57BL/6J) mice (n = 8 -10). Chronic treatment was carried out with osmotic pumps delivering a, b, morphine (17 mg/kg/day) or c, d, fentanyl (2 mg/kg/day) for one week. Statistical significance of the morphine FC pattern by comparing drug phase with saline reference. Correlation matrix in blue-red ([-1, 1]); significance matrix in green-violet ([-0.5, 0.5]); significance correlation network in green-violet ([-0.5, 0.5]).

Figure 5

 5 Figure 5 Correlation of morphine induced functional connectivity changes to the molecular and behavior level. a-c, Superimposition of functional connectivity change (FC index in violet) and averaged mobility (in green), analgesic response measured in the hot plate test (in blue), pS375-MOP phosphorylation pattern detected with western blot (in yellow) on top of regional CBV change in blue-red ([-50%, 50%]). a, c, Saline and 30mg/kg morphine injection in wildtype (C57BL/6J) mice (n = 8 -10). b, Morphine injection in BALB/cJ mice (n = 8 -10).

Figure 63 :

 63 Figure 63: Illustration of Opioids fingerprint overview. From left to right: we show that allinjected opioids induce an hyper-perfusion with various localisation, amplitude and timings. The vascular burst is followed by a shift in FC which is dose and time dependent, blocked in presence of the antagonist, absent in the knock-out mice and down modulated in tolerant mice. The altered connectome is associated to 2 anticorrelated clusters located dominantly in the cortex and the hippocampusthalamus-hypothalamus. Similar patterns were observed between fentanyl, morphine and methadone but were absent in buprenorphine which prensents a global disconnection.

Figure 64 :

 64 Figure 64: Illustration of the different reports of increased BOLD induced by oxycodone injections.From left to right:[Moore et al., 2016] displays regions activated and deactivated in terms of regional BOLD following acute injection of oxycodone in awake restrained wild type and mu-opioid receptor knock-out mice,[Nasseef et al., 2019] shows activation induced by oxycodone for anaesthetised wild type and mu-opioid receptor knock-out mice,[Iriah et al., 2019] activated and deactivated clusters as well as mixed effect in olfactory and basal ganglia regions following injection of oxycodone in awake restrained rats.

Figure 65 :

 65 Figure65: Illustration of regional diversity of opioid response timecourses in both humans and murine models. Left:[Leppä et al., 2006] shows two different types of activation with fast and high amplitude cortical BOLD activation followed by a slower and lower amplitude hippocampal and thalamic wave following remifentanil injection. Similarly, in mice, we found a fast activation in the cortex immediately after fentanyl highest dose injection which is followed by a slower and less intense hippocampal and thalamic wave.

Figure 66 :

 66 Figure 66: Illustration of thalamo cortical and hippocampo cortical disconnection induced by morphine or Heroine injections. Left: Top: illustration of average SBM placed in cortex and hippocampus, Bottom: [Khalili-Mahani et al., 2012] dominant effect after injection of morphine in healthy subject. Using a network of Interest located in the somatosensory cortex (top row), they show increased connectivity in the cortex, anticorrelated with the hippocampus (bottom row). Middle: [Denier et al., 2015]show increased connectivity in the thalamus in heroine users after acute injection. The effect can be seen in Regional Homogeneity and Amplitude of Low Frequency while a seed in the hippocampus shows increased intra thalamic connectivity and reduced connectivity with the cortex between heroine treatment and placebo. Right: comparison with our SBM in thalamus after injection of morphine.

Figure 67 :

 67 Figure 67: Illustration of lagged SBMs with a seed in the cortex, at basal state and after morphine treatment. Top principle illustration, a negative lag illustrates sources of the seed. Bottom: lagged SBMs, 2s lag is added between each frame. Top: negative lags represent regions that correlate with the seed in the «past», Bottom: positive lags represent regions that correlate with the seed in the «future». Top row: represents saline treatment, Bottom row: represents morphine treatment. The zero lag frame is at the bottom left corner.

Figure 68 :

 68 Figure 68: Illustration of lagged SBMs with a seed in the DT hal-L, after morphine treatment. 2s lag is added between each frame. Top: negative lags represent regions that correlate with the seed in the «future», Bottom: positive lags represent regions that correlate with the seed in the «past». Top row: represents saline treatment, Bottom row: represents morphine treatment. The zero lag frame is at the bottom left corner.

Figure 69 :

 69 Figure 69: Illustration of the spectrum of the dorsal thalamus region in both saline condition and after injection of morphine. The loglog normalised spectrum is represented, filled surfaces correspond to 95% confidence interval. The blue spectrum represents the saline condition (n = 57), red represents the treatment condition ( resp. 10mg, n = 9, 70mg/kg, n = 10). The dotted line represent the slope between 0.01 and 0.1Hz under saline condition, whose value is given in the box. Left: 10mg/kg, Right: 70mg/kg.

Figure 70 :

 70 Figure 70: Illustration of the influence of PD downsampling on FC fingerprint sensibility. The W T M 70 fingerprint was estimated on signal downsampled by a factor from 1 to 6. Left: Correlation matrices for the saline reference and morphine treatment as a function of the downsampling factor. Right: SBM level influence of the downsampling.

Figure 71 :

 71 Figure 71: Illustration of alternative probe designs for 3D imaging. Left: the stacked probe is composed of 4 linear arrays, leveraging all the advantage of 2D sensitivity and speed while increasing spatial at the expense of sparcity. Middle: Matrix arrays reduce the resolution in space and time while and the sensisitivity but acquire dense 3D volumes [Rabut et al., 2019]. Right: Row-Column Arrays reduces the complexity of dense 3D imaging at the expense of spatial resolution [Bertolo et al., 2021b].

Figure 72 :

 72 Figure 72: Illustration of the interindividual variability. Top: here are presented the individual fingerprints of W T M 70 cohort. Bottom: average connectome (in Fisher's space). Left: individual SBMs with a seed in the HipCA1 -L. Right: individual CMs. The grey bar represents injection

Figure 73 :

 73 Figure 73: Summary of the different points of view adopted to describe the morphine fingerprint.

  pdf): Example of registration of an fMRI image, top left: the reference, top right the image, bottom left: affine transform of the moving image on the fixed image, bottom right: diffeomorphism solution for the same images. . . . . . . . . . . . . . . . . . . INSERM-IPNP jcm PhD thesis CRI 24 Illustration of the ligands and receptors of the opioid family. Top: 4 opioids were tested during our study on the opioid fingerprint, from left to right: morphine, fentanyl, methadone, buprenorphine. Bottom: structure of the 3 opioid receptors, from left to right: µ [Manglik et al., 2012], κ [on Drug Abuse, ] and δ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 Illustration of the ligands and receptors of the cannabinoid family. Top: 2 cannabinoids were tested during our study on the cannabinoid fingerprint, from left to right: T HC, CBD. Bottom: structure of the 2 cannabinoid receptors, from left to right: CB1 and CB2 . . . . . . . . . . . . . . . . . . . . . . . . 26 Illustration of the ligands and receptor 5HY -2A. Top: 2 serotoninergic compound are imaged for the study on psilocybin fingerprint, from left to right: psilocybin, lisuride. Bottom: structure of the 5HT -2A receptor. . . 27 Illustration of the surgery outcome. Left: percentage of body mass change during the 2 weeks after surgery. Middle: percentage of body mass change during the month following surgery. Right: evolution of imaging window surface over the days after surgery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 Illustration of the survival time evolution after surgery. Left: example of windows scratch (red arrow) which ends up polluting the image to the point where it can't be used anymore. Middle: Beginning of inflammation around the eye of the animal (red arrow), the scare is on the verge of infection. . . . 29 Illustration of the longitudinal follow up on signal quality. Top: Left: average intensity in different ROIs along successive sessions (n = 5 per dot). A significant global decay in ROIs intensities is observed. Right: Evolution of average FC along successive sessions (n = 5). Bottom: evolution of average intensity along successive sessions (n = 5). . . . . . . . . . . . . . . . . . . . . . . . . 30 Illustration of the behavioural read-out of mice habituation to the head fixed condition. Left: Top: mobility in the first 5min of recording during habituation (left) and imaging (right) Right: Additional behavioural readout in the same conditions. Top: average speed, Bottom: time spend in the center. . . 31 Illustration of shadow zones in a typical brain volume. Left: typical 3dscan from an implanted awake animal, Right: For the sake of comparison anaesthetised equivalent field of view. Dotted areas represent regions where the signal can be artefacted. Green area shows regions under the temporalis ridges, Blue area shows regions under the sagittal sinus, Orange areas show the regions below the Bregma suture. Top: 8 coronal slices located relatively to Bregma. Middle: 8 sagittal slices located relatively to midline. Bottom: 8 horizontal slices located relatively to skull top surface. . . . . . . . . . . . . .

  5. Each correlation significance matrix is computed over a 10min window. Injection is represented by a grey bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426 101 Illustration of a significance network. The network displays the same information as a matrix of significance. Only significant changes are represented. Types of changes are encoded in the colour (blue for positive change and red for negative change) and the style (straight lines encode increase of absolute values, dotted line encodes decrease of absolute values). The nodes colour encodes overall significant changes with the other ROIs of the network. . . . 426 102 Illustration of a seed based map. Top: typical seed based map with a seed in the dorsal Thalamus (surrounded in black). In red is represented positive correlation, in blue is showed negative correlation. Bilateral connectivity is recognisable in the horizontal symmetry. Bottom: evolution of the connectome with time. Each SBM is computed over a 10min window. Injection is represented with a vertical bar. . . . . . . . . . . . . . . . . . . . . . . . . . 427 103 Illustration of a significant effect in the difference of seed based maps. Top: Right: the voxels whose difference between the reference (Left) and treatment (Middle) is significant is displayed on top of the template. The SBM seed is surrounded in dark. The voxel color represents the difference of correlation coefficient. The colormap is saturated at -0.5 and 0.5. Bottom: evolution of the significant differences in the connectome with time. Each SBM is computed over a 10min window, injection is represented with an orange bar. . . . . . . 428 104 Schedule for the habituation to the awake head-fixed state. The whole procedure takes 4 weeks from the moment the mouse enters the animal facility. The habituation starts with handling, then the animal is implanted, after some more handling it starts being trained to the head fixed condition. The training finishes with session where the animal are imaged to get anatomical images and a reference angiographic volume. Finally the last official day of habituation consists of an imaging session with saline injection. . . . . . . . . . . . . . . 433 INSERM-IPNP jcm PhD thesis CRI 105 Illustration of different habituation steps. From left to right: for H3 to 7 the animal is just clamped for an increasing amount of time and the probe is kept in non-imaging position, at H8 some gel is poured on the head, at H9 the probe is lowered in imaging position without contacting the gel, at H10 the first images are acquired. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435 106 Illustration of the marking strategy. This combination of colour minimises the risk of error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 436 107 Illustration of the clamping procedure. From left to right: the MHC clamp, once the animal is in the box the implant is grasped by the experimenter, the implant is fit inside the clamp while movements of the animal as accompanied manually with the cage, the clamp is hold closed while it is screwed, the animal can move freely. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437 108 Illustration of gel pouring. Left: gel should be first poured on the middle of the window. Middle: The gel should finally cover the whole surface and a final stroke should leave an horizontal surface. Right: coronal view, Top: if the gel does not contact the frame, it tends to flow down the lateral gutter. Filling the window down the gutter allows to get a flat layer of gel parallel to the probe surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 438 109 Illustration of the implant. Left: initial implant with a limited field of view (green). Right: The new implant increases significantly the field of view extend.441 110 Picture of the surgery preparation. Left: Cement kit, the opaque powder shall be favourised to identify clearly where the cement is around the imaging window. Right: tools are sterilised and prepared on the sterile part of the surgery area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442 111 Illustration of the surgical plane. Left: two incisions are made along the antero-posterior and media-lateral axes. Middle: The incision should reveal the occipital bone behind the lambda, the bregma and the nasal suture behind the nasal bone where it connects with the frontal one. Right: the glue must be pouredon top of the window, everywhere except around the screws. It shall contact the surrounding skin to close the wound. . . . . . . . . . . . . . . . . 445 112 Images of the screws positionning. The back hole must be drilled in the back of the occipital bone. The frontal hole is a few mm before the eye in the nasal bone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446 113 Illustration of the drilling procedure. The hole shall not penetrate through the bone. Left a first step consists in drilling a vertical pre-hole. Then the hole is widened to let the screw fit in. . . . . . . . . . . . . . . . . . . . . . . . . . . 447 114 Illustration of surgery procedure. (i.

  . . 124 Illustration of different doses of morphine influence on mice connectome. Correlation matrices for the 4 doses and all 10min windows, grey vertical bar represents the injection time. A dose and time dependent fingerprint can be seen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 Illustration of the morphine induced connectome perturbation. Left: Significant matrices for all 4 doses at 4 timings, from left to right 10min before injection, right after injection, 20min and 40min after injection. The pattern seen in correlation matrices seem to be statistically significant. Middle: Correlation networks at the same timings as for significance matrices. Right: Significance network at the 4 timings for W T M 30. . . . . . . . . . . . . . . 126 Illustration of different doses of morphine influence on mice seed based maps. Top: Dose and time dependence of VThal-L SBM. Bottom: evolution in time significance maps for different seeds, from top to bottom: VThal-L, Hip CA3-L, Ctx-L. Grey and orange bars represent the injection. . . . . . . . . . . . . 127 Illustration of different doses of morphine influence on mice seed based maps in various ROIs. Top: dose dependence of the significant effect at P 3 for various ROIs from left to right: Ctx Lat-L, Hip CA1-L, HY-L. Bottom: Three SBM of morphine fingerprint characteristic ROIs at P 5 from left to right: Ctx-L, Hip CA1-L, DTHal-L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 Illustration of different doses of fentanyl influence on the awake brain function. i.: raster plot of regional CBV after fentanyl injection for all 4 doses. ii.: CBV timeseries for all 4 doses of fentanyl in 3 ROIs, from left to right Ctx -L, HipCA1-L and V T hal-L. iii.: time evolution of the connectome represented as CM and significance matrices. . . . . . . . . . . . . . . . . . . . . . . . . 129 Illustration of different doses of fentanyl influence on the awake brain connectome. i.: illustration of dose dependence with all 4 doses, with Ctx-lat-L SBM at P 3 and significance networks for P 1, P 3 and P 5. ii.: SBMs from different seeds for WTF025 at P 3, from top to bottom Ctx -L, HipCA1 -L, DT hal -L, V T hal -L. . . .

Figure 1 .

 1 Figure 1. Microglia form direct purinergic contact with cells in the NVU that regulate CBF. (a) 3D reconstruction of in vivo two-photon Z-stacks down to 600 μm below the dura mater in the cerebral cortex of CX3CR1 tdTomato mice. Note contacting microglia (arrowheads) at meningeal (m), penetrating (p), and first-to third-order capillaries. Scale bar, 50 μm. (b) Microglial processes (arrowheads) dynamically contact different segments of the vascular tree (visualized by i.v. FITC-dextran). Scale bar, 20 µm. (c) Microglial processes are extended beyond the perivascular glial endfeet and form direct contact with smooth muscle cells (arrows) at the level of penetrating arteries. (d) CLSM images show microglia (P2Y12R, cyan) contacting endothelial cells (tomato lectin, magenta) in the cerebral cortex. (e) EM images show microglia (m, P2Y12R-immunogold labeling, cyan) directly contacting endothelial cells (e, magenta) and pericytes (p, purple). (f) Frequency of vessels receiving microglial contact, and microglial process coverage of endothelial cell surface. (g) EM images show microglia (m, P2Y12R-immunogold labeling, cyan) directly contacting pericytes (p, purple). (h) 83.4 ± 1.4% of pericytic cell bodies are contacted by microglial processes. (i) 3D reconstruction of electron tomogram shows clustering of anti-P2Y12R-immunogold on microglial processes (m) directly contacting the endothelium (e) of an arteriole/postcapillary venule. The left two panels are conventional EM images of the same area on the adjacent ultrathin section. The right panels show a tomographic virtual section and 3D reconstruction of the direct contact. (j) Unbiased anatomic analysis reveals enrichment of endothelial mitochondria (TOM20 + , green), at sites of microglial contacts (P2Y12R + , cyan). ****, P < 0.0001, Mann-Whitney U test. See analysis details in Fig. S1 d. (k) EM images show

  1 is shown in yellow pseudocolor only with the maximal diameter planes included. Scale bars: (c) 50 µm; (d) 3 µm; (e) 2 µm; (i) 200 nm; (j) 2 µm; (k) left, 1 μm, and z3, 400 nm; (l) 10 µm; (m) 200 nm; (n) 10 µm; (o) 5 µm; (p) 10 µm. Császár et al.

Figure 2 .

 2 Figure 2. Microglia contribute to neurovascular coupling in a P2Y12R-mediated manner. (a) Schematic showing the outline of the experiment. (b) Difference images show CBF changes in the right barrel cortex relative to baseline in response to contralateral whisker stimulation before, during, and after

Figure 3 .

 3 Figure 3. Whisker stimulation-evoked neuronal responses in the barrel cortex do not explain altered CBF responses after microglia manipulation. (a) Schematics of the whisker stimulation protocol. Whiskers were stimulated electromechanically with 5 Hz, causing alternating passive deflections of the vibrissae in the anterior and posterior directions (filled and empty arrowheads, respectively) for 15 s, followed by a 40-s pause, repeated 10 times. (b) Raw tetrode data showing extracellular spikes recorded from the barrel cortex. (c) Example of a single neuron activated by passive whisker deflections. Top, raster plot aligned to whisker stimulation onset (black ticks, individual action potentials). Bottom, peristimulus time histogram showing mean firing responses of the same neuron (shading, SEM). (d) Baseline firing rates were significantly higher in depleted and P2Y12R KO mice compared with controls. n = 4 control, n = 3 depleted, and n = 5 P2Y12R KO mice; P = 0.001, one-way ANOVA with Dunnett's multiple comparisons test (***, P < 0.006, control versus depleted; *, P = 0.0109, control versus P2Y12R KO). (e) Stimulus-induced firing rate changes were comparable across controls and microglia-depleted mice using either electromechanically or manually controlled whisker stimulation. Data are presented as baseline corrected response frequency (for corresponding baseline frequencies, mean ± SEM); n = 4 control, n = 3 depleted, and n = 5 P2Y12R KO mice; P = 0.2087 and P = 0.6391, Kruskal-Wallis test with Dunn's multiple comparisons test. (f) Schematic outlines of the whisker stimulation protocol used for in vivo two-photon [Ca 2+ ] i imaging in the barrel cortex of Thy1-GCaMP6s mice. interstim, interstimulation. (g) Representative images show stimulus-evoked neuronal [Ca 2+ ] i responses with individual traces of neurons labeled with rectangles during baseline imaging and 15-s stimulation and after stimulation. AUC values of neuronal GCaMP6s signal changes in response to the first and second electromechanically controlled whisker stimulation in control and microglia-depleted mice. n = 4 mice per group, n = 56 neurons from control and n = 40 neurons from depleted mice from two trials; P = 0.765, two-way ANOVA with Sidak's multiple comparisons test. Scale bar, 20 µm. st and stim, stimulation. Data are presented as mean ± SEM.

Figure 4 .

 4 Figure 4. Chemogenetic modulation of microglial activity leads to decreased process motility and impaired neurovascular coupling response to whisker stimulation. (a) Generation of a novel chemogenetic mouse model. TMX-induced recombination was confirmed by anti-P2Y12R and anti-GFP (mCitrine) double staining (white arrowheads), allowing chemogenetic activation of microglia by CNO. Scale bar, 50 μm. (b) Representative ΔF/F calcium traces of MicroDREADD Dq microglia cells responding to DREADD agonists CNO or C21. (c and d) The kymogram (c) and fluorescent/phase contrast images (d)

Figure 5 .

