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Investigating the structure and function of brain extracellular space using super-resolution microscopy Every cell in the brain is embedded in a fluid called the extracellular space (ECS). Its structural complexity with intercellular gaps as narrow as ten nanometers, presents a challenge of visualizing the ECS in living brain tissue. Our recently established SUSHI technique overpasses this issue enabling to image the ECS with a nanoscale resolution. During my PhD training, I unveiled new structural information about ECS, as well as characterized novel tools to study it. My PhD work was divided into three projects, all aiming at investigating the structure and function of brain ECS.

(1) Using the SUSHI approach, I studied the heterogeneity of ECS structure across hippocampal layers, which are known to have a very distinct cellular organization. My results show that ECS varies in volume and width across hippocampus, raising a question whether region-based differences in ECS structure in the hippocampus could support the unique anatomical as well as functional properties of each layer.

(2) Chemical fixation leads to drastic shrinkage of ECS, yet it was only investigated in a context of electron microscopy. With help of SUSHI, I performed a systematic analysis of the impact of chemical fixation on brain tissue morphology. The results revealed only minor structural alteration, meaning that chemical fixation alone is not the reason for such dramatic effects.

(3) Studying calcium signals in the ECS was a challenge since all available biosensors were not designed to measure ion concentrations with a millimolar affinity. Here, I characterized a novel tool, GreenT, to capture extracellular calcium dynamics. By imaging GreenT signals during electrophysiological stimulations, I was able to measure calcium fluctuations in the ECS upon neuronal activation. This is the beginning of applying this tool for physiology studies aiming at understanding the role of extracellular calcium.

Résumé

Étude de la structure et de la fonction de l'espace extracellulaire cérébral à l'aide de la microscopie de super-résolution

Les cellules cérébrales baignent dans un fluide appelé espace extracellulaire (ECS). Sa complexité structurelle et sa géométrie, avec des espaces intercellulaires de l'ordre de quelques dizaines de nanomètres, présentent un défi pour visualiser et étudier l'ECS dans le tissu cérébral vivant. Notre technique SUSHI récemment établie permet de surmonter ce problème et d'imager cet espace avec une résolution nanométrique. Au cours de ma formation doctorale, j'ai caractérisé des outils innovant pour étudier l'ECS, ce qui m'a permis de révéler de nouvelles informations structurelles. Mon travail de doctorat a été divisé en trois projets, tous visant à étudier la structure et la fonction de l'ECS cérébral.

(1) En utilisant l'approche SUSHI, j'ai étudié l'hétérogénéité de la structure de l'ECS à travers les couches de l'hippocampe, qui sont connues pour avoir une organisation cellulaire très spécifique. L'objectif de ce projet était d'aider à comprendre la nature hétérogène de la morphologie ECS. En effet, j'ai découvert que l'ECS varie en volume et en largeur à travers l'hippocampe. Cela pourrait à son tour conduire à rechercher si les différences régionales dans la structure ECS dans l'hippocampe pourraient soutenir les propriétés anatomiques et fonctionnelles uniques de chaque couche.

(2) La fixation chimique conduit à un rétrécissement drastique de l'ECS, mais elle n'a été étudiée que dans le cadre de la microscopie électronique et à grande échelle. Avec l'aide de SUSHI, j'ai effectué une analyse systématique de l'impact de la fixation chimique sur la morphologie des tissus cérébraux. Les résultats ont révélé que la fixation chimique seule n'est pas la raison de ces effets dramatiques, vus par d'autres, car nous n'avons observé que des altérations structurelles mineures.

(3) L'étude des signaux calciques dans l'ECS était autrefois un défi car tous les biocapteurs disponibles n'étaient pas conçus pour mesurer les concentrations d'ions avec une affinité milli-molaire. Ce projet visait à caractériser un nouvel outil, GreenT, permettant de capter la dynamique du calcium extracellulaire. J'ai testé avec succès ce capteur et en imageant ses signaux tout en mesurant l'activité électrophysiologique, j'ai pu détecter les fluctuations du calcium dans l'ECS lors de stimulation neuronale.

Mots clés: microscopie STED super-résolution, SUSHI, ECS, fixation chimique, calcium extracellulaire,

GreenT
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Each chapter has been written as a scientific manuscript with its own topic-related introduction and discussion. Project I is already under revision, whereas projects II and III are currently being prepared for submission. The methods that were used in all three projects, are described in the section 'star methods '. The thesis ends with general conclusions of my work and future perspectives.

'Let's face it, space is a risky business'

(NASA Administrator Aaron Cohen)

Super-resolution shadow imaging of an organotypic hippocampal slice

1. Extracellular space in the brain 

Molecular composition

Brain ECS is filled with an ion-rich interstitial fluid resembling the cerebrospinal fluid, serving as an ion reservoir and facilitating intercellular communication. In addition, embedded in this fluid is a network of hundreds of different sugar molecules and proteins building the extracellular matrix (ECM). Here, I will briefly introduce ECM and its most prominent assembly, the perineuronal nets.

The extracellular matrix

The extracellular matrix provides structural and biochemical support to the surrounding cells. The skeleton of it is built by hyaluronic acid (also called hyaluronan)

and long chains of proteoglycans and glycoproteins, to which many extracellular molecules are bound (Fig. 3). There are three major types of ECM known; first one is loose" ECM, which is present throughout the whole brain, the second one is the membrane-bound molecules on brain cells; and the third, perineuronal nets (PNNs) Synaptic plasticity is the regulation of synaptic transmission efficacy in an activitydependent manner. One example of synaptic plasticity is long-term potentiation (LTP); synaptic strengthening that can last from hours to even months and is an underlying mechanism for learning and memory. ECM plays a critical role in synaptic plasticity.

that
For instance, chondroitin sulphate proteoglycals (CSPGs), a backbone of ECM, restricts structural plasticity at the level of dendritic spines, leading to decreased LTP efficacy [START_REF] Orlando | Perisynaptic chondroitin sulfate proteoglycans restrict structural plasticity in an integrindependent manner[END_REF]. In addition, integrin, a cell surface receptor that is known to bind various ECM molecules, plays a regulatory role in hippocampal LTP [START_REF] Staubli | An inhibitor of integrin receptors blocks long-term potentiation[END_REF]. The development of knock-out mouse lines of ECM molecules led to systematic screening of ECM molecules, such as tenascin-R or reelin, unveiling a collective involvement of multiple ECM molecules in synaptic plasticity modulation [START_REF] Bukalo | Modification of extracellular matrix by enzymatic removal of chondroitin sulfate and by lack of tenascin-R differentially affects several forms of synaptic plasticity in the hippocampus[END_REF][START_REF] Wright | Extracellular matrix molecules, long-term potentiation, memory consolidation and the brain angiotensin system[END_REF]. In parallel, the development of ECMdegrading enzymes, such as hyaluronidase that by digesting hyaluronic acid disrupts ECM, resulted in higher mobility of AMPAR type glutamate receptor which regulates short-term plasticity [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and short-term synaptic plasticity[END_REF]. Similar experiments revealed that enzymatic removal of hyaluronic acid leads to modifications in LTP by dysregulation of dendritic calcium channels [START_REF] Kochlamazashvili | The extracellular matrix molecule hyaluronic acid regulates hippocampal synaptic plasticity by modulating postsynaptic Ltype Ca2+ channels[END_REF]. In summary, ECM is emerging as a critical contributor in various fundamental mechanisms regulating processes such as brain development or synaptic plasticity (Ferrer-Ferrer and Dityatev,

2018).

Perineuronal nets

Perineuronal nets (PNNs) were first described by Golgi more than a hundred years ago [START_REF] Spreafico | The perineuronal net: A weapon for a challenge[END_REF]. They are tight and complex mesh-like structures composed of various CSPGs and link proteins, enwrapping certain neuronal subtypes, predominantly parvalbumin-positive interneurons, although they have been observed

on some glutamatergic subtypes (Fig. 4). reactivates the visual critical period even after its closure, allowing the shift of ocular dominance [START_REF] Pizzorusso | Reactivation of ocular dominance plasticity in the adult visual cortex[END_REF].

In an adult brain, there are three major functions of PNNs. First, due to their localization to predominantly parvalbumin-positive interneurons with few glutamatergic excitatory neurons, thus suggesting the role of PNNs as an excitatory/inhibitory balance stabilizer [START_REF] Yamada | Molecular heterogeneity of aggrecan-based perineuronal nets around five subclasses of parvalbumin-expressing neurons in the mouse hippocampus[END_REF]. Second, PNNs protect the cells from oxidative stress by binding to redox-active iron molecules [START_REF] Morawski | Perineuronal nets potentially protect against oxidative stress[END_REF]). Third, the major function of PNNs is the suppression of synaptic plasticity [START_REF] Deepa | Specific molecular interactions of oversulfated chondroitin sulfate E with various heparin-binding growth factors: Implications as a physiological binding partner in the brain and other tissues[END_REF], for instance during fear conditioning in the amygdala [START_REF] Thompson | Removal of perineuronal nets disrupts recall of a remote fear memory[END_REF]. Similar to ECM, PNNs are involved in fundamental brain physiology mechanisms, such as synaptic plasticity and proper development.

Removal of PNNs also promotes neuronal recovery after spinal cord injury [START_REF] Barritt | Chondroitinase ABC promotes sprouting of intact and injured spinal systems after spinal cord injury[END_REF]). In the future, further functions of PNNs might be discovered and PNNs could prove themselves as a target for treatment developments against neurological pathologies.

Structural and biophysical properties

The structure and geometry of ECS in the brain is mostly dependent on the cellular architecture and is defined by the density and complexity of brain cell anatomy and the network of ECM. The gaps between cells can be as narrow as few nanometers and geometrical ramification can vary between brain regions [START_REF] Thorne | In vivo diffusion analysis with quantum dots and dextrans predicts the width of brain extracellular space[END_REF]. It has been revealed that ECS can be organized either in sheets or tunnels and this has an impact on molecular diffusion in the brain [START_REF] Kinney | Extracellular sheets and tunnels modulate glutamate diffusion in hippocampal neuropil[END_REF]. One of the parameters often used to characterize ECS is volume fraction, denoted by: α = ECS volume / tissue volume [START_REF] Andersen | The Hippocampus Book[END_REF].

ECS volume fraction varies between 0.1 and 0.4 depending on brain region [START_REF] Vanharreveld | A Study of Extracellular Space in Central Nervous Tissue by Freeze-Substitution[END_REF] 

𝐷 * = 〈𝑟 2 〉/2𝑑𝑡 [2].
where r 2 is the average of the squares of all the distances in a given time t, and d is the number of spatial dimensions. D* is however not only defined by the distance, but also by ECS viscosity and tortuosity.

ECS viscosity, i.e. the stickiness is inversely related to the diffusion of molecules through it and is likely based on composition of the hyaluronan and glycoprotein chains of the ECM [START_REF] Rusakov | Geometric and viscous components of the tortuosity of the extracellular space in the brain[END_REF], however their exact contribution still remains unknown.

Diffusion of molecules in the ECS is also regulated by ECS tortuosity, defined by the architecture of cellular structures and the connectivity of the gaps between them. It can be visualized as a maze of streets, where few of them are dead ends. A diffusing molecule that is trapped in such dead-end space, requires more time to find a way out and thus, decreases the diffusion efficiency ( [START_REF] Hrabětová | Dead-space microdomains hinder extracellular diffusion in rat neocortex during ischemia[END_REF]; Fig. 5).

The tortuosity λ is calculated as such:

λ = (D/D * ) 0.5 [3],
where D is diffusion coefficient in water. Since D ≥ D*, it follows that λ ≥ 1. Studies in slices and in vivo report average tortuosity to be 1.51-1.65 (Perez-Pinzon et al., 1995;

Voříšek and Syková, 1997a).

Finally, the size of the diffusing molecule affects the tortuosity and, in turn, alters the diffusion. A study using different sized dextrans demonstrates slower diffusion when increasing the size of the molecules [START_REF] Nicholson | Hindered diffusion of high molecular weight compounds in brain extracellular microenvironment measured with integrative optical imaging[END_REF]. These biophysical parameters of ECS are vital for brain physiology and medical interventions, considering that drugs diffuse through the ECS as well. The exact features of an applied drug, such as size or density can influence its efficacy and success rate to bind to its target. Understanding more about the diffusional dynamics and relations between ECS structure and biophysical features is crucial in designing an efficient medical treatment [START_REF] Wolak | Diffusion of macromolecules in the brain: Implications for drug delivery[END_REF]. 

Role in brain physiology and disease

The most important function of brain ECS is being a reservoir for ions, such as calcium. Maintaining a proper ion concentration is essential for propagation of action potentials as well as neurotransmitter release into the synaptic cleft. The synaptic cleft, the extracellular gap between pre-and postsynaptic compartments, can be as narrow as 10 nm and is thought to be a specialized ECS environment that determines the efficacy of synaptic transmission. Not only the narrow distance of the cleft but also its ECM composition affects synaptic transmission. For instance, ECM anchor proteins such as integrins, create a tight link between the pre-and postsynapse enabling efficient transmission of molecules. One study shows that increased synaptic plasticity is accomplished by isolating the synaptic cleft via ECM and astrocytes to reduce neurotransmitter spillover to neighboring synapses, thereby increasing the glutamate concentration in the synaptic cleft [START_REF] Dityatev | Molecular signals of plasticity at the tetrapartite synapse[END_REF]. This concept, also called 'tetrapartite synapse' (Fig. 6) implies a crucial role of glia and ECM in synaptic transmission and plasticity. Any alterations in extracellular ion or molecular concentrations in the ECS can have dramatic effects on synaptic function. Increased potassium can lead to developments of seizures or epilepsy that is defined by excitability/inhibition imbalance [START_REF] Ying | An increase in the extracellular potassium concentration can cause seizures[END_REF]. In addition to synaptic transmission, ECS is responsible for volume transmission, which is a general signal propagation through ECS enabling cell-to-cell communication, including longdistance signaling, even across brain regions. Signal propagators can be ions or various neuromodulators, such as dopamine, that can travel beyond one synapse, and so regulate the activity of a cell population or a certain neural circuit [START_REF] Rice | Dopamine release in the basal ganglia[END_REF].

In this case, the structure and biophysical properties of ECS are crucial for the proper signal transmission, as well-maintained streets enable efficient travel. Any accidents or blockages on the way would slow down or even end the trip. During stroke, an interruption of blood supply to part of the brain, usually caused by a blocked artery, ECS volume transmission is decreased in the stroke area and affects the cellular communication (Voříšek and Syková, 1997b). Nonetheless, the brain is a very plastic organ that can efficiently rewire and build new ECS communication channels analogous to a detour during a road construction.

The ECS is not a static fluid subjected to exclusively passive diffusion of molecules.

In fact, it also experiences bulk flow, an idea first demonstrated a decade ago with the proposal of the glymphatic system [START_REF] Xie | Sleep drives metabolite clearance from the adult brain[END_REF]). The glymphatic system is a complex network of perivascular channels and astrocytic endfeet (astrocytic structure that interacts with blood vessels), where the cerebrospinal fluid (CSF) is intimately linked to the brain ECS and clears interstitial fluid (ISF) of metabolic waste. The bulk flow in this system is mainly driven by the artery pulsation and by astrocytic water channels aquaporin-4 (AQP4), that can dynamically regulate water levels in the ECS.

