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Memory impairment is frequent in multiple sclerosis (MS) but its anatomical and biological substrates are poorly understood. The objective of this translational thesis was to understand the pathophysiological mechanisms of early memory impairment in MS, to find new potential therapeutic targets and to define new imaging biomarkers related to memory impairment. We used neuropsychological and MRI experiments in patients with early MS and we explored experimental autoimmune encephalomyelitis (EAE) mice (a mouse model of MS) at the early stage of the disease with a combination of behavioral, in vivo MRI, histological, electrophysiological and pharmacological approaches. In patients with MS, we demonstrated that hippocampal damage occurs early during the course of the disease and that it correlates with memory impairment. In EAE-mice, we identified that dentate gyrus structure and function are more vulnerable than other hippocampal subfields at the early stage of the disease and we translated this finding back to humans by demonstrating loss of pattern separation performances in patients with early MS. From a mechanistic point of view, we demonstrated that early microglial activation causes dentate gyrus disruption and memory impairment in EAE-mice and that this pathophysiological cascade can be prevented with minocycline. From the imaging point of view, we demonstrated that hippocampal microstructural damage and early dentate gyrus degeneration can be monitored in vivo with diffusion tensor imaging (DTI). We are currently developing more specific imaging approaches with optimization of the Neurite Orientation Dispersion and Density Imaging (NODDI) to assess hippocampal subfields. Our results link early memory impairment in MS to a selective disruption of the dentate gyrus. We were able to prevent this neurodegenerative process with microglial inhibitors in EAE-mice and to capture these features non-invasively with DTI in both humans and rodents, paving the way toward new clinical perspectives in MS.

Titre : Physiopathologie et imagerie des troubles mnésiques précoces dans la sclérose en plaques

Résumé : Les troubles mnésiques sont fréquents dans la sclérose en plaques (SEP) mais leurs substrats anatomique et biologique sont mal connus. L'objectif de cette thèse translationnelle était de comprendre les mécanismes physiopathologiques des troubles mnésiques à la phase précoce de la SEP, avec pour perspective de trouver de nouvelles cibles thérapeutiques et de définir de nouveaux marqueurs d'imagerie. Nous avons réalisé une analyse neuropsychologique et IRM de patients atteints de forme précoce de SEP et nous avons étudié des souris à la phase précoce d'une encéphalomyélite auto-immune expérimentale (EAE, le modèle animal de la SEP) avec une combinaison d'expériences comportementales, d'IRM, histologiques, électrophysiologiques et pharmacologiques. Nous avons démontré que l'atteinte hippocampique était précoce dans l'histoire de la maladie et qu'elle était corrélée au déclin mnésique des patients atteints de SEP. Nous avons identifié chez les souris EAE que la structure et la fonction du gyrus denté étaient plus vulnérables que les autres sous-champs de l'hippocampe au stade précoce de la maladie et nous avons transposé cette découverte à la pathologie humaine en démontrant une perte des capacités de pattern separation chez des patients atteints de forme précoce de SEP. Du point de vue mécanistique, nous avons démontré que l'activation microgliale précoce était responsable de l'atteinte du gyrus denté et des troubles mnésiques dans l'EAE et que cette cascade physiopathologique pouvait être prévenue grâce à un traitement par minocycline. Du point de vue de l'imagerie, nous avons également démontré que l'atteinte microstructurale de l'hippocampe ainsi que la neurodégénérescence précoce du gyrus denté pouvaient être étudiées in vivo en tenseur de diffusion (DTI). Nous travaillons à la mise en place de méthode encore plus spécifique par l'imagerie de densité neuritique et d'orientation/dispersion (NODDI). Nos résultats relient l'atteinte mnésique précoce de la SEP à une neurodégénérescence sélective du gyrus denté.

Ce processus physiopathologique peut être prévenu en inhibant l'activation microgliale chez les souris EAE et peut être étudié in vivo grâce au DTI chez la souris comme chez l'homme, offrant d'évidentes perspectives cliniques dans la prise en charge des patients atteints de SEP.
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• Learning and memory are adaptive systems that allow acquiring, retaining and recalling distinct experiences. From the computational point of view, memory can also be defined as "the panoply of changes in the activity or connectivity of neural systems that are triggered by stimuli or brain states and then persist over a duration longer than the triggering events" 1 .

Distinct subtypes of memories have been defined (Fig. 1), referring to different neuropsychological, anatomical and biological substrates. Short term memory (working memory) is opposed to long term memory regarding persistence in time (tens of seconds vs decades) 1 . Declarative (explicit) memory refers to the conscious awareness of previous experiences and concepts whereas procedural (implicit) memory is automatically retrieved.

Episodic memory gathers life's experiences whereas semantic memory refers to the acquisition of factual knowledges 2 .

Fig. 1: Schematic classification of the different types of memory.
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Episodic memory has been first defined by Turing in 1973 and refers to memory of specific personal experiences or the conscious ability "to travel back in time" 3 . The episodic memory theory postulates that information about specific events is linked to spatial, temporal, and other situational contexts in which the events occurred ("where", "when" and "what"). Based on this operational definition, demonstrations that animals can remember events associated to a particular context provided compelling evidence that core properties of episodic memory are also present in nonhumans and depends on a fundamental neural circuit that is similar across mammalian species 4 . In this thesis we are going to focus on this memory subtype considering that the biological substrates of episodic memory formation and dysfunction can be studied in both human and rodents.

The role of the hippocampus in episodic memory and more generally in declarative memory is widely accepted in humans since the famous description of the patient H.M., who underwent bilateral surgical resection of the medial temporal lobes (1957) 5 . The hippocampus, located within the medial temporal lobe, is composed of the dentate gyrus, the cornu ammonis (CA, with subdivisions from C1 to CA4) and the subiculum. It receives connections from the primary sensory areas of the cortex, as well as from associative areas and the rhinal and entorhinal cortices. Since the hippocampus receives multimodal information from different brain structures, it is important to note that the encoding of this information requires the recruitment of attention not only for optimal encoding of memory but also for subsequent retrieval 6 .

The "classical" corticohippocampal circuit is the well described glutamatergic trisynaptic pathway in which entorhinal cells send excitatory projections through the perforant path to granular neurons of the dentate gyrus whose mossy fiber projections excite CA3 pyramidal neurons which in turn excite CA1 pyramidal neurons through the Schaffer collateral (Fig. 2) 7 .

Information leaves the hippocampus through CA1 projections, the main output pathway, to the entorhinal cortex or other neocortical areas. The other major set of outputs of the hippocampus projects via the fimbria/fornix system to the anterior nucleus of the thalamus (both directly and via the mammillary bodies), which in turn projects to the cingulate cortex 8 . The hippocampus is considered as the crucial anatomical structure implicated in acquisition and recall of new episodic memories whereas long term storage and consolidation would also involve neocortical structures 8 . From the computational point of view, the hippocampus is then involved in two distinct mechanisms linked to encoding and retrieval, named "pattern separation" and "pattern completion". Pattern separation is the ability to establish independent and non-overlapping new memories (uncorrelated or "orthogonalized" memory representations). At the same time, an important property of the cortico-hippocampal system is to complete a whole memory when just a partial cue for retrieval is provided: this concept is named pattern completion 8 . Electrophysiological, gene knock-out and behavioral experiments in rodents 9,10 and functional magnetic resonance imaging (fMRI) studies in humans 11,12 have demonstrated that the dentate gyrus enables the hippocampus to remove redundancy from the inputs, producing a more sparse and categorized set of outputs (pattern separation) whereas an auto-association or "attractor" process in CA3 mediates pattern completion.

Putative biological substrates of long term/episodic memory in the trisynaptic hippocampal loop are persistent changes in synaptic structure and strength. Mainly, long term potentiation (LTP) has been first described by Bliss and Lomo in 1973 13 . They found that high-frequency electrical stimulation of the perforant path inputs to the hippocampus resulted in an increase in the strength of the dentate gyrus stimulated synapses that lasted for many days. LTP has been further described has an N-methyl-D-aspartate (NMDA) receptor dependent synaptic plasticity mechanism that enhanced trafficking of AMPA receptors to the postsynaptic element of dentate gyrus or CA1 neurons, resulting in a strengthened response to the next excitatory potential. Then, LTP provides a plausible biochemical mechanism for encoding new declarative memories in the hippocampus 6 . Furthermore, it has been recently demonstrated that LTP formation also requires glial cells through the astrocytic release of gliotransmitters such as D-serine or glycine 14 .

" [Episodic] memory is the glue that holds our mental life together. Without its unifying power, our […] life would be broken into as many fragments as there are seconds in the day. Our life would be empty and meaningless" wrote Kandel et al. 6 . Unfortunately, episodic memory is thought to be more vulnerable than the other memory systems to neuronal dysfunction 3 .

Then, struggling against disorders that affect episodic memory is of particular importance.

Alzheimer's disease is the archetypal neurodegenerative pathology that impairs memory performance in the elderly. Other brain pathology, such as multiple sclerosis, can alter episodic memory in young adults.

Multiple sclerosis and clinically isolated syndrome

Multiple sclerosis (MS) is an inflammatory, demyelinating and neurodegenerative disease of the central nervous system (CNS) [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF] . It usually affects young adults during their third decade and women are more prone to develop the disease (2.3/1 female-to-male ratio) 16 . More than 2.5 million people worldwide are affected and the prevalence in France is around 95 per 100000 17 . The exact etiology of the disease is currently unknown although genetic and environmental risk factors have been identified, such has HLA genotype, EBV infection, low sunlight, vitamin D deficiency, salty diet and smoking [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF] . It is usually accepted that a dysimmune response is initiated in the periphery, with increased migration of autoreactive lymphocytes across the blood-brain barrier. As lymphocytes and macrophages accumulate, pro-inflammatory cytokines (IL-1β, TNF-α…) amplify the immune response through recruitment of naive microglia. At least one part of infiltrating T-lymphocytes are directed against myelin antigens and will trigger acute demyelinating lesions. Areas of demyelination coexist with diffuse axonal and neuronal degeneration [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF] .

The early phase of MS is usually characterized by inflammatory relapses (also called attacks or exacerbations) and remissions (relapsing-remitting MS, RRMS) due to demyelination and remyelination processes. The later phase is characterized by progressive disability and neurodegeneration [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF]18 (secondary-progressive MS, SPMS). Primary-progressive multiple sclerosis (PPMS) is characterized by steady worsening of neurologic functioning, without any distinct relapses or periods of remission (Fig. 3).

According to consensual definition based on clinical and/or imaging criteria, MS is defined by the dissemination in time and space of the demyelinating lesions 19,20 . Clinically isolated syndrome describes the first clinical episode with features suggestive of MS (Fig. 3). Then, clinically isolated syndrome (CIS) is a disease that could be MS, but has yet to fulfill criteria of dissemination in time. The long term risk to develop MS after CIS is around 60-80% when demyelinating lesions are present on the first MRI scan [START_REF] Müller | Recognition performance differentiates between elderly patients in the long term course of secondary progressive multiple sclerosis and amnestic mild cognitive impairment[END_REF] .

Fig. 3: The clinical course of multiple sclerosis. CIS: Clinically Isolated Syndrome; RRMS: Relapsing-Remitting Multiple Sclerosis; SPMS: Secondary progressive Multiple Sclerosis (the primary progressive form of the disease (PPMS) is not depicted here).

During the course of MS, relapses are consensually treated with high-dose methylprednisolone to rapidly relieve symptoms. However, corticosteroid treatments have no significant impact on long-term disability and don't prevent future relapses. Then, patients with RRMS are usually treated with disease modifying treatments with immunomodulatory or immunosuppressive characteristics that decrease relapse-rate and accumulation of disability.

There are currently nine approved treatments in RRMS with various degrees of effectiveness and side effects: interferon-β (IFN-β), glatiramer acetate, mitoxantrone, natalizumab, fingolimod, teriflunomide, dimethyl fumarate, alemtuzumab and daclizumab. IFN-β and glatiramer-acetate are also indicated in people with CIS to delay the conversion to MS [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF] .

Cognitive impairment in multiple sclerosis

For many years, clinicians and scientists have been mainly focused on motor, sensitive, visual and cerebellar symptoms of MS. However, we now know that cognitive impairment is another manifestation of MS that affects 40-90% of patients with MS, depending on the clinical course of the disease [START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF][START_REF] Liu | Tests of pattern separation and pattern completion in humans-A systematic review[END_REF][START_REF] Stark | A task to assess behavioral pattern separation (BPS) in humans: Data from healthy aging and mild cognitive impairment[END_REF] (Fig. 4). The impact of cognitive decline on quality of life and vocational status is major for affected patients who are young adults [START_REF] Holden | Visual object pattern separation varies in older adults[END_REF] . Then, the research on this particular topic is growing up since the 90's [START_REF] Sumowski | Brain reserve and cognitive reserve protect against cognitive decline over 4.5 years in MS[END_REF] .

Cognitive impairment associated with MS is classically defined (rightly or wrongly) as a subcortical dementia because it affects information processing speed, attention, working memory, episodic memory and executive functions whereas "cortical features" such as aphasia, apraxia and agnosia are usually absent [START_REF] Feinstein | Sub-threshold cognitive impairment in multiple sclerosis: the association with cognitive reserve[END_REF] (Fig. 4). Cognitive decline can occur very early during the course of the disease, from the stage of CIS [START_REF] Ally | Pattern separation and pattern completion in Alzheimer's disease: evidence of rapid forgetting in amnestic mild cognitive impairment[END_REF] and even prior to all other physical symptoms (radiologically isolated syndrome; i.e incidental findings of MRI abnormalities suggestive of MS in patients undergoing MRI for unrelated indications such as head trauma or headache) [START_REF] Das | Loss of pattern separation performance in schizophrenia suggests dentate gyrus dysfunction[END_REF] . The most frequently affected cognitive domains in MS are information processing speed and episodic memory. Slowing of information processing speed is usually explained by disconnection [START_REF] Czerniawski | Acute neuroinflammation impairs context discrimination memory and disrupts pattern separation processes in hippocampus[END_REF] , demyelinating lesion-load [START_REF] Yassa | High-resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients with amnestic Mild Cognitive Impairment[END_REF] , diffuse brain damage and/or grey matter atrophy [START_REF] Pidgeon | Cortical pattern separation and item-specific memory encoding[END_REF] . Memory impairment is thought to be rather explained by a more focal pathological process involving the hippocampus [START_REF] Bennett | Mnemonic discrimination relates to perforant path integrity: An ultra-high resolution diffusion tensor imaging study[END_REF][START_REF] Bennett | Limbic Tract Integrity Contributes to Pattern Separation Performance Across the Lifespan[END_REF] . From the neuropsychological point of view, verbal memory impairment in MS would be due to deficient acquisition, while visual memory impairment would be attributable to deficits in acquisition and storage 36,37 . 

Memory impairment and hippocampal pathology in multiple sclerosis

The first evidence to claim that hippocampal damage can contribute to the episodic memory deficit observed in patients with MS came in 2008 when Sicotte and colleagues correlated hippocampal atrophy measured on MRI to memory decline [START_REF] Bennett | Mnemonic discrimination relates to perforant path integrity: An ultra-high resolution diffusion tensor imaging study[END_REF] . Furthermore, they identified that hippocampal volume loss was in excess of global brain atrophy which suggests that the hippocampus can be particularly vulnerable to MS. In line with these results, post-mortem histological studies confirmed that hippocampi can be extensively demyelinated during MS 
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Some authors argue that it's not sufficient to look solely at global hippocampal atrophy to understand and diagnose early stages of neurodegenerative diseases affecting memory 40 .

Then, it seems crucial to pinpoint the vulnerability of distinct hippocampal subfields (subiculum, dentate gyrus, CA3 and CA1) because they are very different in their morphological, molecular, electrophysiological and functional profiles [START_REF] Dutra | Spatial reference memory deficits precede motor dysfunction in an experimental autoimmune encephalomyelitis model: the role of kallikrein-kinin system[END_REF] . In this context, human MRI data from people with MS suggest that some hippocampal regions could indeed be more affected than others [START_REF] Bennett | Mnemonic discrimination relates to perforant path integrity: An ultra-high resolution diffusion tensor imaging study[END_REF][START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF][START_REF] Prochnow | An electrophysiologic approach to quantify impaired synaptic transmission and plasticity in experimental autoimmune encephalomyelitis[END_REF][START_REF] Filippo | Effects of central and peripheral inflammation on hippocampal synaptic plasticity[END_REF] . However, these studies provide controversial results that may come from measurements performed at different stages and with different methodology to measure atrophy, pinpointing either CA3/dentate gyrus or CA1 subfields as the main locus of alterations. On top of structural alterations of the hippocampus, several studies have highlighted that hippocampal functional connectivity was modified in the memory network of patients with MS, especially the connections with parahippocampal areas, the anterior cingulate gyrus, and the prefrontal cortex [START_REF] Novkovic | Hippocampal function is compromised in an animal model of multiple sclerosis[END_REF][START_REF] Coras | Differential influence of hippocampal subfields to memory formation: insights from patients with temporal lobe epilepsy[END_REF] . Current thought about brain functional reorganization in MS postulate that compensatory mechanisms occur early during the course of the disease but are finally overtaken by structural damage later on [START_REF] Peterson | Transected neurites, apoptotic neurons, and reduced inflammation in cortical multiple sclerosis lesions[END_REF] (Fig. 5). However, this "dynamic" theory is facing several discrepancies from one cross-sectional study to another and needs to be demonstrated in future longitudinal follow-up of patients.

Several pharmacological agents or memory rehabilitation programs have been proposed to treat or prevent memory impairment in MS but evidences of effectiveness are very limited [START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF] .

Some studies evaluating behavioral treatments for impairment in learning and memory have demonstrated some objective improvement but they suffer from several methodological problems and they often lack long-term follow-up. Furthermore, they need ecologically valid outcome assessments [START_REF] Heppner | Experimental autoimmune encephalomyelitis repressed by microglial paralysis[END_REF] (i.e. corresponding to "everyday life" abilities) that are usually not used. Symptomatic drug treatments such as anticholinesterase inhibitors [START_REF] Aguzzi | Microglia: scapegoat, saboteur, or something else?[END_REF] , L-amphetamine 51 or memantine [START_REF] Möller | Critical data-based re-evaluation of minocycline as a putative specific microglia inhibitor[END_REF] are inefficient to treat or prevent memory decline. Because they decrease brain inflammation and irreversible axonal damage, disease modifying therapies could have the potential to prevent cognitive impairment in people with MS. However, cognitive outcomes were under-evaluated in clinical trials (and only as secondary end-points or in ancillary studies) and conclusions remain largely inconsistent, even if IFN-β could have a significant beneficial effect on tests of information processing and learning/memory [START_REF] Michailidou | Complement C1q-C3associated synaptic changes in multiple sclerosis hippocampus[END_REF]54 . Then, there is still no uncontroversial treatment to cure or prevent memory impairment in MS.

More specific biological targets associated with memory impairment need to be identified to develop specific therapeutic strategies. Especially, the MS community needs to understand what happens before hippocampal atrophy that is likely a late stage with irreversible damages.

However, MRI studies based on measurement of hippocampal atrophy and post-mortem histological studies are the main sources of understanding but are both inherently biased toward the chronic stage of the disease. Because these early pathophysiological mechanisms are not assessable with noninvasive techniques in humans, an alternative way to address this question is to use experimental autoimmune encephalomyelitis, the most widely accepted animal model of MS (below and Box 1).

Experimental autoimmune encephalomyelitis

As for many neurological diseases, MS is unique to humans and there is no spontaneous disease of other species to provide translatable insights into the human disorder. Experimental autoimmune encephalomyelitis (EAE) is a family of disease models discovered fortuitously a century ago after vaccination against rabies virus. Indeed, the vaccinating inoculum was prepared from brain or spinal cord tissue coming from animals, and some patients developed an allergic encephalomyelitis or "Pasteur encephalomyelitis" after injection. EAE models have been used essentially to develop new immunomodulatory drugs to target the immune-specific and demyelinating aspect of MS. However, recent works suggest that EAE models can also be used in order to understand the neurodegenerative processes associated with MS, including within hippocampus 61 .

Box1. Translational research: from bench to bedside

The US National Institute of Health (NIH) defined translational research as "the process of applying discoveries generated during research in the laboratory, and in preclinical studies, to the development of trials and studies in humans" and as "a continuum in which research findings are moved from the researcher's bench to the patient's bedside and community" 1 .

This thesis has been thought as a translational project in order to understand early memory impairment in MS. Several experiments were conducted with EAE, the animal model of MS to decipher molecular, cellular and functional mechanisms leading to hippocampal disruption at the early stage of the disease. A part of these experiments were reproduced in humans to extrapolate the whole pathophysiological process to the human pathology and to define perspective for future clinical trials.

