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Summary

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) resulting in demyelination. It is affecting 2.8 million people worldwide and it is the commonest non-traumatic disabling disease to affect young adults. Although treatments exist to manage the condition, no cure has been found to stop the progression of neurodegeneration. Many aspects of the disease have been described with Magnetic Resonance Imaging (MRI) but the underlying cause and mechanisms remain poorly understood. To develop new treatments and investigate the multiple systems impacted by MS, new imaging technologies are needed at the preclinical stage. Functional ultrasound (fUS) imaging has recently been demonstrated to robustly measure brain cerebral blood volume (CBV) dynamics as an indirect measure of neural activity. The aim of my PhD was to propose biomarkers of de-and re-myelination in two animal models of MS using fUS imaging.

In order to study the changes of CBV evoked by whiskers stimulation, first we developed a protocol to trigger the whiskers stimulations and reduce user-dependent variability. The parameters of the stimulation (frequency, duration of stimulation) were optimized, along with the plane of imaging through a fully-automatic ultrasound-based neuro-navigation approach. This protocol was used with other imaging modalities, such as functional connectivity and Ultrasound Localization Microscopy (ULM), in two animal models of MS. The lysolecithin (LPC) model showed poor results, probably due to the small lesion induced and the effect of the injection itself. The longitudinal study of the Cuprizone model however, showed very interesting results concerning the temporal and spatial aspects of the activation of the cortex at the early stage of the model development, at the full demyelination stage and after 2 weeks of spontaneous remyelination.

Our results show that extended demyelination induced an increased hemodynamic response in the primary sensory cortex both spatially and temporally, which is coherent with fMRI data collected on MS patients. The velocity measured with ULM in penetrating arterioles was reduced in cuprizone treated mice, suggesting an alteration of the neurovascular unit.

Finally, we assessed the potential of these results as strong biomarkers in a preclinical context using classification and regression models. The fUS biomarkers were able to accurately classify animals as demyelinated with high accuracy (88%), sensitivity (88%), and specificity (100%). Furthermore, these fUS measures significantly predicted the myelin level in the median corpus callosum, which is often used as an indicator of the severity of the cuprizone model. These promising results highlight the potential of fUS as a valuable tool for assessing and monitoring demyelination in preclinical research.

Résumé

La sclérose en plaques (SEP) est une maladie auto-immune du système nerveux central entraînant une démyélinisation. Elle touche 2,8 millions de personnes dans le monde et elle est la première cause de handicap sévère non traumatique chez les jeunes adultes. Bien que des traitements existent pour gérer la maladie, aucun remède n'a été trouvé pour arrêter la neurodégénérescence progressive. De nombreux aspects de la maladie ont été décrits avec l'imagerie par résonance magnétique (IRM), mais sa cause sous-jacente et ses mécanismes restent mal compris. Pour développer de nouveaux traitements et étudier les différents aspects de la SEP, de nouvelles technologies d'imagerie sont nécessaires au stade préclinique. L'imagerie par ultrasons fonctionnels (fUS) a déjà été utilisée pour mesurer indirectement l'activité du cerveau en suivant les changements de volume sanguin cérébral (CBV). Le but de cette thèse était d'identifier les biomarqueurs de la démyélinisation et remyélinisation dans deux modèles animaux de la SEP grâce à l'imagerie fUS.

De façon à étudier les altérations de réponse fonctionnelle à la stimulation de la moustache, nous avons d'abord développé un protocole pour stimuler automatiquement les moustaches et réduire la variabilité due à l'utilisateur. Les paramètres de la stimulation (fréquence, durée de stimulation) ont été optimisés, ainsi que le plan d'imagerie grâce à une approche de neuro-navigation automatique basée sur les ultrasons. Enfin, ce protocole a été utilisé avec d'autres modalités d'imagerie, telles que la connectivité fonctionnelle et la Microscopie de Localisation Ultrasonore (ULM) dans deux modèles animaux de la SEP. Le modèle lysolécithine (LPC) n'a pas montré de résultats satisfaisants, ce qui est probablement dû à la petite taille de la lésion induite et à l'effet de l'injection elle-même. Cependant, l'étude longitudinale du modèle Cuprizone a montré des résultats très intéressants, autant sur les aspects temporels que spatiaux de l'activation du cortex au stade précoce du développement du modèle, au stade de démyélinisation complète et au stade de la remyélinisation spontanée.

Nos résultats montrent une augmentation de la réponse fonctionnelle dans le cortex somatosensoriel, sur le plan spatial et temporel, exclusivement au stade de la démyélinisation complète. Une diminution de la vitesse de flux sanguin dans les artérioles pénétrantes a aussi été mesurée avec l'ULM, suggérant une altération du couplage neurovasculaire.

Enfin, nous avons évalué le potentiel de ces résultats en tant que biomarqueurs robustes dans un contexte préclinique en utilisant des modèles de classification et de régression. Les biomarqueurs fUS ont été capables de classifier les animaux comme démyélinisés avec une grande précision (88%), sensibilité (88%) et spécificité (100%). De plus, ces mesures fUS ont prédit de manière significative le niveau de myéline dans le corps calleux médian, souvent utilisé comme indicateur de la sévérité du modèle cuprizone. Ces résultats prometteurs mettent en évidence le potentiel du fUS à évaluer et surveiller la démyélinisation dans la recherche préclinique. Table 1: 
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Preamble

My PhD research focused on the use of functional ultrasound (fUS) imaging to develop biomarkers in preclinical models of Multiple Sclerosis. However, during the course of my PhD, I also collaborated with my supervisor, Sophie Pezet, on other projects.

At the beginning of the PhD, no experiments could begin without the approval of the project by the ethical committee. Therefore, while awaiting approval for my proposed project, I worked on a project involving spinal cord lesions to familiarize myself with fUS techniques. I participated in the final round of experiments to set the parameters of the different acquisitions and I analyzed all the data for this project, which was published in Scientific reports in 2022, with me as the first author. In a standardized animal model of spinal cord injury, this study revealed significant changes in blood flow in specific regions of the spinal cord. Ultrafast ultrasound imaging showed reduced spinal blood volume only at the lesion site, but changes in directionality were observed caudally and rostrally to the lesion. Furthermore, ultrasound localization microscopy (ULM) demonstrated increased tortuosity of the central sulcar artery, as well as reduced blood flow velocity at the lesion site and caudally to the lesion. Additionally, our study identified statistical correlations between several biomarkers of vascular dysfunction and the severity of SCI. The main results can be found in Annex 1.

During the course of my PhD, I also participated in another project unrelated to my main research topic. This project involved studying the vasculature of the trigeminal ganglion in rats. I analyzed the data that had already been acquired to demonstrate the hemodynamic activation of the trigeminal ganglion in response to mechanical and chemical stimulation of the cornea, as well as mechanical stimulation of the face (Annex 2). The study also revealed the high density and speed of blood flow using ULM and was published in Communications Biology in 2022, with me as a co-author.

Finally, the optimization of the protocol of the evoked hemodynamic response to the whisker stimulus that I developed in the first part of my PhD and that is presented in chapter 2 was part of a publication in JOVE in 2021, where I am a co-author (Annex 3).

The publication presents several standardized protocols of fUS techniques. MS is also associated with different forms of vascular abnormalities: increased risk for ischemic disease, arterial cerebral hypoperfusion, abnormalities of the endothelial cells and impaired venous drainage(Caprio and Russo 2016).

After the first manifestation of a single of several symptoms, which is called clinically isolated syndrome (CIS), the evolution of the disease can be separated in two phases: the relapsing-remitting phase in which the patient completely recovers after a period of symptoms lasting typically several weeks and a non-relapsing progression phase caused by a slow neurodegeneration. For 85 to 95% of patients, the disease starts with a relapsing-remitting phase (RRMS) and evolves in a progressive phase (secondary progressive MS) after 10 to 15 years after the onset. For 5 to 15% of the patients, the disease starts directly with the non-relapsing phase (primary progressive MS)(Dobson and Giovannoni 2019)(see Figure 3). Despite this distinction in three clinical forms, there is no single characteristic histological difference between them. They only differ in the proportion of areas showing particular characteristics. Considering this, the subtypes of MS can be viewed as a spectrum of pathological changes, extending from relapsing to progressive evolution. 

2022).

Symptoms can be directly treated with symptomatic therapies that are not specific to MS but to limit the occurrence and severity of relapses and potentially change the longterm outlook, disease-modifying therapies are used specifically. They are either immunomodulatory (such as interferon beta, glatiramer acetate, teriflunomide), meaning that they target only certain types of cells of the immune system or immunosuppressant (such as fingolimod, natalizumab, ocrelizumab), meaning that they reduce the immune response as a whole. However, they are not effective for patients with primary or secondary progressive MS who experience accumulating disability (Kipp et al. 2017).

Decision-making for treatment of MS is changing to take into account the recent concept of "no evidence of disease activity" (NEDA) which means that clinical relapses are only the tip of the iceberg in terms of disease progression. This has led to an increasing reliance on highly active therapies early in the course of the disease(Dobson and Giovannoni 2019;

Hauser and Cree 2020). Several modalities of MRI can be used to visualize the lesions in both the brain and spinal cord: T2 weighted spin-echo, inversion-recovery sequences (FLAIR and STIR) and T1-weighted with and without gadolinium contrast enhancement. They reflect different aspects of the disease. In T2 weighted and inversion-recovery images, hyperintense lesions (brighter spots in Figure 4) represent a large variety of pathologic processes, including inflammation, demyelination, remyelination, gliosis, edema, Wallerian degeneration, and axonal damage. T1 weighted without contrast agent reveals lesions as hypointense spots, also known as "black holes" (darker spots in Figure 5), which represent physically an excess of water, meaning a lack of myelin or edema. Gadolinium contrast agent is used to assess the health of the Blood Brain Barrier (BBB). Healthy BBB should not let this molecule through when it is injected intravenously into the blood stream. But in MS patients, the local inflammation breaks down the BBB and gadolinium is released in the surrounding parenchyma, which leads to hyperintense spots in T1weighted images (see Figure 6)(Hemond and Bakshi 2018). MRI scanners with higher magnetic fields (e.g. 3T and 7T) have a much higher signal to noise ratio and spatial resolution (100µm), improving the specificity and the predictive capacity of the modalities previously described and allowing more advanced MRI measures. However, they are more expensive and therefore less widespread than conventional scanners. They are also more susceptible to artifacts and have more parameters to set, which results in a lack of standardization across institutions. One of these advanced modalities is Proton Magnetic resonance spectroscopy ( 

Experimental Autoimmune Encephalomyelitis (EAE)

The model 'experimental autoimmune encephalomyelitis' induces autoimmunity to CNS components in susceptible mice through immunization with self-antigens derived from basic myelin protein (See Figure 7). Researchers have successfully used these models to develop and gain insights into disease-modifying therapies that are currently approved. Depending on the mouse strain and the combination of peptides used for the important one is that it mainly develops in the spinal cord, which is not the neural pathway we intended to study as fUS imaging is generally used in the cortex.

Remyelination is an important feature to study in the context of preclinical study as treatments are being developed to improve this process and it is difficult to study in EAE models. TO, on the other hand, is always chronic-progressive in susceptible mice. This model was not chosen because it cannot be used to study remyelination (Procaccini et al. 2015).

Lysolecithin model (LPC)

Finally, another way to induce demyelination, which is a key aspect of MS, is via toxic agents. Their pathology is more distant than the two previous models as the demyelination mechanism does not rely on immune response, but they capture other aspects of MS that the other cannot do. Moreover, they allow the study of remyelination which could be helpful for developing treatments that improve the clinical status of patients after relapses and potentially delay neurodegeneration.

The lysolecithin model consists in injecting the molecule directly in the spinal cord or the brain, resulting in a focal and reproducible demyelination. This pathogenic phenomenon is primarily attributed to the toxic effects of detergent on myelin sheaths, rather than to effects on oligodendrocytes. Even if immune response is not the cause of demyelination, the lesion sites are infiltrated by T cells, B cells, macrophages, and neutrophils, which begin within hours after injection and last for several days. However, chronic inflammation in lesions is less severe in young animals (Procaccini et al. 2015).

Although the LPC model is mainly used in the spinal cord, some studies have investigated brain dysfunction after injection into areas of the brain, particularly in white matter tracts such as the corpus callosum and internal capsule( The LPC model was selected for this PhD due to its effectiveness in mimicking the demyelination and remyelination observed in MS. This model offers several advantages, including its ability to produce lesions that closely resemble those seen in MS, as well as its rapid development. In fact, complete demyelination can be achieved at 7 days, with complete remyelination taking place at 4 weeks(Vega-Riquer et al. 2019). However, the small size of the lesions produced by the LPC model may pose some challenges in terms of detection, as they may have only a minor impact on our measures. Additionally, the LPC model is more invasive, requiring a craniotomy and direct injection of the molecule into the brain, which has the potential to alter our measurements.

The Cuprizone Model

The other toxin used is Cuprizone (biscyclohexanone-oxaldihydrazone, see Figure 8), which is a copper chelating reagent. Although the exact mode of action of cuprizone intoxication is not completely understood, the most probable process is that the copperchelation action of cuprizone inhibits mitochondrial enzymes of the respiratory chain which require copper as co-factor. This leads to oxidative stress and, in consequence, to primary oligodendrocyte apoptosis which is closely followed by microglia and astrocyte 9).

Although the cuprizone model is not ideal for studying autoimmune-mediated demyelination, it can serve as a useful method for investigating fundamental mechanisms involved in de-and remyelination that are not primarily immune-mediated such as classical abnormalities of the normal appearing white matter (NAWM) also seen in MS (Kipp et al. 2017). mechanisms that are more related to clinical status to improve patients' well-being.

This

Neuroimaging

The brain is a highly complex and mysterious organ, responsible for controlling all aspects of human behavior and cognition. Despite the enormous progress made in the field of neuroscience, there is still much to discover about the brain's structure, function, and connectivity. Since the second half of the 20th century, neuroimaging has grown to encompass a wide range of techniques and is now one of the most powerful tools for studying the brain.

Computed tomography (CT)

Computed Tomography (CT) is a medical imaging technique that uses X-rays and computer processing to create detailed images of the inside of the body. The principle of CT is based on the fact that X-rays are absorbed differently by different tissues in the body, depending on their density and atomic number. In a CT scanner, a narrow beam of X-rays is directed through the body from multiple angles. The X-ray detector on the opposite side of the body measures the amount of radiation that passes through the body, and this information is used to create a series of two-dimensional (2D) cross-sectional images, or "slices," of the body. The computer then processes these images using Radon transform computation to create a 3D image of the body, which can be viewed from different angles and analyzed in great detail. The resulting images can provide detailed information about the size, shape, and location of abnormalities such as tumors or injuries, as well as the internal structure of organs and tissues. However, CT does expose patients to ionizing radiation, which can be harmful in high doses, so careful consideration is given to the risks and benefits of each scan (Kalender 2006). Positron Emission Tomography (PET) is a type of medical imaging that uses radioactive tracers to visualize and measure the activity of various biological processes within the body. To perform a PET scan, a patient is injected with a small amount of a radioactive tracer, which is designed to target specific biological processes or structures in the body, such as glucose metabolism or the accumulation of amyloid plaques in the brain. As the tracer moves through the body, it emits positrons that collide with nearby electrons, producing gamma rays that travel in opposite directions. These gamma rays are detected by a ring of detectors surrounding the patient, which record the location and intensity of each gamma ray. 3D scans are then computed from 2D slices in the same manner as CT scans. PET scans can provide valuable information for a wide range of medical applications, including multiple sclerosis. PET has some limitations that restrict its widespread clinical use. PET imaging is relatively expensive compared to other imaging modalities, and there are some potential risks associated with PET imaging due to the use of ionizing radiation, although these risks are generally considered to be very low and are outweighed by the potential benefits of the imaging. Additionally, it also has limited spatial resolution, which can make it difficult to accurately locate small lesions or distinguish between adjacent structures(Shukla and Kumar 2006) (see Figure 11). Single-photon emission computed tomography (SPECT) is similar to PET in its use of radioactive tracers and detection of gamma rays, but they differ in the way they detect the radiation. In SPECT, the gamma rays emitted by the tracer material are measured directly by a gamma camera, whereas in PET, the tracer emits positrons that interact with electrons in the tissue, leading to the emission of two gamma photons in opposite directions. The PET scanner detects these photons in coincidence, providing more precise localization information and higher spatial resolution images compared to SPECT, which typically has a resolution of about 1 cm. Despite its lower spatial resolution, SPECT is a more cost-effective imaging modality than PET, as it can use longer-lived and more widely available radioisotopes (Tilkemeier et al. 2017).

Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a remarkable diagnostic imaging modality that utilizes strong magnetic fields and radio waves to generate detailed images of the body's internal structures. With its ability to provide information about the structure and function of tissues, MRI has become an indispensable tool in modern medicine for diagnosing a wide range of conditions, including MS. Unlike X-rays and CT scans, MRI does not use ionizing radiation to produce images, making it a safer option for patients. This technology continues to evolve, with ongoing research aimed at improving image quality, reducing scan times, and developing new applications for this important diagnostic tool.

The principle of MRI is based on the behavior of protons in the body when they are exposed to a strong magnetic field and radio waves. Without magnetic field, the protons have a spin (which can be schematized as a rotation around themselves) which have a random axis of rotation. In the presence of a magnetic field, this axis of rotation tends to align with the field but turn around it (which is called precession). This precession is characterized by the phase (see Figure 12) Radio waves at a certain frequency (the Larmor frequency) are then used to excite these aligned protons, causing them to absorb energy and move out of alignment with the magnetic field into the transverse plane, giving the same precession for all protons(van Geuns et al. 1999)(see Figure 13) Diffusion tensor imaging (DTI) is another type of MRI that is used to visualize the movement of water molecules within tissues, which can provide information about the structure and integrity of white matter tracts in the brain and spinal cord. In biological tissue, water molecules move randomly in a process called Brownian motion, which is limited by various cellular structures. DTI works by applying magnetic gradients to the tissue being imaged, which causes water molecules to move in a certain direction. By measuring the direction and magnitude of this movement, information about the underlying tissue microstructure can be obtained. In white matter (WM) tracts, water molecules tend to move parallel to the axons, which is known as axial diffusivity.

Therefore, DTI allows detailed mapping of the microstructural integrity of WM, which is particularly helpful to study MS. The magnitude of diffusion directionality in a measured space is commonly measured using a metric called fractional anisotropy (FA) (see Figure 15). A low FA corresponds to unconstrained water diffusion, whereas a high FA signifies highly directional water diffusion. Mean diffusivity (MD), which reflects the overall magnitude of water diffusion within a voxel, is another metric that captures nonspecific water diffusion changes. In addition to study the structure of the brain, MRI is a powerful tool to study the function of the brain thanks to functional MRI (fMRI). The blood oxygen level dependent (BOLD) contrast mechanism is the most common method used in fMRI. It works by detecting changes in the ratio of oxygenated to deoxygenated blood in the brain. The molecule hemoglobin, found in red blood cells, carries oxygen in the bloodstream. When hemoglobin is deoxygenated (dHb), it becomes more magnetic (paramagnetic) compared to when it is oxygenated (Hb), which is almost non-magnetic (diamagnetic). As a result, the magnetic resonance (MR) signal is better when dHb is present since diamagnetic blood interferes with the MR signal less. By detecting these differences in magnetic properties, fMRI can indirectly measure changes in the level of oxygen in the blood(Smith 2004; Deffieux et al. 2018). The BOLD signal is related to neuronal activation through neurovascular coupling which is the process increasing blood flow (hyperemia) after neural activation. Traditionally, this process is explained by increased metabolic demand but this explanation has recently been questioned by some researchers (Drew 2022).

During the scan, the subject may be asked to perform a task, such as looking at pictures or solving a math problem, that activates certain areas of the brain. with different absorption coefficients. The amount of these chromophores can be deduced by an analysis of the scattered-back light collected by a detector after absorption, using the modified Beer-Lambert law (see Figure 16). 

Magnetoencephalography (MEG)

Magnetoencephalography (MEG) and fMRI both measure changes in neural activity but they do so in different ways. MEG detects the magnetic fields generated by electrical currents within the brain, while fMRI measures changes in blood flow and oxygenation in response to neural activity. This fundamental difference in measurement means that MEG has higher temporal resolution than fMRI, with the ability to detect neural activity on the order of milliseconds compared to fMRI's temporal resolution on the order of seconds.

However, fMRI has higher spatial resolution, with the ability to localize neural activity to specific regions of the brain with greater precision. The brain has two primary sources of current, dendritic and axonal, but MEG mainly detects magnetic fields originating from dendritic current flow. This is due to the fact that dendritic current flow is more likely to synchronize, and generate a measurable signal, than axonal current flow. MEG measures these magnetic fields using highly sensitive sensors called SQUIDs (Superconducting Quantum Interference Devices). SQUIDs are able to detect extremely weak magnetic fields by exploiting the properties of superconducting materials (Hall et al. 2014) (see Figure 17). generates a measurable electrical current (I) that is recorded outside of the head by special magnetic field pick-up coils.

The coils are connected with the SQUIDs, which convert weak changes in the magnetic field into measurable voltage (V). (Tamilia et al. 2017) MEG has several limitations that should be taken into account when interpreting its results. First, MEG can only detect magnetic fields generated by electric currents that are oriented parallel to the surface of the scalp (see Figure 18). This means that deep sources, such as those located in the midline of the brain or in the basal ganglia, may be more difficult to detect accurately. Second, MEG signals can be contaminated by environmental noise sources, such as power lines or magnetic materials, which can affect the accuracy of the measurements. Third, MEG is sensitive to the movement of the subject's head, which can introduce artifacts into the data. Finally, MEG is relatively expensive and requires specialized equipment and trained personnel to operate, which can limit its availability in some settings. occurs, the neuron membrane rapidly becomes positively charged, leading to the opening of calcium channels and a subsequent influx of calcium into the cell body of the active neuron. Unlike sodium and potassium, the intracellular calcium concentration is normally very low, making it significantly affected by the influx of calcium during an action potential. The calcium influx into the cell body is a discrete variable that is a monotonic function of the number of action potentials that occurred in the cell. Therefore, it is possible to detect whether a neuron fired an action potential or multiple ones by monitoring the intracellular calcium concentration in the cell body. However, the onset dynamics of this calcium influx are typically in the hundreds of milliseconds, and the offset dynamics can be as long as several seconds. There are other sources of calcium influx that could produce a rise in the intracellular calcium concentration, such as calcium spikes, calcium-induced calcium release from intracellular stores, subthreshold synaptic events, and glial calcium oscillations. However, all these calcium events can be easily distinguished from a calcium rise produced by a sodium spike based on their amplitude, kinetics, or pharmacology. To simultaneously monitor calcium changes in multiple neurons, optical techniques can utilize either calcium-sensitive fluorescent indicators or genetically encoded calcium probes. A significant advantage of genetic probes is that they can be specifically targeted to cellular microdomains, such as mitochondria or the endoplasmic reticulum, which are difficult to monitor otherwise. However, the low signalto-noise ratio of genetic calcium probes remains a critical drawback for monitoring action potential-induced calcium changes in large populations of neurons. These dyes were originally created and tested for single photon excitation, with the excitation wavelength being either in the UV range or in the visible range. Longer wavelengths are preferred as they lead to less photobleaching (alteration of the fluorophore by the light) and phototoxicity of the indicator, and are able to penetrate deeper into living tissue.

However, these issues can be resolved by using two-photon microscopy, which doubles the excitation wavelength by exciting with two infrared photons collide with the fluorophore simultaneously, only at the beam focus. This results in the fluorescence being confined to a three-dimensional area, with no out-of-focus fluorescence, thus eliminating the need for a confocal aperture and increasing the signal to noise ratio. However, the high and (c) is that these echoes are physically restored with the transducers in time reversal and they are digitally restored in ultrafast ultrasound imaging. (Tanter and Fink 2014) Thanks to this paradigm change, only one plane wave needs to be transmitted instead of one focused wave per line, resulting in a frame rate increase of over 100 times.

However, this increase in frame rate was initially achieved at the cost of image quality but coherent plane-wave compounding, which consist in sending several plane waves with different angles, allows to recover this quality loss while keeping a significant increase of frame rate (see Figure 22). It is this very high frame rate that led to groundbreaking applications(Tanter and Fink 2014). In recent years, functional ultrasound imaging has gained traction as a potent method for visualizing neural activity with exceptional spatiotemporal precision. This technique operates by capturing ultrafast images of the brain to detect a hemodynamic response (by measuring cerebral blood volume (CBV)) that is linked to neuronal behavior thanks to neurovascular coupling. Using a pulsed-wave strategy, fUS operates on a similar principle to the "Power Doppler" imaging mode that has long been utilized in clinical ultrasound systems. The Doppler effect is the physical phenomenon that explains why we hear the sirens at a higher pitch when the ambulance is moving toward us. When a moving source emits a wave, sonic for the ambulance or ultrasonic for fUS, the wave fronts are spatially closer (shorter wavelength λ) when they travel in the same direction as the source because the time period of the emission being the same, a particular wave front is closer to the next by the distance travelled by the source (illustrated Figure 23). In the case of fUS, this effect is more simply measured by using pulses instead of wave fronts: a scatterer, such as a red blood cell in a vessel, moving toward the probe emit back two following pulses in a shorter time than expected if it did not move, because it is simply closer to the probe by the time that the second pulse arrives to it. By recording a signal as if the scatterer did not move, the resulting signal obtained oscillate as it scans the pulse itself, instead of being constant if the scatterer did not move. And the more quickly the scatterer moves, such as a red blood cell in a big artery, the more rapidly the pulse is replicated, resulting in a frequence of the signal being higher. In short, rather than being directly calculated as a Doppler effect, this shift is determined indirectly via the relative phase changes of the pulses over time (see Figure 24).(Edelman and Macé 2021) Traditionally, this effect was used to filter out the motion with a high pass filter. Since the tissue did not move, the frequency of its signal is low and casted out by the filter, leaving only the high frequency signal of the faster moving red blood cells. The drawback of this filter is its limited ability to detect blood flow in small vessels due to its slow imaging speed, this signal being casted out with the signal of the tissue. This was particularly true for imaging awake behaving animals, since a higher frequency needed to bet set for the high pass filter to remove the tissue signal, resulting in less blood signal for larger vessels. This limitation was overcome by the development of a new motion-filtering technique based on the singular value decomposition (SVD) of spatiotemporal Doppler signals (Demene et al. 2015). By considering the spatial correlation between tissue and blood motion, this filtering algorithm can reject most tissue motion artifacts within the acquisition of a compound ultrasound image stack (which is typically 100s of ms). Its superiority can be explained by the fact that the algorithm not only takes into account the temporal information like the previous filter, but it also includes the coherence of the temporal evolution between pixels. Since the signal tissue is slow and the variations of signal happen at the same time in all the tissue due to its coherence, it can be well separated from the blood signal that moves faster and, critically, does not vary in unison from a vessel to another. This coherence of different parts of the image can be ranked into SVD modes, and thresholds on this rank are set to remove the most coherent modes corresponding to the tissue, keeping the less coherent modes corresponding to the blood The power Doppler image is then constructed by taking the power of the frequency spectrum of the filtered compound image stack at each voxel. It has been shown both theoretically and experimentally that this power Doppler value is proportional to the local cerebral blood volume (CBV), and as such increases when vasodilatation happens. This increase of CBV is typical after a neural activation and thus fUS has been demonstrated to robustly measure brain hemodynamics as an indirect measure of neural activity. In conclusion, the fundamental barriers of ultrasound imaging in terms of temporal and spatial resolutions that forbid conventional ultrasound imaging to apply for neuroscience have been broken, which has paved the way to many applications in both clinical and preclinical studies(Deffieux et al. 2021) (see Figure 26). where a cranial window can be implemented, if the skull is not thin enough. fUS has found significant utility in preclinical research, where it has been employed to monitor specific diseases, including stroke, epilepsy, chronic pain, and cardiac arrest in animal models.

Among these applications, the most traditional one is sensory mapping since it has been done for many years with other imaging modalities. These well-established sensory mappings served as a basis for initial fUS research and paved the way for the exploration of more complex processes. The field of fUS imaging now encompasses a wide range of species and sensory systems. Early studies in rats, for example, investigated responses to whisker, hindlimb, and olfactory stimulation to demonstrate the feasibility of fUS imaging.