 5 Figure 5. Microglia contribute to hypercapnia-induced vasodilation. (a) In vivo two-photon resonant (32-Hz) imaging was performed in the somatosensory cortex of CX3CR1 tdTomato mice during hypercapnia (by inhalation of 10% CO 2 under normoxic conditions). The middle panel shows the maximal vasodilation provoked by hypercapnia. Scale bar, 20 μm. (b) Identical hypercapnic challenge and imaging protocol was performed in CX3CR1 GFP/+ mice after
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 6 Figure 6. Stimulus-specific release of purinergic metabolites by NVU cells parallels microglial modulation of brain pH and hypercapnia-induced adenosine production. (a) CBF by laser Doppler flowmetry and tissue pH by pH-selective electrode were simultaneously assessed during hypercapnic challenge for 2 min. (b) Depleted mice show reduced extracellular brain pH. n = 10 and n = 16 measurements from six control and nine depleted mice; P < 0.0001, two-way ANOVA followed by Sidak's multiple comparison (**, P = 0.0093, control versus depleted baseline; **, P = 0.0028, control versus depleted hypercapnia). (c) CBF response to hypercapnia is reduced in microglia-depleted mice. n = 6 control and 9 depleted mice; *, P = 0.012, Mann-Whitney test. (d) Effect of hypercapnia on levels of purinergic metabolites (ATP, ADP, AMP, and Ado [adenosine]) in primary endothelial, astrocyte, and microglia cultures as measured by HPLC. Endothelial cells: ATP: ****, P < 0.0001; ADP: ****, P < 0.0001; AMP: *, P = 0.01226, control versus hypercapnia; astrocytes: ATP: ***, P = 0.00029; Ado: ****, P = 0.000057, control versus hypercapnia; microglia; ADP: ***, P = 0.00134; Ado: ****, P < 0.0001, control versus hypercapnia; multiple t test. (e) Adenosine levels are significantly reduced in the cerebral cortex in the absence of microglia upon hypercapnic challenge. Adenosine was measured by HPLC in cortical brain tissue homogenates. n = 7 control and n = 7 depleted mice; *, P = 0.0142, unpaired t test. (f) Effect of hypoxia on levels of purinergic metabolites (ATP, ADP, AMP, and Ado) in primary endothelial, astrocyte, and microglia cultures as measured by HPLC. Endothelial cells: ATP: ***, P = 0.00054; AMP: ***, P = 0.00011, control versus hypercapnia; astrocytes: ADP: ****, P < 0.0001; AMP: *, P = 0.0148; Ado: **, P = 0.0059, control versus hypercapnia; microglia: ADP: ****, P < 0.0001, control versus hypercapnia; multiple t test. Data are expressed as mean ± SEM.

Figure 7 .

 7 Figure 7. Adaptation to cortical hypoperfusion is impaired in the absence of microglia. (a) In vivo two-photon imaging reveals increased microglial process motility (arrowheads) to repeated (3×) CCAo in CX3CR1 tdTomato mice (1st, first-order capillary). n = 6 mice; ****, P < 0.0001, Mann-Whitney U test.

  from the time-lapse series was computed in Fiji (ImageJ; National Institutes of Health [NIH]), and the data were analyzed on Clampfit (pClamp10 suite; Molecular Devices). Statistics were calculated with GraphPadPrism 8.4.3. 
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Figure 1 .

 1 Figure 1. Experimental setup. A, Simultaneous coronal plane fUS and LFP recordings of right S1 cortex ophthalmic fields. A small 1-mm-diameter craniotomy was performed above the right V1 cortex for triggering SD by a topical application of 1 M KCl. Repetitive (1 Hz) periorbital percutaneous electrical stimuli (30 single 3 mA, 1 ms square pulses) were delivered on the right or left receptive fields. B, Coronal plane fUS images at bregma À3.6 mm, showing cortical microvasculature and imaging during left periorbital stimulation. C1, Example of conversion of spontaneous LFPs to single events; the dashed line represents the LFP amplitude thresholding set to .5 SDs from baseline. C2, Single and average examples of SEPs evoked by repetitive periorbital stimulations. SEP amplitude changes were measured on the N2 phase as the voltage difference between the two dashed lines. D, Experimental design for assessments of rCBV and SEP responses. M, Motor.

Figure 2 .

 2 Figure 2. Individual examples of spontaneous LFPs and periorbital-evoked SEP local field potentials recorded in the right S1 cortex before and after SD triggered in the ipsilateral V1 cortex. A1, S1 LFP activities before and after SD. A2, S1 LFPs shown in expanded time scale. B, Single periorbital-evoked (arrows) S1 SEPs before and 10 and 150 min after SD.

Figure 3 .

 3 Figure3. Spatiotemporal hemodynamic and neuronal activities observed following a single SD wave elicited by KCl application in the V1 cortex. A, Frames extracted at different time points from fUS imaging movies depicting rCBV changes elicited by a spreading depolarization triggered in V1 cortex. Sagittal and coronal views showed a quadriphasic wave with consecutive increases (yellow) and decreases (blue) of rCBV during 6 min. Probes were placed in either coronal or sagittal planes. Hip, Hippocampus; M, motor. B, time course of the rCBV (red plot) and neuronal activity (LFPs, black plot) recorded in S1 during a spreading depolarization. The red box in the coronal mDoppler image in A represents the ROI from where the rCBV signal was extracted. Initial rCBV increases (phase I) were correlated with a strong neuronal burst followed by a brief hypoperfusion (phase II) associated with the starting of a long-lasting complete neuronal depression. SD then elicited a strong increase in rCBV (phase III) followed by a plateau (phase IV). The rCBV recovery was followed by a slow recovery of neuronal activity. C, Cumulative results showing the detailed quadriphasic rCBV profile of SD waves recorded in S1 (n = 8), expressed as mean 6 SEM of the percentage changes regarding the mean values obtained before KCl application. D, Individual example showing a quadriphasic rCBV response triggered by SD.

Figure 4 .

 4 Figure 4. Spatiotemporal hemodynamic and neuronal basal activities following a single SD elicited in the right V1 cortex. Time course of the basal rCBV in the S1 and INS cortices ipsilateral (right) and contralateral (left) to the SD focus, before and 10-150 min after SD. A, SD significatively increased the basal rCBV in both ipsilateral and contralateral S1 cortices. B, Basal rCBV changes (red plot) and spontaneous LFP negative peak frequency (black plot) recorded in the ipsilateral S1 before and 10-150 min after SD. C, Time course of the basal rCBV in the ipsilateral S1 (red plot) S1 and insular (purple plot) cortices before and 10-150 min after SD. SD significantly increased the basal rCBV in all cortices. Basal rCBV and spontaneous LFPs negative peak frequency data are expressed as mean 6 SEM of the percentage changes regarding the mean value obtained before KCl infusion (*, $p , 0.05; **, $$p , 0.01; ***p , 0.001, ****p , 0.0001). Asterisks indicate statistical significance between the before and after SD values. Dollar signs indicate statistical significance between S1 or S1 and INS cortices.

Figure 5 .

 5 Figure 5. Individual example of the temporal evolution of rCBV and SEP responses evoked by 3 mA repetitive percutaneous periorbital stimulations applied on the left side, before and after SD. A, Percutaneous periorbital stimuli elicited rCBV responses spatially restricted to the contralateral S1 and INS cortices before (pre-SD) and between 10 and 150 min after SD. B, Corresponding SEP recordings in S1 ophthalmic fields of periorbital-evoked responses before and 10 and 150 min after SD. C, Experimental setup.

Figure 6 .

 6 Figure 6. Spatiotemporal changes in hemodynamic and neuronal percutaneous periorbital-evoked activities following a single SD elicited in the right V1 cortex. A, Schematic representation of the periorbital stimulation sites, fUS imaging, LFP, SEP recordings, and SD induction. B, Time course of the periorbital-evoked rCBV in the ipsilateral (right, red plot) and contralateral (left, black plot) S1 cortices to the SD focus, before and 10-150 min after SD. C, Periorbital-evoked rCBV (red plot) and RSEP amplitude (black plot) recorded in the right S1 before and 10-150 min after SD. D, Time course of the periorbital-evoked rCBV in the right S1 (red plot) and INS (purple plot, n = 8) before and 10-150 min after SD. SD significatively increased the periorbital-evoked rCBV in both cortices. rCBV and SEP count data are expressed as mean 6 SEM of the percentage changes with regard to the mean value obtained before KCl infusion (*, $p , 0.05; **, $$p , 0.01; ***, $$$p , 0.001; ****p,0.0001). Asterisks indicate statistical significance between the before and after SD values. Dollar signs indicate statistical significance between S1 and INS cortices.

Figure 7 .

 7 Figure 7. Memantine modulates cortical hemodynamic and neuronal activities. A, Cumulative results showing the detailed quadriphasic rCBV profile of SD waves recorded in S1 in controls (red curve, n = 8) and rats pretreated with Memantine (blue curve, n = 6; expressed as mean 6 SEM of the percentage changes regarding the mean values obtained before KCl application; *p , 0.05, **p , 0.01). B, Individual examples showing a quadriphasic rCBV response in S1 triggered by SD in a control and a Memantine-treated rat. C1, Individual examples of Memantine effects on spontaneous (LFP) and (C2) periorbital-evoked (SEP) local field potentials recorded in the right S1 cortex before and after spreading depolarization triggered in the ipsilateral V1 cortex.

Figure 9 .

 9 Figure 9. Spatiotemporal basal and periorbital-evoked hemodynamic activities in the left S1 cortex following a single SD wave elicited in the contralateral right V1 cortex are differentially modulated by Memantine. A, Basal rCBV recorded in the left S1 cortex (red plot) following a contralateral (right) SD elicited in controls (red plot) and pretreated rats with Memantine (black plot). Memantine significantly blocked the basal increases of hemodynamic activities elicited by SD. B, Increases of periorbital-evoked activity in the left S1 cortex by contralateral SD in controls (red plot) are unaffected by Memantine pretreatment (black plot). rCBV data are expressed as mean 6 SEM of percentage changes with regard to the mean value obtained before KCl infusion (*, $p , 0.05; **, $$p , 0.01; ***, $$$p , 0.001; ****, $$$$p , 0.0001). Asterisks indicate statistical significance between the before and after SD values. Dollar signs indicate statistical significance between S1 and INS cortices.

Figure 74 :

 74 Figure 74: Illustration of the machine. Left: the machine is composed of a versonics vantage 256 connected to a conventional computer, Middle: it controls a motorised platform, right: on which is placed the probe which has a very modest size.

Figure 75 :

 75 Figure75: Illustration of the setup. The machine and the sending terminal are the minimal requirement for any experiment. More complex the experiment grows more device can be added, they shall all be interfaced with the sending terminal which is the hub of data. On this computer the Westron software gather automatically all data to generate a dataset suitable for analysis, informing the experimenter on potential mistakes and data quality.

Figure 77 :

 77 Figure 77: Measure of temperature in the room during an experience. One can see the constant increase in temperature due to poor regulation. The temperature shift can be as high as 4 o C for a full day of recording and take more than 15h to go back to normal.

Figure 78 :

 78 Figure 78: Illustration of the peri-experimental recording. The sending terminal receives live stream of cameras (left) and tracking (middle). Right: picture of the setup, the probe holder (purple) move on a precision three axis (two translation one rotation) motorised platform. The two cameras (green) minimise the dead angles due to the MHC (red) walls which tracked to infer the mouse relative position in the cage.

Figure 79 :

 79 Figure 79: Illustration of the isolation enclosure. The box isolates the mouse from the outside stimuli during resting state experiments, whether it is visual or acoustic. Surrounding doors allow the experimenter to access the rig.

Figure 80 :

 80 Figure 80: Illustration of the complete setup. The data and peri-experimental data arerecorded in parallel and gather on the sending terminal. On the sending terminal quality checks are performed before generating a dataset valid for analysis. This dataset is later analysed or stored for longterm archiving.

Figure 82 :

 82 Figure 82: Illustration of the Neuroscan software output structure. One directory per sessionand one directory per PD file. In black are directories, in gray session metadata, in red, the PD file, in green PD metadata, in purple IQ data in blue IQ metadata.

Figure 83 :

 83 Figure 83: Illustration of the Westron principles. Data are collected directly from the different machines. For video data must first be transferred on the sending terminal in a intermediary structure. Westron gathers the different output structures, removes and renames unnecessary files (doublons or not used derivatives) and generates the FDS dataset.

  jcm PhD thesis CRI stored. For an estimate, usual values for storage are given in (B.4.3) Sampling frequency (Hz) IQ (MB/min) PD (MB/min) One session (approximation ≈ 1h30)

C. 4 . 1

 41 Positioning of the probe 1. Preparation: (a) The animal is weighted and its state evaluated based on the score-sheet. (b) The animal is put in the MHC (c) The animal is clamped as described in (E.2.3) (d) A few drops of saline solution (∼ 5) are poured on the imaging window 2. Contact with the gel: (a) Some gel is poured on the imaging window as described in (E.2.3) (b) The probe is moisturised and the motorised platform rotated in imaging position (see (Fig.105)). (c) Using Neuroscan GUI the probe is positioned ∼ 1mm above the gel surface (d) The motor step is set to 0.5mm and the probe is lowered inside the gel (see (C.4.1)) 3. Brain localisation (a) Once the probe is fully inserted inside the gel, the live view can be turned on (see (

Figure 86 :

 86 Figure 86: Images of the different probe positioning steps. Top: First rough positioning is achieved with a 0.5mm step precision. The live view is started. Then the image is roughly (0.5mm steps) aligned along the xaxis. After that, the probe is lowered for z -axis pre-positioning. Then, the probe is moved along y -axis to get close to the plane of interest. Bottom: finally, precise refinements (0.1mm steps) allow to precisely find the vascular Bregma. White arrows highlight the separation between the anterior choroidal artery and the internal carotide artery.

Figure 87 :

 87 Figure 87: Illustration of the influence of the field of view on signal quality. In live view, at two different anteriorities (Left, Right), Full width image (128 voxels wide) have worst signal (Top) than narrow windows (69 voxels wide) with appodisation (Bottom).

Figure 88 :

 88 Figure 88: Illustration of 3Dscan modality. Left: 3Dscans are dense recording of 7mm. Right: Illustration of different slices of a pd3d reconstructed as the mean of 10× 3Dscans. Intensity is in dB with automated saturation. Different anteroposterior, lateral and horizontal slices are given. The shadow zone can be identified as well as suture themselves for the highest horizontal plan.

Figure 89 :

 89 Figure 89: Illustration of 2Df U S modality. Left: the probe is placed over the slice of interest. Middle: average image over time is presented in dB with automated saturated colormap. Right: Each voxel time series is acquired continuously, average over two ROIs are given at a sampling rate of 2.5Hz.

Figure 90 :

 90 Figure 90: Illustration of 3Df U S modality.

Figure 92 :

 92 Figure 92: Illustration of the registration selection scheme. If the bspline registered image issatisfactory, the image is kept. Else, if the affine registered image is satisfactory, the image is kept. Else, the image is discarded.

Figure 94 :

 94 Figure 94: Illustration of the statistical paradigm. When two distributions are given. First their gaussianity is assessed with Shapiro Wilk. If failed, a non parametric Wilcoxon-Mann-Whitney test is applied. Else is tested the variance equality.Depending on the result either an equal variance ttest is applied else an unequal variance test is applied. Finally, multiple comparisons are corrected with the Benjamini-Hochberg correction.

Figure 95 :

 95 Figure 95: Illustration of the speed estimate based on resampled position. Blue resampled instant speed, Orange recomputed speed based on resampled positions, Grey usual threshold of movement detection. Recomputing allows to reduce digitisation based noise.

Figure 96 :

 96 Figure 96: Illustration of tracking display. The upper graph represents a raster plot of mice individual movements: one mouse is represented per line, dark areas represent movements, red lines represent separation in recordings or injections. The lower graph represents an average of mobility ( dark) as percentage of mobile mouse, the 95% confidence interval is given in grey. 10min average mobility per mouse per group is given in red with vertical bar representing the 95% confidence interval.

Figure 97 :

 97 Figure 97: Illustration of CBV display. Top: Left: Raster plot of regional perfusion. One line per region (clusterised along meta-regions) is representing the CBV relatively to last 2min of baseline with saturation of the colormap at 50%. vertical bars represent the timing of injections or transition between consecutive recordings. Right: regional timeseries relatively to saline injection, profile of a single line of the raster plot, thick line is the smoothed average, patch is the 95% confidence interval, each curve represents either a dose or a ROI, the vertical bar represents the injection.Bottom: graph represents regional activation maps averaged over 10min windows.

Figure 98 :

 98 Figure 98: Illustration of correlation matrices display. Left illustration of the plane of interest with automatic ROIs superimposed. Middle ROIs order, names and abbreviations. tight correlation matrix with most relevant structural examples.

Figure 99 :

 99 Figure 99: Illustration of a correlation network. Left: ROIs are overlayed on the template to get equivalence of nodes. The nodes have been placed to keep anatomical features i.e. symmetry and cortex on top VS Hypothalamus on the bottom. Right: The network is equivalent to a correlation matrix. Only correlation coefficients whose absolute value is above 0.3 are displayed. Positive correlation is displayed in red. Negative correlation is displayed in blue. Strength of connectivity is encoded by transparency ( i.e. apparent fading for low absolute value of coefficients) and thickness. Nodes represent the overall connectivity with the network (sum of correlation coefficient with other rois normalised by the highest absolute value).

Figure 100 :

 100 Figure 100: Illustration of a significant effect in difference between correlation matrices. Bottom: represents the significant difference between the reference (Top) and the treatment (middle). Only voxel which experienced a change between the reference and the treatment are represented. The difference of correlation coefficient is displayed and the colormap is saturated at -0.5 and 0.5. Each correlation significance matrix is computed over a 10min window. Injection is represented by a grey bar.

Figure 101 :

 101 Figure 101: Illustration of a significance network. The network displays the same information as a matrix of significance. Only significant changes are represented. Types of changes are encoded in the colour (blue for positive change and red for negative change) and the style (straight lines encode increase of absolute values, dotted line encodes decrease of absolute values). The nodes colour encodes overall significant changes with the other ROIs of the network.

Figure 105 :

 105 Figure 105: Illustration of different habituation steps. From left to right: for H3 to 7 the animal is just clamped for an increasing amount of time and the probe is kept in non-imaging position, at H8 some gel is poured on the head, at H9 the probe is lowered in imaging position without contacting the gel, at H10 the first images are acquired.

Figure 106 :

 106 Figure 106: Illustration of the marking strategy. This combination of colour minimises the risk of error.

Figure 107 :

 107 Figure 107: Illustration of the clamping procedure. From left to right: the MHC clamp, oncethe animal is in the box the implant is grasped by the experimenter, the implant is fit inside the clamp while movements of the animal as accompanied manually with the cage, the clamp is hold closed while it is screwed, the animal can move freely.

Figure 108 :

 108 Figure 108: Illustration of gel pouring. Left: gel should be first poured on the middle of the window. Middle: The gel should finally cover the whole surface and a final stroke should leave an horizontal surface. Right: coronal view, Top: if the gel does not contact the frame, it tends to flow down the lateral gutter. Filling the window down the gutter allows to get a flat layer of gel parallel to the probe surface.

Figure 109 :

 109 Figure 109: Illustration of the implant. Left: initial implant with a limited field of view (green). Right: The new implant increases significantly the field of view extend.

Figure 110 :

 110 Figure 110: Picture of the surgery preparation. Left: Cement kit, the opaque powder shall be favourised to identify clearly where the cement is around the imaging window. Right: tools are sterilised and prepared on the sterile part of the surgery area.

2 .

 2 Preparing the instruments for surgery (a) Instrument should be sterilised before the surgery and kept in a sterile environment.

Figure 111 :

 111 Figure 111: Illustration of the surgical plane. Left: two incisions are made along the anteroposterior and media-lateral axes. Middle: The incision should reveal the occipital bone behind the lambda, the bregma and the nasal suture behind the nasal bone where it connects with the frontal one. Right: the glue must be pouredon top of the window, everywhere except around the screws. It shall contact the surrounding skin to close the wound.

Figure 113 :

 113 Figure 113: Illustration of the drilling procedure. The hole shall not penetrate through the bone. Left a first step consists in drilling a vertical pre-hole. Then the hole is widened to let the screw fit in.

Figure 114 :

 114 Figure 114: Illustration of surgery procedure. (i.) the animal is put on the stereotaxic frame (ii.) an incision is cut in the skin along the midline (iii.) the skin is cut clean and the periosteum is removed. (iv.) the temporalis muscle is detached down to mandibula (v.) som eexcess glue is poured to cover the whole surface (vi.) the glue excess is removed to have smooth and thin protective layer which forms a gutter at the interface with the muscles.

Figure 115 :

 115 Figure 115: Images of the different steps for cement deposition. Left: first, when the cement is still liquid a few drops are applied to flow along the screw in the hole. Middle: then, additional cement is poured to fill the space between the implant and the skull (white arrows). Right: Finally, when the cement becomes thick additional material is added to consolidate the fixation (yellow arrows).

1 .

 1 Preparing for surgery (a) The bench and apparatus must be cleaned. (b) The surgical area should be split in two distinct zones: preparation, surgery. (c) For the preparation area, the following supplies should be prepared and displayed: • Lubricating ophthalmic ointment, INSERM-IPNP jcm PhD thesis CRI • Electric trimmer or scissors, • Iodine solution, • Anaesthetic and analgesic drugs: -General anaesthesia is maintained through the use of a mix of ketamine (75mg/kg, 10mL/kg IP) and xylazine (7.5mg/kg, 10mL/kg IP). (d) For the surgical area, assemble and arrange the supplies needed: • Heat source as the animal must stay at 36 o C during and after surgery • Disposable supplies: -Gauzes, -Cotton applicators, -Saline solution, -Iodine solution, -Cold Iodine solution, -Bone wax, -Surgical string • Sterile surgical instruments: -1 scalpel, -1 pair of coarse scissors, -1 pair of fine scissors, -1 surgical microscissor -2 clamps, -2 twizzers (1 sharp, 1 round shape), • Stereotaxic frame without micro manipulators, • Surgical microscope, • Surgical milling tool for micro surgery, • Metallic milling brush. • Catheter. 2. Preparing the instruments for surgery (a) Instruments should be cleaned before surgery.

  of the skin: A. The surface is cleaned with some iodine solution. B. One incision is made along the sagittal suture on the antero-posterior midline, between the neck muscle and the masal bone. C. The 2 skin flaps detached carefully as wide as to reveal the temporalis muscles and clamped in position to keep the top of the skull accessible. D. Superficial adipose tissue is removed with scalpel tweezers and scissors to let the skull apparent. E. Both temporalis muscles are detached down to the mandibula on the side of the temporalis edges. F. The whole surface shall be cleaned with saline and iodine. ii. Thinning:A. Both parietal bones are delineated,• It is recommended to start with the sides of the bone which are denser and vascularised at the level of sutures. • extra care should be given not to puncture the sagittal sinus.• The window should be limited to the slice of interest and neighbouring area. • During thinning, the skull should be regularly cleaned with cold water to avoid overheating induced by the milling process. • In case of bleeding and more specifically puncture of a sinus, bone wax can be used to stop the haemorrhage. B. The temporal edges are trimmed of.