In such a strategy, in vivo imaging is an important methodological approach. Indeed, the same noninvasive imaging methods can be applied in humans and rodents. If a similar imaging pattern can be observed in humans and rodents, we postulate that it would be a strong argument to believe that indepth characterization of mechanisms elucidated in rodents (with technics non applicable in humans such as microscopy, electrophysiology, transcriptomic, gene knock out…) holds also true in humans.

Technical approaches to explore hippocampus in humans and rodents

In Diffusion tensor imaging (DTI) is an MRI technic first described in 1994 in order to determine in vivo the displacements of water molecules in tissues and fiber track orientation . Since then, DTI has been extensively used to evaluate large myelinated fibers and structural connectivity of the brain in several neurological disorders, including MS. Thanks to recent advances in biophysics, it is now possible to achieve high-resolution DTI at a submillimeter resolution and to assess neuritic damages in the gray matter 2 .

DTI uses the water motion as a probe to infer the neuroanatomy. By applying gradients, it is possible to quantify the extent of microscopic water diffusion along several directions of a sphere on a pixel-by-pixel basis in vivo. When water motion is random (brownian motion, as in the cerebrospinal fluid), the diffusion is called "isotropic". When water motion is constrained or hindered in one axis by neurites, membranes or cell infiltrates, the diffusion is called "anisotropic". One of the most widely used metrics of diffusion MRI is mean diffusivity (MD) that quantifies the amount of diffusion and fractional anisotropy (FA), scaled from 0 (isotropic) to 1 (anisotropic), that quantifies the relative degree of anisotropy (directionality) in a voxel 3 . Any modifications of the microscopic structure of the tissue can induce modifications of water diffusion properties. 

The principle of DTI and contrast generation from diffusion measurements along multiple axes (A).The shape and the orientation of a ''diffusion ellipsoid'' is estimated (B). An anisotropy map (D) can be

Aims of the thesis

The general objective of this translational thesis was to tackle some pathophysiological mechanisms of early memory impairment in MS, to define new imaging biomarkers related to memory impairment and ultimately to find new potential therapeutic targets. All the approaches are focused at the early stage of the disease considering that early modifications are the ones that should be targeted in the future (early treatments and prevention). To achieve this goal we used a translational multidisciplinary approach by:

-Using advanced MRI technics and neuropsychological testing in persons with CIS and early MS.

-Using several complementary experiments on EAE-mice including: behavioral experiments, advanced MRI technics, transcriptomics, histology, neuromorphology, electrophysiology and pharmacology.

Thesis outline

In chapter 2, we investigated the early anatomical substrate of memory impairment in MS, prior to atrophy. By quantifying diffusion of water molecules within the whole hippocampus with DTI in persons with clinically isolated syndrome, we found a correlation between hippocampal microstructural damage and memory impairment at this early stage of the disease. Furthermore, hippocampal DTI discriminates between memory-impaired and memory-preserved patients with a good accuracy.

In chapter 3, we aimed at exploring in details the histological substrate of the DTI alterations within the hippocampus and also at investigating whether the hippocampal subfields could be differentially affected. We demonstrated in EAE-mice that synaptic dysfunction and dendritic degeneration, both driven by microglial activation, were encountered within the hippocampus at the early stage of the disease. Importantly such alterations of structure and function were mainly observed within the dentate gyrus that was therefore more vulnerable than other hippocampal subfields to early microglial activation. This early neurodegenerative process responsible for memory impairment could be prevented after inhibition of microglial activation with minocycline. This selective neurodegenerative process could also be monitored in vivo with DTI at a very high resolution to resolve each hippocampal subfields individually.

In chapter 4, we aimed at translating back our findings from EAE-mice to patients with early MS. In other words, we hypothesized that alterations measured within the whole hippocampus of patients (chapter 2) could be mainly driven by dentate gyrus vulnerability as demonstrated in EAE mice (chapter 3). Because it is still challenging to quantify diffusion MRI within each subfield in patients (very long acquisition time in EAE), we used a neuropsychological approach by testing the patients with cutting edge cognitive tests more specifically related to the integrity of the dentate gyrus. We demonstrated that pattern separation performances (a crucial feature of episodic memory supported by the dentate gyrus) are decreased in patients with early MS compared to healthy controls. This loss of pattern separation performances was observed while slowing of information processing speed and "classical" visuospatial episodic memory impairment were not found, suggesting that loss of pattern separation precedes the other deficit in early MS. This neuropsychological result suggests that the early dentate gyrus dysfunction demonstrated in EAE-mice holds also true during the course of MS in patients.

In chapter 5, we discuss the limitations and the perspectives of this work and we present some preliminary results and ongoing projects.
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Chapter 2______________________________________________________________

Early hippocampal degeneration in patients with multiple sclerosis 40 alterations were strongly correlated with early deficit in episodic memory, independently of age, gender, depression and T2-lesion load. Furthermore, hippocampal mean diffusivity discriminated memory-impaired from memory-preserved PwCIS.

Comments: This study argues for a very early neuropathological process occurring within the hippocampus during the course of MS that participates to memory impairment. The histopathological substrates of these early DTI alterations are not understood but could be investigated by using animal models of MS. Furthermore, the ability of DTI to discriminate between memory-impaired and memory-preserved PwCIS provides encouraging evidence for using DTI as a biomarker in future clinical trials targeting neuroprotection in PwCIS and PwMS.

Article

Hippocampal microstructural damage correlates with memory impairment in clinically isolated syndrome suggestive of multiple sclerosis

Vincent Planche 1,2,3 , Aurélie Ruet 

Introduction

Cognitive impairment is frequent in multiple sclerosis (MS) 1,2 and strongly impacts quality of life and vocational status 3 . The two most frequently affected domains are information processing speed (IPS) and episodic memory 1 . While IPS impairment is usually explained by disconnections due to demyelinating lesions and diffuse brain damage 4 , several groups have reported that memory impairment could be more specifically related to hippocampal atrophy 5,6,7,8 .

Significant memory impairment is already present at the stage of clinically isolated syndrome (CIS) 9,10 , the first clinical episode suggestive of MS. However, hippocampal damage is typically not detected at this early stage of MS because atrophy is not yet observed or still confined to few locations such as the thalamus or the striatum 11,12,13,14 . To the best of our knowledge, only one study has reported hippocampal atrophy in a CIS group with high T2-lesion load [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF] .

Therefore, there is a need for imaging biomarkers more sensitive than atrophy, especially at the stage of CIS, which could reflect clinically relevant hippocampal alterations to help the development and validation of future neuroprotective strategies.

Diffusion tensor imaging (DTI) has been efficiently used to reveal widespread white matter damages from the stage of CIS 16 but less consistently within grey matter 17,18 . Specifically, there is no report of altered DTI within the hippocampus of persons with CIS and no strong imaging correlate of memory impairment at this stage. Outside the field of MS, DTI has revealed subtle and early hippocampal alterations in Alzheimer's disease 19 , but it's currently unknown whether this technique can also be sensitive enough to capture clinically relevant modifications at the very early stage of MS.

In this study, we hypothesized that microstructural damage contributing to early memory impairment could occur in the hippocampus at the stage of CIS and that it might be measurable with DTI while there is no hippocampal atrophy. To test this hypothesis, we measured hippocampal volume and DTI metrics within the hippocampus of persons with CIS (PwCIS) to look for correlations with episodic memory scores and to test their ability to discriminate between memory-impaired and memory-preserved PwCIS. A group of healthy subjects and a group of persons with MS (PwMS) were used as negative and positive controls, respectively.

Methods

Participants

All subjects were prospectively enrolled from 2011 to 2014 at our MS center. Written A total of seventy-six healthy control (HC) subjects, included as negative controls, were free of neurologic, psychiatric, or systemic diseases, and drug or alcohol abuse. Fifty-four subjects were tightly matched for age, sex and educational level to PwCIS, to calculate cognitive z-score (see below). The twenty-two additional subjects were matched for age, sex and educational level to PwMS.

Neuropsychological testing

All patients and controls performed the Symbol Digit Modalities Test (SDMT) to assess IPS and the forward digit span subtest of the WAIS-III to assess attention/working memory. In order to assess hippocampal functions (verbal learning and recall), PwCIS and matched controls performed the Selective Reminding Test (SRT) while PwMS and matched controls performed the California Verbal Learning Test (CVLT). Indeed, the SRT was frequently used in previous studies of CIS 9,10 and is part of the brief repeatable battery of neuropsychological testing 21 while the CVLT was the most common validated task used to assess episodic verbal memory in previous MS studies 6,8 . The SRT-LTS (Long Term Storage) and the CVLT-immediate recall were considered as measures of learning performance, and DR-SRT (Delayed Free Recall) and DR-CVLT as measures of long term recall performance. Each subject also completed a standard questionnaire concerning depressive symptoms (Beck Depression Inventory, BDI).

Each Lower z-score indicates lower performance. A patient was considered impaired in a given cognitive domain if his/her z-score was < -1.5, according to agreed-upon threshold [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF] .

MRI acquisition

All PwCIs, PwMS and a representative subset of 36 HC were scanned on a 3T Philips Achieva MRI system with an 8-channel SENSE head coil. The protocol included a 3D gradient-echo T1weighted sequence (TR/TE/TI/flip angle=8.2ms/3.5ms/982ms/7°, resolution 1x1x1mm, 256mm FOV) and a 2D axial fluid attenuated inversion recovery (FLAIR) sequence (TR/TE/TI=11000ms/140ms/2800ms, resolution 1x1.1x3mm, 230mm FOV). A diffusion tensor echo-planar-imaging (EPI) pulse sequence was also acquired: TR/TE=11676ms/60ms, 1.6x1.6x1.6mm resolution, 230mm FOV, with b=1000s/mm² (Δ=29.4ms, δ=12.9ms) in 20 nonco-linear directions and 4 sets of b=0s/mm².

MRI analyses

Lesion load was determined using co-registered T1 and FLAIR sequences and a semiautomated segmentation pipeline based on local thresholding [START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF] followed by manual correction by a blinded expert (V.P., a neurologist with 4 years of experience).

For volumetric analyses of brain structures, T1-weighted images were processed using the volBrain system (http://volbrain.upv.es). After denoising [START_REF] Liu | Tests of pattern separation and pattern completion in humans-A systematic review[END_REF] , images were affine-registered estimated. Hippocampus was automatically segmented with a patch-based multi-templates method described in details elsewhere [START_REF] Holden | Visual object pattern separation varies in older adults[END_REF] that uses expert manual segmentations in MNI space as priors. Anatomical boundaries of the hippocampus were defined according to the EADC-ADNI Harmonized Protocol [START_REF] Sumowski | Brain reserve and cognitive reserve protect against cognitive decline over 4.5 years in MS[END_REF] . Every mask was then blindly checked and manually corrected (V.P.) for inappropriate inclusion of para-hippocampal T1-hypointense lesions, choroidal plexus and/or CSF "pockets". To control for variations in head size, total brain volumes and hippocampal volumes were scaled using the volumetric scaling factor determined through the affine registration to the MNI brain template.

An in-house pipeline (dtiBrain) was used to process diffusion weighted images (DWI). First, images were denoised [START_REF] Feinstein | Sub-threshold cognitive impairment in multiple sclerosis: the association with cognitive reserve[END_REF] in order to improve signal-to-noise ratio. Then, head displacement and distortions induced by eddy currents were corrected by performing affine registration [START_REF] Stark | A task to assess behavioral pattern separation (BPS) in humans: Data from healthy aging and mild cognitive impairment[END_REF] of all DWI to the b0 images. The direction table was updated with the estimated motion matrices. To compensate for EPI distortion, a non-rigid registration of DWI to the subject's T1weighted images in MNI space was performed by using ANTs 25 . For that purpose, we found that registration of mean diffusivity map, derived from DWI, to CSF probability map, derived from T1, provided the most accurate strategy by visual inspection of the hippocampal areas.

Then, a diffusion tensor model was fitted at each voxel using FSL 5.0 (http://fsl.fmrib.ox.ac.uk/fsl) to measure mean fractional anisotropy (FA) and mean diffusivity (MD) within the hippocampal masks previously generated from T1-weighted images (Fig. 1A, B andC).

Statistical Analyses

Right 

Clinical characteristics and general MRI features

A total of 37 PwCIS, 32 PwMS and 36 HC assessed with MRI were included (Table 1 

Hippocampal volume and DTI measures

Hippocampal volumes normalized for head size were not significantly different between groups (p=0. 19). PwMS showed slightly lower volumes compared to HC even though this difference didn't reach significance (mean volume 9.72 ml and 9.99 ml respectively, d=0.31, Fig. 1D). Interestingly, PwCIS and HC were thoroughly similar for their hippocampal volumes (mean volume 10.06 ml and 9.99 ml respectively, d=0.09, Fig. 1D).

Hippocampal 53

Correlations between MRI measures and cognitive performance (table 3)

In the CIS group, in univariate analyses, the hippocampal MD was the only metric strongly correlated with long-term recall (r=-0.57, p=0.0002); a correlation that remains significant even after correction for the 32 multiple comparisons run between MRI and clinical data (p=0.0050). By contrast, hippocampal volume and T2-lesion load were not correlated with episodic memory. In multivariate analysis, after adjusting for age, gender, depression and T2lesion load, the correlation between hippocampal MD and performances on long term recall remained significant with an odds ratio of 0.058 (95%CI=0.0057-0.59, p=0.016). In the MS group, the performances on learning trials were correlated with hippocampal volumes (r=0.44, p=0.01 and β=1.23, 95%CI=0.12-2.34, p=0.032 after adjustments). IPS measures were correlated with T2-lesion load (r=-0.51, p=0.004 and β=-3.5x10 -5 , 95%CI=-6.8x10 -5 --3.12x10 -6 , p=0.033 after adjustments) but also with both hippocampal FA and MD (respectively r=0.36, p=0.04, non-significant after adjustments and r=-0.52, p=0.002; β=-8.95, 95%CI=-15.77--2.13, p=0.012 after adjustments).

Hippocampal MD discriminates between memory-impaired and memory-preserved PwCIS

Regarding the strong association between hippocampal MD and long-term recall memory performances, we tested whether this parameter could discriminate memory-impaired PwCIS from those with normal long-term recall. PwCIS were dichotomized in two subgroups according to their long-term memory performances (i.e. DR-SRT z-score <-1.5). Using ROC analysis we showed that a threshold MD value (MD=1.278x10 -3 mm 2 /s) was discriminating these two subgroups with 90.0% sensitivity, 70.3% specificity, 52.9% positive predictive value (PPV) and 95.0% negative predictive value (NPV) (area under the curve = 0.77, 95%CI=0.62-0.92, p=0.013, Fig. 2A). Hippocampal MD was the only demographical, clinical or radiological characteristic significantly different between memory-impaired and memory-preserved PwCIS (p=0.011, Fig. 2B and table 4). 

Discussion

In this study, hippocampal microstructural alterations measured by DTI appear to be already present in the early stages of MS (PwCIS), while no significant hippocampal or global brain atrophy compared to HC is evident. Furthermore, increased hippocampal MD was associated with early memory impairment in these PwCIS.

A quarter of our population of PwCIS showed episodic verbal memory impairment in learning and retrieval tasks which is consistent with previous studies using the same test 9,10 .

Interestingly, memory impairment was more frequent than slowing of IPS in PwCIS. This observation suggests that a neurodegenerative process starts early within the hippocampus contributing to memory decline, even at a stage where IPS is relatively preserved because complete disconnection phenomena due to widespread demyelination are generally lower at the CIS stage than later on 4 . Furthermore, our PwCIS were not treated with disease modifying therapies, avoiding bias linked to heterogeneous therapeutic response.

Our data support the concept that early memory deficit in MS could be related to specific hippocampal vulnerability, independent of the extent of focal white matter lesions.

Hippocampal FA was significantly decreased in the CIS group and even more in the MS group, in which a significant increase of hippocampal MD was also observed. In previous work assessing PwCIS, deep grey matter DTI changes were detected, while no hippocampal DTI 56 changes were apparent 17 . However, the sensitivity to DTI changes in the hippocampus might have been hampered by partial voluming effects due to a larger voxel size (3.33mm x 3.33mm

x 3.00mm) 17 , compared with our 1.6mm 3 voxel size. We also believe that applying a denoising procedure further increased our sensitivity towards microstructural alterations detected by DTI, enabling our findings [START_REF] Feinstein | Sub-threshold cognitive impairment in multiple sclerosis: the association with cognitive reserve[END_REF] .

In support of the clinical relevance of our finding of early hippocampal damage in PwCIS, we were able to show a strong and independent correlation of hippocampal MD with a hippocampus-dependent task (DR-SRT), but not with cognitive tasks that are not reliant on hippocampal function (i.e, IPS and attention/working memory, even though some authors argue for a continuum between working memory and long term memory encoding [START_REF] Ally | Pattern separation and pattern completion in Alzheimer's disease: evidence of rapid forgetting in amnestic mild cognitive impairment[END_REF] ).

Hippocampal MD in PwCIS was correlated to hippocampal-dependent long-term recall in the absence of significant hippocampal volume loss, suggesting that hippocampal MD reflects an earlier pathophysiological process that likely precedes atrophy. Interestingly, and despite smaller differences between groups, the increase in MD appears to be more clinically relevant than the decrease in FA in the explored context. MD might be more stable and reproducible than FA in the hippocampus (i.e. smaller dispersion of the values, even in the control group), which can be reasonably expected in such a grey matter structure where diffusion tends to be more isotropic and therefore imperfectly represented by FA as a measure of fiber orientation.

Therefore either FA and MD measure different underlying histological substrate or, more likely, FA is less reliable than MD in grey matter which is in line with previous results 16,17 .

Higher MD might correspond to a mixture of hippocampal demyelination, neuronal or synaptic loss together with inflammatory cells as described in post-mortem studies of MS brains [START_REF] Das | Loss of pattern separation performance in schizophrenia suggests dentate gyrus dysfunction[END_REF] .

We also showed that hippocampal MD discriminates memory-impaired from memorypreserved patients with a sensitivity of 90%, a specificity of 70.3% and a NPV of 95.0%. Among In contrast, in PwMS, episodic memory correlated with hippocampal volume, but the correlation between hippocampal MD and memory scores was not significant. This finding suggests that at a more advanced stage, assessing the microstructure of the hippocampus with DTI might no longer be sensitive and relevant. Furthermore, T2-lesion load and hippocampal DTI metrics were correlated with IPS scores. These findings can suggest that hippocampus is involved in IPS but also that hippocampal DTI at the stage of clinically definite MS reflects more general brain damage and in turn correlate better with IPS that has been associated to global cerebral damage 2 . This is consistent with data in the literature showing that cognitive impairment is associated with several imaging metrics in more advanced MS [START_REF] Yassa | High-resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients with amnestic Mild Cognitive Impairment[END_REF] because cognitive impairment is probably the result of a complex interplay between several alterations at this stage [START_REF] Pidgeon | Cortical pattern separation and item-specific memory encoding[END_REF] .

We acknowledge an important shortcoming of this meta-analysis of our data, namely that the cognitive testing was different for the CIS and MS groups, limiting our ability to directly compare PwCIS to PwMS. Nevertheless, a previous paper reported no difference in sensitivity between SRT and CVLT [START_REF] Bennett | Mnemonic discrimination relates to perforant path integrity: An ultra-high resolution diffusion tensor imaging study[END_REF] and furthermore, we believe that the insights gained by separately comparing these groups of patients to matched HC explored with the same tests maintain full validity. We also acknowledge that the sample size of each group is relatively small and therefore these results can be viewed as preliminary and need confirmation in a larger cohort of PwCIS. Another limitation is that we didn't acquire 3D-double inversion recovery MRI, limiting our ability to detect focal hippocampal lesions [START_REF] Bennett | Limbic Tract Integrity Contributes to Pattern Separation Performance Across the Lifespan[END_REF] . Therefore, our DTI findings might reflect focal, as well as more diffuse alterations in the hippocampus. Because the PPV was only 52.9%, it will be of great interest for future studies to assess whether PwCIS with increased hippocampal MD but preserved memory functions display compensatory mechanisms measured by hippocampal activation and functional connectivity, as demonstrated in PwMS 36 .

Similarly, longitudinal data should identify whether those patients are likely to show memory alterations in long-term follow-up. DTI could also be combined with susceptibility weighted imaging that could also reveal subtle alterations because it has been demonstrated that iron deposition is present within the hippocampus at the stage of CIS 37 .

In conclusion, episodic memory impairment was correlated with hippocampal DTI changes at the stage of CIS, in the absence of a significant effect of global lesion volume or atrophy on any of the cognitive measures. This argues for a clinically relevant neurodegenerative process occurring in the hippocampus in the early stages of MS, and suggests that DTI measurement in this structure might provide a sensitive indicator of early neurodegenerative changes.