Subsequently, fUS imaging was extended to the visual system in both rats and pigeons, validating its use in non-mammalian animal models (see Figure 27). More recently, fUS imaging was utilized to image the deep visual cortex of awake nonhuman primates. fUS imaging has also been applied to map the auditory system in ferrets, with early studies demonstrating the ability to map the tonotopy of different auditory structures in awake head-fixed ferrets(Edelman and Macé 2021). The activity of the brain can also be recorded and analyzed when no stimulation is applied to the nervous system. These studies are referred to as resting-state studies and they have led to the more general study of networks, which is called functional connectivity. Functional connectivity studies using fUS are similar to those using fMRI, as they both utilize large field-of-view recordings to capture correlated activity across multiple brain regions. These correlations are defined as "connections" and are believed to represent brain-wide networks that characterize the intrinsic neural organization of the brain, particularly during resting-state. In mice and rats, resting-state networks have been identified using fUS during both the anesthetized and awake states, with a high spatiotemporal resolution (see Figure 28). Functional ultrasound has thus been used to investigate alterations in brain connectomes in various configurations. For instance, in rat pups, fUS revealed a general decrease in connectivity in a fetal growth restriction model compared to controls, which was mitigated by early injection of oxytocin. In another study, fUS was able to identify the presence of chronic pain in an arthritic rat model by detecting differences in brain networks compared to controls (Deffieux et al. 2021).

Although many of these studies have focused on connections within a single brain plane, recent research has demonstrated that whole-brain connectomics can also be examined using 3D imaging with fUS. This emerging research suggests that fUS can identify global brain networks and can even be used to classify different brain states or track disease progression(Edelman and Macé 2021). By combining ultrafast ultrasound with intravenous injection of acoustic contrast agents, it is possible to perform Ultrasound Localization Microscopy (ULM) using the regular fUS device. Similar to super-resolution imaging approaches in optics such as Fluorescence Photo-Activated Localization Microscopy (FPALM), ULM overcomes the resolution limit due to the physical phenomenon of diffraction. Diffraction is a physical phenomenon that occurs when waves, such as light for FPALM or sound waves for ULM, encounter an obstacle or aperture. When a wave passes through an aperture, it bends and spreads out, leading to blurring or loss of detail in the resulting image. Since an ultrasonic wave is sent to bounce back from a scatterer, the echoed wave received will spread out and result in a blurred spot in the image, no matter how small the scatterer was. The principle of FPALM an ULM to overcome this is to localize precisely the center of these spots, which requires them to be separated. By accumulating the resulting centres of a great number of spots, an image can be reconstructed with the resolution of the centers rather than the spot, increasing greatly the spatial resolution. In addition, ULM allows the tracking of the microbubbles, allowing the quantification of the velocity of the blood stream in all directions, which also improve the previous method with Doppler imaging 

Aim of my PhD

As discussed in the introduction, there is still much to be discovered about the underlying mechanisms of MS. Preclinical studies are crucial for understanding these mechanisms and developing treatments that not only help manage the disease, but also dampen progressive neurodegeneration, and eventually stop it. However, MRI, the technique generally used in clinics, is limited by its spatial resolution for the smaller brains of the animals used in most preclinical studies. The only current solution to reducing this limitation is to use high-field scanners, but their high cost and lack of portability make them prohibitive for many laboratories. As a result, the data is scarce The evoked response to a stimulus is the most promising and direct measure of brain activity health. Although this measure is classic in fUS, its reproducibility and standardization need to be improved to study fine alterations in animal models and to enable easy transfer to other laboratories. Therefore, the first task of the PhD project was to improve the protocol, both for imaging and anesthesia, to minimize variability and standardize it for easy transfer to other labs.

Subsequently, this measure was implemented alongside other fUS measures, such as resting-state functional connectivity and ULM, in two animal models of MS: Cuprizone and LPC. These models were selected for their emphasis on demyelination, and more importantly, on remyelination, which is the goal of treatment development. The second task of the PhD project was to implement several fUS measures that provide diverse biological insights to identify the most promising potential biomarkers of demyelination and remyelination.

Finally, these biomarkers were tested using statistical analysis to assess their relevance in the context of preclinical study. Multivariate classification and regression was conducted to determine their predictive value of the true level of demyelination, as determined by gold-standard immunohistochemistry, to ascertain whether they can be used as reliable markers.

Chapter 2

Improvement and optimizations of the experimental protocols

Chapter 2: Improvements and optimizations of the experimental protocols

Standardization and optimization of the protocol of evoked response

The initial goal of my research project was to develop a reproducible protocol for robust use in preclinical studies. The previous protocol used for imaging the evoked response to whisker stimulation in mice did not meet this criterion, primarily because the stimulation was done manually. Consequently, the resulting measurements were userdependent and highly variable, as the method of stimulation differed from one experimenter to another and even across multiple experiments conducted by the same experimenter. This method of stimulation also prevented precise temporal analysis due to the variability of the onset of each manual stimulation, which is critical for the measurement of the delay in response induced by demyelination. Therefore, rectifying this particular issue was crucial for achieving accurate temporal measurements.

To address these issues, an Arduino (Uno) with a servo motor was employed to automatically stimulate the whiskers. This approach eliminates experimenter variability and allows for synchronization between stimulation and acquisition. With precise knowledge of the stimulation onset, temporal measures such as lags can be accurately computed during signal analysis. The implementation of this new method required setting several parameters for the stimulation process. To identify the most appropriate parameters, we conducted a series of experiments on naive mice (n=5) to explore their effects on the resulting measurements. In fMRI analysis, the first step typically involves evaluating the spatial extent of activation prior to considering temporal characteristics.

Accordingly, for this series of experiments, we assessed the area of activation as the number of significantly higher pixels during stimulation than during rest periods (with Bonferroni-corrected p-value < 0.05), using a Generalized Linear Model (GLM) with the stimulation pattern as the link function. This value was used to quantify the extent of hyperemia induced by local neuronal activation.

Test of different stimulation patterns

The first parameter that we tested was the pattern of stimulation. Traditionally, the pattern used is 60 seconds of rest followed by 30 seconds of stimulation, repeated 5 times.

To reduce variability, we tested 10 repetitions of stimulation. However, because other imaging parameters needed to be tested during the same session as part of the PhD's second aim to identify potential biomarkers, the acquisition time couldn't be too long without risking the anesthesia to fail at a certain point. To maintain an equivalent acquisition time, we tested stimulation and rest durations of 10 seconds or 20 seconds.

As for the 10-second stimulation pattern, we even increased the number of repetitions to 20. The results showed a higher variability of the activated area for the previous pattern of stimulation, which is logical given that the fewer repetitions (5 times compared to 10) reduce the statistical power of the GLM. The activated area was lower for the 10-second stimulation pattern compared to the 20-second stimulation pattern, with statistical significance. This is likely due to the fact that 10 seconds of stimulation is not sufficient for the ΔCBV signal to reach a plateau, as can be observed in the temporal courses shown in Figure 30. Because this lower activated area could not be compensated by reduced variability, and the presence of a plateau is helpful for signal analysis, we selected the 20second stimulation pattern as the optimal parameter.

Test of different frequencies of stimulation

The second parameter tested was the frequency of stimulations delivered by the Arduino. In rodents, whiskers are extremely sensitive sensory organs, allowing the animal to sense their environment. The sensory processing in the whisker is encoded by frequency in the range of 5-20 Hz (Carvell and Simons 1990). Considering this natural range of frequencies, but also that experimentally, lower frequency of stimulation results in a lower risk of motion artifact (significant pixels outside of the S1BF due to motion of the tissue) in the fUS signal, we tested two frequencies of stimulation: 2Hz and 4Hz. We observed that the activated area was on average larger and less variable for the stimulation at 4Hz, although this difference was not statistically significant (see Figure 31b). Furthermore, no additional motion artifacts were observed for this frequency (see Figure 31a). Therefore, the 4Hz frequency was chosen for the final protocol. Our aim was to choose the plane of imaging in which the area of neuronal activation and evoked hemodynamic response would be the greatest and do it in a reproducible manner. To do so, as due to the representation of the different whiskers on the S1BF, the area activated in the S1BF depends upon the whiskers stimulated, we first chose the whiskers that we wanted to stimulate. Due to their length and easiness in our set-up, we chose to stimulate the whiskers around the most ventral ones (particularly D1, D2, C1 and C2).

Second, in order to find the best corresponding imaging plane, we tested three planes within the S1BF: at coordinates Bregma -1 mm (anterior part), Bregma -1.5 mmm (center of the activated area, and Bregma -2 mm (posterior part).

The results presented in Figure 32 show (in N=5 animals) a greater variability for the Bregma -2 plane and significantly lower values for the Bregma -1 plane, ultimately leading us to select the Bregma -1.5 plane for the final protocol. 

Choice of the best side (right/left) for the cortical activation

During our initial series of ultrasound measurements on animals, we observed uneven shadowing on one side of the resulting image compared to the other, probably due to the shape of the animal's skull affecting the propagation of planar waves and leading to artifacts. To minimize the variability introduced by this effect, we chose to activate the side of the brain with the strongest signal by stimulating the whiskers on its contralateral side

Conclusion on the fUS methodology of the evoked response protocol

In conclusion, the use of an Arduino not only removes experimenter-dependent variability, but also improves the reproducibility of measurements by setting the optimized parameters. The final protocol for measuring evoked responses to whisker stimulation is as follows:

First, we perform a 3D scan of the entire brain vasculature to compute the coordinates of motors for placing the probe above the Bregma -1.5 plane.

Second, we synchronize the acquisition with the stimulation by triggering the onset of the 4Hz stimulation by the Arduino, using a fUS acquisition of 420 seconds. The pattern of the stimulation is 10 repetitions of 20 seconds of rest followed by 20 seconds of stimulation, and ending with 20 seconds of rest.

The parameters of the fUS acquisition are as follows: each frame is the average of 200 compounded ultrafast frames acquired at 500Hz (resulting in a 2.5Hz framerate), and each of those is the coherent summation of 11 compounded tilted plane waves with angles separated by 2° and ranging from -10° to 10°, emitted at a 5500Hz pulse repetition frequency (PRF).

All the acquisitions were performed with the software and hardware Iconeus 2.2 Optimization of the analysis of the evoked response to the whisker stimulus

Spatial analysis of the activation with the Generalized Linear Model (GLM)

As mentioned previously, the analysis of evoked responses to stimuli in fUS imaging involves the use of the Generalized Linear Model (GLM) to extract statistically significant areas of brain activation. Similar to fMRI, this algorithm requires pretreated data in fUS.

However, pretreatment in fUS is relatively simple compared to fMRI. The temporal course of each pixel undergoes a detrending step, which corrects for the global slow deviation of the signal by fitting the data during the absence of stimulation using linear regression, and then subtracting this linear trend component from the temporal course. This ensures that the ΔCBV signal remains around zero when there is no stimulation. The GLM then compares the preprocessed temporal course of each pixel with the stimulus pattern by fitting the former onto the latter, and tests whether this fit is statistically significant. The results of this test yield a p-value and a Z-score, which must be corrected using the Bonferroni correction method to avoid false discoveries due to multiple comparisons. The significant pixels are then used to generate an activation map.

Temporal analysis of the activation

To fully leverage the higher temporal resolution of fUS over fMRI, an analysis of the temporal course of activation in the activated area can be performed after the GLM.

However, there are several ways to select the pixels to be averaged to give the mean temporal course for analysis.

Traditionally in fUS, the ΔCBV temporal course was computed in a 7x7 pixel window around the point that displayed a maximal correlation between the data and stimulus pattern. However, this method introduces bias towards high values of ΔCBV, regardless of the location or spread of the activated area. The most efficient way to remove this bias is to consider the entire neuroanatomic area where the functional activation is hypothesized to be observed, using the alignment of the brain vasculature to the reference atlas (BPS system). However, this method introduces variability due to the different anatomy of each animal. Thus, in this study, we considered the trade-off of only considering the active pixels defined by the GLM, as it does not bias the data towards the highest values of ΔCBV and better fits the anatomical differences and the specific area corresponding to the stimulated whiskers.

In the analysis of mean temporal course in fUS, the dynamic aspect of the hyperemia is often overlooked, with the mean ΔCBV during stimulation (or area under the curve) being the commonly considered values. However, the ultimate goal of my PhD research is to identify biomarkers of demyelination, which is known to slow down neural transmission along the axons. If the neurovascular coupling remains intact, such a slowdown may be potentially measurable with fUS and used as a biomarker. With the use of an Arduino to synchronize the acquisition with the stimulation, the dynamic aspect of evoked hemodynamic response can be evaluated using the rise time, which is defined as the duration taken by the signal to rise from 10% to 90% of the plateau. This value was computed using the 'stepinfo' function of Matlab. Furthermore, the steady-state aspect of the temporal course was considered by computing the mean value of ΔCBV during the plateau period, which is defined as the period between 7 and 20 seconds after onset of stimulation (see Figure 33). 

Optimization of the anesthesia protocol

The final aspect of the protocol that was optimized to increase reproducibility was the anesthesia. This was necessary because we needed to measure both the evoked response to whisker stimulation and resting-state functional connectivity during the same imaging session as part of the second aim of my PhD. The protocol of anesthesia was provided by Biogen, the company funding my PhD, as it provided in their imaging sessions a very robust and reproducible results (in MRI and DTI). However, this protocol was totally new to our laboratory. The induction was carried out using 2% Isoflurane, followed by a bolus of 0.08 mg/kg medetomidine. At the beginning of each imaging session, the skin above the skull was opened to remove artifacts that arise from distortion of the ultrasonic plane wave by hair and skin. To minimize any discomfort, a 50μL subcutaneous injection of Lidocaine (2mg/mL) was administered for local analgesia prior to the skin incision, and 100μL of Antisedan (2.135mg/mL) was subcutaneously injected at the end of the imaging session. To prevent infections, the skull was covered by drops of saline and plastic films on which the ultrasound gel was dropped. During the imaging session, the anesthesia was maintained by a continuous injection of medetomidine (0.16 mg/kg/h) using a syringe pump with minimal levels of isoflurane (0 to 0.5%). The level of isoflurane was individually adapted for each mouse since the functional measures, both the evoked response and functional connectivity, are highly dependent on the level of anesthesia that the mouse is in. Fixing the level of isoflurane would introduce variability due to the specific susceptibility of each mouse to the anesthesia. We monitored the depth of anesthesia throughout the imaging session by measuring the cardiac and respiratory frequencies. We determined the optimal concentration of isoflurane by initially setting it to the lowest possible concentration and increasing it in steps of 0.25% if the heart and respiratory rates started to become unstable, indicating insufficient anesthesia. We also monitored the temperature of the mice and used a heating mat placed under the mouse to prevent hypothermia. To improve the reproducibility of functional measures, we tested two parameters in this protocol: the route of medetomidine injection for anesthesia stability and the amount of oxygen added to the carrying gas of isoflurane to control the level of anesthesia.

Test of the oxygen content in the carrying gas of Isoflurane

While a gas mixture containing 70% oxygen and 30% air is typically recommended in France for surgery by veterinary and regulatory affairs, data from the literature suggested that a light level of oxygen is needed to obtain strong hemodynamic responses. Therefore, we tested a ratio of 0% oxygen and 100% air, which is commonly used in many laboratories that lack equipment for oxygen administration. Figure 34 demonstrates that the absence of added oxygen led to a larger, higher and more reproducible response to the whisker stimulus. Naturally, once this parameter was discovered, this condition was used in the rest of my experimental work. 

Test of the route of injection of the medetomidine

The protocol given by Biogen advised to use intravenous injections of medetomidine.

However, due to difficulties in performing routinely these injections, we preferred using either subcutaneously (SC) or intramuscular (IM) injections, which have a slightly different pharmacokinetic. In order to verify experimentally if there was any difference between the two, we compared the evoked hemodynamic response in experiments using either one in N=8 mice in each group. Figure 35 illustrates that the evoked response to the stimulus is higher and larger for the IM injection. 

Conclusion on the improvement of the experimental protocol used to measure the evoked hemodynamic response

The variability of the data plays a crucial role in detecting statistically significant differences. The lower the variability of a measure, the fewer animals are needed to detect a certain difference between two groups. In order to fulfill ethical obligations to reduce animal usage, ensure the relevance of results, and decrease the cost of preclinical studies, it is important to reduce variability and thereby decrease the number of animals required to study a phenomenon with a biomarker. In the first part of the PhD, we achieved this by improving the stimulation method with an arduino setup optimized with ideal parameters and by optimizing the anesthesia to ensure stability and facilitate reproducible functional measures.

To demonstrate this point, we conducted a power analysis using G*Power software to determine the minimum number of animals required for detecting an effect between two groups, and to determine the minimal difference that we can detect with 8 animals, which a reasonable number to limit the use of animals while keeping enough statistical power.

The analysis was performed under stringent conditions, with a power (1-β) of 0.95, corresponding to a 95% probability of correctly detecting a true difference, and a p-value (α) of 0.05, corresponding to a 5% probability of erroneously detecting a difference.

With regards to the number of active pixels, the protocol improvements enabled us to detect a 50% increase or decrease in comparison to naive mice, with only 7 animals per group. This is a significant reduction from the 73 animals per group that would have been required to achieve the same outcome at the beginning of the PhD. Additionally, with the improved protocol, we can expect detecting a 48% increase or decrease with 8 animals per group, which is a considerable improvement from the 177% increase only possible at the outset of the study (see Figure 36). The protocol improvements also had a significant impact on the mean ΔCBV measurement. With only 6 animals, the improved protocol enabled us to detect a 50% increase or decrease compared to naive mice. This is a notable reduction from the 16 animals that would have been required to achieve the same result. Additionally, the protocol improvements have increased our ability to detect a 43% increase or decrease, compared to the 81% increase or decrease at the beginning of the study (see Figure 37). In the sensory pathway of the whisker, neurons activated in the cortex are connected to neurons that activate in the thalamus, specifically the ventral posteromedial nucleus and posteromedial nucleus (Wimmer et al. 2010). Despite the fact that these neurons can be imaged in the same imaging plane, their observation has often been overlooked due to the low ΔCBV response and relatively high variability. Thanks to our recent improvements, however, this activation can now be systematically observed and could serve as a biomarker. This could allow for the detection of a 50% drop or increase in active pixels count compared to naive mice with only 10 animals, instead of the 69 animals that would have been required using the previous method. Our improvements have also made it possible to detect a 55% drop or increase, instead of only a 171% increase as seen at the beginning of the study (see Figure 38). As the two injection sites were one above the other (see Figure 39), we compared both sites to the same control group in which saline was injected in the IC, where the effect of injection was believed to have the greatest impact on our measures, as it is located deep in the brain. This approach allowed us to reduce the number of animals used in our study, as recommended in the '3R rule' (reduce, refine, replace) of the European's rules on animal work. The experiments were conducted using 2-3-month-old male C57BL/6 Rj mice (Janvier Labs, France). Anesthesia was induced by an intramuscular injection of a mixture of Ketamine (100 mg/kg) and Xylazine (20 mg/kg). If the animals reacted to a tail or paw pinch, an additional dose (10-15% of the initial dose) was given to deepen the anesthesia.

To ensure animal welfare, 50 μL of Lidocaine (2mg/mL) was subcutaneously injected, and the skin was disinfected with Betadine before incision. Corneae were protected with a protective gel (Ocrygel). The head was mounted in a stereotaxic apparatus via ear bars.

After unilateral craniotomy, lysolecithin (1 μl) was injected using a Hamilton syringe at a speed of 3 nl/s in the primary somatosensory cortex barrel field (S1BF; anteroposterior, -1.5 mm; lateral, 2.5 mm from bregma; dorsoventral, 1.5 mm from the brain surface) and in the internal capsule (IC; anteroposterior, -1.5 mm; lateral, 2.5 mm; dorsoventral, 3.5 mm). After suturing the skin, the animal was subcutaneously injected with 200 μL glucose (25 mg/mL), 200 μL Metacam (0.5 mg/mL), and 100 μL antisedan (2.1 mg/mL) for its well-being.

To improve the reproducibility of the injection and remove user-dependent variability, we utilized the BPS algorithm from Iconeus, which was also employed to compute the coordinates of the motors that move the probe above the desired plane set on the Allen Brain Atlas. A 3D scan of the entire brain vasculature was conducted, and its alignment with the atlas was computed. This alignment was then utilized to position a marker above the sites of injection. The marker was slowly moved down, and a spot was drawn directly on the skull, indicating the location of the craniotomy that was subsequently performed. To determine the dorsoventral coordinate, the syringe was moved downward using the stereotaxic frame. Two hypotheses were proposed to explain the failure of Cuprizone pellets to induce full demyelination in mice. The first hypothesis was that the mice consumed the cardboard enrichment added to their cages for animal welfare instead of the pellets. The second hypothesis was the low efficiency of the pellets. As reported in the literature, the pellets are less reliable than mixing Cuprizone powder into ground rodent chow. Zhan et al. hypothesized that the copper contained in the pellets binds to the copper-chelating Cuprizone, preventing it from effectively chelating the copper in the mouse brain.

2.4.2.2 Longitudinal study using daily supply of 0.3% cuprizone as dry powder Therefore, we designed a new series of experiments in experimental conditions in which the demyelination would be optimal. To do so, eatable enrichment was removed from the animal's cage and the cuprizone was added every day to the dry chow, as previously described (Zhan et al. 2020). Also, we replaced the cross-sectional study with a longitudinal approach, which is more suitable for studying drug efficacy, as each animal serves as its control. Three groups of mice were imaged to answer three different questions (see Figure 41).

• The first group was intoxicated for three weeks to test the sensitivity of our measures to early and mild demyelination.

• The second group was intoxicated for five weeks to see how our measures captured the full extent of demyelination and to evaluate the reproducibility of our measures by comparing the results with the first group.

• The third group was intoxicated for five weeks with Cuprizone and then had a normal diet for two weeks to let the mice undergo remyelination. This group aimed to test whether our fUS measures recovered with remyelination. It was also imaged at five weeks to test reproducibility by comparing the results with the second group.

Each group was imaged before the beginning of the intoxication to establish their control measure. To ensure that the mice consumed only the cuprizone-containing ground chow, the comestible cardboard enrichment was replaced by plastic enrichment.

After the final imaging session, all animals were cardially perfused with paraformaldehyde, the brain was collected from all animals in order to evaluate individual level of myelination using the gold standard: immunostaining for Myelin Basic Protein (MBP). To ensure the validity of our longitudinal approach, we added an additional group of naive mice in the same environment as the other groups (with the plastic enrichment). This control group allows us to confirm the stability of our fUS measures over time, which can be influenced by factors such as skull thickness (Errico et al. 2016). The dosage was increased to 0.3% to align with literature and compensate for the The longitudinal design was also validated for the evoked response in the thalamus in the control group imaged at all the considered time points. All measures were found to be stable, which was statistically confirmed by the repeated measures ANOVA test (see Figure 44). 

Quantification of the velocity of flux using ULM

As described in the introduction, classical analysis of ULM results in a density map that shows the number of microbubbles detected in each pixel, as well as a velocity map that shows the average velocity of the microbubbles detected in each pixel (Couture et al. 2018). We used a classical ULM acquisition protocol (Errico et al. 2015) that involved acquiring data for 150 seconds at a framerate of 1000 Hz, using 9 compounded tilted plane waves with angles separated by 2° and ranging from -8° to 8°, emitted at a pulse repetition frequency of 9000 Hz (Errico et al. 2015). Microbubbles were injected via the tail vein of the mouse in a bolus of 80μL at the beginning of the acquisition. From these maps, we measured the diameter and flux velocity of vessels and arterioles at different depths (Figure 45 a). However, vessel boundaries are not well-defined on these maps, so we first defined a microbubble count profile across a visible vessel at a specific depth. To reduce noise, we averaged this profile over a 50 μm thickness layer along the vessel. The diameter was then defined as the distance between the two points that have half of the maximum microbubble count (Figure 45 b,c). We computed a velocity profile in the same manner as the microbubble count profile from the velocity map. The velocity that we considered in the quantification was the velocity of this profile that corresponded to the maximum microbubble count. To observe the evolution of diameter and velocity along the depth of the vessels, we performed these measurements in 50 μm steps along the vessels to avoid overlap of the averaged profiles. At the end of the last imaging session, the animals were administered a lethal dose of pentobarbital (Euthasol® 150 mg/Kg), and were transcardially perfused with 10 ml of NaCl 9 ‰ at 37°C, followed by 45 ml of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. PFA-fixed tissues were incubated for two days in 30% sucrose at 4 ° C, and embedded in optimal cutting temperature compound (OCT; Tissue-Tek), quickly frozen in a dry ice/isopentane bath and stored at -80 °C. 12 μm Coronal sections were cut on a cryostat (Leica CM3050 S) and mounted on glass slides (Superfrost® Plus).

For immunolabelings, sections were washed 3 times in PBS (0.02M phosphate buffer containing 9 ‰ NaCl), then permeabilized with 0.3% Triton X_-100 in PBST (PBS with 0.03% Triton X100) during 5 min at room temperature, and finally incubated overnight at room temperature with the primary antibodies. The list and dilutions of primary and secondary antibodies are provided in Table 1. After 3 washes in PBS, sections were incubated at room temperature for two hours in secondary antibodies diluted 1:1000 in PBST. After 3 final washes in PBS, sections were mounted in fluoromount (Sigma Aldrich). Sections were scanned on a Zeiss nanozoomer (Platform facility at the Institut de la vision, Paris), using the objective X40 in order to provide sufficient spatial resolution for further analysis on Image J. Scan of individual images at the chosen anteroposterior coordinate was exported as black and white PNG files that were further analyzed using Image J.

The mean grey density of IBA1 and MBP staining were determined using Image J by measuring the mean grey value in the various brain areas: corpus callosum (medial part), S1BF (large rectangle from lamina I to V), internal capsule (and also the whole hippocampus and the thalamus (VPM and Po) in the case of the MBP). Three sections per animal, taken between Bregma -1.2 mm and -1.7 mm were analyzed per animals. In each section, the mean grey density was measured in 3 regions of identical size, the right and the left side of the section. After substraction of the grey density of the background, measured outside the section, the average mean grey density was calculated and averaged for each region and each side. Due to the unilateral nature of the demyelination induced by LPC injection, results on this model were expressed as the ratio of mean grey density in the ipsilateral side versus the contralateral side. As a consequence, a ratio superior to 1 means an increased expression in the ipsilateral side compared to the contralateral. A ratio below 1 means the opposite.

In the case of the cuprizone model, as the effect of cuprizone is widespread and is expected to be the same on the right-and left-hand side, values from both sides were averaged.

Classification models

Classification models consists in predicting the group of a particular mouse with data called predictors. In our study, we utilized Support Vector Machine (SVM) linear models to assess the ability of our fUS measures to predict whether an animal was in a specific condition or not. To evaluate the effectiveness of these models, we generated Receiver Operating Characteristic (ROC) curves, which illustrate the true positive rate in relation to the false positive rate. In our study, these ROC curves were computed using the 'perfcurve' MATLAB function based on the scores obtained from a 5-fold cross-validation.

The characteristics of these curves determine the quality of the model. Specifically, a higher area under the curve (AUC) closer to 1 indicates a better model, while an AUC closer to 0.5 suggests a poorer model. Additionally, we can calculate the accuracy, sensitivity, and specificity of the model at the optimal operating point, which can be obtained using the 'perfcurve' MATLAB function. to investigate a gray matter lesion, while another group was injected in the internal capsule (IC) to study white matter lesion. Additionally, a control group was injected with saline in the internal capsule (n=8 per group). For each timepoint, we injected and imaged these three groups to collect brain tissue for relating fUS measurements with physiopathology. Unfortunately, some mice died around 2 days after the injection surgery for unknown reasons, resulting in a varying number of animals for each group.

This round of experiments included the improvements described in section 2.4.1, except for the stereotaxic injections that were done 'manually', i.e. using the X, Y, Z coordinates on the head of the mice and the tip of the Hamilton syringe, which is classically performed by neuroscientists.

Because of the large number of animals that needed to be imaged each week, we had to shorten the imaging sessions by removing the ULM acquisition. This was because the ULM acquisition had less chance of being affected by the small lesion of LPC, which primarily affects myelin. Therefore, only two measures were used: the evoked response to the whisker stimulus and functional connectivity. 

Hemodynamic response evoked by whisker stimulation

Quantification of the hemodynamic evoked response induced by whisker stimulation were relatively variable and weaker than expected, even for the control groups. This made it more difficult to detect significant differences. This made it more difficult to detect significant differences, which is probably why we did not find any in our data. Due to the low number of active pixels observed in some mice, it was not possible to obtain the temporal course by averaging these pixels since some mice did not have any active pixels.

As a result, the temporal course was obtained by averaging the pixels of the S1BF, as defined by the atlas using the neuronavigation system of Iconeus. For the interpretation of the results, we need to consider that the size of the activation area can influence the height of the temporal course, as we average more or fewer pixels that are not significantly activated. Owing to the lower signal-to-noise ratio of these results, the computation of the rise time could not be done without algorithmic artifacts. 3.2 Investigations on the negative results obtained in the evoked response measure

Alteration of the neurovascular coupling due to neuroinflammation

Despite the variability in the data, a tendency of a drop in the plateau can be observed at D14, when the lesion is partially remyelinated. At D21, this tendency is less pronounced, which is expected since the lesion is fully remyelinated. Based on these observations, we hypothesize that demyelination induces a drop in evoked response, which recovers upon remyelination. However, the results at D7 do not support this hypothesis, as they do not show this drop despite the lesion being demyelinated.