Interestingly, the glymphatic system is dependent on the circadian rhythm [START_REF] Hablitz | Circadian control of brain glymphatic and lymphatic fluid flow[END_REF] and is more active during the sleep state. Disrupting the glymphatic system contributes to neurodegeneration, for instance during Alzheimer's disease. A hallmark of Alzheimer's disease is the accumulation of amyloid-beta plaques in the ECS. In a healthy brain, amyloid-beta is cleaned from the ECS via the glymphatic system. Most fluorescence microscopy is based on fluorescence of visible light, a phenomenon where excitation light of a given wavelength forces an electron in a fluorophore to change its electronic state from the ground (S0) to the excited state (S1). When the electron relaxes back to the ground state, a photon of lower energy is emitted in form of fluorescent light with a longer wavelength. The underlying physics mechanisms is often visualized with Jablonski diagram (Fig. 7A). The difference of wavelength, which ultimately is a difference of energy lost in the process, is called the Stokes shift (Fig. 7B) and is specific to each fluorescence molecule. For example, the excitation spectrum of green fluorescence protein (GFP) peaks at 488 nm, while its emission efficiency is at its highest at 508 nm. Unfortunately, a fluorescence molecule cannot undergo the transition between electronic states for infinite number of times. In practice, the fluorescence loses its intensity after multiple state changes, due to photobleaching, a process where the electron does not relax back to S0 on the nanosecond scale and instead enters an intermediate electronic state, called triple state, delaying the fluorescence emission. Prolonged excitation of a fluorophore, particularly using a high-power laser, can result in chemical reaction with oxygen leading to production of radicals that are toxic to cells. This mechanism, called photo-toxicity, together with photo-bleaching are challenges in fluorescence microscopy. Thus, effort has been put into the development of more stable fluorophores.

The spatial resolution of a fluorescence microscope is limited by the wave-like nature of light. Thus, an ideal microscope with a perfectly collimated light beam and perfect focusing optics would not result in infinite spatial resolution. The limit of spatial resolution also called the 'diffraction limit of light' can be calculated with the simple equation (Abbe's formula) for the lateral (xy) axis:

r = λ 2𝑁𝐴 [4],
where r is the minimal lateral resolution, 𝛌 is the excitation wavelength and NA is the numerical aperture of the objective. In short, using a classical fluorescence microscope, it is not possible to resolve two molecules that are closer to each other than approximately half the excitation wavelength. Along the optical axis (z-axis) the spatial resolution is roughly twice the resolution of xy-axis. Looking at this equation, one could think that by reducing the excitation wavelength or increasing the NA, one could shift the limit of diffraction, therefore changing the resolution. Unfortunately, in practice it is not feasible. For example, objectives with NA > 2 would require immersion medium that is not transparent resulting in increased refraction of light while passing from one medium to another, therefore worsening signal-to-noise ratio.

Nevertheless, other ways to achieve as crisp image as possible have been proposed.

Here, I am going to briefly describe two most well-known techniques: the confocal laser scanning microscopy and two-photo microscopy.

Confocal laser scanning microscopy

Confocal laser scanning microscopy is an optical technique that increases spatial resolution (still limited by the limit of diffraction) by means of adding a pinhole to the optical path of the microscope. This pinhole eliminates out-of-focus light, therefore enhancing the axial resolution as only light that is emitted in close proximity to the focal plane can be detected. In contrast to conventional widefield fluorescence microscopy, that collects emitted light from the whole specimen including the blurry background part, confocal microscopy cuts out the fluorescence in depth, since a big part of light is being blocked with the pinhole. For this reason, more sensitive detectors such as avalanche photodiode (APD) are necessary to enable to detect very dim signal.

Another advantage of confocal microscopy is the point-scanning modality. The specimen is illuminated point-by-point in parallel lines by using oscillating mirrors, providing an image with a better contrast and signal-to-noise ratio. Confocal microscopy has been commercialized by many companies and is now one of the most widely used imaging modality in life sciences.

Two-photon absorption

The principle of fluorescence microscopy described above is based on one-photon absorption. Nearly a century ago the concept of two-photon (2P) absorption was proposed by Maria Göppert Mayer, nota bene also a doctoral student at that time 

Super-resolution STED microscopy

Many fundamental processes in the brain happen at the level of a single synapse which size falls way below the diffraction limit of ~200 nm. Thus, the limitations in spatial resolution of conventional fluorescence microscopy are particularly disadvantageous in the field of neuroscience. Functional units of brain cells, such as dendritic spines, axonal boutons, or astrocytic processes, have been crucial in investigating synaptic activity and plasticity. Yet, for many years of early neuroscience research, the only way to visualize these nanostructures was EM, that did not allow the use of live samples. In 2014, a group of scientists was awarded the Nobel Prize for Chemistry for their effort in developing super-resolution microscopy techniques (SRM) that permitted visualization of living samples with nanoscale resolution. This term refers to a family of approaches that overcome the diffraction limit of light allowing to separate structures smaller than 200 nm. Even though, the idea of SRM was proposed more than two decades ago, only recently has it made an impact on biology research.

SRM can be divided in three main groups:

1) Structured illumination microscopy (SIM), where the spatial resolution is enhanced via light illumination in a structured rather than uniform manner [START_REF] Prakash | Super-resolution structured illumination microscopy: Past, present and future[END_REF].

2) Single-molecule localization microscopy (SMLM), which forces a single fluorophore to emit light at different time points, allowing for precise position to be calculated and therefore a super-resolved image can be deconstructed [START_REF] Lelek | Single-molecule localization microscopy[END_REF].

3) Stimulated emission depletion microscopy (STED), which will be explained more in detail below, as it was the main SRM technique used for my projects.

The principle of stimulated emission has been proposed for the first time more than a century ago by Albert Einstein [START_REF] Einstein | Strahlungs-emission und -absorption nach der Quantentheorie[END_REF] and was the theoretical foundation of a laser. Almost eighty years later, the idea of using stimulated emission for fluorescence microscopy was conceptualized [START_REF] Hell | Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion fluorescence microscopy[END_REF]) and then

experimentally demonstrated [START_REF] Klar | Subdiffraction resolution in far-field fluorescence microscopy[END_REF], resulting in the development of a super-resolution microscopy technique called STED (stimulated emission depletion).

As explained above, when an excited electron transits from the S0 to S1 state and then relaxes back, it normally emits a photon. In the case of STED, super-resolution is achieved when this emission is disrupted by adding a second, high-power laser (also called STED or depletion laser), which de-excites the molecules and suppresses the spontaneous emission of a fluorescence photon (Fig. 9A). The trick of this laser is its donut shape, which can be achieved via spatial light modulator (SLM), a device that modulates the phase of a light beam via voltage application. It is absolutely crucial that the center of the donut intensity is at its minimum (null). When the excitation and STED beams overlap, the fluorescence is emitted only in the center of the donut, while the rest is sufficiently de-excited. The effective PSF (point spread function; point source response from a focused optical system) is thus decreased to lateral resolution beyond the diffraction limit of light. While theoretically unlimited by using higher STED beam power, in practice the optical resolution is bounded by the damage threshold of the samples, leading to about 40-70 nm of spatial resolution in biological samples (Fig. 9B).

Since the STED effect is a non-linear process, the resolution can be in theory infinitely r  λ 2𝑁𝐴√1+ 𝐼 𝐼𝑠 [START_REF] Arranz | Hyaluronan deficiency due to Has3 knockout causes altered neuronal activity and seizures via reduction in brain extracellular space[END_REF].

However, in practice the obtained resolution is restricted to the intensity limit of the laser and the biological sample, sensitive to photo-bleaching and -toxicity. The STED effect only works the molecules are in the excited state, yet during the excitationdeexcitation cycles of fluorescence, the molecules remain in the ground state most of the time. During this time the STED light is not needed and can be detrimental for the sample. Thus, to reduce the negative effects of STED beam on biological samples, the STED laser can be used in a pulsed mode instead of continuous wave mode. In pulsed mode, the excitation and the STED beams are synchronized to accommodate a precise temporal delay between both, which is usually in the hundreds of picoseconds range.

To improve axial resolution, the SLM can shape the STED laser in 3D to generate a 'bottle beam" [START_REF] Wildanger | A compact STED microscope providing 3D nanoscale resolution[END_REF] enabling shrinkage of the PSF axially to obtain a z-resolution of ~150 nm in case of confocal mode and excitation wavelength of 488 nm.

A key advantage of STED microscopy over other SRM techniques is its versatility in regard of sample preparation. In contrast to SMLM, STED can be used on both fixed and live samples, as well as 2D (cell cultures) and 3D models (brain tissue). By combining STED with 2P modality, it is possible to use STED in in vivo [START_REF] Pfeiffer | Chronic 2P-STED imaging reveals high turnover of dendritic spines in the hippocampus in vivo[END_REF][START_REF] Steffens | Stable but not rigid: Chronic in vivo STED nanoscopy reveals extensive remodeling of spines, indicating multiple drivers of plasticity[END_REF], that enables studying nanoscale structural dynamics in living animals. STED has proved itself to be an effective SRM technique for discovering fundamental functions of subcellular structures that appeared too blurry with conventional microscopes. One of these structures is the spine neck which as revealed by STED experiments, connects spine head with the dendritic branch and can change its morphology in response to synaptic plasticity [START_REF] Tønnesen | Spine neck plasticity regulates compartmentalization of synapses[END_REF].

Another example is the nanoscale anatomy of astrocytes, whose volume is primarily occupied by subcellular branches, so-called spongiform structures below the diffraction limit of a confocal microscope. STED experiments show that within these branches there are different types of structures, such as nodes or loops that may have a specialized function, such as signal compartmentalization or propagation [START_REF] Arizono | Structural basis of astrocytic Ca2+ signals at tripartite synapses[END_REF]. For more details on the utility of STED and other SRM techniques in neuroscience, I recommend this review, published very recently by me and other members of our team [START_REF] Arizono | Getting sharper: the brain under the spotlight of super-resolution microscopy[END_REF].

Our team has successfully applied STED imaging to neurobiology. By constructing home-build STED setups that allow for tweaking of single parts of the optical path, we can improve its performance and combine STED with other techniques, such as electrophysiology or 2P glutamate uncaging. Daily alignments of the home-built microscope allowed me to learn much more about optics and microscopy than any commercial setup would be able to. All the details about the STED setup I used during my PhD training and the alignment steps can be found in the 'star methods' section.

Super-resolution shadow imaging

The rapid development of SRM techniques enabled researchers to visualize subcellular structures such as dendritic spines, and study molecular distribution and protein interactions. However, the possibility of investigating structural and biophysical dynamics of the ECS with a super-resolution remained an unresolved challenge. To overcome this, our team developed a new imaging approach called SUSHI (super-resolution shadow imaging; [START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF], which is a combination of live STED imaging and extracellular labeling. Instead of positively labeling a subset of cells, SUSHI is based on bathing the sample in a fluorescent solution. A small, inert, diffusible, and non-permeable fluorescent dye, diluted in an imaging solution, diffuses freely in the ECS [START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF]. The dye does not tag any specific protein and its small size allows to penetrate through the smallest ECS gaps, such as synaptic clefts. In a SUSHI image, all cellular structures appear as 'shadows' and by inverting the look-up table (LUT), we are able to visualize the whole tissue (Fig. 10). Even though, none of the cells are labeled, it is possible to derive specific cellular structures from the SUSHI image, such as dendritic spines or axonal boutons [START_REF] Arizono | Structural basis of astrocytic Ca2+ signals at tripartite synapses[END_REF]. Depending on the available excitation wavelengths of a given microscope, a suitable dye can be identified. For example, calcein is a fitting dye for the 488 nm excitation laser that our setup is based on. Further, multi-color STED allows for simultaneous imaging of positively labeled cells and the extracellular labeling of the ECS, which comes in handy to identify a specific cell type and study it in context of the surrounding environment [START_REF] Arizono | Super-resolution shadow imaging reveals local remodeling of astrocytic microstructures and brain extracellular space after osmotic challenge[END_REF].

By labeling the outside of cells, SUSHI minimizes the negative effects of STED, photo-bleaching and -toxicity, as toxic byproducts of the fluorescence lifecycle are washed through the bath, allowing for long time-lapse imaging which is crucial to study tissue dynamics. For instance, repetitive SUSHI imaging while inducing a 2P photo-lesion led to observation of contextualized migration of cells (probably macrophages) towards the lesion [START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF]. Similar to other imaging techniques, SUSHI can be combined with electrophysiology, calcium imaging or other functional imaging approaches.

Given its nanoscale resolution, SUSHI makes it possible to extract nanoanatomical ECS parameters, such as ECS widths, as well as local ECS volume fraction. During my PhD training, I have used SUSHI as the principal approach for most of my scientific projects and even after these years, I am still impressed with its simplicity and adaptability.

Lattice light-sheet microscopy

Laser point-scanning microscopy such as confocal or 2P modalities have proven themselves indispensable in life science over the past decades. However, users of these techniques are often faced with two major drawbacks. First, photo-bleaching caused by repetitive excitation of the fluorescence molecules prevents from repetitive imaging such as time-lapse acquisitions. And second, despite point-scanning enhancing the image quality and spatial resolution, it does not allow the capture of rapid and dynamic structural or functional changes in studied sample. This issue is particularly discouraging in the field of neuroscience. Processes such as action potential generation and propagation, neurotransmission or astrocytic calcium imaging happen in the range of milli-or even nanoseconds. Even some structural dynamics of cells can be very fast, for instance the immune cells of the brain, called microglia are known to move their small branches in the range of tens of milliseconds while scanning their environment. Researchers studying these cells are often confronted with the challenge of capturing these dynamic movements in 3D, while simultaneously keeping a decent spatial resolution.

Lattice light-sheet (LLS) fluorescence microscopy is an alternative approach that achieves a good spatial resolution and optical sectioning comparable to confocal microscopy while minimizing photo-bleaching and -toxicity. The LLS method also has the ability for extremely fast capture rate at a speed 100-1000 faster than most of the point-scanning techniques.

LLS microscopy is based on a principle of light sheet which was introduced for the first time almost thirty years ago [START_REF] Voie | Orthogonal-plane fluorescence optical sectioning: Three-dimensional imaging of macroscopic biological specimens[END_REF] and is characterized by a thin sheet of light (usually a few hundred nanometers to few micrometers) that excites fluorophores only within the focal volume, reducing the photo-damage to the sample.

The light sheet is accomplished with an illumination laser that is focused onto the sample with an objective (usually called 'illumination objective') in only one direction. In contrast to standard microscopes, the emitted fluorescence is collected with a second 'imaging' objective that is usually placed in a perpendicular fashion to the illumination objective (Fig. 11).