Study funding

This 

Introduction

Multiple sclerosis is the most frequent inflammatory disorder of the central nervous system 1 .

Among symptoms, episodic memory impairment is frequent 2 , greatly impacts quality of life 3 and occurs early during the course of the disease 4 . Evidence from clinical studies links episodic memory impairment with hippocampal alteration. Nevertheless, these human data are either post-mortem histological studies inherently biased toward the chronic stage of the disease 5,6 , or in vivo studies based on measurement of hippocampal atrophy on magnetic resonance imaging (MRI), which reflects again a late process and don't inform on the underlying cellular modifications 7,8 . Therefore, there is a need for a better understanding of the substrate of early memory deficit associated with multiple sclerosis.

The cellular mechanisms that could be potentially disrupted in the hippocampus during the early stage of multiple sclerosis are mainly those involved in long-term synaptic plasticity within the trisynaptic loop, which is one of the major substrates for learning and memory 9 .

These mechanisms can only be explored by using experimental autoimmune encephalomyelitis (EAE), the most widely accepted animal model of multiple sclerosis 10 . Early synaptic dysfunctions have been reported in EAE and associated with pro-inflammatory cytokines released by macrophages, microglia or astrocytes 11,12,13,14 , leading to the concept of "inflammatory synapthopathy" [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF] . However, it is currently unknown whether some particular synaptic pathways could be differentially targeted by activated glial cells during the course of multiple sclerosis or EAE.

Indeed, the hippocampus is composed of different interconnected regions and layers (the Cornu Ammonis subfields, the dentate gyrus and the subiculum) which are very different in their morphological, molecular, electrophysiological and functional profiles. This implies that it is not enough to consider the hippocampus as a unitary and homogeneous entity. By analogy with other diseases such as Alzheimer or post-traumatic stress disorder that differentially target distinct subregions of the hippocampus circuit, we can envision that groups of hippocampal neurons are afflicted at the early stage of multiple sclerosis while neighboring ones are not 16,17 . Human MRI data also suggest that some hippocampal regions could be more affected than others in multiple sclerosis because some authors have reported hippocampal volume loss localized to specific subfields 7,18,19,20 . However, these studies provide controversial results which may come from measure of atrophy performed at different stages and with different methodology. Whether hippocampal regions/subfields could be differentially vulnerable to early pathophysiological mechanisms in multiple sclerosis (prior to atrophy) is therefore currently unclear and can only be addressed with the EAE model.

Consequently, in this study, we looked for the substrate of early memory impairment in multiple sclerosis by combining multi scale complementary approaches in the different hippocampal subfields of EAE-mice. Similarly to the human disease, we demonstrated that EAE-mice showed hippocampal-dependent memory impairment prior to hippocampal atrophy. Then, we used diffusion tensor imaging (DTI) as an in vivo "screening procedure" to pinpoint potential regional vulnerability and focus the other experiments. We identified the locus of early hippocampal disruption in the dentate gyrus with concordant DTI, morphological and electrophysiological experiments. This selective vulnerability was associated with early microglial activation and was prevented with systemic injections or local intra-dentate gyrus infusions of the microglial inhibitor minocycline. Hence, we identified the anatomical source of memory impairment in early multiple sclerosis which could be exploited to clarify pathogenesis and which could be translated to patients as it can be captured with in vivo imaging.

Materials and methods

Animals and Experimental Autoimmune Encephalomyelitis (EAE)

Experiments were performed on 7 to 9-week-old females C57BL6/J (Janvier Labs 

Contextual fear conditioning

Memory functions were assessed with a particular contextual fear conditioning procedure (Fig. 1B) that does not require important motor skills unlike other tests, such as the Morris water maze. Acquisition of fear conditioning took place in a Plexiglas box (30x24x22 cm, Imetronic) in a brightness of 60 lux, given access to different visual-spatial cues in the experimental room.

The floor of the chamber consisted of stainless-steel rods connected to a shock generator. The box was cleaned with 70% ethanol. The training procedure consisted on a pseudo-random distribution of tones and shocks as followed (tone-shock unpairing procedure): 100s after being placed into the chamber, animals received a footshock (0.4mA squared signal, 1s), then, after 20s, a tone (65dB, 1kHz, 15s) was presented twice (30s delay); finally, after 30s, mice received a second shock and returned to the home cage 20s after. One day after the acquisition, mice were re-exposed to the tone alone during 2 minutes in a safe and familiar chamber where they had been pre-exposed the day before conditioning (opaque PVC chamber with opaque floor, brightness of 15 lux, cleaned with 4% acetic acid). One hour later, animals were re-exposed to the conditioning context alone, without the tone. Animals were recorded on videotape for off-line manual scoring of freezing behavior. We previously repeatedly showed that such conditioning procedure normally leads to the identification of the conditioning context as the correct predictor of the threat (i.e. footshock) as animals display conditioned fear when re-exposed to the context but not to the discrete tone [START_REF] Müller | Recognition performance differentiates between elderly patients in the long term course of secondary progressive multiple sclerosis and amnestic mild cognitive impairment[END_REF][START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF][START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF] .

Conditioned fear to the context was assessed by measuring the percentage of total time spent freezing during the first 2 minutes period of context re-exposure. In order to assess conditioned fear to the tone, a freezing ratio was calculated as follow: [% freezing during the tone presentation -(% pre-tone period freezing + % post-tone period freezing)/2] / [% freezing during the tone presentation + (% pre-tone period freezing + % post-tone period freezing)/2]. Two different observers performed the measurements independently and blinded of experimental groups (EAE, n=12 and CFA, n=12).

Slowing of information processing speed is frequent in multiple sclerosis [START_REF] Liu | Tests of pattern separation and pattern completion in humans-A systematic review[END_REF] and can confound memory tests. Thus, we reasoned that EAE-mice could need more time than CFA-mice to process and memorize a new context independently of hippocampal dysfunction. To disentangle these phenomena, we designed a new experimental procedure where the conditioning period was longer: 130s into the chamber, first shock, 40s delay, first tone, 50s delay; second tone, 50s delay, second shock, 20s and back to the home cage. Tone, shock, context parameters and testing conditions were the same as described above (EAE, n=12 and CFA, n=12).

Magnetic Resonance Imaging: acquisition and analyses

The afternoon following contextual fear conditioning, the same animals underwent MRI exploration. Imaging was performed on a 4.7T scanner (Biospec 47/20, Brucker) equipped with a high-performance gradient system (capable of 660 mT/m maximum strength and 110μs rise time). A 86mm-diameter volume coil was used for radio frequency pulse transmission and a four-elements phased array surface coil for signal detection. Mice anesthetized with isoflurane in air (1-2% concentration to obtain a respiratory rate between 25/s and 35/s) were immobilized in a head holder with ear bars and their body temperature was kept at 37°C.

We first collected standard T2-weighted images to assess hippocampal volumetry. This was acquired using a fat-suppressed turbo spin echo axial sequence (Turbo-RARE, TR=4843ms, effective TE=66ms, matrix=196x196 pixels, FOV=20x16mm², spatial resolution=102x82x300µm, 15 averages, 25 axial slices, scan time=14 minutes 32s).

To analyze microstructural changes in the three main hippocampal layers (i.e. the stratum radiatum, the stratum lacunosum-moleculare and the molecular layer of the dentate gyrus), we designed and optimized a new DTI pulse sequence based on a 3D-sampling of Fourierspace. Each of these hippocampal layers is about 200µm thick in the coronal plane, oriented perpendicular to the longitudinal axis of the dorsal hippocampus. We postulated that the inplane resolution of the obtained diffusion-weighted images should be less than 100µm, to get at least 2 voxels per layer in the dorso-ventral axis. Because of little through-plane anatomical variation of the hippocampus in its dorsal part, we favored in-plane resolution with thicker slices to recover enough signal (anisotropic voxel). Furthermore, we favored a high b-value in a high number of directions, to be more sensitive to restricted diffusion in a complex and heterogeneous structure such as the hippocampus [START_REF] Stark | A task to assess behavioral pattern separation (BPS) in humans: Data from healthy aging and mild cognitive impairment[END_REF] . We obtained the best tradeoff between signal-to-noise ratio, scan time, spatial resolution and b-value with a multi-shot echo-planarimaging (EPI) pulse sequence as follow: TR=2000ms, TE=38ms, matrix=196x148, FOV=16x12mm², 2 segments, spatial resolution=82x81x203µm, 32 coronal slices including the whole hippocampus in the rostro-caudal axis. Two images without diffusion weighting were acquired and 30 images with diffusion weighting (Δ=10ms, δ=3ms, b-value 2000s/mm²) were collected in 30 different diffusion directions. All exams began with a higher order shim procedure to optimize first and second order shims based on a 3D field map acquired over the whole brain. The total acquisition time for in vivo DTI was 51 minutes 12s.

Images were post-processed off-line for volumetric analyses and extraction of diffusion metrics within each hippocampal layer. T2-weighted images were analyzed using the 3D-Slicer software (slicer.org). Hippocampal boundaries were manually traced on contiguous axial slices by an investigator blinded of the experimental conditions. Diffusion-weighed data were processed and analyzed using FMRIB Software Library (FSL, fmrib.ox.ac.uk). Eddy current distortions were firstly corrected and then, the diffusion tensor was calculated using monoexponential diffusion tensor model. Color-coded fractional anisotropy (FA) maps were used to manually outline regions of interest (ROIs) in the stratum radiatum of CA1, stratum lacunosum-moleculare and molecular layer of the dentate gyrus, on 3 consecutive slices, within the dorsal part of the hippocampus (known to be the part of the hippocampus linked to memory processes 26 ) (Fig. 2A andB). CA3 hippocampal subfield was not properly analyzed because of its rotation in the coronal plane that does not allow its clear individualization in color-coded FA maps. Right and left hippocampi were averaged because no difference was observed between the two sides. The mean FA, the mean eigenvalues (λ1, λ2, λ3) and the mean diffusivity within the ROIs were obtained using FSL and then, axial (λ1) and radial diffusivity ((λ2+ λ3)/2) were calculated. The analysis was performed blinded of the animal groups (EAE, CFA, treatment) and all the measures were repeated twice, one month apart, with very good reproducibility (intra-class correlation coefficient was 0.80 for FA and 0.97 for axial diffusivity (AD)). The two measured values were averaged to perform further statistical analyses.

Immunohistochemistry

To allow MRI-histological correlations, animals were sacrificed immediately following MRI.

Mice were deeply anesthetized with pentobarbital and perfused transcardially with a phosphate-buffered solution containing 2% paraformaldehyde and 0.2% picric acid, for 20 minutes. The brain and the spinal cord were then removed and transferred into a Tris-buffered saline (TBS) containing 30% sucrose and 0.05% sodium azide and left at 4°C until use. A 0.8mm block containing the dorsal hippocampus (i.e; from approximately bregma -1.34 to bregma -2.14 in the Paxino's atlas) was cut using 30µm thick coronal sections on a freezing microtome.

For direct comparison, both MRI and histological sections were perpendicular to the flat skull position.

For immunofluorescence, free-floating sections were rinsed in TBS and then incubated in a solution of 0.25% Triton X-100 and 1% normal donkey serum with the primary antiserum overnight. After incubation, tissue sections were washed in TBS and incubated with the appropriate secondary antibody solution (0.25% Triton X100) for 2 h. The following primary antibodies were used: rabbit anti-MBP for myelin (Myelin Basic Protein, ab 40390, Abcam, Laboratories, 1:1000), anti-rat DyLight 488 (712-485-150, Jackson Laboratories, 1:500) and anti-rat Rhodamine Red-X (712-295-150, Jackson Laboratories, 1:500).

Histological processing and Neurolucida reconstruction

Shortly after being processed, sections were imaged for quantitative analyses with a videospinning-disk laser confocal microscope (Leica DMI 6000) equipped with a 20x objective and with a camera Coolsnap HQ2 (Photometrics). These systems were driven by Metamorph software (Molecular Devices) and the "scan slide" technique was used in order to visualize and reconstruct the whole hippocampus (mosaic images) for layer analyses. Individual optical sections of 1µm were acquired and analyzed. Identical laser intensity and exposure settings were applied to all images taken for each experimental set. For all immunostaining experiments, at least 2 slices containing the dorsal hippocampus were randomly selected and quantitative results were averaged. Images were analyzed using ImageJ software (imagej.nih.gov). Similar ROIs as the ones used in MRI studies were manually drawn on the mosaic. Within the ROIs, the number of microglial cells (Iba1+/DAPI+), astrocytes (GFAP+/DAPI+) were counted manually and normalized by the size of the ROI. GFAP, Iba1, MBP and SMI-32 staining area were quantified automatically as percent area of immunoreactivity (after subtracting background and thresholding identically all the images for conversion to binary masks). The dendritic marker SMI-32 (non-phosphorylated neurofilament H) is widely used in multiple sclerosis and EAE pathological studies, including hippocampal exploration 6 and provides a sparse labeling of mature dendrites and perikarya in both pyramidal and granular neurons [START_REF] Sumowski | Brain reserve and cognitive reserve protect against cognitive decline over 4.5 years in MS[END_REF] , facilitating the analysis. Newborn neurons (DCX+/DAPI+) were counted manually within the subgranular and granular layer of the dentate gyrus (DCX+ perikarya with short processes parallel to the longest axis of the granular cell layer) and normalized by the size of the granular layer.

To provide further quantification of the dendritic arbor, the morphometric analyses of SMI-32+ neurons were performed with a 40x objective using a manual neuron tracing system (NeuroLucida, MBF Bioscience). Two neurons per animal (n=24 per condition) were analyzed within the molecular layer of the dentate gyrus and the stratum radiatum. Neurons were selected based on the standard following criteria: (i) the cell body should be contained in the slice, (ii) the dendrites should be vertically oriented within the molecular layer or the stratum radiatum, (iii) the overlap with the dendrites of the adjacent cells should be minimal, to avoid ambiguous tracing of the dendritic tree. The complexity of the dendritic trees was analyzed using the concentric analysis of Sholl (Neuroexplorer). For each neuron, the total dendritic length and the total number of intersections between dendrites and the surface of concentric spheres with a radius increment of 10µm were analyzed.

To detect apoptotic neurons, observation and quantification of Caspase-3+/SMI-32+ cell bodies were performed on epifluorescence microscope (Zeiss Axiophot 1) with a 40x objective.

Because the occurrence of Caspase-3 expression was low, two to four hippocampal sections per animal were screened (n=36 per condition), in different focal planes, in the granular layer of the dentate gyrus and in the pyramidal layer of CA1. Only the occurrence of typical staining (with nuclear and cytoplasmic condensations) was taken into account for quantitative analyses.

To obtain illustrative images (SMI-32/Iba-1 and Caspase-3/SMI-32 co-stainings), a 63x-oil objective was used and z-stack acquisitions were performed on the station previously described.

Laser capture microdissection (LCM) and quantitative real-time PCR (qPCR) analyses

For RNA analyses other EAE and CFA mice were followed and their brains were quickly extracted, flash-frozen in a vial of isopentane that was immersed in dry ice and subsequently stored at -80°C until sectioning. Brains were cut using 50µm thick coronal sections on a freezing microtome (CM3050 S Leica) at -22°C to prevent RNA degradation. Tissue sections were mounted on PEN-membrane 1 mm glass slides (P.A.L.M. Microlaser Technologies AG, Bernried, Germany) that had been pretreated to inactivate RNase. Frozen sections were fixed in a series of precooled ethanol baths (40s in 95%, 75% and 30s in 50%) and stained with cresyl violet 1% for 20s. Subsequently, sections were dehydrated in a series of precooled ethanol baths (30s in 50%, 75% and 40s in 95% and in anhydrous 100% twice). Immediately after dehydration LCM was performed with a P.A.L.M MicroBeam microdissection system version RNA was processed and analyzed according to an adaptation of published methods [START_REF] Feinstein | Sub-threshold cognitive impairment in multiple sclerosis: the association with cognitive reserve[END_REF] . Briefly, cDNA was synthesized from 75ng of total RNA for each structure by using qSript TM cDNA SuperMix (Quanta Biosciences). qPCR was performed with a LightCycler® 480 Real-Time PCR System (Roche, Meylan, France). qPCR reactions were done in duplicate for each sample by using LightCycler 480 SYBR Green I Master (Roche) in a final volume of 10μl. The qPCR data were exported and analyzed in an informatics tool (Gene Expression Analysis Software Environment) developed at our institute. The Genorm method was used to determine the reference gene [START_REF] Feinstein | Sub-threshold cognitive impairment in multiple sclerosis: the association with cognitive reserve[END_REF] . Relative expression analysis was normalized against two reference genes. In particular, succinate dehydrogenase complex subunit (Sdha) and non-POU-domain-containing, octamer binding protein (Nono) were used as reference genes. To estimate the PCR amplification efficiency, standard curves were determined, and all the primers chosen were 100% efficient. The relative level of expression was calculated with the comparative (2 -ΔΔCT ) method (n=4 to 10 animals per analyses). Primer sequences are reported in supplementary method A.2.

Electrophysiology: slice preparation and extracellular recordings

Sagittal hippocampal slices (350 µm) were carried out from additional EAE and CFA-mice at 18 

Systemic injection of minocycline

Minocycline hydrochloride (Sigma) was used as a potent microglial inhibitor [START_REF] Ally | Pattern separation and pattern completion in Alzheimer's disease: evidence of rapid forgetting in amnestic mild cognitive impairment[END_REF] . Minocycline 

Surgical procedures and intra-hippocampal infusions of minocycline

To determine if the selective inhibition of microglial activation in the dentate gyrus was sufficient to prevent memory impairment in EAE-mice, we performed chronic local infusions of minocycline in different hippocampal subfields. Surgery and intra-hippocampal infusions were performed as described previously [START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF] . Briefly, mice were anesthetized with isoflurane (2%) and secured in a Kopf stereotactic apparatus. For every mouse, stainless-steel guide cannulae (26 gauge, 8mm length) were implanted bilaterally above the dorsal hippocampus (anteroposterior: -2mm, mediolateral: +1.3mm, dorsoventral: 0.8mm; relative to dura and bregma) and then fixed to the skull with dental cement. Mice were then allowed to recover 2 EAE-MINO-CA1, n=15 and EAE-MINO-PBS, n=14; Fig. 7A andB). For infusions, the stylets normally obtruding the guide cannulae were removed. Stainlesss-steel cannulae (32 gauge) attached to 1µL Hamilton syringes with catheter tubing were inserted through the guide cannulae. Cannulae had different lengths regarding the targeted subfield and infusions were performed 1.8mm under the dura for CA1 and 2.6mm for dentate gyrus. The syringes were fixed in a constant rate infusion pump. After preliminary experiments using Pontamine blue dye (Fig. 7A andB), we determined that a volume of 0.2 µL (per side) injected at 0.1 µL/min was optimum to allow a specific and local diffusion of drug within dorsal CA1 or dentate gyrus (Fig. 7A andB). The cannulae were left in place for an additional 90 seconds before removal to allow diffusion of the drug away from the tips.

Statistical analyses

Data are presented as the mean ±SEM. The Gaussian distribution was tested with Shapiro-Wilk normality test. Clinical scores and input/output curves were analyzed with two-way ANOVA.

Behavioral, MRI, histological and electrophysiological quantitative data were compared between groups using ANOVA when more than two groups were compared (and Tukey's multiple comparisons test for post hoc multiple comparisons) or unpaired t-tests (or Mann-Whitney tests) when two groups were compared (except for quantification of Caspase-3 staining where a Fisher's exact test was used). In order to perform MRI-histological correlation, we used Pearson's correlations for univariate analyses and then multiple linear regressions to model the relationship between MRI data (dependent variables) and histological data (independent variables). Statistical analyses were performed with Prism 6.0 (GraphPad). A p-value<0.05 was deemed significant.

Results

EAE-mice presented an early hippocampal-dependent memory deficit

Twenty days post-immunisation (d.p.i), EAE-mice were experiencing first clinical expression of motor symptoms but were all still ambulatory with a mean clinical score of 1.6 ± 0.20 (Fig. 1A).

To assess hippocampal long-term memory we used a dedicated contextual fear conditioning procedure (Fig. 1B). EAE-mice displayed significantly less conditioned freezing than control CFA-mice, when they were re-exposed to the predictive context (freezing rate: 23.3% vs 42.1%, p=0.011, Fig. 1C and Fig. A.1A). This suggests that the functional integrity of the hippocampus was impaired because mice showed a deficit in the identification of the environment in which they previously received footshocks as predictor of the threat.