As previous observations in our laboratory (in an animal model of neuroinflammation) showed that neuroinflammation tends to increase evoked response, we hypothesized that the early neuroinflammation observed by other teams at D7 (Pourabdolhossein et al. 2014) may compensate for the loss of myelin that peaks at this time point. At D14, the decrease in neuroinflammation would then stop compensating for demyelination, resulting in the observed drop in evoked response.

Immunohistochemistry quantification of microglia activation using IBA-1 immunostaining

To test our hypothesis, we quantified levels of microglia expression by quantifying the optical density of IBA-1 immunostaining in the two injection sites at each time point to evaluate neuroinflammation. The results were expressed as the ratio ipsi/contra. A ratio superior to 1 is due to an increased microglia activation in the ipsilateral compared to the contralateral side.

When injected in the S1BF, we observed a significant increase in activated microglia at D7, which disappeared by D14 and D21, providing support for our hypothesis (Figure 49 C). Interestingly, the microglia activation occurred not in the cortex, as expected, but in the corpus callosum below the injection site (Figure 49 B). This observation raises questions about the ability of the Lysolecithin model to induce a grey matter lesion, as allegated by Narayanan et al in 2018 (Narayanan et al. 2018). In contrast, when injected into the internal capsule, we observed a higher activation of microglia at all time points compared to the control group, but this increase decreased over time (Figure 50 C). Unlike the injection in the S1BF, the location of microglia activation was in the white matter of the internal capsule, as expected. As shown in Figure 51, the hemodynamic response in mice injected with LPC was not decreased compared to the control mice injected with saline, contradicting the hypothesis of neuroinflammation compensating the drop in response due to demyelination.

Interestingly, we observed that the response of all injected mice was lower than that of the naive mice, including the control group injected with saline. This difference can be attributed to a smaller activation area, which is statistically significant for both groups injected in the internal capsule. The decrease in the height of the ΔCBV plateau can be explained by the fact that we averaged more pixels that were not significantly activated, even if they were in the S1BF. In addition to the 24-hour time point, we also reproduced the other time points since the guided injections by the neuronavigation system described in section 2.4.1 was not implemented at the time of the first series of experiments. This also allowed us to reduce further the variability and evaluate the reproducibility of the results, including the tendency of a drop that led us to hypothesize the compensation of neuroinflammation. To maintain statistical power despite the potential death of some mice, we increased the number of injected animals to 10 per group. As shown in Figure 52, we observed similar results to the 24-hour time point, namely a decrease in activation for all injected groups.

This decrease was mainly caused by the decrease in the significantly activated area, as the drop in ΔCBV in the plateau can be explained by the averaging of more pixels that are not significant despite being in the S1BF. More interestingly, the tendency of a drop that was observed in the previous series was not reproduced, further undermining the hypothesis of compensation by neuroinflammation, as this observation was its starting point. 

Effect of the injection

Additional evidence supports the hypothesis that the drop in response is primarily caused by the injection surgery. Notably, the control group that received saline injections also had a significantly smaller response compared to the naive mice at 24H, D7, and D14.

Furthermore, some mice died around two days after the injection, while others showed signs of stress and illness, necessitating euthanasia. Such severe surgery is highly likely to have a massive effect on brain function, which is the basis of our measurement.

Lastly, neuroinflammation was observed at D21 in the thalamus of some mice, indicating possible axotomy of neurons at the injection site (see Figure 53). More astrocytes were found in the location of the supposed affected neuron somas, possibly due to the needle incision during injection. This effect was seen even in the control group that received saline injections. In addition to this effect, microglial activation (Iba-1 staining) was observed in the groups injected with LPC. 

Conclusion

In conclusion, none of the fUS measures implemented for the Lysolecithin model of MS yielded significant differences. Although neuroinflammation was present at the demyelination time point D7, further investigations did not show any evidence of it compensating for the expected drop in hemodynamic response due to demyelination. The absence of positive results can be largely attributed to the severity of the injection surgery, which not only increased the variability of the data but also reduced the size of the functional activation, thereby significantly reducing the statistical power of our measures. Combined with the fact that the effect of the LPC was expected to be small due to the small lesion induced, we conclude that the LPC model of MS is not suitable for studying demyelination and remyelination using fUS.

Chapter 4 

Study of demyelination and remyelination in the Cuprizone model

Evoked response to the whisker stimulus

Thanks to the optimization of the evoked response protocol, this measure did not suffer from high variability and could show significant results, despite the mild demyelination induced by Cuprizone for this series. For both time points, the activation area of the response was significantly larger (Figure 55 b). While the height of the activation plateau was also higher (Figure 55 c), the larger variability in the Cuprizone group at 10 weeks prevented this difference from being significant, contrary to the 5week time point. This higher hemodynamic response, though surprising according to the deleterious effect of demyelination, is also observed in MS patients (Rocca et al. 2022).

Interestingly, no difference in the rise time was observed for the 5-week time point, but the rise time of the Cuprizone group at 10 weeks was significantly higher (Figure 55 d).

Since the rise time is defined as the time taken by the signal to go from 10% of the plateau to 90% of the plateau, this increase suggests a higher delay of the hemodynamic response, which is coherent with the increased delay of the neuronal response induced by demyelination. 

ULM quantification of the blood flow velocity

To investigate the mechanisms explaining this increase in activation, we quantified the basal flux velocity of blood using ULM, following the method described in section 2.5.

As the speed depends upon the diameter of the blood vessel and that this is changing in the various cortical layers, for each mouse, we measured the velocity at 10 depths ranging from 250μm to 700μm below the cortical surface (i.e. at the level of pial arterioles, as

shown in Figure 56 a). These measures, as well as the diameter of these blood vessels were performed on several penetrating arterioles. To increase the statistical power, we pooled the data from all the arterioles of all mice in each group for each depth. This pooling method was validated with statistics, using the same analysis as described in Réaux-Le-Goazigo et al 2022, where I am a co-author. The analysis ensured that every point of the data was independent, as required for t-tests. Since values from the same animal were likely to be dependent, we verified that this was not the case. We corrected the p-values using the Benjamini method(Benjamini and Hochberg 1995) to avoid false discoveries, given that we tested multiple depths.

No statistical differences were observed for the 5-week timepoint. However, for the 10-week timepoint, a significantly reduced velocity of blood flow was observed at several depths (250, 300, 400, 550, and 700 μm, Figure 56 b-f). This reduction in flow velocity suggests basal vasodilation, possibly caused by a loosening of the smooth muscle cells.

During neuron activation, neurovascular coupling would lead thus to even higher vasodilation, further increasing the CBV response detected with fUS. We did not observe any statistical change in diameter at both time points. This could be due to a lack of sensitivity of this method of measure and analysis. 

Amplitude of demyelination in this first experiment

At the end of all our measures, we finally verified the level of demyelinisation in this round of experiments and we were very surprised to see, as previous showed in 2.4.2.1 using MBP immunostaining and below in Figure 57 using Black gold staining or Luxol Fast blue, that despite the right amount of cuprizone in the chow, the demyelination was only extremely mild.

Beyond the reason for such a weak demyelination, or in general, the irregularity in the efficiency of the different batches of cuprizone in the chow, this poor demyelination lead us to re-evaluate the results showed above. Indeed, despite such a modest demyelination, such changes could be observed. As described in section 2.4.2, a second round of experiments on the cuprizone model was necessary, as the initial implementation only induced mild demyelination. In addition to improving the implementation protocol, we also adopted a longitudinal approach that better reflects a preclinical context. As summarized in Figure 41, three groups were included to study:

1) early and mild demyelination (3W cuprizone),

2) maximum demyelination (5W cuprizone), and

3) remyelination (5+2W, i.e. 5 weeks of cuprizone followed by 2 weeks of normal chow to enable the spontaneous remyelination)

In the 5W group, the mice were also imaged at the 3W timepoint, in addition to the initial and final imaging sessions in order to observe the progression of our measure throughout the development of the model. As for the 5+2W group, the mice were also imaged at 5 weeks, just before returning to a normal diet for remyelination, allowing us to compare our measure between demyelinated and remyelinated mice.

At the end of the final imaging session, animals were deeply anesthetized and perfused. Brain tissue from all mice was collected to quantify the level of myelin (MBP) using the gold standard immunohistochemistry approach.

Thanks to the protocol improvements, the obtained signals were reproducible enough to explore previously unexplored measures. As described in section 2.3.3, we were able to analyze the activation in the thalamus, where the somas of the neurons connected to the S1BF are located. In the cortex, a new measure called the overshoot could be computed using the 'stepinfo' MATLAB function. The overshoot represents the initial burst of the signal before stabilizing to the plateau and is defined as the difference between the signal's maximum and the plateau, expressed as a percentage of the plateau (see Figure 58 a). To properly interpret the Cuprizone results in a longitudinal approach, we verified that this measure was not affected by age in the control group (see Figure 58 b). The stability of this measure was confirmed by a repeated ANOVA p-value of 0.26. In line with this expectation, neither the spatial measure nor the temporal measures demonstrate a significant difference between the two group (see Figure 59). Although a decreasing tendency can be observed for the spread of the activation, the repeated measure ANOVA did not show a significant difference (p = 0.09). 

Activation in the thalamus

Similar to the cortex, no statistically significant differences were observed in the thalamus for any of our measures. However, we observed a tendency of decreased activation and an increased rise time (see Figure 60). the mean ΔCBV of the plateau also gradually increased, reaching a statistically significant difference at 5 weeks. Interestingly, the rise time only increased at the 3-week timepoint before returning to its original level at 5 weeks. Additionally, the overshoot measure demonstrated a significant decrease at both 3 weeks and 5 weeks (see Figure 61).

These results confirm the findings from the previous Cuprizone series, despite the lower level of demyelination. At 5 weeks of maximum demyelination, the response showed greater spatial and temporal characteristics, consistent with the results observed in MS patients (Rocca et al. 2022). Furthermore, the rise time did not increase in both series.

These findings, in addition to the evaluations conducted in section 2.3.3, further demonstrate the reproducibility of the fUS measures. 

Activation in the thalamus

Interestingly, the findings in the thalamus differ from those observed in the cortex. In contrast to the increased activation seen in the cortex, the thalamic activation showed a tendency to decrease both spatially and in amplitude. However, this decrease was only significant between the 3-week and 5-week timepoints for the amplitude measure. On the other hand, the rise time results were consistent, showing an initial increase at 3 weeks followed by a return to the original level at 5 weeks (see Figure 62). These divergent outcomes across different measures offer intriguing insights into the mechanisms of demyelination and neurovascular coupling. To study remyelination, an imaging session was conducted at 5 weeks of Cuprizone treatment to observe whether the alterations observed with fUS are recovered after remyelination. The results for the full demyelination (5W) timepoint were replicated for all measures, except for the number of active pixels, which only showed a strong tendency of increase. This is remarkable and further emphasizes the reproducibility of our measures. At 5 weeks, no difference was observed for the rise time, while both the number of active pixels and the ΔCBV of the plateau increased. After 2 weeks of remyelination, all measures, except the rise time, exhibited a tendency to recover, but the increased variability prevented statistical significance when compared to the 5-week timepoint (see Figure 63). However, this finding is questionable for the number of active pixels, as a decrease was also observed in the control group (Figure 43 b) at the 7W timepoint. Therefore, the decrease observed at the 5+2W timepoint could potentially be attributed to the aging of the mice rather than the recovery. 

Activation in the thalamus

Similar to the study of demyelination in the other group, no statistical differences were observed for all measures in the thalamus at the 5-week demyelination timepoint, and this pattern persisted at the 5+2W remyelination timepoint. It is worth noting that the rise time showed a gradual increase over time, even after remyelination, although this trend did not reach statistical significance (see Figure 64). 

Extent of demyelination in this second round of cuprizone experiments (daily supply of cuprizone)

In order to verify that the model developed properly, but also in order to correlate individually the levels of myelin loss with the outcome measures obtained in fUS imaging and develop a biomarker, we performed MBP immunostainings and quantified its mean grey density in various brain areas involved in the transmission of the sensory information and in the hippocampus (Figure 46).

Results (Figure 65) show a strong and statistically significant demyelination in the S1BF and hippocampus. As previously observed by other authors, the maximal demyelination was observed at 5W. Two weeks of normal chow lead to a significant reduction of this demyelination. However, the levels of MBP did not return completely to control values (Figure 65 e,g), suggesting that the remyelination was only partial.

At the level of the corpus callosum, the loss of myelin was only detectable at 5W of cuprizone intoxication. At 3W, we observed a significant increase, which may be 

N=8 per group. A-D and H-K show representative examples of control (A, H), or animals intoxicated with Cuprizone (CPZ) for 3W (B, I), 5W (C, J) or let to remyelinate 2 weeks after the 5 weeks of cuprizone intoxication (D, K). A-G show the stainings and quantifications in the medial corpus callosum, hippocampus and S1BF, while H-M show the

equivalent in the thalamus and internal capsule. Following an ANOVA, t-tests were performed between each pair of groups (* p<0.05). Scale bar: 1mm.

Evaluation of the biomarker with classification and regression models

Classification models

As discussed in section 2.6.2, we used classification models to assess the capability of our fUS measures in determining the condition of individual mice. The models were trained using the number of active pixels, the mean ΔCBV of the plateau, the rise time and the overshoot. The demyelination condition was effectively classified compared to the initial condition before demyelination, for both the mild (3W) and maximum (5W) demyelination groups (Figure 66 a and b), yielding AUC values of 0.86 and 0.95, respectively. Additionally, the models exhibited high accuracy (88%), sensitivity (75% and 88%, respectively), and specificity (100%) at their optimal operating points.

However, the classification of remyelination did not perform as well as anticipated.

Although the model could still distinguish the remyelinated group from the initial condition, indicating incomplete recovery of fUS measures following remyelination (Figure 66 c), it failed to differentiate between the demyelinated and remyelinated groups (Figure 66 d). 

Regression models

Data exploration

Finally, we assessed the predictive capacity of our fUS measures for determining the level of myelin in various brain regions using regression models described in section 2.6.3.

The response values we aimed to predict were the MBP levels in five brain areas depicted in Figure 46: the median corpus callosum, widely used for quantifying demyelination; the hippocampus, where early demyelination occurs; and the tracts associated with whisker stimulation, namely the thalamus, internal capsule, and cortex (S1BF) (Figure 65). The predictors comprised all the fUS measures, namely the number of active pixels, mean ΔCBV of the plateau, rise time, and overshoot, measured during the final imaging session just prior to tissue collection (see Figure 67). To explore the relationships between the data, we first computed Spearman correlation coefficients between all the values and evaluating their corresponding pvalues (corrected with the Benjamini method) (see Figure 68).

Among the fUS measures, only the number of active pixels and the mean ΔCBV of the plateau exhibited a significant correlation, which is expected as they both increase following Cuprizone intoxication (indicated by the blue square).

Regarding the MBP levels, they showed generally good correlations, except for the median corpus callosum, likely due to its distinct increase at the 3W time point, and the internal capsule, which remained unaffected during the intoxication periods employed (indicated by the green square).

The most crucial aspect of this correlation matrix for the regression analysis lies in the correlation between the fUS measures and the MBP levels (highlighted in red rectangles). Unfortunately, these correlations did not exhibit statistical significance. 

Multiple linear models

For each area of the brain where MBP was quantified, a linear model was trained to fit the data. As explained in section 2.6.3, the goal was to achieve a lower Root Mean Squared Error (RMSE) compared to the standard deviation of the original data to validate the models. As shown in Table 2, the fUS measures accurately predicted the MBP levels only in the median corpus callosum, with a p-value of 0.04. To further investigate the most significant predictors, we examined the estimate and corresponding p-value of each predictor in the model predicting the MBP in the median corpus callosum (see Table 3). Interestingly, the overshoot measure had the most significant p-value, which aligns with its strong correlation with the MBP levels in the median corpus callosum (see Figure 68). 

Conclusion

In conclusion, the fUS measures proved to be excellent biomarkers for demyelination in the Cuprizone model, exhibiting similarities to observations in multiple sclerosis. The task-evoked hemodynamic response to the whisker stimulus showed spatial and amplitude increases, consistent with MS findings. These results were robust, replicated three times, including one instance of mild demyelination. In combination with other fUS measures, they accurately classified animals into the correct condition, achieving high accuracy (88%), sensitivity (88%), specificity (100%), and an AUC of the ROC curve of 0.95.

Regarding remyelination, the classification performance was less satisfactory, but the regression analysis of fUS measures on MBP levels in the corpus callosum yielded statistically significant results. This holds particular importance in a preclinical context. This activation subsequently decreased in late-stage MS (see Figure 69). However, our chronic timepoint at 10W still showed an increased activation, but the mechanisms of late MS and chronic Cuprizone may differ. One hypothesis proposed in the review suggests a 123 cortical network reorganization to compensate for the structural loss of long-range connections (see Figure 70). Secondly, the cuprizone model may directly impact the mechanism of neurovascular coupling. In the S1BF, pyramidal cells express the prostanoid-synthesizing enzyme COX-2, which contributes to the vascular response through prostaglandin E2 (PGE2)(Iadecola but not in the thalamus (Figure 71). This finding suggests that demyelination is associated with the observed increase in hemodynamic response, supporting the notion that demyelination contributes to altered neurovascular coupling. 

Perspectives

This project has provided very promising biomarkers for the study of demyelination and has opened up new avenues for improvement and future research.

First, regarding the fUS measures, the protocol to measure functional connectivity can be optimized to ensure greater reproducibility. One important parameter to consider is the level of oxygen concentration, as highlighted by Nasiriavanaki et al. (Nasiriavanaki et al. 2014), which demonstrated that high oxygen concentration is necessary for achieving maximum interhemispheric connectivity. This could explain why our measure did not yield satisfactory results, as it was acquired during the same imaging session as the evoked response measure, which required a low concentration of oxygen. To improve the protocol, we can also incorporate 3D mapping of the functional connectivity using a 3D Second, we can take a step closer to the development of preclinical treatments for MS.

To comprehensively study remyelination, the duration of the remyelination period can be extended to 4 weeks, which is considered as the complete remyelination period(Vega-

Riquer et al. 2019).

The shorter duration employed in our study, due to logistical reasons, is likely the reason why the classification of remyelination did not perform as well as the demyelination classification. Once the study of remyelination is extended, we can assess the efficacy of known drugs to test whether fUS can detect their impact. Additionally, we can explore the measurement of fUS in other animal models of MS, such as EAE, which is also widely used. While these models may better mimic other aspects of MS, such as neuroinflammation, they could still yield interesting results since neuroinflammation plays a crucial role in neurovascular coupling and, consequently, our fUS measures.

Finally, we can explore the underlying mechanisms of Cuprizone that may explain the increase in hemodynamic response. Several line of research could be pursued in order to describe the underlying mechanisms. We have prepared, dissected and sent fresh frozen tissues (S1BF and internal capsule) of naïve and 5W treated cuprizone animals.

In addition, in a collaborative work with the laboratory if Franck Lebrin, who is a specialist in small vessels disease, we are currently studying by immunohistochemical approach and confocal imaging the alterations of the integrity of pericytes and SMC in this model. As the sections used come from the same animal in which the imaging and the MBP staining were performed, if significative results are obtained, they are likely to help us the role of the alteration of these cells in the hemodynamic pathophysiology in MS.

We can test the hypothesis that the upregulation of COX-2 expression is involved in this response by conducting additional experiments with COX-2 gene deletion, chronic treatment using the COX-2 selective inhibitor celecoxib, or an EP2 antagonist(Yang et al.

2009).

In order to have a full picture of the baseline hemodynamic parameters in this model, it would also be interesting to perform ULM quantification of blood flow in a series of Cuprizone experiments using the daily added cuprizone protocol, as the results presented in this study were obtained from mildly demyelinated mice. These experiments will be carried out in the coming months.

General conclusion of the PhD

This PhD project has successfully demonstrated the potential of fUS as a valuable tool for providing promising biomarkers of demyelination and remyelination in preclinical studies of multiple sclerosis.

During the initial phase of the PhD, significant improvements were made to the protocols and analysis techniques, ensuring the reproducibility and robustness of fUS measures. These enhancements dramatically reduced the alterations detectable with groups of 8 animals, which probably made possible the obtainment of the subsequent results. These improvements also led to the emergence of new measures, including the analysis of thalamic activation and the measurement of the rise time and overshoot.

Following these improvements, the fUS measures were applied to two animal models of MS. The LPC model did not yield the expected results, but further investigations indicated that the primary reason for this outcome was likely the lesions caused by the injection surgery. Consequently, the responsibility for the observed damaging variability lies more with the implementation of the model rather than the fUS measures themselves.

Thus, it was concluded that the LPC model was not suitable for studying demyelination and remyelination using fUS.

However, the Cuprizone model exhibited a lot of interesting results with the fUS measures. The evaluation of their ability to predict the condition or myelin levels demonstrated their potential as promising biomarkers for the preclinical study of MS. Traumatic injuries of the spinal cord (SCI) can lead to life-long loss of sensation and voluntary motor functions.

Although injured adult neurons of the mammalian central nervous system (CNS) can initially survive, regrowth of their axons through the lesion ultimately fails due to a cascade of cellular and molecular events leaving the affected neural tissue in a permanently altered, regeneration-inhibited state (for review, see [1][2][3] ). Despite clinical advances in rehabilitation and novel treatments based on neuromodulation that improve their quality of life, patients still suffer from the devastating consequences of SCI, aggravated by physiological and psychological complications. Nevertheless, elucidation of the cellular and molecular mechanisms underlying the complexity of SCI, achieved over the last decades, has raised hope for a future development of clinically applicable therapeutic solutions.

A major complication of SCI pathophysiology is due to injury-associated vascular damage followed by hypoxia, hemorrhage and edema, which accelerate necrosis of the affected neural tissue. The associated breakdown of the blood-spinal cord barrier favors infiltration of blood-derived monocytes/macrophages that, together with activated microglia, spread inflammation beyond the initial lesion site, contributing to secondary expansion of the lesion and increase in neurological deficits (for review, see 4,5 ). Therefore, it seems important to develop appropriate biomarkers to better assess the vasculature damage, and the limits of its spontaneous restoration, which still remain not well understood.

The initial mechanical injury of the vascularized spinal cord tissue (for review, see 6 ) provokes, in the acute phase, a dramatic death of endothelial cells, and a decrease of the vessel density. One week post-injury, local neo-angiogenesis starts [7][8][9][10][11] , but only part of the newly formed blood vessels become stable and functionally integrated. Therefore, the density of mature vessels remains low in comparison to intact tissue.

Thanks to recent progress in the field of neuroimaging, we now dispose of methods to rapidly and reliably analyze the initial extent of vascular damage on the exposed spinal cord. Thus, using ultrafast Doppler imaging [12][13][14][15] or enhanced ultrasound imaging (involving injection of a contrast agent to enhance sensitivity 16,17 ), pre-clinical studies have imaged spinal hemodynamics in intact animals 15 , and its hypoperfusion at early stages after SCI 12,16,17 .

Combining ultrafast Doppler imaging and ultrasound localization microscopy (ULM) on the same animals, the present study aimed at quantifying trauma-induced alterations of spinal blood volume, main spinal blood flow, density of blood vessels, vessel tortuosity and finally, flow velocity in the various subparts of the vascular network. The study was undertaken at two time points post-injury (Fig. 1), coinciding with restoration of the blood-spinal cord barrier (4 weeks), and with the establishment of the chronic lesion (8 weeks post-lesion) 11,18 . Our study reveals an asymmetric hypoperfusion of the spinal cord associated with reduction of blood flow, alterations of the blood vessel density and morphology, with a worsening at 8-weeks post-contusion.

Results

Reduced spinal blood volume within the lesion and alterations of the direction of blood flow in lesioned spinal cord. Imaging the cord's blood volume using ultrafast Doppler imaging (UDI) in a sagittal plane at the level of the midline, with the lesion site being at the center of the imaging plane, allowed for measurements of spinal blood volume (SBV) in different spinal compartments of equivalent surface, at the lesion level, and rostral or caudal to it, in the three groups of animals included in this study. Both at 4-and 8-weeks post-injury, the SBV was strongly reduced at the lesion site, and almost exclusively in the dorsal horn, being non-significant in the ventral horn (Fig. 2C); possibly due to dorso-ventral orientation of the traumatic impact. In addition, although not significant, a tendency of SBV reduction is also noted in caudal segments at both time points post-lesion analyzed, while it was unmodified in rostral segments (Fig. 2A-C).

Using a UDI sequence with a higher sample frequency (Pulse Repetition Frequency 20,000 Hz, 5 compounded plane waves resulting in a 4000 Hz frame rate), the blood volumes going toward or away from the probe were separated through spectral analysis, allowing quantification of the main directional blood flow. By convention, a positive value means blood flow in ventro-dorsal orientation (Fig. 3A, red arrow), while a flow in the opposite direction has a negative value (blue arrow).

In intact animals, throughout the whole cord imaged, the main directional blood flow in the dorsal horn is dorso-ventral (Fig. 3A,B blue arrow, flow going away from the probe), while in the ventral horn it is a ventrodorsal flow (i.e. going towards the probe, red arrow, Fig. 3A,B). Four-and eight-weeks post-contusion, the main directional flow along the spinal cord was altered significantly. Both in the dorsal and ventral horns, the main directional flow was reduced (Fig. 3C,D,E) and disorganized (Fig. 3B). Strikingly, in contrast to the measurements of SBV above, the changes of main flow affected the entire cord imaged, not only the lesion site, with a tendency for a worsening in the ventral horn at 8 weeks, compared to 4 weeks post lesion. Due to the high imaging rate, ultrafast Doppler is able to detect and quantify both high (10-18 mm/s) and slow (1-5 mm/s) blood flows 19 . While both are detected in this imaging plane, it is likely that most of the changes in directional blood flow is due to arterial damage.

Ultrasound localization microscopy for the study of structural vascular abnormalities and alterations in the speed of blood flow. ULM is capable of localizing and tracking intravenously injected microbubbles, the trajectory of which will then define the vascular arborization. We then used the individual images generated by this analysis (representative examples from the three experimental groups are shown in Fig. 4B) to analyze the anatomical alterations in the blood vessels, such as changes in density (Fig. 4C) and their tortuosity (Fig. 4D), at the lesion site and at rostrally and caudally adjacent segments. Quantification of the density of blood vessels revealed a strong reduction within the lesion that did not change significantly between 4-and 8-weeks post-lesion (Fig. 4C, brown frame). This effect is attributable to a reduced blood vessel density in the central sulcar arteries (CSA), the only vascular compartment where the reduction was significant (Fig. 4C bottom graphs). Analysis of the tortuosity in these arteries revealed an increase (in tortuosity) with time (Fig. 4D).

Second, we quantified changes in blood velocity in the various vascular compartments of intact/lesioned spinal cords by ULM analysis of microbubble speeds (Fig. 5). As shown in examples in Fig. 5A and quantifications in Fig. 5B, the blood velocities are significantly reduced at 4-and 8-weeks post-contusion compared to intact animals, at the lesion site and caudally to it (Fig. 5B, top panels). Here, both the ASA (anterior spinal artery ) and the CSA are affected only at 8 weeks but not at 4 weeks, suggesting a worsening of this alteration at 8 weeks (Fig. 5B, bottom panels). Accordingly, and as highlighted by the examples in Fig. 5A, one striking difference between 4-and 8-weeks post-contusion is the flow reduction within tortuous blood vessels.

Analysis of vasculature alteration using immunohistochemical staining. Post-mortem analysis on the same animal was also performed on sagittal spinal cord sections using immunohistochemistry for laminin and for SMI-71, a marker for mature blood vessels 8,11 . While in intact CNS, laminin immuno-labelling reveals basal lamina-associated blood vessels, in traumatic injured SCI, laminin staining was strongly increased at the injury site and in adjacent tissue, revealing the extent of the lesion, as previously described by us and others 8,10,11 (see Fig. 6A, showing laminin staining from the epicenter towards more distal segments,). The density of mature SMI-71 positive blood vessels was strongly reduced at the injury epicenter (Fig. 6B, center panel). When neo-angiogenesis occurred, from 4-and 8 weeks post-injury (Fig. 6A,B), SMI-71 positive vessels were present within, and also around the primary lesion site, which is often replaced by a cavity. However, the organization of newly formed blood vessel network is disorganized (Fig. 6B) and their density remained significantly lower at the lesion site compared to the intact tissue (Fig. 6C).

Definition of new biomarkers of vascular dysfunction associated with spinal cord injury severity.