  The surface is cleaned with saline, some gel is poured on top of the surface (E.2.3). (b) The motorised plateform is turned in imaging mode. (c) The probe is lowered into the gel through the Neuroscan interface (B.4.2). (d) The probe is moved in the slice of interest(E.4.2).

Figure 116 :

 116 Figure 116: Illustration Induction and Deduction principles. Left: induction generalises observations. Right: deduction predicts from general premises. Dotted arrows show circularity in the reasoning. Adapted from Libre Text Biology.

-

  For checking datasets validity -For analyses pipelinesF.3.1 Formalism of data structureIn our case, formally speaking, a datastructure can be define as a finite collection of images C = {I i , i ≤ N ∈ N} associated with an ordered collection of partitions of C, p ⊂ P (C).

Figure 117 :

 117 Figure 117: Illustration of datastructure in imaging. Left: a collection of data with a first partition based on treatment. Middle: the same collection of data with a second partition. Right: examples of datastructure with two different orders based on different orders in partitions.

  3.1), BIDS describes data based on three partitions : subject > session > datatype. In practice, BIDS dataset hierarchy must look like:

  ): • Pulse Repetition Frequency : the tilted planes emission rate in Hz • Number of angles : the number of tilted planes sent to generate one ultrafast image • Number of Ultrasound Images per Doppler Image: the number of ultrafast images used in an ensemble to generate one PD image • Clutter Filter Duration : the duration in seconds of the window used to filter out the clutter • Power Doppler Duration : the duration in seconds of the ensemble used to generate one PD image = NumberOfImagePerBlock x \verbNumberOfAngles! × PulseRepetitionFrequency • Power Doppler Repetition Time : duration in second between two consecutive ensembles first frames • Repetition Time : Time between the two first frames of a motor position cycle • Acquisition Duration : Duration in seconds of a volume acquisition • DelayTime : time between two successive volumes = RepetitionTime-AcquisitionTime Please Note:

Figure 118 :

 118 Figure 118: Illustration of the acquisition parameters identified for metadata of FUS-BIDS. Top: full cascade of acquisition, in blue individual pulses, green are the PD enseble, red are the clutter filter ensemble, grey are the ultrafast images, yelow are the PD. Middle: In the case delay = 0 three examples are given to illustrate the different cases when PD and clutter filter ensembles don't overlap. Bottom: case of tomographic 3D images, blue is the volume.

Fig1:

  Fig1: Illustration of fUS acquisition cascade in the case of static 2D or 3D fUS. In blue are represented individual pulses with multiple angles of propagation. The images acquired with various angles are compounded to generate a single ultrasound image in grey. Ultrasound images are gathered as an ensemble (green and red) to be integrated in a Power Doppler image shown in yellow.

Fig2:

  Fig2: Illustration of fUS acquisition cascade in the case of multislice acquisition (spatial integration over time using a motorised platform). Multiple slices are acquired at different positions of the probe to generate a volume (blue).

  Fig4: Illustration of sparse pd3dt multislice acquisition.

Figure 120 :

 120 Figure 120: Illustration of the template and rois used in the opioids campaing. Left: Template computed out of 526 sessions. Middle: rois obtained automatically based on 90 sessions. Right: labels of rois used in the opioids study

Figure 121 :

 121 Figure 121: Illustration of the basal awake mice brain basal state. Top: CBV raster plot, a global decay of CBV can be seen. Middle: evolution of functional connectivity with time. Top row shows CM, a loss of inter meta region can be seen. Last three rows show SBM, bilateral connectivity is the main fetures of basal state. Bottom: Left: The network of P 5 connectome shows strong bilateral connectivity and intra meta region connectivity. Right: Additional six SBM at P 5.

Figure 123 :

 123 Figure 123: Illustration of perfusion evolution after injection of morphine. Left: Raster plot of CBV for the 5 conditions. Middle: regional map of hyperperfusion at P 1 and P 2, hyper perfusion is mainly localised in the cortex. Right: timeseries of percentage signal change relative to baseline in 3 regions. The signal is filtered with Savitski-Golay filter (1min window, order 2), 95% confidence interval is given, dotted line represents 50% increase relatively to saline.

Figure 124 :

 124 Figure 124: Illustration of different doses of morphine influence on mice connectome. Correlation matrices for the 4 doses and all 10min windows, grey vertical bar represents the injection time. A dose and time dependent fingerprint can be seen.

Figure 125 :

 125 Figure 125: Illustration of the morphine induced connectome perturbation. Left: Significant matrices for all 4 doses at 4 timings, from left to right 10min before injection, right after injection, 20min and 40min after injection. The pattern seen in correlation matrices seem to be statistically significant. Middle: Correlation networks at the same timings as for significance matrices. Right: Significance network at the 4 timings for W T M 30.

Figure 127 :

 127 Figure 127: Illustration of different doses of morphine influence on mice seed based maps in various ROIs. Top: dose dependence of the significant effect at P 3 for various ROIs from left to right: Ctx Lat-L, Hip CA1-L, HY-L. Bottom: Three SBM of morphine fingerprint characteristic ROIs at P 5 from left to right: Ctx-L, Hip CA1-L, DTHal-L.

Figure 128 :

 128 Figure 128: Illustration of different doses of fentanyl influence on the awake brain function.i.: raster plot of regional CBV after fentanyl injection for all 4 doses. ii.: CBV timeseries for all 4 doses of fentanyl in 3 ROIs, from left to right Ctx -L, HipCA1 -L and V T hal -L. iii.: time evolution of the connectome represented as CM and significance matrices.

Figure 129 :

 129 Figure 129: Illustration of different doses of fentanyl influence on the awake brain connectome. i.: illustration of dose dependence with all 4 doses, with Ctx-lat-L SBM at P 3 and significance networks for P 1, P 3 and P 5. ii.: SBMs from different seeds for WTF025 at P 3, from top to bottom Ctx -L, HipCA1 -L, DT hal -L, V T hal -L.

Figure 130 :

 130 Figure 130: Illustration of the tracking and perfusion in genetic and pharmacologic controls for the opioids fingerprint. Left: tracking analysis of WTNM cohort, no hyper mobility is observed. Right: CBV raster plots for the 6 conditions, top row shows negative and positive control with WTSC11 and WTM30. All other conditions without hyper perfusion are closer to negative control.

Figure 131 :

 131 Figure 131: Illustration of genetic and pharmacologic controls for the opioids functional connectivity fingerprint. Left: connectome wide effect for all six conditions at P 3, from left to right: average correlation matrix, significance matrix, correlation network and significance network. Right: SBM in two regions ( Ctx Lat-L and DThal-L) for all six conditions.

Figure 132 :

 132 Figure 132: Illustration of acute morphine injection influence in C57BL/6 mice in different anteriority. 4 slices are displayed. On the left is a reminder of the ROIs computed automatically. On the right SBMs with seeds in various ROIs during saline and morphine condition.

Figure 133 :

 133 Figure 133: Illustration of BALBc specificities. Left: both average image over the cohorts are displayed (C57BL/6 n = 18, BALBc n = 24), red indicates C57BL/6 and green BALBc. Right: Top: example of artefacted SBM. Due to an acquisition card failure, an artefact is present in BALBc cohort, therefore seeds have been chosen in the right part of the brain. Bottom: sagittal view fro mthe anatomical scan of one recording from each cohort. Over each image is drawn an approximation of the brain surface. Despite the registration efficiency, due to morphological difference, C57BL/6 and BALBc slices don't match exactly.

Figure 135 :

 135 Figure 135: Illustration of acute morphine injection influence in BALBc mice brain function compared to C57BL/6 mice. All results are displayed for P 5. Top: FC fingerprint at the connectome level, Bottom: SBMs with seed from 4 ROIs ( Ctx-R, DThal-R, Hip CA1-R, HY-R).

G. 8 . 1 Data

 81 Brain activity is followed in 27 wild type C57BL/6 mice after the injection of various compounds. All treatments follow the classical 3 recording design (Fig.G.1.1).

Figure 136 :

 136 Figure 136: Mice mobility during dose pharmaco study. Top left: control behaviour of mice, individual mobility is random and slightly decaying at the population level from 17% down to 7%. Bottom and righ: from top to bottom, left to right: buprenorphine, methadone, CP 55, 940, cocaine and ketamin.

Figure 137 :Figure 138 :

 137138 Figure 137: Illustration of different pharmacological treatments on awake brain function. Top: follow up of regional CBV after injection for all 5 compounds, from top to bottom, left to right: buprenorphine, methadone, CP 55, 940, cocaine and ketamin. Bottom: timeseries of brain perfusion in Ctx-L, Hip CA1-L, VThal-L.

Figure 140 :

 140 Figure 140: Illustration of the experimental design used for the cannabinoids study. Rectangles represent recordings, 10min analysis windows are displayed below and their respective abbreviations. Top: classical pharmacological protocol. Three recordings are performed (20min + 30min + 30min). The animal is injected between the Baseline and Phase 1. Bottom: specific case of AM 251 pre-treatment, the first injection contains only the antagonist. 30min later the active compound is injected and the haemodynamics recorded for an additional 30min.

Figure 143 :

 143 Figure 143: Illustration of the dose and time dependent effect of THC influence on mice brain connectome. i.: illustration of the dose dependence in FC perturbation with CM at P 6. iii.: illustration of disconnection kinetics in WTTHC10 at P 1, P 3, P 5; with 6 different ROIs SBM at P 3 and P 5. iii.: typical THC connectivity pattern with W T T HC10 at P 5.

Figure 144 :

 144 Figure 144: Illustration of the effect of THC (10mg/kg) influence on the connectome at the SBM level. SBM and significance difference with reference dataset for W T T HC10 at P 3 and P 5, with seeds in 6 different ROIs.

Figure 145 :

 145 Figure 145: Illustration of the influence of AM 251 CB1 antagonist of T HC fingerprint. i.: mobility after AM 251 injection (first red bar) and T HC (second red bar). ii. comparison of FC T HC induced shift with and without AM 251 pre-treatment.In red are circled comparable timings after T HC injections represented on the right as significance networks. iii.: evolution of perfusion after AM 251 injection (first grey bar) and T HC 30min later (second grey bar). iv. difference in SBM and its significant shifts 20min -30min after T HC injection with an without AM 251 pre-treatment.

H. 6 . 1 DataFigure 146 :

 61146 Figure 146: Illustration of different doses CBD influence on mobility and perfusion. Top: locomotor activity under the influence of multiple doses of CBD, the mobility is not affected by either doses of CBD. Bottom: raster plot of brain perfusion evolution after CBD injections (2mg/kg, 6mg/kg and 20mg/kg).

H. 6 . 4

 64 Correlation matrices(Fig.147, i.) shows the dose dependence of CBD fingerprint at P 6. No significant change of connectome as compared to baseline is observed. The average CMs show a classical basal late state (no dorsal thalamus connection with the cortex), where the hippocampus is more positively connected to the cortex and very mildly negatively anti correlated with the thalamus.(Fig.147, ii.) displays the time dependency of CBD (6mg/kg) influence on the connectome. As previously observed, the CM structure is close to basal state evolution. Main distinction relies in global increased correlation toward positive values mostly in hippocampo

Figure 148 :

 148 Figure 148: Experimental plans for the different types of sessions of the psilocybin project.The three protocols shall account for most pharmacological studies with: Top: follow-up of a single acute injection, Middle: follow-up after pre-treatment (antagonist for example), Bottom: short recording for long term effect.

Figure 150 :

 150 Figure 150: Illustration of the head-fixed mouse locomotor activity. Top: raster plot of individual mice (n = 101) locomotor activity. Bottom: average mobility shows constant and slow decrease in mobility.

Figure 154 :

 154 Figure 154: Illustration of the dose dependent effect of psilocybin influence on brain perfusion.Top: illustration of time dependency of psilocybin effect on the connectome for 5mg/kg with CM and significance matrices. Grey bar reprensents the injection. Bottom: Illustration of average connectome for V HT 0 and P silo5T 0 at P 2 and dose dependence with significance networks for the 3 doses.

  156) displays mobility of mice after injection of the first the pre-treatment (first red bar) then treatment (second red bar). The top row shows pre-treatment with M DL vehicle.

Figure 157 :

 157 Figure 157: Illustration of M DL pre-treatment and lisuride influence on locomotor CBV and controls for FC patterns. Left: raster plot of CBV evolution for all 6 conditions. Right: FC patterns (left average network, right significance network) for control conditions. From top to bottom: 10min after injection of M DL vehicle, 10min after injection of lisuride vehicle, 10min after injection of M DL.

Figure 158 :

 158 Figure 158: Illustration of FC fingerprint of lisuride and psilocybin and its interaction with M DL pre treatment. Left: FC average (Top) and significance (Bottom) networks for lisuride and psilocybin at P 4 (immediately after injection) and P 6 (20min after injection), with or without M DL pretreatment. Right: SBM for seeds in 4 different ROIs (Ctx -L, HipCA1 -L, DT hal -L, V T hal -L) for the same 4 conditions. SBMs are displayed in the same order as the networks.

Figure 160 :

 160 Figure 160: Illustration of the template and ROIs used in the consciousness study. Left: Template computed out of 526 sessions. Middle: ROIs obtained automatically based on 90 sessions. Right: labels of ROIs used in the opioids study

Figure 162 :

 162 Figure 162: Illustration of the conscious states mobility signals. Mobility of the mice underK/X and Iso conditions, V HT 0 is given a reference as control cohort. Iso recording shows 30min of baseline, 30min under anaesthesia followed by 30min of recovery. K/X recording shows 30min of baseline followed by 30min after injection of the anaesthetic agent.

Figure 163 :

 163 Figure 163: Illustration of the conscious states perfusion evolution in time. Left: CBV rasters for both anaesthetised conditions. For the sake of comparison, perfusion after saline injection is plotted as well. Middle: timeseries of percentage CBV after Iso inhalation, relatively to saline. The dotted line represents 100%. Right: timeseries of percentage CBV after K/X injection, relatively to saline. The dotted line represents 50%.

Figure 165 :

 165 Figure 165: Illustration of the conscious states fingerprint. SBMs and significance difference with baseline condition in Left: Iso condition at P 1 -4 and P 6, Right: K/X conditions at P 1 -3. From top to bottom the seed is respectively placed in CtxM ed -L, Hip -CA3 -L, V T hal -L.

Figure 168 :

 168 Figure 168: Illustration of the comparison of different treatments influence on functional connectivity. The average network of connectivity is displayed for all 11 treatments in addition to saline for the sake of comparison. Two main categories of connectomes can be identified, with positive or negative markers.

Figure 169 :

 169 Figure 169: Illustration of the comparison of significant connectome differences between the different treatments and saline conditions. The significance networks of connectivity are displayed for all 11 treatments. The different subclasses of connectomes can be identified, with positive or negative markers.

Figure 172 :

 172 Figure 172: Illustration of the CAPs associated to each treatment. From top to bottom: M ethadone n = 10, Buprenorphine n = 9, CP 55, 940 n = 9, Ketamine n = 10, Cocaine n = 14, K/X n = 8, Iso n = 10

Figure 173 :

 173 Figure 173: Illustration of the CAPs associated to each treatment. From top to bottom: saline n = 37, M orphine n = 37, F entanyl n = 36, T HC n = 30, CBD n = 30, P silocybin n = 30

Figure 174 :

 174 Figure 174: Illustration of the relative entropy evolution with time following various treatments. Straight lines represent both saline controls. In dotted line are represented the various treatments. In green are displayed opioids cohorts. In orange/yellow are displayed psilocybin cohorts. In blue are displayed anaesthetised cohorts.

  

  

  

  

  

  

  

  

  

  

  

  Tilted planes: 11 tilted planes are combined in a coherent fashion to increase the SNR and generate one ultrafast image

	Clutter

ensembles: 200 ultrafast images are gathered together to estimate tissue and blood space through SVD Ultrafast ensembles: the Power spectrum is estimated over 200 filtered ultrafast images to estimate the CBV

  Probe holder linking the probe to the motor module[START_REF] Deffieux | Functional ultrasound neuroimaging: a review of the preclinical and clinical state of the art[END_REF]. 8. 15 MHz ultrasonic probe. 9. Ultrasound gel placed between the mouse head and the ultrasound probe, providing acoustic coupling between them. 10. Servo-Motor driving the whisker stimulator. The Servo-Motor is controlled by an Arduino Uno card which is interfaced with the Iconeus

	clamping the head plate. 7. One system through TTL signal (1) in order to synchronize stimulation patterns with imaging sequences. C. Illustration of
	the different spatial sampling possibilities (created with BioRender.com): in each case, the probe is stepped from the first
	position to the last one and a Doppler image is recorded at each position to reconstruct the stacked volume. This process is
	continuously repeated during the whole acquisition time. Dense Scan (left): the step between slices must be small enough
	(typically 400 µm, which corresponds to the elevation resolution) to allow volumetric imaging. Sparse Scan (right): if distant
	functional regions are targeted (at different positions), it is also possible to decrease spatial sampling to image different slices
	that intersect these regions while not compromising the temporal sampling. Please click here to view a larger version of this
	figure.
	2. Four-axis motors module (three translations and one rotation) monitored
	by Iconeus One system (1) and allowing 3D tomographic scans or 4D acquisitions. 3. Air dispensing table. 4. Mobile Home
	Cage (MHC). 5a,5b. Photographs showing closer views of the animal's environment inside the MHC. 6. Head fixation system

  Tournissac et al. 2022;[START_REF] Brunner | Whole-brain functional ultrasound imaging in awake head-fixed mice[END_REF] may overcame this loss of sensitivity at the cost of more invasive surgery, modification of cortical blood flow patterns and increased variability due to post-operative complications. An intermediate solution is skull thinningUrban et al. (2014), less invasive but also potentially inducing post-surgical variability at the cohort-level. In our hands, transcranial fUS imaging is still significantly more sensitive than fMRI, so it is well-adapted for a first measure of drug-induced effects in the mouse brain with reduced variability. The second, partially related trade-off is between spatial coverage and experimental throughput. Here, by searching for a pharmacological validation through imaging several drugs in various mouse strains, two of them in different doses, we choose to image a single representative brain slice which was easily identified at the beginning of the imaging sessions

through its specific vascular pattern. Notably, this single slice yields already highly significant and reproducible results. Our imaging protocol can be easily extended for 3D coverage, either by a motorized scanning protocol as we have described previously

(Bertolo et al. 2021)

, or by a new generation of 2D matrix probes

(Rabut et al. 2019; Brunner et al. 2020)

. However, in our experience current matrix probes still lack sensitivity, that limits their use for minimally-invasive transcranial imaging.

  . Seed-based maps illustrate voxel-wise correlations, i.e. the fine spatial distribution of connectivity, by showing the Pearson's correlation coefficient with the spatial average of timeseries from a single seed ROI. Both correlation matrices and seed-based maps follow a mass univariate approach. All tests are 2-samples and compare any experimental cohort (n ∼ 10) with a reference cohort of (n = 47) animals injected with saline imaged in the same conditions. Comparisons are made between the same 10 min windows between both groups. Each independent element of the matrix (lower left triangle) or voxel of the SBM is compared between groups. It results in multiple independent two tailed t-tests. For each test a p-value is estimated using the following decision treeRahal et al. (2020):

	• Shapiro-Wilk's test assessed distribution gaussianity, α = 0.1 • If gaussianity is not verified, a Mann Whitney U-test is applied. • If gaussianity is verified, variance of the distributions are compared resulting in a equal variance or unequal variance t-test.