Moreover, the same EAE-mice displayed significantly more freezing than CFA-mice when they were re-exposed to the tone alone (which was not the relevant predictor of the threat), in a This paradoxical fear response to the tone first demonstrates that EAE-mice can freeze and even display higher conditioned fear than CFA-mice to some irrelevant cues, excluding potential bias linked to sensory or motor symptoms that would have hindered EAE-mice to feel shock or to display freezing. Second, this maladaptive fear response to the tone attests of an altered hippocampal-amygdala interaction to the detriment of the hippocampal function in EAE-mice. Indeed, such amygdala-dependent elemental conditioning to the most salient and simple cue (the tone) has been previously repeatedly shown when the hippocampaldependent processing of more complex contextual information was impaired [START_REF] Müller | Recognition performance differentiates between elderly patients in the long term course of secondary progressive multiple sclerosis and amnestic mild cognitive impairment[END_REF][START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF][START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF] .

To definitely validate that the inability of EAE-mice to identify the complex predicting context was due to a proper hippocampal-dependent memory deficit and not to slowing of information processing speed, two other groups of EAE and CFA-mice were tested after an extended (+40%) conditioning period. As in the first experiment, EAE-mice displayed less conditioned freezing to the predictive conditioning context than CFA-mice (freezing rate:

27.2% vs 40.1%, p=0.012, Fig. 1E). EAE-mice also showed the same paradoxical fear response to the tone, even though the freezing ratio was less pronounced than with the shorter time exposure to the conditioning context (freezing ratio: 0.189 vs -0.033, p<0.001, Fig. 1F). This lower freezing ratio in both groups can be explained by the higher temporal distance between the tone and the shock in the extended fear conditioning paradigm, which might facilitate the processing of the tone as a non-predictive cue.

Taken together, these behavioral data indicate that a hippocampal-dependent memory deficit occurs early in the course of EAE.

Hippocampal structural changes in EAE-mice

Because we wanted to assess early cellular alteration occurring prior to irreversible atrophy, we first confirmed using in vivo MRI that the hippocampal volumes were not changed at this early time point. From T2-weighted images (Fig 

01, t-test, n=12 animals per group). Scale bar: 1mm (A) and 200µm (B).

To screen for early regional vulnerability in the hippocampus of EAE-mice, we then used a cutting-edge high-resolution in vivo DTI sequence that we have optimized to allow quantifying the microscopic displacement of water within the three main hippocampal layers (Fig. 2A).

Because water diffuses preferentially along the long axis of the fibers, the CA1 stratumradiatum, the stratum-lacunosum moleculare and the molecular layer of the dentate gyrus whose fibers are perpendicularly oriented were well identified on the color-coded orientation map of the tensor (Fig. 2B,C). Quantitative measurement showed that fractional anisotropy (FA), was specifically decreased in the molecular layer of the dentate gyrus in EAE compared to CFA-mice (0.211 vs 0.225, p=0.0093, Fig. 2D) while FA was not significantly modified in the other layers (Fig. 2D). Such decrease of FA in the molecular layer of EAE mice was driven by a decrease of axial diffusivity (AD) (0.561 vs 0.580µm²/ms, p=0.030, Fig. 2E), while radial diffusivity (Fig. 2F) and mean diffusivity were not significantly changed (respectively 0.404 vs 0.407µm²/ms, p=0.51 and 0.456 vs 0.465µm²/ms, p=0.18). Finally, diffusivity parameters were not modified within the fimbria, which is the main myelinated output of the hippocampus.

Taken together, these MRI experiments showed that prior to hippocampal atrophy, there was a selective decrease of the FA and AD in the molecular layer of the dentate gyrus.

Selective neurodegenerative process in the dentate gyrus of EAE-mice

Because a significant decrease of axial diffusivity is usually associated with neuritic damage [START_REF] Das | Loss of pattern separation performance in schizophrenia suggests dentate gyrus dysfunction[END_REF] , we first looked for potential early neuronal loss in the dentate gyrus of EAE-mice. Analysis of the dendritic marker SMI-32 revealed a dramatic decrease of the staining in the molecular layer of the dentate gyrus in EAE compared to CFA-mice (42% decrease in immunostained surface area, p=0.0076, Fig. 3A andB). Interestingly the dendrites of the pyramidal neurons in the stratum radiatum were relatively preserved (the stratum-lacunosum moleculare contains thin axons from the perforant path and was not stained by SMI-32). In the molecular layer of the dentate gyrus, SMI-32 staining was correlated with both fractional anisotropy (r=0.56, p=0.0051, Fig. 3C) and axial diffusivity (r=0.47, p=0.024).

Fig. 3 To better characterize this first evidence of selective vulnerability of the dentate gyrus, we performed neuromorphometric analyses of the granular neurons of the dentate gyrus, whose dendrites project in the molecular layer, and of CA1 pyramidal neurons, whose dendrites project in the stratum radiatum. Under our sampling conditions, there was no significant morphological difference between EAE and CFA-mice regarding the dendrites of CA1 pyramidal neurons in the stratum radiatum (Fig. 3D,E selective neuritic degeneration in the molecular layer of the dentate gyrus. Thus, we decided to look at neuronal apoptosis in the granular cell layer of the dentate gyrus and the pyramidal cell layer of CA1 using activated Caspase-3 staining (Fig. 3G). The occurrence of Caspase-3 positive neurons in the dentate gyrus was significantly higher in slices obtained from EAE-mice compared to CFA-animals (8 neurons of 36 slices vs 1 neuron of 36 slices, p=0.028, Fig. 3H).

Such increase in Caspase-3 positive neurons in the dentate gyrus was not observed in the pyramidal cell layer of EAE-mice. These results further strengthen the hypothesis of a selective neurodegenerative process that takes place at an early stage of the disease in the dentate gyrus and that is characterized by both dendritic loss and neuronal death (even though an alternative explanation could be an impaired phagocytosis of apoptotic cells rather than a decreased survival [START_REF] Czerniawski | Acute neuroinflammation impairs context discrimination memory and disrupts pattern separation processes in hippocampus[END_REF] ).

Because one specific property of the dentate gyrus is its ability to produce newborn neurons throughout adulthood, we also analyzed doublecortin (DCX) immature neurons (less than 4 weeks old neuroblasts) in the sub-granular zone of EAE and CFA-mice (Fig. 3I). There was no significant difference between the two groups after DCX/DAPI cells counting (Fig. 3J) as previously reported at this early time point [START_REF] Yassa | High-resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients with amnestic Mild Cognitive Impairment[END_REF] even though these data do not preclude more subtle abnormalities in radial-glia cells for example.

Taken together, histological analyses are thus in agreement with our DTI results, thereby confirming the selective vulnerability of the dentate gyrus at this early stage of EAE.

Impaired excitatory synaptic transmission in the dentate gyrus of EAE-mice.

To investigate functional consequences of this neurodegenerative process specifically in the dentate gyrus at this early stage of EAE, we analyzed excitatory glutamatergic synaptic transmission at two different synapses in acute hippocampal slice preparations. We first investigated excitatory synaptic transmission at synapses formed by the medial perforant path (MPP, axons coming from the enthorinal cortex) and the dendrites of dentate granule cells in the molecular layer of the dentate gyrus (Fig. 4A). To this end, fEPSPs were evoked at different stimulation intensities to assess the input/output (I/O) relationship at these synapses.

Interestingly, fEPSPs slope were significantly lower in EAE-mice in comparison to CFA-mice (F=17.18, p=0.0006, Fig. 4B). We then investigated the I/O relationship at CA3-CA1 excitatory synapses and no impairment was detected in EAE mice (Fig. 4D andE). These results confirm the selective vulnerability of the dentate gyrus to early pathophysiological processes in EAE. Indeed, the decreased basal synaptic excitatory transmission recorded at the MPP-DG synapses probably results from synaptic loss that is likely to be associated with the dendritic loss observed with DTI and histological methods.

Decreased synaptic plasticity in the dentate gyrus of EAE-mice.

We then tested whether LTP of hippocampal excitatory synaptic transmission, a process known as the cellular substrate of episodic memory [START_REF] Pidgeon | Cortical pattern separation and item-specific memory encoding[END_REF] , was affected in EAE-mice and whether it could be synapse specific. LTP was elicited with a high-frequency stimulation (HFS) protocol of the MPP or the Schaffer collateral pathway and recorded in the molecular layer of the dentate gyrus or in CA1 stratum radiatum respectively. Importantly, there was a strong decrease in the level of LTP at the MPP-DG synapses in EAE compared to CFA-mice (110.2% vs 143.5%, p=0.001, Fig. 4C) whereas LTP was not impaired at the CA3-CA1 synapses (146.8% in EAE-mice vs 145.5% in CFA-mice, p=0.87, Fig. 4F). These results indicate that in the dentate gyrus of EAEmice, on top of synaptic loss, the remaining synapses exhibit impaired plasticity properties.

Differential microglial activation in the dentate gyrus of EAE-mice

Because EAE potentially impacts all glial cells during the course of the disease and because all glial cell dysfunctions potentially impact neuronal function and survival [START_REF] Bennett | Mnemonic discrimination relates to perforant path integrity: An ultra-high resolution diffusion tensor imaging study[END_REF] , we investigated possible myelin, astrocytic and microglial alterations in the hippocampus of EAE-mice. Myelin staining with MBP did not show any demyelinating area in the hippocampus, even after quantitative analysis ( Microglial cells exhibited morphological changes including larger cell bodies, thicker processes (Fig. 5A) and higher percentage of staining area after quantitative analyses in both the stratum radiatum (respectively 7.24% for EAE-mice vs 3.95% for CFA-mice, p=0.011) and in the molecular layer of the dentate gyrus (7.25% vs 3.57%, p=0.007). We also found microglial proliferation in EAE-mice (50-70% increase after Iba-1/DAPI cell counting) in both the stratum radiatum (150.4 vs 101.6 cells/mm², p=0.0004) and the molecular layer of the dentate gyrus (165.3 vs 96.6 cells/mm², p<0.0001) (Fig. 5B). As morphological analyses show diffuse microglial proliferation in the whole hippocampus (although slightly higher in the dentate gyrus), we decided to look at mRNA expression profile in hippocampal sub-regions.

Interestingly, mRNA expression level of microglial markers such as Iba-1 and ED1(CD68) was significantly increased in the molecular layer of the dentate gyrus of EAE-mice (1.64 in ML-EAE vs 1.00 in ML-CFA for Iba1, p=0.013 and 1.55 in ML-EAE vs 1.01 in ML-CFA for ED1(CD68), p=0.012, Fig. 5C andE) but not significantly in CA1. Furthermore, mRNA overexpression of CD11b was higher in the molecular layer of the dentate gyrus than in the stratum radiatum of CA1 (1.94 in ML-EAE vs 1.02 in ML-CFA p=0.0030 and 1.56 in SR-EAE vs 1.02 in SR-CFA, p=0.038, Fig. 5D). 
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To test whether such microglial activation is one of the biological substrates of DTI abnormalities observed in the hippocampus of EAE-mice (Fig. 2), we further looked for MRIhistological correlations. None of these glial alterations were sufficient by themselves to contribute independently to the signal measured in vivo with DTI. After a backward stepwise selection of all the histological metrics, the final model of MR-to-histology correlation amounted to a univariate relationship between FA/AD and dendritic loss (r 2 = 0.32, p=0.0051 and r 2 = 0.22, p=0.024 respectively, table A.1).

Systemic inhibition of microglial activation prevented anatomical, electrophysiological and behavioral abnormalities

The transcriptional profile of microglial markers in the molecular layer of the dentate gyrus, together with the selective neurodegeneration observed in this hippocampal subfield suggest a link between this 2 processes. Furthermore, the co-staining of Iba-1 and SMI-32 in the molecular layer of the dentate gyrus of EAE-mice revealed that microglia extended processes around dendrites and that microglial cell bodies were appended on swelling neurites, suggesting that these cells could induce the neurodegeneration described above (Fig. 6A). To test this hypothesis, we used minocycline, a well-known inhibitor of microglial activation [START_REF] Bennett | Limbic Tract Integrity Contributes to Pattern Separation Performance Across the Lifespan[END_REF] .

Two groups of EAE-mice were treated daily with minocycline (EAE-MINO, 50mg/kg) or saline injection (EAE-PBS) after the onset of the motor symptoms (7 d.p.i).

Minocycline treatment significantly reduced motor symptoms in EAE-mice with an early stabilization of the neurological deficit (F=5.27, p=0.029, Fig. 6B), as previously described 36 . As expected, on histological analyses, microglial proliferation was partially suppressed in EAE-MINO compared to EAE-PBS mice (147.8 vs 179.7 cells/mm², p=0.019, Fig. 6C F) confirmed that dendritic length was higher in EAE-MINO mice than in EAE-PBS mice (784.8µm vs 616.5µm, p=0.0009, Fig. 6E) and that dendritic arbor complexity was also higher in EAE-MINO mice (68.8 vs 54.4 intersections, p=0.0022, Fig. 6F). Basal excitatory synaptic transmission was preserved at the MPP-DG synapses in EAE-MINO mice as revealed by measuring I/O relationships (F=18.81, p<0.0001, Fig. 6G). The treatment also prevented LTP impairment in the DG (145.1% in EAE-MINO mice vs 106.3% on EAE-PBS mice, p=0.01, Fig. 6H). Such protective effect was measurable in vivo on MRI metrics as FA was higher in EAE-MINO mice compared to EAE-PBS mice (0.217 vs 0.207, p=0.045, Fig. 6I). Finally, in the contextual conditioning procedure EAE-MINO mice showed a higher conditioned fear to the predictive conditioning context compared to EAE-PBS mice (freezing rate: 41.6% vs 30.6%, p=0.021, Fig. 6J) and a lower conditioned fear to the non-predictive tone (freezing ratio: 0.131 vs 0.269, p=0.021, Fig. 6K), demonstrating that minocycline treatment prevented the early memory impairment observed in EAE-mice.

Fig. 6: The inhibition of microglial activation with minocycline treatment prevented dentate gyrus neurodegeneration, DTI changes and memory impairment in EAE-mice. (A) Z-stack projection of confocal images from the molecular layer of an EAE-PBS mouse showing activated microglial cells (Iba1, large cell body and thick arms) in contact with swelling and degenerative dendrites (SMI-32, arrowheads). (B) EAEmice received daily injections of minocycline (50mg

Selective inhibition of dentate gyrus microglial activation was sufficient to prevent memory impairment in EAE-mice

Because we could not exclude that the protection against memory impairment after systemic injections of minocycline could involve additional mechanisms on top of dentate gyrus protection, we selectively infused minocycline in the dentate gyrus of EAE-mice (EAE-MINO-DG) daily from 7 to 20 d.p.i. Intra-dentate gyrus infusions of PBS (EAE-PBS-DG) and intra-CA1 infusions of minocycline (EAE-MINO-CA1) served as controls. Preliminary experiments with blue-dye infusions were used to define the appropriate volume and flow rate to restrict diffusion of drugs to the region of interest (Fig. 7A andB). As expected from intra-hippocampal injections, there was no difference between minocycline and PBS infusions regarding the EAEscores (which essentially reflect motor symptoms, Fig. 7C). In the contextual fear conditioning procedure, only the EAE-MINO-DG mice were protected against memory impairment as they showed a higher conditioned fear to the predictive conditioning context compared to both EAE-MINO-CA1 mice and EAE-PBS-DG mice (freezing rate: 39.23%, 27.15% and 26.04% respectively, F=3.88, p=0.028, Fig. 7D) and a lower conditioned fear to the non-predictive tone (freezing ratio: 0.099, 0.258 and 0.290 respectively, F=8.09, p=0.001, Fig. 7E). There was no significant behavioral difference between EAE-MINO-CA1 and EAE-PBS-DG mice demonstrating that hippocampal microglial activation outside the dentate gyrus was not involved in early memory impairment in EAE-mice. Taken together, these experiments formally establish a causal link between selective dentate gyrus disruption and memory impairment.

Fig. 7: Selective intra-dentate gyrus infusion of minocycline was sufficient to prevent memory impairment in EAE-mice. (A and B) EAE-mice received bilateral intra-dentate gyrus infusions of minocycline (EAE-MINO-DG, n=17) or bilateral intra-dentate gyrus infusions of PBS (EAE-MINO-PBS, n=14) or bilateral intra-CA1 infusions of minocycline (EAE-MINO-CA1, n=15). In preliminary experiments, Pontamine blue dye was injected to determine optimal volume and flow rate for a local and selective diffusion into the targeted hippocampal subfields. (C) Mice were injected daily through the guide cannulae from 7 d.p.i to the day of conditioning. There was no difference between groups in disease severity according to EAE-score. (D and E) Compared to EAE-MINO-CA1 mice and EAE-PBS-DG mice, EAE-MINO-DG mice displayed normal fear memory with preserved conditioned freezing to the conditioning context (D), and reduced conditioned freezing to the non-predictive tone in a familiar and safe box (E). (*p<0.05, **p<0.01, Tukey's multiple comparisons test after ANOVA).

Discussion

We provided results highlighting the selective vulnerability of the dentate gyrus to microglial activation at the early stage of experimental multiple sclerosis and its involvement in early memory impairment. These data introduce the concept of differential vulnerability of the dentate gyrus in the context of multiple sclerosis; the potential of microglia blockers to maintain the cognitive performances; and the possibility to monitor such effects in vivo with high-resolution DTI.

In previous studies on EAE-mice, spatial memory dysfunction was investigated with the Barnes maze, the Morris water maze or object exploration/recognition. Therefore, memory impairment in EAE was reported at later stages, during the recovery of motor symptoms, after selection of animals with mild motor symptoms or during the initial immunization period before EAE onset 37,38,39,40,[START_REF] Dutra | Spatial reference memory deficits precede motor dysfunction in an experimental autoimmune encephalomyelitis model: the role of kallikrein-kinin system[END_REF]13 . Thus, a reliable and unbiased study of memory impairment, controlling for motor symptoms and slowing of information processing speed, at the early (acute) phase of EAE was still lacking. Our particular contextual conditioning paradigm allowed us to avoid and/or to control several confounding factors linked to EAE specificities such as motor or sensory deficits, amygdala lesion or disconnection. This memory task clearly shows that EAE-mice display an impaired conditioning to complex contextual cues associated with the expression of a maladaptive conditioned fear to a simple, salient, but irrelevant (nonpredictive) cue. Furthermore, after local infusions, EAE-MINO-DG mice expressed a normal fear response to contextual conditioning despite sensory-motor extra-hippocampal symptoms.

We can therefore conclude that the memory impairment observed in EAE-mice is due to hippocampal dysfunction specifically and not to a hippocampus-independent deficit in fear learning. It can thus be paralleled with deficits in hippocampal-dependent tasks reported in patients with early multiple sclerosis 4 .

In diffuse brain diseases such as EAE and multiple sclerosis, it is usually difficult to understand whether a deficit is due to global brain damage or to more focal alteration and this question is impossible to solve in humans. By using local infusions of minocycline we could demonstrate here that early memory impairment in EAE is selectively due to a microglia-mediated dentate gyrus disruption. Interestingly, a similar memory impairment has been previously associated with deficits in dentate gyrus activation in a mouse model of post-traumatic stress disorder [START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF] .
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The link between dentate gyrus dysfunction and impaired contextual learning has also been described in recent experiments using optogenetic techniques in the mouse brain [START_REF] Holden | Visual object pattern separation varies in older adults[END_REF][START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF] .

This preferential vulnerability of the dentate gyrus results in an impairment of basal synaptic transmission and synaptic plasticity in EAE-mice. Previous studies reported that LTP was preserved at CA3-CA1 synapses at the acute phase of the disease [START_REF] Prochnow | An electrophysiologic approach to quantify impaired synaptic transmission and plasticity in experimental autoimmune encephalomyelitis[END_REF][START_REF] Filippo | Effects of central and peripheral inflammation on hippocampal synaptic plasticity[END_REF][START_REF] Novkovic | Hippocampal function is compromised in an animal model of multiple sclerosis[END_REF] . One of them [START_REF] Novkovic | Hippocampal function is compromised in an animal model of multiple sclerosis[END_REF] showed that, while preserved at the early stage, LTP became impaired in CA1 at the chronicprogressive stage of the disease (40 d.p.i). Then, we can hypothesize that the dysfunction of hippocampal neurons extends beyond the dentate gyrus during the course of EAE.

Furthermore, in another study, LTP and long term depression (LTD) were reported to be preserved in CA1 area whereas LTD was disrupted in the superior colliculus and the cerebellum at the same early stage [START_REF] Prochnow | An electrophysiologic approach to quantify impaired synaptic transmission and plasticity in experimental autoimmune encephalomyelitis[END_REF] . In terms of synaptic transmission and plasticity, this suggests that some brain regions are more vulnerable than others to the inflammatory mechanisms occurring in EAE. In view of our results, we expand this concept to the hippocampal trisynaptic loop itself where synaptic transmission and plasticity are altered in the dentate gyrus but not in CA1 region. Finally, such synaptic deficits provide a strong cellular and functional explanation to the early memory impairment of EAE-mice.