LLS microscopy, an improved version of light-sheet mode, is a super-resolution technique based on structured illumination. A combination of cylindrical lenses create

an even thinner sheet of light with a lattice-pattern that is then projected onto SLM device to eliminated unwanted light aberrations, such as diffraction [START_REF] Chen | Lattice light-sheet microscopy: Imaging molecules to embryos at high spatiotemporal resolution[END_REF]. This improves the spatial resolution while keeping the high-speed rate and low photobleaching effect. The high temporal resolution of LLS is achieved by collecting the fluorescence signal from a plane of light (in contrast to point scanning) with a fast camera, such as CCD or CMOS. LLS is limited to imaging close to the specimen surface of most tissues. Penetrating the tissue below 100 m results in drastic degradation of image quality due to sample-induced aberrations that needs to be removed with use of adaptive optics. Nevertheless, LLS can be applied to transparent organs, embryos, or even whole, intact organisms, that via chemical clearance remove the problem of light scattering in depth penetration. However, is typically limited only to fixed samples with a few exception in naturally (semi-)transparent animal models such as zebrafish or c.elegans that can be visualized in live conditions [START_REF] Keller | Light sheet microscopy of living or cleared specimens[END_REF].

LLS is a perfect complementary technique to point-scanning approaches such as STED (Table 1), enabling 3D volumetric imaging at a high-speed rate. In contrast to STED, LLS minimizes photo-bleaching and -toxicity, allowing for long time-lapse acquisitions and preventing light-induced structural or functional changes within the sample.

Table 1. The complementary nature of LLS compared to STED microscopy.

Lattice light-sheet shadow imaging (LISHI)

As stated earlier, ECS is not a static space, it's a highly dynamic structure that adapts its anatomical and biophysical features to (patho)physiological states of the brain. SUSHI enables visualization of live ECS with a nanoscale precision, yet its slow temporal resolution (second-minute) is a challenge when studying ECS structure in 3D. However, shadow imaging is a universal approach and can be applied to other microscopy modalities, such as LLS. LISHI (lattice light-sheet shadow imaging) is a combination between LLS microscope and extracellular labeling (Fig. 12) and given its temporal and volumetric features, it allows to acquisition of 3D volumes of live ECS with vastly improved temporal resolution. Here, its positive proof-of-concept opens the door of new possibilities in studying brain ECS. In future experiments, LISHI can be combined with imaging of positively-labeled microglia, making it
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Aims of the thesis

My thesis work is composed of three synergistic lines of researched which aimed at (1) better understand the heterogeneric structure of extracellular space in the hippocampus, (2)

investigate the impact of chemical fixation on brain tissue morphology, and (3) characterize a novel tool to investigate extracellular calcium fluctuations in the brain.

(1) The cellular anatomy of the hippocampus is uniquely organized in distinct layers, where each hippocampal layer is playing a distinguished role in brain physiology involved in mechanisms of learning and memory. We hypothesized that structural and diffusional features of extracellular space vary between the hippocampal layers as well, and could be involved in the functional specificity of these regions. However, only indirect and macroscopic studies have been conducted to validate this question, mostly due to lack of appropriate methodologies to visualize the intercellular gaps with enough spatial resolution. My first project thus aimed at determining the structural ECS heterogeneity across hippocampal layers.

(2) The fact that brain extracellular space was neglected for such a long time was partly due to incorrect way of preserving it during electron microscopy experiments. EM sample preparatory steps, as confirmed by recent study, lead to dramatic shrinkage of ECS. By systematically dissecting each of these steps, we would be able to identify the one step (or a combination) responsible for such drastic effect. Therefore, we took advantage of the SUSHI technique to study the impact of chemical fixation on brain tissue morphology.

(3) As one of the most important second messengers in every living organism, calcium signaling has been intensively studied for a long time, leading to development many biosensors to capture and analyze vast calcium dynamics. However, the methods advancement was mainly aimed at intracellular calcium fluctuations. Extracellular calcium concentration is 15000 times higher than inside the cells, therefore making it impossible to apply existing tools to measure extracellular calcium signals. A novel sensor, GreenT, has been designed by our collaborators and we aimed at characterizing it in the context of brain tissue. Having very little references from past experiments, we systematically tested the new tool in terms of its performance and relevance for brain physiology experiments.

Results

Chapter I: Differences in ECS nanoscale anatomy across hippocampal layers

The hippocampus is a crucial brain region in part of the limbic system, playing a central role in information processing and memory storage, particularly related to spatial orientation. Its anatomy and physiology have been intensely studied for a long time, in particular the molecular mechanisms of important processes like neurogenesis, synaptic plasticity, and neurodegeneration [START_REF] Andersen | The Hippocampus Book[END_REF].

The anatomy and organization of the hippocampus is unique and distinct.

Hippocampal neurons are neatly arranged in different layers, such as the CA1 (cornu Ammonis), CA3 or DG (dentate gyrus), where each of these layers is further divided into sublayers consisting of different parts of the neuron, such as dendritic branches (stratum oriens, stratum radiatum) or cell bodies (stratum pyramidale; Fig 13). As the center of information processing, the hippocampus is well connected with other brain regions, including the prefrontal cortex or the hypothalamus, receiving information mostly via synapses in the DG and transmitting the signal further via the CA1 synapses to other brain regions. Furthermore, the hippocampus has its own circuits keep the homeostatic excitation-inhibition balance in check by giving feedback between layers [START_REF] Kandel | Principles of Neural Science, Fifth Edition (Principles of Neural Science (Kandel))Principles of Neural Science[END_REF]. Alterations within these circuits can lead to several diseases, such as epilepsy, a disease that manifests itself with sudden bursts of electrical activity leading to seizures. As in all other brain regions, the hippocampal cells are surrounded by the ECS, a channel that allows communication between cells both on a cellular as well as on a synaptic level. As a reservoir and passageway for ions and signaling molecules, including neurotransmitters, the ECS shapes the basic physiological properties of the hippocampus, such as neuronal excitability, synaptic transmission, and plasticity. The information processing that is happening in the hippocampus would be severely altered if the ECS composition or properties would change [START_REF] Colbourn | ECS Dynamism and Its Influence on Neuronal Excitability and Seizures[END_REF]. Given that the neuronal anatomy in the hippocampus is so elaborate, a question arises whether the ECS organization, anatomical and biophysical, also differs between hippocampal layers, thus participating in functional specificity in these layers. However, for largely technical reasons such as spatial resolution limitations, we have very little information about the anatomical and biophysical properties of the ECS, let alone having a nanoscale view.

To address this challenge, we applied SUSHI to visualize the nanostructure of the ECS in the hippocampus. SUSHI is a perfect technique to look at anatomical heterogeneity in a non-biased way and distinguish region-specific layers (Fig. 14). We acquired SUSHI images of the different anatomical layers and areas in hippocampal organotypic brain slices. For the analysis, we segmented the images and quantified the physical gaps between them and the local volume fraction of the ECS. The data reveal layer and area-specific differences in ECS structure, which may influence the diffusional speed and spread of molecules in the ECS. 

Results

To verify if there are any structural differences in the ECS between hippocampal layers, we acquired SUSHI images of stratum pyramidale and stratum radiatum of both CA1 and CA3 (Fig. 15) in mouse organotypic hippocampal slices. To analyze the differences, we established an analysis workflow (Fig. 16). After acquiring a SUSHI image, it is binarized using a handy ImageJ plugin called SpineJ [START_REF] Levet | SpineJ: A software tool for quantitative analysis of nanoscale spine morphology[END_REF] and originally used to measure morphological parameters of dendritic spines. This plugin is based on a segmentation algorithm that applies a wavelet to a fluorescence image, enabling a semi-automated analysis. The segmented SUSHI images were used to calculate ECS volume fraction. To extract ECS widths from the images, we plotted line profiles and measured the line peaks. We decided to draw lines in two directions, one along the dendrites that we called 'the dendritic axis' and one along the axons, namely the 'axonal axis', since it is known that axonal bundles run in a perpendicular manner in reference to the dendrites.

Our analysis of the ECS VF show no difference across hippocampal layers (Fig. 17A; s. pyramidale: nCA1=16, nCA3=12, p=0.0678 in unpaired t-test; s. radiatum: nCA1= 11; nCA3= 7, p= 0.4127 in unpaired t-test), yet we observed a layer-specific difference in ECS widths. In the s. pyramidale ECS appears to be wider in the CA3 than in CA1 (Fig. 17B Results of QDs tracking across hippocampal regions revealed a very heterogeneous map of ECS diffusion (Fig. 18). In line with SUSHI-based results, the most striking difference was observed in stratum radiatum, namely the diffusion in the CA3 seems to be more confined than in the CA1. By correlating these results with our structural analysis of ECS, we are able to link the differences together and obtain a more comprehensive picture of the heterogeneity of ECS in the hippocampus. 

Methods

Organotypic brain slice culture. C57Bl/6J wild-type mice were used for all brain slice experiments in this study. The preparation and culturing of organotypic brain slices (Müller method) is described in detail below in the 'star methods' section. All experiments were carried out with DIV14-17 old slices. STED microscopy. SUSHI images were acquired with a home-built 3D-STED setup.

All technical parameters of the microscope can be found in the 'star methods' section.

Extracellular labeling. For the extracellular staining, calcein (Dojindo Laboratories) was diluted in 1x ACSF (Table 2; 300 mOsm, pH 7.3) to a final concentration of 20 µM. A brain slice was first flipped in the imaging chamber, to have the brain slice directly touching the glass coverslip, mounted and perfused with carbogenated calcein/ACSF solution using a perfusion system for at least 10 minutes prior to imaging and throughout the experiment.

Acquisition parameters. STED single-plane images were acquired with the following acquisition parameters: 100 x 100 µm field of view, 19.53 nm pixel size, 0.03 ms dwell time, 0.5 µW confocal laser power and 30 mW STED laser power (both measured before the objective). The specific hippocampal regions were chosen as follows: for s. pyramidale, the FOV was centered around cell bodies (Fig. 15). For s.radiatum, the FOV was first centered for the cell bodies layer and then it was moved below it for approximately 50 µm. In case of CA3, s. lucidum was not considered for the analysis.

ECS widths analysis and statistics. First, the images were binarized using the ImageJ plugin SpineJ [START_REF] Levet | SpineJ: A software tool for quantitative analysis of nanoscale spine morphology[END_REF] based on wavelet-filtering. Following this, three parallel lines with the same interval between them were drawn on the binarized images of stratum pyramidale and six lines (divided in axonal and dendritic axes) for stratum radiatum. The line profiles were then plotted using ImageJ software (NIH). Each peak width of the plot was then measured and considered as an individual ECS width (Fig 16). For statistical analyses, we used GraphPad Prism software. The data was first tested for normal distribution and then either a Mann-Whitney test (ECS widths) or unpaired t-test (ECS VF) were performed to define the statistical significance.

Discussion

Using the recently established SUSHI technique, we have analyzed structural differences in the ECS across hippocampal layers with a nanoscale precision. Our results support previous study, both demonstrating that ECS VF is smaller in s. pyramidale than s. radiatum [START_REF] Saghyan | Extracellular diffusion in laminar brain structures exemplified by hippocampus[END_REF]. We show that, whereas on the level of s. pyramidale ECS is slightly wider in the CA3 than in the CA1 layer (Fig. 17B), the differences in the widths are much more significant in s. radiatum. In fact, intercellular gaps in CA3 are substantially wider than in the CA1. However, our analysis show that the extracellular VF is not significantly different between CA1 and CA3, both in s. pyramidale as well as in s. radiatum (Fig. 17A). Additional analysis of ECS VF between neuropil and cell body layer in CA3 and CA1 (Fig. S1) show significantly more ECS in neuropil region. While this result is in line with previous study [START_REF] Mcbain | Regional variation of extracellular space in the hippocampus[END_REF], our layer-specific VF analysis between CA1 and CA3 does not align with it. This could derive from differences in the experimental setup, as our results do not support previous results that demonstrate a bigger VF in the CA3 (s. radiatum) when compared to CA1 (Fig. 19). The original experiments were performed with RTI method providing a macroscale VF analysis that was derived from diffusion results, while our experiments were performed more locally, and the VF analysis was based on pixel-based fluorescence intensity. Furthermore, the previous study was conducted using acute hippocampal slices, that vary in anatomical organization from organotypic slices. To overcome the discrepancies, in vivo experiments would provide conclusive results.

The super-resolution analysis of QDs trajectories demonstrates that the diffusion in s. radiatum of CA3 is significantly more confined than in CA1 (Fig. S2). After correlating these diffusion data with our SUSHI-based structural results, we obtain a seemingly contradictory outcome. While the gaps between cells are wider in the CA3, the particle diffusion is more confined. A crucial point at this state is that the QDs tracking was performed using rat organotypic hippocampal slices, whereas SUSHI was done using mouse slices. To address this issue, we performed structural analysis of ECS widths also with rat organotypic slices and as a result, obtained similar results to mouse slices (Fig. S3 andS4). Having verified this outcome, we came up with few explanations for the discrepant results. First, it is possible that the composition of ECM varies between CA3 and CA1. For instance, ECM in the CA1 could be more 'loose' thus, enabling molecules to diffuse more freely and on longer distances than in CA3.

Such a question may be addressed by immunohistochemistry of ECM components such as hyaluronan or aggrecan. Notably, diffusion in the ECS is strongly influenced by its viscosity, i.e. 'stickiness'. The more viscous the space, the more energy the molecule must provide to diffuse. One of the ECS molecule that affects the viscosity is hyaluronic acid. This possibility can be examined by removing hyaluronan with an enzyme, hyaluronidase, which would verify the role of viscosity in diffusion of molecules. Moreover, hyaluronic acid is one of the ECM components that builds its structural skeleton. By removing it from the ECS, we could also determine how its depletion changes ECS structural properties such as widths. Previous study indicates that knocking out hyaluronic acid leads to changes in ECS VF and molecular diffusion [START_REF] Arranz | Hyaluronan deficiency due to Has3 knockout causes altered neuronal activity and seizures via reduction in brain extracellular space[END_REF]. And finally, another ECS feature that has an effect on diffusion is tortuosity. Here, our result indicates that CA3 ECS geometry might be more complex than in CA1, thus increasing the tortuosity. It's possible that in the CA3, there are more dead-end paths where the diffusing molecule is being trapped, thus confining the diffusion to smaller region. This could be verified by computational modeling based on MCell Monte Carlo simulation program to determining the importance of geometrical constraints, especially dead-space microdomains, and the possible role of interaction with the extracellular matrix [START_REF] Nanolive | What does fixation do to your cells' morphology? 73[END_REF].

In order to better reflect the physiological state of the brain, technical improvements could be worth the effort. By reducing the QDs size, we could report the diffusion properties of how molecules move in the smallest ECS gaps, such as in the synaptic cleft. Another goal would be to develop a microscopy setup that is able to visualize the ECS structure at the nanoscale while tracking molecule diffusion in the ECS at the same time. Positively, a construction of such setup has already started and more exciting results regarding ECS physiology and pathology are about to come soon. Moreover, these experiments were performed using ex vivo samples, namely organotypic brain slices, which are a great compromise between in vivo conditions and a simpler cell culture model. Ideally, we should be able to measure ECS parameters directly in vivo. It is known that ECS diffusion is strongly affected by the bulk flow coming from contracting capillaries in the brain (Hladky and Barrand, 2014).