1

  Illustration of the imaging principle. Is illustrated the path of information in the case of photographic imaging. 1. An illumination source sends an optic wave which 2. interacts with an object and is collected through focalising lens by a camera making the physical acquisition. 3. The optic wave interacts with an argentic latent film for probing. 4. The film is developed to reveal the image and allow log term storage as acquisition pre-processing.4. The image is finally projected and cropped on a photographic paper to reveal the image of interest and a second development fixes it as a photography which is imaging analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2 Illustration of fUS imaging pipeline network example. Each arrows represent a type of processing, each square is an image of the previous level image. The network is directed and each additional depth increases the number of potential image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3 First scientific images of the brain. Left: the base of sheep brain, the circle of Willis, Cerebri Anatome (2), T. Willis -Middle: the cortical fields of the lateral and medial hemisphere surface of man, Comparative theory of localisation of the cerebral cortex presented in its principles on the basis of the cell structure, Illustration of the neuron centred model of the brain. The neuron is the elemental unit of computation which integrates inputs from other neurons combine them in function of its internal state which subsequently engenders or not an output. Neurons form a network whose function emerges out of its complex coupling and the result of all neurons operations. The same formalism can apply to the neuron, the brain or its parts, subnetworks that can are classically associated to specific subfunctions. . . . . . . . . . . . . . . . . . 27 6 Illustration of how level 1 acts as a standardisation process. With two different modalities (left 2 photon calcium imaging, right micro electrode array), the same concept is measured, characterising the neuronal network state by identifying each cell activity. This is modelled by a raster plot which is the same object for both modalities, one line represents a cell each dot is an AP. 28 Illustration of level 1 example for fMRI classical GLM analysis. Complex spatio temporal data are projected on a smaller object of interest called statistical map. The statistical map is built based on a model of the experimental environment and the model of knowledge of the HRF. It concentrates information of interest to study the system. . . . . . . . . . . . . . . . . . . . . . . . . . 29 8 Illustration of the successive steps required for ultrafast Power Doppler imaging. First an ultrasonic wave is emitted and scattered back going through the imaged medium. The probe records a RF signal, from which beamforming forms a conventional B-mode image. It is after clutter filtering of a stack of such images that Power Doppler images can be computed. Adapted from [Mace et al., 2013]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 9 Illustration of wave propagation. Particle in the medium oscillate along the direction of propagation. At any given moment the pressure in the medium follows a sinusoidal law. The propagation can be observed through a linear shift of phase with time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 10 Illustration of the reflection principle. When a wave meets the interface between two mediums of distinct impedance, respectively Z 1 and Z 2 , the wave is split in two, a first part in the propagation direction, it is the transmitted wave, the other one in the opposite direction, it is the reflected wave. If both are of the same order of magnitude the reflection coefficient ≈ 1/2, if they are far apart reflection increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 11 Illustration of the principle of echolocalisation in the 2D case. For a single scatterer case only distance from the probe can be solved with a single transducer. If two sensors are present the exact position can be inferred as the intersection between the two circles centred on the sensors whose radius is proportional to the time the echo took to come back. . . . . . . . . . . . . . 38 12 Illustration of the different strategies for focalisation. Left: a single transducer emits a spherical wave that dilutes its energy through radiation in all directions. Middle: by the use of a lens, energy can be directed toward the focalisation direction. Right: using an array of transducer, with the proper delays at emission any type of wavefront can be generated: plane with different directions, focalised or divergent. . . . . . . . . . . . . . . . . . . . . . . . . 39 13 Illustration of the probe. The emitted beam is directed by a lens giving a third dimension extend to the field of view. Each voxel measures 110 × 100 × 500µm 3 40 14 Illustration of the difference between conventional and ultrafast ultrasound imaging. Top: conventional imaging scans the image per line, therefore, only a few tenths of samples can be used to estimate the power doppler. Bottom: by imaging with plane waves, ultrafast ultrasound imaging increase by more than 10 the number of sample usable for P D estimate. adapted from [Macé et al., 2011]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 15 Illustration of pulsed power Doppler principle. A moving scatterer generates a recorded signal which is dephased for each pulse at the P RF . The sampled signal is a dilated pulse at a frequency proportional to the Doppler frequency. 44 16 Illustration of the principle of fUS acquisition cascade. The machine acquires RF images at very high frame rate of 5500Hz with different tilted plane waves. 11 tilted pulse are compounded to generate one IQ at 500Hz. Circled in red are the online data which are deleted once the IQ image is computed. 200 images are gathered in a block and after clutter filtering with the SVD algorithm PD is computed. Circled in green are ultrafast images analysis pipeline to generate PD images, depending on the application these data must be stored or not.Circled in purple, PD data represent CBV and are the raw data for FC studies. 17 Illustration of the vascular system. Atlas of the vascular system[START_REF] Xiong | Precise cerebral vascular atlas in stereotaxic coordinates of whole mouse brain[END_REF], in red is displayed the main arteries in blue the main veins. . . . . . . 18 Illustration of the vascular structure. Schematic of the arterial vascular hierarchy[START_REF] Xiong | Precise cerebral vascular atlas in stereotaxic coordinates of whole mouse brain[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 Illustration of the main brain veinous drains. MRI angiographic scan. In red is represented the brain tissue, in white are the main vessels. Left: caudal view, Middle: Top view, Right: Top: saggital view, Bottom: perspective view of frontal regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 Illustration of the neuronal network from [Getting, 1989]. Left: individual building blocks of the network (triangle: excitation, dots: inhibition). Right: distinction between anatomical and functional networks. Top: Example of anatomical network in Tritonia escape swimming network. Bottom: two examples of functional network, whether C2 is deactivated or not. . . . . . . . 21 Illustration of the main resting state networks identified by ICA across six different studies from [van den Heuvel and Hulshoff Pol, 2010]. These mode can be identified reliably across multiple cohorts with an unbiased method. . 22 Illustration of CAPs principle adapted from [Gutierrez-Barragan et al., 2019]. Top: principle of CAPs ecomputation, frames are taken idependently and clustered with kmean algorithm. Each cluster centroid makes one CAP. Bottom: Left: example of typical CAPs in anaesthetised mice, 6 predominant CAP explain ∼ 60% of the signal variance. They can be associated by pair suggesting oscillatory underlying mechanism. Right: phase analysis of CAP occurence relatively to global signal oscillation. Each CAP occur preferably at a certain phase of GS oscillation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 Illustration of registration transform. Left: Different types of geometric transforms. Similarities preserve angles and ratios, affine preserve parallelism, projections preserve colinearities, conformation preserve angles, equiareal transforms preserve the area, homeomorphism preserves neighbourhood and diffeomorphism are invertible bidifferentiable transforms. Right (adapted from https://elastix.lumc.nl/download/elastix-5.0.1-manual.

K. Brodman -Right: Pyramidal cells of layer 5 of the Cerebral Cortex, R. y Cajal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 4 Illustration of the brain imaging methods in recent history. a. ventriculography is the first non invasive method for imaging brain anatomy. b. in 1924 Hans Berger publishes his first recordings of brain function, measured by electricity. c. first image obtained with a CT-scan. d. evolution of PET image quality in the 70s. e. in 1992 for the first time, with f M RI both anatomical and functional features of the brain can be recorded at the same time from intrinsic signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 5

  Illustration of the TG artefact and its influence on FC measure. Top: incoherent average over all voxels and all individuals of the global signal, Left: after saline injection, Right: after injection of morphine (30mg/kg). Bottom: Left: SBM analysis with a seed place in the cortex with minimal preprocessing for either saline of morphine treatment (Top two lines: without masking prior clutter filter, Bottom two lines: after masking of the data). Right: example in a single animal of max intensity projection (Left: at baseline, Right after injeciton of morphine). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 38 Illustration of the analysis of TG signal and its interaction with various treatments. Left: Average peak in the first 10min following injection of saline or morphine, in the TG or Ctx, with or without masking prior clutter filter. Right: Top: Hypothesised positions of the TG based on the awake 3D template (13.3.1) in five different anteriorities. Right: Evolution of data dispersion after different treatments (top row: morphine (last baseline B2), bottom: psilocybin (last baseline B3)), dispersion if measured at the individual level with standard deviation, bar represents the median. . . . . . . . . . . . . . . . . 146 39 Illustration of the reference connectomes, locomotion traces and perfusion raster. 30%). . . 152 40 Illustration of the influence of movement on FC. Average mobilities and FC connectomes (computed on the 10min window preceding the second red bar) are displayed for 4 different conditions. The 4 treatments are associated to either high (left) or low (right) mobility while connectomes are either positive (top) (strong absolute values of correlation) or negative (bottom) (low connectivity). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 jection in respec to regional CBV. Left: Average network for the whole follow up of each treatments connectome. From top to bottom: fentanyl, buprenorphine, ketamine, mathadone, and isoflurane. Grey bar represents treatment injection, for isoflurane, the first bar represents beginning of inhalation and the second one the end. Right: perfusion displayed as a raster plot for all treatments, vertical bar represents respectively the injection or beginning and end of inhalation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154 42 Illustration of the trigeminal ganglion anatomy based on multiple techniques. (i.): comparison between TG localisation in rat brain and hypothetical position in mouse brain based on fUS data. From left to right: PD in awake mouse at VB, PD in anaesthetised and craniotomised rat, 3D reconstruction of isotropic tomographic scan (TG: trigeminal ganglion, IC: internal cere-
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		. 137
	36 Illustration of strategies to increase order 0 SNR. Top: single animal averaged	
	pd2dt over time, Bottom: distribution of intraparenchymal voxel intensity in	
	dB. From left to right: replacement of skull with pmp, use of isoflurane, adding	
	microbubbles, thinning the skull under ketamin/xylazin anaesthesia. . . . . . 138

10 days and 2 weeks present smaller deviation than 5 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 35 Illustration of the variation of signal quality depending on the imaged strain and age. Top: single animal averaged pd2dt over time, Bottom: distribution of intraparenchymal voxel intensity in dB. From left to right: wild type C57BL/6 aged ∼ 70d, wild type C57BL/6 aged ∼ 280d, C57BL/6 mutant µ-opioid receptor KO, C57BL/6 mutant µ-opioid receptor 10ST A phosphorylated, wild type DBA2, wild type BALBC, wild type SW ISS. . . . . . . . . . . Top: Left: 4 different types of fingerprints illustrated as average correlation networks, from Left to Right: negative effect is associated to reduced connectivity, the reference connectome shows basal state connectome, positive effects show high absolute values in both positive and negative correlation, hyper connected state is associated with global correlation for the whole network. Right: perfusion raster for 4 different conditions, from top to bottom: saline is associated with mild decrease of global perfusion principally located in the cortex, ketamine shows in addition a focal hyper perfusion after injection, isoflurane presents a huge increased perfusion after the beginning of inhalation and a sharp decrease after removal of the mask, methadone presents a sharp increase after injection maintained for the whole hour of follow-up. Bottom: Left: T HC induces a quick reduction of locomotion resulting in almost immobile mice, saline injection presents a relative linear decay of mobility followed by a plateau, buprenorphine presents a focal increase of mobility followed by pathologically high locomotion (50%) way above basal values (20 -bral artery, arrows point to the TG) (adapted from [Réaux-Le-Goazigo et al., 2022]). (i.) photographies of TG after decerebration. Left: localisation of main TG and trigeminal nerve components (1: opthalmic, 2: maxillary, 3: mandibular, 4: 5 th cranial nerve, tg: trigeminal ganglion) and other structures (olf: olfactory bulb, on: optic nerve) in the mouse brain [Malin et al., 2007]. Right: Localisation of the TG below rats' brain [Sankaran et al., 2012]. iii.: experts estimation of TG position in fMRI anatomical scans (red: ganglion, green: nerve). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 43 Illustration of the registration efficiency estimation. Left: example of systematic mis-registrations over 6 trials.

  Ctx-L, Hip-L and VThal-L. . . . . . . . . . . . . 171 49 Illustration of the correlation coefficient stability depending on the sample size.Coefficients are estimated on a cohort of 10 animals 30min after injection of saline, all coefficients are estimated over a 20min window sampled randomly with an increasing number of samples. Left: sample size dependence of correlation coefficient between multiple regions. Bilateral hippocampus represents stable high value, Bilateral ventral thalamus represents high but more unstable correlation, Bilateral medial cortex represents unstable low values and Hippocampo-Thalamic represents mild negative value. Illustration of the overall analysis pipeline for functional connectivity in awake mice using transcranial functional ultrasound. From Top to Bottom: a first custom loop masks raw IQ data to stabilise clutter filter, data are standardise following FUS-BIDS, registered on a custom template, pre-processed by normalisation, regression of the firs SVD mode, filtered between [0.01, 0.1]Hz and finally scrubbed; SBM and CM are analysed with conventional mass univariate approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 Illustration of the plane of interest and its template. Left: Example of a single session, Right: template averaged over 526 sessions. Averaging smooths the data cancelling too specific high frequency details that would make registration overfit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 Illustration of the 5 planes of multiplane study template. Top: from Left to Right: Frontal, VB and Caudal, Bottom: from Left to Right: Medial and Lateral . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 Illustration of PD based fUS 3D atlas in awake state. Each slice location is identified relatively to the vascular bregma. Due to awake state, the field of view is limited in the back by the implant, on the side by the muscles. . . . . 54 Illustration of PD based fUS 3D atlas in anaesthetised state. Each slice location is identified relatively to the vascular bregma. The field of view extends over the full cortex. The preparation results in high SNR which allows to identify with precision many anatomical landmarks. . . . . . . . . . . . . . . 55 Illustration of PD based fUS 3D atlas in anaesthetised state superimposed on the Allen Brain Institute histological template. Each slice location is identified relatively to the vascular bregma. The anaesthetised template high SNR allows to evaluate coregistration fit as it matches the different nuclei structures. . . 56 Illustration of PD based fUS 3D atlas in anaesthetised state superimposed on [Coletta et al., 2020] mouse MRI targetted parcellation. Each slice location is identified relatively to the vascular bregma. Due to the angle with the probe, the usual fUS coronal slices don't match conventional allen representation. This atlas allows better estimate of each slice positioning and associate the different structures with identified regions. . . . . . . . . . . . . . . . . . . . 57 Illustration of the Allen's template and parcellation projected in the awake head fixed reference plane at VB. Left: superposition of the awake 3D template slice at V B superposed to the estimated allen histological slice at V B. Right: Superposition of the full Allen parcellation (839 regions, 133 ROIs were identified in this plane) with the estimated allen histological slice at V B. . . 58 Illustration of the Allen's template and parcellation projected in the awake head fixed reference plane at VB with labelled regions. . . . . . . . . . . . . clustering of voxelwise correlation matrix. Top: three different clustering results depending on the number of clusters put as parameter of kmean. Bottom: illustration of the parcellation after removing artefacted clusters and symmetrising the ROIs, comparison with the estimated equivalent slice from the Paxinos atlas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191 60 Illustration of automatic parcellation performed on basal state. Top: Example of parcellations obtained with different sets of 10 sessions. Bottom: Left: parcellation obtained witth all 90 sessions, a. superposition of the parcellation with the VB slice template, b. voxel wise sum of absolute correlation with the network, c. Laplacian of the correlation sum, d. superposition of the parcellation with the correlation sum laplacian. . . . . . . . . . . . . . . . . 192 61 Illustration of the automatic parcellation superposed with the estimated VB slice in the Allen's space. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 62 Illustration of automated parcellations computed for the multiplane study and superposition with estimated slice in the Allen's space.
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48 Illustration of the correlation coefficient stability depending on the window size it was computed on. Coefficients are estimated on a cohort of 10 animals 30s after injection of saline. Left: Window size dependence of correlation coefficient between multiple regions. Bilateral hippocampus represents stable high value, Bilateral ventral thalamus represents high but more unstable correlation, Bilateral medial cortex represents unstable low values and Hippacampo-Thalamic represents mild negative value. Right: typical connectome measures associated to specific window durations. Top row: CM, 3 lower rows, SBM with a seed in respectively: Right: typical connectome measures associated to specific sample size. Top row: CM, 3 lower rows, SBM with a seed in respectively: Ctx-L, Hip-L and VThal-L. . . . . . . . . . 173 Top: Left: caudal (AP -3mm), Right: Medial plane (M L + 0.2mm); Bottom: Left: frontal (AP + 1.2mm), Right: Lateral Plane (M L + 1mm). . . . . . . . . . . . . . . 194 63 Illustration of Opioids fingerprint overview. From left to right: we show that all injected opioids induce an hyper-perfusion with various localisation, amplitude and timings. The vascular burst is followed by a shift in FC which is dose and time dependent, blocked in presence of the antagonist, absent in the knock-out mice and down modulated in tolerant mice. The altered connectome is associated to 2 anticorrelated clusters located dominantly in the cortex and the hippocampus-thalamus-hypothalamus. Similar patterns were observed between fentanyl, morphine and methadone but were absent in buprenorphine which prensents a global disconnection. . . . . . . . . . . . . . . . . . . . . . 221 64 Illustration of the different reports of increased BOLD induced by oxycodone injections. From left to right:

  . . . . . . . . . . . . . . 227 67 Illustration of lagged SBMs with a seed in the cortex, at basal state and after morphine treatment. Top principle illustration, a negative lag illustrates sources of the seed. Bottom: lagged SBMs, 2s lag is added between each frame. Top: negative lags represent regions that correlate with the seed in the «past», Bottom: positive lags represent regions that correlate with the seed in the «future». Top row: represents saline treatment, Bottom row: represents morphine treatment. The zero lag frame is at the bottom left corner. . . . . 229 68 Illustration of lagged SBMs with a seed in the DT hal -L, after morphine Right: 70mg/kg. . . . . . . . . . . 232 70 Illustration of the influence of PD downsampling on FC fingerprint sensibility. The W T M 70 fingerprint was estimated on signal downsampled by a factor from 1 to 6. Left: Correlation matrices for the saline reference and morphine treatment as a function of the downsampling factor. Right: SBM level influence of the downsampling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235 71 Illustration of alternative probe designs for 3D imaging. Left: the stacked probe is composed of 4 linear arrays, leveraging all the advantage of 2D sensitivity and speed while increasing spatial at the expense of sparcity. individual fingerprints of W T M 70 cohort. Bottom: average connectome (in Fisher 's space). Left: individual SBMs with a seed in the HipCA1-L. Right: individual CMs. The grey bar represents injection . . . . . . . . . . . . . . . 73 Summary of the different points of view adopted to describe the morphine fingerprint. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 Illustration of the machine. Left: the machine is composed of a versonics vantage 256 connected to a conventional computer, Middle: it controls a motorised platform, right: on which is placed the probe which has a very modest size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 Illustration of the setup. The machine and the sending terminal are the minimal requirement for any experiment. More complex the experiment grows more device can be added, they shall all be interfaced with the sending terminal which is the hub of data. On this computer the Westron software gather automatically all data to generate a dataset suitable for analysis, informing the experimenter on potential mistakes and data quality. . . . . . . . . . . . 76 Diagram of the setup data network. Circled in green the minimal setup is relative position in the cage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 Illustration of the isolation enclosure. The box isolates the mouse from the outside stimuli during resting state experiments, whether it is visual or acoustic. Surrounding doors allow the experimenter to access the rig. . . . . . . . 80 Illustration of the complete setup. The data and peri-experimental data are recorded in parallel and gather on the sending terminal. On the sending terminal quality checks are performed before generating a dataset valid for analysis. This dataset is later analysed or stored for longterm archiving. . . . . . . . . Illustration of the Neuroscan software output structure. One directory per session and one directory per PD file. In black are directories, in gray session metadata, in red, the PD file, in green PD metadata, in purple IQ data in blue IQ metadata. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 Illustration of the Westron principles. Data are collected directly from the different machines. For video data must first be transferred on the sending terminal in a intermediary structure. Westron gathers the different output structures, removes and renames unnecessary files (doublons or not used derivatives) and generates the Friendly Data Structure (FDS) dataset. . . . . 84 Illustration of the data flow architecture across the whole institute. After being dealt with in the animal facility either on a separate hard drives fleet for IQs either through the sending terminal, data are sent to the storage server, on which: dataset structuring is finalised, IQs are recomputed, data are registered.
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treatment. 2s lag is added between each frame. Top: negative lags represent regions that correlate with the seed in the «future», Bottom: positive lags represent regions that correlate with the seed in the «past». Top row: represents saline treatment, Bottom row: represents morphine treatment. The zero lag frame is at the bottom left corner. . . . . . . . . . . . . . . . . . . . . . . . . 231 69 Illustration of the spectrum of the dorsal thalamus region in both saline condition and after injection of morphine. The loglog normalised spectrum is represented, filled surfaces correspond to 95% confidence interval. The blue spectrum represents the saline condition (n = 57), red represents the treatment condition (resp. 10mg, n = 9, 70mg/kg, n = 10). The dotted line represent the slope between 0.01 and 0.1Hz under saline condition, whose value is given in the box. Left: 10mg/kg, Middle: Matrix arrays reduce the resolution in space and time while and the sensisitivity but acquire dense 3D volumes [Rabut et al., 2019]. Right: Row-Column Arrays reduces the complexity of dense 3D imaging at the expense of spatial resolution [Bertolo et al., 2021b]. . . . . . . . . . . . . . . . . . . . . . . . . 236 dedicated to simple PD recording. In addition the machine sends a Transistor-Transistor Logic (TTL) signal to an Arduino microcontroller which dispatches the signal accross all recording devices. Finally data are sent to the sending terminal on which it is checked and structured before relaying it to the server. Additional links could be made for other applications. . . . . . . . . . . . . . 77 Measure of temperature in the room during an experience. One can see the constant increase in temperature due to poor regulation. The temperature shift can be as high as 4 o C for a full day of recording and take more than 15h to go back to normal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 Illustration of the peri-experimental recording. The sending terminal receives live stream of cameras (left) and tracking (middle). Right: picture of the setup, the probe holder (purple) move on a precision three axis (two translation one rotation) motorised platform. The two cameras (green) minimise the dead angles due to the MHC (red) walls which tracked to infer the mouse 81 Illustration of the Neuroscan software interface. Left is a screenshot of the main window to configure an imaging sequence. Right are the conventional values for awake imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  White arrows highlight the separation between the anterior choroidal artery and the internal carotide artery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 Illustration of the influence of the field of view on signal quality. In live view, at two different anteriorities (Left, Right), Full width image (128 voxels wide) have worst signal (Top) than narrow windows (69 voxels wide) with appodisation (Bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 Illustration of 3Dscan modality. Left: 3Dscans are dense recording of 7mm. Right: Illustration of different slices of a pd3d reconstructed as the mean of 10× 3Dscans. Intensity is in dB with automated saturation. Different antero-posterior, lateral and horizontal slices are given. The shadow zone can be identified as well as suture themselves for the highest horizontal plan. . . 89 Illustration of 2Df U S modality. Left: the probe is placed over the slice of interest. Middle: average image over time is presented in dB with automated saturated colormap. Illustration of the template generation procedure. Images are first registered to one reference. The resulted images are split and joined and Righ -Right images are registered on their Lef t -Lef t counterpart. Finally, images are averaged and registered on the average. It gives sequentially two template, one affine template and one bspline. The bspline template is kept as reference. An example of template generated without symmetrisation is also given. . . . . . 92 Illustration of the registration selection scheme. If the bspline registered image is satisfactory, the image is kept. Else, if the affine registered image is satisfactory, the image is kept. Else, the image is discarded. . . . . . . . . . 93 Illustration of the data driven ROIs determination procedure. Voxels are clustered based on their connectivity territories. Clusters are selected based on whether or not they are in an artefactual zone. Clusters are deflated to minimise registration based incertitude. . . . . . . . . . . . . . . . . . . . . . . . 94 Illustration of the statistical paradigm. When two distributions are given. First their gaussianity is assessed with Shapiro Wilk. If failed, a non parametric Wilcoxon-Mann-Whitney test is applied. Else is tested the variance equality.
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Right: Each voxel time series is acquired continuously, average over two ROIs are given at a sampling rate of 2.5Hz. . . . . . . . . . 90 Illustration of 3Df U S modality. . . . . . . . . . . . . . . . . . . . . . . . . . Depending on the result either an equal variance ttest is applied else an unequal variance test is applied. Finally, multiple comparisons are corrected with the Benjamini-Hochberg correction. . . . . . . . . . . . . . . . . . . . . 95 Illustration of the speed estimate based on resampled position. Blue resampled instant speed, Orange recomputed speed based on resampled positions, Grey usual threshold of movement detection. Recomputing allows to reduce digitisation based noise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 Illustration of tracking display. The upper graph represents a raster plot of mice individual movements: one mouse is represented per line, dark areas represent movements, red lines represent separation in recordings or injections. The lower graph represents an average of mobility (dark ) as percentage of mobile mouse, the 95% confidence interval is given in grey. 10min average mobility per mouse per group is given in red with vertical bar representing the 95% confidence interval. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 Illustration of CBV display. Top: Left: Raster plot of regional perfusion.