Finally, in order to decipher potential links between these altered biomedical measures that may be relevant for common neuropathological mechanisms associated with SCI and help define biomarkers of vascular dysfunction, we studied the statistical correlations between locomotor behavior, SBV and flow, anatomy of blood vessels, and velocity of bubbles, using individual values from all animals included in this study. Results are presented in a double correlation matrix (Fig. 7), in which in Fig. 7A, the Spearman's correlation coefficients are These analyses show robustly that: (1) the measure of blood vessel density using ULM correlates very well with the quantification using the 'gold standard' , i.e. immunohistochemistry of SMI-71 (pink cluster, Fig. 7C), therefore validating the use of ULM for quantification of blood vessel density. (2) Markers of structural vascular alteration also reveal a significant correlation between the reduced velocity of bubbles and the increased tortuosity of the CSA (purple cluster, Fig. 7B). ( 3) The altered locomotor behavior (BBB) is significantly correlated with the reduction of SBV in the dorsal part of the lesion and with the reduced flow along the cord (red cluster). The BBB was also correlated with the velocity. The lower the BBB (higher impairment), the stronger the reduction in bubble velocity (Fig. 7E). ( 4) The reduction of SBV within the lesion is associated with the anatomical alterations of the blood vessels (reduced density and increased tortuosity, blue and Fig. 7D). Finally, the reduction of bubble velocity is correlated with the reduced flow in the dorsal horn (bright green cluster and Fig. 7F).

Discussion

Using multimodal fUS imaging and ULM, this study aimed at investigating in depth the anatomical and structural alterations of the vascular arborization at two time points: 4 weeks post-lesion, a phase coinciding with the restoration of the blood-spinal cord barrier and 8 weeks post-lesion with the establishment of the chronic lesion. Our study provides a quantitative study describing the vascular alterations associated with SCI, with a special interest to both macroscale analysis of the blood flow and its main orientations, but also at microscopic scale, with a quantification of its density, tortuosity and finally speed of blood flow within these blood vessels. www.nature.com/scientificreports/ The use of these different parameters provides important missing pieces of the SCI puzzle and will help, not only to increase our understanding of the vascular pathophysiological mechanisms underlying SCI, but also to define appropriate biomarkers.

Alterations in blood volume and blood flow during the establishment of chronic SCI. In contrast with conventional ultrasound imaging, ultrafast ultrasound scanners based on plane wave imaging provide a neuroimaging modality extremely sensitive to displacement of particles, such as red blood cells, but also microbubbles, injected intravenously in ultrasound localization microscopy (ULM). Our first goal was to measure the alterations of SBV and main blood flows in the lesioned cord compared to intact animals.

In agreement with previous angiographic observations (reviewed by 20 ) and more recent sensitive ultrasound imaging 12,16,17 , our study confirms a strongly decreased SBV in the lesion site, but also demonstrates a lack of SBV alteration in adjacent segments (both rostral and caudal) that was not reported previously. Interestingly, our approach also reveals that this reduced SBV is highly correlated (p = 10 -5 ) with the individual locomotor disability of the animals, suggesting a link between motor impairment and the amplitude of hypoperfusion. Indeed, it has been reported that the extent of vascular damage is correlated with the development of secondary lesions after SCI, while neo-angiogenesis plays a key role in the progress of functional recovery after SCI, particularly during the chronic injury phase 7,21 . Accordingly, it has been shown recently that promoting angiogenesis and microvessel density after SCI improves locomotor function recovery 21 . Furthermore, analysis of the main directional blood flows, quantified here for the first time, brought new, interesting results. Whereas the changes of SBV are restricted to the lesion site, the changes in main directional flow are time-dependent, and widespread along the whole thoracic cord. Interestingly, unlike changes of SBV, the reduction of top-down flow along the dorsal thoracic cord, that is worsening at 8 weeks, is linked to the altered vascular morphology in the ventral horn (tortuosity) and the reduced velocity of microbubbles, and these parameters are linked statistically. These results suggest that to assess functional integrity of the spinal blood flow, the measure of the flow directionality is more sensitive than the local measure of SBV. These subtle alterations may be due to the observed anatomical alterations in the arteries (ASA, CSA), subsequently leading to a reduced blood flow in the arteries vascularizing the dorsal horn.

Previous studies measuring spinal blood volume alterations following SCI were mainly performed at very early time points (i.e. within hours/days post injury), where the decreased blood volume is due to the initial hemorrhage, followed by spinal ischemia. The grey matter naturally receives the largest blood supply compared to white matter due to its dense network of capillaries. As previously discussed 22 , ischemia in the grey matter therefore leads to a quick and widespread cell death, necrosis, debris formation, rapidly followed by neuroinflammation and cavitation. After the largely documented early decrease in the density of blood vessels 7,11,[23][24][25][26][27] , an adaptive vascular response takes place with angiogenesis and re-opening of the microcirculation 7,23,24,28 . The time points chosen in our study (4 and 8 weeks post-injury) up to the establishment of the chronic phase, encompass the formation of new blood vessels, but also necrotic cavities. Interestingly, several of our measurements of the spinal structural and functional vasculature integrity (reduced arterial velocity, inverted flow in the ventral horn) showed a worsening between 4 and 8 weeks post-contusion, probably due to the highest progression of secondary lesions leading to cavitation. Indeed, from 4 weeks post-injury on, the immune response becomes a rather persistent inflammatory state. Such environment affects the autonomous tissue repair, including axonal plasticity initiated in the sub-acute phase, but largely aborted in the course of tissue inflammation and necrosis 29,30,31 .

Invaluable contribution of ULM for the estimation of blood vessel density, speed of micro-bubbles and blood vessel density. in the field of pre-clinical neuroimaging of the lesioned spinal cord, microbubbles were used in the past simply as contrast agents 16,17 . Here, these microbubbles were used differently. We previously demonstrated that in the brain, by imaging at a fast framerate, it is possible to detect individual microbubbles. Thus, microbubbles allowed us to visualize in live animals the fine structure of blood vessels at the microscopic (10 μm) scale, an approach termed 'ultrasound localization microscopy' (ULM) 32 . Tracking of these microbubbles, on the other hand, enables us to measure particle speed, equivalent to local blood velocity, at the same microscopic scale. More recently, we demonstrated that ULM is applicable to the lumbar spinal cord 15 in intact animals. In the present study, we went one step further, using the invaluable spatial resolution and sensitivity of this technique on lesioned spinal cord to quantify structural damage to the vasculature and changes in blood velocity.

Furthermore, our approach allowed for detailed quantitative measurements of the blood velocity in subparts of the damaged vascularization. The speed of blood flow observed in the lesioned spinal cord is consistent with a previous report by Khaing et al. on early stages post-injury using Contrast Enhanced Ultrasound 16 . We convincingly show a massive reduction in blood velocity within and caudal to the lesion at both 4 and 8 weeks post-contusion. Because these changes were also observed in the local arteries (ASA and CSA) that provide 2/3 of the vascularization in the ventral horn 33 , we suggest that the observed effect in the lesion site is due to a reduction in the blood flow in these arteries. As previously quantified using micro-computed tomography 26,27 , and confirmed here, the shape of the CSA is altered, giving rise to a non-orthogonal ascending flow. The number of branches of the CSA and its diameter are also reduced 26,34 . Our statistical analysis proves that these alterations are correlated with increased tortuosity. It is indeed likely that these structural alterations are the cause of the decreased blood velocity.

Finally, these changes come along with a dramatic reduction of local blood vessel density within and caudal to the lesion at both 4-and 8 weeks post-contusion, as demonstrated both by ULM measurement of the density of blood vessels, and by immunohistochemical quantification of blood vessels in fixed spinal cord of the same animals. Both approaches provided similar, statistically equivalent results, validating the use of ULM for the quantification of structural vascular alterations. Moreover, the observed reduced blood vessel density is consistent with previous reports on hemorrhage and vascular plasticity 26 .

Rostro-caudal asymmetry of the vascular alterations. So far, only few studies investigated the anatomical and functional damage following SCI by comparing the alterations occurring rostrally versus caudally from the initial lesion site. Strotton et al. 22 , in a thorough spatio-temporal 3D contrast micro-computed tomography (CT) study, elegantly showed the structural alterations in spinal grey and white matters and dorsal columns. They reported that although rostral and caudal adjacent segments undergo similar alterations, their magnitude is significantly higher caudally than in rostral segments. This is particularly true for the vasculature damage 35 , as also demonstrated by our present study. Thus, we found significantly reduced blood velocities in caudal segments compared to intact animals, as well as a tendency for SBV reduction. The pronounced vasculature damage in caudal segments appeared to be related to the unexpected chronic hypoxia in the cord far caudal of the injury epicenter that has recently been described 35 . This study also provided a mechanism that underlies such rostro-caudal asymmetry of vasculature alteration: even months after SCI, the spinal cord below the site of injury remains in a chronic state of hypoxia owing to paradoxical excessive activity of monoamine receptors (5-HT1) on pericytes, despite the absence of monoamines. This monoamine receptor activity causes pericytes to locally constrict capillaries, which reduces blood flow to ischemic levels. Inhibition of monoamine receptors, or increase in inhaled oxygen, produces substantial relief from hypoxia and improves locomotor function recovery. Here, using ULM, our study confirms the strong asymmetry in blood speed between rostral and caudal segments, suggesting that the underlying mechanisms, previously described for 6 months post-lesion 35 , are active much earlier, from the establishment of the chronic lesion (here shown at 4 and 8 weeks post-injury).

Towards patient's stratification using UDI and ULM. Results brought forward in this study were obtained in one of the most clinically-relevant animal models of SCI, that exhibits several neuropathological outcomes seen in patients with SCI 36 . The most important of which are systemic and local vascular insults, electrolyte shifts, oedema and excitotoxicity. These secondary processes contribute to the evolution of the pathological changes which when severe, progress from central hemorrhagic necrosis involving mainly the grey matter, but also white matter at the injury site. As in human SCI, this results in cavity formation at the injury site routinely seen in human SCI and also in rat (but not in all mouse strains) experimental models that increases in size rostrally and caudaly with lesion chronicity. Importantly, the common feature in all experimental models and in human cord injury is the early hemorrhage in the central region of the injured cord, especially in the grey matter. It is thus, very likely that vasculature changes and remodeling described in our present study also occurs in human after SCI. Therefore, for SCI pathophysiology, reliable prognosis instruments are critically needed, be it for the individualized neurological treatment of patients, or the selection of patients for clinical trials. Based on age and clinical neurological parameters (with or without imaging, depending on the studies), several teams provided prognostic models of the patient's independent walking 37,38 , or urinary continence, 1 year after SCI 39 .

In order to go further, the identification and validation of early biomarkers of the degree of neural and vascular damage, predictive of the neurological outcome, is under active investigation. Current biomarkers include imaging readouts of neural alterations, and titrations of particular biomolecules in the cerebrospinal fluid or in the serum of patients (see for review 3,40 ). The early extent of the hemorrhage and the degree of vascular alteration play a determinant role in the patients' functional recovery. Inclusion of the measurements at a very early stage, i.e. during decompression surgery (when the spinal cord is directly accessible) and possibly later, transcutaneous 17 if the materials inserted allows ultrasound imaging, would provide accurate information on vascular alterations, including reduced flows in the different spinal vascular compartments.

We previously showed that UDI and ULM are applicable to human brain, both non-invasively in neonates 41 and adults 42 , and also during perioperative interventions in adult patients 43 . The precise analysis of vasculature state, along with other biomarkers previously described (blood serum cytokines, MRI, DTI [44][45][46][47] ) would provide a more complete picture of the pathophysiological changes in patients with various degrees of injury severity, and allow for a refined/more accurate prognosis in view of the long-term follow up of these patients.

Materials and methods

All experiments performed in this study were in accordance to the French and European Community Council Directive of September 22 (2010/63/UE). They were also approved by the local Institutional Animal Care and Ethics Committees (#59, 'Paris Centre et Sud' project #2018-05 and Sorbonne University project #1514.01). Accordingly, the number of animals in our study was kept to the minimum necessary. We established in a preliminary experiment that N = 5 was the smallest number of animals required per group to detect statistical difference in our imaging experiments. Finally, all methods are in accordance with ARRIVE guidelines.

Surgical preparation and SCI model. Animals arrived in the animal facilities at the IBPS institute 2 weeks before the beginning of experiments. Fifty adult female Wistar rats (225-250 g) were obtained from Janvier labs (France) and housed under controlled temperature (22 ± 1 °C), relative humidity (55 ± 10%) and 12 h light-dark cycle. Before and after surgical interventions food and water were available ad libitum.

Surgical procedures were performed under reversible, continuous Isoflurane anesthesia (2-2.5%, Isofluran ® ) and sterile precautions were used throughout. In order to perform the spinal cord contusion, skin and musculature was cut from T7-T10 and the dorsal surface of T8-T9 exposed by laminectomy, with the dura remaining intact. The vertebral column was stabilized by fixing vertebral bodies rostrally and caudally to the impact area with clamps attached to the base of the Benchmark ™ impactor device. A 2.5 mm diameter tip was delivered from 7 mm height with a speed of 1.96 m/s over the spinal cord dorsal surface, and contact time after the impact was 1 ms. These parameters lead to a severe lesion with pronounced locomotor deficits evaluated using the Basso, Beattie and Bresnahan locomotor rating scale (initial BBB score 1 day after the trauma between 0-0.5).

To prevent urinary infections, rats received subcutaneous injections of eurofloxacin (Baytril ® 10%) once a day during the first week post-lesion. Until restoration of normal micturition, bladders were manually emptied twice a day, and the health state of operated rats monitored by regular weight and visual inspection of the surgical wound.

The rats were randomly assigned into three groups, five animals per group: intact (received a sham lesion, where the muscles were opened but the spinal cord left intact), 4-and 8-weeks post-injury. BBB locomotor scores were taken at days 1, 7, and then weekly for a total of 7 weeks. Since the animals were transported to another institute for spinal cord imaging, recording of BBB scores was stopped 1 week before the experiment. At the end, the rats were sacrificed for histological investigation.

Surgical procedures and preparation for imaging. Under deep anesthesia (IP) bolus of Medetomidine (Domitor, 0.4 mg kg -1 ) and ketamine (Imalgène, 40 mg kg -1 ), a laminectomy (centered on the spinal cord lesion) was performed between thoracic T6 and lumbar L2 vertebrae (two vertebrae above and below the initial laminectomy), thus opening a window allowing positioning of the entire ultrasonic probe (14 mm) in a sagittal plane.

Thereafter, the animal was placed on a spinal cord stereotaxic frame. Anesthesia was maintained but reduced, using subcutaneous perfusion of Medetomidine (0.2 mg/kg/h) and ketamine (25 mg/kg/h) using a syringe pump. During the surgical procedure and the imaging session, the animal's body temperature was kept at 37 °C using a heating blanket and an intrarectal probe (Physitemp, USA), and heart and respiratory frequencies were monitored (MouseOxPlus, Ugo Basile, Italy). Each imaging session lasted 2-3 h.

Ultrafast Doppler imaging and signal analysis. Two milliliters of saline were gently dropped on the spinal cord (the dura mater was kept intact), and the window created by laminectomy was then filled with echographic gel. The ultrasonic probe (f = 15 MHz, 100 µm spatial pitch, 128 elements, Vermon, France) was positioned just above the window using a 3-axis motor. The probe connected to an ultrasonic ultrafast imager (Iconeus, 128 channels, 62.5 MHz sampling rate) was driven with a prototype software (Iconeus, Paris, France, and Inserm Accelerator of Technological Research in Biomedical Ultrasound, Paris, France). The imaging session started by a 3D scan of the spinal cord that allowed positioning of the probe. By symmetry of the vascular structure, the median plane was deduced and the alignment of the probe with the spinal cord adjusted by rotating it until the anterior spinal artery (ASA) was entirely seen on the images. Ultrafast Doppler at 5500 Hz PRF for relative CBV, Ultrafast Doppler at 20,000 Hz PRF for blood flow direction and at 5000 Hz PRF for ultrasound localization microscopy acquisitions were performed successively.

Measure of SBV using Power Doppler imaging. SBV values were obtained with the ultrafast Doppler imaging method, which consists of compounded plane-wave ultrasound transmissions 48 . Thus, each frame was a compound plane wave frame resulting from the coherent summation of 11 compounded tilted plane waves with angles separated by 2° and ranging from -10° to 10°. The framerate used was 500 Hz, resulting in a 5500 Hz pulse repetition frequency (PRF). The Singular Value Decomposition (SVD) clutter filtering (Demene et al. 2015) typically used for brain tissue had to be modified for our use on spinal cord tissue. The SVD thresholds were automatically determined thanks to adaptive spatiotemporal SVD using the similarity of spatial singular vectors 49 . Over 400 compounded frames, the first 30 singular values were excluded to remove the tissue and the last 230 were excluded to remove the noise. The resulting 400 successive images were averaged to obtain a single SBV image that was analyzed by spatial averaging of the different ROI drawn using MATLAB 2020a.

Choice and size of areas taken for the measurements of SBV, directions of flow, density of blood vessels and bubble velocity. For the quantification (of the SBV, density of blood vessels and bubble velocity) in the lesion, rostral and caudal to the lesion: three subparts of equivalent area (30 mm along the antero-posterior axis X 18-20 mm dorsal to caudal, i.e. 530 mm 2 ) of the thoracic spinal cord were drawn: at the lesion site (around the lesion epicenter), rostral or caudal to it. In intact animals, the same areas were taken, the area at the center was taken for the counter part of the lesion side, and, as in lesioned animals, the same 530 mm 2 rostral and caudal to the center were taken for the rostral and caudal values. The respective values were computed on MATLAB.

Quantifications of bubble velocity in the 'whole cord' (Fig. 5), an equivalent rectangle surrounding the entire thoracic cord imaged (or most of it) of the following dimensions 90 mm (Rostro-caudal) X 18-20 mm (dorsoventral axis) was computed on MATLAB in all animals included in our study.

The same principle was used for all the other measures: an equivalent area was defined in all groups, surrounding either the dorsal/ventral thoracic cord (Fig. 3), CSA, ASA, dorsal vein (Figs. 4,5).

Direction of flow.

A different acquisition sequence was used to analyze the direction of flow. Each frame was a compound image of 5 angles (-4°, -2°, 0°, 2° and 4°), which together with a sampling frequency increased to 4000 Hz resulted in a 20,000 Hz PRF. The total acquisition contained 2000 frames and lasted 0.5 s. The same SVD filter as for the Power Doppler acquisition was used to separate the tissue signal from the blood signal. Using the same spectral analysis as in the color Doppler images 50 , the SBV signal was separated into two series of images representing the SBV going toward and away from the probe. After averaging the 2000 frames of the two directional SBV, the general directional SBV was obtained by subtracting the SBV going upward from the SBV going downward, creating a directional power image. The images were then spatially averaged in the same ROIs drawn for the analysis of the SBV previously described.

Ultrasound localization microscopy (ULM).

A catheter filled with saline was inserted in the rat jugular vein before positioning the animal on the stereotaxic frame. After all previously mentioned measures, ULM was performed similarly to the methods described in 42 using the same ultrasound imager as above. Compounded frames were acquired at a 1000 Hz framerate (with angles at -4°, -2°, 0°, + 2°, + 4°, PRF = 5000 Hz) using the same system (Iconeus One, Iconeus, Paris, France) as above for a total time of 150 s. Beamformed data were filtered using the SVD spatio-temporal filter described in 51 , and the 7 first singular values were removed to extract microbubble signals from the surrounding tissues. Microbubbles were detected as the brightest local maxima in the images. Tracking of the maxima positions was performed using the Iconeus software (Iconeus, Paris, France, and Inserm Accelerator of Technological Research in Biomedical Ultrasound, Paris, France) and gives all positions in space (x-axis and z-axis positions) and time (frame number) for each detected individual bubble.

The successive positions gathered in one track were used to compute the interframe bubble velocity vector components (along probe x-axis and depth z-axis), and absolute velocity magnitude.

Density maps were computed by counting all the microbubbles that passed through each pixel during acquisitions. Since the total number of bubbles injected is not exactly the same from one injection to another, comparison of raw density between animals would reflect this random effect instead of intrinsic differences between groups. To avoid this variability, the value of density was normalized by the total number of bubbles detected in the ROI contouring the whole spinal cord. To compare these maps between animals and consider the variability coming from the random number of bubbles injected into the blood stream, the value of density was normalized by the total number of bubbles detected in the spinal cord imaged.

Analysis of the density of blood vessels using the ULM analysis was performed using Image J. The images obtained at the previous steps were first transformed as black and white pictures. Using a common threshold (131) for all animals, the percentage of staining occupied by the blood vessels was measured in each animal in the six following compartments: Lesion site, rostral or caudal to the lesion site, the ASA or the CSA at the level of the lesion site. For each compartment, the area measured for all animals was similar. Results are expressed as percentage of area occupied by the staining.

The vessel tortuosity index was computed thanks to the MATLAB function "vessel_tortuosity_index" written by Maz M. Khansari 52 . For each animal, three vessels located rostral, caudal and the last one close to the lesion, were chosen on the density map given by the ULM algorithm. A line was drawn over each one to use it as an input for the function. These values were averaged to obtain the tortuosity index for each animal.

Each pixel of the velocity maps was computed as the mean velocity of every micro-bubble detected in this pixel during the whole acquisition. These two maps were then spatially averaged in ROIs drawn the same way as for the SBV analysis.

Statistical analysis.

For each type of statistical comparison, the same protocol of hypothesis verification was applied to choose the appropriate statistical test. First, the two assumptions needed for parametric tests were tested. The normality of the data distribution of each group was tested with a Lilliefors test and the equality of the variances was tested with a Bartlett's test.

Then, an ANOVA was performed to determine if a difference between two groups could be detected with a statistical test. If one of the two conditions for the parametric tests was not met, the Kruskal-Wallis test was performed for the same purpose. If the ANOVA detected a statistically significant difference, pair wise tests were used to determined which groups differ. For data suited for parametric test, a student test was used. A Wilcoxon rank sum test was used otherwise.

In Fig. 7, for the double correlation matrix: Considering that some measures did not have a gaussian distribution (and were therefore not compatible with a parametric test), all correlations were computed using Spearman coefficients, (which is the non-parametric counterpart of the Pearson's Linear Correlation Coefficient). The p values corresponds to the probability of rejection of the null hypothesis that the correlation is equal to zero. All panels of Fig. 7 were plotted using GraphPad.

Statistical analysis was performed using Matlab. Graphs were made using GraphPad.

Perfusion and immunohistochemistry.

At the end of the experiment, rats were administered a lethal dose of pentobarbital (Euthasol ® 400 mg/mL; 150 mg/Kg), and were transcardially perfused with saline 9‰ at 37 °C, then with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. PFA-fixed tissues were incubated in 15% and 30% sucrose for 24 h, and 48 h at 4 °C, respectively, then embedded in optimal cutting temperature compound (OCT; Tissue-Tek), quickly frozen in a dry ice/isopentane bath and stored at -80 °C. 40 μm sagittal sections were cut on a cryostat (Leica CM3050 S) and mounted on glass slides (Superfrost ® Plus). For immunolabeling, sections were permeabilized with 0.3% Triton X_-100 in PBS during 5 min at room temperature, and incubated for 1 h in 10% bovine serum albumin (BSA)/PBS. Blocking was followed by incubation overnight at room temperature with the primary antibodies diluted in 5% BSA/PBS. The following primary antibodies were used: rabbit glial fibrillary acidic protein (GFAP; Dako, 1:2000), mouse-SMI 71 (Covance, 1:100), rabbit-a-laminin (Sigma, 1:100). Finally, appropriate secondary antibodies (Alexa Fluor 488 and 555 conjugated, 1:1000; Life technologies) diluted in BSA 5% were used.

Figures showing large longitudinal spinal cord sections were produced using a Zeiss Axio Zoom V16 microscope with image stitching and were processed using ImageJ (NIH, USA).

Quantification of SMI-71 positive cells. Pictures of 4 sections/rat (160 µm between each section) stained with anti-SMI 71 antibody were taken for quantification. With ImageJ, a rectangle of 1.6 mm 2 was drawn at the level of lesion, as well as at the level of the caudal and rostral part of each section. After fixing the same threshold for each section, particle analysis was performed and the mean value per rat was calculated and compared as total area between each group (intact-uninjured, 4 and 8 weeks post-injury; 3 rats per group). One-way Anova was done to compare values for each region between groups.

ARTICLE

Ultrasound localization microscopy and functional ultrasound imaging reveal atypical features of the trigeminal ganglion vasculature Annabelle Réaux-Le-Goazigo The functional imaging within the trigeminal ganglion (TG) is highly challenging due to its small size and deep localization. This study combined a methodological framework able to dive into the rat trigeminal nociceptive system by jointly providing 1) imaging of the TG blood vasculature at microscopic resolution, and 2) the measurement of hemodynamic responses evoked by orofacial stimulations in anesthetized rats. Despite the small number of sensory neurons within the TG, functional ultrasound imaging was able to image and quantify a strong and highly localized hemodynamic response in the ipsilateral TG, evoked not only by mechanical or chemical stimulations of corneal nociceptive fibers, but also by cutaneous mechanical stimulations of the ophthalmic and maxillary orofacial regions using a von Frey hair. The in vivo quantitative imaging of the TG's vasculature using ultrasound localization microscopy combined with in toto labelling reveals particular features of the vascularization of the area containing the sensory neurons, that are likely the origin of this strong vasotrigeminal response. This innovative imaging approach opens the path for future studies on the mechanisms underlying changes in trigeminal local blood flow and evoked hemodynamic responses, key mechanisms for the understanding and treatment of debilitating trigeminal pain conditions.

T he trigeminal ganglion (TG) contains the cell body of the primary sensory neurons from the ophthalmic (V1), the maxillary (V2), and the mandibular (V3) nerves. These sensory neurons are highly specialized, as they detect and respond to a variety of chemical, mechanical, and thermal stimuli applied on these regions.

Because the TG is relatively small and localized in Meckel's trigeminal cave in both human and rodents, only a limited number of studies were able to perform functional neuroimaging studies. While Bererra's and Borsook's teams published seminal works on the existence of a vascular response in the human TG [1][2][3][4] , only one preclinical contrast MRI study imaged macrophage infiltration in the mouse TG using ultrasmall superparamagnetic iron oxide nanoparticle contrast in a model of alkali burn cornea 5 . But, to the best of our knowledge, dynamic functional imaging of the TG was never performed in rodents due to the difficulties to access the TG. Preclinical studies investigating the physiological activity within the TG of rodents are classically based on electrophysiological recordings of single and/or clusters of neurons 6,7 , as well as immunohistochemical staining using indirect markers of neuronal activation (see ref. 8 for review). Despite the cellular resolution of these surrogates, this approach lacks the ability to follow the dynamics of these neuronal changes. Recently, the visualization of trigeminal sensory neuron activities in response to orofacial stimuli was reported ex vivo using either voltage-sensitive dye approach in decerebrated animals 9 or calcium imaging in GCaMP6 mouse line 10,11 . However, these highly invasive experimental paradigms require the decerebration of the animal, and therefore the disconnection between TG and the CNS.

Functional ultrasound (fUS) imaging is a relatively new versatile neuroimaging modality that allows imaging and measurement of cerebral blood volume in both human 12,13 , non-human primates 14 and rodents [15][16][17][18][19] with excellent spatial (100-300 µm) and temporal resolutions (down to 20 ms). One of its biggest advantages is its high sensitivity compared to fMRI [20][21][22] . Indeed, during a task, the locally increased neuronal activity due to the neurovascular coupling leads to a hemodynamic response 23 . The direct link between fUS signal and neuronal activity was recently described, as well as the hemodynamic response function 21,24 . In the past, fUS imaging has proven sensitive enough to measure the cortical hemodynamic changes induced by optogenetic stimulations 22,25 , sensory 18,25 , olfactory 26 , and visual 27,28 stimuli in anesthetized animals, as well as auditory stimuli 29 and motor tasks [14][15][16] in awake animals. Interestingly, fUS can be coupled on the same device with another emerging modality, Ultrasound Localization Microscopy (ULM), enabling the observation of the brain vascular anatomy and blood flow up to microscopic resolution both in rodents 30 and humans 31 .

The corneal trigeminal system is particularly interesting as the cornea is the most densely innervated tissue in the body 8 whose nerve terminals are directly accessible for stimulation. Moreover, the cornea is exclusively innervated by unmyelinated C-and thinly myelinated A delta fibers, including mechano-nociceptors that are triggered by noxious mechanical stimulation, polymodal nociceptors that are excited by mechanical, chemical, and thermal stimuli, and cold thermoreceptors that are activated by cooling 8,32,33 .