In humans, the fundamental role of dentate gyrus granule cells compared to CA1 pyramidal neurons in declarative memory acquisition has been suggested [START_REF] Coras | Differential influence of hippocampal subfields to memory formation: insights from patients with temporal lobe epilepsy[END_REF] but could not be easily demonstrated in the context of early multiple sclerosis. Post-mortem studies have revealed that CA1 and dentate gyrus were the most affected regions in late multiple sclerosis, probably because they are encompassed by CSF, meningeal follicles and cytotoxic factors 5 .

Furthermore, the decrease of synaptophysin, a presynaptic protein involved in synaptic vesicle release, has been shown to be more important in demyelinated dentate gyrus than in demyelinated CA1, suggesting that dentate gyrus neurons could be more vulnerable to inflammatory mechanisms 6 . In vivo MRI studies of hippocampal subfields in patients with multiple sclerosis described controversial results. In one hand, some authors described that CA1 sub-region is the most atrophic field in the hippocampus of patients with multiple sclerosis 7,19 . In the other hand, a recent study, by using a hippocampal radial mapping analysis, described an expansion of the dentate gyrus related to memory function 20 while another group has correlated the CA2/3-dentate gyrus volume with depressive symptoms and cortisol levels in patients with multiple sclerosis 18 . However, such volumetric analyses might reflect 99 late modifications that do not presume the early neurodegenerative mechanisms.

Furthermore, MRI failed to precisely isolate and measure dentate gyrus itself (the structure being usually confounded with CA2/3 regions on morphological MRI). In this context, our results on EAE provide strong evidence of the vulnerability of the dentate gyrus and focus on its early nature, prior to demyelination, with consistent behavioral, MRI, histological and electrophysiological correlates. Furthermore, we were able to demonstrate a causal link between this vulnerability and microglial activation.

The link between microglial activation, demyelination, neurodegeneration and disability has been suggested in multiple sclerosis by post-mortem histological studies [START_REF] Peterson | Transected neurites, apoptotic neurons, and reduced inflammation in cortical multiple sclerosis lesions[END_REF] , PET imaging in patients with a progressive form of the disease [START_REF] Politis | Increased PK11195 PET binding in the cortex of patients with MS correlates with disability[END_REF] and EAE induction in transgenic mice [START_REF] Heppner | Experimental autoimmune encephalomyelitis repressed by microglial paralysis[END_REF] . This association is highly complex as noxious effect of activated microglia can be balanced by beneficial role for tissue repair [START_REF] Aguzzi | Microglia: scapegoat, saboteur, or something else?[END_REF] . Here, we suggest a relationship between microglial activation, neurodegeneration and memory impairment, and we extend these data by identifying the particular vulnerability of the dentate gyrus to this process. Indeed, 20 d.p.i., there was neither macrophage nor lymphocytic infiltration in the hippocampus and there was also no demyelination to explain dendrite transection. Furthermore, the inhibition of microglial activation with minocycline protected mice from dendritic damages, synaptic plasticity disruption and memory impairment, demonstrating that microglial activation in EAE dentate gyrus is deleterious for the structure and the function of granular neurons. Because intra-dentate gyrus inhibition of microglial activation prevents memory impairment in EAEmice, we can exclude that minocycline acts through indirect mechanisms, such as peripheral immune response modulation or matrix metalloproteinase inhibition [START_REF] Chen | The prospects of minocycline in multiple sclerosis[END_REF] while direct neuroprotective effect of minocycline might still be possible [START_REF] Möller | Critical data-based re-evaluation of minocycline as a putative specific microglia inhibitor[END_REF] .

Despite a diffuse microglial proliferation in the hippocampus of EAE-mice, we described here at the transcriptional level a differential pattern of activation within the dentate gyrus, that was absent or less pronounced in CA1. Given that there could be regional differences in microglial phenotype in the brain [START_REF] Aguzzi | Microglia: scapegoat, saboteur, or something else?[END_REF] , we can hypothesize that microglia is already "primed" in the dentate gyrus to control newborn neurons and circuits in physiological conditions, leading to the early aberrant activation that we described here in case of inflammatory disease. Future studies will need to explore the profile of inflammatory markers in each layer. Future studies will also need to address the mechanistic pathways responsible for pathological microglia-100 neuron interactions within the dentate gyrus. Recent studies in neuroinflammation suggest that it could involve the complement pathway [START_REF] Michailidou | Complement C1q-C3associated synaptic changes in multiple sclerosis hippocampus[END_REF] , the platelet-activating factor receptor 54 , the fractalkine receptor 55 , the interleukin-1β 12 , the NADPH oxydase 13 or indirect mechanisms through astrocytes and the multipartite synapse 14 .

This study highlights the therapeutic potential of minocycline in multiple sclerosis [START_REF] Chen | The prospects of minocycline in multiple sclerosis[END_REF] . Its positive effect on myelitis symptoms in EAE has already been described 36 and a small phase II clinical trial in patients with multiple sclerosis demonstrated a trend toward the efficiency of minocycline on usual surrogate MRI criteria 56 . Furthermore, a recent study in another EAE model of the disease, demonstrated that minocycline could prevent memory dysfunction at the chronic phase of the disease, after the recovery of motor symtpoms, suggesting that our results are still relevant at later stages 13 . Then, in future human clinical trials, it would be of great interest to evaluate the neuroprotective effect of this drug with cognitive evaluation and advanced MRI techniques such as DTI to assess the microstructure of the hippocampus, particularly the dentate gyrus.

From the translational point of view, this study is a proof-of-concept that early neuritic damage in the dentate gyrus can be monitored in vivo by DTI, prior to hippocampal measures of atrophy on T2-weighted images. Indeed, we have shown: (i) the independent correlation between FA/AD and neurofilament staining and (ii) the effect of minocycline treatment on both FA and histological measures. 

Supplementary fig. A.3: Selective decrease of the dendritic arbor in the molecular layer of the dentate gyrus in EAE-mice compared to CFA-mice (dendritic length between each 10µm radius and number of intersections at each 10µm radius from the soma, Sholl analyses). (A and B)

There was no significant difference between EAE and CFA-mice regarding the dendrites of CA1 pyramidal neurons in the stratum radiatum (SR) (in both dendritic length and intersections number, respectively p=0,84 and p=0,96, twoway ANOVA). (C and D) However, the total dendritic length and the complexity of the dendritic arbor were decreased in the molecular layer (ML) of EAE-mice compared to CFA-animals (respectively F=4,70, p=0,012 and F=3,37, p= 0,043, two-way ANOVA). (see also Fig. 3)
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Introduction

Memory impairment is frequent in multiple sclerosis (MS) 1,2 . It occurs very early during the course of the disease and correlates with hippocampal microstructural damage 3 . However, the neuropsychological and anatomical mechanisms leading to loss of episodic memory performances remain poorly understood. Recent works support that hippocampal dysfunction mediate memory impairment in MS, both in the human disease 4,5,6 and in animal models (experimental auto-immune encephalomyelitis, EAE) 7,8,9 . Furthermore, recent MRI studies in patients with MS highlighted the vulnerability of specific hippocampal subfields, with a focus either on CA1 4,10 or on dentate gyrus 11,12 . The time course of the disease is probably particularly important for such selective vulnerability of one or another subfield. Our recent work in EAE-mice provided compiling evidence for a dentate gyrus vulnerability to neurodegeneration prior to any other subfield. We indeed demonstrated that dentate gyrus granular neurons are the most vulnerable hippocampal neurons at the early stage of the disease, at the morphological and functional level. This selective neurodegenerative process is responsible for early memory impairment. Whether such early vulnerability of the dentate gyrus is also true in patients with early MS remains to be demonstrated.

A fundamental physiological role of the hippocampus is to allow the formation of new memories as individual representations. The histological and functional "front door" of the hippocampus is the dentate gyrus where the perforant path/dentate granular neurons system eliminates repetitive information, avoiding interference from long term memory and new sensory inputs 13 . This computational view of dentate gyrus function is known as pattern separation, which is the process of establishing independent and non-overlapping new memories 14 . The critical role of the dentate gyrus in pattern separation has been well established with behavioral, gene knock-out and electrophysiological experiments in rodents [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF]16 but also with functional MRI in humans 17,18 . The complementary process of pattern separation (i.e. the ability to complete a whole memory when just a partial cue for retrieval is presented) is named pattern completion, a function classically attributed to the CA3 subfield of the hippocampus. CA3 (and its projections to CA1) integrate the new pattern of information with previous memories, even when partial or degraded versions of the original inputs are presented 13 .
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The investigation of people with early MS (PweMS) provides the opportunity to understand the mechanisms underlying episodic memory deficits before other cognitive impairments and global brain damage emerge. Then, comprehensive neuropsychological evaluations of PweMS has already pointed out deficits in acquisition/encoding of new memories more than storage, retrieval or recognition impairments 19,20,[START_REF] Müller | Recognition performance differentiates between elderly patients in the long term course of secondary progressive multiple sclerosis and amnestic mild cognitive impairment[END_REF] Nineteen healthy control (HC) subjects were tightly matched for age, gender and educational level to PweMS. They were free of neurologic, psychiatric, or systemic diseases, and drug or alcohol abuse.

The work described here is an ancillary study of the SCICOG protocol (NCT01865357), which was approved by the local ethics committee. Written informed consent was obtained prior to Pattern separation score was calculated as the difference between the rates of "similar" responses given to the "lure" items minus "similar" responses given to the "foils" (to correct for response biases). Pattern completion score was the difference between the rates of "old" responses given to the "lure" items minus "old" responses given to the "foils". Traditional recognition score was the difference between the rate of "old" responses given to the "target" items minus "old" responses given to the "foils" [START_REF] Liu | Tests of pattern separation and pattern completion in humans-A systematic review[END_REF] .

Fig. 1: Design of the Mnemonic separation test (MST) and examples of pictures. During the first phase, participants encoded a series of pictures. The second phase was a surprise recognition memory test in which participants had to respond "old", "new" or "similar" to a series of pictures that were the exact old images from study, novel foils, or lures that were related but not identical to the studied items. Pattern separation score was the difference between "similar" responses given to the lure items minus the "similar" responses given to the foils

Statistical Analyses

Statistical analyses were performed with Prism software 6 (Graphpad). Qualitative variables were tested with Chi-square test. The distribution of all continuous data was tested with the Shapiro-Wilk normality test. Then, Student's t-test or Mann-Whitney test was used as appropriate, to compare the two groups. Relationships between quantitative variables were assessed using correlation coefficients (Pearson or Spearman according to statistical distribution). All tests were two-sided, with a type I error set at α=0.05

Results

Demographical and clinical characteristics of patients and controls

Because patients and controls were matched on age, gender and educational level, no statistically significant difference between groups was reported on these demographical data.

According to our inclusion criteria, 12 persons were diagnosed with clinically isolated syndrome at the time of testing and 7 persons had converted to clinically definite multiple sclerosis, less than 18 months after their first clinical relapse. As expected, physical disability and disease duration were very low in our population of PweMS. PweMS were significantly more depressed than healthy controls, as it is usually described 1 (Table 1). 128

Mnemonic similarity task and neuropsychological testing

There was no difference among groups for information processing speed performances. There was also no difference for "global" visuospatial episodic memory tests regarding learning, long term recall or recognition. However, we found a significant decrease of pattern separation 

Discussion

Our results demonstrated that pattern separation performances are decreased in a sample of PweMS characterized by absence of detectable information processing speed and visuo-spatial memory impairment, as compared to a sample of healthy controls matched on age, gender and education level. We also found a higher pattern completion rate in PweMS than in healthy controls (the complementary process of pattern separation), potentially explained by impairment in lure discrimination (i.e. systematically respond "old" for lure items) or poor initial encoding.

We controlled these results for confounders and sources of variability. First, patients and healthy controls were matched on age because it has been demonstrated that pattern separation performances are negatively correlated with age [START_REF] Stark | A task to assess behavioral pattern separation (BPS) in humans: Data from healthy aging and mild cognitive impairment[END_REF][START_REF] Holden | Visual object pattern separation varies in older adults[END_REF] . Second, we demonstrated that patient and controls performed equally in the Computerized Speed Cognitive Test (CSCT), excluding encoding deficit due to impaired attention or slowing of information processing speed. Third, even though PweMS were more depressed than healthy controls (as usually described 1 ), BDI score did not correlate with pattern separation performances, potentially excluding bias linked to psychiatric comorbidity, poor motivation or attention deficit.

While verbal or visuospatial episodic memory impairment have been reported from the stage of CIS in previous studies, we did not report here differences between groups in BVMT-R subscores. However, previous cross-sectional studies often used larger sample sizes or more severely affected subjects with early MS, and reported differences at the individual level (i.e.

with calculation of cognitive z-scores and number of impaired subjects) rather than at the group level [START_REF] Sumowski | Brain reserve and cognitive reserve protect against cognitive decline over 4.5 years in MS[END_REF] . Moreover, we can notice that in our study, patients and controls had a high educational level meaning a high cognitive reserve protecting them against memory impairment, as measured with conventional tests. Then, it is important to highlight that behavioural pattern separation tasks can identify subtle memory decline in patients deemed "cognitively intact" [START_REF] Feinstein | Sub-threshold cognitive impairment in multiple sclerosis: the association with cognitive reserve[END_REF] .

Loss of pattern separation performances have been described in neurodegenerative disorders such as Alzheimer's disease [START_REF] Stark | A task to assess behavioral pattern separation (BPS) in humans: Data from healthy aging and mild cognitive impairment[END_REF][START_REF] Ally | Pattern separation and pattern completion in Alzheimer's disease: evidence of rapid forgetting in amnestic mild cognitive impairment[END_REF] and neurodevelopmental disorders such as schizophrenia [START_REF] Das | Loss of pattern separation performance in schizophrenia suggests dentate gyrus dysfunction[END_REF] .

We extend for the first time this concept to a neuroimmune disorder such as MS. Interestingly, during the course of Alzheimer's disease, deficit in pattern separation occurred prior to dementia, from the stage of mild cognitive impairment (MCI) [START_REF] Stark | A task to assess behavioral pattern separation (BPS) in humans: Data from healthy aging and mild cognitive impairment[END_REF] . We also demonstrated here that loss of pattern separation performances occurred early during the course of MS, even in apparently "cognitively intact" patients as measured with CSCT or BVMT-R. Then, the behavioral pattern separation task provides a sensitive measure of episodic memory impairment and may be useful to screen for early hippocampal dysfunction during the course of MS.

Studies on rodents have demonstrated that some hippocampal subfields can be more vulnerable than others to peripheral inflammation and cytokines release or to microglial activation [START_REF] Czerniawski | Acute neuroinflammation impairs context discrimination memory and disrupts pattern separation processes in hippocampus[END_REF] . Given that dentate gyrus morphological abnormalities have been described in MS 11,12 , our results give a neuropsychological support of an early dentate gyrus disruption during the course of MS. The bias towards pattern completion (i.e. incorrectly recognized a "similar" item as an "old" studied item) measured in PweMS could be interpreted as the counterpart of pattern separation impairment because these two processes are often considered as working concurrently [START_REF] Ally | Pattern separation and pattern completion in Alzheimer's disease: evidence of rapid forgetting in amnestic mild cognitive impairment[END_REF] . In this way, previous rodents and human studies suggested that when dentate gyrus is unable to perform pattern separation, CA3 (and its connections to CA1) could balance this deficit by overwriting previous representations 16,[START_REF] Yassa | High-resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients with amnestic Mild Cognitive Impairment[END_REF] .

From a cognitive neuropsychological point of view, because pattern separation can be considered as the preliminary step before encoding, our findings converge to previous conclusions arguing that encoding is impaired early in MS whereas storage, retrieval and recognition are preserved 19,20,[START_REF] Müller | Recognition performance differentiates between elderly patients in the long term course of secondary progressive multiple sclerosis and amnestic mild cognitive impairment[END_REF] . However, and contrary to previous conclusions, we can argue that encoding impairment in MS would not be due to attentional deficit or dysexecutive syndrome due to global brain damage or demyelination but to more specific hippocampal damage resulting in loss of pattern separation performances.

The first limitation of this work is its small sample size and our results need to be confirmed in larger studies. Future functional MRI and quantitative imaging experiments (with morphological MRI or diffusion tensor imaging) will need to confirm our hypothesis by demonstrating correlations between loss of pattern separation performances and dentate gyrus dysfunction/degeneration. It will be also interesting to look at functional structural hippocampal connectivity in PweMS with pattern separation impairment, to assess the integrity of the fornix, prefrontal cortex, entorhinal cortex and perforant pathway, that can be potentially damaged in MS and involved in pattern separation 2,[START_REF] Pidgeon | Cortical pattern separation and item-specific memory encoding[END_REF][START_REF] Bennett | Mnemonic discrimination relates to perforant path integrity: An ultra-high resolution diffusion tensor imaging study[END_REF][START_REF] Bennett | Limbic Tract Integrity Contributes to Pattern Separation Performance Across the Lifespan[END_REF] We are currently working on several projects in order to address these limitations, as described bellow.

Future directions in clinical research:

a. Hippocampal subfields analyses in patients with early MS Our work has pinpointed a differential vulnerability of the dentate gyrus in experimental MS and we believe that these findings might also be true in patients with early MS, regarding their early impairment in pattern separation performances (chapter 3 and 4). Future studies will need to capture directly the corresponding morphological and functional changes within the dentate gyrus of patients with early MS to confirm these results. Indeed, previous studies that looked for regional vulnerability within the hippocampus of persons with MS did not investigate the early stages of the disease (i.e. clinically isolated syndrome), precluding any definitive conclusions to early vulnerability 2,3,4,5 . Furthermore, these past studies used morphological MRI acquisition and post-processing technics such as manual segmentation of hippocampal subfields, voxel based morphometry or radial mapping, that are not able to discriminate dentate gyrus from CA2, CA3 and CA4 (Fig. 1). These morphological studies provided contradictory conclusions which are probably due to the different technical approaches and the different cohorts of patients. Finally modifications of morphology and volumes (atrophy) might not be the most appropriate tools to capture early modifications. Instead of using morphological MRI, we favored DTI for its ability to capture early microstructural modifications. Our work in EAE demonstrated that mouse hippocampal subfields can be targeted by DTI technics and that it can measure differential vulnerability of these subfields with histological validations. Basic intrinsic hippocampal anatomy, histology and circuitry are maintained across mammalian species. However, hippocampal folding and compaction are different between rodents and humans (Fig. 1). Then, the direct transposition of our DTI technics from mouse hippocampus to human hippocampus is challenging because dendrites are differentially compacted across species (Fig. 1). Furthermore, scan times can be enables to efficiently improve image resolution at the post processing stage 6 and which has been implemented recently for diffusion MRI 7 . This strategy should enable to push up the resolution to submillimetric isotropic from 1 mm resolution acquired data. We will also work on segmentation methods to delineate the hippocampal layers by using the concept of nonlocal label fusion to perform the segmentation process using a library of manually labeled example cases as already developed by Dr Coupé 
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From the clinical validation point of view, we aim to determine which biomarker shows the greatest difference between MS patients and healthy controls and to determine which imaging biomarker or combination of imaging biomarkers accounts for the most variance in cognitive function. In this aim, we will perform measurements of new metrics of hippocampal anatomy in relevant MS patients, and will relate these biomarkers to neuropsychological measures of cognition.

b. Clinical trials: Preventing memory impairment in multiple sclerosis with minocycline Minocycline is a second-generation tetracycline approved by drug agencies for its antibiotic properties 1 . It has been used for decades, essentially in acne vulgaris, and long term treatment up to 200mg/day is recognized to be safe and well tolerated. Furthermore, minocycline is a lipophilic drug that easily cross the blood-brain barrier 9 and that has several anti-inflammatory and immunomodulatory properties. Indeed, it has been demonstrated that during CNS inflammation, minocycline could decrease T-cell proliferation, could prevent blood brain barrier disruption through metalloproteinase inhibition, and could selectively inhibit proinflammatory polarization of microglial cells 9,10 .

In this context, pilot studies and phase II clinical trials of minocycline in patients with RRMS have suggested that minocycline can be efficient (alone or in add-on therapy) to prevent demyelination and relapses 11,12 . Metz and collaborators have also reported during the 31 We have demonstrated in chapter 3 that systemic minocycline treatment can prevent memory impairment in EAE-mice (20 days post-injection) when administrated daily since the first clinical symptoms of EAE (7 days post-injections). Furthermore, a recent study in another EAE-model demonstrated that minocycline could prevent memory dysfunction at the chronic phase of the disease, after the recovery of motor symptoms, suggesting that our results might still be relevant at later stages 13 . Then, if we extrapolate these findings to the human disease, we can hypothesize that daily treatment with minocycline at the stage of CIS could prevent 144 memory impairment later on, thanks to inhibition of microglial activation.