  . . . . . . . . . . . . . 98 Illustration of correlation matrices display. Left illustration of the plane of interest with automatic ROIs superimposed. Middle ROIs order, names and abbreviations. tight correlation matrix with most relevant structural examples. Illustration of a correlation network. Left: ROIs are overlayed on the template to get equivalence of nodes. The nodes have been placed to keep anatomical features i.e. symmetry and cortex on top VS Hypothalamus on the bottom. Right: The network is equivalent to a correlation matrix. Only correlation coefficients whose absolute value is above 0.3 are displayed. Positive correlation is displayed in red. Negative correlation is displayed in blue. Strength of connectivity is encoded by transparency (i.e. apparent fading for low absolute value of coefficients) and thickness. Nodes represent the overall connectivity with the network (sum of correlation coefficient with other rois normalised by the highest absolute value). . . . . . . . . . . . . . . . . . . . . . . . . . . . 425 100 Illustration of a significant effect in difference between correlation matrices.
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  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 Illustration Induction and Deduction principles. Left: induction generalises observations. Right: deduction predicts from general premises. Dotted arrows show circularity in the reasoning. Adapted from Libre Text Biology. . . . . . 117 Illustration of datastructure in imaging. Left: a collection of data with a first partition based on treatment. Middle: the same collection of data with a second partition. Right: examples of datastructure with two different orders based on different orders in partitions. . . . . . . . . . . . . . . . . . . . . . 118 Illustration of the acquisition parameters identified for metadata of FUS-BIDS. Last three rows show SBM, bilateral connectivity is the main fetures of basal state. Bottom: Left: The network of P 5 connectome shows strong bilateral connectivity and intra meta region connectivity. Right: Additional six SBM at P 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 Mice mobility during dose response of morphine study. Top left: control behaviour of mice, individual mobility is random and slightly decaying at the population level from 17% down to 7%. Bottom righ: Mobility under the influence of morphine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Top: full cascade of acquisition, in blue individual pulses, green are the PD enseble, red are the clutter filter ensemble, grey are the ultrafast images, yelow are the PD. Middle: In the case delay = 0 three examples are given to illustrate the different cases when PD and clutter filter ensembles don't overlap. Bottom: case of tomographic 3D images, blue is the volume. . . . . . . . . . . . . . . 119 Illustration of the experimental design used for the opioids study. Rectangles represent recordings, when applicable 10min analysis windows are displayed below with their respective abbreviations. Top: classical design for drug treatment follow-up. Middle: design for fast acting naloxone antagonist effect. Bottom: design for multiplane design investigating spatial extend of the fingerprint. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 Illustration of the template and rois used in the opioids campaing. Left: Template computed out of 526 sessions. Middle: rois obtained automatically based on 90 sessions. Right: labels of rois used in the opioids study . . . . . . . . . 121 Illustration of the basal awake mice brain basal state. Top: CBV raster plot, a global decay of CBV can be seen. Middle: evolution of functional connectivity with time. Top row shows CM, a loss of inter meta region can be seen.

  . . . . . . . . . . . . . . . . . . . . . . . . . . 130 Illustration of the tracking and perfusion in genetic and pharmacologic controls for the opioids fingerprint. Left: tracking analysis of WTNM cohort, no hyper mobility is observed. Right: CBV raster plots for the 6 conditions, top row shows negative and positive control with WTSC11 and WTM30. All other conditions without hyper perfusion are closer to negative control. . . . . . . Illustration of genetic and pharmacologic controls for the opioids functional connectivity fingerprint. Left: connectome wide effect for all six conditions at P 3, from left to right: average correlation matrix, significance matrix, correlation network and significance network. Right: SBM in two regions (Ctx Lat-L and DThal-L) for all six conditions. . . . . . . . . . . . . . . . . . . . . . . . 132 Illustration of acute morphine injection influence in C57BL/6 mice in different anteriority. 4 slices are displayed. On the left is a reminder of the ROIs computed automatically. On the right SBMs with seeds in various ROIs during saline and morphine condition. . . . . . . . . . . . . . . . . . . . . . . . . . . 133 Illustration of BALBc specificities. Left: both average image over the cohorts are displayed (C57BL/6 n = 18, BALBc n = 24), red indicates C57BL/6 and green BALBc. Right: Top: example of artefacted SBM. Due to an acquisition card failure, an artefact is present in BALBc cohort, therefore seeds have been chosen in the right part of the brain. Bottom: sagittal view fro mthe anatomical scan of one recording from each cohort. Over each image is drawn an approximation of the brain surface. Despite the registration efficiency, due to morphological difference, C57BL/6 and BALBc slices don't match exactly. 134 Illustration of acute morphine injection influence in BALBc mice locomotor activity and CBV.
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Top: mobility in Left: C57B\L6 mice (WTSC11, WTM30 ), Right: BALBc mice. Bottom: CBV raster plot for all 4 conditions. . . . . . 135 Illustration of acute morphine injection influence in BALBc mice brain function compared to C57BL/6 mice. All results are displayed for P 5. Top: FC fingerprint at the connectome level, Bottom: SBMs with seed from 4 ROIs (Ctx-R, DThal-R, Hip CA1-R, HY-R). . . . . . . . . . . . . . . . . . . . . . 136 Mice mobility during dose pharmaco study. Top left: control behaviour of mice, individual mobility is random and slightly decaying at the population level from 17% down to 7%. Bottom and righ: from top to bottom, left to right: buprenorphine, methadone, CP 55, 940, cocaine and ketamin. . . . . . 137 Illustration of different pharmacological treatments on awake brain function.
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  ROIs after: Left: acute injection of morphine at P 5, Right: acute injection of fentanyl at P 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 535 140 Illustration of the experimental design used for the cannabinoids study. Rectangles represent recordings, 10min analysis windows are displayed below and their respective abbreviations. Top: classical pharmacological protocol. Three recordings are performed (20min + 30min + 30min). The animal is injected between the Baseline and Phase 1. Bottom: specific case of AM 251 pretreatment, the first injection contains only the antagonist. 30min later the active compound is injected and the haemodynamics recorded for an additional 30min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538 141 Illustration of the template and rois used in the cannabinoids. Left: Template computed out of 526 sessions. . . . . . . . . . . . . . . . . . . 542 144 Illustration of the effect of THC (10mg/kg) influence on the connectome at the SBM level. SBM and significance difference with reference dataset for W T T HC10 at P 3 and P 5, with seeds in 6 different ROIs. . . . . . . . . . . 543 145 Illustration of the influence of AM 251 CB1 antagonist of T HC fingerprint. i.: mobility after AM 251 injection (first red bar) and T HC (second red bar). ii. comparison of FC T HC induced shift with and without AM 251 pre-treatment. Illustration of the dose-dependent effect of psilocybin influence on brain perfusion. Top: raster plot of CBV evolution and regional activation maps at P 1 and P 2 in all 4 conditions. Bottom: timeseries for 3 doses of psilocybin in 3 different regions. ii. Top: illustration of time dependency of psilocybin effect on the connectome for 5mg/kg with CM and significance matrices. Grey bar reprensents the injeciton. Bottom: Illustration of average connectome for V HT 0 and P silo5T 0 at P 2 and dose dependence with significance networks for the 3 doses. iii. Illustration of fast disconnection at P 2 in the Hip CA1 and VThal and long term effect at P 5 in other regions. . . . . . . . . . . . . 559 156 Illustration of M DL pre-treatment and lisuride influence on locomotor activity. Top: pre-treatment with vehicle of M DL. Bottom: pre-treatment with M DL. From left to right: treatment with lisuride vehicle, lisuride or psilocybin. First red bar represents the pre-treatment second red bar represents the treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563 157 Illustration of M DL pre-treatment and lisuride influence on locomotor CBV and controls for FC patterns. Anaesthesia is induced in the middle of the first recording and stopped at the beginning of the second. Bottom: Ketamin/xylazine where only induction of anaesthetic state is followed up. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 566 160 Illustration of the template and ROIs used in the consciousness study. Left: Template computed out of 526 sessions. Middle: ROIs obtained automatically based on 90 sessions. Right: labels of ROIs used in the opioids study . . . . 568 161 Illustration of the reference connectome at P 3. Left: average correlation matrix computed over 60 independent sessions. Right: average correlation network in the same dataset. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 569 162 Illustration of the conscious states mobility signals. Mobility of the mice under K/X and Iso conditions, V HT 0 is given a reference as control cohort. Illustration of the conscious states perfusion evolution in time. Left: CBV rasters for both anaesthetised conditions. For the sake of comparison, perfusion after saline injection is plotted as well. Middle: timeseries of percentage CBV after Iso inhalation, relatively to saline. The dotted line represents 100%. Right: timeseries of percentage CBV after K/X injection, relatively to saline. The dotted line represents 50%. . . . . . . . . . . . . . . . . . . . . . . . . . 164 Illustration of the conscious states fingerprint. From top to bottom row CM, significance matrices, correlation network and significance network for, Left: Iso condition at P 1 -4 and P 6, Right: K/X conditions at P 1 -3. . . . . . 165 Illustration of the conscious states fingerprint. SBMs and significance difference with baseline condition in Left: Iso condition at P 1 -4 and P 6, Right: K/X conditions at P 1 -3. From top to bottom the seed is respectively placed in CtxM ed -L, Hip -CA3 -L, V T hal -L. . . . . . . . . . . . . . . . . . 166 Illustration of the comparison of different treatments influence on locomotion. The average mobility is displayed for all 11 treatments at the exception of fentanyl. Various type of mobility influence can be seen. . . . . . . . . . . . 167 Illustration of the comparison of different treatments influence on locomotion. Buprenorphine 3mg/kg, Methadone 10mg/kg . . . . . . . . . . . . . . . . . . . . . . . . . . 171 Illustration of CAPs used for the entropy study. Top: 11 CAPs survived our occurence criterion. Left: 6 opioids associated states labelled with warm colours, right 5 psilocybin associated states are labelled with cold colours. Bottom: Example of occurence distribution evolution before and after injection for three cohorts W T SC11, W T M 30 and P silo5T 0. . . . . . . . . . . . . . 172 Illustration of the CAPs associated to each treatment. From top to bottom: Illustration of the CAPs associated to each treatment. From top to bottom: saline n = 37, M orphine n = 37, F entanyl n = 36, T HC n = 30, CBD n = 30, P silocybin n = 30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589 174 Illustration of the relative entropy evolution with time following various treatments. Straight lines represent both saline controls. In dotted line are represented the various treatments. In green are displayed opioids cohorts. In orange/yellow are displayed psilocybin cohorts. In blue are displayed anaesthetised cohorts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 592 Survival rate . . . . . . . . . . 133
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Middle: rois obtained automatically based on 90 sessions. Right: labels of rois used in the opioids study . . . . . . . . . . 539 142 Illustration of the dose dependent effect of THC influence on mice mobility and perfusion. i.: follow up of regional CBV after acute injection THC from left to right: 1, 3 and 10mg/kg. ii.: mobility activity after acute injection of THC in all 3 conditions. iii.: illustration of the dose dependence in FC perturbation with CM at P 6. iv.: illustration of disconnection kinetics in WTTHC10 at P 1, P 3, P 5; with 6 different ROIs SBM at P 3 and P 5. v.: typical THC connectivity pattern with W T T HC10 at P 5. vi.: SBM and significance difference with reference dataset for W T T HC10 at P 3 and P 5, with seeds in 6 different ROIs. . . . . . . . . . . . . . . . . . . . . . . . . . . 541 143 Illustration of the dose and time dependent effect of THC influence on mice brain connectome. i.: illustration of the dose dependence in FC perturbation with CM at P 6. iii.: illustration of disconnection kinetics in WTTHC10 at P 1, P 3, P 5; with 6 different ROIs SBM at P 3 and P 5. iii.: typical THC connectivity pattern with W T T HC10 at P 5. In red are circled comparable timings after T HC injections represented on the right as significance networks. iii.: evolution of perfusion after AM 251 injection (first grey bar) and T HC 30min later (second grey bar). iv. difference in SBM and its significant shifts 20min -30min after T HC injection with an without AM 251 pre-treatment. . . . . . . . . . . . . . . . . . . . . . . . . . 544 Left: raster plot of CBV evolution for all 6 conditions. Right: FC patterns (left average network, right significance network) for control conditions. From top to bottom: 10min after injection of M DL vehicle, 10min after injection of lisuride vehicle, 10min after injection of M DL.564 158 Illustration of FC fingerprint of lisuride and psilocybin and its interaction with M DL pre treatment. Left: FC average (Top) and significance (Bottom) networks for lisuride and psilocybin at P 4 (immediately after injection

) and P 6 (20min after injection), with or without M DL pretreatment. Right: SBM for seeds in 4 different ROIs (Ctx -L, HipCA1 -L, DT hal -L, V T hal -L) for the same 4 conditions. SBMs are displayed in the same order as the networks.565 159 Illustration of the experimental designs used for the consciousness study. Rectangles represent recordings, 10min analysis windows are displayed below and their respective abbreviations. Top: Isoflurane protocol for anaesthesia induction and wakening. Two recordings are made (60min + 30min). Iso recording shows 30min of baseline, 30min under anaesthesia followed by 30min of recovery. K/X recording shows 30min of baseline followed by 30min after injection of the anaesthetic agent. . . . . . . . . . . . . . . . . . . . . . 570 CBV raster plots are displayed for all 11 treatments, in addition to saline for the sake of comparison. Most treatments are followed by a transient hyper perfusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 Illustration of the comparison of different treatments influence on functional connectivity. The average network of connectivity is displayed for all 11 treatments in addition to saline for the sake of comparison. Two main categories of connectomes can be identified, with positive or negative markers. . . . . . 169 Illustration of the comparison of significant connectome differences between the different treatments and saline conditions. The significance networks of connectivity are displayed for all 11 treatments. The different subclasses of connectomes can be identified, with positive or negative markers. . . . . . . 170 Illustration of the different parcellations obtained after the injection of various compounds. Top: from left to right: The baseline parecellation is reminded for comparison, CP 55, 940 0.75mg/kg, Morphine 30mg/kg, Fentanyl 0.75mg/kg; Bottom: Cocaine 15mg/kg, Ketamine 10mg/kg, M ethadone n = 10, Buprenorphine n = 9, CP 55, 940 n = 9, Ketamine n = 10, Cocaine n = 14, K/X n = 8, Iso n = 10 . . . . . . . . . . . . . . . . . .

  . PVMs have recently been shown to play an important role in neurovascular dysfunction ............................................................................................................................................................................. Laboratory of Neuroimmunology, Institute of Experimental Medicine, Budapest, Hungary; 2 János Szentágothai Doctoral School of Neurosciences, Schools of PhD Studies, Semmelweis University, Budapest, Hungary; 3 Lendület Laboratory of Systems Neuroscience, Institute of Experimental Medicine, Budapest, Hungary;

1 "Momentum"

  Scale bar, 20 μm. (b) Automated morphological analysis demonstrates reduced number of branching and ending nodes of microglial processes ipsilaterally in CX3CR1 GFP/+ mice 24 h after 3× CCAo compared with the contralateral side (contra) and sham animals in the cerebral cortex. Branching/ending nodes of n = 386-388 sham, n = 197 contralateral (contra), and n = 134 ipsilateral (ipsi) cells from n = 3 sham and n = 3 CCAo mice; ***, P = 0.0008, Kruskal-Wallis test followed by Dunn's multiple comparisons test (branching nodes: ***, P = 0.0008, sham versus ipsi; **, P = 0.005, contra versus ipsi; ending nodes: ***, P = 0.0007, sham versus ipsi; **, P = 0.0083, contra versus ipsi). (c) Representative perfusion (first and third rows), and difference LSCI images (second and fourth rows) showing cortical perfusion changes in response to 3× CCAo (occl.) in control and microglia-depleted mice. Dashed lines indicate the area of quantification in both the ipsilateral (white arrowheads) and contralateral (empty arrowheads) hemisphere as shown in d. Venous sinuses were excluded from the analysis. Scale bar, 1 mm. reperf., reperfusion. (d) CBF responses to 3× CCAo are shown as the percentage of baseline. A significant CBF reduction is seen in the absence of microglia in both hemispheres. n = 9 control and n = 12 depleted mice; ****, P < 0.0001, two-way ANOVA followed by Sidak's multiple comparison test ICV clodronate administration resulted in the depletion of CD206-positive PVMs but did not affect microglial cells (P2Y12R labeling, green). Blood vessels were visualized using the endothelial marker, tomato lectin (blue). Scale bar, 20 µm. Quantification of the number of PVMs after ICV clodronate liposomes or PBS injection. n = 5-5 mice control versus clodronate injected; ****, P < 0.0001, unpaired t test with Welch's correction. (f) Quantification of the number of P2Y12-positive microglia cells after ICV clodronate liposomes or PBS injection. n = 5-5 mice control versus clodronate injected, unpaired t test with Welch's correction. (g) PVMs were eliminated from the brain by ICV liposomal clodronate injection before LSCI measurements. (h) No difference in CBF is seen between clodronate-treated and control mice after 3× CCAo. n = 5 and 5 mice control versus clodronate injected, two-way ANOVA followed by Sidak's multiple comparison test. Data are expressed as mean ± SEM. LSCI data have been pooled from two to three independent experiments.