Organotypic brain slices that are cultured in the incubator for two weeks before the experiments, may differ in anatomical organization from an intact brain. This is crucial especially in disease conditions, such as stroke which by altering the bulk flow, indirectly affects molecule diffusion in post-stroke brain, leading to devastating structural changes [START_REF] Wang | Cerebrospinal fluid may mediate CNS ischemic injury[END_REF].

Chapter II: Super-resolution analysis of the effects of chemical fixation on the cellular microarchitecture of organotypic mouse brain slices

Chemical fixation is a commonly used procedure for immunofluorescence microscopy, electron microscopy [START_REF] Karnovsky | A formaldehyde-glutaraldehyde fixative of high osmolality for use in electron microscopy[END_REF] and recent super-resolution microscopy (SRM) techniques including expansion microscopy which are widely used for microscopic analysis of the morphology and molecular organization of cells and tissues. Chemical fixatives like paraformaldehyde (PFA) covalently cross-link proteins, which has the effect of physically hardening the cellular and molecular structure of the sample. This procedure protects the sample from decay and damage during subsequent processing steps, such as tissue slicing, dehydration or embedding in resin.

It is well known that even the most carefully executed fixation inevitably introduces structural artifacts that may severely compromise data quality and interpretation [START_REF] Ryter | Contribution of new cryomethods to a better knowledge of bacterial anatomy[END_REF]. While these artifacts may not be appreciable at the macroscopic level, they are likely to be significant at the microscopic scale.

As modern light and electron microscopy techniques keep getting better, achieving ever higher spatial resolutions, the concern about fixation artifacts becomes increasingly pertinent. Notably, SRM techniques that make it possible to visualize cellular ultrastructure and single molecules often involve sample fixation, are particularly prone to fixation artifacts. Indeed, subcellular organelles such as endosomes and lysosomes are specially sensitive to chemical fixation [START_REF] Murk | Influence of aldehyde fixation on the morphology of endosomes and lysosomes: Quantitative analysis and electron tomographyJournal of Microscopy[END_REF]. In addition, cellular molecules can still move substantially and reposition after chemical fixation, which may impact data interpretation [START_REF] Tanaka | Membrane molecules mobile even after chemical fixation[END_REF].

The question of how well the micro-architecture and ultrastructure of brain tissue is affected upon chemical fixation was recently revisited by EM studies. Comparing chemically and cryo-fixed tissues, a strong depletion of the extracellular space (ECS) as well as changes in astrocytic [START_REF] Korogod | Ultrastructural analysis of adult mouse neocortex comparing aldehyde perfusion with cryo fixation[END_REF] and dendritic spine morphology [START_REF] Tamada | Ultrastructural comparison of dendritic spine morphology preserved with cryo and chemical fixation[END_REF] were observed, raising serious concerns about the use of chemical fixation protocols in high-resolution anatomical studies of brain tissue.

Additionally, in the field of EM connectomics, the preservation of ECS is critical for precise reconstruction of neural circuits [START_REF] Pallotto | Extracellular space preservation aids the connectomic analysis of neural circuits[END_REF].

To perform a direct comparison between nanoanatomy of live and fixed conditions, we took advantage of the recent SUSHI technique, which combines super-resolution STED microscopy and fluorescence labeling of the interstitial fluid [START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF]. SUSHI allows for visualization of tissue anatomy, including the ECS, projecting all cellular structures as sharply contoured shadows, providing a comprehensive and non-biased view of the tissue. Using this technique, we imaged organotypic brain slices before and after chemical fixation and analyzed the impact of PFA on the ECS. In addition, we also imaged fluorescently labeled astrocytes and neurons, and analyzed the effect of PFA on their subcellular structures.

We show that incubating the brain slices with PFA does not induce any major changes in their microanatomical organization, including the ECS. However, we detected nanoscale changes in dendritic morphology, while membrane integrity appeared to be damaged (permeabilized cell membranes and cellular blebbing).

The study is the first to systematically characterize the effects of PFA on brain tissue micro-architecture, issuing a note of caution but also giving reassurance about potential artifacts. Our super-resolution approach, based on positive and inverse labeling of brain tissue, provides a sensitive and accurate readout of the impact of chemical fixation on brain tissue, facilitating the optimization of fixation protocols to preserve the native structure of the tissue as much as possible.

Results

To directly assess whether chemical fixation using PFA has an effect on hippocampal ECS anatomy, we established an experimental workflow, where we could compare the same sample before and after PFA fixation in a paired manner (Fig. 20 

top).

We performed 5-minutes time-lapse confocal shadow imaging before and after PFA application (Fig. 21A). The images were subsequently binarized using SpineJ software After 180 minutes of PFA incubation, we started to observe even more prominent changes, such as calcein accumulation around cell bodies and calcein intake into the cell bodies (Fig. 22E) indicating that PFA alone can permeate cell membranes. Indeed, overnight PFA incubation resulted in almost complete cell membrane permeabilization (Fig. 22F), making it impossible to assess the impact of PFA on ECS. Thus, more than 90 minutes of PFA fixation can lead to various artificial changes in the brain tissue.

Beyond the effect on ECS width, we set out to determine the impact of PFA fixation on different cell types. We first focused on astrocytes, whose structures are known to be very sensitive to environmental changes, such as osmotic challenge [START_REF] Arizono | Super-resolution shadow imaging reveals local remodeling of astrocytic microstructures and brain extracellular space after osmotic challenge[END_REF] or transcardial chemical fixation [START_REF] Korogod | Ultrastructural analysis of adult mouse neocortex comparing aldehyde perfusion with cryo fixation[END_REF]. We injected organotypic hippocampal slices with the AAV_GFAP-Clover virus to selectively label astrocytes. Confocal microscopy revealed no significant changes in major branches and cell bodies upon 90 minutes of PFA fixation (Fig. 23A &B Wilcoxon matched-pair test). These results suggest PFA incubation alone has surprisingly little impact on astrocytic morphology.

We also performed similar experiments with neurons by labeling them with Sindbiscitrine virus. Using STED microscopy, we visualized a dendritic segment with spines before and 90 minutes after PFA fixation (Fig. 24A). Unlike astrocytes, a significant number of dendrites developed holes when exposed to 90 minutes of PFA (Fig. 24B 

Materials and methods

Organotypic brain slice culture C57Bl/6J wild-type mice were used for all experiments in this study. The preparation and culturing of organotypic brain slices (Gähwiler method) is described in detail below in the 'star methods' section. All experiments were carried out with DIV14-17 old slices.

STED microscopy

All images were acquired with a home-built 3D-STED setup. All technical parameters of the microscope can be found in the 'star methods section' . 

Viral injections

In order to fluorescently label neurons or astrocytes, we have introduced either a Sindbis-Citrine or AAV2/1.gfaABC1D-Clover viruses to the brain slices via microinjections using a glass pipette connected to Picospritzer (Parker Hannifin). Briefly, the virus was injected via a pipette positioned into the CA1 area of the slice by brief pressure pulses (30 ms; 15 psi). For imaging of the neurons Sindbis-Citrine virus was injected into 2-weeks old wild-type slices 1 day prior to the experiments. To image astrocytes, 2-weeks old wild-type slices were injected with AAV2/1.gfaABC1D-Clover 2 weeks before the experiments.

Extracellular labeling Extracellular labeling of organotypic slices was performed as described before [START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF]. In brief, once the slice was transferred to the imaging chamber, it was immersed in 200 µM calcein dye (Dojindo Laboratories) diluted in HEPES-based ACSF (Table 3).

Chemical fixation

After acquiring a live image of either an extracellularly labeled or positively (neurons or astrocytes) labeled slice, the calcein/ACSF or only ACSF solution was carefully extracted with a pipette to avoid any drift of the slice. Following, a solution containing 4% PFA (pH 7.2 -7.4; room temperature) and 200 µM calcein, both diluted in HEPES-based ACSF, or only 4% PFA diluted in HEPES-based ACSF, was pipetted on top of the slice. Because upon room temperature and higher, PFA is known to evaporate, we covered the imaging chamber with a proper lid to prevent evaporation.

For overnight chemical fixation, an organotypic slice on a glass coverslip was transferred from the roller drum tube to a 6-well plate and instantly immersed in 4% PFA diluted in HEPES-based ACSF. The 6-well plate was then sealed using parafilm to avoid evaporation and placed at 4 °C in the fridge overnight, followed by 3 washes in PBS. Finally, the fixed slices on the glass coverslip were mounted onto the imaging chamber containing calcein/ ACSF solution.

Image acquisition For imaging, slices were transferred on their glass coverslip to an imaging chamber and immersed in an imaging medium (artificial cerebrospinal fluid, HEPES-based ACSF (Table 3; 300 mOsm, 7.2 pH). Confocal images were 100 µm x 100 µm x 4 µm z-stacks and STED images were either 15 µm x 15 µm x 1 µm or 25 µm x 25 µm x 1 µm z-stacks with a pixel size of 19.53 nm, 0.03 ms dwell time.

Typically, a live-image of region of interest was first acquired and after applying chemical fixation, time-lapse images were acquired of the same region of interest with respect to the correct z-position. The confocal power was 0.5 mW and the STED power was 30 mW at the entrance of the objective lens. The choice of FOV regarding hippocampal region was random, i.e., the analysis is not focused around any specific anatomical layer.

Image processing and analysis Displayed images are single sections taken from z stacks or time-lapse series, as indicated. All morphometric measurements were done on raw images in ImageJ using the 'Plot Line Profile' function after drawing 3-pixelwide straight lines through the area of interest. Gaussian fits were applied directly in ImageJ. Brightness and contrast were adjusted for each individual image and the lookup tables (LUT) were grays (inverted) for ECS and orange hot for cellular structures.

To calculate the volume fraction of the ECS, the image was first processed using SpineJ [START_REF] Levet | SpineJ: A software tool for quantitative analysis of nanoscale spine morphology[END_REF] plugin in ImageJ, which can perform a wavelet-based segmentation (Fig. 1A). Cellular volumes of astrocytes manually calculated using ImageJ and morphological parameters of dendritic spines were performed using also the SpineJ software. 

Discussion

Our study investigates the impact of PFA fixation on the nanoscale brain tissue morphology. We performed a systematic comparison of brain tissue nanostructures before and after chemical fixation. In particular, taking advantage of the SUSHI technique, which enables to look at the whole tissue and its dynamics in a non-biased manner, we investigated the ECS preservation upon fixation. Additionally, using STED microscopy we monitored the fixation impact on fine astrocytic and dendritic morphologies. SUSHI reveals that the ECS is well preserved during the first 30min of PFA applications, indicating a minor impact fixation at this stage. In contrast, PFA fixation over 90 minutes have more significant effect on brain tissue. Indeed, it results in membrane alteration and eventual permeabilization, which even prevented long term SUSHI investigation since it leads lack of imaging contrast. This is accompanied with increased cellular blebbing, as previously reported in cell lines (Nanolive.ch, 2019), suggesting that this is a common effect of PFA on biological samples. In addition, our analysis of neuronal structure reveals that upon 90 minutes of PFA fixation, dendritic spine head area decreases significantly, while the spine neck width increases, which is consistent with previous findings [START_REF] Tamada | Ultrastructural comparison of dendritic spine morphology preserved with cryo and chemical fixation[END_REF]. Beyond the altered spine morphology we report here the appearance of 'dendritic holes'. While this could be a sign of phototoxicity, their absence in control experiments clearly suggest that these holes results from the PFA fixation. Yet, the identity of the holes remains to be investigated. Lastly, astrocytic morphology is not affected by PFA fixation, which opposed our expectations, since astrocytes are known to be sensitive to slight environmental alterations, for instance changes in osmolarity (Arizono 2021).

Our results show that PFA fixation over 90 minutes can alone lead to membrane alteration and eventually permeabilization. This could be a crucial point when studying cell membranes and membrane-bound proteins, such as ion channels or surface receptors. Additionally, we observed that PFA incubation led to cellular blebbing which has already been seen in cell lines (https://www.nanolive.ch/technology/livecell-imaging/nanolive-imaging/fixation/), suggesting that this is a common effect of PFA on biological samples.

In our study, we performed PFA fixation via immersion of the whole brain slice, which is a standard way to fix cultured brain slices. Another common way of fixation is transcardial perfusion of an animal before slicing the brain, followed by post fixation of the brain. Interestingly, it has been shown that perfusion of fixatives can lead to a brief moment of brain anoxia which may be the cause of dramatic changes in ECS volume and astrocytic structure in transcardially fixed brain [START_REF] Tao-Cheng | Structural changes at synapses after delayed perfusion fixation in different regions of the mouse brain[END_REF].

Our study reveals that PFA alone induces only minor structural changes, indicating that there must be another cause for the striking post-fixation effects observed during transcardial perfusion.

PFA fixation is often used in combination with other fixatives, such as glutaraldehyde or osmium tetroxide, to ensure a proper fixation of all ultrastructures. Possible artifacts, such as electron dense granules, caused by these fixation protocols have already been studied [START_REF] Hendriks | Electron dense granules and the role of buffers: artefacts from fixation with glutaraldehyde and osmium tetroxide[END_REF]) and alternative approaches have been proposed to avoid these artifacts [START_REF] Kuthy | Peculiar artefacts after fixation with glutaraldehyde and osmium tetroxide[END_REF]. Techniques such as EM or histological stainings often require dehydration, that is based on immersing the sample in graded series of alcohol or acetone. This step is often performed in order to prevent the sample from cutting damage and as a preparation for for further preparations such as resin embedding. It is well known that dehydration often leads to organelle shrinkage and cell membrane damage [START_REF] Mollenhauer | Artifacts caused by dehydration and epoxy embedding in transmission electron microscopy[END_REF], there it should be considered to improve this step as well [START_REF] Muller | Rapid chemical dehydration of samples for electron microscopic examinations[END_REF], to ensure maintenance of tissue structure. Shadow imaging of positively labeled cells would reveal the negative imprint of all the sizable organelles [START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF] which would enable assessing the impact of fixation on vesicles and intracellular organelles.

Given the number of sample preparatory steps for imaging techniques such as EM or super-resolution microscopy, possible artifacts resulting from them should be considered and more effort should be put to come up with alternative approaches. The most common alternative for chemical fixation is currently cryofixation done by highpressure freezing of the sample followed by EM imaging. This technique enables visualization of cellular ultrastructures in relatively thin tissue slices, without the need for fixatives. New ways are currently being proposed to enable using cryofixation in thick slices or even in vivo [START_REF] Ohno | Advanced application of the in vivo cryotechnique to immunohistochemistry for animal organs[END_REF].