Then, it would be now of great interest to evaluate the neuroprotective effect of minocycline in patients with CIS or early MS. We are currently considering the opportunity of a phase III clinical trial where memory performances would be the primary outcome measure and hippocampal DTI and morphology would be secondary endpoints, after 2 years of minocycline treatment compared to placebo. Minocycline could be administrated as both monotherapy or as an add-on therapy to treatment approved in the treatment of CIS.

Future directions in fundamental research:

a. Explaining early selective dentate gyrus disruption in multiple sclerosis:

the complement hypothesis

We have demonstrated in chapter 3 a differential vulnerability of the dentate gyrus to microglial activation at the early stage of EAE. However, we did not identify the molecular mechanisms explaining such a selective degenerative process. We described at the transcriptional level a differential pattern of microglial activation within the dentate gyrus, that was absent or less pronounced in CA1. Given that there could be regional differences in microglial phenotype in the brain 14 , we can hypothesized that microglia is already "primed" in the dentate gyrus to control newborn neurons and circuits in physiological conditions, leading to the early aberrant activation that we described here in case of inflammatory disease.

Adult neurogenesis occurs in the dentate gyrus throughout life and is characterized by synaptic pruning mechanisms corresponding to the elimination of immature synapses/circuits by microglia [START_REF] Paolicelli | Synaptic pruning by microglia is necessary for normal brain development[END_REF] . The physiological process of synaptic pruning, which corresponds to the phagocytosis of supernumerary and improper synapses, is thus particularly important in the dentate gyrus and is complement-dependent 16 . Improper synapses accumulate C1q, which leads to downstream activation of C3 (cleaved in C3a and C3b by C3 convertase). Then, C3b covers the membrane of the neurons and provides the signal for phagocytosis by microglia through CR3 receptors. Furthermore, a recent study has demonstrated on post-mortem MS brain that C1q expression and C3 activation were increased in MS hippocampi 17 . Then, we decided to explore the complement pathway as a good candidate molecular pathway to explain the aberrant and selective dendritic pruning observed in the dentate gyrus of EAE-145 mice.

We have already started preliminary experiments that support this complement hypothesis (Fig. 3). Indeed, we showed by RT-qPCR experiments after selective microdissection of the stratum radiatum of CA1 and of the molecular layer of the dentate gyrus that there is an overexpression of C3 gene selectively in the dentate gyrus (compared to CA1). Furthermore, we were able to prevent memory impairment in EAE-mice after a systemic treatment with rosmarinic acid 18 (an inhibitor of C3 convertase). These results are the first evidence supporting the role of the complement pathway in the mediation of pathological microglianeurons interactions selectively in the dentate gyrus of EAE-mice. We have to confirm these preliminary data by using other inhibitors, knock-out gene experiments and histological studies to elucidate how such complement system might play a key role in the microgliadependant vulnerability of the dentate gyrus. We recently obtained a post doctoral fellow grant from ARSEP (Association pour la Recherche contre la Sclérose en Plaques) for an additional year in the lab, working on this topic. for FA and AD respectively). Then, in order to extrapolate our findings to humans, we expect to identify still more sensitive and specific in vivo imaging method to quantify the neurodegenerative process of the dentate gyrus. 
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DTI is very useful but is a simplistic model of water diffusion. An important research field in diffusion MRI consists in modeling water diffusion more accurately to provide more specific information of the tissue microstructure. Among others, the NODDI model (for neurite orientation dispersion and density imaging) was introduced in 2012 19 and is appealing for two main reasons. Firstly, this is a three compartments model that provides parametric maps directly related to the neurites (neurite density, neurite orientation dispersion) (Fig. 4).

Secondly, the NODDI model can be fitted with the acquisition of only two-shell (2 b values) high-angular-resolution diffusion imaging which can be performed in a clinically feasible time. The NODDI model has never been applied to investigate the detailed internal structure of the hippocampus and the parametric maps derived from this mathematical model have not been validated histologically to confirm their specificity. Then, we developed a high-resolution diffusion MRI acquisition method that could reveal hippocampal architecture in live rodents in 148 acceptable timeframe and we set-up an appropriate post-processing pipeline for the reconstruction of NODDI maps (Fig. 4). Now, we aim at validating the parametric maps against histological markers in the non-injured hippocampus and finally we aim at testing this method for its ability to detect early microstructural changes in EAE model compared to what DTI can do; and also to monitor the course of the alterations during repeated exams. We have already collected the data for EAE mice (n=18) and CFA mice (n=18) explored at 20 dpi and we are currently analyzing the results.

Our final aim is to apply this technics in persons with early MS to understand early cellular alterations in different hippocampal subfields.

General conclusion.

Among hippocampal subfields, the dentate gyrus is the most vulnerable to early inflammation in experimental autoimmune encephalomyelitis and its disruption leads to early memory impairment. In humans the same might be true because patients with MS at the early stage of the disease show loss of pattern separation performances. Furthermore, our results demonstrate that early memory impairment can be experimentally prevented in EAE-mice by early microglial inhibition with the FDA-approved drug minocycline and we might envision testing this finding in patient trough a clinical trial. Finally, hippocampal damage can be monitor in vivo with diffusion tensor imaging, offering new perspectives as surrogate endpoints in clinical trials. We are currently able to quantify clinically-relevant alterations in patients within the whole hippocampus but our ability to isolate each layer specifically in EAEmice drive us toward local diffusion analyses in humans too.

We expect that such translational research from rodents to patients and from patients to rodents could still provide new insight into the pathophysiology of memory impairment in multiple sclerosis. Imaging is one of the important method to bridge the clinical and the experimental approaches.
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  calcium binding adaptor molecule 1: microglia-calcium binding protein IFN= Interferon IL-1β = Interleukin-1β

Fig. 2 :

 2 Fig. 2: The classical corticohippocampal glutamatergic circuit in rodents. DG = dentate gyrus; CA = Cornu Ammonis; EC = Entorhinal Cortex; LII/III = Layer II/III of the EC. The trisanyptic pathway: black represents the perforant path; green represents the mossy fibers; red represents the Schaffer collateral and blue represent the output pathway. Note also a monosynaptic path from EC to distal CA1 (purple). (Adapted from Basu and Siegelbaum, Cold Spring Harb Perspect Biol, 2015)

Fig. 4 :

 4 Fig. 4: Cognitive impairment in the three subtypes of MS. Percentage of impaired patients for each cognitive domain and percentage of patients with at least one or two impaired cognitive domain(s). LRRMS, LateRelapsing-Remitting Multiple Sclerosis; SPMS, Secondary Progressive Multiple Sclerosis; PPMS, Primary Progressive Multiple Sclerosis ; IPS, information processing speed ; EVM, episodic verbal memory ; WM, working memory ; EF, executive functions ; VSC, visuospatial construction. (Adapted from Planche et al. Eur J Neurol, 2015)

Figure 5 :

 5 Figure 5: A hypothesis of network collapse as a cause for developing cognitive impairment in MS. In early stages of MS, structural damage is low, leaving network efficiency relatively high. As the structural damage accumulates overtime, network efficiency levels drop, inducing a network collapse after a critical threshold is exceeded. After this, the network is unable to function normally and cognitive impairment develops. (Adapted fromSchoonheim et al., Front Neurol, 2015) 
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  created from the shape, in which dark regions are isotropic (spherical) and bright regions are anisotropic (elongated): quantitative metric going from 0 to 1. From the estimated ellipsoid (B), the orientation of the longest axis can be found (C), which is assumed to represent the local fiber orientation. This orientation information is converted to a color (F) at each pixel. By combining the intensity of the anisotropy map (D) and color (F), a color-coded orientation map is created (E). (Adapted fromMori et al., Neuron, 2006) 

  informed consent was obtained prior to participation.The main population of interest consisted of thirty-seven persons with CIS (PwCIS) enrolled prospectively after approval by the local institutional ethics review board (NCT01865357) between 2 to 6 months after a first clinical event compatible with a demyelinating inflammatory syndrome. At least two clinically silent lesions with 3 mm minimum diameter were needed for inclusion. One had to be cerebral (ovoid or periventricular), while the other could be located in spine or brain. Exclusion criteria: contraindications to MRI, presence of other neurologic, psychiatric or systemic diseases, steroid treatment within one month, starting or stopping antidepressants or anxiolytic treatments within 2 months of MRI and neuropsychological examination. We pooled these data with data from a MS study (NCT01207856) to analyze patients with long lasting disease as a positive control. Thirty-two persons with MS (PwMS) diagnosed according to the 2005-revised McDonald criteria 20 were included (27 relapsing-remitting, 3 secondary progressive and 2 primary progressive form of MS). Exclusion criteria were dementia (Mini Mental State Examination <27), other neurologic or psychiatric disorders, drug or alcohol abuse, relapse and/or steroid treatment within 2 months, or severe depression (Beck Depression Inventory >27).

Figure 1 :

 1 Figure 1: Hippocampal volumes and DTI measures in patients and controls. (A-C) Examples of MRI from a patient with MS. (A). T1-weighted images were used for hippocampi segmentation (cyan lines). (B). Colorcoded FA maps superimposed to T1-weighted images. (C). FA maps registered in the MNI space with the same hippocampal masks. (D). Plots of the normalized hippocampal volumes of the three groups. (E). Plots of the fractional anisotropy values within the hippocampal masks of the three groups. (F). Plots of the mean diffusivity values within the hippocampal masksof the three groups. Each point is an individual measure and bars are mean and standard error of the mean. CIS = Clinically Isolated Syndrome; MS = Multiple Sclerosis. *p<0.05, **p<0.01, ***p<0.001 adjusted on age and gender.

Figure 2 :

 2 Figure 2: Hippocampal MD discriminates between memory-impaired and memory-preserved persons with CIS. (A). ROC curve defined a threshold MD value (1.278 x10 -3 mm²/s, red dashed line) that classified memory-impaired and memory-preserved patients (i.e. patients with DR-SRT z-score<1.5) with a sensitivity of 90.0% and a specificity of 70.3%. (B). Plots of mean diffusivity values in memory impaired and memory-preserved patients with CIS. *p=0.011. AUC = Area Under the Curve; CIS = Clinically Isolated Syndrome; DR-SRT = Delayed Recall-Selective Reminding Test.

  clinical and other MRI criteria, hippocampal MD was the only predictor of memory impairment in this group. Therefore, stabilization of low hippocampal MD might be an interesting candidate endpoint (surrogate marker with a very good NPV) in future proof-of-concept phase II clinical trials in CIS and early MS. Unambiguous monitoring of cognitive performances in the context of a neuroprotective agent in clinical trials is complicated by the length of the cognitive testing, the test/retest effect and confounding factors such as participation of the subject, fatigue or depression[START_REF] Czerniawski | Acute neuroinflammation impairs context discrimination memory and disrupts pattern separation processes in hippocampus[END_REF] . In this context, stabilization of low hippocampal MD might provide a complementary and unbiased endpoint. DTI of the hippocampus might also help to improve patient selection by stratifying those with and without hippocampal damage, therefore powering future neuroprotective trials by including more homogeneous population in comparison groups.
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 1 1000), mouse anti-SMI-32 for dendrites (Neurofilament H non-phosphorylated, SMI-32R, Sternberger, Covance, 1:1500), rabbit anti-GFAP for astrocytes (Glial Fibrillary Acid Protein, Z0334, Dako, 1:1000), rabbit anti-Iba1 for microglia (Ionized calcium-binding Adaptor molecule 1, 019-19741, Wako, 1:2000), rabbit anti-CD3 for T lymphocytes (ab 5690, Abcam, 1:200), rat anti-ED1 for macrophages (anti-CD-68, MCA 1957, AbD Serotec, 1:200), goat anti-DCX for immature neurons (Doublecortin, sc-8066, Santa Cruz, 1:1000) and rabbit anti-active Caspase 3 for apoptosis (ab 13847, Abcam, 1:1000). The following secondary antibodies were used (donkey IgGs): anti-mouse Alexa Fluor-568 (ab 175472, Abcam, 1:1000), anti-rabbit Alexa Fluor 488 (711-545-152, Jackson Laboratories, 1:1000), anti-goat Cyanine 3 (705-165-003, Jackson

NaHCO 3 .

 3 Slices were individually transferred to a submerged recording chamber and continuously perfused (2.5-3.5 mL/min) with carbogenated and warm (30-32°C) aCSF containing 100 µM picrotoxin (Tocris). Field excitatory post-synaptic potentials (fEPSPs) were recorded using a glass pipette (2.5-4.9 MΩ) filled with aCSF and placed in the molecular layer of the dentate gyrus or in the stratum radiatum of the CA1 region. The medial perforant pathway (MPP) in the dentate gyrus or the Schaffer collaterals in the CA1 region were stimulated using a glass electrode placed at 200µm away from the recording pipette (Fig.4 A and D). MPP stimulation was corroborated by observing paired-pulse depression at 50 ms interpulse intervals. Basal glutamatergic synaptic transmission, evoked at 0.033Hz, was examined by generating input/output relationships. For long-term potentiation (LTP) experiments, the stimulation intensity was set to the one producing 35-40% of maximum fEPSP slopes. Then, LTP was induced by applying a high frequency stimulation (HFS) protocol consisting of: 100Hz trains of stimuli for 1s repeated at 20s interval 2 times at CA3-CA1 synapses and 4 times at MPP-DG synapses. After HFS, fEPSPs were recorded during additional 60 minutes. fEPSP slopes were measured and normalized to the mean of the last 10 minutes of the baseline. Recordings were obtained using an Axon Multiclamp 700B amplifier (Molecular Devices). Signals were filtered at 2 kHz, digitized at 20 kHz, and analyzed using Axon Clampfit software (Molecular Devices).

  was dissolved few minutes before injections in sterile isotonic PBS and administrated every 24h by intra-peritoneal (IP) injections at a dosage of 50mg/kg. EAE mice (EAE-MINO, n=15) were treated from 7 d.p.i (the beginning of the motor symptoms) to 20 d.p.i. A placebo group (EAE-PBS, n=15) received daily IP injections of PBS. The EAE score was evaluated daily by investigators blinded of the experimental conditions.

  safe and familiar environment (freezing ratio: 0.380 vs 0.208, p=0.028, Fig. 1D and Fig. A.1B).

Figure 1 :

 1 Figure 1: Clinical and memory-related behavioral data of mice with experimental autoimmune encephalomyelitis (EAE) and control mice (CFA). (A) Motor signs began 7 days post-injection (d.p.i) andwere moderately severe at 20 d.p.i. when mice were tested for memory performances (***p<0.001, F=41.61, two-way ANOVA, n=12 per group). (B) Schematic representation of the contextual fear conditioning paradigm: because the discrete tone and the footshock are pseudo-randomly distributed (tone-footshock unpairing), the background context is the only predictive factor of the footshock occurrence. Acquisition of an adaptive conditioned fear to the context is attested 24h later when mice are re-exposed to the discrete tone alone in a familiar context, then to the conditioning context alone. (C) EAE-mice displayed less conditioned freezing to the predictive conditioning context than CFA-mice. (D) However, EAE-mice exhibited a paradoxical and maladaptive freezing behavior to the tone when reexposed to it in a familiar and safe box. (E and F) The same differences between groups were observed even if time exposure to the context was extended by 40%. (*p<0.05 and ***p<0.001, t-test, n=12 per group).

  Fig. A.2C).

Fig. 2 :

 2 Fig. 2: Diffusion-tensor imaging (DTI) of hippocampal layers revealed microstructural damages specific to the molecular layer of the dentate gyrus. (A) Color-coded fractional anisotropy (FA) maps were used to draw 3 regions of interest (ROIs) within the hippocampus. The dorsal part of the right and left hippocampi were analyzed in three adjacent slices for each animal, along the rostro-caudal axis. (B) Magnification of the white box in (A) with the 3 ROIs overlaid in white. Directions for color-coding: blue, rostro-caudal; red, left-right; and green, dorsal-ventral. (C) Drawing adapted from Ramon y Cajal (1911) representing the orientation of the fibers within the different layers of the hippocampus and corroborating the color-coded FA map. (D-F) Quantification of FA, axial diffusivity (AD) and radial diffusivity in the three different ROIs for both EAE and CFA-mice. (G) Schematic representation of the tensor in the molecular layer of CFA and EAE-mice: diffusion directionality is decreased in EAE (lower FA) because of a loss of directivity in the main axis (lower AD). SR: stratum radiatum of CA1, SLM: stratum lacunosum-moleculare, ML: molecular layer of the dentate gyrus, cc: corpus callosum and f: fimbria. (*p<0.05, **p<0.01, t-test, n=12 animals per group). Scale bar: 1mm (A) and 200µm (B).

  , F and Fig. A.3. A, B). However, the total dendritic length and the complexity of the dendritic arbor were decreased in the granular neurons of EAE-mice compared to CFA-animals (respectively 517µm vs 679µm, p=0.014 and 46.4 vs 58.5 intersections, p=0.039, Fig. 3D, E, F and Fig. A.3. C, D). These data demonstrate a

Fig. 4 :

 4 Fig. 4: Excitatory synaptic transmission and long term potentiation are decreased in the dentate gyrus but not in the CA1 area. (A and D) Schematic representation of hippocampal circuits and position of the recording and stimulating electrodes (respectively r.e. and s.e.) at the medial performant pathway (MPP) -dentate gyrus (DG) synapses (A) and the CA3-CA1 synapses (D). (B and E) (Left) Representative traces illustrating field excitatory post-synaptic potentials (fEPSPs) obtained in response toincreasing stimulus intensity at the MPP-DG synapses (B) and at the CA3-CA1 synapses (E) and (Right) input/output relationship for EAE and CFA-mice at the MPP-DG synapses (EAE, n=15 and CFA, n=12 slices, ***p<0.001, two-way ANOVA, (B)) and at the CA3-CA1 synapses (EAE, n=10 and CFA, n=9, (E)). (C and F) (Left) Representative traces before and after LTP induction at the MPP-DG synapses (C) and at the CA3-CA1 synapses (F) (1: last 10 minutes of the baseline and 2: 60 minutes after HFS), (Middle) summary plot of the average time course of fEPSP slope (% of baseline) in response to HFS and (Right) histogram summarizing LTP amplitude at 60 minutes after HFS compared to the last 10 minutes of the baseline in EAE and CFA-mice at the MPP-DG synapses (EAE, n=9 and CFA, n=8 slices, **p<0.01, Mann-Whitney test, (C)) and at the CA3-CA1 synapses (EAE, n=7 and CFA, n=7, (F)).

  Fig. A.4A and C). There was also neither obvious difference in astrocyte morphology after the analysis of GFAP staining area nor increase of astrocyte number after GFAP/DAPI cell counting (Fig. A.4B and D) in none of the hippocampal layers. ED1(CD68) and CD3 staining revealed the absence of macrophages and T lymphocytes infiltration in the hippocampus of EAE-mice whereas these markers were detected in typical demyelinating lesions in the spinal cord (Fig. A.5), as classically reported at this stage of the disease 10 .

Fig. 5 :

 5 Fig. 5: Excitatory synaptic transmission and long term potentiation are decreased in the dentate gyrus but not in the CA1 area. (A and D) Schematic representation of hippocampal circuits and position of the recording and stimulating electrodes (respectively r.e. and s.e.) at the medial performant pathway (MPP) -dentate gyrus (DG) synapses (A) and the CA3-CA1 synapses (D). (B and E) (Left) Representative traces illustrating field excitatory post-synaptic potentials (fEPSPs) obtained in response to increasing stimulus intensity at the MPP-DG synapses (B) and at the CA3-CA1 synapses (E) and (Right) input/output relationship for EAE and CFA-mice at the MPP-DG synapses (EAE, n=15 and CFA, n=12 slices, ***p<0.001, two-way ANOVA, (B)) and at the CA3-CA1 synapses (EAE, n=10 and CFA, n=9, (E)). (C and F) (Left) Representative traces before and after LTP induction at the MPP-DG synapses (C) and at the CA3-CA1 synapses (F) (1: last 10 minutes of the baseline and 2: 60 minutes after HFS), (Middle) summary plot of the average time course of fEPSP slope (% of baseline) in response to HFS and (Right) histogram summarizing LTP amplitude at 60 minutes after HFS compared to the last 10 minutes of the baseline in EAE and CFA-mice at the MPP-DG synapses (EAE, n=9 and CFA, n=8 slices, **p<0.01, Mann-Whitney test, (C)) and at the CA3-CA1 synapses (EAE, n=7 and CFA, n=7, (F)).

  and Fig. A.6A and B). As a consequence, neurofilament staining was preserved in the molecular layer of EAE-MINO mice compared to EAE-PBS (35% increase, p=0.017, Fig. 6D and Fig. A.6C and D). Neuron tracing analyses (Fig A.6E and

Fig. 1 :

 1 Fig. 1: Hippocampal subfields organization across mammalian species (A) and MRI segmentation of human hippocampi (B). (A) Differential anatomy of hippocampus (red) and entorhinal cortex (blue) in brains of rats, macaque monkeys and humans (upper panel). Drawings of Nissl cross-sections of mouse, rhesus and human hippocampi. (lower panel). (B) Projection of Voxel BasedMorphometry of the right hippocampus. Note that CA2/3/4 and dentate gyrus can not be distinguished. CA: Cornu Ammonis DG: dentate gyrus, EC: Enthorinal Cortex, SUB: Subiculum (Adapted from Strange et al., Nat Rev Neurosci, 2014 and De Flores et al., Neuroscience, 2015)

8 .