	(ipsilateral second reperfusion [rep.], **, P = 0.0099; third occl., *, P = 0.0270; third rep., ****, P < 0.0001 control versus depleted; contralateral second occl., *,
	P = 0.0233; second rep., **, P = 0.0052; third occl., ***, P = 0.0001; third rep., ****, P < 0.0001 control versus depleted). (e) Figure 8. Microglial actions on CBF require
	P2Y12R signaling. (a) Outline of the experi-
	mental 3× CCAo protocol (occl., occlusion; re-
	perf., reperfusion). (b) Representative difference
	images show altered perfusion in both hemi-
	spheres in response to 3× CCAo in P2Y12R KO
	and PSB0739-injected mice compared with
	controls. Dashed lines show the MCA2 area both
	in the ipsilateral (white arrowheads) and in the
	contralateral hemisphere (empty arrowheads)
	corresponding to the quantitative analysis
	shown in c. Scale bar, 1 mm. rep., reperfusion.
	(c) A significant impairment in adaptation to
	hypoperfusion is seen both in the ipsilateral and
	contralateral hemispheres of P2Y12R KO mice
	and PSB0739-injected mice compared with
	controls. n = 12 control, n = 12 P2Y12R KO, n =
	7 PSB0739-injected mice; ****, P < 0.0001, two-
	way ANOVA followed by Tukey's multiple com-
	parison test (ipsilateral first rep., **, P = 0.0042
	control versus P2Y12R KO; **, P = 0.0057 control
	versus PSB-0739; second occl., **, P = 0.0013
	control versus P2Y12R KO; *, P = 0.0214 control
	versus PSB-0739; second rep., ***, P = 0.0002
	control versus P2Y12R KO; **, P = 0.0049 con-
	trol versus PSB-0739; third occl., ***, P = 0.0001
	control versus P2Y12R KO; *, P = 0.0302 control
	versus PSB-0739; third rep., ****, P < 0.0001
	control versus P2Y12R KO; contralateral second
	rep., **, P = 0.004 control versus P2Y12R KO; **,
	P = 0.0096 control versus PSB-0739; third occl.,

****, P < 0.0001 control versus P2Y12R KO; *, P = 0.0133 control versus PSB-0739; third rep., ****, P < 0.0001 control versus P2Y12R KO). Data are expressed as mean ± SEM. LSCI data have been pooled from two to three independent experiments.

  (RRID: IMSR_JAX:024477); and MicroDREADD Dq × CGaMP5g-tdTomato mice (all on C57BL/6J background). Mice were kept in a 12-h dark/light cycle environment, under controlled temperature and humidity, with food and water ad libitum. All experimental procedures were in accordance with the guidelines set by the European Communities Council Directive (86/609 EEC) and the Hungarian Act of Animal Care and Experimentation (1998; XXVIII, Sect. 243/1998), approved by the Animal Care and Experimentation Committee of the Institute of Experimental Medicine and the Government Office of Pest County Department of Food Chain Safety, Veterinary Office, Plant Protection and Soil Conservation Budapest, Hungary, under the numbers PE/EA/ 1021-7/2019 and PE/EA/673-7/2019, and the Department of Food Chain Safety and Animal Health Directorate of Csongrád County, Hungary. Experiments were performed according to EU Directive 2010/63/EU on the protection of animals used for scientific purposes and are reported in compliance with the ARRIVE guidelines.

  mg PLX5622 in 1 kg chow; Plexxikon) to

	Császár et al.

3 .

 3 The metadata filename does not include any entity absent from the data filename It results in the typical following structure:

	INSERM-IPNP	jcm PhD thesis	CRI
	> Dataset /		
	> da t as e t_ d e sc r ip t i on . json	
	> participants . tsv		
	> participants . json		
	> rawdata /		
	> sub -01/		
	> sub -01 _sessions . tsv	
	> sub -01 _sessions . json	
	> ses -01/		
	> sub -01 _ses -01 _scans . tsv	
	> sub -01 _ses -01 _scans . json	
	> anat /	
		> sub -01 _ses -01 _acq -acqlabel_run -01 _dataType .
		nii . gz	
		> sub -01 _ses -01 _acq -acqlabel_run -01 _dataType .
		json	
	> func /	
		> sub -01 _ses -01 _task -rest_run -01 _dataType . nii .
		gz	
		> sub -01 _ses -01 _task -rest_run -01 _dataType . json
		> sub -01 _ses -01 _task -rest_run -01 _events . tsv	
		> sub -01 _ses -01 _task -rest_run -01 _events . json

  This example correspond to a typical pharmacological follow-up study. The tracking is recorded as well as two videos. The .acq file is the image, .info, .view and .bseq files are metadata files, .tdms file is tracking, .mp4 are the videos.

	jcm PhD thesis	CRI
	Examples Here are given two examples of datasets following FDS directives:	
	Example 1: > projectName /	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1 /	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1 . info	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d /	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d . acq	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1_acq -3 dscan_run -01 _pd3d . view	
	> tracking . tdms	
	> video1 . mp4	
	> video2 . mp4	
	> run . bseq	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1_acq -3 dscan_run -02 _pd2dt /	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1_acq -3 dscan_run -02 _pd2dt . acq	
	> G001_sub -mouse1_2022 -01 -11 _ses -3 dscan1_acq -3 dscan_run -02 _pd2dt . view	
	> tracking . tdms	
	> video1 . mp4	
	> video2 . mp4	
	> run . bseq	
	> G002_sub -mouse1_2022 -01 -12 _ses -psilo5 /	
	> G002_sub -mouse1_2022 -01 -12 _ses -psilo5T0 . info	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_acq -3 dscan_run -01 _pd3d /	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_acq -3 dscan_run -01 _pd3d . acq	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_acq -3 dscan_run -01 _pd3d . view	
	> tracking . tdms	
	> video1 . mp4	
	> video2 . mp4	
	> run . bseq	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T01_task -rest_run -01 _pd2dt /	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_task -rest_run -01 _pd2dt . acq	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_task -rest_run -01 _pd2dt . view	
	> tracking . tdms	
	> video1 . mp4	
	> video2 . mp4	
	> run . bseq	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T01_task -rest_run -02 _pd2dt /	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_task -rest_run -02 _pd2dt . acq	
	> G002_sub -mouse1_2022 -01 -11 _ses -psilo5T0_task -rest_run -02 _pd2dt . view	
	> tracking . tdms	
	> video1 . mp4	
	[<label>]_IDext.ext/. > video2 . mp4	
	> run . bseq	

. fUS-BIDS Example dataset 5. Change-log
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  ], Clutter filter: [Déméné et al. 2015, Barranger et al. 2018], Angiography: [Macé et al. 2010, Déméné et al. 2016], 2DT: [ Osmanski et al. 2014b, Sieu et al 2015, Urban et al 2015,Tiran et al. 2017],

  contains data without temporal extension. All sessions SHOULD start with a 3dscan for unambiguous determination of relative position of the probe to the subject brain.beh/ follows the BIDS behaviour modality specific directives. It contains peri-experimental data relating to monitoring of the subject behaviour (tracking, breathing etc…). The beh directory is used when no fUS signal is recorded during the sessions (for example tracking during habituation). Alternatively, behavioural files can be saved alongside the .nii file they relate to in either fus/ or anat/ directories. fus/ contains fUS images with temporal extension. Most fUS data and metadata shall be stored in the fus/ directory.

	[sourcedata/]	
	rawdata/	
	participants.tsv rec-<label>	
	[participants.json]	
	sub-<label>/[ses-<label>/]	
	<label>	[anat/] [beh/]	description
	svd60	sub-<label>[_ses-<label>/][_entities]_beh.tsv The power doppler data is obtained through
		[sub-<label>[_ses-<label>/][_entities]_beh.json] classical clutter filter as described in Demene et al.
		2015. If no rec entity is present, this processing is sub-<label>[_ses-<label>/][_entities]_<suffix>.nii[.gz] [fus/] default.
	adaptivesvd	[sub-<label>[_ses-<label>/][_entities]_<suffix>.json] The power doppler is obtained through adaptive
		[sub-<label>[_ses-<label>/][_entities]_<suffix>.tsv] threshold svd as described in Barranger et al. 2018.
	Data types include:	
	-anat/ 3.2.1 Classical entities	
	3.2 Directory Structure	
	task-<label>	
	In accordance with the BIDS file naming convention, fUS-BIDS directory structure MUST adhere to the
	following template:	
	< label>		description
	projectName/ rest dataset_description.json	The subject is left free under the probe without any specific environmental constraint.
	README		
	[LICENSE] stim	The subject is stimulated following a known
	[CHANGES] [code/] [derivatives/]	stimulation protocol, the stimulation protocol MUST be described at either level of the hierarchy following the inheritance principle.

run-<index> <index> MUST be padded, it is recommended to pad with at least 2 digits.

  If multiple sessions are recorded for the same subject there SHOULD be one file per participant.If multiple scans are recorded during a session one file SHOULD be present per session to list the data files. Each data file SHOULD be described by exactly one row. Some recordings consist of multiple parts that span over several files, with entities such as pose-. Such recordings MUST be documented with one row per file.

	date_of_birth	RECOMMENDED	string	String values representing the date the the brand name the ATC code SHOULD be
				subject is born formatted as "YYYY-MM-DD" given. Dosage should be expressed with their
				units ex: 1mg or 70mg/kg. Time of the
	initial_date	OPTIONAL	string	String values representing the date the injection should follow the format:
				subject entered the study formatted as "YYYY-MM-DDThh:mm:ss"
				"YYYY-MM-DD"
	initial_weight	OPTIONAL	float	Weight of subject on the day it entered the
				study in kg
	Scans files			
	Sessions files			
	projectName/ projectName/			
	sub-<label>/ sub-<label>/[_ses-<label>]		
	sub-<label>_sessions.tsv sub-<label>_scans.tsv	
	sub-<label>_sessions.json sub-<label>_scans.json	
	Column Name	Requirement Level Data Type description
	Column Name	Requirement Level Data Type description
	session_id filename	REQUIRED REQUIRED	string string	A session identifier of the form ses-<label>, matching a session found Relative paths to the data
	acq_time	OPTIONAL	string	in the dataset. There MUST be exactly one Acquisition time refers to when the first data row for each session. point of each run was acquired in the format
	acq_time	OPTIONAL	string	Acquisition time refers to when the first data "YYYY-MM-DDThh:mm:ss". If the header is
				point of the first run was acquired in the format provided the acquisition times of all files from
				"YYYY-MM-DDThh:mm:ss" the same recording MUST be identical.
	phenotype	RECOMMENDED	string	String value indicating the subject phenotype.
				If different from naive this value MUST be
	age	RECOMMENDED	string	specified in either session.tsv or Numeric value in years (float or integer value). scans.tsv if it were to vary during the
	strain	RECOMMENDED	string	For species different from homo sapiens, session.
	weight	RECOMMENDED	float	string value indicating the strain of the species, Weight of the subject at the beginning of the for example: C57BL/6J. session in kg.
	strain_rrid treatment	RECOMMENDED RECOMMENDED	string array of strings	For species different from homo sapiens, If a treatment is given during the session the research resource identifier (RRID) of the strain of the species, for example: RRID:IMSR_JAX:000664. compound, dosage and when it is given SHOULD be described. There can be one entry per compound. When possible in addition to

  If they are mostly conserved with the different spatiotemporal degenerate cases can be considered. Then, RECOMMENDED and OPTIONAL keys are proposed, gathering a list of useful entries from BIDS-raw and translation of other modalities parameters for fUS.The time at which each power doppler image was acquired during the acquisition. It is described using a list of times referring to the onset of each ultrafast image block. The list must have the same length as the fUS series, and the values must be non-negative and monotonically increasing.Type of clutter filter used to generate the Power Doppler images. See filter description. MUST match rec-<label> field.

			of	used to generate compounded ultrasound images. Each source
			floats	position is expressed relative to the probe centre with negative
				values in depth for diverging sources.
	<matches>_<pd2dt|pd3d|pd3dt|pd2d>.json	
	CompoundScheme	OPTIONAL	string	Type of reconstruction used
	PDClutterFilterDuration OPTIONAL	number	Duration in seconds of the window used to filter out clutter
	Key Name	Requirement Level Data Type	description signal
	TaskName PDIntegrationDuration	REQUIRED OPTIONAL	string number	Duration in seconds of the ensemble used to generate one PD Name of the task. No two tasks should have the same name. The task label included in the file name is derived from this image.
	ClutterFilter	OPTIONAL	Array of	"TaskName" field by removing all non-alphanumeric characters (that is, all except those matching [0-9a-zA-Z]). For example "TaskName" "faces n-back" will
			Objects	correspond to task label facesnback. A RECOMMENDED
				convention is to name resting state task using labels beginning
	AdditionalReconSteps	OPTIONAL	string	Optional additional steps used to reconstruct the data during with rest. acquisition. Some scanners output automatically reassembled
				volumes from different slices acquisition including slice Could be: rest, stim or behaviour reordering and timing correction or perform automatic nuisance
	VolumeTiming	REQUIRED	Array	regression. If non standard steps were used, a well documented
			of	reference should be added in the README file.
	SliceQform	OPTIONAL	floats Array	Equal to .nii file header qform field if it exists. 4x4 array of
			of	floats encoding the spatial affine transform between the
	UltrasoundProbeType	RECOMMENDED	string numbers	Type of probe (1D array, 2D array, RCA array..) laboratory and the probe.
	UltrasoundProbeModel SliceSform	RECOMMENDED OPTIONAL	string Array of	Equal to .nii file header sform field if it exists. 4x4 array of Commercial name of probe floats encoding the spatial affine transform between a reference
	UltrasoundPulseRepetiti	RECOMMENDED	number numbers	Ultrasound pulses Tilted plane waves emission rate in Hz space and the probe.
	onFrequency ImageOrientationVoxelSp	RECOMMENDED	string	within a compounded frame. Description of the data orientation in the voxel space : three
	UltrasoundProbeTension ace	OPTIONAL	float	letters for each direction of space indicating the direction of Peak to peak tension of the probe in V. increment symbolised by a + (R for right, L for left, A for
	UltrasoundPulseType	OPTIONAL	string	Pulse emission type. anterior, P for posterior, I for inferior, S for superior). RAS+ means (first dimension, x: goes from left-to-right, second
	UltrasoundFrequency	RECOMMENDED	float	Pulse emission frequency in MHz. dimension, y: goes from posterior-to-anterior, third dimension,
				z: goes from inferior-to-superior). Two orientations are usually
	CompoundFrameRate	RECOMMENDED	number	Compounded ultrasound images rate in Hz. being used: RAS+ aligns voxel space with world space, LSA+
				fits most available preclinical datasets from preclinical MRI
	CompoundPlaneWaveAngles OPTIONAL	Array	1D or 2D array storing the angle values of plane waves used to field.
			of	generate compounded ultrasound ed images. Each angle is
			floats	expressed in degrees relative to the probe plane.
	CompoundVirtualSources	OPTIONAL	Array	2D array storing the virtual source positions of diverging waves

  If the structure of data does not change much from BIDS, the content of Metadata shall represent the fUS features and acquisition parameters.

	omega	OPTIONAL	Array of	Instant angular speed.
			numbers	
	<matches>_recording-tracking_beh.json	
	Column Name	Requirement	Data Type	description
		Level		
	SamplingFrequ	OPTIONAL	number	Sampling frequency (in Hz) of all the data in the recording,
	ency			regardless of their type.
	StartTime	OPTIONAL	number If	If number: Start time in seconds in relation to the start of
			alongside a data file,	acquisition of the first data sample (negative values are
			else string	allowed). Else: Date of the first behavioural recording data point in format
				'YYYY-MM-DDThh:mm:ss'
	3.3. Example fUS data file	
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• It was brought to us that enrichment could be adapted to reduce germs nest effects.For this purpose, one should favourise alternatives to cotton balls for nesting, as they are known to host micro-organisms.All these propositions are appealing directions to further improve the preparation. In case of need for a longer period of imaging, PMP implantation has been proven to last for at least 9 months[Tournissac et al., 2022].

A thorough description of the opioids studies results can be found in (G). This article summarise these results by demonstrating the existence of an opioid fingerprint, its pharmacological relevance and its underlying mechanisms in terms of FC. These results are further discussed below.
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(D), there, data are standardised in the analysis standard i.e. FUS-BIDS and registered on a reference template. It is this last registered template that is dispatched on a second server dedicated to analysis.

Figure 122: Mice mobility during dose response of morphine study. Top left: control behaviour of mice, individual mobility is random and slightly decaying at the population level from 17% down to 7%. Bottom righ: Mobility under the influence of morphine.
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Materials and methods

Animals

Experiments were performed on JAXTM C57BL/6J mice obtained from Charles River Laboratories (DE) or from Janvier Labs (FRA). BALB/cJ mice were obtained from Janvier Labs (FRA). MOP knockout (MOP-/-) mice were original provided by Dr. H. Loh (University of Minnesota, Minneapolis, MN), breaded and backcrossed to WT control JAXTM C57BL/6J mice obtained from Charles River Laboratories (DE) for more than 12 years in the Institute of Pharmacology and Toxicology at the University Hospital in Jena (DE). Knock-in mice expressing an HA-epitope tag MOP (HA-MOP, Oprm1 em1Shlz , MGI:6117675) were provided by Stefan Schulz (University Hospital Jena, Institute of Pharmacology and Toxicology, Jena, DE) and described in detail.

Animals were housed 2 -5 per cage under a 12-hour light-dark cycle with ad libitum access to food and water. In all experiments, we used cohorts of n = 10 male mice aged 7 -14 weeks old and weighing 18 -24g at the beginning of the experiments. All animal experiments were performed in accordance with relevant guidelines and regulations, were approved by Thuringian state authorities, the local comittee in Paris (Comité d'éthique en matière d'experimentation animal n o 34, project n o 2019 -061) and complied with European Comission regulations for the care and use of laboratory animals. Our study is reported in accordance with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines [START_REF] Du Sert | The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research[END_REF].

Drugs and routes of administration

All drugs were freshly prepared prior to use and were injected subcutaneously at a volume of 10µL/g body weight. Drugs were diluted in 0.9% (W/V) saline for injections. Drugs were obtained and used as follows: morphine sulphate (10 -70mg/kg; Hameln Inc., Hameln, Germany), fentanyl citrate (0.1 -0.3mg/kg ; Rotexmedica, Trittau, Germany), levomethadone hydrochloride (10mg/kg; jcm PhD thesis CRI 146 Illustration of different doses CBD influence on mobility and perfusion. Top: locomotor activity under the influence of multiple doses of CBD, the mobility is not affected by either doses of CBD. Bottom: raster plot of brain perfusion evolution after CBD injections (2mg/kg, 6mg/kg and 20mg/kg). . . . . . . 548 147 Illustration of different doses of CBD influence on awake brain connectom. i.

evolution in time of W T CBD6 changes in connectivity, changes appear non CBD specific. ii. influence of 3 CBD doses on CM at P 6, none of them show significant differences. iii. disconnection pattern across 3 CBD doses at B2, P 1, P 3 and5 (f) Single image planes for CLSM imaging show small blood vessel segments from second and third layer of the neocortex in acute brain slices. Lectin (blue) outlines the vessels, CD13 labels contractile elements (pericytes and smooth muscle cells), microglial P2Y12R is orange, and cGMP signal can be seen in green (arrows). Note that PSB0739 treatment has no effect on SNP-induced cGMP. (g) CLSM imaging shows small blood vessel segments from the second and third layer of the neocortex in perfusion-fixed brain sections. Hypercapnia was induced in vivo and maintained in anesthetized mice until sacrifice. Lectin (blue) outlines the vessels, CD13 labels contractile elements (pericytes and smooth muscle cells), microglial P2Y12R is orange, and cGMP signal can be seen in green (arrows). Video 6. Representative in vivo two-photon imaging videos recorded by the resonant scanner showing reduced hypercapnia-induced vasodilation in P2Y12R KO (CX3CR1 GFP/+ × P2Y12R KO) mice compared with control (CX3CR1 GFP/+ ) mice. Blood vessels were visualized by administration of Rhodamine B-dextran. Hypercapnia was induced at 60 s and maintained until 180 s with a 60-s-long posthypercapnic period. Identical fields of view are shown in Fig. 5 j.

Video 7. Representative in vivo two-photon resonant imaging video recorded in the cerebral cortex of CX3CR1 CGaMP5g-tdTomato mice during hypercapnic challenge (shown in Fig. 5 c). Perivascular microglial processes show dynamic [Ca 2+ ] i activity changes in response to hypercapnia. The arterial segment on the left is labeled with "a."

Video 8. Representative LSCI video showing the third occlusion-reperfusion period in microglia-depleted and contol mice. Difference images display the marked CBF reduction caused by the third occlusion over the second reperfusion period. White ellipses show the area of the cerebral cortex (MCA territory) with significant CBF reduction after CCA occlusion. Note: to reduce the size of the video, a 2-min-long section from the third occlusion and a 3-min-long section from the second reperfusion have been removed. No significant CBF changes were seen during these periods.

Provided online is Table S1. Table S1 lists patient data and processing of postmortem human brain tissues. tools are provided. Due to the instability of the software such tools can result in crashes of the machine. They won't be detailed here as custom code was favoured. Nevertheless, experimenters might benefit from the use of such online visualisation as they have been improved for the commercial version Icostudio. For example, online visualisation can help in anaesthesia monitoring as wakening of the animal, in the case of ketamin/xylazin mix, is preceded by a slow increase in blood perfusion.