Taking advantage of the high sensitivity of fUS imaging, this study had several main objectives: first to localize the TG in anesthetized rats, second to measure the velocity of blood flow in the TG using ULM, and third to detect and measure the functional activation in the TG induced by peripheral stimulations of various orofacial trigeminal divisions (ophthalmic V1 and maxillary V2). We provide the first proof of concept of imaging the rat's TG, with a detection of local blood flow at a microscopic scale, and of the measurement of the hemodynamic responses evoked by the activation of trigeminal nociceptors in anesthetized animals. Our results bring forward an innovative approach to study the TG's evoked hemodynamic responses, a key element for deciphering the mechanisms of trigeminal sensitization and concomitant pain characteristic of trigeminal pathologies.

Results

Localization/imaging of the rat trigeminal ganglia using ultrafast Doppler imaging. Taking into account that TG is a deep structure, we imaged much deeper under the brain as compared to previous studies in anaesthetized rodents 18,19 . Despite the signal attenuation due to the depth of imaging (15 mm), two-dimension scans revealed two bilateral longitudinal structures detected between the antero-posterior coordinates Bregma -3.3 and Bregma -5.0 mm (Fig. 1a,b,f). In addition to two-dimension scans (Fig. 1a,e), three-dimension scans (Fig. 1b, Supplementary Movie 1) localized the structure precisely with respect to the location of the brain's vasculature.

Comparison with the Waxholm tractography atlas (https:// scalablebrainatlas.incf.org/rat/PLCJB14, [34][35][36] ) confirmed that these bilateral structures are located under the brain at the same antero-posterior coordinates and laterality as the TG they described using tractography of peripheral fibers (Fig. 1c, Supplementary Fig. 1).

It is known that Doppler signals in deep structures are reduced due to attenuation. Since the Doppler signal of the TG was visible at this depth despite the attenuation, we hypothesized that the TG might be highly vascularized. This hypothesis was confirmed by comparing the Doppler signal between the TG and the internal carotid (Fig. 1a). We found that the blood volume measured in the TG (without correction for the attenuation) represents 44.0 ± 1.4% of that of the internal carotid. This hypothesis was finally also verified using in toto (DiI) labelling of the TG vessels in fixed tissues. This histological approach revealed a high density of DiI labelled vessels, which exhibited a tortuous morphology (Fig. 1f,g). Altogether, ex vivo staining and in vivo fUS imaging data support the idea that the TG receives an important blood supply and is richly vascularized, especially in the area containing the cell bodies (CBRA, Fig. 2b,c).

Corneal nociceptor stimulations induce functional hyperaemia in the ipsilateral trigeminal ganglion. Our anatomical study confirmed a high density of blood vessels stained in vivo using DiI in close interaction with small and medium diameter CGRP + primary sensory neurons in the ophthalmic branch of the TG (Fig. 2b,c). This anatomical organization of trigeminal CGRP nociceptors is suspected by several authors 37 to play a role in orchestrating the hemodynamic response to corneal stimulation. Due to both the rich vascularization of the TG and the high sensitivity of ultrafast Doppler to slight blood volume (BV) changes linked to the stimulus 14 at the pixel level 20,29 , we postulated that fUS imaging could provide the first evidence of hemodynamic responses evoked by corneal stimulations in the ophthalmic division of the TG. To support this hypothesis, we used stimulations of the cornea as a system model, as the cornea is richly innervated by C and A delta fibers (Fig. 2a) and has the advantage to be easily activated by external mechanical and chemical stimulations.

Despite the small number of corneal neurons 38 , repetitive mechanical stimulations of the cornea induced strong and reproducible hemodynamic responses in the ipsilateral TG (Fig. 2e-g, red line, 7.3% ΔBV increase, p = 3.3 × 10 -22 ), but not in the contralateral TG (blue line, 0.02% increase, p = 0.92), the difference between the ipsilateral and contralateral delta blood volumes during stimulation being also highly significant (7.3% ΔBV increase, Fig. 2h, p = 1.7 × 10 -23 ). Supplementary Movie 2 shows a typical experiment with a visualization in real time of changes in BV during repeated mechanical corneal stimulations. Furthermore, the significant hemodynamic response remained stable during the duration of every single corneal stimulation, suggesting the absence of desensitization in both the peripheral C-fiber activation and the mechanisms underlying the neurovascular coupling.

Finally, the activation of TRPV1 polymodal corneal nociceptors using the TRPV1 ligand capsaicin (10 μM) induced a phasic and robust increased blood volume (18.9% increase, p = 9.3 × 10 -3 ) in the ipsilateral TG as compared to the contralateral TG (Fig. 2i-l). The BV increase lasted during all the time of exposure to the drug (1 min, Fig. 2k).

Cutaneous mechanical stimulations using a von Frey hair in the ophthalmic and maxillary territories induce different segregated areas of hyperaemia in the ipsilateral TG. The previous experiments (corneal stimulations) were performed on an acute craniotomy preparation which presents not only several advantages, such as its simplicity for terminal experiments, but also several drawbacks, such as the requirement of analgesia in the anesthetic used (here ketamine), the limited physiological aspect of this preparation and finally possible spurious local cortical activation during the imaging session. While we and others are routinely using these acute preparations 18,19,28 , two other physiological preparations are also routinely used: skull thinning 19,39,40 , which is only temporary since the skull regrows, or preparation of a chronic window 17,25,41,42 .

In order to image and to quantify the evoked vascular response within the TG to two types of cutaneous trigeminal stimulation induced by punctuate application of a von Frey hair, we used animals implanted with a chronic window. Such a preparation allowed us to use a light anesthesia (isoflurane) to image this response. Despite previous demonstrations of a somatotopy of afferents and responsive neurons within the TG 38,43 , to the best of our knowledge, a consensual atlas of these subdivisions in three dimensions does not exist. Therefore, in order to image the areas responsive to the ophthalmic (V1) and maxillary (V2) TG division, we used sagittal planes at two different lateralities (L = 6 mm, Rotation 8°for V1 stimulation, Fig. 3a-e; L = 5 mm, Rotation 12°for V2, Fig. 3f-j). At these specific coordinates, we observed that application of punctuate static cutaneous stimulations using a 15 g von Frey hair, which is known to be nociceptive, induced a strong and reproducible BV increase in the ipsilateral TG. Interestingly, the activated TG area was different for V1 and V2 territories: a small, but deeply localized area for the ophthalmic branch (Fig. 3c, e, 12.0% increase, p = 3 × 10 -14 ), while the area responsive to the maxillary branch was localized superficially (Fig. 3h, j, 15.9% increase, p = 3 × 10 -10 ). These specific spatial clusters of hyperaemia within the TG conform with the known natural anatomical somatotopy of trigeminal neurons innervating V1 and V2 territories. Supplementary Figure 3 shows the modest reduction of delta BV during the stimulations in the unresponsive areas of the TG (dorsal for V1 and caudal for V2 experiments).

Ultrasound localization microscopy (ULM) imaging reveals vascular features of the trigeminal blood flow. To assess novel information regarding the vascular characteristics of the blood supply within the TG (flow direction and velocity), we used ULM implemented on the same ultrafast ultrasound scanner. This method allowed the measurement of flow of microbubbles inside blood vessels, at a microscopic scale in anesthetized animals 30,44 . We were able to provide a refined description of the blood vessels architecture and the measure and direction of the blood flow in 2 dimension. Our data confirmed (i) that the TG is highly vascularized, with a dense network of tortuous blood vessels. (ii) The organization of vessels does not look like any vascularized cerebral b Capture of the 3D tomographic scan detailed in Supplementary Movie 1, illustrating the TGs seen in 3D (white arrows). c, d Localization of the trigeminal ganglion according to Waxholm's tractography atlas (https://scalablebrainatlas.incf.org/ rat/PLCJB14, i.e., defined using fiber tracks [34][35][36] ), observed coronally (c, white arrows) or in 3D (d, black line surrounding of the ganglia) medio-lateral, at the base of the brain. f, g In toto vascular staining in the rat TG showing that this structure is richly vascularized by a dense network of both thin (10 µm diameter) blood vessels, but also large blood vessels (50 μm diameter). DiI was used to stain the endothelial cell membrane lining the blood vessels, as previously described [START_REF] Li | Direct labeling and visualization of blood vessels with lipophilic carbocyanine dye DiI[END_REF] structures in the sagittal plane imaged (Fig. 4c-e versus Fig. 4b). Interestingly, the direction of blood flow within the TG was irregular (Fig. 4f-h), with two large tendencies: a ventro-posterior flux for the caudal part (right in Fig. 4f-h) and the opposite on the rostral part (left, Fig. 4h). Another difference with other cerebral structures, was the heterogeneity of speed in each portion of the TG, with a gradient of speed raging from 9 to 20 mm/sec (at the top, versus in the ventral aspect of the structure, respectively). Interestingly, these velocities were as high as those measured in the local major blood vessels depicted: a, b, and c (Fig. 4c-e, versus velocity in the TG in Fig. 4f-g). Due to their large diameter (a: 24-30 μm, b: 22-24 μm, c: 24-31 μm), high velocity (a: 8 mm/ sec, b: 19 mm/sec, c: 10 mm/sec) and flow direction, we hypothesize that a and c are veins running in the ventro-anterior direction, while b is an artery 45 , running in the opposite direction (Fig. 4c-e).

Discussion

Understanding the mechanisms underlying neurovascular coupling has been an active focus of research for a decade, as it is the cornerstone for the interpretation of functional MRI signals. This mechanism is also fundamental to the study of brain function and dysfunction in neurodegenerative diseases. The mechanistic studies undertaken were performed mostly at the level of the cerebral cortex and the olfactory bulb, and used a variety of complementary approaches, often in combination (see for review ref. 46 ), proposing an integrated approach of the cellular and molecular mechanisms involved in the neurovascular unit 23,47 . In contrast, much is still to be understood in the mechanism underlying the vascular response and the particular vascularization of the TG, as well as of the latter in both in health and disease. Functional imaging studies of the TG in animal models are crucially needed to understand debilitating trigeminal pathologies (such as migraine, corneal pain, or trigeminal neuralgia), whose prevalence increases since decades and remains a therapeutic challenge 48 .

However, such investigations are technically difficult to perform due to the small size of the TG and to its deep location. Here, we provide the first proof of concept of in-depth highresolution TG imaging of vascular vector fields and speed of flow in naïve anesthetized rats. To date, a fundamental question in fUS imaging remains the number of activated neurons required to detect a subtle blood volume change. Here, we give for the firsttime preliminary answers to this open question by showing that fUS imaging is sensitive enough to detect the functional activation of trigeminal nociceptors known to represent a very small number of neurons (~300 for the cornea).

This study aimed at providing a proof of concept for the hemodynamic responses in the TG following corneal nociceptive activation. We postulated that corneal stimulations and imaging of the TG in anesthetized animals constitutes a highly interesting model because corneal nociceptors (C and A delta nerve fibers) can be easily activated by mechanical stimulations 32,49 and by the chemical stimulation of the TRPV1 receptor using capsaicin 33 . The ability to detect clear hemodynamic changes in response to corneal stimulations was a particular challenge in this study due to the small number of neurons innervating the cornea 38 .

Despite these challenges, our study evidences significant realtime (400 ms) hemodynamic responses of the TG to repeated sequences of C and A delta fiber mechanical activations (Fig. 2b-h). This ipsilateral activation, located in the V1 branch of the TG, is consistent with the known anatomy of the TG in rats 50 , and with the somatotopy of corneal afferents within the TG 38,43 . We went further in our investigations by evaluating the hemodynamic changes following the activation of polymodal nociceptors by the topical application of capsaicin, a TRPV1 agonist. We observed a strong phasic hemodynamic response in the ophthalmic division (Fig. 2i-l). The phasic aspect of this response is thought to be related both to difficulty to perform block design experiments, and also to the potent action of capsaicin known to strongly activate and sensitize the sensory afferents 1,7 .

While the existence of a somatotopy in the TG has long been suspected and is now confirmed by anatomical approaches in rodents 38,43 , only one neuroimaging study confirmed this concept in human subjects. Using fMRI, Borsook and collaborators demonstrated elegantly a somatotopic segregation of activated area in the human TG induced by either innocuous mechanical stimulations (brush) or noxious heat study applied on the face 2 . As this question was never addressed in preclinical models, we tested this hypothesis using chronically implanted animals and under isoflurane anesthesia. Both were necessary to image with a low level of anesthesia and no analgesia. Our results provided localized hemodynamic responses in the TG induced by punctuate cutaneous stimulations of the ophthalmic and maxillary divisions, using von Frey hairs. Importantly, the stimulation in these areas neither evoked responses in the same imaging plane, nor did it at the location within the TG (be it the dorsal or ventral part of the TG, see Fig. 3), suggesting, as observed in humans, a somatotopically defined area of the TG with responsive neurons. In conclusion, we demonstrate here for the first time a functional somatotopy within the TG of rats.

Until recently 51 , the vascularization of the TG has been studied and described mostly in human subjects 52 . Here we precisely localized the TG in rats using 2D or 3D fUS imaging and noted a high signal of BV, demonstrating that TG is richly vascularized. In toto staining of the vasculature (DiI experiments, Fig. 1f,g) and ULM in vivo, (Fig. 4) confirmed that the rat's TG is richly vascularized, with highly tortuous vessels, especially in the CBRA. These morphological features are in agreement with the observations of Jimenez-Andrade et al., who reported a seven-times denser network of vascularization in the CBRA, compared to the nerve fibers rich area (NFRA) within the TG [START_REF] Jimenez-Andrade | Vascularization of the dorsal root ganglia and peripheral nerve of the mouse: implications for chemical-induced peripheral sensory neuropathies[END_REF] . Interestingly, a similarly striking regional difference in the expression of tight junction proteins and the presence of functional blood-brain barrier (BBB) in the NFRA of the dorsal root ganglion (DRG), but not in the CBRA of the DRG has been reported [START_REF] Hirakawa | Regional differences in blood-nerve barrier function and tight-junction protein expression within the rat dorsal root ganglion[END_REF] . Indeed, blood vessels that vascularize the CBRA have large fenestrations as compared to peripheral nerves, see for review refs. [START_REF] Jimenez-Andrade | Vascularization of the dorsal root ganglia and peripheral nerve of the mouse: implications for chemical-induced peripheral sensory neuropathies[END_REF][START_REF] Jacobs | Vascular permeability and neurotoxicity[END_REF] . Some studies exploring the permeability of the BBB showed that injected macromolecules are kept in the blood vessels in the NFRA, while they leak out from the blood vessels in the CBRA [START_REF] Jacobs | Vascular leakage in the dorsal root ganglia of the rat, studied with horseradish peroxidase[END_REF] . Therefore, there is an important dichotomy in the nature of the vascularization in the TG (and DRG) ganglia: while the NFRA has a minor vascularization and is well protected by the BBB, the CBRA has a dense vascularization, with a large lack of BBB. In addition to the high metabolic demand at the level of the cell bodies, these elements are likely the fundamental elements underlying the strong hemodynamic response to orofacial Fig. 2 Mechanical and chemical activation of corneal mechano-and polymodal nociceptors induce a functional hyperaemia in the ipsilateral trigeminal ganglion. a Schematic presenting the corneal afferents (C and A delta fibers) and fUS imaging of the TG. b, c Double staining CGRP (red)/vascular in toto staining (DiI, Green) showing that the TG is richly vascularized, especially in the 'Cell Body Rich Area' (CBRA), delineated by a dashed white line (b, c). The vascularization is on the contrary sparse in the 'Nerve Fibers Rich Area' (NFRA). Red arrowheads point at CGRP-positive sensory neurons located in the near proximity of stained blood vessels (white arrowheads). Panel c displays a high-power magnification taken in another animal. d-h Hemodynamic responses in the TG induced by mechanical stimulations of the cornea. d Example of Doppler image of the brain and trigeminal ganglion, imaged through an acute craniotomy, e map of Z-score and f: delta blood volume (BV) change in a representative example, illustrating the response in the medio-lateral part of the TG. Panel g shows the spatially averaged temporal changes in TG's blood volume in the ipsilateral (red) and contralateral (blue) region of interest delineated by the Z-score. h Quantification of the changes in TG blood volume in 18 trains of stimulations, (obtained from 8 animals) reveals a significant hyperhaemia in the ipsilateral, but not contralateral TG. i-l Phasic hemodynamic response in the TG induced by activation of the TRPV1 polymodal corneal nociceptors by topical administration of capsaicin (10 μM). i-k Example of Z-score map (i), delta BV (j), and temporal changes of the TG's blood volume (k) in the ipsilateral region of interest delineated by the Z-score in a representative animal. l Quantification of the changes in TG delta BV (N = 7 animals). For all panels, the region of interest (ROI) drawn in the contralateral side was the symmetrical ROI of the ipsilateral site. In stimulations observed in the rats of our study and in human subjects.

Trigeminal nociceptive nerve fibers are known to express vasoactive neuropeptides, including CGRP and substance P [START_REF] Messlinger | Cross-talk signaling in the trigeminal ganglion: role of neuropeptides and other mediators[END_REF] , that are released upon stimulation causing vasodilation that results in perivascular changes. CGRP is considered as the strongest vasodilating neuropeptide in human, and also participates in the sensitization of the trigemino-vascular system, in the peripheral sensitization and in hyperalgesia [START_REF] Iyengar | The role of calcitonin gene-related peptide in peripheral and central pain mechanisms including migraine[END_REF] . CGRP is expressed by 50% of the corneal neurons, 50% of them also co-expressing TRPV1 [START_REF] Alamri | Transient receptor potential cation channel subfamily V member 1 expressing corneal sensory neurons can be subdivided into at least three subpopulations[END_REF] . Following these lines of evidence, the stimulation of corneal nociceptors through both mechanical stimulation and TRPV1 activation by capsaicin application is likely to have induced the release of CGRP. This release could be both local to the TG through a paracrine mechanism, as previously demonstrated 43 , and central (in the trigeminal brainstem sensory complex [START_REF] Iyengar | The role of calcitonin gene-related peptide in peripheral and central pain mechanisms including migraine[END_REF] ). Once released, CGRP can signal on neighboring neurons, satellite and endothelial cells, glia, and mast cells, leading to vasodilatation 37 . Interestingly, a previous preclinical study showed that, while retrogradely traced neurons are localized in clusters in the TG (branches V1, V2, and V3 being separated from each other), capsaicin induces a spread of the tracer in all branches of the TG in the hours following injection in the temporomandibular joint. The tracer was not restricted anymore to neuronal soma, but was detected in satellite cells 43 . This phenomenon of cross-excitation within the entire TG induced by capsaicin is thought to be due to paracrine neuroglial communication that leads to communication via gap junctions 43 . We propose that these mechanisms, previously hypothesized to be involved in orofacial sensitization and hypersensitivity 43 , may also be involved in the TG's hemodynamic response increase quantified in this work and in previous clinical studies 4 .

In conclusion, this study constitutes the first demonstration of functional mapping of the hemodynamic response in the rodent TG evoked by natural trigeminal stimulations, and provides a new experimental approach to investigate the vascular features (blood flow and morphology) and the neurovascular coupling under physiological and pathophysiological pain conditions. Future investigations will be useful for the development/ monitoring of therapeutical strategies for debilitating trigeminal chronic pain conditions. In toto labelling of the trigeminal vasculature using intracardiac perfusion of DiI. Labelling of the trigeminal vasculature was performed by intracardiac perfusion of the lipophilic fluorescent dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), a lipophilic carbocyanine dye, which incorporates into endothelial cell membranes upon contact, following a wellestablished protocol [START_REF] Li | Direct labeling and visualization of blood vessels with lipophilic carbocyanine dye DiI[END_REF] . Three Sprague-Dawley rats were deeply anesthetized with an intraperitoneal (IP) injection of sodium pentobarbital (Dolethal, Ceva Santé, France, 150 mg.kg -1 ). Then, a thoracotomy was performed and an incision in the right atrium was made. Animals were perfused with 2 mL of saline solution (0.9% NaCl), followed immediately by 15 mL of DiI (0.012 mg.mL -1 Sigma-Aldrich, France) dissolved in 2% ethanol, 98% PBS (phosphate buffered saline solution, 0.02 mol.L -1 ), as previously described [START_REF] Li | Direct labeling and visualization of blood vessels with lipophilic carbocyanine dye DiI[END_REF] , followed by 10 mL of paraformaldehyde 4% at the rate of 7 mL.min -1 . Trigeminal ganglia were extracted and fixed overnight in 4% paraformaldehyde at 4 °C before cryoprotection in a 30% sucrose solution for 1 day. They were frozen in an OCT (Optimal Cutting Temperature) matrix in cooled isopentane (-40 °C) on dry ice, cut in 12 µm slices on a cryostat (Leica CM 3050 S, Wetzlar, Germany) and mounted on Superfrost slides (Thermofisher scientific, Waltham, Massachusetts, USA). Note: these animals were previously used in a study on the vasculature of the spinal cord architecture [START_REF] Claron | Large scale functional ultrasound imaging of the spinal cord reveals in depth spatiotemporal responses of spinal nociceptive circuits in both normal and inflammatory state[END_REF] .

Methods

Calcitonin gene related peptide (CGRP) immunohistochemistry in the trigeminal ganglion. The sections that contained the DiI staining (see above) were washed three times in 0.1 M PBS. They were incubated for 1 h in a blocking solution of 0.1 M PBS containing 3% normal donkey serum and 0.1% triton X-100, and then for 24 h with a primary antibody at 4 °C. The primary antibody used in this study was mouse anti-CGRP (Sigma-Aldrich: Lot #083M4785, 1:250). CGRP was revealed using Alexa Fluor 594-conjugated donkey anti-rabbit antibody (1:500; Invitrogen). Finally, the sections were cover slipped. Microscopic observations: tissue sections were examined using a Zeiss M1 epifluorescence microscope (Axio ImagerM1; Carl Zeiss) equipped with a digital camera (C11440-42U30; Hamamatsu Photonics) and an image acquisition software (Zen; Carl Zeiss).

Surgical procedures and preparation for imaging. As the skull attenuates and (possibly) disturbs the propagation of ultrasounds, the imaging of the brain and in particular of the trigeminal ganglion (that is located below the brain) requires the removal of the skull. In this study, experiments of functional ultrasound were performed either through an acutely prepared craniotomy (results presented in Figs. 1, 2, and4) or through a chronically implanted window (Fig. 3). These windows were performed between Bregma +4.0 mm and Bregma -9.0 mm, allowing the scanning of a large part of the brain and the TG. During all the procedures, the animal's body temperature was maintained at 37.0 °C using a heating pad (Physitemp, Clifton, USA). Heart and breathing frequencies were constantly measured using ECG, a spirometer from AD Instruments and the 'Labchart' software (AD Instruments, Paris, France).

Preparation of an acute craniotomy. Under deep anesthesia (intraperitoneal (IP) bolus of medetomidine (Domitor, 0.4 mg.kg -1 ) and ketamine (Imalgène, 40 mg.kg -1 )), the animal was placed on a stereotaxic frame and a craniotomy (removal of the skull) was performed as previously described 19 between Bregma and Lambda. Some ELMA cream (AstraZeneca, UK) was placed in the ear bars in order to prevent discharge from nociceptors at ear level.

Preparation of chronically implanted cranial windows. An antalgic preanesthetic treatment buprenorphine (0.05 mg/kg) was given 20 min before the initiation of anesthesia. Anesthesia was induced with 2% isoflurane (0.35 l/min air and 0.15 l/min d'O2 using Minerve apparatus (Esternay, France)). A subcutaneous injection of local anesthetic (Xylovet (4 mg/kg) was performed 20 min before skin incision. We excised the parietal and frontal flaps by drilling and gently moving the bone away from the dura mater. The opening exposed the brain from Bregma +4.0 to Bregma -9.0 mm, with a maximal width of 14 mm. A prosthetic skull was sealed in place with acrylic resin (GC Unifast TRAD), and the residual space was filled with saline solution. The prosthetic skull is composed of polymethylpentene (Goodfellow, Huntington UK, goodfellow.com), a standard biopolymer used for implants 15,25 . This material has tissue-like acoustic impedance that allows undistorted propagation of ultrasound waves at the acoustic gel-prosthesis and prosthesis-saline interfaces. The prosthesis was cut out of a film of 250 µm thickness and permanently sealed to the skull. Particular care was taken not to tear apart the dura to prevent cerebral damage. Animals were subcutaneously injected with anti-inflammatory drug (Metacam, 0.2 mg/kg, once a day for 7 days) and prophylactic antibiotics (Borgal, 16 mg/kg once a day for 7 days), and postoperative care was performed for 7 days. Animals recovered quickly and were used for data acquisition after a conservative 10-day resting period.

Imaging sessions. Two milliliters of saline solution were gently dropped on the brain, followed by echographic gel (Dexco Médical, France). The ultrasonic probe was then positioned just above the window using a 4-axis motorized system on which the ultrasound probe was fixed 19 .

For animals with an acute window, as previously described 19,[START_REF] Claron | Large scale functional ultrasound imaging of the spinal cord reveals in depth spatiotemporal responses of spinal nociceptive circuits in both normal and inflammatory state[END_REF] , 45 min after induction (when the craniotomy was finished), the anesthesia was maintained but reduced, with a subcutaneous perfusion of medetomidine (0.1 mg/kg/h) and ketamine (12.5 mg/kg/h) using a syringe pump. As previously observed [START_REF] Claron | Large scale functional ultrasound imaging of the spinal cord reveals in depth spatiotemporal responses of spinal nociceptive circuits in both normal and inflammatory state[END_REF] , it was preferable to wait in order to reach stable physiological parameters and a reproducible level of anesthesia (respiratory frequency around 80-90 rpm).

For animals with a chronic window, the anesthesia was induced with 3% isoflurane (0.35 l/min air and 0.15 l/min d'O 2 using Minerve apparatus (Esternay, France)). Once the animal was installed on the stereotaxic frame, the level of isoflurane was gradually reduced to 1-0.75% over 30-40 min. Functional stimulations of the V1 or V2 territories were performed using 1-0.75% isoflurane, at a respiratory frequency of 80-90 rpm.

Each imaging session lasted from 3 to 4 h.

2D and 3D imaging scans of the brain and TG

In all animals on which we performed fUS experiments, a linear scan was first performed with a few successive antero-posterior 2D scans at (100 × 100 × 400 μm 3 ) resolution in order to reproducibly recognize the imaging plane of interest containing the TG. The spatial extent of the TG was measured and the probe was positioned in the desired plane of imaging (Bregma + 4.56 mm, see supplementary Fig. 1). This plane corresponds to the medio-anterior part of the TG, where the neurons of branch V1 are expected to be found 50 . Using a prototype ultrasonic ultrafast neuroimager (Iconeus, Paris, France), in N = 2 animals, a 3D-scan of the entire window (Bregma to Lambda) was performed with a tomographic approach. This approach based on the acquisition of several linear scans with different orientations of the probe enables the reconstruction of 3D angiography with isotropic voxel resolution (100 × 100 × 100 μm 3 ) using a linear ultrasonic probe [START_REF] Bertolo | Whole-brain 3D activation and functional connectivity mapping in mice using transcranial functional ultrasound imaging[END_REF] . A total of 19 probe orientations of the probe were used and, for each orientation, 81 successive 2D scans were acquired with 0.2 mm steps. The isotropic 3D volume reconstructed (IcoStudio, Iconeus, Paris, France) is shown in Supplementary Movie 1 and Fig. 2b.

Peripheral stimulations

Internal positive control: stimulation of the left whisker pad: To check the adequacy of the level of anesthesia, we performed a routine test in each experiment, which consisted in measuring the evoked haemodynamic response in the barrel cortex (S1BF) induced by stimulation of the ipsilateral whisker pad (Supplementary Fig. 1), as previously performed in our seminal article 18 . A train of six stimulations at 4 Hz lasting 20 sec, separated by 20 sec, were performed using an Arduino. In the rare cases (2 over 30) where this test did not elicit any response after multiple retests in various planes of the barrel cortex, the animal was euthanized and excluded from the experiment. Mechanical and chemical corneal stimulations: Mechanical stimulations consisted of six manual stimulations of the cornea using a soft brush (gentle stroke, see Supplementary Movie 2). The stimulations lasted 10 sec, separated by 20 sec, with a resting time of 30 sec before and after these repetitions. Chemical stimulations were performed using topical corneal application of capsaicin (10 μM, Sigma-Aldrich). After 60 sec in absence of any stimulation (baseline), a 2 × 2 mm filter paper impregnated with 50 μL of 10 μM capsaicin was applied on the cornea for 3 min. The cornea was then washed using a saline solution.