To summarize, our study supports that while regular PFA incubation does not cause macroscopic changes at the tissue level, it compromises the cellular membrane and leads to subcellular changes. Our method might guide the improvement of existing fixation protocols, which is becoming increasingly important for EM [START_REF] Cragg | Preservation of extracellular space during fixation of the brain for electron microscopy[END_REF] and SRM techniques, notably expansion microscopy [START_REF] Laporte | Visualizing the native cellular organization by coupling cryofixation with expansion microscopy (Cryo-ExM)[END_REF][START_REF] Pereira | Fix your membrane receptor imaging: Actin cytoskeleton and CD4 membrane organization disruption by chemical fixation[END_REF][START_REF] Whelan | Image artifacts in single molecule localization microscopy: Why optimization of sample preparation protocols matters[END_REF]. Our SUSHI approach and live STED microscopy of positively labeled cells could be useful to investigate the effect of other preparatory steps such as dehydration or glutaraldehyde fixation and investigate how they affect tissue structure. Lastly, SUSHI can be applied to other type of living tissue [START_REF] Stolp | Salivary gland macrophages and tissue-resident CD8+ T cells cooperate for homeostatic organ surveillance[END_REF] or combined with other imaging techniques [START_REF] Inavalli | A super-resolution platform for correlative live singlemolecule imaging and STED microscopy[END_REF], making it possible to study how chemical fixation could affect tissue of other organs as well as its effects on molecular distribution.

Chapter III: Characterization of a novel extracellular calcium sensor

Fluctuations of ion concentrations are crucial for proper functioning of electrically active neurons. Calcium, as one of the most important second messengers in any living organ is involved in almost all processes of the cellular life. In the brain, calcium ions are essential part of transmitting signals between neurons and translating these signals into different outcomes, an underlying mechanism of synaptic plasticity. The fundaments of how calcium enables all these processes are straightforward.

Intracellular calcium stores, such as the endoplasmatic reticulum (ER; [START_REF] Verkhratsky | Neuronal calcium stores[END_REF] as well as calcium in the ECS, are compartmentalized by closed ion channels embedded in the membrane, ensuring the large gradient in calcium concentrations (Fig. 25; [Ca 2+ ]e is 1.5 mM and is approximately fifteen thousand higher than [Ca 2+ ]i). Once these channels open, mainly triggered by action potential generation, calcium rushes inside neurons, where it binds to its target molecules and is almost immediately buffered to lower the intracellular concentration, followed by extrusion of calcium by ATP-pumps. All of these steps happen in only few seconds, having nevertheless crucial outcome as they activate many signaling cascades. One of the mechanisms regulated by calcium is neurotransmitter release from the presynaptic terminal. Upon calcium entrance into the cells, neurotransmitter-packed vesicles fuse with the cell membrane and release neurotransmitters into the synaptic cleft, thus transmitting the signal further to the postsynaptic neuron [START_REF] Katz | A study of synaptic transmission in the absence of nerve impulses[END_REF]. The neurotransmitter release probability is highly calcium-dependent [START_REF] Bollmann | Calcium sensitivity of glutamate release in a calyx-type terminal[END_REF][START_REF] Schneggenburger | Intracellular calcium dependence of transmitter release rates at a fast central synapse[END_REF] and defines synaptic strength and efficacy.

After the neurotransmitters are released into the synaptic cleft, they bind to various receptors located on the postsynaptic membrane, transmitting the signal onto the next cell. Upon postsynaptic activation, depending on the signal strength, multiple scenarios can result out of it. One of the most studied is the long-term potentiation (LTP), a form of synaptic plasticity [START_REF] Cooke | Plasticity in the human central nervous system[END_REF]. LTP leads to activation of calciumdependent intracellular mechanisms, which in turn triggers gene expression and longlasting effects to consolidate the synaptic potentiation. A significant example for that is an enlargement of the dendritic spines [START_REF] Matsuzaki | Structural basis of long-term potentiation in single dendritic spines[END_REF][START_REF] Nägerl | Bidirectional activity-dependent morphological plasticity in hippocampal neurons[END_REF] that is a result of an elevated actin production [START_REF] Bosch | Structural and molecular remodeling of dendritic spine substructures during long-term potentiation[END_REF]. In order to facilitate LTP, not only enough neurotransmitters are required to bind the postsynaptic receptors, but also calcium ions, as co-agonists, are necessary to trigger the plasticity protocol [START_REF] Lynch | Intracellular injections of EGTA block induction of hippocampal long-term potentiation[END_REF][START_REF] Malenka | LTP and LTD: An embarrassment of riches[END_REF].

These examples highlight the importance of calcium in highly essential processes in the brain. A tremendous effort has been put to develop new sensors to measure intracellular calcium dynamics, starting from basic organic dyes, such as Aequorin [START_REF] Ashley | Simultaneous recording of membrane potential, calcium transient and tension in single muscle fibres[END_REF]) to genetically encoded calcium indicators, the most popular being GCaMPs [START_REF] Miyawaki | Fluorescent indicators for Ca2+ based on green fluorescent proteins and calmodulin[END_REF], which are constantly being improved for better kinetics and affinities [START_REF] Inoue | Genetically encoded calcium indicators to probe complex brain circuit dynamics in vivo[END_REF]. In contrast, extracellular calcium has not received so much attention so far, since there are not so many tools available to capture dynamics of calcium in the extracellular space (ECS). Constructing an indicator that not only has the proper affinity for millimolar calcium concentrations concentration in the ECS and ER is fifteen thousand times higher than in the cytosol. This gradient is mostly regulated via ion channels and ATP pumps.

but also is able to sense small gradients is a considerable challenge. Despite the obstacles, we have gathered basic knowledge about the extracellular calcium in the brain over the last decades. Nicholson et al. using ion-selective microelectrodes (ISM) showed that the extracellular concentration decreases by twenty-five per cent upon electrical stimulation of neurons, relating it to the fact that calcium channels located on the membrane open upon membrane depolarization and calcium rushes into the cells [START_REF] Nicholson | Calcium modulation in brain extracellular microenvironment demonstrated with ion selective micropipette[END_REF]. More studies using ISM have investigated the diffusion properties of calcium in the ECS [START_REF] Nicholson | Calcium diffusion in the brain cell microenvironment[END_REF], the correlation between calcium and potassium concentration changes in the ECS after various stimuli [START_REF] Kraio | Extracellular ionic variations during spreading depression[END_REF]) and interestingly, Dunwiddie & Lynch showed that lowering the concentration of extracellular calcium decreases the synaptic response amplitude and probability of inducing LTP [START_REF] Dunwiddie | The relationship between extracellular calcium concentrations and the induction of hippocampal long-term potentiation[END_REF]. Another study implies that extracellular calcium is involved in epileptic processes [START_REF] Pumain | Fast extracellular calcium transients: Involvement in epileptic processes[END_REF], where rapid decreases of extracellular calcium concentration would be followed by onset of each epileptic spike. All these studies laid a ground for very basic knowledge about extracellular calcium, with many gaps still to be filled. While, ISM have been a great tool to measure local ion dynamics in the ECS with a decent sensitivity and temporal resolution, they provide only a point-measurement from where the electrode is located and do not allow for detecting multiple fluctuations in extracellular calcium at the same time. Until now, there were no calcium sensors available with the suitable affinity of 1-2 mM range. Rusakov & Fine have made an attempt to use a modified calcium indicator Rhod-5N with an affinity of approximately 320 µM, to measure the extracellular calcium [START_REF] Rusakov | Extracellular Ca2+ depletion contributes to fast activity-dependent modulation of synaptic transmission in the brain[END_REF]. They have successfully observed calcium fluctuations upon neuronal activation, however their results might be affected by the saturation of the sensor.

GreenT is a novel tool to capture extracellular calcium signals with a proper affinity in the range of few mM. It is based on the calcium-binding protein TroponinC that is naturally expressed in muscle tissue and by having multiple calcium-binding sites, allows for a mM affinity. Moreover, GreenT is armed with mNeonGreen fluorescent protein, which is a brighter and more stable version of GFP. The genetically encoded sensor is targeted to the plasma membrane, exposing its calcium-sensing domain to the extracellular side, where it can detect calcium specifically in the ECS. It was developed by Ariel Gabioud from Oliver Griesbeck's team at the Max Planck Institute for Neurobiology in Martinsried, Germany. As part of the collaborative project, we investigated the performance of this sensor in primary neuronal cultures and mouse brain slices focusing on the usefulness of GreenT in studying brain physiology.

Results

To test the GreenT construct for its expression and range of calcium sensing capabilities in neurons, we first turned to primary culture of hippocampal neurons.

After transfecting the cells with GreenT construct, we visualized it using a home-built STED setup. We observed a membrane-specific expression and a bright fluorescence of GreenT (Fig. 26A), which was quite resistant to photo-bleaching effect allowing for repetitive imaging of the same cell. By changing the calcium concentration in the imaging medium, we then tested the sensitivity of GreenT and indeed, observed significant changes when compared to control conditions (Fig. 26B &C; nexp= 4, nctrl= 3, *P< 0.05, **P< 0.01, ***P< 0.001 in two tailed t-test).

To further confirm this result in more physiological condition with a presence of an actual ECS, we have inserted the GreenT construct into AAV viral particles and injected them into organotypic brain slices of mouse hippocampus. STED imaging validated membrane-specific GreenT expression that was bright and robust against the lasers (Fig 27). Our next question was whether GreenT would react to different calcium concentrations if applied repetitively. We "puffed" 8 mM [Ca 2+ ] solution eight times with an interval of 5 seconds, and while acquiring GreenT responses (Fig. 28A), observed that indeed, the sensor is able to react to repetitive calcium concentration changes (Fig. 28B). GreenT also showed decreasing signals when perfused with low/none calcium concentrations (data not shown). Next, we wanted to test GreenT working range, that is usually defined by Fmin and Fmax values (F being the fluorescence intensity) obtained at minimum (Fmin) and maximum (Fmax) calcium concentration (i.e., 0 and saturating values). Based on our imaging data of GreenT fluorescence signals, we calculated that fluorescence intensity increases approximately by three hundred per cent while increasing the calcium concentration 15-fold (Fig. 29A). Further calibration experiments with calcium concentrations of 1.5 mM and 2.5 mM revealed that ~10% of fluorescence intensity increase corresponds to 1 mM increase in extracellular calcium concentration (Fig. 29B). This result still needs to be reproduced, nevertheless it already gives us an idea of the correlation between GreenT signals and actual fluctuations of calcium in the ECS.

In order to investigate GreenT kinetics, we inserted a micropipette into GreenTpositive slice and using a picospritzer, performed a local injection for 10 ms of 8 mM calcium solution while acquiring a relatively fast time-lapse of GreenT responses. We observed that GreenT is able to react within our imaging temporal resolution that was 0.5 sec, and the fluorescence intensity increases upon 8 mM calcium concentration and recovers within few seconds (Fig 29C).

Next, we set out to test GreenT performance in response to physiological stimulations.

In combination with two-photon imaging, we set up a classical experiment for electrophysiological recordings in the hippocampus. Briefly, we inserted a stimulation electrode to activate Schaffer collateral fibers and a second, recording electrode was inserted to CA1 region of hippocampus to record postsynaptic potentials (Fig. 30A).

We observed that upon electrical stimulation as well as during spontaneous neuronal activity, there is a conspicuous increase of GreenT signal (Fig. 30B). We hypothesized that this increase in GreenT fluorescence upon electrical activity of neurons is most likely a secondary effect. Upon neuronal stimulation, voltage-gated calcium channels open and calcium diffuses into cells, causing a transient dip of calcium in the ECS. However, after that the excessive calcium needs to be pumped out of the cells back into the ECS, leading to gradual increase of calcium concentration in the ECS. This process is known to be slower since it required energy and is against the ion concentration gradient. To verify whether this is the case, we treated the slices with two inhibitors, orthovanadate (SOV) and benzamil hydrochloride hydrate (BHH) that block calcium-pumps responsible for extruding calcium from the cells (Fig. 31A). This treatment resulted in significant reduction of GreenT fluorescence upon electrical stimulation (Fig. 31B; n= 6, *P< 0.05, **P< 0.01 in Mann-Whitney test).

To prove that the GreenT signals are actually coming from the ECS, and not internal calcium stores, such as endoplasmatic reticulum, we imaged GreenT responses upon electrical stimulation at different depths of the slice. Our rationale was that if the GreenT was also expressed intracellularly, the response to calcium fluctuations would be regardless of imaging depth, whereas in the ECS the calcium concentrations are more dependent on imaging solution. Deeper into the slice, more time is necessary to equilibrate the ion concentration, since it takes longer for the imaging solution to diffuse there, thus the GreenT signal has a slower post-stimulation recovery (Fig. 32).

These results show that GreenT is well-expressed in neurons and is sensitive to calcium concentration changes in the ECS, both when forced via perfusion or local solution applications, or physiologically-induced via electrical stimulation. 

Organotypic brain slice culture

Culture Brain organotypic cultures were prepared from C57BI/6J mice after the Müller method and cultured up to 20 days. For a detailed description of the preparation protocol, see 'star methods '.

Viral injections

In order to introduce the GreenT plasmid to neurons in organotypic brain slices, the GreenT sequence was first inserted into a specific viral plasmid (Addgene #50477) with a neuron-specific promotor CamKII. After validating the plasmid for its correct size and integrity via restriction enzyme digestion, the construct was sent to in-house virus production facility, who provided us with a construct of GreenT integrated into AAV9 particles. The viral particles were injected into the hippocampal slices via microinjections using a glass pipette connected to Picospritzer (Parker Hannifin). Briefly, the virus was injected via a pipette positioned into the CA1 area of the slice by brief pressure pulses (30 ms; 15 psi). The virus was injected at least 7 days prior to the experiments.

STED and confocal microscopy

Microscope For all confocal and STED imaging experiments, we used a home-built 3D-STED setup. All technical parameters of the microscope can be found in the 'star methods 'section.

Image acquisition For imaging, either slices or dissociated neurons were transferred on their glass coverslip to an imaging chamber and immersed in an imaging medium; in case of slices: HEPES-based ACSF (Table 3* 

Two-photon microscopy

Microscope We used a commercial two-photon microscope (Prairie Technologies) and a water immersion objective (40X, NA 1.0; Plan-Apochromat, Zeiss). For GreenT excitation, a two-photon laser (TI:sapphire, Mai Tai, Spectra Physics) was tuned to 900 nm; with laser power ranging from 10-25 mW in the focal plane. The fluorescence signal was collected in a non-descanned manner by PMT detectors. The imaging parameters were adjusted using the commercial software provided by Prairie. 

Image acquisition

Puffing experiments

In order to locally apply calcium solutions, we inserted a glass micropipette into the slice expressing GreenT sensor. By injecting brief high-pressure pulses (10-100 ms, 15 psi) via a Picospritzer (Parker Hannifin), calcium solution was locally delivered into the desired imaging region. To avoid pressure-induced z-drift the injection parameters, pulse durations, pressure levels, were optimized.

Calibration experiments

Calibration experiments were performed to extract the absolute calcium concentrations corresponding to fluorescence intensity changes in GreenT. Two ACSF solutions containing 1.5 mM and 2.5 mM calcium were perfused one after the other in the imaging chamber. After minimum 30 minutes of perfusion, a 10 µm z-stack was acquired and the solution changed. 30 minutes later, the same z-stack of the same field of view was acquired and the fluorescence intensity difference between the two zstacks was calculated.