The software output structure relies on a simple paradigm. A session must be initially created. It generates a folder in the software output directory. In this folder can be found a .txt file and a MATLAB file with .info extension with the session's metadata. Each recording is exported in a folder within the session directory where the PD can be found as a MATLAB file with the extension .acq alongside with:

• one metadata file per tab of Neurosoft, having the same suffix as the PD file and containing the associated parameters, with respective extensions .proc, .uf, .view.

• The IQ data exported in a binary .biq.

• Sequences metadata files with extensions .bseq.

• a mirror binary file of the PD data with extension .bdop

The main limitation of Neuroscan software is the importance of delays before acquisition. As already mentionned in (B.2.1), Neuroscan allocates the memory of all of the recording IQ data before starting the acquisition. In addition to memory issues, it ends up with a lot of jcm PhD thesis CRI

Summary

Figure 85: Illustration of the data handling procedure. Three types of structure exist with increasing complexity and stringent directives. Inversely the requirements for operator role in structuring diminishes downflow. The output of machines must be translated to a more structured dataset with some modularity still in the animal facility. It is then transferred for analysis in the bioinformatic room where it finds its final form as FUS-BIDS.

In fine data are acquired on parallel machines, each of them having its own standard for data acquisition and structuring. A set of directives deal with these specificities while the overall organisation has been thought to optimise serial acquisition for big datasets.

At the beginning of the session the experimenter creates a session in Neuroscan, the prefix of Neurotar output is changed to match the session on the sending terminal, the video output session is created on the sending terminal.

At the beginning of the recording the video recording is initiated, the tracking recording is started and finally the fUS acquisistion is launched.

At the end of the recording the tracking recording is stopped. The video recording is stopped, the fUS acquisition signal is exported. The IQ files must be dealt with: the IQ data themselves are transferred on a hard-drive and the sequence metadata are copied alongside. Depending on the IQ size, the next recording can start only once the transfer is finished.

At the end of the session the video files are transferred on the sending terminal in their session direcory.

At the end of the day fUS data are transferred on the sending terminal with a transfer hard-drive. The Westron software is used to rename and transfer data in the sending terminal following FDS directives. Eventual naming inconsistencies are detected by the script for the operator to correct. 

C.3 Compounds doses and preparation

C.3.1 Opioids

All drug doses were calculated according to the active component of the salt. All drugs were freshly prepared in sterile saline prior to use and were injected subcutaneously at 10mL/kg.

• Morphine sulphate (10 -70mg/kg; Hameln Inc., Hameln, Germany)

• Fentanyl citrate (0.1 -0.3mg/kg; Rotexmedica, Trittau, Germany)

• Buprenorphine hydrochloride (3mg/kg; Sigma Aldrich, Schnelldorf, Germany)

• Methadone hydroclhoride (10mg/kg; Sigma Aldrich, Schnelldorf, Germany)

• Naloxone hydrochloride (2mg/kg; Ratiopharm, Ulm, Germany)

C.3.2 Cannabinoids

All drugs were freshly prepared from a stock solution of 98% ethanol by dilution in a vehicle, prior to use and were injected intraperitonealy at 10mL/kg. The vehicle was composed of 10% Tween80 + 90% sterile saline.

• ∆9-Tetrahydrocannabinol (1 -10mg/kg, THCPharm, Frankfurt am Mein, Germany)

• cannabidiol (2 -20mg/kg; Sigma Aldrich, Schnelldorf, Germany)

• AM251 (2 -20mg/kg; Sigma Aldrich, Schnelldorf, Germany)
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C.3.3 Psilocybin

All drugs were freshly prepared from a stock solution of 98% dimethylsulfoxide by dilution in a vehicle, prior to use and were injected intraperitonealy at 10mL/kg. The vehicle was composed of 10% DMSO + 90% sterile saline.

• (1 -10mg/kg, National Institute of Mental Health, Klecany, Czech Republic)

• (2mg/kg, National Institute of Mental Health, Klecany, Czech Republic)

• (0.5mg/kg, National Institute of Mental Health, Klecany, Czech Republic)
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C.5 Datatsets overview

To summarise the experimental part, here is a list of all the protocols used for the results presented in the next part of this manuscript. These protocols are later briefly reminded in the result part for contextual purpose. In the annexe can be find a description for anaesthetised rat preparation and an other dataset description (E.4) for the data presented in (13.4.1).

Opioids

As already mentioned, the Opioids project is by far the most advanced and complex project imaged during my PhD. Here are detailed its different components. All acquisition have been done with a PD acquisition rate of 2Hz.

DRC is composed of 9 sets of ∼ 10 sessions acquired on 10 Wild Type (WT) C57\BL6 mice.

Its aim is to investigate the dose dependency of Opioids fingerprint, using morphine (M) and fentanyl (F). Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up. Injections are as follow:

• WTSC11: injection of saline for control (Wilt Type Saline Cohort-1 first imaging session).

• WTM10: injection of morphine 10mg/kg.

• WTM20: injection of morphine 20mg/kg.

• WTM30: injection of morphine 30mg/kg.

• WTM70: injection of morphine 70mg/kg.

• WTF01: injection of fentanyl 0.1mg/kg.

• WTF02: injection of fentanyl 0.2mg/kg.

• WTF03: injection of fentanyl 0.3mg/kg.

• WTF07: injection of fentanyl 0.7mg/kg.

Naloxone One session is acquired on 10 wild type C57\BL6 mice. Its aim is to investigate the modulation of morphine fingerprint in combination with the MOR antagonist Naloxone. The session consists of 1 pd3d for anatomical purpose and 2 pd2dt: 20min of baseline followed by an injection of naloxone and 5min later morphine before 1× 30min of follow up. Injections are as follow:

• WTNM: injection of naloxone 2mg/kg followed by morphine 70mg/kg KO is composed of 3 sets of ∼ 10 sessions acquired on 11 mice Knock Out mice (KO) for the MOR. Its aim is to investigate the fingerprint of Opioids in absence of the MOR. Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up. Injection are as follow:

• KOS: injection of saline for control.

jcm PhD thesis CRI

• KOM: injection of morphine 70mg/kg.

• KOF: injection of fentanyl 0.3mg/kg.

Chronics is composed of 8 sets of ∼ 10 sessions acquired on 20 wild type C57\BL6 mice (10 for morphine, 10 for fentanyl). Its aim is to investigate the influence of tolerance on the Opioids fingerprint of morphine and fentanyl. First, two sessions are acquired: one of saline for basal state estimation, one of acute response to either morphine or fentanyl.

Then, an osmotic micropump is implanted and constantly releases either morphine or fentanyl. After the induction of tolerance both acute response and saline injection are investigated once more. Each imaging session consists of 1 pd3d for anatomical purpose and 3 pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up.

Injections are as follow:

• WTMS1: injection of saline.

• WTMM1: injection of morphine 70mg/kg.

• WTMM2: injection of morphine 70mg/kg.

• WTMS2: injection of saline.

• WTFS1: injection of saline.

• WTFF1: injection of fentanyl 0.3mg/kg.

• WTFF2: injection of fentanyl 0.3mg/kg.

• WTFS2: injection of saline.

Pharmaco is composed of 5 sets of ∼ 10 sessions acquired on 35 wild type C57\BL6 mice (randomly distributed across treatments). Its aim is to investigate the specificity of the Opioids fingerprint of morphine and fentanyl by comparing the pattern in other opioids (namely buprenorphine and methadone) but also other compounds (namely CP 55940 (CP), cocaine (Coca) and ketamine (K)). Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up. Injection are as follow:

• WTBue3: injection of buprenorphine 3mg/kg

• WTMet10: injection of methadone 10mg/kg.

• WTCP075: injection of morphine 70mg/kg.

• WTCoca15: injection of cocaine 15mg/kg.

• WTKet10: injection of ketamine 10mg/kg.

Saline is composed of one set of 77 sessions acquired on 67 wild type C57\BL6 mice. Its aim is to serve for the quantification of the basal state connectome distribution. Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up. Injection are as follow:

• Saline: injection of saline

Multiplane is composed of 2 sets of ∼ 17 sessions acquired on 17 wild type C57\BL6 mice. Its aim is to investigate the spatial distribution of the morphine fingerprint. Each session consists of 1 pd3d for anatomical and positioning purpose and 5× pd2dt : after preparation in head fixed condition and positioning of the probe, the animal is injected with either saline or morphine and 5 different slices (3 coronal and 2 sagittal) are imaged for 20min. Injections are as follow:

• WTSmultiplate: injection of saline.

• WTM70multiplane: injection of morphine 70mg/kg.

DBA2/BALBc is composed of 3 sets of ∼ 10 sessions acquired on 12 BALBc mice and 12 DBA2 mice. Its aim is to investigate the Opioids fingerprint in mice strains for which opioids have little influence on mobility. Because signal quality was too low in DBA2 no saline injection was performed. Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up.

Injections are as follow:

• DBA2M70: injection of morphine 70mg/kg

• BALBcSaline: injection of saline.

• BALBcM70: injection of morphine 70mg/kg.
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Cannabinoids

The Cannabinoids project followed the Opioids project. Its aim was to investigate the Cannabinoids fingerprint. In addition to the scientific interest per se on the cannabinoid pathway, it serves as a twin study to further validate our approach. All sessions have been imaged at 2.5Hz DRC is composed of 6 sets of ∼ 10 sessions acquired on 20 wild type C57\BL6 mice ( 10for ∆9-tetrahydrocannabinol (T HC) and 10 for cannabidiol (CBD)). Its aim is to investigate the dose dependency of Cannabinoids fingerprint, using T HC and CBD.

Each session consists of 1 pd3d for anatomical purpose and 3× pd2dt : 20min of baseline followed by an injection and 2× 30min of follow up. Injections are as follow:

• WTTHC1: injection of T HC 1mg/kg.

• WTTHC3: injection of T HC 3mg/kg.

• WTTHC10: injection of T HC 10mg/kg.

• WTCBD2: injection of CBD 2mg/kg.

• WTCBD6: injection of CBD 6mg/kg.

• WTCBD20: injection of CBD 20mg/kg.

AM is composed of 1 set of ∼ 10 sessions acquired on 10 wild type C57BL/6 mice. Its aim is to investigate the modulation of T HC fingerprint in combination with the CB1 antagonist AM 251. The session consists of 1 pd3d for anatomical purpose and 3 pd2dt: 20min of baseline followed by an injection of AM 251 and 30min of follow up followed by an injection of T HC and 30min of follow up. Injections are as follow:

• WTAM3THC10: injection of AM 3mg/kg and T HC 10mg/kg.

A cohort of CB1 receptor knock-out mice is planned to be imaged to conclude the study. jcm PhD thesis CRI obtain satisfactory results. In addition we enforced symmetry at a step of the process based on to build the Allen brain atlas V 3. [Wang et al., 2020] From Elastix toolkit we designed a function whose given two images register the first on the second with a set of parameters. Two sets of parameters have been used: one for affine transforms and one for bspline transforms. They are shown in (D.8). In the following sections, affine and bspline transforms refers to these functions with these sets of parameters. Our procedure can be summarise as follow:

1. For each of the dataset session:

(a) All the images in the session are concatenated along the temporal axis.

The «best image»is selected as first reference (see (D.2.2)).

3. All images are affine transformed to the best image.

All affine registered images are split in half along the vertical axis and both halves are concatenated to a flip of themselves so that symmetrical images are generated (Left-left, Right-Right).
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D.3.1 Sample masks

Both pipelines use a common parameter which is called the sample mask. It consists in a predictor of frames to reject. After comparison of different strategies, the sample mask is computed using DVARs method [Power et al., 2014]. DVARs is defined as the root mean squared intensity difference between two frames.

DV ARs

Intuitively DVARs identifies outliers as frames associated with an abnormal increase in intensity. It benefits from the differential approach to simplify and optimise a threshold based rejection strategy. To further maximise the detectability of outliers instead of computing the DVARs on the whole signal, only the 5 first singular temporal vectors were used. All frames whose DVARs is above 0.5 standard deviation is rejected.

To summarise our sample mask definition procedure:

1. All pd2dt images of a session are concatenated along time.

2. SVD is used to extract the first 5 temporal singular vectors.

3. On these timeseries, DVARs is computed and all frames whose DVARs is above 0.5 standard deviations are considered artefacts.

D.3.2 Custom pipeline

The first level 1 pipeline is based on the current literature in fUS among which multiple publications from the team and collaborators [Ferrier et al., 2020, Rahal et al., 2020, Rabut et al., 2020a]. It can be described as follow:

• Signal is reshaped in the form of a Casorati matrix (n vox × n T ).

• Voxel timeseries are normalised along time.

• Rejected frames are put to the mean along time.

• The first temporal singular vector is regressed out as an estimator of global signal.

• Voxels are filtered with a passband between [0.01, 0.1]Hz zero-phase order 3 Butterworth filter resulting in a filter of order 6.

• Rejected frames are removed from the signal Only the scrubbing strategy differs from previous publications. In addition an orthogonalisation procedure has been added to reduce re-emergence of artefacts due to projection in non orthogonal space [START_REF] Lindquist | Modular preprocessing pipelines can reintroduce artifacts into fMRI data[END_REF].

From this cleaned signal, two types of objects of interest have been computed (D.7). Both objects rely on ROIs. The strategy for ROIs definition is described in (D. 3.4).
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Once the model is fitted to data, the exported object of interest is the map of zscore associated to the β coefficients distribution. This object informs how much each voxel variance is explained by the seed given the other regressors.

D.3.4 Automated ROIs

For ROI definition, a data driven approach is performed. ROIs are defined as voxel clusters based on their connectivity territory. To do so, a functional territory is defined as the SBM whose seed is the voxel itself. For smoothness consideration, its immediate neighbouring voxels are included in the seed (any ROI is composed of 9 voxels). Number of ROIs (n < 20) is chosen to fit previously used atlas based ROIs in the plan of interest.

To extract the ROIs of a given dataset the procedure is as follow: 1. For all signals in the dataset the voxel wise cross-correlation matrix is computed (on 10 min windows).

• In practice, each row in the matrix is associated to the correlation coefficient between the signal of the 9 voxels seed previously defined and any other voxel.

2. Voxel correlograms (voxel associated line of the matrix) are clustered using the k-mean algorithm from sklearn Python module with expected number of cluster of n = 21.

3. Artefact clusters are discarded (see (D.3.4)).

doesn't mean the same thing as from r = -0.2 to r = 0.3. A seed based map displays (SBM) spatial distribution of connectivity in a less biased (by a priori anatomical hypotheses) and more intuitive way than CM. It is displayed as an image where the seed is surrounded by a black line. The average in Fisher space of the group individual SBM is displayed in correlation space. Red pixels are the ones whose voxels are positively correlated with the signal from the seed and the colorbar is saturated at -1 and 1. Pixels in blue are anti-correlated with the seed signal. This display shows distribution of the effect with a good anatomical translation. For example, bilateral connectivity is characterised by symmetry in the patterns.

D.7.4 Seed based maps

The evolution of SBM pattern is usually displayed along time on the 10min windows. In this case injection is represented as a vertical grey bar.

As for CM significance of SBM changes can also be displayed. In this case only pixels which changed significantly during the level-2 analysis are displayed on top of the template for anatomical referential. The seed is kept represented as an area surrounded by a black line. Similarly to CM, the voxel color encodes the size effect as the difference of population mean (after Fisher transform, in correlation space) with saturation of the colormap at -0.5 and 0.5. When evolution after injection is displayed, injection is represented as a vertical orange bar.
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E Preparation details

In this part are given the detailed protocols for both habituation and surgeries. Main differences with [Bertolo et al., 2021a] are:

Habituation: The habituation has been extended to 10 days post recovery.

Surgery: Details are given on how to detach the temporalis muscle to increase the field of view and the signal quality in coronal imaging.

E.1 Animal welfare and housing conditions

It is critical for the success of the experiment that the animal is kept in a comfortable environment. To guarantee this, we follow the 3R principle [START_REF] Russel | The principles of humane experimental technique[END_REF] as well as European [of Europe, 1991, of Europe, 2010] and French directives regarding animal welfare [Government, 2013]. All experiments must be done in compliance with legal authorities ethical directives. In our case all experiments were conducted under the approval of our local ethics committee (C33A 34) at Paris University Cité.

All animals are kept in ventilated cages with no more than 5 animals per cage. Isolation is maintained to a strict minimum after surgery. The animals have access to food and water ad libitum. Mice are housed in a 12-h light cycle (between 7am and 7pm). The temperature is kept at 20 o C all time. Animals are checked on a daily basis.

After implantation, the litter status must be given extra care to avoid any infection.

E.2 Habituation

Imaging the mouse in head fixed condition is a stressful event for the animal. Consequently, the animal is gradually habituated to all events occurring during the experiment in order to continuously keep comfort [START_REF] Barkus | Refinements to rodent head fixation and fluid/food control for neuroscience[END_REF]. The habituation aims at reducing the stress level in the mouse during imaging and therefore potential biases that could interfere with the results [Juczewski et al., 2020]. The key rule of habituation is to adapt the protocol to each animal. The next rule is to add one element of the experiment at a time. It is why all the steps are sequentially increasing in complexity and duration for the animals. The next sections detail the different steps required for animal habituation.

E.2.1 Introduction

The habituation starts as early as the day the animal arrives in the animal facility. As recommended for the animals well being, when a new cage arrives, the mice are left one week to get used to their new environment. Two days prior to the surgery animals start being handled. For 1 to 5min the animals are handled and weighted to get a reference weight.

jcm PhD thesis CRI • The structure of the frontal cone is composed of a thick medial suture neighboured by two cavities. The surgeon must not penetrate either cavities by staying in the vicinity of the medial suture. This can be challenging as the bone is harder. • The same strategy used for the back hole must be applied starting by assessing the depth before increasing the diameter. iv. The skull is protected with a thin layer of surgical cyanoacrylate glue.

A. The glue is poured on top of the skull with extra care in order not to put bubbles in the glue layer. B. The glue should cover the whole surface of the exposed skull as well as the wound of the surrounding cut skin while avoiding the holes vicinity. C. A 1mm radius area shall be kept clear of glue around the holes to improve cement adherence. D. Excess of glue shall fill the gutter formed by the detached temporalis muscle. The excess of glue can be sucked up with some gaze.

(c) Headplate fixation i. The implant is screwed on the skull.

A. The implant is positioned back with its holes aligned with the drilled holes. B. The screws shall be screwed. First the frontal one after removing the nose cone. Then, after putting back the fixation the one in the back. C. One must be extra careful not to scratch the glue surface.

E.5 Dataset Rats

The Rats CP project was initiated before my arrival in the lab. It consists in the investigation of CP 55940 influence and actomyosin inhibitor Blebbistatin on functional connectivity in anaesthetised rats.

Rats CP is composed of 6 sets of ∼ 10 sessions acquired on 57 wild type rats (∼ 10 per condition). Its aim is to investigate in a factorial fashion the influence of CP 55, 940 and its interaction with vehicle, CB1 receptor antagonist AM 251 or actomyosin inhibitor Blebbistatin on functional connectivity. Each session consists of a variable amount of test pd2dt to estimate animal state before 1× pd2dt of 90min during which the animal is injected twice at 20min and 40min. Injections are as follow:

• VHVH: first injection of vehicle, second injection of vehicle.

• AMVH: first injection of AM 251 2mg/kg, second injection of vehicle.

• BLBSVH: first injection of blebbistatin 1.5mg/kg, second injection of vehicle.

• VHCP: first injection of vehicle, second injection of CP 55, 940 1mg/kg.

• AMCP: first injection of AM 251 2mg/kg, second injection of CP 55, 940 1mg/kg.

• BLBSCP: first injection of blebbistatin 1.5mg/kg, second injection of CP 55, 940 1mg/kg.

jcm PhD thesis CRI The aforementioned pattern can be observed at the SBM level as well. (Fig. 126) displays how the different ROIs correlate with the rest of the brain.

Seed based maps

(Fig. 126, Top) makes a nice parallel to the average CM effect. Indeed, change in the VThal-L connectome matches the dynamics of CM. VThal-L shows mostly bilateral connectivity at baseline, like in (Fig. 124), and very mild anticorrelation with medial cortex. Although, as soon as P 2 for W T M 30 and W T M 70, P 3 for W T M 20 and P 4 for W T M 10, VThal-L shifts correlation toward dorsal and medial thalamus. At the same time, a strong anti-correlation with lateral parts of the cortex arises. The transition between both states goes through overall positive correlation with an higher connectivity with all thalamus. For high doses after P 4 appears the characteristic shape of a morphine induced medial thalamic mode. This mode connects in a typical curved shape a positive correlation network between hippocampus, medial thalamus and hypothalamus. These 3 regions are anti-correlated with the lateral cortex.