Static mechanical stimulations of the ophthalmic and maxillary territories: Four static mechanical stimulations were applied manually using a calibrated von Frey hair #15 (Anesthesiometer), which applies reproducibly a force of 17 g, which is known to be nociceptive in these territories in (awake) naïve animals. The stimulations lasted 5 sec, separated by 55 sec, with a resting time of 60 sec before and after these repetitions.

fUS imaging: sequences of imaging and signal processing 

Animal preparation for anesthetized imaging session

1. Apply some eye ointment (e.g., Ocry-Gel) to the mouse eyes to avoid any cataract formation during the imaging session. Shave the mouse head using a trimmer. Apply some depilatory cream and rinse after a couple of minutes. Repeat until the hair is completely removed. CAUTION: Be careful to not apply cement inside the frame window as it greatly diminishes signal quality.

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

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

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

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

Handling and habituation

1. On day 1 post-recovery (PR), gently hold the mouse in hand for 5-10 min several times a day. 6. On the day of the experiment, proceed as described above. Then, humidify the imaging window with saline and apply some ultrasound gel. Start the tracking of the animal and proceed to the probe positioning (see below).

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

Brain Positioning System (BPS)

1. In the IcoStudio software, make sure that the angiographic scan and its .bps file (generated in step 4.4) are loaded. 

Representative Results

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

Discussion

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

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

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

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

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

However, it might be necessary to extend the habituation period for more refined behavioral tests 17 . 
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  MS) is the most common non-traumatic neurologic disease to affect young adults(Caprio and Russo 2016; Dobson and Giovannoni 2019; Hauser and Cree 2020). It affects 2.8 million people worldwide(Walton et al. 2020). It is an autoimmune disease affecting the central nervous system (CNS), which includes the brain and the spinal cord. Inflammatory cells that are supposed to protect the body from external agents start attacking cells from their own body and the resulting inflammation leads to demyelination(Dobson and Giovannoni 2019) (See Figure 1). Myelin is the protecting sheath that surrounds the axons of the neurons and helps the transmission of the neuronal signals by accelerating it and maintaining it(Boullerne 2016; Kipp et al. 2017). The inflammation also affects oligodendrocytes whose role is to repair myelin(Boullerne 2016; Dobson and Giovannoni 2019). At the early stages of the disease, the axons are relatively spared but as the disease progresses, irreversible axonal damage develops(Dobson and Giovannoni 2019).

Figure 1 :

 1 Figure 1: Result of the immune system attack. From https://www.nationalmssociety.org/What-is-MS/Definition-of-MS

Figure 2 :

 2 Figure 2: Typical lesions in the brain as shown by cerebral Magnetic Resonance Imaging (MRI)(Hemond and Bakshi 2018). The lesions are brighter on the image taken with this fluid-attenuated inversion recovery (FLAIR) sequence. Two examples are pointed out by arrows in the left panel.

Figure 3 :

 3 Figure 3: Different evolutions of the disease. Source: https://institutducerveau-icm.org/fr/sclerose-en-plaques/

Figure 4 :

 4 Figure 4: FLAIR scan showing hyperintense lesions. Some examples are pointed out by arrows (Hemond and Bakshi 2018).

Figure 5 :

 5 Figure 5: T1 weighted image showing hypointense lesions. Two examples are pointed out by arrows(Hemond and Bakshi 2018).

Figure 6 :

 6 Figure 6: T1 weighted images post gadolinium injection showing hyperintense lesions(Hemond and Bakshi 2018).Two examples are pointed out by arrows.

Figure 7 :

 7 Figure 7: Schematic of EAE Model implementation(Hoffman and Herzog 2008)

  model has the advantage of being non-invasive, as the molecule is given in the chow of the mice. The resulting demyelination is widespread throughout the brain, which does not resemble the focal lesions of MS, but its greater effect on myelin tracts makes it easier to detect with imaging techniques. Its growing popularity(Kipp et al. 2017), together with its pathological relevance and the convenience of implementation, are other reason why we chose this model for this PhD.

Figure 8 :Figure 9 :

 89 Figure 8: Molecular structure of Cuprizone on the left(Vega-Riquer et al. 2019) and proposed scheme for the structure of the copper-Cuprizone complex(Messori et al. 2007) 

Figure 10 :

 10 Figure 10: Modern CT revealing all body regions with sub-millimeter spatial resolution (with multi-slice spiral CT)(Kalender 2006) 

Figure 11 :

 11 Figure 11: Example of PET image showing increased marker of neuroinflammation ( 11 C-PK11195) binding in the periventricular white matter of a 30-year-old woman with Multiple sclerosis. This PET image is fused with an MRI scan(Niccolini et al. 2015).

Figure 12 :Figure 13 :

 1213 Figure 12: Principle of MRI. A) In a magnetic field B0, the protons spin around their own axes and precess around the direction of B0. B) This precession is characterized by the phase, represented here the rotation axis seen from above.(van Geuns et al. 1999)

Figure 14 :

 14 Figure 14: The two processes of relaxation: longitudinal relaxation (upper row), which is the realignment of the spins with the magnetic field and transverse relaxation (lower row), which is the dephasing of the precessing spins.

Figure 15 :

 15 Figure 15: Examples of DTI images on MS patients. Overlay of significantly reduced FA on mean FA image.(Roosendaal et al. 2009) 

Figure 16 :

 16 Figure 16: Schematic diagram of the fNIRS system. A light detector captures the light resulting from the interaction with the chromophores (e.g. HbO, HbR), following a crescent-shaped path back to the surface of the skin.(Mohammadi-Nejad et al. 2018)

Figure 17 :

 17 Figure 17 : Schematic representation of the electromagnetic induction phenomenon: a changing magnetic field (B)

Figure 18 :Figure 19 :

 1819 Figure 18: Schematic of the geometric configuration need for the detection of the magnetic field generated by the dendrites(Tamilia et al. 2017).

  cost of a two-photon microscope has limited its widespread use. The two-photon absorption efficiency of the dye is generally low, but it is a crucial parameter for obtaining a large output fluorescence signal. Other limitations of calcium imaging include the toxicity of the fluorescent dyes used on neurons, and the imaging depth is limited by the scattering of light in tissue.(Cossart et al. 2005) 

Figure 20 : 1 . 4 . 1

 20141 Figure 20: Schematic of two-photon calcium imaging process to study dynamics from network to cell. (1) Contour detection of the cell bodies and dendrites imaged above are detected by an automatic procedure. (2) Representative traces of calcium transients. (3) Threshold based event detection. (4) Representative rasterplot. Each row represents a single cell, and each mark a detected calcium transient. (5) Once an interesting network event is detected, cells involved in it are highlighted in the contour plot (red-filled contours). (6) Electrophysiological recording of the cell thus detected, recorded in whole-cell and filled with biocytin. (7) Morphological identification with photomicrograph of a biocytin-filled neuron.(Cossart et al. 2005) 

Figure 21 :

 21 Figure 21: Analogy between (a) optical holography and (b) time reversal and (c) ultrafast ultrasound imaging. For both techniques, the first step consists in a transmission of a wide-field wavefront and recording of the wave scattered by an object. In optical holography (a), the interference between these two waves is recorded on a plate, whereas in time reversal (b) and ultrafast imaging (c), the backscattered echoes are recorded numerically. The second step consist in restoring the wave scattered by the object, by illuminating the plate with a reference beam in optical holography and by digital parallel beamforming for time reversal (b) and ultrafast ultrasound imaging (c). The only difference between (b)

Figure 22 :

 22 Figure 22: Conventional focused and ultrafast ultrasound imaging sequences for a typical medical imaging setup: (a) conventional focused imaging (128 focused beams and 4 focal depths leading to ~25 fps), (b) plane-wave imaging (~18 000 fps), (c) plane-wave compounding with 17 angles (~1000 fps), and (d) plane-wave compounding with 40 angles (~350 fps).(Tanter and Fink 2014) 

Figure 23 :

 23 Figure 23: Illustration of the Doppler effect. On the left, the source is not moving and emitting a wave with a constant wavelength. On the right, the source is moving toward a stationary observer that receive the wave with a shorter wavelength, perceiving a higher pitched sound. Adapted from https://imagine.gsfc.nasa.gov/features/yba/M31_velocity/spectrum/doppler_more.html

Figure 24 :

 24 Figure 24: Illustration of pulse Doppler technique to determine the velocity of the scatterer. On the right, the signal recorded is flat due to the fact that the time the echoed wave takes to come back is the same. It is typically the case for scatterers of the tissue. On the middle, theses times change slowly because the scatterer moves slowly, leading to a slow and low frequency recorded signal. On the right, these times change more rapidly, leading to a high frequency recorded signal. It is typically the case for scatterers of the blood.

  Figure 25).

Figure 25 :

 25 Figure 25: Representation of the three coherence domains extracted from the SVD, computed from an acquisition on a flux phantom. (a) Correlation matrix of the different pixels of the image, ranked by their coherence (number of singular vector). The most coherent domain is on the top left and represent the tissue surrounding a vessel and it is to be discarded. The less coherent domain in the middle correspond to the flux signal representing a vessel and it is to be kept. The least coherent domain on the bottom right represent the noise and it is to be discarded. (b) Images obtained if only one of the domains was kept. The image were only the domain in the middle is kept represent well the situation encountered in neuroimaging.(Baranger et al. 2018) 

Figure 26 :

 26 Figure 26: The main applications and features of functional ultrasound imaging. fUS imaging provides (i) a compatibility with a wide range of animal models for preclinical studies, (ii) the ability to image awake and freely moving animals, (iii) possibility to combine with super-resolution ultrasound localization microscopy, (iv) possible extension to 3D imaging, (v) functional connectivity mapping for brain connectomics, (vi) translation to clinical neuroimaging in human neonates or (vii) peroperative neuroimaging during brain surgery and (viii) EEG compatibility for EEG-fUSrecordings.(Deffieux et al. 2018) 

Figure 27 :

 27 Figure 27: Examples of sensory mapping studies in rats. On the left column are the activations maps, on the right column the temporal courses of CBV or Power Doppler, which are equivalent, in the region of interest (ROI). (a) Sensory mapping of whisker stimulation(Macé et al. 2011) (b) Sensory mapping of electric stimulation applied at the forepaw with 5, 10 and 25 pulses(Urban et al. 2014) (c) Sensory mapping of odor stimulations with hexanal and pentyl acetate(Osmanski et al. 2014a) (d) Sensory mapping of visual stimulation(Gesnik et al. 2017) 

Figure 28 :

 28 Figure 28: Example of spontaneous resting-state functional connectivity in rat. (a) and (b) Location of two distant seed regions, that is, the right (blue) and left (red) S1HL + M1. (c) Spontaneous variations in the power Doppler signal in the seed regions (d) Example of temporal variations in signals that are weakly correlated with the seed.(Osmanski et al. 2014b) (f) Mean (Nrat=4) correlation matrix of 103 cortical and subcortical regions and connectivity graph from a 3Dconnectivity study(Rabut et al. 2019) 

  since it is limited by the fact that it only measures velocity of flux going toward the probe or away from it(Couture et al. 2018) (see Figure29). This technique enables quantitative angiographic imaging of the deep cerebral vasculature down to microscopic resolution. Furthermore, ULM has recently been extended to 3D imaging in the rat brain. Noninvasive transcranial ULM has also been demonstrated clinically in human adults and has led to high sensitivity and 25 μm-resolution human brain angiographic imaging, surpassing any currently available angiographic modality(Deffieux et al. 2021). Although ULM has been proven to allow for functional mapping of brain activity at high spatial resolution, its temporal resolution may be much lower due to the need to accumulate enough microbubbles in each pixel(Renaudin et al. 2022).

Figure 29 :

 29 Figure 29: Overview of ULM. (a) General steps of ULM processing. 1) 100s to 100 000s of images are acquired and stacked. 2) Slow-time filtering or low concentration allows the separation of particles/microbubbles. 3) Centroids of the focal spots created by the microbubble are localized. 4) Localization of microbubbles is assigned to tracks to determine the velocity vector. 5) Resulting tracks through the movie are accumulated in one image. In parallel, motion is tracked and used to correct microbubble localization. (b) Example of an image produced with ULM(Couture et al. 2018) (c) On the left and middle, activation maps computed with ULM compared to activation in a regular fUS experiment(Renaudin et al. 2022).

  and the lack of standardized MRI protocols makes it difficult to gather data from different labs, hampering a global understanding of MS mechanisms in animal models. Functional ultrasound, on the other hand, does not have these limitations in preclinical studies. Its portability and lower cost make it a potentially widespread technology, and the development of standardized protocols would facilitate data collection from different laboratories. This could significantly enhance the global understanding of MS mechanisms and aid in the development of new treatments. Thus, the aim of my PhD research is to evaluate the utility of fUS in studying MS at the preclinical stage by developing biomarkers of demyelination and remyelination in two animal models of MS.

Figure 30 :

 30 Figure 30: Optimization of the stimulation pattern. (a) Examples of temporal courses in blue superposed with the stimulation pattern in orange. (b) Boxplot of the spatial extent of the activation defined by the number of significant pixels. t-tests were performed between each pair of groups (* p<0.05).

Figure 31 :

 31 Figure 31: Comparison of two different frequencies of whiskers stimulation (2 and 4 Hz) on the cortical hyperemia. (a) Examples of activation maps showing no additional motion artifact (significant pixels in yellow outside the S1BF) for the 4Hz frequency. (b) Boxplot of the spatial extent of the activation defined by the number of significant pixels

Figure 32 :

 32 Figure 32: Test of the most suitable imaging plane (selected by the Iconeus BPS algorithm) for the measure of the functional hyperemia induced by stimulations of the whiskers around D1, D2, C1 and C2. (a) Schematic of the selection of the whiskers stimulated. The white circle represent the targeted whiskers (b) Examples of activation maps in the imaging planes tested (Bregma -2mm left, Bregma -1,5mm center and Bregma -1 mm right). (c) Boxplot showing the spatial extent of the activation defined by the number of significant pixels. Non parametric tests were performed considering the non-Gaussian distribution of the data. Ranksum test between each pair of groups (N=5, * p<0.05).

(

  Iconeus, Paris, France, and Inserm Accelerator of Technological Research in Biomedical Ultrasound, Paris, France) dedicated to small animals. The linear probe used had 128 piezoelectric transducers with a 15 MHz central frequency. It was connected to the ultrasound scanner Iconeus One which compute the Power Doppler signal.

Figure 33 :

 33 Figure 33: Schematic of the temporal analysis separating dynamic aspect with the rise time and steady-state aspect with the mean ΔCBV of the plateau.

Figure 34 :

 34 Figure 34: Effect of the oxygen/air ratio in the carrying gas of isoflurane. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau representing the steady aspect of the stimulation. (d) Risetime of the activation representing the dynamic aspect of the activation. t-tests were performed (* p<0.05).

Figure 35 :

 35 Figure 35: Effect of the route of injection of medetomidine. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau representing the steady aspect of the stimulation. (d) Risetime of the activation representing the dynamic aspect of the activation. t-tests were performed (* p<0.05).

Figure 36 :

 36 Figure 36: Overview of the effect of the improvement of the protocol on the number of active pixels measure. (a) Boxplot of the number of active pixels on naive mice at the end of each improvement. t-tests were performed between each group (* p<0.05). (b) Power analysis showing the number of animals required to detect a specific decrease or increase expressed in percentage of the mean. (c) Power analysis showing the minimal difference (expressed in percentage of the mean) that can be detected with 8 animals.

Figure 37 :

 37 Figure 37: Overview of the effect of the improvement of the protocol on the average ΔCBV measure. (a) Boxplot of the average ΔCBV measure on naive mice at the end of each improvement. t-tests were performed between each group (* p<0.05). (b) Power analysis showing the number of animals required to detect a specific decrease or increase expressed in percentage of the mean. (c) Power analysis showing the minimal difference (expressed in percentage of the mean) that can be detected with 8 animals.

Figure 38 :

 38 Figure 38: Overview of the effect of the improvement of the protocol on the number of active pixels measure in the thalamus. (a) Boxplot of the number of active pixels on naive mice at the end of each improvement. t-tests were performed between each group (* p<0.05) (b) Power analysis showing the number of animals required to detect a specific decrease or increase expressed in percentage of the mean. (c) Power analysis showing the minimal difference (expressed in percentage of the mean) that can be detected with 8 animals.
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 41 Improvement of the implementation of the LPC model As discussed in the introduction, the LPC animal model of MS is typically used to study demyelination and remyelination in the spinal cord. However, a recent article by Narayanan et al., demonstrated that it is possible to induce demyelination with LPC in either white matter and grey matter in the mouse brain in mice, and observe functional alterations. Specifically, they studied the consequences of demyelination in the sensory tracts of the auditory system by injecting LPC into the thalamic relay of this tract (the ventral medial geniculate nucleus), the white matter connecting it to the cortex (internal capsule), or the auditory cortex itself (A1)(Narayanan et al. 2018). Similarly, we investigated the consequences of strong demyelination in white matter lesions in sensory tracts of the whiskers by injecting LPC into the internal capsule (IC) that connects the thalamus (the ventral posteromedial thalamic nucleus (VPM) and posteromedial thalamic nucleus (Po)) to the primary somatosensory cortex (S1) barrel field cortex (S1BF)(Wimmer et al. 2010) (see Figure 39 a-d). A second group of animals received the same volume of LPC in the S1BF, mimicking (according to Narayanan et al.) a grey matter lesion. To control for the potential effects of the injection procedure itself on our measures, we used a control group, in which mice were injected with saline.

Figure 39 :

 39 Figure 39: Anatomy of the sensory tracts of the whisker in rodents. (A) Brightfield image of a thalamocortical section that includes part of the barrel field. Inset: Schematic drawing of VPM and Pom. (B) Bulk labeling of VPM axons, epifluorescence image of the TC section shown in A. Arrow: drop-like structures defined by VPM projections. (C) Brightfield image of TC section from a different animal with AAV injection into Pom. (D) Bulk labeling of Pom axons, same section as shown in C. Scale bar 1 mm.(Wimmer et al. 2010) (E) Schematic drawing of specific stereotaxic injection into IC and S1BF(Paxinos and Franklin 2019).
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 42 Improvement of the implementation of the Cuprizone modelThe Cuprizone model is another animal model that is commonly used to study the demyelination and remyelination processes observed in MS. Compared to the LPC model, the Cuprizone model produces more extensive and widespread demyelination in the brain, potentially making it easier to detect with our functional measures. However, it is important to note that the capacity of the Cuprizone model to induce demyelination can vary, and it takes longer to achieve complete demyelination and remyelination(Zhan et al. 2020). Specifically, complete demyelination occurs after 5 weeks of exposure to a diet containing the molecule, with complete remyelination taking place within 4 weeks of a normal diet(Vega-Riquer et al. 2019).2.4.2.1 First series of experiments and problematic in the use of commercially available chow-delivered cuprizoneThe first series of experiments was designed to achieve the second aim of the PhD, which is to implement several fUS measures for demyelination and identify the most promising biomarkers. Following the approach of previous studies testing new imaging methods, we examined not only the classical five-week time point, but also the 10-week time point corresponding to chronic demyelination(Khodanovich et al. 2017; Hashem et al. 2022). To induce demyelination, we used pellets containing 0.2% cuprizone, commercially available from Safe-France. We imaged a group of eight animals for each time point to compare our measures to the gold standard quantification of myelin via immunohistochemistry of the myelin basic protein (MBP). A control group consisting of naive mice at the matching age was also imaged in parallel at each time point.Although the evoked response measure showed promising results for this series of experiments, the results obtained could not be fully interpreted due to the weak demyelination induced (as observed by the MBP immunostaining, (Figure40 c). Typically, demyelination is easily identifiable in the median part of the corpus callosum, where it is expected to be most severe (Figure40 b). However, our MBP immunohistochemistry images revealed a relatively high myelin content in this location. While demyelination in the cortex indicated that the cuprizone induced some demyelination, it was milder than what is considered in the literature as a demyelination(Chami et al. 2017). Additionally, we did not observe the expected weight loss during cuprizone intake, as described in previous studies(Torkildsen et al. 2008; Tagge et al. 2016) (Figure40 d).

Figure 40 :

 40 Figure 40: Evidence of a mild demyelination induced by the Cuprizone pellets. (a) Schematic of the zoom taken in the literature and in our study. (b) Examples of MBP immunohistochemical staining taken from another study. Zoom on the median corpus callosum showing massive demyelination at 5 and 12 weeks(Chami et al. 2017). (c) Examples of MBP immunohistochemical staining (green) and counter stained with Dapi (blue) of our series of experiment. Zoom of the median corpus callosum in the bottom and the cortex above. (d) Average weight evolution of the two Cuprizone groups showing no weight loss contrary to what was expected. Error bars are SEM.

Figure 41 :

 41 Figure 41: Schematic of the experimental design with a longitudinal approach

  Figure 42. The MBP immunofluorescent images show visible demyelination in the cortex as early as 3 weeks. The 5-week intoxication significantly demyelinated the median part of the corpus callosum, and remyelination occurred after 2 weeks of a normal diet, which can be observed in the median part of the corpus callosum. Quantifications in the various brain areas are reported in the result section 4.2.4, Figure 65. Weight loss at the start of intoxication also occurred as expected from literature(Torkildsen et al. 2008; Zhan et al. 2020).

Figure 42 :

 42 Figure 42: Evidence of a proper demyelination induced by the Cuprizone freshly mixed every day with new ground chow. (a) Examples of MBP immunohistochemical staining of our series of experiment. Zoom of the median corpus callosum in the bottom and the cortex above. (b) Average weight evolution of showing weight loss at the beginning of intoxication, as expected. Error bars are SEM. (c) Quantification of the MBP level in the median corpus callosum (t-tests were performed between each pair of groups (* p<0.05)

Figure 43 :

 43 Figure 43: Validation of the longitudinal approach with a control group for the evoked response in the cortex. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 44 :

 44 Figure 44: Validation of the longitudinal approach with a control group for the evoked response in the thalamus. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. D) Risetime of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 45 :

 45 Figure 45: ULM quantification of the diameter of cortical venules and penetrating arteries and flux velocity in these blood vessels. (a) Example of a velocity map on the left and a zoom on the right showing the layers averaged for the profile at different depth. (b) Example of a 50μm layer used to average the density and velocity maps. (c) Example of a microbubble count profile averaged on the density map. The dotted line represents half of the maximum count of microbubbles. The double arrow represents the definition of the diameter considered for the quantifications.

Figure 46 :

 46 Figure 46 : Representative examples of the area averaged for the quantification of immunohistochemistry approach. (a) Background area, (b) median corpus callosum, (c) whole hippocampus, (d) S1BF, (e) internal capsule, (f) thalamus. Scale bar : 1.2mm in a and c, 1mm in e, 900μm in d and 800μm in b and f.
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 63331 Prediction of a value using multiple linear regressionRegression models consists in predicting a certain value called response from others called predictors. In our study, we employed multiple linear regression models to predict the level of myelin, quantified by MBP immunohistochemistry, based on our fUS measures. This could be very helpful for treatment development, as it enables a longitudinal analysis by utilizing fUS measures as a surrogate for myelin levels, eliminating the need for tissue collection required in immunohistochemistry. We trained the models using the 'fitlm' MATLAB function, which also provides evaluation metrics for the model. To assess the overall performance of the model, we conducted an F-test to compare the model with the data against a constant model without any data. The resulting p-value determines if the model is statistically superior. Additionally, we can evaluate the model using the Root Mean Squared Error (RMSE), which represents the standard deviation of the errors. If the RMSE is lower than the standard deviation of the response data, it indicates a good fit between the model and the data. Furthermore, we can assess the contribution of each predictor by testing whether their estimates significantly differ from zero, indicated by the corresponding p-values. Study of demyelination and remyelination in the Lysolecithin model Implementation of the measures in a first round of experiments After optimizing most protocols to ensure reproducibility, we first implemented them in the Lysolecithin model due to its faster development compared to the cuprizone model.We examined three timepoints of the model's development: 7 days after injection (D7), which corresponded to the peak of demyelination; 14 days after injection (D14), which corresponded to partial remyelination; and 21 days after injection (D21), which corresponded to complete remyelination. In accordance with the methods described in the previous chapter, we injected two sites: one group of animals was injected in the S1BF
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 11 Functional Connectivity As described previously in human subjects and rodents (Zeng et al. 2012; Osmanski et al. 2014b; Pais-Roldán et al. 2021), healthy brains are characterized by a strong interhemispheric functional connectivity at rest. Therefore, we first began our analysis of the FC data computing the correlation between the two contralateral S1BF areas. As shown in Figure 47, these values were unfortunately dispersed and highly variable, and the strength of the interhemispheric FC was lower than expected, considering previous observations with our technique, in rats(Osmanski et al. 2014b) and awake mice(Rabut et al. 2020) even for the control group.

Figure 47 :

 47 Figure 47: Quantification of the cortico-cortical functional connectivity between the bilateral S1BF cortical areas, at D7 (left), D14 (middle) and D21 (right). Results are presented as boxplots of the correlation. t-tests were performed between each pair of groups (* p<0.05).

Figure 48 :

 48 Figure 48 : Results of the hemodynamic response evoked by whisker stimulation in the first series of Lysolecithin experiment. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM). (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau representing the steady aspect of the stimulation. t-tests were performed between each pair of groups (* p<0.05).

Figure 49 :

 49 Figure 49: Quantification of microglial activation using IBA-1 immunostaining for animals injected in the S1BF. (A) Example of a control animal injected with Saline. The white arrow points out the injection site. (B) Example of an animal injected with LPC in the S1BF. The arrow points out the activation located in the corpus callosum instead of the expected area in the cortex. (C) Quantification of the ipsi/contralateral ratio of IBA-1 immunohistochemical staining in the corpus callosum below the injection site. t-tests were performed between each pair of groups (* p<0.05, ** p<0.01, *** p<0.001). Scale bar : 1.5mm in A-B.

Figure 50 :

 50 Figure 50: Quantification of microglial activation using IBA-1 immunostaining for animals injected in the IC. (A) Example of a control animal injected with Saline. The white arrow points out the injection site. (B) Example of an animal injected with LPC in the IC. The arrow points out the activation located in the IC. (C) Quantification of the ipsi/contralateral ratio of IBA-1 immunohistochemical staining in the IC. t-tests were performed between each pair of groups (* p<0.05, ** p<0.01, *** p<0.001). Scale bar : 1mm in A-B.

Figure 51 :

 51 Figure 51: Results of the evoked response to the whisker stimulus in the second series of Lysolecithin experiment, at 24 hours after the injection. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM). (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau representing the steady aspect of the stimulation. t-tests were performed between each pair of groups (* p<0.05).

Figure 52 :

 52 Figure 52: Results of the evoked response to the whisker stimulus in the second series of Lysolecithin experiment, at D7, D14 and D21 after the injection. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM). (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau representing the steady aspect of the stimulation. ttests were performed between each pair of groups (* p<0.05).

Figure 53 :

 53 Figure 53: Double immunostaining for microglial cells (Iba-1 staining, red) and astrocytes (GFAP staining, green) in one saline injected animal (A,B), one LPC-injected animal in the S1BF (C,D) and one LPC-injected animals in the IC (E,F), 21 days after the injection.
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 441 Study of demyelination and remyelination in theCuprizone model First round of experiments using chow provided-cuprizone In a similar manner to the Lysolecithin model study, we initiated the Cuprizone model study by applying all fUS measures to identify the most promising biomarkers. As described in section 2.4.2.1, we administered Cuprizone to the mice for 5 weeks (5W) to study the effects of acute and maximum demyelination and for 10 weeks (10W) to investigate the impact of chronic demyelination. However, the implementation of the Cuprizone model for this series resulted in low demyelination levels, which must be taken into account while interpreting the findings.4.1.1 Functional connectivityWe evaluated first the potential changes in functional connectivity, by computing the correlation of signals in the right and left S1BF, which are expected to be correlated in healthy brains(Nasiriavanaki et al. 2014; Osmanski et al. 2014b). However, no statistical difference was observed at either 5 weeks or 10 weeks in the Cuprizone model. Although there was a trend of a decrease in at 10 weeks, the high variability of the measure prevented this decrease from being statistically significant (see Figure54).

Figure 54 :

 54 Figure 54: Quantification of the cortico-cortical functional connectivity within the two contralateral S1BF areas, at 5 weeks (left) and 10 weeks (right) of Cuprizone intoxication. Results are presented as boxplots, with individual values on overlay. t-tests were performed (* p<0.05).

Figure 55 :

 55 Figure 55: Results of the evoked response to the whisker stimulus in the first series of Cuprizone experiment. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM). (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau representing the steady aspect of the stimulation. (d) Risetime of the activation. t-tests were performed (* p<0.05).

Figure 56 :

 56 Figure 56: Results of the quantification of blood flow velocity with ULM in the first series of Cuprizone experiment. (a) Schematic of a pial arteriole and a penetrating arteriole showing the depths quantified and the one statistically significant. (b-f) Boxplots of the significantly reduced blood flow velocity at several depths, 250, 300, 400, 550 and 700μm, respectively.