Slice electrophysiology

Schaffer collateral fibers in hippocampal slices were electrically stimulated and evoked field excitatory postsynaptic potentials (fEPSP) were recorded in the Stratum radiatum of hippocampal CA1. Two glass micro-electrodes (tip resistance 5-6 MΩ) for stimulation and recording were filled with ACSF and carefully positioned in the slice and placed at depths where imaging was performed (Fig. 30). The current pulses (15 pulses, 0.2-0.3 ms in duration) were delivered via the stimulating electrode from a stimulus isolator (AMPI; Science Products). The stimulus strength varied between 10-40 µA. The field potentials were recorded using a patch-clamp amplifier (Multiclamp 700B; Molecular Devices).

Pharmacology experiments

To block calcium extrusion from cells, we applied two calcium-pump blockers: 5 µM sodium-orthovanadate (Sigma Aldrich) and 50 µM benzamil hydrochloride hydrate (Sigma Aldrich) dissolved in HEPES-based ACSF (Table 3).

Data analysis and statistics

All images were processed and analyzed using the ImageJ software. 

Discussion

For decades the importance of calcium signaling in the brain has been appreciated and intensively studied, mostly focused on the intracellular part of the calcium machinery.

For this reason, many sophisticated tools have been designed to measure calcium signals in neurons, improving their sensitivity and specificity year by year. Due to the lack of appropriate sensor to capture extracellular calcium dynamics, the importance and detailed mechanisms of calcium signaling in the ECS has mostly remained in the dark. Most of the information about extracellular calcium has been gathered indirectly by translating the results from intracellular calcium signals.

GreenT is the first sensor with a proper affinity to measure extracellular calcium signals. Our results provide a proof-of-concept that this tool is already giving promising results even though it might be necessary to improve its kinetics. Here, we show that this sensor is specifically expressed on the cell membrane and is capable of detecting changes in calcium concentration in the ECS. Moreover, our preliminary calibration experiments give us the information that approximately ten percent of GreenT fluorescence fluctuation correspond to one millimolar changes in actual calcium concentration. This is an important result as it emphasizes that changes in extracellular calcium can be substantial and increase or decrease by almost hundred percent. However, the specific role of these significant calcium fluctuations in the ECS still remains unknown.

Forty years ago, Konnerth and Heinemann have measured extracellular calcium concentrations upon electrical stimulation in brain slices using ion-selective microelectrodes. They showed that activating populations of neurons leads to rapid decrease of calcium in the ECS by 80% [START_REF] Konnerth | Presynaptic involvement in frequency facilitation in the hippocampal slice[END_REF]. They explained it due to presynaptic entry of calcium, however what is not discussed in this paper is that after this calcium decrease in the ECS, there is also an increase in calcium when compared to the baseline concentration (Fig. 33 green arrow). Our results using the GreenT sensor show similar behavior upon evoking extracellular field potentials (Fig. 30). Our explanation, backed with pharmacology experiments (Fig. 31), suggests that this effect is due to calcium extrusion back to the ECS after it rapidly entered the cells. This process is energy-consuming since the calcium flow is forced against the concentration difference and thus, requires energy-dependent ATP pumps. The reason why we cannot observe both the depletion and increase of calcium in the ECS, is most probably due to limitations of our experimental setup and kinetics of the sensor. Our two-photon microscope is a point-scanning technique that is not able to detect rapid GreenT signals. In addition, the kinetics, namely the koff of the sensor might be too slow to be able to unbind calcium so rapidly. Therefore, further aim of this project would be to improve the experimental setup, for instance by using line scanning as well as constructing a faster version of GreenT.

The development of GreenT indicator opens door for a number of relevant questions to be answered. How heterogeneous is the distribution of calcium in the ECS? Are there any local extracellular calcium stores? Is there an extracellular buffering system for calcium? What are the regulations after calcium depletions? There is evidence that astrocytes might play a role in regulating extracellular calcium concentration, for instance via an astrocytic calcium-binding protein, S100 [START_REF] Ryczko | S100β-mediated astroglial control of firing and input processing in layer 5 pyramidal neurons of the mouse visual cortex[END_REF]. Also, extracellular calcium might play as a communication mediator between neurons and astrocytes. Previous study indicates that neurons cans sense decreased extracellular calcium and as a response release ATP into the ECS, which in turn activates astrocytic metabotropic P2Y receptors, resulting in an intracellular calcium concentration increase in astrocytes [START_REF] Torres | Extracellular Ca2+ Acts as a Mediator of Communication from Neurons to Glia[END_REF]. Another interesting concept is the calciumbinding receptor (CaR). CaR is a G-protein-coupled receptor that is able to sense external changes in calcium concentration [START_REF] Hofer | Extracellular calcium sensing and signalling[END_REF]. It is known to be expressed across all human body and other species, however it's specific role in the brain is still foggy. It is thought that this receptor can regulate extracellular calcium via different signaling pathways, however this mechanism is still very poorly understood. Hopefully, the development of GreenT and possibly other extracellular calcium sensors will bring more attention to these previously inaccessible issues. Pregnant females and females with litters were kept in cages with one male. We did not distinguish between males and females among the perinatal pups used for organotypic cultures, as potential anatomical and/or physiological differences between the two sexes were considered irrelevant in the context of this study.

Star methods

Imaging solutions

Chemical

C57Bl/6J wild-type mice were used for all brain slice experiments in this study.

Müller slice preparation and culturing Brain organotypic cultures were prepared according to the method described previously [START_REF] Stoppini | A simple method for organotypic cultures of nervous tissue[END_REF]. Briefly, hippocampal slices were obtained from postnatal P5-7 old C57BI/6J mouse pups. The animals were quickly decapitated, and the brains placed on cold sterile dissection medium (all in mM; 0.5 CaCl2, 2.5 KCl, 2 MgCl2, 0.66 KH2PO4, 0.85 Na2HPO4-12H2O, 0.28 MgSO4-7H2O, 50 NaCl, 2.7 NaHCO3, 25 glucose, 175 sucrose, 2 HEPES; all from Sigma). The hippocampi were dissected and sliced on a McIlwain tissue chopper to generate coronal brain slices of 350 mm thickness. After 20 minutes of incubation at 4°C, the slices were transferred on sterilized hydrophilic polytetrafluoroethylene (PTFE) membrane (FHLC04700; Merck Millipore) pieces, which were placed on top of cell culture inserts (Millipore, 0.4 mm); The inserts were held in a 6-well plate filled with medium (50% Basal medium eagle (BME), 25% Hank's Balanced Salt Solution (HBSS), 25% Horse Serum, 11.2 mmol/L glucose and 20 mM glutamine; all from GIBCO) and cultured up to 14 days at 35°C/5% CO2.

Culture medium was replaced every two days.

Gähwiler slice preparation and culturing Brain organotypic slices were prepared according to the method described previously [START_REF] Gähwiler | Organotypic monolayer cultures of nervous tissue[END_REF]. The preparation protocol is identical with the Müller preparation until the plating step. After slicing the hippocampi, the slices were placed 0.01% poly-L-lysine (Sigma-Aldrich) coated coverslips (12 mm x 24 mm; #1.7; CML). Slices were embedded for 30 min in 10 µL chicken plasma (Cocalico Biologicals), followed by 10 µl of 0.2% thrombin working solution which coagulated to encapsulate the slice when mixed. The coverslips with the slices were transferred individually to flat-bottomed culturing tubes (110 mm x 16 mm; ThermoFisher Scientific) with 750 µl medium (same composition as above). The tubes were sealed and placed in a roller drum at 10 rotations per hour at 35 °C. 72 h after the slice preparation, a mixture of mitosis inhibitors was added to each tube to prevent glia cells from division. Once a week 500 µl of medium was exchanged in the tubes.

STED and confocal microscopy

Microscope We used a home-built 3D-STED setup (Fig. 34A Alignment The performance and the spatial resolution of the microscope was validated and improved by visualizing the donut and bottle PSFs of the laser beams using 40 nm gold nano-spheres (F8795, Invitrogen) and correcting spherical aberrations directly on SLM, controlled by the Imspector software (Fig. 34B). The spatial resolution for the excitation beam was 175 nm (x-y) and 450 nm (z) and for the STED beam 60 nm (x-y) and 160 nm (z). 

Conclusions and perspectives

During my PhD training, I have contributed to the advancement of knowledge and methodology to investigate the structure and function of ECS in the brain. To do so, I have applied the SUSHI technique to visualize ECS with a nanoscale resolution. Thanks to a collaborative effort, I could confirm the heterogeneity of ECS across hippocampal layers. By applying SUSHI, I dissected the impact of chemical fixation on brain tissue morphology.

Finally, using a battery of tools including 2P microscopy and electrophysiology, I characterized a novel extracellular calcium sensor, that enables to study dynamic extracellular calcium fluctuations.

My SUSHI analysis of ECS volume and width across hippocampal layers revealed that ECS is indeed a heterogeneous structure and diffusion study performed by our collaborators unveiled a picture of ECS complexity and different biophysical behavior in the hippocampus that could contribute to distinct functionality within its various layers.

After learning the ins and outs of STED and SUSHI approaches, I successfully used these techniques to dissect the effects of chemical fixation on brain tissue morphology. My results show that PFA fixative has a mild effect on hippocampal slice anatomy, suggesting that other sample preparatory factors might contribute to dramatic changes in tissue structure seen by others [START_REF] Korogod | Ultrastructural analysis of adult mouse neocortex comparing aldehyde perfusion with cryo fixation[END_REF].

A major part of my PhD training was invested in characterizing a novel sensor to study extracellular calcium dynamics, which was designed by our collaborators from Germany.

Even though it was a demanding project that is still not close to the finish line, I am grateful The results of my thesis work are organized in three parts each of them describing one project.

Every result section ends with a discussion covering the meaning of the obtained results as well as experimental limitations.

In the following, I will thus briefly reflect my results on a general scale. First, I will present perspective ideas regarding the SUSHI approach used in my projects as well as possible modifications that could result in wider range of applications conceivably leading to new findings. Second, I will discuss the possibility of translating my thesis work to in vivo conditions, stressing the importance of it as well as defining its methodological limitations.

And finally, I will conclude the thesis with few suggestions for the future.

Various applications and implementations of SUSHI

The development of SUSHI approach has enabled researchers to tackle questions regarding brain ECS. For instance, is ECS a heterogenic structure within or across brain regions? Evidently, in the hippocampus, the widths and volume of ECS varies depending on the layer (see results chapter I). These differences have also been related to diffusional parameters across these regions. Ideally, the analysis of SUSHI images should be expanded first, to other hippocampal layers, such as stratum oriens or DG, and second, to other brain regions. Preparation of organotypic slices from other parts of the brain, for instance cortex or cerebellum, would reveal the nanoscale differences in ECS between these regions.

Understanding the connection between ECS structural heterogeneity and cell activity would be the natural next step. Combining SUSHI with electrophysiological experiments, such as patch-clamp recording would enable to investigate if ECS volume or nanoanatomy change upon neuronal stimulation. According to the literature, the ECM participates in regulation of synaptic plasticity, ensheathing the synaptic cleft to form a "tetrapartite" synapse to prevent neurotransmitter spillover (Dityatev & Rusakov). How about ECS? Would ECS locally change its volume and become narrower to ensure more efficient signal transmission? Perhaps altering ECS structural parameters could lead to changes within synaptic efficacy, thereby becoming an opportunity for ECS-based drug development. By assessing this issue in various brain regions, it would provide a systematic analysis of ECS structure and its local role in synaptic plasticity.

Cytosolic label to determine cellular morphology can be easily substituted with less invasive shadow imaging. Not only perfusion or immersion of the sample with fluorescence solution is a simpler and less time-consuming approach, but it also provides additional information about the surrounding environment. This could help the experimentalist in orientation within the studied sample and give a broader context to the biological question. For this, it is not even necessary to use SRM, traditional confocal mode could be sufficient to obtain good quality COSHI (confocal shadow imaging, Fig. 35A). Such an approach is not only limited to organotypic brain slices but can be applied in neuronal cell culture as well (Fig. 35B).

What about shadow imaging in acute brain slices? This model is often seen as a good compromise between cell/slice cultures and in vivo experiments. Acute brain slices are prepared from adult brains and used within the first several hours after the dissection.

It is believed that the anatomical organization as well as electrical behavior of neurons does not differ from intact brain as much as organotypic brain slices that are cultured in an incubator at least ten days before experiments. Inverse labeling of cells in acute brain slices could come in handy during electrophysiological recording or when investigating cellular morphology. However, the slice surface is a layer of dissectioninduced damage cells with permeable membranes that can easily uptake the extracellular solution containing the fluorescence dye and dramatically lower the image quality and contrast. To overcome this, it is necessary to image below the damaged layer in intact tissue, requiring a microscope equipped with proper objective (longer working distance) and ideally, adaptive optics to surpass optical aberration derived from depth penetration.

Is SUSHI only suitable for structural and volumetric studies of ECS? No, SUSHI can also be applied for diffusional analyses. Similar to IOI method, fluorescence solution can be applied to brain slice and its diffusion can be imaged and subsequentially calculated. However, few parameters must be considered prior such experiments. Here, other factors should be considered as well. By puffing a solution, for instance using a picospritzer, a certain pressure is applied for a fixed time interval. These two parameters need to be noted and ideally, the same numbers should be used in every experiment. Additionally, most probably the applied pressure would alter the diffusion itself, so this should be kept in mind.

The flexibility of using many different fluorescent dyes for shadow imaging provides the opportunity to combine it not only with positively labeled cells (Fig. 36) but also other imaging approaches, such as Ca 2+ imaging. Measuring extracellular calcium fluctuations with GreenT while imaging the ECS could lead to correlation between calcium dynamics and ECS structural changes. Ideally, simultaneous electrophysiological recordings would also link this correlation to neuronal activity.

By enzymatic ECS alteration one could investigate how this impacts electric potentials and extracellular calcium behavior. Incorporating these techniques together might not be trivial, however it would surely lead to novel findings.

Abbe's law states that spatial resolution of a given microscope depends on excitation wavelength, among other things. The shorter the wavelength, the better the resolution.

In context of shadow imaging, I have tested this by performing LISHI experiments with dyes of different excitation wavelengths. Indeed, the redder the worst the image quality (Fig. 37). However, I observed that the dye Alexa465 that was excited with neurons (Fig. 38) and is altered after induction of ischemia-like conditions (data not shown).

Is in vivo the ultimate approach to study ECS?