 8 Our first results in this direction are encouraging (Fig 2).

Fig. 2 :

 2 Fig. 2: Preliminary results showing high-resolution hippocampal segmentation. Hippocampal subfields masks are automatically generated on T1-weighted images (A and B) and can be superimposed to mean diffusivity maps (C and D) in order to measure early microstructural damage in the different hippocampal subfields. 1. CA1; 2. Subiculum; 3. Dentate gyrus; 4. CA2/3; 5. Stratum radiatum/lacunosum/moleculare.

  st congress of the ECTRIMS (Barcelona, 2015) that minocycline (200mg/j) reduces conversion of the first clinical demyelinating event to clinically definite MS in a phase III double-blind placebo controlled multicentric clinical trial.

Fig. 3 :

 3 Fig. 3: Preliminary results suggesting a complement-C3 dependant mechanism leading to dentate gyrus vulnerability and memory impairment in EAE (n=4 to n=10 per condition). A. Selective overexpression of C3 gene in the molecular layer (ML) of the dentate gyrus of EAE-mice at 20 d.p.i., compared to CFA-mice while there is no overexpression of C3 gene in the stratum radiatum (SR). B. Compared to EAE-veh (vehicule) mice, EAE-RMA (rosmarinic acid, an inhibitor of C3-convertase activity) mice displayed normal fear memory with enhanced conditioned freezing to the correct predictor of the threat, and reduced conditioned freezing to the non-predictive tone in a familiar and safe box. EAE-RMA mice performed as well as CFA-RMA control mice (n=15 per group).

Fig. 4 :

 4 Fig. 4: The NODDI model assumes that water protons in neuronal tissue can be considered as belonging to three different pools: (i) free water, modeling isotropic diffusion such as in areas contaminated by CSF; (ii) restricted water within dispersed sticks, modeling dendrites and axons; and (iii) anisotropically hindered water, modeling diffusion within glial cells, neuronal cell bodies and the extracellular environment. In the NODDI framework, diffusion data are acquired and parametric maps describing the properties of the compartments within which water pools diffuse are obtained fitting the model to the data. Such parametric maps represent indices such as neurite density (ND) and neurite orientation dispersion (OD). ND estimates the fraction of axons and dendrites within tissue. OD quantifies how parallel neurites are to each other. Low OD is indicative of coherent organization, since the orientation of single neurite elementdoes not deviate much from the mean overall orientation. On the other hand, high OD occurs when neurites are dispersed in space and their orientations vary considerably from each other.

Fig. 5 :

 5 Fig. 5: We have conducted pilot experiments in mice using a 3D sampling of Fourier space (instead of the classical 2D strategy) and echo-navigator to reduce physiological motion effects. Diffusion-weighted images were acquired with two b-values. 22 diffusion directions were encoded for the first shell (b=1000s.mm²) and 43 for the second shell (b=2700s.mm²) according to Tournier et al 20 . Two images without diffusion weighting (called 'b0') were acquired per shell. To obtain the same 80µm x 80µm in plane resolution as the one we used before for the layer-by-layer analysis, our protocol currently last 1h and 50 minutes per mouse. NODDI model was fitted and performed on the NODDI data-set using the NODDI Matlab toolbox, (http://www.nitrc.org/projects/noddi_toolbox/) for reconstruction of orientation dispersion (A, zoom in D), neurite density (B) and CSF maps (C).
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Box 2: Diffusion tensor imaging (DTI)

  humans, the function of the hippocampus can be assessed with neuropsychological tests of

	episodic memory. The tests classically used in clinical practice can assess encoding, storage
	and retrieval of verbal or visuospatial materials. Some new behavioral tasks designed to tax
	pattern separation or pattern completion are currently introduced for research purposes but
	outside the context of MS so far (aging, Alzheimer's disease). However, all these tests are
	hippocampal-dependent but not purely hippocampal-specific. The structure of the
	hippocampus at the early stage of the MS can be assessed in vivo using morphological MRI and
	more advanced quantitative MRI methods such as diffusion tensor imaging (DTI, Box2).
	Functional MRI (fMRI) can also be used to assess hippocampal function in vivo through the
	observation of neuro-vascular coupling in the whole hippocampus but this technic fails to
	properly identify hippocampal subfields.	
	In rodents, several behavioral experiments are available to assess hippocampal-based episodic
	spatial memory such as the Morris water maze, contextual fear conditioning, object
	recognition, and also pattern separation and completion	62 . MRI technics similar to the ones
	used in humans can be applied in rodent, using specific magnets (small bore, high magnetic
	field). Furthermore, animals can be sacrificed after imaging in order to perform MRI-
	histological correlations or ex vivo imaging	63 . Histological or transcriptional analyses (after
	laser-microdissection) can be performed in each region of interest within the hippocampus,
	along the hippocampal long axis or in different hippocampal subfields. It is also possible to use
	invasive technics such as in vivo or ex vivo electrophysiological recordings or genetically
	engineered mice to perform knock-out or optogenetics experiments	64 . Systemic or intra-
	hippocampal injections of pharmacological agents interfering with hippocampal functions can
	be performed to address mechanistic issues	65 .

  PwCIS or PwMS was compared with the appropriate control group (n=54 and n=22 respectively), tightly matched for age, sex and educational level to calculate a z-score for each

test: z = (patient's score -mean value of the matched control group)/standard deviation of the matched control group.

Table 1 :

 1 for CIS and MS groups respectively. The associations were further tested in multivariate context to take into account adjustment on covariables fixed according to univariate results and clinical relevance: age, gender, depression and T2 lesion load. For that purpose, cognitive performances (dependent variables) were predicted with regression models. Linear regression model was used whenever possible while logistic regression was seen as the appropriate alternative for categorical outcome variables by dichotomizing the performances; a log transformation was applied when needed to achieve normality.Considering the issue of multiple comparisons, Sidak's correction was used to reduce the risk of type I error. Lastly, Receiver Operating Characteristic (ROC) analysis was performed to test the value of DTI to discriminate between memory-impaired PwCIS (z-score DR-SRT < -1.5) versus those with normal memory performance. All tests were two-tailed, with a type I error set at α=0.05. Clinical and general MRI features. BDI = Beck Depression Inventory; CIS = Clinically Isolated Syndrome; MS = Multiple Sclerosis; EDSS = Expanded Disability Status Scale. § Education level was considered as high or low according to French baccalaureate (equivalent to A-level). ** p<0.01 and ***p<0.001, patients vs controls.

	Results					
			Controls with MRI (n=36)	CIS (n=37)	MS (n=32)	p-value
	Clinical features					
	Mean age, years [range]		37.8 [21 -60] 37.4 [19 -59] 41.3 [28 -50]	0.18
	Sex ratio (F/M)		24/12		29/8	23/9	0.53
	Mean disease duration, months [range]	-		<6	107[12 -216]	<0.0001
	Education level (High/Low	§ )	29/7		24/13	19/13	0.14
	Median EDSS score [range]	-	1.0 [0 -6]	3.0 [0 -8]	<0.0001
	Median depression (BDI) score [range]	3.5 [0 -13]	9.0	** [0 -36]	14.0 26] *** [0 -	<0.0001
	Imaging features					
	Median T2 lesion volume,ml [range]	-	2.11 [0.18 -60.28]	8.38 [1.25 -65.69]	0.001
	Median normalized brain volume, ml [range]	1564 [1475 -1676)	1570 [1335 -1657]	*** [1276 -1667] 1485	0.0002

and left hippocampal values were averaged. Statistical analyses were performed with Stata software 12 (StataCorp) and Prism software 6 (Graphpad). The distribution of all continuous data was tested with the Shapiro-Wilk test. We first compared clinical and imaging characteristics between the three groups (HC, CIS, MS) by using the Chi-squared test for categorical variables, and ANOVA or Kruskal-Wallis test (when assumptions of ANOVA were not met) for ordinal variables followed by appropriate post-hoc tests (Tukey-Kramer or Dunn test, respectively), and adjustment on age and gender. If only two groups had to be compared, Student's t-test or Mann-Whitney test was used as appropriate. Cohen's d was used to measure the effect size. Then, relationships between clinical scores and quantitative imaging variables were assessed using correlation coefficients (Pearson or Spearman according to statistical distribution)

  ). Groups were comparable for age, sex ratio and educational level. PwCIS and PwMS showed significantly higher depression scores than controls but they were not significantly different from each other (p=ns; d=0.39). As expected, EDSS and T2-lesion load were significantly lower in PwCIS than in PwMS. PwCIS presented no global brain atrophy compared to HC whereas

	PwMS did.				
			CIS (n=37)		MS (n=32)
		Impaired	Median z-score	Impaired	Median z-score
		patients (%)	[range]	patients (%)	[range]
	Information processing speed	13.9	-0.628 [-3.78 -+1.74]	78.1	-2.217 [-4.48 -+0.17]
	Attention/Working memory	18.9	-0.525 [-1.50 -+1.43]	21.9	-1.324 [-2.45 -+2.06]
	Episodic verbal memory				
	-learning trials	27.0	-0.269 [-5.27 -+1.21]	65.6	-3.234 [-9.43 -+0.90]
	-long term recall	27.0	+0.611 [-9.16 -+0.61]	62.5	-1.767 [-7.45 -+0.67]

Cognitive assessment

Median z-scores and percentages of impaired PwCIS and PwMS (z-score < -1.5) are reported in table 2. Regarding mean or median z-scores, as expected, PwMS performed significantly worse than pwCIS for all the tests. Verbal episodic memory performance was the most frequently affected domain in PwCIS (27.0%) whereas slowing of IPS was the most frequently affected domain in PwMS (78.1%).

Table 2 :

 2 Neuropsychological performances of persons with CIS and persons with MS. CIS =

	Clinically Isolated Syndrome; MS = Multiple Sclerosis. The threshold to dichotomize
	impaired/non impaired patients was set at z-score < -1.5 (z-scores were computed relative to

appropriate control groups for CIS and MS, see method).

Table 3 :

 3 

	CIS (n=37)	T2 Lesion load	Hippocampal Volume	Hippocampal FA	Hippocampal MD
	Information processing speed	r=-0.13, p=0.45	r=0.04, p=0.84	r=0.10 p=0.54	r=-0.23, p=0.18
	Attention/Working memory	r=-0.16, p=0.36	r=-0.11, p=0.53	r=-0.17, p=0.31	r=-0.01, p=0.98
	Episodic verbal memory (learning trials)	r=-0.24, p=0.14	r=0.02, p=0.93	r=-0.07, p=0.67	r=-0.29, p=0.08
	Episodic verbal memory (long term recall)	r=-0.07, p=0.68	r=0.02, p=0.89	r=0.01, p=0.96	r=-0.57, p=0.0002 (p=0.016) #
	MS (n=32)	T2 Lesion load	Hippocampal Volume	Hippocampal FA	Hippocampal MD
	Information processing speed	r=-0.51, p=0.004 (p=0.033) †	r=0.25, p=0.18	r=0.36, p=0.04 (n.s.) #	r=-0.52, p=0.002 (p=0.012) #
	Attention/Working memory	r=-0.16, p=0.38	r=0.17, p=0.35	r=0.16, p=0.40	r=-0.05, p=0.76
	Episodic verbal memory (learning trials)	r=-0.15, p=0.41	r=0.44, p=0.01 (p=0.032) #	r=0.19, p=0.31	r=-0.30, p=0.09
	Episodic verbal memory (long term recall)	r=-0.10, p=0.60	r=0.29, p=0.10	r=0.12, p=0.52	r=-0.12, p=0.52

Correlations between MRI measures and neuropsychological z-scores. CIS = Clinically Isolated Syndrome; FA = Fractional Anisotropy; MD= Mean Diffusivity; MS = Multiple Sclerosis. #, adjusted on age, gender, depression and T2-lesion load; †, adjusted on age, gender and depression. To explore multiple leads, p values were uncorrected for multiple comparisons in this table.

Table 4 :

 4 

	CIS		Memory-impaired (n=10)	Memory-preserved (n=27)	p-value
	Median memory z-score [range]	-2.44 [-9.16 --1.83]	0.61 [-0.61 -0.61]	<0.0001
	Mean age, years [range]	37.5 [19 -59]	37.3 [23 -58]	0.96
	Sex (F/M)		6/4	23/4	0.17
	Educational level (High/Low)	5/5	19/8	0.27
	Median T2 lesion volume, ml [range]	2.05 [0.24 -15.54]	1.80 [0.18 -60.28]	0.89
	Median normalized brain volume, ml [range]	1546 [1454 -1647]	1587 [1335 -1657]	0.33
	Median normalized hippocampal volume, ml [range]	10.4 [8.16 -10.86]	10.2 [8.73 -11.79]	0.72
	Median hippocampal FA [range]	0.1650 [0.1471 -0.1695]	0.1577 [0.1429 -0.1986]	0.69
	Median hippocampal MD, x10	-3 mm²/s [range]	1.301 [1.258 -1.379]	1.250 [1.208 -1.469]	0.011
			55		

Clinical and MRI characteristics of memory-impaired vs memory-preserved patients with CIS. CIS = Clinically Isolated Syndrome; FA = Fractional Anisotropy; MD = Mean Diffusivity
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  All experiments reported in this article were performed early in the course of the disease at 20 days post-injection (d.p.i), except electrophysiological experiments which were performed between 18 and 22 d.p.i. All animal care and experiments were conducted in accordance with the European directive (2010/63/EU) and after approval of the local ethical committee (approval number 02046.01).

	). EAE was
	induced with a subcutaneous injection of 150µg of Myelin Oligodendrocyte Glycoprotein
	peptide 35-55 (MOG35-55, Anaspec) emulsified in 150µL of Complete Freund's Adjuvant (CFA,
	Difco) containing 6mg/mL of desiccated Mycobacterium Tuberculosis (H37Ra, Difco). Animals
	received intraperitoneal (IP) injections of Pertussis Toxin (Sigma) on the day of immunization
	and 2 days later (250ng/injection). Control mice were injected with 150µL of CFA emulsified in
	phosphate-buffered saline (PBS). All animals were weighted daily and scored for clinical
	symptoms using the standard grading scale: 0, unaffected; 1: flaccid tail; 2: hind limb weakness

and/or ataxia; 3: hind limb paralysis; 4: paralysis of all four limbs and 5: moribund.

  to 3 days in their home cage before EAE induction (i.e. 3 weeks before behavioural

	experiments).
	EAE-mice received every day intra-dentate gyrus or intra-CA1 bilateral infusions of minocycline
	(500µg/mL, diluted in sterile PBS) or PBS alone from 7 d.p.i to 20 d.p.i. (EAE-MINO-DG, n=17;

  : Selective dendritic loss and neuronal death in the dentate gyrus of EAE-mice. (A) Immunofluorescence staining for the dendritic marker SMI-32; white arrowheads show dendrites in the different layers. (B) Quantification of SMI-32 staining area in the stratum radiatum (SR) and the molecular layer (ML) in EAE and CFA-mice (**p<0.01, t-test, n=12 per group). The stratum lacunosummoleculare (SLM) contains thin axons of the perforant path, which are not stained bySMI-32. (C) 

	Correlation between SMI-32 staining and fractional anisotropy in the molecular layer of the dentate gyrus
	(r = 0.56, p=0.0051, Pearson). (D-F) Neurolucida neuron tracing analyses with (E) quantification of the
	total dendritic length per neuron and (F) the number of intersections between dendrites and the surface
	of spheres with a radius increment of 10µm (*p<0.05, t-test, n=24 neurons per condition, from 12
	animals) (see also Fig. A.3). Representative tracing of apical dendrites are shown in (D): dendrites from
	pyramidal cells of the pyramidal layer of CA1 and dendrites from the granular cells of the dentate gyrus.
	(G) Illustration of an apoptotic neuron in the granular layer of the dentate gyrus with nuclear (DAPI) and
	cytoplasmic (SMI-32) condensations (arrowheads), together with an intense activated-caspase 3 staining.
	(H) Contingency of Caspase 3+ neurons in the granular cell layer (GCL) of the dentate gyrus and the
	pyramidal cell layer (PCL) of CA1 was reported to the number of observed slices (*p<0.05, Fischer's exact
	test, n=36 per condition). (I) Immunofluorescence staining for doublecortin (DCX), a marker of immature
	neurons. (J) DCX/DAPI cell counting did not show any difference between EAE and CFA-mice (n=12 per
	group).

  Representative traces before and after LTP induction at the MPP-DG synapses and summary plot of the average time course of fEPSP slope (% of baseline) in response to HFS in EAE-MINO and EAE-PBS mice and (Right) histogram summarizing LTP amplitude at 60 minutes after HFS compared to the last 10 minutes of the baseline and showing that LTP was preserved in EAE-MINO compared to EAE-PBS mice at the MPP-DG synapses (n=7 slices per group,

	/kg, n=15) or placebo (PBS, n=15) from 7 d.p.i. to
	sacrifice (vertical arrows). Treatment with minocycline decreased the clinical severity of EAE regarding the
	motor EAE-score (*p<0.05, two-way ANOVA). (C-D) Histological analyses showed that there were less
	microglial cells but more dendrites in the molecular layer of minocycline-treated EAE-mice (EAE-MINO)
	compared to placebo-treated animals (EAE-PBS) (n=15 per group, *p<0.05, t-test). (E-F) Neurolucida
	neuron tracing analyses confirmed that the dendritic arbor of EAE-MINO mice were preserved compared
	to EAE-PBS mice (n=30 neurons per condition, from 15 animals, *p<0.01, ***p<0.001, t-test). (G) (Upper)
	Representative traces illustrating field excitatory post-synaptic potentials (fEPSPs) obtained in response to
	increasing stimulus intensity at the MPP-DG synapses and (Lower) input/output relationship for EAE-
	MINO and EAE-PBS (n=8 and n=10 slices respectively, ***p<0.001, two-way ANOVA). (H) (Left)

**p<0.01, Mann-Whitney test). (I) Fractional anisotropy in the molecular layer of the dentate gyrus was higher in EAE-MINO mice than in EAE-PBS mice (n=15 per group, *p<0.05, t-test). (J and K) Compared to EAE-PBS mice, EAE-MINO mice displayed normal fear memory with

enhanced conditioned freezing to the correct predictor of the threat, the conditioning context (J), and reduced conditioned freezing to the non-predicitive tone in a familiar and safe box (K) (n=15 per group, *p<0.05, t-test).

  To our knowledge, there is only one previous in vivo DTI study of hippocampal subfields with MRI-histological correlations, on an epileptic rat model 57 . Interestingly, several months after status epilepticus, the authors have reported an increased FA in the dentate gyrus, explained by an increased AD and correlated with neuritic sprouting in histological analyses. It represents an external validation of our findings because opposite histological mechanisms (i.e. neuritic sprouting vs neuritic loss) lead to opposite DTI parameters changes (i.e. FA/AD increased vs FA/AD decreased). This finding opens perspectives to use high resolution hippocampal DTI as a surrogate marker for phase II clinical trial to measure the effects of treatments on memory impairment and neurodegeneration in multiple sclerosis and also to test the selective vulnerability of the dentate gyrus in patients.To summarize, the present study indicates that early hippocampal-dependent memory impairment in experimental multiple sclerosis is caused by dentate gyrus vulnerability. We provide compelling results from several complementary techniques converging on this same finding. Accordingly, the concept of differential regional vulnerability within the hippocampal formation must be extended to multiple sclerosis as microglial activation was causing dendritic loss, neuronal death and synaptic plasticity disruption selectively in the dentate gyrus at the early stage of EAE. Furthermore, in order to facilitate future studies in humans, we have demonstrated that these cellular alterations are measurable in vivo with DTI and that they can be prevented by minocycline treatment.
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  . In this context, if dentate gyrus structure and function are more vulnerable than other hippocampal subfields in MS, we hypothesized that pattern separation would be impaired very early during the course of the disease, explaining early deficit in encoding. Then, the aim of this work was to test pattern separation performances in PweMS compared to healthy controls matched on age, gender end educational level.