Figure 57 :

 57 Figure 57: Histochemical staining of myelinated structures using Gold Black staining (a, b) or Luxol Fast Blue (c, d). The figure shows examples of labelling in one control animal (a, c) and one cuprizone treated animal (commerciallyavailable chow provided cuprizone, b, d). Both stainings show a decreased in cuprizone treated animals, but this decrease is only mild, compared to previous publications.

Figure 58 :

 58 Figure 58 : Introduction of the Overshoot. (a) Schematic of the Overshoot measure (b) Overshoot for the control group of the longitudinal approach.

4. 2 . 1

 21 Study of mild and early demyelination (3 weeks) 4.2.1.1 Activation in the cortex (S1BF) At this stage of the Cuprizone treatment, according to the literature, the demyelination is just beginning so the lesions are expected to be mild(Zhan et al. 2020).

Figure 59 :

 59 Figure 59: Evoked response characteristics in the cortex of early demyelination at 3 weeks (3W) of Cuprizone intoxication. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. (e) Overshoot of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 60 :

 60 Figure 60: Evoked response characteristics in the thalamus of early demyelination at 3 weeks (3W) of Cuprizone intoxication. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 61 :

 61 Figure 61: Evoked response characteristics in the cortex of full demyelination at 5 weeks (5W) of Cuprizone intoxication. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. (e) Overshoot of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 62 :

 62 Figure 62: Evoked response characteristics in the thalamus of full demyelination at 5 weeks (5W) ofCuprizone intoxication. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d)Risetime of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 63 :

 63 Figure 63: Evoked response characteristics in the cortex of full demyelination at 5 weeks (5W) of Cuprizone intoxication and remyelination after 2W of normal diet. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. (e) Overshoot of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

Figure 64 :

 64 Figure 64: Evoked response characteristics in the thalamus of full demyelination at 5 weeks (5W) of Cuprizone intoxication and remyelination after 2W of normal diet. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. After a repeated measure ANOVA test, t-tests were performed between each pair of groups (* p<0.05) if the ANOVA test showed a statistically significant difference.

  consistent with the increased MBP staining observed byPlemel et al. 2018, at early time points of demyelination(Plemel et al. 2018). According to these authors, when myelin is damaged, it induces first an increased immunoreactivity. The reduced immunoreactivity is only observed when the MBP is destroyed and digested.The demyelination in the thalamus was only observed at 5W of cuprizone intoxication. As for the S1BF and the corpus callosum, the remyelination was only partial after 2 weeks of normal chow.In agreement with a previous study that showed the large variability of demyelination in several areas of the brain in the cuprizone model, we did not observe any demyelination in the internal capsule after 3 or 5 weeks of cuprizone intoxication. Certain studies showed that this area demyelinate much later(Tagge et al. 2016; Vega-Riquer et al. 2019).

Figure 65 :

 65 Figure 65: Quantification of the extent of demyelination and remyelination using MBP immunostaining in the four experimental groups.N=8 per group. A-D and H-K show representative examples of control (A, H), or animals intoxicated

Figure 66 :

 66 Figure 66: ROC curves of the classification models. (a) ROC curve of the classification between the 3W demyelination time point and its initial D0 time point. (b) ROC curve of the classification between the 5W demyelination time point and its initial D0 time point. (c) ROC curve of the classification between the 5+2W remyelination time point and its initial D0 time point. (d) ROC curve of the classification between the 5+2W remyelination time point and its 5W demyelination time point. The black dot on each curve represents the optimal operating point.

Figure 67 :

 67 Figure 67: Overview of the predictor data. (a) Mean relative changes in CBV during whiskers stimulation (curves in transparency define the SEM, n = 8 per group). The dotted lines represent the end of the stimulation (b) Quantification of the surface area of the activation in the brain by the number of active pixels (significant pixels of the GLM). (c) Mean ΔCBV of the plateau. (d) Risetime of the activation. (e) Overshoot of the activation. t-tests were performed between each pair of groups (* p<0.05).

Figure 68 :

 68 Figure 68: Spearman correlation matrix of all the data, predictors and response, and its corresponding p-values in the upper half (corrected with the Benjamini method). The blue square represents the correlation between the fUS measures, the green square represents the correlation between the MBP levels in the areas considered and the red rectangles represent the correlation between the fUS measures (predictors) and the MBP levels (response).

Additionally, the fUS4. 5 Discussion 4 . 5 . 1

 5451 measures provided valuable insights into the mechanisms of the Cuprizone model, and potentially MS. For instance, quantification of ULM revealed a reduction in basal blood flow velocity, suggesting an alteration in the cells responsible for vasodilation. The rise time of the response increased only at the chronic time point of Cuprizone intoxication, indicating a delay in the response during that period. The overshoot of the response is a measure relatively unexplored in literature, but its decrease in our study for the demyelination timepoint could provide interesting data on the mechanisms of demyelination. Furthermore, the distinct results observed in the cortex and thalamus highlight a region-specific effect of the Cuprizone model, extending beyond known region-specific demyelination. Finally, the incomplete recovery of fUS measures despite the normalization of MBP levels following remyelination demonstrates a significant disparity between structural information (MBP) and functional information (fUS), which remains poorly understood in MS. Overall, fUS has generated a wealth of new and exploratory data, providing valuable insights into the mechanisms of Cuprizoneinduced demyelination and potentially shedding light on MS. Coherence of our results with observations in MS patients Our findings in the Cuprizone model revealed an increase in both spatial and amplitude response at the 5-week demyelination time point. While this result may seem surprising considering the deleterious effects of Cuprizone-induced demyelination, it aligns with task-related fMRI studies conducted in MS patients. In their extensive review, Rocca et al(Rocca et al. 2022) compiled a large number of studies demonstrating increased activation of the primary sensorimotor cortex during tasks in early-stage MS patients.

Figure 69 :Figure 70 :

 6970 Figure 69: Schematic representation of findings from the main studies using task-based fMRI to investigate reorganization of brain activity in people with multiple sclerosis. They indicate the brain areas where an increased fMRI activation was described (red) during early MS (top left), in a more advance state (such as mildly disabled MS, top right) and finally the decreased activation (blue) in late or progressive MS (bottom). Adapted from Rocca et al 2022(Rocca et al. 2022)

  2017).Yagami et al. (2015) demonstrated an increased expression of COX-2 and PGE2-EP2 during the development of cuprizone-induced demyelination (Yagami et al. 2016). This elevation of enzymes involved in neurovascular coupling could potentially explain the observed increase in vascular response measured by fUS. Furthermore, increased levels of PGE2 have been observed in MS patients(Yagami et al. 2016), suggesting a similar mechanism at play in the human condition.4.5.3 New leads provided by the thalamic response Having responses from two different brain regions can provide valuable insights into the underlying mechanisms, as these regions may exhibit differences in alterations. For instance, the neurovascular coupling could vary(Drew 2022) or be differently affected by cuprizone in the thalamus compared to the cortex. If the level of neuroinflammation was lower in the thalamus than in the cortex, our results showing a similar trend would suggest that neuroinflammation would play a role in the observed increase in hemodynamic response. Demyelination induced by the Cuprizone is region specific(Yang et al. 2009; Tagge et al. 2016; Vega-Riquer et al. 2019). For example, Yang et al. (2009)(Yang et al. 2009) demonstrated a decrease in myelin basic protein (MBP) staining specifically in the cortex

Figure 71 :

 71 Figure 71: Cuprizone-induced decrease in MBP-like immunoreactivity in certain forebrain regions. Graph A shows that the MBP-positive stained areas decreased in CTX and CP, but not in TH and HY, when comparisons were made between normal control and CPZ-treatment groups. Graph B shows that the intensity of MBP-like immunoreactivity decreased in CTX, CP, TH, and HY, when comparisons were made between normal control and CPZ-treatment groups. Data were expressed as means ± S.E.M. *p < 0.05, CNT VS CPZ; **p < 0.01, CNT VS CPZ. From Yang et al 2009(Yang et al. 2009) 

  ultrasonic probe(Rabut et al. 2019) or explore the method published by Bertolo et al. in 2021(Bertolo et al. 2021).

First, we would

  like to identify alterations of transcriptome of the cells involved in the neurovascular coupling in this animal model of demyelination. While several teams published recently transcriptomes changes of the microglial cells in the cuprizone model(Bédard et al. 2007; Plemel et al. 2020; Wageningen et al. 2021), none have studied the transcriptome of the astrocytes, pericytes, smooth cell muscles. In collaboration with Biogen laboratories, who has the expertise and facilities to perform single cell RNA sequencing for single-cell RNA sequencing of the cells involved in neurovascular coupling.

1 ,

 1 Moreover, the observed increase in hemodynamic response during demyelination provided valuable insights into the underlying mechanisms of Cuprizone-induced demyelination and potentially MS, as similar increases have been observed in task-related fMRI studies. Additionally, novel fUS measures uncovered valuable information about this animal model of MS, including the reduction of blood flow velocity using ULM, the increase in response rise time at the chronic time point, the reduction of overshoot during demyelination, and the region-specific alterations of the hemodynamic response compared to the thalamic response.In conclusion, thisPhD project has successfully demonstrated the potential of fUS as a valuable tool for studying demyelination and remyelination in preclinical MS research. The improvements made to the protocols and analysis techniques, coupled with the insights gained from the Cuprizone model, have opened up new avenues for understanding the mechanisms underlying MS and the development of effective treatment strategies. Chaimae Ahmanna 2 , Elodie Tiran 1 , Kadia Kanté 2 , Thomas Deffieux 1 , Mickael Tanter 1 , Fatiha Nothias 2 , Sylvia Soares 2* & Sophie Pezet 1* Acute spinal cord injury (SCI) leads to severe damage to the microvascular network. The process of spontaneous repair is accompanied by formation of new blood vessels; their functionality, however, presumably very important for functional recovery, has never been clearly established, as most studies so far used fixed tissues. Here, combining ultrafast Doppler imaging and ultrasound localization microscopy (ULM) on the same animals, we proceeded at a detailed analysis of structural and functional vascular alterations associated with the establishment of chronic SCI, both at macroscopic and microscopic scales. Using a standardized animal model of SCI, our results demonstrate striking hemodynamic alterations in several subparts of the spinal cord: a reduced blood velocity in the lesion site, and an asymmetrical hypoperfusion caudal but not rostral to the lesion. In addition, the worsening of many evaluated parameters at later time points suggests that the neoformed vascular network is not yet fully operational, and reveals ULM as an efficient in vivo readout for spinal cord vascular alterations. Finally, we show statistical correlations between the diverse biomarkers of vascular dysfunction and SCI severity. The imaging modality developed here will allow evaluating recovery of vascular function over time in pre-clinical models of SCI. Also, used on SCI patients in combination with other quantitative markers of neural tissue damage, it may help classifying lesion severity and predict possible treatment outcomes in patients.

Figure 1 .

 1 Figure 1. Schematic outline of the experimental design. N = 10 animals received a contusion of the thoracic spinal cord (thoracic levels T8-T9). A behavioral assessment was performed before and once a week after the lesion. At 4 and 8 weeks after contusion, spinal cords of N = 5 animals per group were imaged through an opening created by laminectomy. At the end of the imaging session, animals were cardially perfused in order to perform immunohistological analyses. The top panel was created using Biorender.com.

Figure 2 .

 2 Figure 2. Spinal cord contusion leads to a reduction in spinal blood volume (SBV) in different parts of the lesioned spinal cord at 4-and 8-weeks post-contusion. (A) Examples of fUS Doppler images in representative animals. Imaging was performed in the sagittal plane at the level of the midline. (B) Cartoons representing the location of SBV analysis rostral or caudal to the lesion, or within the dorsal or ventral part of the lesion site. (C) Quantifications show no significant changes in SBV rostral or caudal to the lesion. A clear decrease of SBV is found at the lesion site, attributable exclusively to the dorsal horn. Results are expressed as mean spinal blood volume (Arbitrary units (A.U.) ± SEM, overlaid with individual values. N = 5 animals per groups. Stats: ANOVA, followed by unpaired t-test as post-hoc test. *p < 0.05, **p < 0.01. NS: Not statistically significant, ANOVA NS: ANOVA p > 0.05. Bar: 1 mm. Illustrations in the panel (B) were created using Biorender.com.

Figure 3 .

 3 Figure 3. Alterations of mean directional spinal blood volumes over the whole cord 4-and 8-weeks postcontusion. Using a fast sequence of imaging, the main directional flow in the whole dorsal or ventral part of the thoracic cord was quantified. (A) Cartoons illustrating the mean directional blood flow (left), the localization of the lesion in the images displayed in (B) (middle), and the separation between the dorsal and ventral parts analyzed here (right panel). By convention, a negative flow is directed away from the probe, i.e. dorso-ventrally oriented (A, left panel, blue arrow). (B) Representative examples of these directional power images in animals of the three groups studied. In intact animals, the main directional blood volume is upward in the ventral horn and downwards in the dorsal horn. At both 4 and 8 weeks post-contusion, these flows are deeply altered. Quantification of these changes (C, D) show a statistically significant decreased directional flow over the whole dorsal horn (C) and a more modest reduction in the ventral horn (D). (E) Schematic of the results obtained, highlighting the fact that the changes are widespread in the hemi-cords. Results in (C, D) are expressed as mean spinal blood volume (A.U.) ± SEM and are presented in overlay with individual values. N = 5 animals per groups. Stats: ANOVA, followed by unpaired t-test as post-hoc test. *p < 0.05, ***p < 0.001. NS: Not statistically significant. Bar: 1 mm. Illustrations in the panels (A) and (E) were created using Biorender.com.
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 45 Figure 4. Blood vessel density and tortuosity changes after spinal cord contusion revealed by ULM. (A) Schematic of ULM. At the end of the above fUS imaging, 150 μl of contrast agent (bio-compatible microbubbles) were injected intravenously. Using a fast sequence of imaging and further single bubble localization and tracking, this approach allows to determine the normalized density of bubbles and the velocity of the bubbles (which is a proxy for the local velocity of blood flow). (B) Representative examples of images of density of micro-bubbles in intact animals, and 4-and 8-weeks post-contusion. (C) Quantification of the density of blood vessels in various compartments of the lesioned spinal cord (performed using images of the normalized density of bubbles) reveals loss of blood vessels within the lesion and in central sulcar arteries (CSA). (D) Quantification of the tortuosity of the central sulcar artery, using ULM. Top panel: high power magnification images of a intact animal (left) and a lesioned animal (8 weeks post lesion, right), illustrating the tortuosity in CSA. Quantification of this tortuosity shows a time-dependent increased tortuosity in CSA. The orientations (caudal/rostral) apply to the three examples in (B). Results are expressed as mean ± SEM and are presented in overlay with individual vales. N = 5 animals per group. Stats: ANOVA, followed by unpaired t-test as post-hoc test. *p < 0.05, **p < 0.01. NS: Not statistically significant. ANOVA NS: ANOVA p > 0.05. The orientations (caudal/rostral) apply to the three examples in (A). ANOVA NS: ANOVA p > 0.05. Bar: (B): 1.3 mm, (D): 0.4 mm. Illustrations in the panels (A) and (C) were created using Biorender.com.

Figure 6 .

 6 Figure 6. (A) Immunofluorescence labeling for laminin (green), SMI-71 (red), and DAPI (blue) on sagittal spinal cord sections from intact (non-injured) rat, and rats at 4-and 8-weeks post-contusion. (B) Higher magnification of SMI-71 staining in (A) (stars) showing distribution and disruption of blood vessels in parenchymal contused spinal cord. (C) Quantification of the number of SMI-71 positive particles in the three experimental groups, in the lesion area and rostral and caudal to it. Quantifications were performed using an identical surface of the cord in all conditions. Bar (A): 12 mm, (B): 300 µm.

Figure 7 .

 7 Figure 7. Statistically significant correlations between the locomotor disability of the animals (BBB), changes of SBV within the lesion, main flow, markers of altered vascular anatomy and altered velocity (ULM). Using individual results from all animals included in this study (N = 5 per group), the putative correlation between these different outcome measures were determined using Spearman's correlation coefficient (A), followed by calculation of the corrected p value for multiple comparisons (B). In (A) and (B), results are expressed as a double correlation matrix. In A: the color bar indicates the value of positive/negative correlations between these elements. In B: statistically significant cells (corrected p value < 0.05) are indicated in white. Black cells are statistically non-significant results. (A, B) The individual values of either correlation (A) or corrected p value (B) are given in the top half matrix. Six clusters of interest were highlighted in B:(1) red: correlation between the BBB and all functional and anatomical measures. (2) Green (bright and pale): correlation between the bubble velocity in various compartments or their correlation with the SBV/ flow. (3) Pink and violet: Correlation between various markers of the vascular integrity (measured both using fUS, ULM and immunohistochemistry) and bubble velocity. (4) Blue: correlations between changes of SBV/flow and the vascular anatomical alterations. Values used for BBB are those of the week of imaging. (C-F) Four examples of correlations within these measures, showing the individual values in all groups (black circle: control (= non-injured animals); red triangle: SCI 4 weeks and red squares: SCI 8 weeks. Are displayed on each graph the goodness to fit (R 2 ) and the p value of this single linear regression.

Fig. 1

 1 Fig.1Anatomical localization and vascularization of the rat trigeminal ganglia. a, e fUS imaging through the whole brain depth reveals the vascularization and localization of the rat TG in a coronal plane (a) or sagittal plane (e). b Capture of the 3D tomographic scan detailed in Supplementary Movie 1, illustrating the TGs seen in 3D (white arrows). c, d Localization of the trigeminal ganglion according to Waxholm's tractography atlas (https://scalablebrainatlas.incf.org/ rat/PLCJB14, i.e., defined using fiber tracks[34][35][36] ), observed coronally (c, white arrows) or in 3D (d, black line surrounding of the ganglia) medio-lateral, at the base of the brain. f, g In toto vascular staining in the rat TG showing that this structure is richly vascularized by a dense network of both thin (10 µm diameter) blood vessels, but also large blood vessels (50 μm diameter). DiI was used to stain the endothelial cell membrane lining the blood vessels, as previously described[START_REF] Li | Direct labeling and visualization of blood vessels with lipophilic carbocyanine dye DiI[END_REF] . IC internal carotid. Scale bars = a, b, c: 2 mm, e: 1.5 mm, f: 200 μm, g: 100 μm. Images of the Waxholm's tractography atlas, which are distributed under the Creative Commons Attribute Non-Commercial Share-Alike license, were copied, without any modification.

  Fig.1Anatomical localization and vascularization of the rat trigeminal ganglia. a, e fUS imaging through the whole brain depth reveals the vascularization and localization of the rat TG in a coronal plane (a) or sagittal plane (e). b Capture of the 3D tomographic scan detailed in Supplementary Movie 1, illustrating the TGs seen in 3D (white arrows). c, d Localization of the trigeminal ganglion according to Waxholm's tractography atlas (https://scalablebrainatlas.incf.org/ rat/PLCJB14, i.e., defined using fiber tracks[34][35][36] ), observed coronally (c, white arrows) or in 3D (d, black line surrounding of the ganglia) medio-lateral, at the base of the brain. f, g In toto vascular staining in the rat TG showing that this structure is richly vascularized by a dense network of both thin (10 µm diameter) blood vessels, but also large blood vessels (50 μm diameter). DiI was used to stain the endothelial cell membrane lining the blood vessels, as previously described[START_REF] Li | Direct labeling and visualization of blood vessels with lipophilic carbocyanine dye DiI[END_REF] . IC internal carotid. Scale bars = a, b, c: 2 mm, e: 1.5 mm, f: 200 μm, g: 100 μm. Images of the Waxholm's tractography atlas, which are distributed under the Creative Commons Attribute Non-Commercial Share-Alike license, were copied, without any modification.

  Fig.2Mechanical and chemical activation of corneal mechano-and polymodal nociceptors induce a functional hyperaemia in the ipsilateral trigeminal ganglion. a Schematic presenting the corneal afferents (C and A delta fibers) and fUS imaging of the TG. b, c Double staining CGRP (red)/vascular in toto staining (DiI, Green) showing that the TG is richly vascularized, especially in the 'Cell Body Rich Area' (CBRA), delineated by a dashed white line (b, c). The vascularization is on the contrary sparse in the 'Nerve Fibers Rich Area' (NFRA). Red arrowheads point at CGRP-positive sensory neurons located in the near proximity of stained blood vessels (white arrowheads). Panel c displays a high-power magnification taken in another animal. d-h Hemodynamic responses in the TG induced by mechanical stimulations of the cornea. d Example of Doppler image of the brain and trigeminal ganglion, imaged through an acute craniotomy, e map of Z-score and f: delta blood volume (BV) change in a representative example, illustrating the response in the medio-lateral part of the TG. Panel g shows the spatially averaged temporal changes in TG's blood volume in the ipsilateral (red) and contralateral (blue) region of interest delineated by the Z-score. h Quantification of the changes in TG blood volume in 18 trains of stimulations, (obtained from 8 animals) reveals a significant hyperhaemia in the ipsilateral, but not contralateral TG. i-l Phasic hemodynamic response in the TG induced by activation of the TRPV1 polymodal corneal nociceptors by topical administration of capsaicin (10 μM). i-k Example of Z-score map (i), delta BV (j), and temporal changes of the TG's blood volume (k) in the ipsilateral region of interest delineated by the Z-score in a representative animal. l Quantification of the changes in TG delta BV (N = 7 animals). For all panels, the region of interest (ROI) drawn in the contralateral side was the symmetrical ROI of the ipsilateral site. In h and l: results are presented an overlay of both boxplots (median, first and third quartiles) and individual values. The red crosses are outliers. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars = b: 200 μm, c: 100 μm, d, e, f, i, j: 2 mm. Panel b: A-P and M-L indicate the antero-posterior and the medio-lateral directions, respectively. They also apply to the panel c. The panel a was created with Biorender.com.

Fig. 3

 3 Fig. 3 Static mechanical stimulations of the ophthalmic and maxillary areas using a von Frey hair induced a functional hyperaemia in the ipsilateral trigeminal ganglion. a, f Diagram representing the stimulated trigeminal subdivision (a: Ophthalmic, f: Maxillary). Due to the light anesthesia required for these experiments, imaging was performed through a chronically implanted window, using isoflurane as anesthetic. Panels b-d and g-i show representative results obtained in the same animal, using stimulations of the ophthalmic (V1, b-d) or maxillary (V2, g-i) divisions. Due to the natural orientation of the TG in the cranial cavity, but also the different lateralities of the V1 and V2 subdivisions, sagittal planes of imaging were used, at the following coordinates: lateral = 6 mm, rotation = 8°for the V1 and lateral = 5 mm, rotation = 12°for V2. For each half panel, b and g show the Doppler image of the plane imaged, with the brain and the TG (indicated by an arrowhead). Panels c, d and h, i show examples of Z-score maps (c, h top), delta BV maps (c, h bottom) and the average temporal changes of the delta BV (d, i) over the region of interest delineated by the Z-score. e, j Quantification of the changes in delta BV (e: N = 30 stimulations in N = 3 animals; i: N = 36 stimulations in N = 3 animals). Consistent with previous observations of the TG's somatotopic organization, the stimulation of the ophthalmic and maxillary branches evoked responses in different parts of the TG (dorsal for the maxillary, ventral for the ophthalmic). In e and j: results are presented an overlay of both boxplots (median, first, and third quartiles) and individual values. The red crosses are outliers. *p < 0.05. Scale bars: b-g: 100 μm. Panels a and f were created with Biorender.com.

Fig. 4

 4 Fig. 4 Ultrasound localization microscopy imaging (ULM) reveals the strong density and high speed of blood flow in the rat trigeminal ganglion in vivo. Following intravenous injection of bio-compatible microbubbles, known as conventional ultrasonic contrast agent (a), allows the determination of bubble velocity in both the vertical (b, c, f), or horizontal directions (d, g) through the analysis of single bubble trajectories (b-h). Pictures illustrate ULM imaging on a sagittal plane at lateral = 4.2 mm. a Doppler image of all bubbles in both the brain and the TG. The TG is surrounded by a white square. b ULM imaging of the whole brain and TG depicting velocity in the vertical direction. Panels c, d are a higher power magnification of the area delimited in b, c, and d show major blood vessels approaching the TG, which contain two descending veins and one ascending artery. Panels f, g are higher power magnification of c and d, respectively. Panels e, h are the field vectors in these blood vessels (e) and the TG (h). These field vectors illustrate not only the dense vascular network detected in the TG and the high blood speed in these vessels (9-20 mm/sec), but also the multiple directions of blood flow within the TG's sub-parts imaged. e, h The size of the arrows is proportional to the local speed. Scale bars = a, b: 2 mm, c-d: 250 μm, e: 150 µm, f, g: 100 μm, h: 77 μm. The color bar (g right) applies for panels b-d and f, g.
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 34 Monitor the depth of anesthesia during the complete duration of the experiments (anesthesia induction included). Maintain the temperature of the animals at 37 °C by using a heating blanket coupled to a rectal probe. Monitor the following physiological parameters which are indirect indicators of the depth of anesthesia: Heart rate (220-250 beats per minute -monitored through the electrocardiogram thin electrodes implanted subcutaneously), and Respiratory rate (130-140 breaths per minutemonitored using a spirometer connected to the ECG acquisition system). NOTE: A description of the experimental setup is depicted in Figure 1.

Figure 1 : 6 . 8 . 2 ). 9 .

 16829 Figure 1: Experimental setup for anesthetized fUS experiments. Description of the experimental setup showing all the scientific equipment needed during an anesthetized experiment. 1. Physiological monitoring : live display of both respiratory and cardiac frequencies. 2. Four-axis motor module (three translations and one rotation) monitored by Iconeus One system (9) and allowing to perform transcranial 3D tomographic scans or 4D acquisitions. 3a. Servo-Motor driving the whisker stimulator (3b.) The servo-motor is controlled by an arduino uno card which is interfaced with the Iconeus One system(9) in order to synchronize stimulation patterns with imaging sequences. 4.a. Syringe pump controller. 4.b. Syringe holder.5.a.Temperature plate monitor controlling the heating plate. 5.b. Heating plate and rectal thermometer interfaced with the temperature plate monitor (5.a.). 6. Ultrasound gel placed between the animal's head and the ultrasound probe, providing acoustic coupling between them. 7. 15 MHz ultrasound probe. 8. Probe holder linking the probe(7) to the motor module (2). 9. Iconeus One equipment and software, allowing programing different imaging sequences and controlling the motors module (2) driving the probe(7). Please click here to view a larger version of this figure.
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 2234 Animal preparation for awake head-fixed mice experiments 1. Headplate surgery 1. Place the anesthetized animal (steps 1.1-1.2) in the stereotaxic frame on a heating pad (37 °C). Apply protective gel for the eyes and administer lidocaine s.c. (0.2 mL, 2 %) under the scalp skin using a 26gauge needle and wait a few minutes. NOTE: Monitor the anesthesia level every 10-30 min by response (absence of) to a firm toe pinch. Perform an incision following the sagittal suture from behind the occipital bone to the beginning of the nasal bone. Using surgical scissors, excise the skin over both hemispheres. Clean the skull with 1% iodine solution and remove any remaining periosteum. Using the headplate as a template, drill two holes (1 mm diameter) in the skull to position the anchoring screws. CAUTION: Be careful not to drill completely through the skull to avoid any brain damages or dura inflammation Position the headplate with the screws. Use dental cement to fix the screws and the headplate in front and in the back of the frame to maintain good grip of the implant.

2 . 4 . 5 .

 245 On day 2 PR, repeat handling as in day 1 and leave the animal for 5-10 min exploring freely MHC. NOTE: Playing some background music in the room can help reduce animal's stress. 3. On day 3 PR, let the animal freely explore the MHC for 5-10 min. Afterwards, carefully grab the headplate and gently place it in the clamp, moving manually the carbon cage to accompany the mouse. Habituate the animal in the head-fixed position for 5-10 min. Clean the MHC in between training sessions with 70% ethanol solution and rinse with tap water. NOTE: Make sure that the MHC receives a sufficient air flow as recommended by the manufacturer. The height of the head clamp needs to be manually adjusted to provide a comfortable position. On day 4 and 5 PR, repeatedly clamp the mouse MHC and gradually increase the head-fixed time, starting from 5 min and up to 30 min. Apply some saline and ultrasound gel on the imaging window to habituate. On day 6 PR, repeat the protocol from day 4/5 PR and position the probe above the animal's head following step 3.1.

Figure 2 : 7 .