ECS embeds brain cells in interstitial fluid (ISF) providing a closed environment to the brain that is isolated from the rest of the body via the blood-brain barrier (BBB). This way the brain is protected from pathogens and toxins from the body circulation system and BBB serves as a fierce border control, letting only specific molecules to enter the brain. However, the brain tissue produces toxins itself as well that need to be removed to prevent from their accumulation. In a healthy brain there is a clearing machinery, called the glymphatic system that is responsible for washing out the toxic waste out of brain (Fig. 39). Briefly, it is a liquid exchange between the ISF and CSF driven by bulk flow. This flow is facilitated by contractions of the capillaries that surround and infiltrate the brain. Other components such as astrocytic endfeed that build the perivascular spaces and astrocytic water channels are responsible for the flow Naturally, this ex vivo model is still suitable for many ECS-related questions, especially associated with its structure, ECM molecular distribution or interactions with cells. However, the ultimate goal is to translate it to in vivo condition. In the field of treatment development, this step is inevitable and means to be able to study ECS in vivo should be established. So far, researchers have measured ECS diffusional properties with ion selective microelectrodes, RTI/IOI methods also in intact animal would be an answer for this challenge. In fact, such approach should not be unachievable. Both 2P-STED systems and implantations of cranial windows to image intact brain tissue have already been established. A more demanding part of implementing SUSHI in vivo is a sufficient extracellular labeling. It is clear now that there is a constant liquid exchange in the brain, meaning that any injected solution would be washed out at some point leading to losing the fluorescent signal.

Nevertheless, the liquid exchange ratio can be easily calculated for any animal and a suitable dye application method can be established after several trials. Indeed, our team has invested its energy into these experiments resulting in successful stereotaxic intraventricular injections that slowly deliver the dye proving a crisp shadow image of the ISF in a mouse brain. To conclude, both ex vivo as well as macroscopic (MRI/PET) approaches to study the structure and function of brain ECS have led to fundamental discoveries. Yet, by contributing in development of new techniques or adjustment in existing ones, we could be able to study ECS role in brain physiology in an intact brain, thus coming closer and closer to new drug developments.

Future perspectives

SUSHI is a novel yet simplistic method to study brain tissue morphology with an ability to visualize ECS with a nanoscale resolution. It is an approach that can be applied to many different scientific questions, from ECS heterogeneity across hippocampal layers, impact on chemical fixation to contextualized study of cellular morphology. By its flexibility in imaging modalities (confocal, LLS, STED, 2P) and biological samples (neuronal cell cultures, organotypic brain slices, other organs, possibly in vivo), shadow imaging rapidly expands its application field and might become a useful and well-established tool for the future. However, to enable the expansion, it is necessary to design more sophisticated and specialized tools for analysis of SUSHI images. The ability to reconstruct and identify distinct cell subtypes and cell populations would omit the need for positive labeling of specific cells. Yet, to do so, the experimental workflow should be improved on few levels. One, it would be helpful to increase the spatial resolution in the axial dimension to provide better optical volumetric resolution. Two, as well known from EM studies, manual analysis of 3D blocks of images is a tedious labor. Thus, we should be determined in designing (semi-)automated tools. In fact, a combination of the SUSHI approach with image processing based on machine learning and dense anatomical reconstruction of living brain tissue was recently achieved [START_REF] Velicky | Saturated reconstruction of living brain tissue[END_REF]. This study is a proof-of-concept and the start of SUSHI-based super-resolution analyses of brain tissue structure. 
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Fig. 1 ;

 1 Fig.1;[START_REF] Van Harreveld | Extracellular space in frozen and ethanol substituted central nervous tissue[END_REF]. This peaked the interest of many scientists and gradually, new techniques were established to fill the knowledge gaps about these intercellular gaps of the brain (Fig.2). During the 1970s, the first experiments using cell-impermeable radiotracers were performed to investigate brain ECS with the tracer's radioactive decay, while it was moving through the ECS. One of the first

Figure 1 .

 1 Figure 1. Effect of chemical fixation on brain tissue. Electron microscopy images of brain tissue either fixed cryogenically (left) or chemically (right). ECS is colored purple. Modified from Korogod et al., 2015.

Figure 2 .

 2 Figure 2. Timeline representing the development of techniques to study ECS.

  tightly surround certain classes of neurons (Novakand Kaye, 2000). Molecules of ECM not only interact with each other but can also bind various cell membrane receptors such as NCAM (Nielsen et al., 2010) or ApoER2 (Minami et al., 2010) resulting in activation of diverse intracellular signaling pathways to regulate fundamental cellular processes. These include the regulation of brain development, by modulation cell proliferation and migration (Preston and Sherman, 2012; Sheppard et al., 1991), as well as axonal myelination (Barros et al., 2011) or the modulation of synaptic plasticity and transmission (for review see Dityatev and Schachner, 2003).

Figure 3 .

 3 Figure 3. A schematic diagram of extracellular matrix composition. Modified from Vecino and Kwok, 2016.

  The precise composition of PNNs differs between brain regions (Matthews et al., 2002). During development, PNNs regulate the closure of the critical period (Gogolla et al., 2009), a developmental stage where the proper organization of neuronal circuits is dependent on necessary amount of external stimuli. In fact, the brain is the most plastic during this period and its development can be drastically altered when insufficient number of sensory stimuli are provided. One of the most studied models of critical period is ocular dominance plasticity. If one eye is sutured early in life and throughout the critical period, the brain will permanently respond to visual stimuli with only one eye (Sato and Stryker, 2008). In rats, digestion of PNNs using the chodroitinase ABC enzyme

Figure 4 .

 4 Figure 4. Perineuronal net enwrapping a neuron. WTA-488 immuno-stained organotypic brain slice and visualized with STED microscopy. Scale bar: 10 µm.

Figure 5 .

 5 Figure 5. A model of ECS tortuosity. A section through 3D ECS models without (A) or with dead ends present (B). Modified from Hrabětová et al., 2003.

Figure 6 .

 6 Figure 6. A scheme showing the 'tetrapartite' synapse. Modified from Dityatev and Rusakov, 2011.

Figure 7 .

 7 Figure 7. Principles of fluorescence. (A) Jablonski diagram showing transition between electronic states of a molecule resulting in fluorescence emission. (B) Stokes shift of excitation wavelength at 488 nm and emission wavelengths at 510 nm for GFP observed in fluorescence microscopy (generated with ThermoFisher Fluorescence SpectraViewer).

(

  photons are being absorbed simultaneously with a longer wavelength than the emitted

Figure 8 .

 8 Figure 8. Two-photon excitation. Jablonski diagram representing the principle of twophoton excitation.

  small. It is possible to adjust the Abbe's law to calculate the achievable resolution, by considering the intensity of the STED beam (I) and the saturation intensity (IS), i.e. the intensity required to reduce the fluorescence by a factor of 1/e (Harke et al., 2008):

Figure 9 .

 9 Figure 9. The principle of STED microscopy. (A) Simplified Jablonski diagram of the energy transition of GFP. By absorption of a single photon a fluorophore is excited from the ground state S0 to the first excited singlet state S1 (blue arrow). Spontaneous emission of a green photon (green arrow) leads to return of the fluorophore to the ground state with a time delay specific for each molecule. This process can be prevented by stimulation emission, where an additional light ray with longer wavelength (orange arrow) sends the fluorophore back to the ground state by emission of a single photon with the same properties as the incident photon. (B) Superposition of the diffraction limited spot of the excitation confocal laser (blue) and the doughnutshaped STED laser (orange) resulting in drastically reduced size of the emission spot (green).

Figure 10 .

 10 Figure 10. The principle of SUSHI (super-resolution shadow imaging). An organotypic brain slices is bathed in a solution containing a fluorescent dye, calcein. A resulting image visualized the ECS with a nanoscale resolution leaving cellular structures appear as negative imprints.

Figure 11 .

 11 Figure 11. The principle of lightsheet microscopy. The sample is illuminated with one objective that creates a sheet of light. The emitted fluorescence is collected with a second objective, positioned in a perpendicular manner.

Figure 12 .

 12 Figure 12. Lattice light-sheet shadow imaging (LISHI). Single-plane shadow images extracted form a z-stack acquired with lattice light-sheep microscopy (this setup was constructed by M. Ducros at the Bordeaux Imaging Center after Chen et al., 2014. A WT organotypic slice of mouse hippocampus was immersed with a HEPES-based ACSF solution containing 20 µM calcein. Image parameters: 2048x2048 pixels, 488 nm excitation laser (5% laser power).

Figure 13 .

 13 Figure 13. The hippocampus. A simplified scheme of hippocampal anatomical organization and its basic input/output regions. CA: cornu Ammonis, DG: dentate gyrus.

Figure 14 .

 14 Figure 14. SUSHI differentiates hippocampal layers. SUSHI image of hippocampal organotypic slice representing CA1 area with distinguishable stratum radiatum and pyramidale layers (separated with the pink line).

  ; nCA1= 685, nCA3= 822; p=0.0414 in Mann-Whitney test). More significant results emerged from the analysis of s. radiatum. Here, we see a much wider ECS in the CA3 when compared to CA1, in both dendritic (nCA1= 357, nCA3= 195; p<0.0001 in Mann-Whitney test) and axonal axes (Fig. 17B; nCA1= 250, nCA3= 167; p<0.0001 in Mann-Whitney test). The results indicate that indeed, ECS structure differ depending on the hippocampal layer.

Figure 15 .

 15 Figure 15. SUSHI images of stratum pyramidale and stratum radiatum in CA1 and CA3 layers. Pink boxes indicate the regions of interest of the magnified images.

Figure 16 .

 16 Figure 16. Schematic of analysis workflow of the ECS widths.

Figure 16 .

 16 Figure 16. Schematic of analysis workflow of the ECS widths.A SUSHI raw image (top left) was first segmented using the SpineJ plugin and lines in two directions (along the dendritic and axonal axes) were drew (top right). Next, the width of the peaks extracted from the line profiles were calculated and one peak was considered one ECS width (bottom).

Figure 17 .

 17 Figure 17. Analysis of ECS widths and volume fraction in the mouse organotypic hippocampal slices. (A) Analysis of ECS width in stratum pyramidale between CA1 and CA3 (left, nCA1= 685, nCA3= 822; p=0.0414 in Mann-Whitney test), stratum radiatum (dendritic axis) between CA1 and CA3 (middle, nCA1= 357, nCA3= 195; p<0.0001 in Mann-Whitney test) and in the axonal axis (right, nCA1= 250, nCA3= 167; p<0.0001 in Mann-Whitney test). (B) Analysis of ECS volume fraction in stratum pyramidale between CA1 and CA3 (left, nCA1=16, nCA3=12, p=0.0678 in unpaired t-test) and in stratum radiatum (nCA1= 11; nCA3= 7, p= 0.4127 in an unpaired t-test).

Figure 18 .

 18 Figure 18. ECS diffusion in the hippocampus. Topographic maps of diffusion coefficient D calculated from QDs tracking in different hippocampal areas. This data was acquired by Dr. Diego Grassi.

Figure 19 .

 19 Figure 19. Difference in ECS volume fraction across hippocampal layers. Modified from McBain et al., 1990.

(

  [START_REF] Levet | SpineJ: A software tool for quantitative analysis of nanoscale spine morphology[END_REF] based on wavelet filtering to calculate the ECS volume fraction (Fig.20 bottom). As a result, we found that 30 min PFA incubation did not cause any significant changes in ECS volume fraction (Fig.21B; ncntrl = 5, nPFA = 6; p > 0.05, paired student t-test).

Figure 20 .

 20 Figure 20. Graphical overview of the experimental and analysis workflows. (Top) Brain slice was first immersed in calcein solution followed by acquiring a SUSHI image. Next, the solution was washed out and calcein-based PFA solution was washed in, followed again by a SUSHI image of the same region. (Bottom) The acquired SUSHI images were processed using the SpineJ software and volume fraction and the width was calculated from these images.

; nbranches= 12; nbodies= 11 ;

 11 Wilcoxon matched-pairs test). Similarly, STED microscopy revealed no significant changes in the widths of fine astrocytic processes (Fig. 23C & D; ncntrl = 26; nPFA= 28;

;

  ncntrl = 23, nPFA = 31; p < 0.0001; one-sample Wilcoxon test). Detailed analysis of dendritic spine morphology revealed that while there were no significant changes in spine neck lengths, spine heads are significantly smaller and spine neck widths are significantly increased 90 minutes after PFA fixation (Fig 24C; parea = 0.0157; pwidth < 0.0001; Wilcoxon matched-pair test). These results show that both dendrites and spines are affected by PFA fixation, suggesting that neurons are more sensitive to astrocytes to PFA treatment.

Figure 21 .

 21 Figure 21. 30 min of PFA fixation does not change ECS volume fraction. (A) Time-lapse shadow imaging of ECS in living and PFA-fixed conditions of the same region. (B) Paired analysis of ECS volume fraction changes during a time-lapse over 30 minutes in live and PFA. The images were analyzed either as a whole ('global') or divided into 'neuropil' or 'cell bodies' areas (ncntrl = 5; nPFA = 6; ns: not significant, *P < 0.05; in paired student ttest). (C) Representative images shadow imaging of ECS live and 30 minutes after PFA fixation in the same region. (D) Paired analysis of ECS volume fraction live and 30 minutes after PFA fixation (n=5; ns: not significant, *P < 0.05; in Wilcoxon matched-pairs test). Scale bars: 10 µm.

Figure 22 .

 22 Figure 22. >90 min of PFA fixation introduces ECS alterations. (A) Representative shadow images of ECS live and 90 minutes after fixation. The magnified region of interest in the bottom left indicates out a 'cell blebbing' alteration due to fixation; the white squares specify the ROI on the original image. (B) Left: Paired analysis of ECS volume fraction changes between live and 90 minutes of PFA fixation. The images were analyzed either as a whole ('global') or divided into 'neuropil' or 'cell bodies' areas (ncntrl = 6; nPFA = 6; ns: not significant, *P < 0.05; in Wilcoxon matched-pairs test). Right: Quantification of the 'cell blebbing' artifact (n=6; ns: not significant, *P < 0.05; in a paired student t-test). (C) Representative STED shadow images shadow live and 90 minutes after PFA fixation of the same region. The yellow line indicates an example of the analyzed ECS widths. (D) Paired analysis of ECS widths live and 90 minutes after incubation with PFA or calcein only (ncntrl=12; nPFA=16; ns: not significant, *P < 0.05; in a paired t-test). (E) Representative shadow images of the same region live and 180 minutes after PFA fixation. Top right are shown magnified areas of the original image indicating dye accumulations around cell bodies (white arrows point to more examples of it). The white squares specify the ROI on the original image. (F) A representative image of shadow imaging after overnight fixation with PFA. Scale bars (A, E, F):10 µm, (C): 5 µm.

Figure 23 .

 23 Figure 23. 90 min of PFA fixation has no effect on astrocytic anatomy. (A) Representative confocal image of a brain slice expressing GFAP-Clover in astrocytes, before (left panel) and 90 min after PFA fixation (right panel). The blue and purple contour represent cell body and main branches areas analyzed. (B) Paired analysis of astrocytic areas of main branches and cell bodies (nbranches = 12; nbodies = 11; ns: not significant, *P < 0.05 in Wilcoxon matched-pairs test). (C) Representative STED image of astrocytic nanoscale spongiform structures expressing GFAP-Clover, before (left panel) and 90 min after PFA fixation (right panel). The green line shows a representation of the widths analysis. (D) Paired analysis of astrocytic fine widths (ncntrl = 26; nPFA = 28; ns: not significant, *P < 0.05; in Wilcoxon matched-pairs test). Scale bars: 10 µm.