(Fig. 126, Bottom) demonstrates that the change is significant as compared to the basal state defined in (G.2). Features of the significant pixels in the VThal-L SBM match the mechanisms identified in CM patterns. For W T M 30, VThal-L SBM first significant changes occur at P 2 with an increased correlation with dorsal thalamus, which propagates to hippocampus at P 3 while anti-correlation can be observed with the cortex. This pattern is quite stable in time with signs of thalamo-hippocampal hyper connectivity and thalamo-cortical anti-correlation all along P 4 -6. Interestingly, the dynamics matches Hip CA2-L one, which jcm PhD thesis CRI might differ of a few 100 microns. In the end morphological differences are corrected by the registration but functional mismatch might occur. (Fig. 134, Top) shows clearly the absence of morphine induced increased mobility after the injection of morphine 30mg/kg. Overall the mobility of BALBc is increased in BALBcM 30 as compared to BALBcS. Although, the change is similar between both baselines, and therefore can't be imputed to morphine. It can also be worth to mention an apparent change of mobility pattern in individual mice locomotor timeseries. A potential structuration of locomotor pattern can be identified while mobility remains stable over time.

G.7.2 Tracking

G.7.3 CBV

The CBV raster plot shows the typical decay of cortical perfusion at baseline for all conditions. After injection, an hyper perfusion can be seen for both morphine conditions. Although, BALBcM 30 hyper perfusion is spread over more than 20min, which is closer to what is observed in W T M 10 or W T M 20 (G.3.3).

G.7.4 Correlation matrices

(Fig. 135) shows that in terms of CM, BALBcs presents almost no differences at P 5 as compared to C57BL/6. Nevertheless, BALBcM 30 presents a slightly disctinct pattern of

G.10 Effect of tolerance on the opioid fingerprint

As explained in (6.2), opioids are known for the induction of tolerance which associated with addiction is the cause of the opioid crisis. As a first step to investigate the role of MOR modulation on the observed functional connectivity patterns, we have investigated tolerance induced modification of the fingerprint.

G.10.1 Data

Two cohorts of 10 wild type C57BL/6 are recorded 4 times each. The first cohort is referred to as the «wild type morphine»cohort W T M . The second cohort is the «wild type fentanyl »cohort (W T F ). As detailed in (C.5) W T M first two sessions are: 1. saline injection, 2. morphine injection (70mg/kg). Then, the mice are implanted with an osmotic micropump which releases morphine continously during two weeks. After the two weeks induction of tolerance the last two imaging sessions are: 3. morphine injection (70mg/kg) and 4. saline injection again. The same protocol is applied to W T F exchanging morphine with fentanyl 0.3mg/kg. All images have been recorded on a setup without tracking system, as a result, no mobility is available for this dataset. G.10.2 CBV (Fig. 139,i.) shows CBV raster plots for all 8 conditions. Interestingly, for the first injection of active compounds, the same high dose effects reported in the Dose Response Curve (DRC) study can be seen here (see (G.3)). For morphine a general hyper perfusion hierarchically present in the cortex, hippocampus and dorsal thalamus. For fentanyl, the fast event is barely visible at the very beginning. Finally, the long term hippocampal activation occurs later than in the DRC cohort and is more focalised in hippocampus. Although, this slow surge is still observable.

After induction of tolerance, in the morphine cohort, amplitude of the burst is reduced (55% against 72% in the cortex, 25% against 35 in the hippocampus, 33% agains 38% in the lateral thalamus). For fentanyl, first surge intensity is reduced (maximum is measured at: 28% instead of 44% in the cortex, 11% instead 18% in the hippocampus, 8% instead of 21% in the dorsal thalamus). In addition, slow hippocampal hyperemia is absent after tolerance induction.

G.10.3 Correlation matrix

In terms of connectivity, (Fig. 139, ii.) displays the average connectivity networks for all 8 conditions at P 1, P 3 and P 5. Based on the initial results on both morphine and fentanyl fingerprints, moreover, significance is displayed at P 5 for morphine and P 3 for fentanyl. First it is interesting to mention that no significant change occur for both saline conditions. We can conclude that tolerance seems not to induce perturbation in the connectome at the magnitude detectable by our setup.

For morphine, the transition regime at P 1 appears almost unchanged. If the magnitude of coefficients is slightly smaller, a significant positive correlation influencing the whole net-jcm PhD thesis CRI

Figure 139: Illustration of the acute injection of opioids influence on awake brain function after chronic induction of tolerance. i.: follow up of regional CBV, before or after tolerance induction, after acute injection of saline or: Left: morphine (70mg/kg), Right: fentanyl (0.3mg/kg). ii.: Correlation networks at P 1, P 3 and P 5 for all 8 conditions, as well as significant network at P 5 for the 4 morphine conditions and P 3 for the 4 fentanyl conditions. Bottom: SBM in 6 ROIs after: Left: acute injection of morphine at P 5, Right: acute injection of fentanyl at P 3.

H Cannabinoids fingerprint

As explained in the introduction, our second target has been the endocannabinoids system and its main exogenic modulators, namely T HC and CBD. In this section are shown the DRC results of both cannabinoids studies. Based on our previous results with opioids, where we demonstrated the feasability for fUS to measure pharmacologically relevant fingerprints, we could in this case directly address the question:

What is the fingerprint of cannabinoids in the brain of awake mice ?

As a result, we simplified the overall study design which results are detailed in the following section as:

1. The dose response effect of T HC influence on brain connectivity in wild type C57BL/6

for main features, dose dependency and pharmacokinetics description.

2. The acute effect of T HC after pre-treatment with CB1 antagonist AM 251 to investigate the causal role of this receptor in the observed pattern.

3. The dose response effect of CBD influence on brain connectivity in wild type C57BL/6 to observe potential similarities and differences in the fingerprint for this still under studied compound.

jcm PhD thesis CRI to as P 1 -6. At the exception of hardware of software local malfunction all fUS recorded are expected to go alongside tracking recordings . As being imaged in the plane of interest defined by the vascular bregma (see (C.4.1)) all sessions, are registered on the vascular bregma reference template (526 sessions) and the rois computed automatically (90 sessions). (Fig. 141) is a reminder of these ROIs and their abbreviations.

H.3.1 Analysis design

Regarding the analysis, for the sake of clarity, all results shown in this section come from the custom pipeline (D.3.2), performed with independent statistics, with comparable timings of a basal state dataset. The basal state dataset is the same as the one used in the opioids study (121). Indeed, the saline sessions for the cannabinoids project mice have not been recomputed yet. Because the preparation for both datasets is exactly identical (some sessions were recorded alongside) it was decided to use this reference. For the sake of comparison analysis have been performed with the psilocybin saline cohort (see (I.4)). This reference dataset is described later in (I). It consists of 60 sessions with 60 different mice injected with saline after a baseline of 30min (first 10min have been discarded for this use).

jcm PhD thesis CRI For 10mg/kg all these effects are amplified. The lateral bilateral connectivity in the cortex is maintained, while other regions of the cortex lose bilateral connectivity. Overall the cortex correlation with the hippocampus is significantly reduced, as with the dorsal thalamus:. with high anti correlation between the lateral cortex and the dorsal thalamus. The same way as cortex, the hippocampus is dissociated with disconnection of the CA1. On the opposite, the hippocampus correlation with thalamus and hypothalamus is increased. Finally, bilateral mild but significant decrease in bilateral connectivity can be seen.

(Fig. 143, iv.) shows the evolution of W T T HC10 fingerprint in time. It seems that T HC has not much influence on the connectome right after injection as shows P 1 state. The significance matrix and network at P 3 confirm a strong anticorrelation between the cortex and dorsal thalamus as soon as P 3. This anticorrelation is paired with a significant increase of correlation with the hippocampus at P 5. Intra thalamic increased correlation is brought by dorsal thalamus as well and maintained across P 3 and P 5. The networks demonstrate the importance of the dorsal thalamus in the T HC fingerprint.

Finally, the typical T HC connectome is illustrated in (Fig.143,v.). Strong bilateral connectivity of Ctx Lat which takes over Ctx is to put in perspective with saline fingerprint (see (Fig. 121, Bottom left)). Hippocampal intra regional and bilateral is still strong but reduced, while DThal is the main hub with the cortical anticorrelation, the strong bilateral (Fig.145,i.) shows the influence of AM 251 and locomotor activity as well as T HC after pretreatment. It appears, that beyond a transient and non significant reduction of mobility after injection, AM 251 has little to no effect on mobiblity per se. On the contrary immediatly, after T HC injection a significant drop can be observed. As a result AM 251 pre-tretment fails to completely prevent T HC induced locomotion decrease. It is worth mentioning that the mobility is slightly higher than immediately after T HC injection without pre-treatment at the same dose. Although, the difference is far from significative except for P 6 (W T AM 3T HC10-P 6: 6.3%, W T T HC10 -P 3: 0.8%).

H.5.3 CBV (Fig. 145, iii.) displays the CBV raster plot after AM 251 injection and then T HC10 treatment. It is interesting to notice that AM seems to have no effect while T HC induces a stable hypo-perfusion (as compared to the last 2min of baseline). The hypo-perfusion order of magnitude remains relatively mild. After what, the significant matrices show clearly a down regulation of T HC fingerprint. More precisely, at AM 3T HC10 -P 6 which is to be compared with T HC10 -P 3, where the T HC induces the most important disconnection, the effect is fully rescued with a complete absence of significant differences with the basal state. The average networks on the right confirm this observation as connections remain overall stable in W T AM 3T HC10 over P 4-6, when the dorsal thalamus disconnection pattern (see (H.4)) gradually arises in W T T HC10.

Despite this protective effect of AM 251 over T HC induced perturbations of the connectome, some mild changes are still occuring. Lateral cortex bilateral connectivity significantly decreases, even after CB1 blockade. In addition, hippocampal dissociation is also present at P 4 and P 5. The same increased correlation is well highlighted in the significance networks displays. (Fig.147,iii.) shows that this slight hippocampo-cortical hyper connectivity has a moderate amplitude and is limited to W T CBD6. Again this significant change of connectivity precedes the injection discarding any acute drug effect.

H.6.5 Summary

To summarise the CBD effect, not much change occur at all levels: behaviour, perfusion and connectivity. In the end, CBD appears to have no significant effect on brain connectivity as measured by fUS.
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For the antagonist pre-treatment, the protocol had to be adapted as it was done for the slow acting AM 251. As a results M DL is injected after the 30min of baseline, while active compounds are injected between the second and third recordings (1h after the session beginning) (148). This protocol is referred to as factorial design.

Finally, short sessions are made 1 week after any of the two previously mentionned protocol to test. These long term effects session aim verifying if a psilocybin sustained functional shift can be measured in fUS measured FC as suggested in the literature [START_REF] Schartner | Increased spontaneous MEG signal diversity for psychoactive doses of ketamine, LSD and psilocybin[END_REF]. These sessions last 30min, to be compared with baselines. The protocol is referred to as long-term design.

I.3 Technical considerations

All recordings are done at 2.5Hz. FC is always computed on 10min windows. Baselines are refered to as B1, B2 and B3 while post injection phases are subdivided into 6 or 7 windows (depending on lonfitudinal or factorial designs) referred to as P 1 -7. At the exception of hardware or software local malfunction all fUS recorded are expected to go alongside tracking recordings . jcm PhD thesis CRI Top: raster plot of CBV evolution and regional activation maps at P 1 and P 2 in all 4 conditions. Bottom: timeseries for 3 doses of psilocybin in 3 different regions.
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jcm PhD thesis CRI ficative loss of hippocampo-cortical connectivity. On average contrast continues to vanish in the CM. This trend is confirmed with overall disappearance of connectivity and correlation values converging toward zero. This phenomenon is peculiarly visible in the cortex wich loses significantly intra regional connectivity while the hippocampus becomes significantly anti correlated with cortical regions. Intra thalamic connectivity loss is also significant. Overall, only the hippocampus preserves its internal connectivity, while thalamus loses it even though dorsal thalamus comes back to a normal value quite fast. Finally cortex is affected and has not reached normal values at P 6.

(Fig. 154, Bottom) illustrates this process at P 2 to display the dose dependent nature of disconnection at P 2. Average network shows the loss of cortical connectivity at the exception of lateral cortex connectivity (the increase is significant at P 2). The hippocampal bilateral connectivity is mostly preserved. Thalamic regions shift from slight anticorrelation to mild positive one. Significant networks confirm the dose dependent relationship as well as the overall disconnection symbolised by dotted network edge, where increase is significant but bring correlation to zeros. Finally, (Fig. 155) illustrates the disconnection with SBMs. On the left, at P 2 for P silo10T 0 connectivity with the hippocampus is barely detectable while thamamic seed show correaltion with no piwel. The significant pattern is the mirror to basal state connectome.

jcm PhD thesis CRI Because hippocampus and thalamus are initially strongly anticorrelated loss of connectivity induces strong increase in connectivity. On the right P silo5T 0 is compared with basal state reference. An anti correlation between hippocampus and cortex can be seen. The effect is focalised to a narrow region of the cortex. All other regions. Hippocampus is the most preserved region in terms of bilateral connectivity at P 5. Other regions show global loss of connectivity.

I.5.5 Summary

Overall, the psilocybin induces a rapid loss of connectivity at the whole brain level. The effect is dose dependent. If the hippocampus is the least affected region, for high dose most of its connection is lost as well at P 1 and P 2. The thalamus and hypothalamus are probably the most impacted regions. The disconnection is preceded by an hyperaemic event lasting less than 10min for P silo5T 0 and P silo10T 0 which is precisely located within the cortex.

J Conscious states fingerprint

In this section we studied the transition between awake and anaesthetised states. Indeed, our hypothesis being that FC patterns informs on the brain state, we expect the anaesthesia to perturb significantly the basal pattern. The study of conscious states fingerprint is composed of two sessions. Its purpose is to compare FC fingerprints between awake and anaesthetised states and the transition between both.

J.1 Methodological considerations

Two types of anaesthesia are studied: gazous with Isoflurane (bolus at 4% reduced down to 1.5% and adapted depending on breathing rate) and intraperitoneal injection of a ketamin/xylazine mix (100mg/kg). Both are administered at surgical anaesthesia depth. For isoflurane, because it is fast reversible, wakening of the mouse is also recorded. jcm PhD thesis CRI For this study two designs are used (see (Fig. 159)).

J.2 Experimental design

Isoflurane

For follow up of isoflurane anaesthesia induction and recording of the wakening of the animal, the protocol is as follow:
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J.2.3 Data

For this study, 2× 10 wild type C57BL/6 mice were imaged at 2.5Hz for an expected total of 20 sessions. For K/X, due to software failures, one file was lost and one was discarded as it was acquired at 2Hz. For all sessions, tracking is recorded in parallel of fUS data. Regarding registration, 9 sessions were registered with the bspline transform and 9 as well with the affine transform. jcm PhD thesis CRI dorsal thalamus and cortex. Then medial thalamus peaks at 2min30s. 90s after comes the hippocampus. Later on all regions seem to reach a local minimum around ∼ 10min after injection. Finally, a third burst, much slower seems to affect mostly the medial cortex and hippocampus with a maximum around 13min after injection.

To conclude, induction of anaesthesia by a mix of ketamin and xylazin induces a succession of vascular events in the brain. Some appear clearly related to movement and potentially artefacts induced during the injection. Indeed, intraperitoneal injection is known to induce discomfort for the mice. Although some events are clearly initiated after immobility is attained. Moreover their complex succession across brain regions suggest a more interesting mechanism. This observed complexity could be explained by parallel actions of both compounds with fast sedation and later analgesia. . (Fig. 164, Left) displays the effects of isoflurane on the connectome. First row represents the average correlation matrix. P 1, P 3 and P 4 present obvious hyper correlated states. If this was to be expect from P 1 and P 4 whose respective massive increase and drop in perfusion could pollute the signal, P 3 state seems to suggest a more subtle effect.

J.3.3 Correlation matrices

P 1 displays a peculiarly intense shift, with a significant change in almost all pixels of the matrix. The magnitude of change is most important in the thalamus and subthalamus whose connectivity with both the cortex and the hippocampus increase of ∆r > 0.5. In practice, the matrix loses contrast and global positive correlation is observed. This effect can be seen jcm PhD thesis CRI 
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jcm PhD thesis CRI hippocampus and other subcortical regions. The main features of cannabinoids is the reduced connectivity between cortex and the dorsal thalamus. Among the negative patterns, which match the basal state, CBD is the only one to present increased correlation (mainly located in the cortex). Although, this effect is not significant. Finally psilocybin and lisuride present significant increase in correlation coupled with reduced absolute value. This observation highlights a global disconnection through reduced contrasts that both compounds induce on the connectome (I).

K.4 Functional territories

Based on our first results on data driven automatic parcellation, we question in this section, whether this tool could be used to discriminate between the different treatments. To do so, we computed some parcellations after treatment for the different treatments of the opioids project: W T CP 075, W T M 30, W T F 075, W T Coca15, W T Ket10, W T Bue3 and W T M et10.

All parcellations are computed on the average voxelwise correlation matrix over the last 3 10min windows for each treatment (30min after injection), at the exception of fentanyl, which has a faster pharmacokinetic, for which it was computed over the first 3 10min windows, immediately after injection. The functional territories are superimposed on the Allen Brain Institute's parcellation in our estimated plane of interest V B. (30 -60min after injection, except for fentanyl 0 -30min after injection) which is analysed using the classical pipeline (normalisation, regression of the first mode, scrubing based on dvar estimator).

2. All sujects frames are concatenated and the resluting frame collection is clustered using kmeans algorithm from Python sklearn.cluster module. Clusters are estimated based on kmean intrinsic method equivalent L2 distance distance minimsation; kmean + + initialisation best of 10 repetitions; n = 12 cluster by default.

3. The occurence of each CAP is computed. As an arbitrary criterion any CAP whose probability of occurence is below chance level (< 1 n ) is discarded.

We can see in these reduced size cohorts (leq10) the CAPs symmetry is preserved, even if the CAPs background seems more noisy. One exception arises with buprenorphine, which also is the compound with least contrasted fingerprint. It appears that numbers of CAPs is reduced ranging from 3 to 7.

Methadone shows three pairs of CAPs which are quite far from the basal state pairs (L.6.1).

methadone -CAP -1 -2 show activation in the cortex opposed to the hippocampus and ventro-medial thalamus. methadone -CAP -3 -4 display a similar pattern with more contrast and this time all ventral thalamus is activated with the hippocampus. methadone -CAP -5 -6 is not as well paired: methadone -CAP -5 show contrasted jcm PhD thesis CRI in the thalamus with a slight left cortical activation.

K/X has only three independent CAPs. It is worth noticing that K/X is the only condition during which activation is mostly located in the medial cortex. This region is usually considered as silenced by the shadow zone under the sagittal sinus. Under ketamine/xilazyne anaesthesia, an hippocampal activated CAP is present (K/X -CAP -A). It is slightly opposed to cortex deactivation. K/X -CAP -2 shows activation in the cortex only. It is interesting to notice that in this case the network spreads over the whole cortex continuously. FInally, K/X -CAP -3 presents co deactivation in the medial cortex and hippocampus.

Iso presents 5 CAPs with simple structures. The first pair (Iso -CAP -1 -2) displays a strong contrast between cortex activation opposed to deactivation of all sub cortical regions. Iso -CAP -3 is very similar to Iso -CAP -2 with a noisier background. the second pair (Iso-CAP -4-5) predominantly show activation in cortex, hippocampus and lateral thalamus. This overall structure can represent the two steps of isoflurane evolution from bimodal connectivity to monomodal connectome.

Overall these CAPs appear more noisy, as compared to (L.4). which can be directly imputed to the lower number of subjects they were computed on. As for bigger cohorts, the CAP structure matches well previously observed connectivity pattern. Strong positive effect in connectoms (M et10 and CP 075) posses the most contrasted CAPs. Once again, independent CAPs are also observed which could represent transition steps in brain phase space. Alternatively, Bue3 which is characterised by an overall loss of contrast in terms of FC presents noisy activation patterns. This might suggest a global break in perfusion patterns. This observation is even more interesting given the augmented mobility of mice under buprenorphine influence (G.9). We interpret these patterns as additional evidence of pharmacologically induced alteration of brain state in terms of functional territory.

L.5 Entropy analysis

For the entropy analysis two datasets are used to define CAPs (due to memory limitations a single set of CAPs could not be computed for both at once). For opioids states definition, we concatenate W T M M 1, W T M S1, W T F F 1 and W T F S1 to have a combination of basal CAP and opioids associated states. For Psilocybin, we gather together V HV HT 0 and V HP silo5T 0 last 30min. The same procedure as described previously ((L.4)) is applied for each dataset. It results in 11 states, 6 associated to opioids state and 5 associated to psilocybin (see. ( 171)).

Various datasets are projected on these CAPs. For each treatment the probability p i of each state is estimated for each 10min window. Entropy is defined as H =i p i log(p i ).

Relative entropy normalised on last baseline entropy is displayed : h = H(t)/H 0 . For the sake of comparison we compared the dose response of morphine (W T M 10, W T M 20, W T M 30, W T M 70) with the dose response of psilocybin (P silo1T 0, P silo5T 0, P silo10T 0), for both datasets the saline cohort is also analysed. Finally, as negative control both anaesthetised cohort are also displayed (KX and Iso).