	Methods
	Participants
	Nineteen patients with early multiple sclerosis (PweMS) were prospectively recruited from July
	2015 to July 2016 at Bordeaux University Hospital. PweMS were included within 6 months to
	18 months after their first neurological episode suggestive of MS and presented at least two
	asymptomatic cerebral lesions on Fast Fluid-Attenuated Inversion-Recovery (FLAIR) images.
	Patients included in this study could be either patients with clinically isolated syndrome highly
	suggestive of MS or patients with relapsing-remitting MS according to revised McDonald's
	criteria	22 . Exclusion criteria were as follows: age under 18 or over 60 years, previous history of
	other neurological or psychiatric disorder, inability to perform computerized tasks,
	corticosteroid pulse therapy within two months preceding testing. Clinical assessment and
	Expanded Disability Status Scale (EDSS) were determined by expert neurologists according to
	the French standardized version.

Table 1 :

 1 Demographical and clinical data of patients and healthy controls.

		Early MS	Healthy controls	p-value
	Mean age, years (SD)	37.11 (10.24)	34.32 [11.07]	0.43
	Sex ratio (F/M)	16/3	15/4	0.68
	Education level, years (SD)	13.74 (2.10)	14.42 [2.14]	0.33
	Disease duration, months (SD)	11.68 (5.84)	-	
	Median EDSS score [range]	1.5 [0 -3.5]	-	-
	Median depression (BDI) score [range]	6 [1 -34]	1 [0 -11]	0.0021
				Patients and
	controls were prospectively included and matched for age, gender and educational level. BDI =
	Beck Depression Inventory; EDSS = Expanded Disability Status Scale; MS = Multiple Sclerosis; SD
	= Standard Deviation.			

is not a specific inhibitor of microglial activation

  . Furthermore, it will be interesting to perform longitudinal studies in order to demonstrate that pattern separation impairment precedes and predicts larger deficit in episodic memory, as measured with beginning of the chronic-progressive stage of this model. However, we can question this strategy in a model that usually experience only one single relapse.In line with this consideration, we do not have strictly demonstrated early selective dentate gyrus disruption in the human disease (as we did in EAE-mice) but we only suggested it.One other main limitation of our work is the use of minocycline in EAE-mice experiments. We used minocycline in order to inhibit early microglial activation and then to demonstrate that early dentate gyrus disruption is caused by microglial activation. However, mincocycline

	conventional tests. To conclude, by demonstrating loss of pattern separation performances in PweMS, we provide 8. Di Filippo M, de Iure A, Giampà C, et al. Persistent activation of microglia and NADPH drive hippocampal dysfunction in experimental multiple sclerosis. Sci Rep. 2016;6:20926. and before the Indeed, we have demonstrated early hippocampal microstructural damage during the course
	functional evidence to extend to the human disease the concept of the selective dentate gyrus 9. Kim DY, Hao J, Liu R, Turner G, Shi F-of MS and we have also demonstrated decreased performances on a test that it is dentate-
	disruption observed at the early phase of experimental MS in rodents. This work is also the D, Rho JM. Inflammation-mediated memory dysfunction and effects of a gyrus dependent (but not dentate gyrus specific). Then, we have to be moderate before
	first step toward the development of more sensitive tests to detect early cognitive impairment ketogenic diet in a murine model of generalizing our findings.
	in MS to better screen patients eligible for neuroprotective clinical trials or neurorehabilitation multiple sclerosis. PloS One.
	3. strategies. Feuillet L, Reuter F, Audoin B, et al. Early cognitive impairment in patients with clinically isolated syndrome suggestive of multiple sclerosis. Mult Scler. 2007;13:124-127.	2012;7:e35476. 10. Longoni G, Rocca MA, Pagani E, et al. Deficits in memory and visuospatial learning correlate with regional hippocampal atrophy in MS. Brain Struct Funct. 2015;220:435-444.
	4.	Sicotte NL, Kern KC, Giesser BS, et al. Regional hippocampal atrophy in multiple sclerosis. Brain. 2008;131:1134-1141.	11. Gold SM, Kern KC, O'Connor M-F, et al. Smaller cornu ammonis 2-3/dentate gyrus volumes and elevated cortisol in multiple sclerosis
	5.	Dutta R, Chang A, Doud MK, et al.	patients with depressive symptoms.
		Demyelination	causes	synaptic	Biol Psychiatry. 2010;68:553-559.
		alterations in hippocampi from multiple sclerosis patients. Ann Neurol. 2011;69:445-454.	12. Rocca MA, Longoni G, Pagani E, et al. In vivo evidence of hippocampal dentate gyrus expansion in multiple
	6.	Hulst	HE,	Schoonheim	MM,	sclerosis.	Hum	Brain	Mapp.
		Roosendaal SD, et al. Functional	2015;36:4702-4713.		
		adaptive changes within the hippocampal memory system of patients with multiple sclerosis. Hum Brain Mapp. 2012;33:2268-2280.	13. Rolls ET. The mechanisms for pattern completion and pattern separation in the hippocampus. Front Syst Neurosci. 2013;7:74.
	7.	Nisticò R, Mango D, Mandolesi G, et al. Inflammation subverts hippocampal synaptic plasticity in	14. Yassa MA, Stark CEL. Pattern separation in the hippocampus. Trends Neurosci. 2011;34:515-525.
		experimental multiple sclerosis. PloS	15. McHugh TJ, Jones MW, Quinn JJ, et
		One. 2013;8:e54666.		al. Dentate gyrus NMDA receptors

. It has been demonstrated that under inflammatory conditions, minocycline can also inhibit T-cell infiltration, cytokine release, or metalloprotease
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. To avoid this bias, we used direct infusion of minocycline within the dentate gyrus of EAE-mice, but even in this condition, we can not fully exclude that minocycline could have a direct neuroprotective effect, independently of microglial activation
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. Then, we have to be cautious on the putative mechanisms underlying early dentate gyrus disruption.
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Chapter 2: Early hippocampal degeneration in patients with multiple sclerosis 1. Summary page

Rationale: Memory impairment is frequent and occurs early in multiple sclerosis (MS).

However, hippocampal damage related to memory performances have never been reported at the early stage of the disease, prior to atrophy. We aimed at demonstrating that hippocampal microstructural damage are present from the first demyelinating event suggestive of multiple sclerosis (clinically isolated syndrome, CIS) and that it is correlated with memory decline while there is still no atrophy.

Summary of the methods:

We measured hippocampal volume and diffusion tensor imaging (DTI) metrics within the whole hippocampus of persons with CIS (PwCIS) to look for correlations with episodic memory scores and to test their ability to discriminate between memory-impaired and memory-preserved PwCIS. A group of healthy subjects and a group of persons with MS (PwMS) were used as negative and positive controls, respectively.

Summary Figure: DTI alterations within the hippocampus (A) correlates with episodic memory performance (B) and discriminates persons with CIS according to their memory status (C).

Main results: Hippocampal microstructural alterations measured by DTI appeared to be already present in the early stages of MS (PwCIS) while no significant hippocampal or global brain atrophy compared to healthy controls was evident. Such hippocampal microstructural

Abstract

Objective: We investigated whether diffusion tensor imaging (DTI) could reveal early hippocampal damage, and clinically relevant correlates of memory impairment in persons with clinically isolated syndrome (CIS) suggestive of multiple sclerosis (MS).

Methods: 37 persons with CIS, 32 with MS and 36 controls prospectively included from 2011 to 2014 were tested for cognitive performances and scanned with 3T-MRI to assess volumetric and DTI changes within the hippocampus, whole brain volume, and T2-lesion load.

Results: While there was no hippocampal atrophy in the CIS group, hippocampal fractional anisotropy (FA) was significantly decreased compared to controls. Decrease in hippocampal FA together with increased mean diffusivity (MD) was even more prominent in MS patients. In CIS, hippocampal MD was correlated with episodic verbal memory performance (r=-0.57, p=0.0002 and OR=0.058 (95%CI=0.0057-0.59), p=0.016 adjusted for age, gender, depression and T2-lesion load), but not with cognitive tasks unrelated to hippocampal functions. Hippocampal MD was the only variable discriminating memory-impaired from memory-preserved persons with CIS (AUC=0.77; sensitivity 90.0%; specificity 70.3%; PPV 52,9%; NPV 95,0%).

Conclusion: DTI alterations within the hippocampus might reflect early neurodegenerative

processes that are correlated with episodic memory performance, discriminating persons with CIS according to their memory status.

Chapter 3______________________________________________________________

Early dentate gyrus disruption in experimental multiple sclerosis Chapter 3: Early dentate gyrus disruption in experimental multiple sclerosis 1. Summary page

Rationale:

We have demonstrated that hippocampal microstructural damage was already present early during the course of multiple sclerosis (MS) and associated with memory performances (chapter 2). However, the underlying neuropathological process needs to be characterized. Furthermore, because measurements were done in the whole hippocampus of patients, it remains unknown whether some hippocampal regions could be more vulnerable than others.

Summary of the methods:

We explored experimental autoimmune encephalomyelitis (EAE) mice (a mouse model of multiple sclerosis) and their controls at the acute stage (20 days post immunization) with a combination of behavioral, in vivo MRI, histological, electrophysiological and pharmacological approaches.

Main results: By using a particular contextual fear conditioning paradigm, we first demonstrated that hippocampal-dependent memory was impaired at the early stage of EAE (similarly to what was observed in patients with MS) while controlling confounding factors such as motor/sensory deficits or slowing of information processing speed. Then, using in vivo diffusion-tensor imaging (DTI) at ultra-high resolution to screen for regional vulnerability within the hippocampus, we found decreased fractional anisotropy selectively in the molecular layer of the dentate gyrus of EAE-mice compared to controls while the other hippocampal subfields did not show any modification. Histological and morphometric analyses of dendritic length and complexity confirmed the occurrence of a selective neurodegenerative process in the dentate gyrus, correlated to the in vivo reduced fractional anisotropy.

Glutamatergic synaptic transmission and long-term synaptic potentiation were also impaired in the dentate gyrus but not in CA1. To understand what could drive such structural and functional alterations, we investigated glial cells and found a more severe pattern of microglial activation in this subfield. Systemic injections of the microglial inhibitor minocycline by daily intra-peritoneal injections prevented DTI, morphological, electrophysiological and behavioral impairments in EAE-mice. Furthermore, the selective inhibition of microglial activation by daily intra-dentate gyrus infusions of minocycline through implanted cannulae was sufficient to prevent memory impairment in EAE-mice while infusion of minocycline within CA1 was inefficient.

Summary Figure: Microglial activation causes selective dentate gyrus disruption and memory impairment in experimental MS. Some of these features can be identified with in vivo diffusion

MRI.

Comments: These results are the first to link early memory impairment in multiple sclerosis to a selective disruption of the dentate gyrus by demonstrating that dentate gyrus structure and function are more vulnerable than other hippocampal regions, which might be due to the neurotoxic effect of microglial activation. These results open new pathophysiological, imaging, and therapeutic perspectives for memory impairment in multiple sclerosis.

The results suggest that the alterations of DTI measured within the whole hippocampus in patients with CIS (chapter 2) are mainly driven by alterations specifically located with the dentate gyrus. Nevertheless, the demonstration of such selective dentate gyrus vulnerability in EAE-mice needs to be confirmed in humans.

Abstract

Memory impairment is an early and disabling manifestation of multiple sclerosis whose anatomical and biological substrates are still poorly understood. We thus investigated whether memory impairment encountered at the early stage of the disease could be explained by a differential vulnerability of particular hippocampal subfields. By using experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis, we identified that early memory impairment was associated with selective alteration of the dentate gyrus as pinpointed in vivo with diffusion-tensor-imaging (DTI). Neuromorphometric analyses and electrophysiological recordings confirmed dendritic degeneration, alteration in glutamatergic synaptic transmission and impaired long-term synaptic potentiation selectively in the dentate gyrus, but not in CA1, together with a more severe pattern of microglial activation in this subfield. Systemic injections of the microglial inhibitor minocycline prevented DTI, morphological, electrophysiological and behavioral impairments in EAE-mice. Furthermore, daily infusions of minocycline specifically within the dentate gyrus were sufficient to prevent memory impairment in EAE-mice while infusions of minocycline within CA1 were inefficient.

We conclude that early memory impairment in EAE is due to a selective disruption of the dentate gyrus associated with microglia activation. These results open new pathophysiological, imaging, and therapeutic perspectives for memory impairment in multiple sclerosis. 

Supplementary figures, table and methods

Supplementary fig. A.1: Freezing rate over time when mice were re-exposed to the context (A) and to the tone alone in a safe and familiar environment (B). (A) CFA-mice displayed more conditioned freezing to the predictive conditioning context than EAE-mice and extinction of freezing response was complete and comparable between groups after 6 minutes. (B) EAE-mice exhibited a more important paradoxical freezing behavior to the tone (between 120 and 240 second), compared to pre-and post-exposure period (0-120 and 240-360 seconds respectively). n=12 animals per group. Supplementary fig. A.2: No early hippocampal atrophy in EAE-mice. (A) Examples of 8 contiguous slices of T2-weighted MRI with manual delineation of right (yellow) and left (blue) hippocampal boundaries. (B) 3D representation of hippocampi after segmentation. (C) EAE and CFA-mice showed the same hippocampal volume at this early stage of the disease (n=12 per group) Supplementary fig. A.4 Immunofluorescence and confocal imaging of myelin and astrocytes in the hippocampus of CFA and EAE-mice. (A and C) MBP staining for myelin and quantification of the staining area in the stratum radiatum of CA1 (SR) and the molecular layer of the dentate gyrus (ML). (B and D)

GFAP staining for astrocytes and quantification of astrocytes number. Note that there was also no difference between groups after the analysis of GFAP staining area, neither in the stratum radiatum (respectively 6.70%+/-0.9 in EAE-mice vs 9.11%+/-0.8 for CFA-mice, p=0.063) nor in the molecular layer of the dentate gyrus ( 7 There was a strong positive correlation between dendritic content and FA/AD reflecting that water directionality is induced by the dendritic arborisation. There was also a negative correlation between FA values and the number of microglial and astrocytic cells that may reflect decrease directionality of water diffusion by cell hindrance. Nevertheless, this effect was less prominent than the one induced by dendrites. Furthermore, the multiple linear regression statistical model with all potential histological contributors to the reduced FA, including astrocyte proliferation (GFAP), myelin loss (MBP), microglia proliferation (Iba-1), neurogenesis impairment (DCX) and dendrites loss (SMI-32), showed that neuritic loss was the only independent factor correlated with FA and AD in the molecular layer of the dentate gyrus. We hypothesized that pattern separation will be impaired early during the course of MS.

Supplementary method A.1: Example of laser-microdissection of the hippocampus which allowed us to collect brain tissue in different hippocampal subfields in order to perform region-selective mRNA extractions and quantitative PCR analyses.

Gene

Summary of the methods:

We tested 19 patients with early MS (less than 18 months after the first relapse) and 19 healthy controls matched on age, gender and education level with a "standard" visuospatial episodic memory test, a test of information processing speed and a new behavioral pattern separation task that has never been used in MS before. This computerized test consisted of 2 phases. The first was an encoding phase in which subjects memorized a series of presented objects. The second phase was a recognition memory test in which another series of objects were presented and patients were asked to determine for each object if it was an old image from the first phase, a novel foil, or a lure that was visually similar to the first studied images. The principle was that participants with poor pattern separation performances failed to recognize lures and answered "old" for similar objects.

Main results: Pattern separation scores were significantly lower in the group of patients with early MS compared to healthy controls. However, in this small sample of subjects, no differences among groups could be found for information processing speed performances and "standard" visuospatial episodic memory tests.

Comments: This early loss of pattern separation performances argues for an early dentate gyrus dysfunction in MS, in lines with what we have described in the EAE-model.

Article

Decreased pattern separation performances suggest dentate gyrus dysfunction in patients with early multiple sclerosis

Vincent Planche 1,2,3 , Aurélie Ruet Methods: Nineteen PweMS (clinically isolated syndrome or clinically definite MS, less than 18 months following their first relapse) and 19 healthy controls matched on age, gender and education level were tested for information processing speed, episodic visuospatial memory and with a mnemonic similarity task.

Results:

We found no differences among groups for information processing speed performances and "global" visuospatial episodic memory tests regarding learning, long term recall or recognition. However, we reported a significant decrease of pattern separation performances in PweMS compared to healthy controls (27.07 vs 40.01, p=0.028) together with a significant higher pattern completion rate (56.11 vs 40.95, p=0.0021). Pattern separation performances were not correlated with depression or disability in PweMS.

Conclusion:

Our results demonstrate that pattern separation performances are impaired early during the course of MS, in a sample of patients where information processing speed and "global" visuospatial episodic memory tests were not significantly modified. It suggests early dentate gyrus vulnerability during the course of the disease.

participation.

Neuropsychological assessment

All patients and healthy controls performed the Computerized Speed Cognitive Test (CSCT) to assess information processing speed. In order to assess "global" visuospatial episodic memory, all subjects performed the Brief visuospatial memory test revised (BVMT-R). Each participant also completed a standard questionnaire concerning depressive symptoms (Beck Depression Inventory, BDI).

Pattern separation and completion were tested in patients and healthy controls with the Mnemonic similarity test (MST, also known as the Behavioral Pattern Separation Task (BPS-O), http://faculty.sites.uci.edu/starklab) [START_REF] Kirwan | Overcoming interference: an fMRI investigation of pattern separation in the medial temporal lobe[END_REF] . This computerized test consists of two phases. The first phase is an incidental encoding phase where patients and controls were exposed to 128 pictures shown for 2 seconds with an inter-stimulus interval of 0.5 second. During this phase, participants have to identify "indoor" and "outdoor" objects via a button press, in order to maintain their attention. Immediately after this encoding phase, the second phase is an unexpected test phase where participants are exposed to 192 pictures with similar exposition time. One-third of the images are exact repetitions of pictures shown in phase 1 ("targets"), one third of pictures are completely new objects ("foils") and one third of pictures represented similar but slightly different objects ("lures"). Participants were asked to identify "old", "new" or "similar" pictures via a button press (Fig. 1).

Presentation (phase 2) Expected answer

Target Old Foil New

Lure Similar

Pattern separation = (number of answers "similar" for "lures") -(number of answers "similar" for "foils"). Pattern completion = (number of answers "old" for "lures") -(number of answers "old" for "foils"). Recognition = (number of answers "old" for "targets") -(number of answers "old" for "foils").

Chapter 5______________________________________________________________

Conclusion, limitations and perspectives

Chapter 5: Discussion and perspectives 

Limitations of the work

The first limitation we have to keep in mind is that a large part of the conclusions from this thesis were made on the EAE-model of multiple sclerosis. Obviously, EAE is not MS and we have to be very conscious before translating findings from a mouse model to the human disease. Particularly, the aim of this thesis was to understand early pathophysiological mechanisms leading to memory impairment. We have defined this stage in the human disease as patients with clinically isolated syndrome suggestive of MS. However, the exact equivalent in the MOG-EAE model is not easy to define. We chose to study mice 20 days after immunization because it was shortly after the beginning of the remission of the initial relapse, long in anesthetized rodents (52 minutes in the technic used in chapter 3) but this is less compatible with clinical research.

Then, we have to deal with technical challenges to perform DTI of hippocampal subfields in humans. In the future we aim to develop diffusion MRI methods to assess precise hippocampal alterations, as well as post-processing methods to extract quantitative metrics from the hippocampus of individual subjects. We will advance our diffusion MRI methods by developing new sequences and post-processing pipelines, to improve the precision of our established biomarkers. This should increase the sensitivity of our imaging metrics to changes in cognitive status.

From the methodological development point of view, we will combine effort with partners in MR physics (Dr Bassem Hiba) and in image post-processing (Dr Pierrick Coupé). We will conduct this development on the new 3T magnet (Siemens, Prisma) that has been installed recently in the Bordeaux Institute of Bioimaging. This magnet whose first copy was installed in a US center in May 2014 shows very high performances not found on any other MR system (high performance gradient system of 80 mT/m), which provides the unique opportunity to encode the diffusion with much more resolution.

We plan to improve the acquisition of diffusion MRI by using the "zooming" strategy on the hippocampus: two-dimensional, spatially-selective radiofrequency (RF) excitation pulses will be combined with a reduction in the FOV (i.e. zooming) to decrease the number of k-space acquisition lines in single-shot echo-planar imaging (EPI), therefore shortening the EPI echo train and reducing susceptibility artifacts. We also plan to set up readout-segmented EPI using simultaneous multislice acceleration. Readout-segmented echo-planar imaging can provide high quality diffusion data because it is less prone to distortion and blurring artifacts than single-shot echo-planar imaging. Readout segmentation of k space allows shorter echo-spacing and echo train duration, resulting in reduced image distortion and blurring, respectively, particularly at higher resolution and higher field. However, these benefits come at the expense of longer scan times because the segments are acquired in multiple repetition times. Scan time can be shortened by reducing the TR duration with simultaneous multislice acceleration.

We plan to combine these acquisition strategies with advanced post-processing methods developed by the team of Dr Coupé. This group has pioneered MRI super resolution which