Figure 24 .

 24 Figure 24. 90 min of PFA fixation affects spine morphology. (A) Representative STED maximum intensity z-projections of a dendritic segment expressing cytosolic citrine, before (left panel) and 90 min after PFA fixation (right panel). Scale bar: 10 µm. (B) Bar graph showing the analysis of dendritic holes appearing 90 minutes after PFA fixation or in control (no PFA) condition (ncntrl = 23; nPFA = 31; one-sample Wilcoxon test). (C) Paired analysis of spine morphological parameters (ncntrl = 79; nPFA = 86; ns: not significant, *P < 0.05; ***P < 0.001 in Wilcoxon matched-pairs test).

  Statistical tests were performed using Graphpad Prism software. Normally distributed data are presented as mean with standard deviation, while non-normal data are presented as median with interquartile range. The size and type of individual samples, n, for given experiments is indicated and specified in the results section and in figure legends. Asterisks in figures indicate p values as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 25 .

 25 Figure[START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and short-term synaptic plasticity[END_REF]. Calcium gradient inside and outside cells. Ca 2+ concentration in the ECS and ER is fifteen thousand times higher than in the cytosol. This gradient is mostly regulated via ion channels and ATP pumps.

Figure 26 .

 26 Figure 26. GreenT responses in living dissociated neurons. (A) Representative STED images of GreenT expression in living primary hippocampal neurons 7 days after DNA transfection. (B) Confocal time-lapse imaging of GreenT fluorescence intensity responses upon different calcium concentrations. (C) Individual and mean traces of GreenT fluorescence intensity during time-lapse imaging. The output calcium concentration was 2 mM, and it was changed first to 0 mM and finally to 8 mM. Statistical test was performed to test for significance (nexp= 4; nctrl= 3; ns: not significant, *P<0.05, **P<0.01, ***P<0.001 two-tailed t-test).

Figure 27 .

 27 Figure 27. STED imaging of GreenT expression in organotypic brain slices. The green square indicates the ROI of magnification. Images were taken 7 days after AAV9-GreenT injections in organotypic brain slices of mouse hippocampus.

Figure 28 .

 28 Figure 28. 2P time-lapse imaging of GreenT calcium sensitivity. (A) GreenT fluorescence signal imaged with 2P microscopy during local injections of 8 mM Ca2+. (B) Graph representing GreenT fluorescence intensity responses upon repetitive (500 ms each) high calcium (8 mM) solution puffs using a picospritzer. Black arrows indicate the times of injections.

Figure 29 .

 29 Figure 29. Characterization of the GreenT sensor. (A) Bar graph of GreenT Fmax/Fmin measured by applying low (0 mM) and high (15 mM) calcium concentration solution. (B) Bar graph of calibration measurement of GreenT in response to increasing the calcium concentration from 1.5 mM to 2.5 mM. (C) Fast GreenT fluorescence intensity response upon fast (100 ms) high calcium (8 mM) solution application via a high-pressure puff using a picospritzer. Black arrows indicate the times of injections.

Figure 30 .

 30 Figure 30. GreenT signal responses during electrophysiological stimulations. (A) Graphical representation of experimental workflow. GreenT expressing organotypic slice of mouse hippocampus was imaged with 2P microscope upon electrical stimulation of the Schaffer collateral. The neuronal electrical response was measured with a recording electrode. (B) A representative electrophysiological trace and GreenT fluorescence intensity trace extracted from 2P time-lapse imaging.

Figure 31 .

 31 Figure 31. GreenT signals upon treatment with blockers of calcium pumps. (A) GreenT fluorescence signal under conditions of either no stimulation (baseline), stimulation, stimulation 15 minutes after application of two calcium pumps blockers (SOV + BHH) and stimulation 30 minutes after application of the drugs. (B) Statistical analysis of the effect of calcium pumps blockers on GreenT signals (n=6, ns: not significant, *P<0.05, **P<0.01 in Mann-Whitney test).

  ; 300 mOsm; pH 7.4), in case of dissociated neurons: Tyrode solution (Table 4*). Confocal time-lapse images of dissociated neurons had a field of view: 50 µm x 50 µm. STED single-plane images of organotypic brain slices were either 100 µm x 100 µm or 50 µm x 50 µm with a pixel size of 48,6 nm, 0.03 ms dwell time. The excitation power was 0.5 µW (measured before the objective) and the STED power was 30 mW. *The concentration of calcium in the solutions varied depending on the experiment.

  figure.*The concentration of calcium in the solutions varied depending on the experiment.

  Statistical tests were performed using Graphpad Prism software. Normally distributed data are presented as mean with standard deviation, while non-normal data are presented as median with interquartile range. The size and type of individual samples, n, for given experiments is indicated and specified in the results section and in figure legends. Asterisks in figures indicate p values as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 33 .

 33 Figure 33. Calcium concentration measurements with ion-selective microelectrodes. Trace of extracellular concentration of calcium (top) in response to extracellular field potential stimulation (bottom). The green arrow indicates an increase of calcium in the ECS poststimulation. Scale bar: 10 s. Modified from Konnerth and Heinemann, 1983.

Organotypic brain slice culture

  Mouse lineMice were housed under a 12 h light/12 h dark cycle at 20-22 °C with ad libitum access to food and water in the animal facility of the Interdisciplinary Institute for Neuroscience (University of Bordeaux/CNRS) and monitored daily by trained staff. All animals used were free of any disease or infection at the time of experiments.

  ; for more technical details see Inavalli et al., 2019) constructed around an inverted microscope body (DMI 6000 CS, Leica Microsystems) which was equipped with a TIRF oil objective (x100, 1.47 NA, HXC APO, Leica Microsystems) and a heating box (Cube and Box, Life Imaging Services) to maintain a stable temperature of 32°C. A pulsed-laser (PDL 800-D, PicoQuant) was used to deliver excitation pulses at 488 nm and a de-excitation laser (Onefive Katana 06 HP, NKT Photonics) operating at 594 nm was used to generate the STED light pulses. The STED beam was reflected twice on two different surfaces of a spatial light modulator (Easy3D Module, Abberior Instruments) to generate a donutand a bottle-shaped beams for 2D and 3D point spread functions (PSFs). Image acquisition was controlled by the Imspector software (Abberior Instruments).

Figure 34 .

 34 Figure 34. 3D STED system and alignment. (A) A schematic of the home-built 3D-STED/confocal microscopy. DM: dichroic mirror; SLM: spatial light modulator; APD: avalanche photo-diode; MMF: multi-mode optical fiber; PMF: polarization maintaining optical fiber; OD: optical density filter. (B) Point spread functions (PSFs) of the confocal, 2Dand 3D-STED laser beams visualized with 40 nm golden beads in the x-y and x-z optical axes. Scale bar: 500nm.

  that I could contribute to it and learn a lot about fluorescence sensors and new techniques. I am very excited about the outcoming results and cannot wait to see what the GreenT sensor could reveal.

Figure 35 .

 35 Figure 35. COSHI in slice and neuronal cultures. (A) Representative confocal shadow imaging (COSHI) of organotypic slice of mouse hippocampus. (B) Representative image of shadow imaging of dissociated neuronal culture at DIV14. Both samples were perfused with 0.2 mM calcein/ACSF solution.

  First, the size of the fluorescent dye should be acknowledged for calculations of diffusion rate. In fact, at the beginning of my training in Bordeaux, I have applied solutions containing fluorescent dyes of various sizes (fluorescein bound to different-sized dextrans) to organotypic brain slices and performed time-lapse imaging of the diffusional spread across the tissue. The preliminary analysis showed that indeed, the bigger the fluorescent molecule, the slower it spread (data not shown). Second, the way of how the dye will be applied needs to be thoroughly analyzed. In case of perfusion, the perfusion rate should be known as well as an exact moment when the dye-containing solution enters the brain slice. Finally, it is necessary to hold the same imaging depth between samples to obtain comparable results. Alternative solution for such diffusional experiments would be local application of the fluorescent dye via micropipette inserted into the slice. By puffing a small amount of solution into the acquisition region, one could image the spread of fluorescence across a given region.

Figure 36 .Figure 37 .

 3637 Figure 36. LISHI and positively labeled microglia. Single-plane images showing CX3CR1-GFP labeled microglia and Atto565 labeled ECS in organotypic slice of a mouse hippocampus. Images are extracted form a z-stack acquired with lattice lightsheep microscopy at the BIC facility in Bordeaux. Image parameters: 516 x 242 pixels, 488 nm and 567 nm excitation lasers (5% laser power each).

Figure 38 .

 38 Figure 38. HAPLN1 is enriched around certain neurons. STED image of an organotypic brain slice expressing HAPLN1-GFP. White square indicates the ROI magnification.

Figure 39 .

 39 Figure 39. The glymphatic system. A simplified principle of the glymphatic flow (modified from Rasmussen et al., 2018).

Figure S2 .

 S2 Figure S2. Single-particle tracking of QDs in the ECS. (A) Representative QDs trajectories in the ECS in s. radiatum layer in the CA3 and CA1. (B) Diffusion coefficient plots for s. radiatum in CA3 and CA1 areas. This data was acquired by Dr. Diego Grassi.

Figure S3 .

 S3 Figure S3. SUSHI images of stratum radiatum in rat organotypic hippocampal slices. Pink boxes indicate the regions of interest of the magnified images on the right.

Figure S4 .

 S4 Figure S4. Analysis of ECS widths in rat organotypic hippocampal slices. (Left) ECS widths in stratum radiatum (dendritic axis) between CA1 and CA3 (nCA1= 866, nCA3= 884; p<0.0001 in Mann-Whitney test) and in the axonal axis (right, nCA1= 905, nCA3= 930; p<0.0001 in Mann-Whitney test).
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1.1. History of technical advancement

  Every cell in the brain is surrounded by an extracellular space (ECS), a complex web of long-chained molecules embedded in the interstitial fluid. These intercellular gaps occupy approximately one fifth of brain volume[START_REF] Nicholson | Extracellular space structure revealed by diffusion analysis[END_REF] and serve as both nutrient providers and garbage men, removing waste products form the brain. ECS is present everywhere in the brain and is critical for proper brain function,

yet it was overlooked for a long time. Classically, brain physiology was studied from a neuro-centric point of view, leaving other brain components such as glia or ECS as supportive players. However, as it turns out, glia cells and ECS not only play a supportive role but actively contribute to the brain physiology.

A factor that hindered the study of the ECS was a lack of appropriate techniques. In comparison to a cell body which has a diameter of dozens of microns, the average ECS width is approximately 50 nanometers. Conventional light microscopy fails to resolve such small gaps. While electron microscopy (EM) has the nanometer resolution to visualize ECS, it is also the primary reason for slowed progress in studying ECS. Early EM studies suggested that there was little to no space between cells. At the time, tissue prepared for EM underwent chemical fixation and dehydration, impacting the tissue preservation and introducing artifacts including ECS shrinkage. In the 1960s, development of cryo-fixation for EM (cryo-EM) samples transformed the view of ECS, which suddenly appeared to occupy a significant amount of brain volume (~20%,

. Super-resolution microscopy 2.1. Fluorescence microscopy

  

	Knocking out the AQP4 water channels results in reduction of the glymphatic-dependent plaques clearance by half (Iliff et al., 2012). Even though, the idea of glymphatic system is still novel, a lot of strong evidence are rapidly emerging, emphasizing its importance in proper brain homeostasis (for review on glymphatic system see Bohr et al.). 2The first fluorescence microscopy was designed by Carl Zeiss approximately 80 years
	Not only does dysregulated ECS flow lead to disease, alterations of ECM/PNNs ago (Ghiran, 2011) and since then, is one of the most widely used techniques in biology
	composition and morphology can also lead to development of various neurological research. It now allows us to visualize living samples and specific cellular structures
	diseases as well. Reduction of PNNs in the amygdala, entorhinal cortex and prefrontal in multi-color, making it possible to observe dynamic anatomical changes and
	cortex has been reported in schizophrenia (Pantazopoulos et al., 2010). These brain molecular interactions in situ.
	areas are responsible for emotion-related learning and associative sensory information
	processing. Altered expressions of ECM components, such as aggrecan or reeling,
	have also been reported in bipolar disorder (Pantazopoulos et al., 2015), major
	depression (Fatemi, 2005) and autistic spectrum disorder (Brandenburg and Blatt,
	2022).
	A picture emerges where ECS is not only a crucial part of volume transmission and
	energy supply but a contributor in mechanisms critical for proper brain functioning.
	Rapid technical progress is a strong force driving the ECS field forward in
	neuroscience. By development of new biosensors to study extracellular dynamics and
	new imaging modalities to visualize structural changes and diffusional features, we
	will be able to understand the role of ECS in brain development, homeostasis, and
	pathophysiology.

Table 2 .

 2 Composition of NaHCO3-based ACSF.

		Concentration	Company
	NaCl	119 mM	Sigma
	KCl	2.5 mM	Sigma
	MgSO4	1.3 mM	Sigma
	NaH2PO4 x 2H2O	1 mM	Sigma
	D-Glucose x H2O	20 mM	Sigma
	CaCl2	1.5 mM	Sigma
	NaHCO3	26 mM	Sigma
	Chemical	Concentration	Company
	NaCl	119 mM	Sigma
	KCl	2.5 mM	Sigma
	MgSO4	1.3 mM	Sigma
	NaH2PO4 x 2H2O	1 mM	Sigma
	D-Glucose x H2O	20 mM	Sigma
	CaCl2	1.5 mM	Sigma
	HEPES	10 mM	Sigma

Table 3 .

 3 Composition of HEPES-based ACSF.

	Chemical	Concentration	Company
	NaCl	100 mM	Sigma
	KCl	5 mM	Sigma
	MgCl2 x 6H2O	2 mM	Sigma
	D-Glucose x H2O	10 mM	Sigma
	CaCl2	2 mM	Sigma
	HEPES	25 mM	Sigma

Table 4 .

 4 Composition of Tyrode solution.
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Methods

Primary neuronal cell culture

Culture All experiments were performed in accordance with the European directive on the protection of animals used for scientific purposes (2010/63/EU).

Banker culture of hippocampal neurons were prepared from an 18-day embryonic Sprague-Dawley rats as described previously [START_REF] Kaech | Culturing hippocampal neurons[END_REF]. Briefly, hippocampi were dissected in HBSS containing Penicillin-Streptomycin (PS) and HEPES and dissociated with Trypsin-EDTA/PS/HEPES. Neurons were plated in minimum essential medium supplemented with 10% horse serum on coverslips coated with 1 mg/mL poly-L-lysine in 60 mm petri dishes at a density of 250 000 cells per dish. Following neuronal attachment, the coverslips were flipped onto 60-mm dishes containing a glial cell layer in Neurobasal medium supplemented with L-glutamine (GIBCO, #25030-024) and NeuroCult SM1 Neuronal Supplement (StemCell Technologies, #05711). Cells were maintained at 37°C with 5% CO2 for 13-15 days.

Transfection

Neurons were transfected at DIV 7-9 using the calcium-phosphate coprecipitation method. Per dish, precipitates containing 12 µg plasmidic DNA of