 27 Figure 2: Experimental setup for awake fUS experiments. A. Schematic illustration of the headplate magnetic cover protecting the imaging window (created with BioRender.com). During imaging sessions (Left), the cover is removed to scan the brain in the large aperture offered by the head plate. B. Photograph of the experimental setup for transcranial awake imaging in head-fixed freely-behaving mice. 1. Iconeus One system and software, allowing to set up different imaging sequences and controlling the motors module. 2. Four-axis motors module (three translations and one rotation) monitored by Iconeus One system (1) and allowing 3D tomographic scans or 4D acquisitions. 3. Air dispensing table.4. Mobile Home Cage (MHC). 5a,5b. Photographs showing closer views of the animal's environment inside the MHC. 6. Head fixation system

3. Probe positioning 1 . 4 .

 14 Start the software (e.g., IcoScan) and create an experiment session. Go to the Move Probe menu to adjust the position of the ultrasound probe using the navigation keyboard. NOTE: The probe should be positioned approximately 1 mm above the animal's head. It is crucial to ensure that the probe is in contact with ultrasound gel before starting any imaging sequence. 2. Start the Live View acquisition and adjust probe position if needed via real time imaging of the animal CBV (cerebral blood volume). Align the brain at the center of the image. Optimize the imaging parameters to capture the highest signal-to-noise ratio. NOTE: In awake mice experiments, the aperture size needs to be reduced to avoid artefacts induced by lateral muscles contraction. Angiographic scan and atlas registration 1. Open the Angio 3D option in the acquisition software. On the preset panel, adjust the scanning parameters (first slice, last slice and step size) in order to scan the whole brain (Figure 3A, B), and start the acquisition. NOTE: When setting up the scan parameters, make sure that the scan will cover the posterior part of the brain 2. Leave the acquisition software open and start the software for data analysis and visualization (e.g., IcoStudio), and load the angio 3D scan. Navigate through the acquisition volume using the 3-views panel and select the Coronal Scan Direction: antero-posterior or postero-anterior. 3. Go to the Brain Registration Panel. Load the mouse reference template that will be needed for the registration process. Register the scan on the Allen Mouse Common Coordinates Framework using the fully automatic or the manual registration modes (Figure 3C).

4 .

 4 Check the result by looking at the superposition of the angio 3D scan and the reference template or by looking at the superposition of the scan and the Allen reference atlas using the Atlas Manager panel (Figure3D). Save the registration as a .bps file. NOTE: The registration file can be reused for any other acquisition performed during the same experiment session.

2 . 3 . 4 . 5 . 4 .. 4 .

 234544 Go to the Brain Navigation Panel. In the Atlas Manager panel, navigate through the mouse Allen brain atlas with the parent/child tree navigator. Find the anatomical targeted regions and select them to superimpose them to your scan in the 3-views. Visualize the targeted regions in the 3-view panel and choose an imaging plane that overlaps the targeted regions for the experiment. To do so, manually set two markers on the coronal position that includes the regions of interest. Click on Brain Positioning System (BPS) to extract the resulting motor coordinates. These coordinates correspond to the probe position which allows to image the targeted plane. Check the preview of the image which is computed from the angio scan. In the IcoScan software, enter the Probe positioning panel and click on Enter BPS coordinates. Apply the coordinates given in step 5.The probe moves and aligns on the targeted imaging plane. 6. Perform a live view acquisition and check that the current imaging plane corresponds to the prediction given in step 5NOTE: It is also possible to select parasagittal/non orthogonal planes.

Figure 3 :

 3 Figure 3: Fast transcranial angiographic Scan and Brain registration for precise probe positioning. A. Schematic representation of the mouse brain being scanned transcranially by the ultrasonic probe from the first coronal slice (green) to the last coronal slice (blue) during a fast angiographic scan. The current imaged slice (represented in red) moves step by step from the back (green) to the front (blue) of the brain. Created with BioRender.com B. Screenshot of IcoScan acquisition software in the Angio 3D panel. The preset parameters on the right configure the fast scan. The positions in mm of the first slice, the last slice and the step size must be well chosen to scan linearly the whole brain. C. Screenshot of the IcoStudio processing software. The fast Angio 3D scan is automatically registered to a reference template of the mouse brain. The three-views (left) shows the superposition of the vasculature and the mouse brain Allen atlas in the coronal, sagittal and axial views. D. Linear lay-out (montage) of 16 slices (out of 31) from the 3D angio scan, with the registered Allen reference atlas superimposed onto the vasculature. E. Screenshot of the Brain Navigation panel showing the predicted imaging plane corresponding to the motor coordinates computed by the software thanks to the two markers placed at the center of the left and right primary somatosensory cortex, barrel fields region. Please click here to view a larger version of this figure.

6. Task-evoked experiment: whisker stimulation 1 . 2 . 3 .

 123 Predefine the stimulation sequence, including time of stimulation, inter-stimulation time and number of repetitions. Run a 3D fUS sequence by defining the total time of acquisition, the number of positions as well as the deadtime between positions. In case of automatic stimulation synchronized with the acquisition system through TTL input, select the Trig-IN option before starting the acquisition. NOTE: For the results presented in this work, stimulation was delivered using cotton swab positioned such as to allow deflection of most of the whiskers in the dorsal/ ventral direction. It was fixed on a servo-motor driven by an Arduino UNO card, linked to the Iconeus One system to ensure synchronization. The recommended parameters for stimulation are 30 s ON, 30 s OFF, amplitude of 20° and 4 Hz frequency. Alternatively, the stimulation can also be delivered manually by deflecting the whiskers at the defined times during the acquisition. Open the acquisition in IcoStudio software and enter the Activation map menu. Fill the activation pattern field with start and end times and compute the activation map. Adjust the display parameters for visualization. Export the activation map as a .h5 file for off-line analysis. NOTE: Activation is estimated using a generalized linear model (GLM) approach with the stimulus convolved by a default mouse hemodynamic response (HRF). Alternatively, activation can be visualized directly by estimating the Pearson correlation between the stimulation pattern and the hemodynamic signal from each voxel.

7. 4D functional connectivity 1 . 2 .

 12 Run a 3D fUS sequence by defining the total time of acquisition, the number of imaging plane positions as well as the dead-time between positions. NOTE: For 4D functional connectivity, we recommend acquisition time between each volume < 2.5 s (sampling frequency of at least 0.4 Hz) and a total acquisition time of at least 10 min (number of time points > 180). Save the acquisition and load it in the IcoStudio software. If necessary, load the .bps file and the Allen mouse brain coordinate framework. In the Atlas manager, select regions of the atlas as regions of interest (ROI). 3. Enter the Functional Connectivity menu and select the desired regions in the ROI manager. Visualize the results as connectivity matrix (supervised analysis) or seedbased correlation map (unsupervised). Select and adjust the bandwidth filters as desired and export correlation results for statistical analysis. NOTE: In 3D fUS imaging mode, the relative probe positions are set manually. Hence, two types of scans are possible and can be chosen depending on the functional application: dense scans versus sparse scans (Figure 2C).

Figure 4

 4 shows a representative activation map in response to mechanical whisker stimulation in an anesthetized mouse obtained using transcranial fUS imaging. The total trial time was 760 s, with a 60 s baseline (before and after the stimulation), an 80 s stimulation and a 60 s recovery time, repeated 5x. Significant activation was determined with the resolution of a general linear model (GLM) using a default mouse hemodynamic response function (HRF). The activated regions (Z scores with p-value >0.0000006 after stringent Bonferroni correction for multiple comparison) are displayed as color-coded values overlaid onto the Allen common coordinate framework template. Voxel-wise time course of the contralateral primary somatosensory cortex, barrel field region (S1BF) revealed a 15-20% increase of the CBV compared to baseline.

Figure 4 :

 4 Figure 4: Transcranial activation Maps and rCBV time course following whiskers stimulation in ketamine/xylazine anesthetized mouse. A. Activation map showing significantly activated voxels following mechanical stimulation of the right whiskers (80 s ON, 60 s OFF ,5x) under ketamine/xylazine anesthesia. Maps were obtained by computing Z-scores based on general linear model analysis (GLM) with Bonferroni correction for multiple comparison. Z-scores (color coded) are overlaid on the Allen brain 3D template (after registration with the brain positioning system) and displayed in threeviews: coronal (left), sagittal (middle) and axial (right). Anatomical regions from the Allen mouse brain common coordinate framework are displayed for reference. Activated voxels are well located inside the left S1BF cortex. Scale bar: 1 mm. Each sample volume was scanned over 2.8 mm (corresponding to 7 slices in the elevation direction) in 3.85 s allowing to record 20 volumic samples during each functional response. B. 3D rendering of whisker stimulation-evoked relative cerebral blood volume (rCBV) increase compared to baseline level. The anatomical delineation of the S1BF is indicated in blue. C. Time course of CBV variations in the left S1BF (blue) and the corresponding stimulus applied (red). Please click here to view a larger version of this figure.

Figure 5

 5 presents the activation map after a multiple whisker stimulation experiment using the experimental setup described in Figure2. A few posterior and caudal whiskers were stimulated with the following pattern: 30 s baseline followed by five consecutive trials of 30 s ON (4 Hz) and 30 s OFF (Figure5C). Stimulation was delivered using a servo-motor driven by an Arduino UNO card triggering the image acquisition sequence for synchronization. Significant activation was determined with the resolution of a general linear model (GLM) using a default mouse hemodynamic response function (HRF). Multiple comparison correction was performed with the Bonferroni method. Conventional alpha level of 0.05 was normalized by the total number of voxels in the acquisition volume, resulting in a final stringent threshold of 0.000003.

Figure 5 :

 5 Figure 5: Activation Maps and rCBV time course following whiskers stimulation in awake behaving mouse. A. Activation map showing significantly activated voxels following mechanical stimulation of the right whiskers (30 s ON, 30 s OFF, 5x) in an awake mouse in the mobile homecage. Maps were obtained by computing Z-scores based on general linear model analysis (GLM) with Bonferroni correction for multiple comparison (normalization by the total number of voxels). Zscores (color coded) are overlaid on the Allen brain 3D template (after registration with the Brain Positioning System) and displayed in three-views: coronal (left), sagittal (middle) and axial (right). Anatomical regions from the Allen Mouse Brain Common Coordinate Framework are displayed for reference. Activated voxels are well located inside the left S1BF cortex. Scales bars, 1 mm. Each sample volume was scanned over 1.6 mm (corresponding to 3 slices in the elevation direction) in 3.85 s allowing to record 17 volumic samples during each functional response. B. 3D rendering of whisker stimulationevoked relative Cerebral Blood Volume (rCBV) increase compared to baseline level. The anatomical delineation of the S1BF is indicated in blue. C. Illustration of the mouse in the mobile homecage during the right whisker stimulation experiment, during which five 30 s trials were performed for a total acquisition time of 330 s. D. Instantaneous relative CBV time course

Figure 6

 6 Figure 6 shows the temporal correlations of normalized low-frequency (<0.2 Hz) spontaneous CBV fluctuations between 3D brain regions (identified from registration to the Allen common coordinate framework) in a ketamine-xylazine anesthetized mouse. Total acquisition time was 20 min (1200 s). Atlas-supervised analysis revealed strong interhemispheric connectivity patterns, with

Figure 6 :

 6 Figure 6: Transcranial volumetric resting-state functional connectivity of the mouse brain under ketamine/xylazine anesthesia assessed on a 20 min 3D fUS acquisition. A. Correlation matrix based on 3D regions of the Allen common coordinate framework registered on the transcranial functional acquisition. The matrix is obtained by computing the normalized Pearson's correlation of spontaneous low-frequency fluctuations (<0.1 Hz) of the average time signals from all the voxels included in each identified ROI after slice timing correction. Each sampled volume was scanned over 1.6 mm in the elevation direction (corresponding to 4 slices) acquired over 2.2 s. B. Seed-based analysis projected onto a 3D template. The seed was selected within the right dorsal hippocampus at β -2.1 mm. Correlation map is obtained by computing the Pearson Correlation coefficient between the temporal signals of the seed and each voxel of the whole acquisition after slice timing correction. C. 3D correlation map based on seed-based analysis with seed region selected within the S1BF at β -2.1 mm. Scale bars: 1 mm. Please click here to view a larger version of this figure.
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		Abbreviations
	AUC	Area Under the Curve
	BBB	Blood Brain Barrier
	BOLD	Blood oxygen level dependent
	BPS	Brain Position System
	CBV	Cerebral Blood Volume
	CIS	Clinically isolated syndrome
	CNS	Central nervous system
	CT	Computed Tomography
	DTI	Diffusion tensor imaging
	EAE	Experimental autoimmune encephalomyelitis
	EEG	Electroencephalography
	FA	Fractional Anisotropy
	FC	Functional Connectivity
	fMRI	functional Magnetic Resonance Imaging
	fNIRS	Functional near-infrared spectroscopy
	fULM	Functional Ultrasound localization microscopy
	fUS	functional Ultrasound imaging
	GLM	Generalized Linear Model
	IC	Internal capsule
	IM	Intramuscular
	LFP	Local Field Potentials
	LPC	Lysolecithin
	MBP	Myelin Basic Protein
	MEG	Magnetoencephalography
	MRI	Magnetic Resonance Imaging
	MS	Multiple Sclerosis
	NAWM	Normal appearing white matter
	OPC	Oligodendrocyte progenitors
	PBS	Phosphate Buffer Saline
	PET	Positron Emission Tomography
	PGE2	Prostaglandin E2
	Po	Posteromedial thalamic nucleus
	PRF	Pulse repetition frequency
	RMSE	Root Mean Squared Error
	ROC	Receiver Operating Characteristic
	ROI	Region of interest
	RRMS	Relapsing-remitting phase of MS
	S1	Primary somatosensory cortex (S1) barrel field cortex (S1BF)
	S1BF	Primary somatosensory cortex, barrel field part
	SC	Subcutaneous
	SPECT	Single-photon emission computed tomography
	SVD	Singular value decomposition
	TMEV	Theiler's murine encephalomyelitis virus
	ULM	Ultrasound localization microscopy
	VPM	Ventral Posteromedial thalamic nucleus

  Despite the remarkable advances in the treatment, the mechanisms and underlying cause of MS remains poorly understood. There is a genetic influence on MS susceptibility, but migration studies suggest that environment trumps genetic. The known risk factors are low vitamin D levels, smoking, Epstein-Barr virus infection, and obesity. Women are affected nearly 3 times more often than men in most developed countries(Dobson and Giovannoni 2019; Hauser and Cree 2020).

	1.1.2 Diagnosis of MS
	After a CIS is noticed and MS is suspected, the diagnosis is based on the criteria of
	dissemination in space and time of lesions. If the patient had 2 or more clinical attacks

(one CIS and one or more relapse), the dissemination in time criteria is met. If the patient has or have had lesions in 2 or more distinct anatomical areas, the dissemination in space is met

(Thompson et al. 2018

; Dobson and Giovannoni 2019). These lesions can be deduced from objective clinical evidence, but Magnetic Resonance Imaging (MRI) is recommended to evaluate these criteria(Thompson et al. 2018; Hemond and Bakshi 2018; Dobson and Giovannoni 2019). The introduction of MRI in the early 1980s marked a significant advancement in the diagnosis and treatment of MS thanks to its ability to visualize lesional activity in vivo. As MRI technology improved over the next three decades, it became the most important diagnostic and monitoring tool available, providing valuable insights into neuroinflammatory disease mechanisms. MRI is now routinely used in clinical trials as a supportive outcome measure for longitudinal clinical monitoring. In combination with histopathological and immunological methods, continual technical advances in MRI have helped to advance our understanding of MS and have paved the way for better treatment and management of this complex disease(Hemond and Bakshi 2018).

  of the white matter tracks by measuring the directionality of the random motion of water molecules, which correlates well with myelin content.

	Neuroinflammation detection can also be improved with more precise contrast
	agents than gadolinium, which only reveal BBB breakdown. Ultrasmall
	superparamagnetic particles of iron oxide injected hours before imaging into the blood
	stream travel to the CNS via monocytes and therefore directly enhance areas were
	inflammation takes place. This contrast agent can be coupled with gadolinium to increase
	the contrast and estimate the severity of the inflammation. Another technique to directly
	assess directly inflammation is positron emission tomography (PET), which consists in
	imaging a radioactive marker bound to activated microglia to reveal inflammatory
	lesions.

1 H-MRS), which can measure the relative concentration of certain biochemical metabolites such as Nacetylaspartate, creatine, choline, lactate, lipids, myoinositol (mI), gamma-aminobutyric acid, and glutamate/glutamine. The ratio between macromolecules (composing myelin) and water can be estimated with Magnetization Transfer Imaging (MTI), showing changes in edema, axonal density, and inflammation. Diffusion Imaging (DTI) is used to evaluate the structural integrity 1.2 Preclinical study of MS with animal models To fill the knowledge gap concerning Multiple Sclerosis, animal models can be used to study pathological mechanisms, as they provide a relatively convenient source of tissue from the central nervous system (CNS), and to test potential treatments and new imaging technologies. Because it is a multifaceted condition, there is no single animal model that can fully encompass the range of heterogeneity seen in human MS. Rather, different animal models mimic and reveal specific aspects of the disease(Procaccini et al. 2015; Kipp et al. 2017).

  activation. The reason why oligodendrocytes are the only cellular subset susceptible to this effect remains unclear. Once demyelination is complete after around 5 weeks of intoxication, new oligodendrocytes, generated from the pool of oligodendrocyte

progenitors (OPC), begin to form new myelin sheaths soon after the removal of cuprizone from the diet(Procaccini et al. 2015; Kipp et al. 2017; Zhan et al. 2020) (See Figure

  2.4 Improvement in the implementation of the animal modelsAll experiments performed in this study were in accordance to the French and European Community Council Directive of September 22 (2010/63/UE). They were also approved by the local Institutional Animal Care and Ethics Committees (#59, 'Paris Centre

	et Sud' project #22228). Accordingly, the number of animals in our study was kept to the
	minimum necessary. We established in a preliminary experiment that N = 8 was the
	smallest number of animals required per group to detect statistical difference in our
	imaging experiments.

  2.6 Biomarker quantitative validation using statistical modelsDrug development for multiple sclerosis faces a significant challenge in transferring knowledge from preclinical to clinical stages due to the dissimilarities between the mechanisms involved in MS and its animal models. Relying solely on immunohistochemistry has the drawback of risking the developed treatment being specific to the animal model rather than MS. To bridge this gap, imaging techniques can help as they provide the same readout for both animals and humans. Thus, there is a need for reliable surrogate imaging markers of myelin levels(Friese 2006; Mix et al. 2010).

	Although functional ultrasound is not yet implemented in humans, except for

perioperative surgery and neonates, extensive work is being conducted in our lab to overcome the skull barrier

(Deffieux et al. 2021

).

The aim of my PhD is to quantitatively evaluate the efficacy of a fUS biomarker in predicting myelin levels. This can be done through two methods: classification, to predict the treatment group (treated or not), and regression, to predict the actual level of myelin quantified by MBP immunohistochemistry. 2.6.1 Materials and methods of the immunoshistochemistry approach 2.6.1.1 Protocol of immunostainings

Table 1 :

 1 List of dilutions of primary and secondary antibodies 2.6.1.2 Quantifications of the immunostainings

  3.2.1.2 Early timepoint without neuroinflammation (24 hours after injection)To investigate the mechanisms of the LPC model,Plemel et al. (2018) examined the evolution of neuroinflammation, including microglia, at earlier time points than commonly used (4, 24, and 72 hours). They demonstrated that demyelination occurs first at 24 hours, followed by neuroinflammation at 72 hours(Plemel et al. 2018). To experimentally verify our hypothesis, we can image the mice 24 hours (24H) after injection when demyelination occurs and neuroinflammation has not yet set in. If our hypothesis is correct, we should observe a drop in the hemodynamic response that is not compensated by neuroinflammation. A group of naive animals was also imaged to evaluate the effect of the injection itself by comparing it to the control group injected with saline.

Table 2 :

 2 Validation of the models for predicting MBP levels in different regions of the brain.

Table 3 :

 3 

Estimate and p-values (corresponding to the null hypothesis that the estimate is equal to zero) of the

predictors for the model trained to predict the MBP in the median corpus callosum.

  1 , Benoit Beliard 2 , Lauriane Delay 2 , Line Rahal 2 , Julien Claron 2 , Noémi Renaudin 2 , Isabelle Rivals 3 , Miguel Thibaut 2 , Mohamed Nouhoum 2,4 , Thomas Deffieux 2 , Mickael Tanter 2 & Sophie Pezet 2 ✉

  All experiments were performed in compliance with the European Community Council Directive of September 22, 2010 (010/63/UE) and the local ethics committee (Comité d'éthique en matière d'expérimentation animale N°59,'Paris Centre et Sud', project 2018-05 and 2018-19). Accordingly, the number of animals in our study was kept to the necessary minimum. Experiments were performed on 28 male Sprague-Dawley rats (Janvier Labs; Le Genest St Isle, France), weighing 325-350 g at the beginning of the experiments. Animals (two per cage) arrived in the laboratory 1 week before the beginning of the experiment and were maintained under controlled conditions (22 ± 1 °C, 60 ± 10% relative humidity, 12/12 h light/dark cycle, food and water ad libitum).

Animals.
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Chapter 3

Study of demyelination and remyelination in the Lysolecithin model
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produce a block of 200 consecutive ultrafast images with a framerate of 500 Hz. In order to filter the Blood Volume (BV) and to remove the tissue signal, we used a clutter filter based on Singular Value Decomposition (SVD) applied to 200 successive frames [START_REF] Demené | Spatiotemporal clutter filtering of ultrafast ultrasound data highly increases doppler and fUltrasound sensitivity[END_REF] by removing the 60 first singular vectors which correspond mainly to the tissue space. Finally, a Power Doppler image was obtained by integrating the energy of the filtered frames, resulting in a Power Doppler image every 400 ms. Doppler signal analysis and activation maps: Doppler data were analyzed using a generalized linear model approach (GLM) implemented in Matlab 61 in order to obtain the Z-score and p-value maps. Here, the stimulus response was modeled by the convolution of the stimulus paradigm with a four half-cosines canonical hemodynamic response function [START_REF] Woolrich | Constrained linear basis sets for HRF modelling using Variational Bayes[END_REF] . The parameters were adjusted in preliminary experiments by nonlinear fitting (fmincon, Matlab) of the model output to the measured BV response. The activation maps show the Z-score of all significant pixels after Bonferroni correction in the image (corresponding to a p-value < 0.05 before Bonferroni correction). We drew the ipsilateral region of interest (ROI) around the activation area thanks to the thresholded Z-score map and the contralateral ROI was drawn by symmetry. The two signals were averaged along the two spatial dimensions in order to obtain a single temporal signal. The signal was then expressed as a BV (Blood Volume) relative difference (in percent), or ΔBV, by subtracting the BV baseline (calculated for each acquisition by averaging all the temporal data within the TG where the stimulation pattern was strictly equal to 0) and by dividing by the BV baseline. Mean ΔBV values over time were computed at baseline, i.e., during the periods without chemical or mechanical stimulation of the cornea, and during stimulation, i.e., during the periods with stimulation, and are denoted by ΔBV BL and ΔBV STIM .

Statistical analysis of the evoked trigeminal hemodynamic responses: The statistical analysis was performed using Matlab Version 9.7.0.1261785 (R2019b). The data were modelled using linear mixed models (LMM), which are suited to the case of nonindependent, hierarchical data (ΔBV values from several acquisitions, in several animals), and of factors of interest having fixed effects (ipsilateral vs contralateral TG, baseline vs stimulation) as well as random effect factors (acquisition, animal).

In the case of the corneal stimulation, our aim was to establish the significance of the difference between ipsilateral and contralateral ΔBV values during stimulation (Fig. 2), with a single stimulation per acquisition, and possibly several acquisitions per rat. The LMM was hence of the form Y ik = δ + R i + W ik , where Y ik denotes the difference between ipsilateral and contralateral ΔBV STIM values for rat i and stimulation k, δ denotes the fixed effect of the side, the zero mean R i models the random rat effect, and W ik is the residual error term.

In the case of the mechanical stimulation, our main aim was to establish the significance of the difference between ipsilateral and contralateral ΔBV values during stimulation, with six stimulations per acquisition, and possibly several acquisitions per rat. The LMM was hence of the form Y ijk = δ + R i + A ij + W ijk , where Y ijk denotes the difference between ipsilateral and contralateral ΔBV STIM values for rat i, acquisition j, and stimulation k, δ denotes the fixed effect of the side, the zero mean R i models the random rat effect, the zero mean A ij models the random acquisition effect, and W ijk is the residual error term. The same model structure was also used to compare stimulation to baseline ΔBV values, either on the ipsilateral TG (Y = ΔBV STIM ipsi -ΔBV BL ipsi ), or on the contralateral TG (Y = ΔBV STIM contra -ΔBV BL contra ) (see Figs. 2 and3).

ΔBV values were first transformed by taking their square root (i.e., √ΔBV if ΔSB ≥ 0, √-ΔBV if ΔBV < 0) to homogenize their variance and normalize their distributions. The LMMs were fitted with the restricted maximum likelihood method using Matlab's function fitlme. The normality of the residuals was checked with Shapiro-Wilk's test. The test of nullity the fixed effect factor was performed with an F test using Matlab's function fixedEffects. The significance of the random effects was evaluated with a likelihood ratio test using Matlab's function compare.

Ultrasound localization microscopy (ULM)

Three animals were used for this procedure. A catheter filled with saline solution was inserted in the rat jugular vein before the positioning of the animal on the stereotaxic frame. ULM was performed similarly to the methods described in ref. 31 , but using continuous injections of Sonovue (Braco, Italy) reconstructed in 5 mL of saline at the rate of 3.5 mL/h. A total of 750 blocks composed of 400 compounded frames at a 1000 Hz framerate (with angles at -5°, -2°, 0°, +2°, +5°, PRF = 5000 Hz, 12 mm imaging depth) were acquired using the same system as above. The total acquisition lasted 300 s. Beamformed data were filtered using the SVD spatio-temporal filter described in ref. [START_REF] Demené | Spatiotemporal Clutter Filtering of Ultrafast Ultrasound Data Highly Increases Doppler and fUltrasound Sensitivity[END_REF] and the 10 first singular values were removed to extract microbubbles signals from the surrounding tissues. Microbubbles were detected as the brightest local maxima in the images. The tracking of the maximal positions was performed using a classical particle tracking algorithm (simpletracker.m available on Mathworks (Matlab Central) ©Jean-Yves Tinevez, wrapping Matlab Munkres algorithm implementation of ©Yi Cao 2009). The successive positions gathered in one track were used to compute the interframe microbubble velocity vector components (along probe x-axis and depth z-axis) and absolute velocity magnitude. Density maps were computed by counting all the positions detected in one pixel during the acquisitions. Velocity maps were computed as the mean velocity of all MBs passing through one pixel during the whole acquisition. The pixel size for image reconstruction was ~6.5 µm.

Density maps were computed by counting all the positions detected in one pixel during the acquisitions. Velocity maps were computed as the mean velocity of all microbubbles passing through the pixel during the whole acquisition.

Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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Our results show that extended demyelination induced an increased hemodynamic response in the primary sensory cortex both spatially and temporally, which is coherent with fMRI data collected on MS patients. The velocity measured with ULM in penetrating arterioles was reduced in cuprizone treated mice, suggesting an alteration of the neurovascular unit.

Finally, we assessed the potential of these results as strong biomarkers in a preclinical context using classification and regression models. The fUS biomarkers were able to accurately classify animals as demyelinated with high accuracy (88%), sensitivity (88%), and specificity (100%). Furthermore, these fUS measures significantly predicted the myelin level in the median corpus callosum, which is often used as an indicator of the severity of the cuprizone model. These promising results highlight the potential of fUS as a valuable tool for assessing and monitoring demyelination in preclinical research.

MOTS CLÉS

Neurosciences -Sclérose en plaque -Neuro-imagerie -Imagerie ultrasonore fonctionnelle -Biomarqueur RÉSUMÉ Nos résultats montrent une augmentation de la réponse fonctionnelle dans le cortex somatosensoriel, sur le plan spatial et temporel, exclusivement au stade de la démyélinisation complète. Une diminution de la vitesse de flux sanguin dans les artérioles pénétrantes a aussi été mesurée avec l'ULM, suggérant une altération du couplage neurovasculaire. Enfin, nous avons évalué le potentiel de ces résultats en tant que biomarqueurs robustes dans un contexte préclinique en utilisant des modèles de classification et de régression. Les biomarqueurs fUS ont été capables de classifier les animaux comme démyélinisés avec une grande précision (88%), sensibilité (88%) et spécificité (100%). De plus, ces mesures fUS ont prédit de manière significative le niveau de myéline dans le corps calleux médian, souvent utilisé comme indicateur de la sévérité du modèle cuprizone. Ces résultats prometteurs mettent en évidence le potentiel du fUS à évaluer et surveiller la démyélinisation dans la recherche préclinique.

KEYWORDS

Neurosciences -Multiple Sclerosis -Neuroimaging -functional ultrasound imaging -Biomarker